UNIVERSIDAD AUTONOMA DE SAN LUIS POTOSI

FACULTADES DE INGENIERIA, CIENCIAS
QUIMICAS y MEDICINA

UNIVERSIDAD DE GRANADA
FACULTAD DE CIENCIAS
Departamento de Quimica Inorganica

PROGRAMA DE DOCTORADO EN QUIMICA

VALORIZACION SOSTENIBLE DE LA BIOMASA DE SARGAZO PARA LA
REMOCION DE CONTAMINANTES DEL AGUA MEDIANTE TECNOLOGIAS DE
ADSORCION

SUSTAINABLE VALORIZATION OF SARGASSUM BIOMASS FOR THE REMOVAL
OF POLLUTANTS FROM WATER BY ADSORPTION TECHNOLOGIES

Tesis que para obtener el grado de:

Doctorado en Ciencias Ambientales
Doctorado en Quimica

Presenta:

Lazaro Adrian Gonzalez Fernandez

Codirector: Dr. Nahum Andrés Medellin Castillo
Codirector: Dr. Amado Enrique Navarro Frometa

SAN LUIS POTOSI, S. L. P. FECHA: Octubre de 2025




Esta Tesis estda enmarcada en el Convenio de Cotutela de Tesis Doctoral suscrito entre la
Universidad de Granada, Espafia (UGR) y la Universidad Auténoma de San Luis Potosi,
México (UASLP), de fecha 19 de noviembre de 2021.



REFOSITORIO INSTITUCIONAL

Uiriverikcad Aumérama BIBLISTECAS
s Lk Pk

UASLP-Sistema de Bibliotecas
Repositorio Institucional Tesis digitales Restricciones de uso

DERECHOS RESERVADOS

PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en este Trabajo Terminal esta protegido por la

Ley Federal de Derecho de Autor (LFDA) de los Estados Unidos Mexicanos.

El uso de imagenes, fragmentos de videos, y demas material que sea objeto
de proteccidén de los derechos de autor, sera exclusivamente para fines
educativos e informativos y debera citar la fuente donde se obtuvo,
mencionando el autor o autores. Cualquier uso distinto o con fines de lucro,
reproduccion, edicidn o modificacion sera perseguido y sancionado por el

respectivo titular de los Derechos de Autor.

VALORIZACION SOSTENIBLE DE LA BIOMASA DE SARGAZO PARA LA
REMOCION DE CONTAMINANTES DEL AGUA MEDIANTE TECNOLOGIAS DE
ADSORCION / SUSTAINABLE VALORIZATION OF SARGASSUM BIOMASS FOR
THE REMOVAL OF POLLUTANTS FROM WATER BY ADSORPTION
TECHNOLOGIES © 2025 by Lazaro Adrian Gonzalez Fernandez is licensed under CC
BY-NC-ND 4.0.



This project was carried out at the Wastewater Treatment Research Laboratory affiliated
with the Faculty of Engineering of the Universidad Auténoma de San Luis Potosi between
August 2021 and June 2024 under the co-supervision of Dr. Nahum Andrés Medellin

Castillo and Dr. Amado Enrique Navarro Frometa.

Research stays were also conducted at the Department of Inorganic Chemistry affiliated
with the Faculty of Sciences of the University of Granada, between September and
November 2022 and between June and November 2024, under the supervision of Dr.
Manuel Sanchez Polo, supported by the Mobility Scholarship among all institutions
associated with the Ibero-American Postgraduate Association (AUIP) and the Heinrich
Boll Foundation (Mexico and the Caribbean office). Similarly, a research stay was carried
out at the Institute of Analytical and Bioanalytical Chemistry affiliated with Ulm University,
Germany, between December 2024 and June 2025, under the supervision of Dr. Boris
Mizaikoff, supported by the Research-Grants-One-Year-Grants for Doctoral Candidates
from the Deutscher Akademischer Austauschdienst (DAAD).

The Doctoral Program in Environmental Sciences at the Universidad Auténoma de San
Luis Potosi is part of the National System of Quality Postgraduate Studies (SNP) of the
Secretariat of Sciences, Humanities, Technologies, and Innovation (SECIHITI).
Scholarship number granted by SECIHITI: 800642. CVU number: 1014829.

The data from the work tited VALORIZACION SOSTENIBLE DE LA BIOMASA DE
SARGAZO PARA LA REMOCION DE CONTAMINANTES DEL AGUA MEDIANTE
TECNOLOGIAS DE ADSORCION / SUSTAINABLE VALORIZATION OF
SARGASSUM BIOMASS FOR THE REMOVAL OF POLLUTANTS FROM WATER BY
ADSORPTION TECHNOLOGIES are safeguarded by the Faculties of Engineering,
Chemical Sciences, and Medicine and belong to the Universidad Autonoma de San Luis

Potosi.



UNIVERSIDAD AUTONOMA DE SAN LUIS POTOSI

FACULTADES DE INGENIERIA, CIENCIAS
QUIMICAS y MEDICINA

Programa Multidisciplinario de Posgrado
en Ciencias Ambientales

UNIVERSIDAD DE GRANADA
FACULTAD DE CIENCIAS

Departamento de Quimica Inorganica

VALORIZACION SOSTENIBLE DE LA BIOMASA DE SARGAZO PARA LA
REMOCION DE CONTAMINANTES DEL AGUA MEDIANTE TECNOLOGIAS DE
ADSORCION
SUSTAINABLE VALORIZATION OF SARGASSUM BIOMASS FOR THE REMOVAL
OF POLLUTANTS FROM WATER BY ADSORPTION TECHNOLOGIES

Tesis que para obtener el grado de:

Doctorado en Ciencias Ambientales
Doctorado en Quimica

Presenta:

Lazaro Adrian Gonzalez Fernandez

SINODALES:
Presidente: Dr. Francisco Javier Pérez Vazquez
Secretario: Dr. Nahum Andrés Medellin Castillo
Vocal: Dra. Luisa Maria Pastrana Martinez
Vocal: Dra. Lorena Diaz de Le6on Martinez
Vocal: Dra. Ana Conejo Garcia

SAN LUIS POTOSI, S. L. P. FECHA: Octubre de 2025




ACKNOWLEDGMENTS

To God above all, for giving me the opportunity, the strength, and the faith to get this far—

for everything He does in our lives every day, even when we don't always notice it.

To my mom, who couldn’t physically make it with me to this point, but whom | know is still
with me. Thank you for the light, the guidance, the love. To my dad, for helping me with
everything, for his support and dedication. To my siblings and the rest of my family for

their companionship and affection.

To my director, Dr. Nahum Andrés Medellin Castillo, who has gone above and beyond to
bring me this far. | am deeply grateful for all the support provided throughout this project—

for being my advisor and like a second father along the way.

To my co-director, Dr. Amado Enrique Navarro Frometa, for all his guidance and help, for

the knowledge he has shared with me, and for his support throughout these years.

To my second co-director in Spain, Dr. Manuel Sanchez Polo for his continuous support

and guidance, the patience and all the shared knowledge.

To the members of my tutorial committee for their valuable guidance, suggestions, and
critical insights throughout the development of this research. Their support and expertise

were fundamental in shaping the course and quality of this work.

To my friends Yasmani, Susett, Juan Jesus, and Javier Ernesto for sharing with me some
of the most meaningful moments of my academic and personal journey—for their

friendship, laughter, and unwavering support along the way.

To my lab mates and colleagues, for all the moments we shared during the development

of this thesis.



TECHNICAL ACKNOWLEDGMENTS

To Dr. Gladis Judith Labrada Delgado for her cooperation in obtaining the scanning

electron micrographs and the EDS spectra of the samples.

To BSc. Laura Guadalupe Hernandez de la Rosa, BSc. Gloria Korina Loredo Martinez
and BSc. Miguel Angel Cortina Rangel for their support in training on various analytical

techniques, the Flame Atomic Absorption Spectroscopy and ICP analyses.

To Dr. Roberto Leyva Ramos and Dr. Francisco Carrasco Marin for their support with the
physisorption and XPS analysis and the guidance with the hydrothermal carbonization

protocol.

To Dr. Raul Ocampo Pérez for his support with the kinetic experiments and analysis and

access to his laboratory.

To MSc. Samuel Aguirre Contreras for his continuous support with the kinetic modelling
using the COMOSOL Multiphysics software.

To Dr. Ventura Castillo Ramos for his support during the research stay in Granada, Spain

and all the guidance in the analysis of the results obtained.



DEDICATIONS
To my mom, who is in heaven—this thesis is for you.

To my family, for all the support, understanding, and dedication throughout so many

years.
To who | was and what remains of me in who | am today—and to all that | will become.



INDEX

ACKNOWLEDGMENTS ..o 7
TECHNICAL ACKNOWLEDGMENTS ... 8
DEDICATIONS .. e e e e e e e 9
DN D E X e 10
RESUMEN .. 18
ABSTRACT .o 19
INTRODUCTION ... 20
JUSTIFICATION ..o 25
OBJECTIVES . 28
GENETAL ODJECTIVE ...ttt e e e e 28
SPECITIC ODJECTIVES ...ttt e et e e e e e e s 28
PUBLISHED LITERATURE..... ..o 29
Paper 1: Fundamentals in applications of algae biomass: A TeVIEW .......ccceeeeeirririiniiiinneneenn. 29

F N o1 v ot APPSR 30
R T (T L1 13 ) RO PP PPPRPPP 31
2. BibliOmMEtric ANALYSIS .eeevrrriiiiiieieiiiiiti et 32
3. BIOWI ALAC ittt 38
4. Marine algae as option for bioremediation............covveiuiiiiiiiiiiiiie e 40
5. Using marine algae to produce bioChar ............cccooiiiiiiiiiiiiiiiii e 42
6. Natural brown dye extracted from marine algae ..............ueceiiiiiiiiiiiiiiiiiii e, 46
7.  Fabrication of cellulose nanofibers from waste brown algae ............cccccoeeveiiiiiiiiiiiiinnnn, 48
8. Production of algal oil and bio-01l ..........ccoorimiiiiiiiii 49



L 011 113 Q0] 015 0] 1 L PP PTPPPPPTR 51

9.1 Constructed WEtIANAS ........uuuuueeee ettt 51
9.2 Use as compost and s0il quality IMPrOVeT .........cuuuiieiiiiiiiieeeiiiieeeeeiie e e e eiineeeeean e aeens 53
0.3 ANIMAL IULITEION ... eeeeee ettt e et e e e e et e e e e et e e e e et e e e e eeaa e eeeeennnaaaeees 54
10. [01033To] 11 R 10111 55
REIETEIICES ....eeeee et 56
Book Chapter 1: Valorization of brown algae biomass and by-products .................cceeeeeenen. 65

L U3 o1 18 15 ) KPR 66
2. Brown algae and food Products ............uueuiiiiie i 67
3. Brown algae as DioINdICAOTS .......veeeeiieiiiiiiiiir e e e e e e et e e e e eeeeea e e e e e e eeeeenn s 69
4. Heavy metals biosorption with brown algae biomass ..........c.uuvvieeiiiiiiriiiiiiiiereeier e, 71
RN 121 I ) (o R | PR 73
6. Brown algae as fertiliZers ...........iiiii i i 74
7. BIDIHOGIAPNY ..eeetitiiie e 76
Book Chapter 2: Heavy metal pollution in water: Cause and remediation strategies............. 81

L. WaLer POLIULION ...uuiiieiieeee e e e e e e e 83
2. HEAVY MELALS ..eeeiiii e 84
3. BibliOmMEtriC analySIS ....cceeeirriuuiiiieeeeeeeeiit et 86
I S 14 (<74 E: 13 o) o PP UPPPRT 91
4.1 PIECIPITALION ...t e ettt ettt et e ettt e e e e e e et e e e e e e e e e e e e e e e e e 91
4.2 Electrochemical Mmethods ..........coouuiiiiiiiiiie e 92
4.3 Membrane-based Methods .........couuuiiiiiiiiiiiii e 96
4.4 Micro and ultra-filtration MemMbIanes ..............ooviiiiiiiiii i 97

4.5 Nanofiltration MEMDIANES .......cceuuuieeiiiii e e e e e e e e e et e eeeean e e e eeen e e e eeenaeeeeees 98



4.6 REVETSE OSIMOSIS IMEITIDIATIES .. .enenentn e eee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeaens 99

4.7 Supported liquid MEMDIANES .......uiiieiiiieeeiiiiiee e et ee et e e et eeee e e eeraa e aeees 100

R B [T g T L1 4] TSP 100

4.9 Phytoremediation and microbiological INteractions...........cceerrrrruuuiierreeieiriiiiiie e 102
4.9.1 Phytoremediation MEChANISINS «.....uuuieeeieiiiiiiiie e 103
4.9.2 Interactions of plants with MICIOOTZANISINS.....eeevveueerieriieeeeeiiieeeeeriseeeeeeiaeaeenns 105
4.10 Treatment WEtlands .........ouuu ittt e e e e e e e e aeees 107
41T AQSOTPLION ..ttt ettt e e e e e et e e et b n e e e e e e e e e e e e 109

O B S 10) (<) 1110 - o ) NP 113
4.13 Novel/recent MEthOAS ... .. ieeieiiiieiiiiiii e e e 116
4.13.1 BIOTIIIAtION ...eeeeiie et e et e et e e e et e e e e e et e e e e eeaeeaeees 116
4.13.2 FOrWard OSIMOSIS ... eeevuueeeeitiaeeeeate e e e eeta e e e e eet e e e e eeaa e e e e eeaa e e e eeena e e eeeennnaaaeees 116
4.13.3 Novel Nanomaterials........ceeeeeuuuuiiee et 117

5. Challenges in heavy metal pollution in Water............ccovirimiiiiiiiiiiee e 118
LT 7051 LT3 T ) PR 119
7. BIDlIOZIAPNY .eeiiiiiiiee e 120

Paper 2: Valorization of Sargassum Biomass as Potential Material for the Remediation of

Heavy-Metals-Contaminated Waters ...........covieeeiiiiimiiiiiise et 139
ADSIIACE ...ttt e e et 140
B s (T L1 13T ) RPN 141
2. Materials and MEthOdS ..........ooiiiiiiiiiiiii e 142

2.1 Collection and prior treatment of Sargassum .............covieeeiiiiiiiiiiiie e 142

2.2 Physicochemical CharacteriZation ..............cooeiiermruuuiiiieeee e 143

2.2.1 Ash, humidity, and carbohydrates CONteNt .............coeevveimimriiiiiiiieeeeeieee e 143
2.2.2 Scanning Electron Microscopy Analysis (SEM/EDS) ..o 144



\S)

(98]

N

|9,

2.2.3 FTIR ANALYSIS .ttttttttiieeeeeeeeeeet ettt e ettt e e e e e e e e e e e e 144

2.2.4 Thermal ANALYSIS ....eeeeeiueieeieiieeeeeeiiie e e e et e e e e et e e e e e et e e e e eeta e e e eeasaaeeeesnnaaaeees 144
2.2.5 Elemental CONEENL ........uuuuuueuiieriiiiiiiiiiiiiieiiei e 145
2.2.6 Point of Zero Charge (PZC) determination .............coceeeremrmmiiiinnneeieeeeneiiee e 145
2.2.7 Potentiometric titration. Determination of the pKa of bioindicators...................... 145
2.3 Cd and Pb determination in aqueous SOIULION. .....uiviiiueieeeeiiiee e et e e e e e eei e eeees 146
2.4 Experimental data of the adsorption equilibrium of Cd and Pb. ...........cccoevvviiiiiinnnnnn. 147
ReSUlts and DISCUSSIONS .....uuieeeiiiieiiiiiiie e e e ettt e e et e e e e e e e e e eane e e 148
3.1 Physicochemical characterization of Sargassum .............ccoooeiiiiiiiiiiiiiniieeeeeeeeiin 148
3.2 Elemental Content of Sargassum (ICP-MS and ICP-OES).........ccoooiiiiiiiiiiiiiiiiii. 151
3.3 FT-IR SPECLTOSCOPY - .eeeerrrnnnuieeeeeeeeeeetttiaa e e e e e et eee et e e e e e e e e e e e ea b e e e e e e e e e e nennan s 152
3.4 Thermogravimetric analYSIS ... ..uueeeeiieeeeruuereeeeeeeeeeeeiiaae e e e e e e e eeeeeena e e e e e e eeeeeeennanes 153
3.5 Scanning Electron MICTOSCOPY ....ceeeiiirrrriuniiieeeeeeeieetiee e e e e e 154
3.6 Monocomponent adsorption 1ISOthETINS ........uueeeeieeeiiiiiiiie e e 155
3.7 Multicomponent adSOrption 1SOthETMS ... ....uueeeeeeeeeiiiiiiie e 158
3.8 Effect of temperature in the Cd (II) and Pb(II) adsorption onto Sargassum biomass ..... 160
(0103316 1 R 1071 T TP 163
2SS oS3 1 Lo USRI 163

Wastewater Treatment, Carbon Sequestration, and Biofuel Applications..............ccceeeeeeee. 169
B (0 Ta (T L1 o3 o ) W PP PPPP 171
. BIblIOGraphy ANALYSIS ....ccceeieiiiiiiiiie ettt 174
. Algae and Algal-Based MaterialS..........coouriiiumiiiiiieiiiiieiii e 175
. Algal-Based Hydrochars and Biochars for Pollutants Uptake ............coovveiiiiiiiiiiiiininnnnnnnn. 177
. Algal-Based Materials for Carbon Capture and Energy and Biofuel Production ............... 188



6. Algae-Based Solid Biomass PelIets .........cceuuuiuuiiiiiiiiiiiiiiii e 197

00031 Te] LS U)o KPR 199

Y016 QT 018 (oL U 217
F N 01 o1 PR 218
O 61 13 (o L1 01310 § B TP PPRPTRPPP 218
2. Materials and MEthOdS ..........oooiiiiiiiiiii e 221
2.1 Biochar synthesis from Sargassum ..............ccooiiiiiiiiiiiiiii e 221
2.2 Conversion EffICIENCY .....oeiiiiiieiiiiiiiie ettt e e e e e e 221
23 Characterization Of DIOChATS ..........uuiiiiiiiiiiiiii e 222
2.4  Removal of ibuprofen using biochars. Kinetic study...........uuuuivriireiiiiiiiiiiiinieeeenn. 222
3. Results and diSCUSSIONS ...ceeeerruuuiieeeeeieeeiiiii e e e e e e e e eeetia e e e e e e e e eeeeenn e e e e eeeeeeeennnnannes 223
3.1 Biochar yield and characterization................ueeeeeeiiiimiiiiiee e eeeeens 223
3.2 Tbuprofen adSOrPtION . ........u e eeeeeeeitti ettt e e 227
3.3 KINEHC STUAY ..t 228
4. CONCIUSIONS ...ttt ettt ettt e et e e ettt e e e e et e e e e eta e e e eetaa e e e eeann e e aeesnaaeaenes 230
ACKNOWICAZEIMENLS ...t eee ettt e et e e e e e e et e e e e a e e e e 230
Data availability ........ooiiiiiiiii e 230
DIECIATATIONS ...ttt ettt oo e et e e ettt e e e e eta e e e eeta e e e eeaa e e aeeraa e aaenes 230
2SS oS 1 1o PP 231

IDUPTOTEN TEMOVAL ... .. 235
F N o1 1 2T PP TUPPPRTRTRPI 236
R U3 (o1 18 15 ) o KPR 236



2. Materials and MEtROAS ... o oo 238

B B Y 1 1< o T Y PP 238
2.2 Synthesis 0f NYAIrOChAr ........uuiiiiiiiiiec e e e e 238
2.3 Adsorption Of TDUPTOTEN ......iiiiiiieiiii e 239
2.4 Raw Material and Hydrochar characterization...............cooeevimiiiiiiiniieeeicceei e 240
3. Results and DISCUSSIONS ...ceeuuuuuuuiieeeeeieiiiiiiieir e e e e e e eeeeetaaar s e e e e e e eeeeaeana e e e e e e eeeeesnnnaanes 240
3.1 Hydrochar yield and optimization of the synthesis variables ...........ccccoooieiiiiiiiiiiinnnn.n. 240
3.2 Ibuprofen adsorption on hydroChars .............coooeiiiiiiiiiiiiiii e 242
3.3 Physicochemical Characterization ..............ccoeeeeeieeeeiiuiiiiin e e e e e e e 243
I 0103 1 Tod 113 T ) TR 245
ACKNOWICAZEIMENLS ...t eee ettt e e et e e e e e e e e e e e e 246
Data avVailability ........oeee et e e e a e 246
DT o 1 o) o SRR 246
2SS o 1S3 1 Lo SRR 246

adsorption in mono and multimetallic SyStemS. ..........ccovviriiiiiiiii i 249
ADSITACE ...ttt et e e 250
R Yo (T L1 13 T ) RO PP PP 250
2. Materials & Methods .........uuiiiiiiiiii e 255

2.1 Raw Material (RIM) ......u ittt e et e e e eea e aeees 255

2.2 Synthesis 0f hydroChar ...........oooiiiiiiiii e 255

2.3 Hydrochars characteriZation ..........ceuuuuuuuieeeeieieeiiiiis et e e 256

2.3.1 Conversion efficiency Percentage .........ccurrrrrrruuuiiieeeeeieeiiriaae e e e e e eerrnna e 256
2.3.2 Nitrogen PhySISOTPIION ....ceeiieeeeiiiiee e e e e e e e eeeet e e e e e e e e e e e e e e e e e e 256
233 C,H, O, Nand S determination ............ceeuueiuueeiuieireeieeeieeeiaeeseeeeeeteeeaeerneeennes 256



2.3.4 PoInt Of ZeT0 CRAIZE. ....cceiiiiieiiiiiiie ettt 257

2.3.5 FTIR @NALYSIS .ttttuueeeeiiiieeeeeiiie e e e ette e e e ettt e e e e eeta e e e e eeta e e e eeasaeeeeeenaaeeeesanaaaenes 257
2.3.6 SEM/EDS QNALYSIS ...cevvvuiieieiiiieeeeiiiieeeeeitiiseeeeeai s e e e eea e e eeeesaeeeeeenaaeeeesnnaaaeee 258
2.3.7 XPS QNALYSIS . eteeetttiiiiee e ettt 258
2.3.8 Active sites deterMINAtION .......evuuuuuiiieeeeeeieeititer e e e e e e e e e e e e e e e 258

2.4 Analysis of Cd and Pb in aqueous SOIULION .........uvieiiiiiiieiiiiieeeeciise e e e eeei e e e 258
2.5 Experimental data on the adsorption equilibrium of Cd and Pb ............ccccevvviiinnnn. 259

3. ReSUIS & AISCUSSIONS. ...cciiierrtiiiie e e e e e ettt e e e e e e e ettt e e e e e e e e e e e e e e e e e e e neennaes 260
3.1 Conversion efficiency percentage of the HTC .........ooovviiiiiiiiiiiiiii e, 260
3.2 Hydrochars' surface OptimiSation ...........uuuuuuieeeeeeeeeiiiiiiiae e e e e eeeeeeeeniie e e e e e e e eeeeenannes 264
3.3 CHONS determiNation ......uvueuuueeeeeeeeeetntie e e e e e eeeeetsaes s e e e e e e e eeenna e e e e e e e eenennaaaas 265
3.4 POINt OF ZETO ChATEE ...eeeeeiiiiiiie et e e e e eeeenan s 269
3.5 Pb and Cd adSOIPLION ...uu.eeeiieieeeiiiiie e ee et e e et e e et e e e e et e e e e et e e e e era e e e e eana s 269
3.6 Monocomponent adsorption 1ISOthETINS ........uueeeeieeeiiiiiiiie e e 271
3.7 Multimetallic adsorption iISOthermS ...........uuiiiiiiiiieiiiiiie e 273
3.8 Physicochemical characterisation of HCS-3 ..., 276

I O0) 4 Tod 113 1) PP 282
ACKNOWIEAZEIMENLS ...t eeeeeeeeee ettt e et e e e e e e e e e e e e e 284
RETEIEIICES ...t ettt e e et e e et et e e e e et e e e enra e e aene 284

Paper 7: Mathematical modelling of kinetic and breakthrough curves for Cd(II) adsorption onto

Sargassum biomass using the Diffusion — Permeation Model.............ccccoeiviiiiiiiiiniiiinnnn.n. 293
F N o118 2 T AP UPPURRI 294
R U3 (o1 18 12 ) o PSPPI 295
2. Materials and MethOds .......couuuiiiiiiiee e 298
2.1 Adsorbate and ChemiCalS .........oceiuuuiiiiiiiiie e e 298



2.2 AASOTDENL .o s 298

2.3 Adsorbent CharaCteriZation. .........ceeeuuuuuuiie e e e e eeeitieer e e e et e e e e e e e 299
2.4 Adsorption rate and equilibrium data ............ccouiiiiiiiiiiiiei 299
2.5 BreakthroUZh CUIVES ...evvveiiie e 300

2.6 Mathematical modelling of equilibrium, adsorption kinetics, and packed bed adsorption

QY TIAIMIICS ..ottt e e e et e e e e e et e e e e et ta e e e e e et e e e e et e e e e et e e ee it e e earn s 301
2.6.1 Cadmium adsorption equilibrium ..........cceeuuiiiiiiiiiiiieeiiii e 301
2.6.2 Pseudo-first and second kinetic modelling.............cooevveiiiiiiiiiiiiiiiiiiii e 301
2.6.3 Diffusion-permeation MOdelling.........ccourieeiiiumiiiiiee e 302
2.6.4 Mathematical modelling of the BCs.........coooiiiiiiiiiiiiii e 303

3. Results and diSCUSSIONS ...ceerrrruuuuieeeeeieeeieiiis e e et e e e e e e e e e e e e e e e eeennaes 304

3.1 Morphological and textural characterisation................ooooooiiiiiiii 304

3.2 Adsorption equilibrium data..........ccuuuiiiiiiiiiiee e 305

3.3 Adsorption Kinetic Modelling ..........ccouuuiruuiiiiiiiiiiieeiie e 307
3.3.1 Pseudo first and second order kinetic models............cccoeeriiiiiiiiiniiiiiiiiiii e 307
3.3.2 Diffusion-permeation Mmodel ............ccoviiiiiiiiiiiiiiiii e 309

3.3.3 Packed bed adsorption dynamicCs.............ueieeiiiiiiiiiiiiiieee e 313

S 7 s o] 15 T o SRR 319
RETRIECIICES ..ottt e e et e ettt e e e e et e e e eeta e aaanes 320
CONCLUSIONS e 328

17



RESUMEN

La contaminacion de cuerpos de agua por metales pesados como el cadmio (Cd*") y el plomo
(Pb*"), asi como por contaminantes emergentes como el ibuprofeno (IBU), constituye una amenaza
ambiental y sanitaria de gran relevancia a nivel global. Estos compuestos son toxicos, persistentes,
no biodegradables y tienden a bioacumularse en organismos acuaticos, afectando cadenas troficas
y la salud humana. En este contexto, la presente tesis propone la valorizacion sostenible del alga
marina Sargassum spp., frecuentemente considerada un residuo nocivo en las costas del Caribe
mexicano, como materia prima para el desarrollo de biosorbentes eficientes en la remocion de
dichos contaminantes. Se estudié la biomasa natural y sus derivados obtenidos por pirdlisis
(biochar) y carbonizacion hidrotermal (hidrochar), con rendimientos de conversion superiores al
30 %. Las muestras fueron caracterizadas mediante técnicas como FTIR, SEM/EDS, TGA, BET y
analisis elemental (CHONS), revelando una alta densidad de grupos funcionales y superficies

especificas de hasta 240 m?/g en algunos biochars.

Los estudios de adsorcion se realizaron en sistemas monocomponente y multicomponente, tanto
en condiciones estaticas como dinamicas. Los materiales demostraron capacidades de adsorcion
maximas de hasta 478 mg/g para Pb(Il) y 157 mg/g para Cd(Il), y 103 mg/g para IBU bajo
condiciones optimizadas. Se aplicaron modelos cinéticos de pseudo-primer y pseudo-segundo
orden, asi como modelos de isoterma de Langmuir, Freundlich y Radke-Prausnitz, con coeficientes
de correlacion mayores a 0.98. Ademas, se propuso y validé un modelo de difusion-permeacion
acoplado con dindmica de adsorcidon en lecho empacado, con buen ajuste predictivo para curvas

de ruptura (%Desv < 5%).

Este trabajo representa una contribucién novedosa al demostrar la aplicabilidad real del Sargazo
no solo como biosorbente en fase liquida, sino como precursor de materiales carbonosos con alta
eficiencia para la remocion simultanea de contaminantes metéalicos y orgéanicos. La integracion de
estudios termodinamicos, modelado matemdtico avanzado y evaluacioén en sistemas dindmicos
refuerza la viabilidad de escalar esta tecnologia como alternativa sustentable para el tratamiento

de aguas contaminadas.

Palabras clave: Sargassum; Biochar; Hidrochar; Metales pesados; Contaminantes emergentes.
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ABSTRACT

The contamination of water bodies by heavy metals such as cadmium (Cd**) and lead (Pb*"), as
well as by emerging pollutants like ibuprofen (IBU), represents a major environmental and public
health concern at the global level. These compounds are toxic, persistent, non-biodegradable, and
tend to bioaccumulate in aquatic organisms, affecting trophic chains and human health. In this
context, the present thesis proposes the sustainable valorisation of the marine alga Sargassum
spp.—often regarded as a harmful residue along the Mexican Caribbean coast—as a raw material
for the development of efficient biosorbents for the removal of these pollutants. Natural biomass
and its derivatives obtained through pyrolysis (biochar) and hydrothermal carbonization
(hydrochar) were studied, achieving conversion yields above 30%. The materials were
characterized using techniques such as FTIR, SEM/EDS, TGA, BET, and CHONS elemental
analysis, revealing a high density of functional groups and specific surface areas of up to 240 m?/g

in some biochars.

Adsorption studies were conducted in mono- and multi-component systems under both static and
dynamic conditions. The materials exhibited maximum adsorption capacities of up to 478 mg/g
for Pb(Il), 157 mg/g for Cd(Il), and 103 mg/g for IBU under optimized conditions. Pseudo-first
and pseudo-second order kinetic models were applied, along with Langmuir, Freundlich, and
Radke—Prausnitz isotherm models, all achieving correlation coefficients above 0.98. Additionally,
a Diffusion—Permeation Model (DPM) coupled with packed-bed adsorption dynamics was
proposed and validated, yielding a strong predictive fit for breakthrough curves (percentage

deviation < 5%).

This work represents a novel contribution by demonstrating the real-world applicability of
Sargassum not only as a biosorbent in aqueous media but also as a precursor for carbon-based
materials with high efficiency for the simultaneous removal of metallic and organic pollutants.
The integration of thermodynamic studies, advanced mathematical modeling, and evaluation under
dynamic conditions strengthens the feasibility of scaling up this technology as a sustainable

alternative for contaminated water treatment.

Keywords: Sargassum; Biochar; Hydrochar; Heavy metals; Emerging contaminants
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INTRODUCTION

The contamination of water resources is a widespread phenomenon nowadays. In particular,
potable and drinkable water has been significantly affected, often losing its intended purpose
(Vasilachi et al., 2021). Water pollution originates from numerous sources, which can generally
be classified into two main categories: direct and indirect sources. Direct sources include effluent
discharges from industries and refineries, as well as pollutants entering water supplies from
soil/groundwater systems and the atmosphere through rainwater deposition. Indirect sources
pertain to contaminants infiltrating water supplies via soil/groundwater systems and atmospheric

deposition, such as acid rain (Gonzalez-Fernandez et al., 2023).

A significant group of contaminants of concern is heavy metals, which are widely used across
multiple industries, including mining, metallurgy, electronics, electroplating, and metal finishing.
These industries generate large volumes of wastewater containing dissolved metal ions, which, if
improperly treated, infiltrate water bodies and accumulate in aquatic ecosystems (Singh et al.,
2022). Unlike organic pollutants, heavy metals are non-biodegradable, meaning they persist in the
environment and can bioaccumulate in living organisms over time. The presence of these metals
in industrial effluents is highly undesirable due to their toxicity to both lower and higher organisms

within the trophic chain, ultimately impacting biodiversity and human health (Zaynab et al., 2022).

Heavy metal pollution is particularly problematic because many of these elements are essential in
trace amounts for biological functions but become toxic at elevated concentrations. Metals such as
cadmium (Cd) and lead (Pb) are especially hazardous due to their high mobility, persistence, and
strong affinity for biological tissues. They enter aquatic ecosystems through various pathways,
including direct industrial discharge, atmospheric deposition, leaching from landfills, and
agricultural runoff containing metal-based pesticides and fertilizers. Once introduced into the
water, heavy metals interact with dissolved organic matter, sediments, and biota, often undergoing
complex chemical transformations that influence their bioavailability and toxicity (Mitra et al.,

2022).

The toxicity of heavy metals primarily arises from their ability to bind to proteins, enzymes, and
DNA, disrupting essential biological functions. Heavy metals can mimic essential metal ions (such

as calcium, zinc, and magnesium) and displace them in biochemical processes, leading to oxidative
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stress, enzyme inhibition, and cellular damage. In aquatic environments, heavy metals have been
shown to reduce reproductive success, impair growth, and cause developmental abnormalities in
fish, amphibians, and invertebrates. In humans, chronic exposure to heavy metals through
contaminated drinking water, seafood, or crops irrigated with polluted water has been linked to
neurological disorders, kidney damage, cancer, and other severe health conditions (Abd Elnabi et

al., 2023).

Cadmium (Cd) is a highly toxic, non-essential heavy metal widely used in industrial applications
such as battery manufacturing, electroplating, pigment production, and plastic stabilization. It is a
byproduct of zinc, lead, and copper mining and refining, which releases large amounts of cadmium
into the environment. Agricultural practices also contribute significantly to cadmium
contamination, as phosphate fertilizers often contain cadmium impurities that leach into the soil
and water (Zhang et al., 2023). One of the primary concerns with cadmium contamination is its
high solubility in water and strong bioaccumulation potential. Once introduced into aquatic
systems, cadmium readily binds to organic matter, sediments, and biological tissues, making it
difficult to remove. Long-term exposure to cadmium is associated with severe health effects,
including kidney dysfunction, bone demineralization (osteomalacia and osteoporosis), respiratory
damage, and cancer. Cadmium also has a long biological half-life, meaning it remains in human

tissues for decades, further exacerbating its toxic effects (NULI et al., 2024).

In aquatic organisms, cadmium interferes with calcium metabolism, leading to skeletal
deformities, reduced growth rates, and reproductive impairment. Many studies have reported high
cadmium concentrations in fish, molluscs, and crustaceans, making seafood a primary source of
human exposure. Due to its severe toxicity, the World Health Organization (WHO) and the U.S.
Environmental Protection Agency (EPA) have set stringent limits on cadmium concentrations in
drinking water, typically below 0.005 mg/L. However, in many industrialized and mining regions,
cadmium levels often exceed these safety thresholds, necessitating urgent remediation strategies

(Lee et al., 2023).

Lead (Pb) is another highly toxic heavy metal with widespread industrial applications, including
battery production, ammunition manufacturing, plumbing materials, and pigments. Historically,

lead was also used in gasoline (tetraethyl lead) and paints, leading to extensive environmental
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contamination. Although the use of lead in these applications has been restricted in many countries,
legacy pollution from industrial emissions, mining waste, and lead-based paint continues to pose

a significant threat (Collin et al., 2022).

Lead contamination in water primarily originates from corroded lead pipes, industrial effluents,
and mining runoff. Unlike cadmium, which remains in water primarily in dissolved form, lead is
more likely to bind to sediments and suspended particles, making it persistent in aquatic
ecosystems. However, changes in pH, salinity, and the presence of organic ligands can remobilize

lead from sediments, making it bioavailable to aquatic organisms (Garai et al., 2021).

The toxic effects of lead are well-documented, with neurological damage being one of the most
severe consequences of exposure. Lead is a potent neurotoxin that disrupts synaptic transmission,
leading to cognitive impairment, behavioural disorders, and developmental delays, particularly in
children. Even at low concentrations, lead exposure has been linked to decreased IQ, learning
disabilities, and attention deficits. In adults, chronic lead exposure increases the risk of

hypertension, cardiovascular diseases, kidney damage, and anaemia (Collin et al., 2022).

In aquatic life, lead affects enzymatic activity, osmoregulation, and reproductive success. Fish
exposed to lead-contaminated water exhibit gill damage, reduced swimming performance, and
metabolic disturbances, leading to population declines. Regulatory agencies, including the WHO
and EPA, have established strict lead concentration limits in drinking water, typically below 0.01
mg/L. However, incidents of lead-contaminated water supplies, such as the Flint water crisis in the
United States, highlight the ongoing challenges of lead pollution and the need for effective

remediation technologies (Kolarova & Napidrkowski, 2021).

Given the severe environmental and health risks posed by cadmium and lead contamination, there
is a growing interest in developing sustainable and cost-effective remediation technologies.
Conventional heavy metal removal methods, such as chemical precipitation, ion exchange, and
membrane filtration, are often expensive and generate secondary waste that requires further
disposal. In contrast, biosorption, which utilizes biological materials like algae, bacteria, fungi,
and agricultural waste to capture heavy metal ions from aqueous solutions, has emerged as a

promising alternative (Shankar et al., 2023).
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Alongside heavy metals, contaminants of emerging concern (CECs) have garnered increasing
attention. These include pharmaceuticals, personal care products, endocrine-disrupting chemicals,
and microplastics. Unlike traditional pollutants, CECs are often introduced into water bodies
through domestic wastewater, agricultural runoff, and improper disposal of consumer products.
Ibuprofen, a widely used non-steroidal anti-inflammatory drug (NSAID), exemplifies the issue of
pharmaceutical contamination. It enters aquatic systems primarily through domestic wastewater,
as conventional wastewater treatment plants are ineffective at removing pharmaceuticals. Studies
have detected ibuprofen residues in rivers, lakes, and even drinking water sources, raising concerns

over its ecological and health impacts (Blasco & Trombini, 2023).

Although ibuprofen is less acutely toxic than heavy metals, its chronic exposure poses risks to
aquatic organisms. Research indicates that ibuprofen can disrupt endocrine systems, alter
reproductive functions, and impair growth in fish and amphibians. Moreover, the synergistic
effects of ibuprofen combined with other pharmaceuticals or pollutants, such as heavy metals, can
exacerbate toxicological outcomes. The presence of ibuprofen and other pharmaceuticals in water
also threatens microbial communities essential for nutrient cycling and ecosystem stability.
Continuous exposure to sub-lethal concentrations of pharmaceuticals can lead to the development
of antibiotic-resistant bacteria, posing a significant public health threat (Jan-Roblero & Cruz-

Maya, 2023).

Recently, another water quality issue has emerged: Sargassum, a type of marine macroalga that
periodically reaches Caribbean beaches. Reports indicate that Sargassum currently represents one
of the most pressing environmental issues in Mexico, resembling an uncontrolled algal epidemic.
The Mexican Caribbean is experiencing severe environmental degradation due to this brown
macroalga, which has disrupted coastal ecosystems and caused the death of marine species,

including turtles and fish (Devault et al., 2021).

Beyond its ecological impact, Sargassum has also had significant economic consequences by
affecting tourism-dependent activities. Additionally, it poses a potential health hazard due to its
decomposition on beaches and its high content of arsenic and heavy metals. However, Sargassum

itself is not inherently problematic; if governments implemented protection and management
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strategies, its potential benefits could be better understood and even leveraged for environmental

applications, such as in constructed wetlands (Saetan et al., 2021).

Among biological materials, marine algae, particularly Sargassum spp., have demonstrated
exceptional biosorption capabilities for heavy metals and CEC removal. Sargassum is a fast-
growing, naturally abundant macroalga that contains functional groups such as carboxyl, hydroxyl,
sulfonate, and amino groups, which actively bind to metal ions through complexation, ion
exchange, and electrostatic interactions (Davis et al., 2003). The high surface area, porous
structure, and chemical composition of Sargassum spp. make it an ideal biosorbent for cadmium
and lead removal from industrial effluents and contaminated water bodies (Gonzalez Fernandez et

al., 2024).

Studies have shown that untreated, chemically modified, and carbonized forms of Sargassum spp.
exhibit high adsorption capacities for Cd*" and Pb** ions, with removal efficiencies often exceeding
80-90 % under optimal conditions (Jayakumar et al., 2021). The efficiency of metal adsorption
depends on factors such as pH, contact time, initial metal concentration, and biosorbent dosage
(Rekha et al., 2025). Research has also demonstrated that pyrolyzed Sargassum spp. (biochar and
hydrochar) exhibits enhanced metal removal efficiency, offering a highly stable and reusable

material for wastewater treatment applications (Arora et al., 2024; Chambers et al., 2023).

Heavy metal and CEC pollution, particularly from cadmium, lead and ibuprofen represents a
serious environmental and public health challenge. These toxic pollutants persist in ecosystems,
bioaccumulate in organisms, and pose severe health risks through direct and indirect exposure.
The development of sustainable, cost-effective remediation strategies is crucial for mitigating their
impact. Biosorption, particularly using marine macroalgae like Sargassum spp., has emerged as a
viable, eco-friendly solution for cadmium, lead and CEC removal from contaminated water. Future
research should focus on optimizing biosorption conditions, scaling up the process for industrial
applications, and integrating biosorbent-based technologies with existing water treatment systems

to enhance heavy metal remediation efforts.
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JUSTIFICATION

The contamination of water bodies by heavy metals and CEC represents one of the most pressing
environmental challenges. Industries such as mining, metal smelting, fuel and energy production
from petroleum, fertilizer and pesticide manufacturing, and pharmaceuticals generate waste
containing both heavy metals and organic micropollutants. These pollutants often enter aquatic

environments due to improper treatment or disposal, posing serious risks to ecosystems and human

health.

When heavy metals accumulate in ecosystems at concentrations exceeding permissible levels, they
exert significant toxic effects on cells, primarily by disrupting protein function or causing protein
denaturation. Moreover, these metals can undergo bioaccumulation and biomagnification within
the trophic chain, leading to severe environmental consequences for marine ecosystems and human
health (Zaynab et al., 2022). Similarly, CECs, such as pharmaceuticals (e.g., ibuprofen), personal
care products, and endocrine-disrupting chemicals, persist in the environment due to their low
degradability and continuous introduction through domestic and industrial wastewater (Yadav et

al., 2021).

Pharmaceuticals like ibuprofen are of particular concern due to their widespread use and
incomplete removal in conventional wastewater treatment plants. These compounds can interfere
with hormonal regulation, reproduction, and metabolic processes in aquatic organisms.
Additionally, the combined presence of heavy metals and CECs may lead to synergistic toxic
effects, intensifying their impact on aquatic life. Addressing this dual pollution challenge requires
sustainable and efficient remediation strategies, such as biosorption, which has demonstrated

potential in removing both metallic and organic contaminants from water.

The biosorption of heavy metals by marine algae and seagrasses is primarily attributed to the
properties of their cell walls, where electrostatic attraction and complexation play crucial roles.
These cell walls typically consist of a fibrillar skeleton and an amorphous matrix. The fibrillar
skeleton is primarily composed of cellulose, while the amorphous matrix consists mainly of alginic
acid (alginate) and a smaller proportion of sulfate polysaccharides (fucoidans). Among the
functional groups involved, carboxyl groups are the most abundant in the cell walls of these

biosorbents. The second most prevalent acidic functional group is sulfonic acid, found in
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fucoidans, which plays a secondary role unless metal binding occurs under low pH conditions.
Hydroxyl groups within polysaccharides are also present, but they are less abundant and only
exhibit negative charges at pH levels above 10, limiting their role in metal adsorption (Davis et al.,

2003).

The search for novel materials and techniques to treat wastewater from industrial and mining
activities has become a significant challenge in recent years. Conventional methods for heavy
metal removal often prove ineffective at low metal concentrations, are costly, and have low
efficiency under real-world conditions. Recent studies have explored alternative methodologies
for contaminant adsorption, particularly for heavy metals, using biologically derived materials
such as bacteria, algae, fungi, and industrial, agricultural, and urban waste. These alternatives have
demonstrated high feasibility, low cost, and remarkable removal efficiency. Among these
techniques, biosorption has emerged as a promising approach, involving the selective transfer of
solutes from a liquid phase onto solid biological material, driven by various physical and chemical

mechanisms (Gonzélez et al., 2011).

Due to their natural origin and the elimination of residual sludge during the removal process,
biosorption-based treatments not only reduce the environmental impact of contaminated water
discharge but also allow for metal recovery and potential reintegration into productive cycles.
From an economic perspective, marine algae and seagrasses have attracted significant attention in
biotechnology due to their natural abundance. They frequently accumulate on beaches, where they
are considered waste material. Utilizing them as biosorbents for heavy metals and radionuclide
removal aligns with the principle of "waste for waste removal." Fishing vessels inadvertently
collect large quantities of algae and seagrasses along with fish schools, which could be

commercially repurposed instead of being discarded as "trash" (Devault et al., 2021).

Marine algae grow naturally on continental shelves in seas and oceans. Pacific coastlines, in
particular, are frequently covered with marine algae that accumulate along shores without any
beneficial use, often generating unpleasant odours as they degrade. However, the high diversity of
marine algae enhances their selectivity and efficiency in heavy metal adsorption. Studies have

demonstrated varying adsorption capacities among red, green, and brown algae, depending on their
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chemical composition and specific adsorption sites (e.g., fucanoids, alginates, and phosphorylated

proteins) (Davis et al., 2003).

Despite their promising potential, biosorption remains largely confined to laboratory-scale batch
processes. While the underlying mechanisms of biosorption are being elucidated, the precise
nature of metal-ion interactions and influencing factors remain incompletely understood.
Furthermore, the optimized conditions identified in laboratory studies often fail to align with real
wastewater conditions, which involve variables such as ionic strength, interfering ions, detergents,

acidity, and organic content.
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OBJECTIVES

General objective

Characterize the biomass and biochar/hydrochar derivatives of Sargassum spp. for their potential

use as materials for removing contaminants from aqueous matrices through adsorption processes

under both static and dynamic conditions, within single- and multi-component systems.

Specific objectives

1.

Perform a physicochemical characterization of Sargassum spp. biomass using various
analytical (acid-base titrations, nitrogen physisorption, scanning electron microscopy,

etc.), spectrophotometric, and instrumental techniques.

Evaluate the influence of physical treatments (pyrolysis and hydrocarbonization) on

Sargassum spp. biomass by analysing its physicochemical properties.

Characterize the biochars and hydrochars derived from Sargassum spp. biomass using

multiple analytical, spectrophotometric, and instrumental techniques.

Determine the optimal experimental conditions for pollutants adsorption using natural and

carbonized materials for batch and continuous methods.

Analyse the kinetics, thermodynamics, and equilibrium of the adsorption of the

contaminants on natural and carbonized materials applying theoretical models.
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Abstract

Algae play an extremely important ecological role. They form the basis of trophic webs, produce
oxygen that allows the respiration of many of the organisms in aquatic environments, absorb CO»,
and serve as refuge areas and habitats for thousands of species. Many species can also absorb
organic pollutants from seawater. Algae have been used for many centuries by humans as a source
of food, fertilizer, fodder, and for the extraction of compounds with antifungal, antiviral,
anticancer, and antibacterial properties. More recently, some species have been used for the
production of biofuels. It has been shown that mixing small proportions of algae with the feed of

cattle can reduce methane emissions from their digestive activity by more than 95 %.

One of the most widespread but least known applications of algae is the extraction of their
phycocolloids for utilization in food, pharmaceutical, wine, and textile industries, among others.
These compounds have gelling, stabilizing, and thickening properties and are therefore frequently
included in creams, ice creams, cheeses, jellies, flavored milks, sauces, shampoos, medications,
toothpaste, and many other products. The phycocolloids agar and carrageenan are extracted from
red algae, whereas alginate is extracted from brown algae, being used in dental impressions,

emulsifying lotions, and paints, among others, and in the preparation of wine and beer.

Algae are of particular interest in the research and development of new biosorbent
materials, not only because of their high adsorption capacity, but also because they are present in
the seas and oceans in abundant and easily accessible quantities. Marine algae are a promising
biosorbent for the removal of heavy metals and various pollutants and, due to their intrinsic
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characteristics, have received increasing attention in recent decades. Their application as
biosorbents for the sorption of heavy metals and radionuclides could be interpreted as the use of

waste to remove waste.

Algae have attracted particular interest in the field of biotechnology for economic reasons,
given that large amounts are naturally produced and left lying on beaches as waste material. The
composition of algae biomass makes it a promising candidate for an extensive list of applications
that continues to lengthen. The development of appropriate technologies and policies can
transform the presence of algae in coastal ecosystems from an unpleasant and potentially harmful

phenomenon into a source of major benefits.

This review discusses the capacity of algae biomass to remove pollutants and also delves
into its applicability in the production of dyes, oils, and biofuels and for animal feed and fertilizer
industries, among others. Further research is warranted on strategies to convert a biomass that is

currently considered waste into a means of addressing environmental problems.
1. Introduction

The search for new materials and techniques for the treatment of wastewater from industrial and
mining processes has intensified in recent times and poses a major challenge. Growing
manufacturing and metalworking sectors require the extraction of increasing amounts of heavy
metals, and this activity can be responsible for aquatic environments with higher concentrations of
metals than permitted by water quality criteria. Heavy metals in ionic form are discharged into
rivers and seas from tanning, photography, pigmentation, plastics, battery and metallurgical

industries, among others, without due environmental control (Gin et al., 2002) .

The effects of heavy metals on plants include necrosis at the tips of leaves, the inhibition
of root growth, or the death of the plant. In humans, ingestion of heavy metals can cause skin
rashes, ulcers, respiratory and immune system disorders, kidney and liver damage, genetic
alterations, hypertension, and even death. According to the World Health Organization (WHO),
the maximum concentration of heavy metal ions in water should range from 0.01 to 1.00 ppm, but
concentrations up to 450 ppm have been reported in effluents (Guibal et al., 2001). Satisfactory
results have been obtained in the elimination of toxic metals from wastewater using various

techniques, including microprecipitation, electrodeposition, osmosis, adsorption, filtration,
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ultracentrifugation, and ion exchange resins. However, these methods are not effective for low
heavy metal concentrations in solution, being costly in relation to the low yield obtained under

real-life conditions (Guibal et al., 2001).

Alternative methodologies have recently been developed for heavy metal adsorption using
biological materials such as bacteria, algae, fungi, and industrial, agricultural, and urban waste,
achieving high removal efficiency at a low cost. These techniques include biosorption, i.e., the
selective transfer of solute(s) from a liquid phase to a batch of solid particles of biological material,
which involves various physical and chemical mechanisms depending on certain factors. In the
case of algae, their natural origin and the elimination of residual sludge during the removal process
mean that this system not only removes the contaminating metal, reducing the environmental
impact at the discharge site, but also allows its recovery for use in a new production cycle. The
utilization of algae for the biosorption of heavy metals can be interpreted as using waste to dispose

of waste.

For instance, fishing boats drag a large amount of algae along with fish in their nets,
typically considered worthless and needing removal, but potentially of value as bioadsorber
(Volesky, 1990). Algae offer a powerful biotechnological tool for the elimination of heavy metals.
Moreover, besides the capacity of algae biomass to remove pollutants, it has recently proven useful
in the production of dyes, oils, and biofuels and for animal feed and fertilizer industries, among

many others.

Marine algae are relatively low in nitrogen and phosphorous but contain over 60 trace
elements as well as fungal and disease prevention agents. The use of algae for composting was
found to improve soil consistency and increase water retention in sandy or gritty soils and to serve

as a top or side additive.
2. Bibliometric Analysis

Bibliometric analysis facilitates the review of large amounts of scientific literature. It functions in
the same way as a systematic review and can be combined with rigorous techniques to guarantee
the quality of the information processed and the results obtained (Nobanee et al., 2021). In the
present study, the Web of Science (WoS) was searched for publications identifying Sargassum as

a problem, using the search string "sargassum" and "invasion"; 68 studies were retrieved, with the
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earliest being only 25 years ago. Figure 1 shows a significant increase over time in scientific papers
on the environmental problems posed by Sargassum from 1997 onwards. More than 40% of

retrieved studies were published in the past five years.

1997-1999
2000-2005

2011-2016
2017-2022

Figure 1. Distribution of publications on Sargassum as a problem from 1997 to 2022.

As shown in Table 1, most of the studies were conducted in Spain (n=19), followed by the

USA (n=15), Portugal (n=10), Germany (n= 7), and Australia and England (n= 6 in each).

Table 1: Countries with the highest number of publications related to Sargassum as an

environmental problem.

Order | Countries Number of publications
1 Spain 19
2 USA 15
3 Portugal 10
4 Germany 7
5 Australia 6
5 England 6
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The Web of Science (WoS) database was also used to select studies by using the search
string "sargassum" and '"applications" or "sargassum" and "uses" or '"sargassum" and
"valorization". The aim was to evaluate the interest of the scientific community in solving the
problem of Sargassum and generating a use for or adding value to its biomass. Over the past five
years, 161 publications have addressed this issue, with the largest number appearing in 2021, as
depicted in Figure 2. The results were also grouped according to the country of the study, journal,
and research area, among other parameters. Analyses were also conducted of the most frequently

cited authors during this five-year period and of the studies with the largest number of citations.
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Figure 2. Distribution of publications by year of publication.

The People's Republic of China heads the list of countries with the largest number of studies
(Figure 3) with 21 publications, followed by India (n=18), South Korea (n=18), Portugal (n=14,
Egypt, (n=12), Spain (n=12) and Brazil, France, Iran, and Mexico (n= 11 each).
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Figure 3. Top ten countries by number of publications.

The journal with the largest number of publications on this issue (Figure 4) is the Journal
of Applied Phycology (n=15 articles), followed by Marine Drugs (n=12), Algal Research Biomass
Biofuels and Bioproducts, Botanica Marina, International Journal of Biological Macromolecules
and RSC Advances (n=4 each), and Antioxidants, Bionanoscience, Journal of Food Processing
and Preservation, and PEERJ (n=3 each). By scientific field (Figure 5), the largest number of items
were in Biotechnology Applied Microbiology (n=37), followed by Marine Freshwater Biology
(n=30), Environmental Sciences Ecology (n=26), Pharmacology Pharmacy (n=24), and Chemistry
(n=20). By WoS category (Figure 6), studies were most frequently grouped in Biotechnology
Applied Microbiology (n=37), followed by Marine Freshwater Biology (n=30), Environmental
Sciences (n=21), Medicinal Chemistry (n=19), and Pharmacology Pharmacy (n=18). Other
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categories included Biochemistry Molecular Biology, Food Science Technology, and Plant

Sciences.
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Figure 4. Top ten journals by number of publications.
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Figure 5. Top ten research areas by number of publications.
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Figure 6. Number of publications by WoS Category.

Table 2 shows the top 15 main authors, ranked according to the number of their publications
on this topic, and Figure 7 displays the number of citations they received. The most cited author is

Yeon YJ (n=33 citations), followed by Kim HS (n=22) and Ahn G (n=21).

Table 2. Top 15 Authors according to the number of publications.

Order | Author Number of publications
1 Ahn G 5
Fernando IPS
Jeon YJ
Dominguez H
Sanjeewa KKA
Torres MD
Florez-Fernandez N
JeJG
Mohapatra BR
Ramavandi B
Stiger-pouvreau V
Van Tussenbroek BI
WuMJ
Yousefzadi M
Zubia M
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Figure 7. Top 15 most cited authors.

3. Brown Algae

25 30 35

The typical wall of brown algae consists of a fibrillar skeleton fixed in an unstructured viscous

matrix (Figure 8).
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Figure 8. Brown algae cell wall structure (After Davis et al., 2003).

The most common fibrillar component is cellulose. Alginic acid is the primary constituent

of the amorphous matrix of this type of algae and is responsible for binding heavy metals through

38



their carboxyl groups. The alginate content (from alginic acid) represents 1040 % of the dry

weight of the algae according to their environmental conditions, life cycle, and health status.
Alginic acid (Figure 9) is a polysaccharide composed of a-1,4-guluronic (—G-), and B-1,4-

D-mannuronic (-M-), acids arranged in a non-regular manner (amorphous matrix) in discrete

blocks of (=G—)a, (—-M—)a, Which present structural differences and different proportions in the

alginate, thereby determining differences in the physical properties and reactivity of the

polysaccharides.

The M:G ratio varies among different species. The affinity for pollutants increases with a
higher proportion of G blocks (Davis et al., 2003). Dissociation constants of the different
functional groups in the algal cell wall are displayed in Table 3. Mannuronic and guluronic acid

constants are pKa=3.38 and 3.65, respectively. The polymer has a similar pKa value.
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Figure 9. Monomeric and polymeric structure of alginate (After Davis et al., 2003).

Table 3. Functional groups in the algal cell wall involved in the adsorption of pollutants.

Functional group Site pKa
Carboxylic Uronic acid 3.0-4.4
Sulphate Cysteic acid 1.3
Phosphate Polysaccharides 0.94-2.1
Imidazole Histidine 6.0-7.0
Hydroxyl Phenol-Tyrosine 9.5-10.5
Ammine Cytidine 4.1

There is a wide diversity of marine algae, and the adsorption capacity and selectivity for heavy

metals are known to vary among red, green and brown algae (Murphy et al., 2007). The chemical
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composition and presence of different adsorption centers (fucanoids, alginates, phosphated
proteins, etc.) can increase the adsorption of certain metals according to their size, degree of
solvation, the presence of chelating ions and molecular sieves, and the ion exchange with species
present in the algae (de la Rocha et al., 2009; Rojas et al., 2005). Marine algae are innocuous and
have an inorganic content rich in calcium, magnesium, sodium, and potassium, meaning that algae-

based biosorbents are acceptable for water cleaning or wastewater treatments.
4. Marine algae as option for bioremediation

Marine algae grow naturally on the continental shelves of seas and oceans. Shores on the Pacific
coast are generally covered with marine algae that can become unsightly and foul-smelling over

time and are considered waste materials, with no beneficial use (Cuizano & Navarro, 2008).

Crist et al. (1992) and Ragan (1986) studied the mechanisms by which heavy metals are
fixed in brown algae, which incorporate the metals in high concentrations through polyanionic
polysaccharides present in the cell wall and the affinity between metals and polyphenols. Finally,
the high alginate content makes brown algae an ideal model for investigating metal-algae
interactions at molecular level. The fact that a single functional group is responsible for the
adsorption of heavy metals allows the application of various techniques to elucidate the
mechanism. These include determination of the ionization constant (Navarro, 2006) of the algae,
the ionic strength, the desorption of adsorbed metals by chelating species and acids, and the ion
exchange, and analysis of images captured by infrared spectroscopy and scanning electron
microscopy, among others. Marine algae appear to be the only adsorbents whose adsorption
capacity is almost exclusively (> 90%) attributable to alginates (N. A. Cuizano et al., 2007; Davis
et al., 2003; Gonzdlez et al., 2011; Lodeiro et al., 2004; Tapia et al., 2011).

It is important to determine the modifications that can strengthen the adsorption capacity,
thermal-mechanical properties and selectivity of algae. Chemical modifications of algae are
largely performed to facilitate contact between heavy metal ions and the functional groups that
participate in the adsorption equilibrium and to cross-link or create new chains of biopolymers
(Volesky, 1990). The main substances used include: CaCl>, for the crosslinking of polyalginic
chains; formaldehyde and glutaraldehyde, for the crosslinking of polyalginate chains between

adjacent functional groups, mainly hydroxyl groups; NaOH, for reducing the protonation of
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adsorbent functional groups, exchanging sodium ions in functional groups and facilitating ion
exchange by increasing electrostatic attraction towards heavy metal cations; and HCI, for acid
washing to produce competition between light metals and protons on the adsorbent surface, with
the latter displacing the former; acid treatment can also lead to the dissolution of damaged outer
polysaccharides from the algal cell wall, creating new adsorption sites. However, this type of
biomass modification does not always improve the adsorption effectiveness, and the capacity for
heavy metal removal can be reduced by the solubilization of different forms of alginate in the

presence of NaOH (Volesky, 1990) .

Chemical modifications have not been found to increase the adsorption capacity of algae
and do not appear to be a cost-effective approach, although they may be useful to improve biomass
stability in continuous processes (columns) (Leyte-Vidal et al., 2019) . There has been much less
published research on biosorption with algae than with other biomaterials, and there has been little
investigation on multimetallic or dynamic systems. One study (Brinza et al., 2007) reported a
higher metal adsorption capacity for brown algae than for green and red algae and some other
adsorbents (Table 4). Bakkaloglu et al., 1998 investigated the metal biosorption capacity of various
types of biomasses, including bacteria (S. rimosus), yeasts (S. cerevisiae), fungi (P. chrysogenum),
activated sludge, and marine algae (4. nodosum and F. vesiculosus), finding that copper, zinc, and
nickel were removed more effectively by 4. nodosum than by the other adsorbents. In another
investigation, the capacity to adsorb calcium ions was found to be greatest for the algae L.
trabeculata than for chitosan, cross-linked chitosan, or rice hulls, observing a higher affinity for

the algae in comparison to the other adsorbents (A. E. Navarro, 2006).

Despite increasing evidence that marine algae are a promising biosorbent of heavy metals
and other pollutants, their application in biosorption is currently limited to discontinuous
processes, largely in the laboratory setting. Although the mechanisms of biosorption are under
investigation, the type of metal ion-adsorbent interaction and influential factors have not been fully
elucidated. In addition, the real-life conditions of wastewater have not been completely matched
in studies, including ionic strength, interfering ions, detergents, acidity, and organic content,

among other factors.
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In regard to the adsorption mechanism, further research is required on the factors that
influence the equilibrium state (e.g., pH, temperature) and on the role that the co-ion (anion) plays
in the biosorption process. In addition, there is a need to develop mathematical models of
equilibrium and kinetics that are related to real wastewater conditions (e.g., pH, ionic content). It
is also important to explore the possibility of recovering heavy metals removed from the water and
adsorbed on the biosorbent. The biosorption of heavy metals by marine algae has been widely
studied over recent decades, but many questions remain about the optimization of this process.
Nevertheless, it is possible that the utilization of marine algae is one of the best ecological weapons

available for the decontamination of our planet.
5. Using marine algae to produce biochar

Biochar is a carbon-rich material obtained from the thermochemical decomposition of organic
waste in the absence of oxygen at temperatures that generally range between 300 and 700 °C and
(pyrolysis). Pyrolysis stabilizes the carbon present in organic matter in a form that is more resistant
to chemical and biological decomposition and does not degrade in soil, avoiding the emission of
carbon into the atmosphere observed when non-pyrolyzed organic matter decomposes. Biochar
has properties that can improve the soil, increase the productivity of crops, and contribute to carbon

sequestration, relevant to the fight against climate change.

Interest in the application of biochar, a relatively recent idea, mainly resulted from the
discovery of substances similar in nature to biochar in dark soils of the Amazon, known as Terra
preta do indio. Generally, land in the Amazon forest is very poor in nutrients, but these dark soils

are rich in organic carbon and highly fertile (Lehmann, 2007) .

Biochar can be used to improve the soil and the efficiency of resource utilization, to
remediate and/or protect against environmental contamination, and to mitigate greenhouse gases
(Chan & Xu, 2012). Biochar can also retain metallic elements or contaminants (J. Wang et al.,
2021). In this way, a manure biochar was found to retain cadmium (Bfendova et al., 2017), and
good results were obtained using biochar as adsorbent for a rice crop in cadmium-contaminated
soil. Verheijen et al., 2012 reported that biochar can also favor the sorption from soils and
sediments of organic compounds such as herbicides, pesticides, enzymes, and polycyclic aromatic

hydrocarbons, helping to avoid harmful short- and long-term effects.
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Table 4. Removal percentages and adsorption capacities of some adsorbents for different

pollutants.
Adsorbent Adsorbate pH % Rem, q Reference
Cu(Il) 4.8 95.0 %
Pretreated Laminaria japonica Cd(n 4.8 66.0 % (Liu et al., 2009)
Zn(II) 4.8 60.0 %
Lessonia nigrescens Cdd1) 3.7 37.0 mg g'! .,
Durvillaea antarctica Cd(1) 3.7 45.0 mg g’! (Gutiérrez et al., 2015)
. . Cd(1) No control 50.6 mg g!
Sargassum muticum treated with Ca He(Il) No control 602 mg o' (Carro et al., 2015)
Cdd1) 4.9 215mg g’! (Holan et al., 1993)
Ascophyllum nodosum Ni(II) 6.0 136 mg g°!
Pb(Il) 6.0 478 mg o (Holan & Volesky, 1994)
Cdd1) 3.5 73.0 mg g! (Holan et al., 1993)
Fucus vesiculosus Ni(II) 3.5 23.0 mg g’!
Pb(1l) 6.0 600 mg g (Holan & Volesky, 1994)
. Ni(II) 3.5 10.0 mg g'!
Padina gymnospora Pb(1l) 35 65.0 mg o' (Holan & Volesky, 1994)
, . Pb(ID) 4.5 217.4mg g’ (Jalali et al., 2002)
Padina tetrasiomatica Cd(In 5.0 50.6 mg ! (Hashim & Chu, 2004)
Cdd1) 6.0 157.4mg g’ (Tobin et al., 1984)
Sareassum s Cr(VD 4 69.0 mg g! (Sala Cossich et al., 2002)
¢ " Cr(VD) 3.5 67.6 mg g’ (Silva et al., 2003)
Cu(1l) 3.5 68.6 mg g! i
Sargassum baccularia Cdd1) 5.0 83.2 mg g’! (Hashim & Chu, 2004)
Sargassum fluitans Ni(I) 3.5 24.0 mg g’!
Sargassum fluitans Pb(ID) 3.5 330 mg g’! (Holan & Volesky, 1994)
Sargassum hystrix Pb(ID) 4.5 285 mg g’! (Jalali et al., 2002)
Cd(n 3.5 132 mg g’! (Holan et al., 1993)
Ni(II) 3.5 24.0 mg g’!
Sargassum natans Pb(il) 35 253 mg o (Holan & Volesky, 1994)
Pb(ID) 4.5 238 mg g’! (Jalali et al., 2002)
Undaria pinnatifida Pb(ID) 4.0 403 mg g'! (Kim et al., 1999)
Activated Carbon from Sargassum spp. Cr(VD) 2.0 91.98 % (Akbar Esmaeili & Ghasemi, 2012)
Cu(Il) 4.0 ~97% (A Esmaeili et al., 2010)
Activated Carbon from Sargassum fusiforme Congo Red 7.0 234 mg g’! (Ma et al., 2020)
Pb(II) 5.0 19.7mg g'!
Pretreated Ulva lactuca Zn(1) 5.0 3.9mgg’! (Bulgariu & Bulgariu, 2014)
Co(1I) 5.0 5.9mgg’!
Caulerpa fastigiata CddI) 5.5 2.8 mgg’! (Sarada et al., 2014)

%Rem: Percentage of remotion; q: adsorption capacity.
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Seaweeds have attracted interest as an energy source because they have a rapid growth rate
(from 10 to 340 times that of oil crops) and require a smaller area for cultivation. They can be
grown under unfavourable conditions, as in the case of wastewater, meaning that bioenergy can

be generated without taking land suitable for food production (Chisti, 2007) .

Algae can be converted into energy by biochemical or thermochemical conversion (Amin,
2009). In relation to the former, the production of biodiesel requires a specific type of algae that
can generate an oil content representing between 30 and 75% of its dry weight. In this way,
biodiesel or ethanol can be produced from the fermentation of green algae such as Chlorococcus
littoral (Ueno et al., 1998). In thermochemical conversion, all types of algae can be converted into
energy products through heat-assisted reactions, and biochar is generated as a by-product of this

process (Metzger et al., 1991).

Biochar from algae biomass has a lower carbon content, surface area, and CEC in
comparison to lignocellulose-containing material but has a higher pH and a higher-content of
nitrogen, ashes, and inorganic elements (P, K, Ca, and Mg). Hence, algae biochar can be useful to
reduce the acidity of soil and increase its content of inorganic nutrients (Bird et al., 2011).
However, despite these advantages, there have been only a few studies on biochar production from
algae. Notably, Bird et al., 2011 used macroalgae and seagrasses from fresh water and marine
ecosystems and obtained biochar that was more than 30% of the dry weight of the raw material.
Likewise, Chaiwong et al., 2012 used slow pyrolysis and produced biochar that was 28-31% of
the weight of various species of algae obtained from fresh water. Acceptable biochar yields were
also reported by Yuan & Macquarrie, 2015 from the biorefining of Ascophylum nosodum. Choi et
al., 2016 and Chiodo et al., 2016 also described the satisfactory performance and properties of
biochar obtained from the brown algae Saccharina japonica and the Posidonea species Oceanica

(seagrass) and from Lacustrine Alga (algae), respectively.
6. Natural brown dye extracted from marine algae

Brown algae are used as a high-intensity colorant for fabrics, and alginate extracted from
sargassum is employed as a fabric thickener to prevent colour fading (Abbott, 1996). The striking
brown colour extracted from brown algae such as sargassum contains fucoxanthin, a yellowish-
brown pigment belonging to the xanthophyll family of carotenoid pigments (Hii et al., 2010) .

Natural brown-hued colorants are difficult to find and isolate and brown algae could yield natural
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dyes that could replace artificial colorants in food, pharmaceuticals, and cosmetics among others.
Fucoxanthin has also been found to have antioxidant properties and to exert beneficial health
effects, promoting weight loss and acting as an anticancer and anti-inflammatory agent (Maeda et
al., 2008; Miyashita & Hosokawa, 2007), supporting the potential value of seaweed algae as a
functional food ingredient. Brown algae possess greater antioxidant properties in comparison to
red or green algae, offering compounds not found on land. Crude extracts, fractions, and pure
components of brown algae are similar and often superior to antioxidants of synthetic origin

(Balboa et al., 2013) .

Natural pigments are generally unstable, being involved in chemical reactions that affect
the color of the final product. They are very easily affected by such environmental factors as light,
temperature, oxygen, and water pH (Timberlake & Henry, 1986). Spray drying has proven highly
useful in these cases to coat the pigment with an encapsulating agent and thereby reduce negative
effects of these factors (Saénz et al., 2009) . It has been widely used for drying foods and in the
production of drugs and other thermosensitive substances in which the solvent can rapidly
evaporate. Spray drying can also be used to encapsulate a biologically active compound within a
protective matrix that is inert to the compound (Saénz et al., 2009). This procedure improves the
efficacy and range of application of food additives, increases the shelf life of the product, and
reduces its costs. (Ray et al., 2016) . In addition, good quality powders can be produced with high
stability, facilitating storage, handling, transportation, and application in comparison to liquid

concentrates (Tonon et al., 2008).

Tun Norbrillinda et al., 2016 extracted a natural brown dye from brown algae by soaking the
algae biomass in a water bath filled with distilled water at 95-98 °C for about 3.5 hours. The extract
was then spray dried using maltodextrin DE 10 as an encapsulation agent producing a
microbiologically stable powder with a brownish yellow shade. The colorant was also found to
have antioxidant activity, favoring its use as a natural brown dye in multiple products and foods,

including beverages and desserts.

Yip et al, 2014 extracted pigments from Sargassum  binderi  using
methanol:chloroform:water, as part of the fucoidan extraction process in which pigments are
waste. Fucoxanthin and chlorophyll were identified in the extract, which therefore has potential as

a bioingredient and functional food. It was found to remain stable under normal storage conditions.
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7. Fabrication of cellulose nanofibers from waste brown algae

Cellulose nanofibers, a nanocomposite developed from cellulose, the main component of plants,
are attracting attention for their lightness, resistance, and environmental qualities. They are already
used in a wide variety of articles, such as adult diapers, screens, automobiles, or airplanes (Rezaei
et al., 2015). Interest centres on their physical properties, being five-fold lighter and five-fold
stronger than steel. As nanometre-scale fibres, they allow visible light to pass through and can be
made transparent. The large specific surface area of this material means that it is also suitable for
the manufacture of filters that collect dust and other small particles or of deodorizing substances

that absorb microscopic odour-carrying particles (Huang et al., 2016).

Food wrappers using cellulose nanofiber film, which have a strong barrier effect against
the penetration of oxygen and other gases, are effective to keep food fresh. These nanofibers also
have high viscosity, even when immersed in water, opening up their possible usefulness as a food

additive to reinforce the sensation of body or chewiness of food (Ghaderi et al., 2014).

Cellulose can be obtained from practically any plant: from timber, wheat or rice straw, or
the stems of corn, cotton, or marine algae, among numerous others, minimizing the environmental
impact of its extraction. Brown algae are considered a more accessible and better-quality source
in comparison to terrestrial plants, whose cellulose contains lignin, affecting the processing cost.
Most species of brown algae do not contain this compound, allowing the extraction of quality
cellulose without additional purification steps (Trivedi et al., 2013). In addition, cellulose extracted
from brown algae contains a network that resembles a sponge, very different from the structure
observed in cellulose of plant origin (Stremme et al., 2002). Furthermore, as already noted,
seaweeds are a low-cost source of biomass that grow rapidly without the need for arable land,
drinking water, fertilizers, or pesticides (Trivedi et al., 2013). Finally, milder conditions are
required for the extraction and isolation of cellulose from seaweeds in comparison to lignin-

containing plant cellulose (John et al., 2011).

Gao et al., 2018 found that cellulose isolated from brown algae after alginate extraction was
cellulose I, present in the rigid chain 416 conformation in dilute solution. Addition of these
nanofibers to milk produced an appreciable thickening effect due to absorption of the cellulose by

casein micelles via hydrogen bonds, resulting in a weak gel-like structure. Paniz et al., 2020
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combined alkaline treatment, bleaching, and freeze-drying of the Antarctic algae Cystosphaera

Jjacquinottii to produce cellulose, obtaining a porous sponge-like cellulosic material.
8. Production of algal oil and bio-oil

Algal fuel, algal biofuel, and algal oil offer alternatives to liquid fossil fuels and common biofuels
(e.g., from corn and sugarcane) as a source of energy-rich oil. Various companies and government
agencies are funding efforts to reduce capital and operating costs and achieve commercially viable

algal fuel production (Adeniyi et al., 2018).

Algal fuel releases CO> when burned; however, unlike fossil fuel, biofuels only release CO»
recently removed from the atmosphere via photosynthesis with growth of the algae or plants. The
energy crisis and the global food crisis have sparked interest in algae farming to produce biodiesel
and other biofuels. One of the attractive features of algal fuels is that algae do not need land suitable
for agriculture and can grow in saline and wastewaters, with minimal impact on freshwater
resources. In addition, they have a high flash point, and are biodegradable and relatively harmless
to the environment if spilled (Saad et al., 2019). It has been estimated that the cost per unit mass
is higher for algae than other second-generation biofuel crops due to the high capital and operating

costs involved but that algae 10- to 100-fold more fuel per unit area (Mu et al., 2020).

Brown algae can be converted into various types of fuels according to the technique and the
part of cells used. The lipid or oily portion of the algal biomass can be extracted and converted
into biodiesel using a similar process to that applied for any other vegetable oil or can be converted
into a petroleum replacement for petroleum-based fuels. Alternatively, or after lipid extraction, the
carbohydrate content of the algae can be fermented to produce bioethanol or butanol fuel (Kumar
et al., 2015). Some species of algae, notably sargassum, can produce 60 % or more of their dry
weight as oil (Mu et al., 2020). Because the cells grow in aqueous suspension, with more efficient
access to water, CO, and dissolved nutrients, microalgae can produce large amounts of biomass
and usable oil in high-rate algal ponds or photobioreactors. This oil can be converted into biodiesel
for utilization in motor vehicles. Rural communities could reap economic benefits from the

regional production of microalgae and their transformation into biofuels (Konur, 2021).

Growth rates can be faster for microalgae than for terrestrial crops because they do not
produce structural compounds (e.g., cellulose) for leaves, stems, or roots and can grow floating in

a rich nutrient medium. Microalgae can convert a much higher fraction of their biomass to oil
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(60%) in comparison to conventional crops (e.g., 2-3 % for soybeans). The yield per unit area of
Sargassum oil is estimated to be 58700 and 136900 L ha™!' year! depending on the lipid content,
which is 10- to 23-fold higher than palm oil, the next highest yielding crop (5 950 L ha'! year™)
(Mu et al., 2020).

Sargassum can be used to produce green diesel (also known as renewable diesel, hydrotreated
vegetable oil, or hydrogen-derived renewable diesel) through a hydrotreating process that breaks
the molecules down into the shorter hydrocarbon chains used in diesel engines. Given that it has
the same chemical properties as petroleum-based diesel, it does not require new engines, pipelines,
or infrastructure for its utilization and distribution (Douvartzides et al., 2019). However, it has not
yet been produced at a cost that is competitive with oil. Although hydrotreating is currently the
most common method to produce fuel-like hydrocarbons, catalytic decarboxylation and
decarbonylation are alternative processes that offer some advantages over hydrotreating, as

highlighted in studies by Santillan-Jimenez & Crocker, 2012 and Peng et al., 2012.

Research is ongoing into the catalytic conversion of renewable fuels by decarboxylation.
Deoxygenation is not a major concern in oil refining because the concentration of oxygen in crude
oil is only around 0.5 %, and catalysts are not specifically formulated for hydrogenating
oxygenates. Hence, one of the critical technical challenges in achieving economically viable
hydrodeoxygenation of algae oil is related to the development of effective catalysts (Galadima et

al., 2022).

Kumar et al., 2015 used biomass from Sargassum wightii algae to produce algal oil and bio-
oil, examining the optimal pre-treatment methods, solvent systems, exposure times and
temperatures. The best oil yield (2.1 %) was obtained when ultrasonication was combined with the
extraction of chloroform: methanol in a 2:1 ratio. The highest bio-oil yield was 25 % of the dry
weight of the biomass, and the bio-oil produced in this way was a complex mixture of alcohols,

ketones, aldehydes, fatty acids, esters, and nitrogen-containing heterocyclic compounds.

Farobie et al., 2022 conducted a comprehensive investigation into bio-oil production
from Sargassum spp. via slow pyrolysis. The resulting bio-oil mainly contained carboxylic acids,
furan derivatives, aliphatic hydrocarbons, and N-aromatic compounds. Bio-oil yields were around

30 % when the temperature was set at 400 °C and the retention time at 50 min. The authors affirmed
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that the effective valorisation of Sargassum sp. would be beneficial not only for environmental

mitigation but also for producing high-value chemicals.
9. Other options
9.1 Constructed wetlands

Constructed wetlands are a type of Natural Treatment System (NTS) that mimics the conditions of
natural wetlands. They consist of shallow lagoons or channels usually planted with typical
wetlands species, with a substrate that provides a surface on which bacteria can settle and also acts

to eliminate suspended solids produced in the filtration process (H. Wang et al., 2021).

Wetlands can be characterized by free flow or subsurface flow. Free-flowing wetlands are
ponds or channels in which the water is exposed to the atmosphere and emerging plants are rooted
in an impermeable layer. The input of water is usually continuous, and wastewaters normally

undergo a previous treatment.

The advantages of NTSs over conventional treatments include their robustness against
variations in flow and load, the simplicity of their operation, the almost zero energy consumption
(zero if the wastewater is transferred by gravity), integration of the landscape in the rural
environment and, when the flow is subsurface, the absence of bad odors and the non-proliferation

of mosquitoes.

However, a larger surface area is needed for the implementation of NTSs in comparison to
conventional approaches. In addition, one of the main problems of wetlands with subsurface flow
is clogging of the bed (Knowles et al., 2011); therefore, previous treatment of the influent is
necessary to minimize the presence of fats, oils, sand, and suspended solids and thereby prolong

the wetland’s useful life.

The substrate, sediments, and vegetation debris in constructed wetlands are important for

several reasons:
- They support many of the living organisms in the wetland.
- The permeability of the substrate promotes the movement of water through the wetland.

- Many chemical and biological (especially microbial) transformations take place within the

substrate.
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- They provide storage for many contaminants.

- The accumulation of vegetation debris increases the amount of organic matter in the wetland,
giving rise to the exchange of matter and fixation of microorganisms and providing a source of
carbon that is at the same time a source of energy for key biological reactions in the wetland (Lara,

1999).

The environment is directly responsible for the extraction of some contaminating substances
through physical and chemical interactions. The granular size of the medium directly affects the
hydraulic flow of the wetland and, therefore, the flow of water to be treated. In this way, the
absorption capacity and filtration are greater if the granular bed is made up of large amounts of
clay and silt, when the adsorption is large and the hole diameter is small. However, this medium
also has a high hydraulic resistance and produces very low flow rates, limiting the flow that can
be treated (Arias Triguero, 2004). In contrast, the adsorption capacity and filtering power of the
medium are lower if the granular bed comprises gravel and sand, but the hydraulic conductivity is
higher. The granular medium indirectly contributes to the elimination of pollutants by supporting
the growth of plants and colonies of microorganisms responsible for biodegrading activity

(biofilms).

Besides gravel and sand, organic substrates can be used in constructed wetlands. This has
been little studied, although experiments have been performed with compost (Aslam et al., 2007),
rice husks (Tee et al., 2009), and wood mulch (Saeed & Sun, 2011), among others. The addition
of organic substrates offers various environmental benefits, using waste that is highly abundant
and can often pose a risk of forest fires. They can also adsorb organic compounds, creating a larger
surface area for the growth of microorganism colonies, and their greater porosity reduces the

likelihood of clogging.

Solid organic materials are cheap and readily available in areas of mining or other activities.
They are a promising option for utilization in constructed wetlands because they can provide a
carbon source to fuel bacterial sulfate reduction, among numerous post-decomposition biological
and biochemical processes, and they can also serve as microbial carriers and adsorbents for metals
and organic compounds (Gibert et al., 2005). Many researchers have highlighted the effectiveness
for environmental pollution remediation of packed batch or column bioreactors with substrate

mixtures combining organic solids (e.g., cattle manure, crop straw, sludge, compost, wood chips,
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chitin, etc.) with inorganic supports (Genty et al., 2018; Neculita et al., 2007; Singh & Chakraborty,
2020).

However, the decomposition rate of complex organic substances is often unstable and
uncertain and is accompanied by a gradual decrease in carbon supply, requiring the continual
replacement of depleted media to maintain microbial activity and the performance of the system,
especially at high system power loads (Neculita et al., 2007; X. Wang et al., 2018). Furthermore,
there is a tendency to hydraulic clogging in some labile organic media due to their low permeability

(Sheoran et al., 2010).
9.2 Use as compost and soil quality improver

Seaweeds are relatively low in nitrogen and phosphorous but contain over 60 trace elements
as well as fungal and disease prevention agents. The use of algae for composting was found to
improve soil consistency and increase water retention in sandy or gritty soils and to serve as a top

or side additive (Michalak & Chojnacka, 2013).

The entire composting process lasts approximately five months. After the completion of
active composting, irrigation and regular turning are halted, and the piles are then allowed to cure
for 4 to 8 weeks (Dougherty, 1999; Misra et al., 2003). Compost requires adequate proportions of
nitrogen and carbon (Misra et al., 2003). Food waste (including vegetables, meat, dairy, and bread)
can be used as the main source of nitrogen, while wood chips and litter have been used as primary

carbon inputs and as loading agents to promote airflow through compost piles.

Seaweed is best used to amend soil for young plants as a dilution of compost tea, which drains
out of the composting bins or is simply the by-product of soaking the seaweed for a few days
(Abou-El-Hassan & El-Batran, 2020). Algae can be used to produce compost tea with an aerator
or with the addition of microbial inoculants to stimulate microbial activity and create a less
odoriferous brew. These items can be found at garden centers, online, or at pet stores that sell
aquarium equipment. The resulting liquid seaweed fertilizer can be diluted with water and then
foliar fed to the plants or added around the plant roots. It not only feeds the plants but neutralizes
pests, viruses, and fungi (St. Martin, 2015). Further advantages of using seaweed as compost are
that it can applied dry or wet and it does not clump or overflow. Moreover, dogs, cats, and birds
do not appear to like the rough texture or smell of composted dried seaweed (Michalak et al.,

2017).
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9.3 Animal nutrition

The composition of algae varies between species and within the same species, depending on the
phase of their biological cycle at harvesting and on the growth conditions. There are very few
published studies on the nutritional value of seaweed as livestock feed, mostly when used as an
additive to supply bioactive compounds or micronutrients rather than as a substantive source of
macronutrients (Becker, 2007). However, Bikker et al., 2020, recently explored the usefulness of
intact seaweeds as a source of macronutrients. They harvested algae from the coastal waters of
Ireland, Scotland, and France (n=13 samples), including six different species of brown (Laminaria
digitata, Saccharina latissimi and Ascophyllum nodosum), red (Palmaria palmata and Chondrus
crispus), and green (Ulva lactuca) algae. After drying on the same shoreline, exposed to the
elements, they were processed to reduce their particle size. Nutrient content widely varied within
and between species, ranging from 4.5 to 24.8 % for proteins, from 35.1 to 69.1 % for non-starch
polysaccharides, and from 17.3 to 44.5 % for ashes. Brown algae species had the highest
concentration of non-starch polysaccharides, and red and green species the highest concentrations

of amino acids (up to 26.5 %).

Intestinal organic matter and nitrogen digestibility and total tract organic matter
digestibility (digestibility coefficients: 0.81, 0.89, and 0.88, respectively) were lower for the
seaweeds than for soybean meal (digestibility coefficients: 0.84, 0.98 and 0.97, respectively).
Maximum gas production was higher for S. latissima, L digitata, P. palmata, and U. lactuca than
for alfalfa. The protein content and amino acid profile of P. palmata and U. lactuca indicate that
they may be a valuable protein source for cattle, although their high content of non-starch
polysaccharides and low in vitro digestibility may contraindicate their inclusion in diets for
monogastrics. Results of the fermentation of L. digitata, S. latissima and P. palmata suggest that
they may have higher nutritional value for ruminants. However, their high ash content is a
drawback for any livestock species, although this likely results from contamination with sand

while drying on the beach and could be addressed by washing the seaweed before processing.

The above findings on the variability between and within species underscore the need for
a nutrient analysis before the incorporation of algae in a balanced diet. However, their protein
content and amino acid profile, especially in red and green algae (e.g., P. palmata and U. lactuca),

indicate their potential value as a source of supplemental protein for livestock, particularly
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ruminants. Extraction of the protein and reduction in the ash content would favor the inclusion of

these algae in animal diets.
10. Conclusions

Algae are widely used in food industry, agriculture, cosmetics, and medicine. They are seen as
offensive waste on the beach at one extreme and as a highly nutritious superfood at the other. As
a source of hydrocolloids, algae are used as thickeners for numerous products, including ice cream,
toothpaste, cosmetics, shampoo, pet food, baby food, dairy products, creams, instant soups, and

many other articles.

They are also considered as biological activators and organic biostimulants that increase
the nutrient content and its availability for rapid assimilation during plant development. In
addition, the application of seaweed extracts and the enzymes they contain to the foliage of plants
strengthens their defences and improves their nutrition and physiology, increasing their resistance

to stress.

The incorporation of seaweed extracts in soil and foliage fixes nitrogen from the air,
increasing the nutrition of crops and their vigour. Brown algae and red algae are the most widely
used types, and brown algae are a particularly important source of nitrogen due to their high protein
content. They also contain organic nitrogen, which is readily assimilated and provides important
elements such as calcium, phosphorus, potassium, and magnesium. Brown algae have been
reported to contain a high percentage of organic matter, minerals, vitamins, carbohydrates, lipids,

and natural phytohormones.

Red algae have a high protein content, increasing the concentration of assimilable nitrogen.
They also provide assimilable phosphorus and potassium to plants. It has been reported that the
natural gums and carbohydrates they contain help to retain soil moisture and increase the

absorption of minerals from the soil.

Algae can be used in constructed wetlands, in the production of biochar and dyes, and as a
soil additive or improver, among many other applications. Further research is warranted on
strategies to convert a biomass that is currently considered waste into a means of addressing

environmental problems.
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1. Introduction

Although the term algae is used generically to refer to aquatic plants and gives the impression of
defining a homogeneous group of plants, the truth is that it comprises the most varied, complex,
and plastic group (morphologically, biochemically, and physiologically) of the Vegetal kingdom.
The macroalgae and seagrass beds have been used for centuries as green manure (or semi-
composted) in almost all coastal agricultural areas and, above all, island areas, where they assure
that their use exempts them from practicing crop rotation. In some North Sea islands, they have
even formed the basis of the existence of agriculture since the agricultural land has been (and
continues) manufacturing man mixing sand and silt with the arriving macroalgae (Zuli & Shouyu,

2019).

Despite being a relatively unknown group, algae offer many possibilities in terms of their
use. Perhaps the best known is the one they have as food, and although this culture is not extended,

in some countries, especially on the Asian coast, they are a daily ingredient in their dishes. They
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have also been used as fertilizers, and in many coastal towns, it is possible to see people collecting
algae to give them this use. With the arrival of new technologies, they have become used
industrially as a source of chemical products, or in the production of shampoos or creams, while
the food industry has incorporated them into everyday foods such as custards and ice cream or
jams. Its use also covers the field of medicine, in which, since ancient times, they have been used

to combat diseases and all kinds of illnesses (Baghel et al., 2020).

Marine algae are innocuous species with an inorganic content rich in calcium, magnesium,
sodium, and potassium, which are identified in cellular processes. Consequently, algae-based

biosorbents can be accepted when applied to water cleaning or wastewater treatment.

In coastal regions, seaweeds are fundamental primary producers, and several species are
being considered as raw material for their diversity of products of economic importance, which
has resulted in an increase in their demand. Therefore, it is necessary to monitor the
bioaccumulation of certain xenobiotics in them because, for example, there are some that are used

for direct or indirect human consumption or for livestock consumption (Hashemian et al., 2019).
2. Brown algae and food products

There is scientific evidence showing that incorporating seaweed and/or seaweed isolates in
food matrices can positively affect the nutritional, organoleptic, textural, healthy, and even
improved preservation characteristics of foods and beverages. Seaweeds that are consumed
directly can belong to several groups of algae. Among them, the most important are red algae
(Rhodophyta, Fig. 1a), brown algae (Phaeophyta), and green algae (Chlorophyta). All of them live
in very diverse environments with extreme changes in salinity, temperature, lighting, and nutrients,

with an extraordinary ability to adapt (Stevenson, 2014).
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Figure 1. The most important algae groups: a) red algae, b) brown algae, and c) green algae.

Specifically, brown algae are a rich source of iodine. This is an aspect of great interest due
to the recent importance of iodine deficiency in European population groups. In addition, they
have interesting antioxidant, antimicrobial and anti-inflammatory properties that can affect
lowering cholesterol and blood pressure or help with digestion and weight control. Despite its
multiple advantages, seaweed also poses some limitations at a nutritional level, so food
technologists must work on advances that allow overcoming the current obstacles for its
incorporation as a valuable ingredient in more fortified foods and healthy (Kiipper & Carrano,

2019).

For example, the iodine content of raw brown seaweed may be too high for daily intake.
In addition, they have a high salt content, which limits the amounts that can be incorporated into
food products and dishes. It should also be noted that depending on the location of the algae
culture, they can also accumulate certain heavy metals. Another important aspect to consider in
the application of algae as an ingredient in food is the bioavailability of its proteins or other
nutrients present in its composition. This bioavailability is closely related to its structural
properties and the possible presence of antinutrient compounds, thus limiting its absorption after

ingestion (Blikra et al., 2022).

All these elements show the need for technological innovations in cultivation, processing,
and subsequent technological adaptations to optimize this raw material as a feed ingredient. These
innovations seek to improve the food safety, digestibility, nutritional value, and flavor of brown

algae.
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The incorporation of algae as an ingredient in foods favors their texture and palatability;
improves its physical properties, performance in certain products, and enables the substitution of
certain additives. Thus, proteins and fibers favor solubility, water retention capacity, emulsifying

activity, foam stability, viscosity, and gelation (Palasi Mascaros, 2015).

For example, the functionality of algae in processed meat products, such as hamburgers,
sausages, and meat emulsions, has multiple benefits from a technological point of view. Algae can
influence pH due to acidic components such as fucoidans and alginic acid; in stability thanks to
the antioxidants that retard the rancidity of these products; its high content of mineral salts allows
to reduce the addition of salt and improve the properties of water retention in the food, in addition
to reducing the percentage of saturated fats (Quitral et al., 2019). Its application in cereal-based
products, such as bread, flour or pasta, is also notable, where it improves the interaction between

starch granules and protein matrix (Scieszka & Klewicka, 2019).

On the other hand, the use of algae in food has been more focused on incorporating its
extracts, rich in certain components, into food for human consumption. The most obvious example
is the phycocolloids, which are the structural component of the cell walls of algae. It is a set of
polysaccharides that contribute to stabilizing emulsions, suspensions, and foams, in addition to

controlling the growth of crystals (Jensen, 1993).
3. Brown algae as bioindicators

In aquatic ecosystems, pollution by organic or inorganic sources causes a series of
physicochemical changes in the water, which affect the composition and distribution of
communities (Ospina Alvarez & Pena, 2004). In aquatic organisms, the effects of being subjected
to a toxic discharge occur over time from individual responses (biochemical and physiological) to
population, community, and ecosystem responses; and the magnitude of the changes registered in
the organisms depends on the duration of the disturbance of the initial conditions of the aquatic

system, its intensity and nature (Pinilla, 2000).

In recent years, a large number of environmental agencies around the world use methods
for evaluating water quality based on the use of biological communities (Barbour, 2001). The
reasons for the use of living organisms to monitor water quality are mainly the low cost and ease

of implementing this type of study, compared to expensive chemical or toxicity analyses.
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Bioindicators constitute a large group of plant, fungal or animal species whose presence or
status in a given ecosystem provides information on certain ecological characteristics of the
ecosystem, or the possible environmental impact of some practices on it. These are mainly used
for the evaluation of the environmental quality of ecosystems. All bioindicators must meet a series
of requirements for their use, such as: dispersion and abundance in the territory, sedentary lifestyle
and tolerating pollutants in concentrations similar to those of the contaminated ecosystem without

lethal effects (Markert et al., 2003; Phillips, 1977; St-Cyr & Campbell, 1994, 2000).

Algae are frequently used as bioindicators of water quality, since they are easily sampled
and indicate the presence of contaminants quite clearly, due to their sensitivity to changes in the

characteristics of the environment they inhabit (Markert et al., 2003).

The most used are diatoms, which are part of the phytoplankton of both marine and
freshwater environments. They show the trophic state of the environment according to its
abundance (from ultraoligotrophic to hypereutrophic), as well as the mineralization of the water
or its salinity. They are also very sensitive to water acidification and bioaccumulate a wide variety
of contaminants. Being microorganisms, they detect short-term changes and present a rapid

response to those changes (Pina Leyte-Vidal et al., 2019).

Macroalgae are also used as bioindicators, generally in the marine environment. Like
diatoms, they bioaccumulate various pollutants, such as heavy metals or PAHs. This property
means that species of the Fucus, Ulva, Ascophyllum or Enteromorpha genera are used as sentinel
organisms against certain pollutants. Being phototrophic organisms, their greater or lesser

abundance can also indicate the transparency of the water in the environment (Russo et al., 2021).

In a work carried out by Méndez-Rodriguez et al., 2022 on the accumulation of metals in
macroalgae, reported that Fe, Mn, and Zn were the most abundant elements in all species analyzed.
Next came Cu, Ni, Co and Cd. However, the levels of most of the metals analyzed varied widely,
depending on the collection sites and the particular species. Also, Haritonidis & Malea, 1999
carried out a study on the bioaccumulation of metals in the macroalgae Ulva rigida in the
Thermaikos Gulf (Greece). The temporal and spatial trend of contamination provided by the results
on the detected concentrations of metals in macroalgae may not correspond to that evaluated in

other bioindicator species such as molluscs and barnacles.
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4. Heavy metals biosorption with brown algae biomass

The great diversity of marine algae allows it to increase its selectivity and efficiency. Different
adsorption capacities and selectivity have been discovered by red, green, and brown algae against
various heavy metals (Murphy et al., 2007). The chemical composition and presence of different
adsorption centres (fucanoids, alginates, phosphated proteins, etc.) (Rojas et al., 2005) allow
greater adsorption of certain metals due to their size, degree of solvation, presence of chelating
ions, molecular sieves, ion exchange with species present in the algae, etc. (de la Rocha et al.,

2009; Rojas et al., 2005).

The mechanisms by which heavy metals are fixed in brown algae have been studied by
Crist et al., 1992 and Ragan, 1986. These state that they incorporate these metals in high
concentrations through polyanionic polysaccharides present in the cell wall and by the affinity
between metals and polyphenols. Finally, the high content of alginates (Fig. 2) in seaweeds
(compared to the other functional groups identified as adsorption centres) makes them ideal models

to identify the biosorption mechanism, specially to investigate metal-algae interactions at the
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Figure 2. Cell wall structure in brown algae. After Schiewer & Volesky, 2000.

The existence of a single functional group responsible for the adsorption of heavy metals
allows its mechanism to be clearly elucidated by means of different techniques, such as the
determination of the ionization constant (Navarro, 2006) of algae, ionic strength effect, desorption
of adsorbed metals by chelating species and acids, ion exchange, infrared spectroscopy, scanning

electron microscopy, etc. Marine algae are perhaps the only adsorbents whose adsorption capacity
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is due exclusively to alginates in more than 90 % (Cuizano et al., 2007; Davis et al., 2003; Gonzélez

etal., 2011; Lodeiro et al., 2004; Tapia et al., 2011).

Marine algae are innocuous species with an inorganic content rich in calcium, magnesium,
sodium, and potassium, which are identified in cellular processes. Consequently, algae-based

biosorbents can be accepted when applied to water cleaning or wastewater treatment.

Marine algae are a promising biosorbent of heavy metals and various pollutants and, due
to their intrinsic characteristics, have received increasing attention in recent decades.
Unfortunately, despite its recent development, biosorption is reduced to discontinuous processes
at the laboratory level. The biosorption mechanism is being elucidated, but the type of metal ion-
adsorbent interaction and its factors are unknown. Likewise, the optimal conditions reached are
not completely adjusted to the conditions of conventional wastewater (ionic strength, interfering

ions, detergents, acidity, organic content, etc.).

Algae arouse superior interest in developing new biosorbent materials, not only because of
their adsorption capacity, but also because they are present in abundant quantities and are easily
accessible in seas and oceans. Still, there are only a few publications on biosorption using algae in
relation to the investigations using other biomaterials; moreover, there are a few regarding
multimetallic systems and dynamical systems. According to the literature, brown algae have a

higher metal adsorption capacity than red and green algae (Brinza et al., 2007).

In the near future, many aspects should be considered regarding the adsorption mechanism,
such as studying it more intensively using various techniques and combinations of them, as well
as the factors that influence the equilibrium state such as pH, temperature, and the role that the co-

ion (anion) plays in the biosorption process.

Better mathematical models of equilibrium and kinetics are also required that are adapted
to real conditions, including parameters that conventional models neglect. This could be
strengthened by a better application of biosorption technology, such as improving the physical-
chemical conditions with pH and ionic content similar to those of real wastewater, and finally
analyzing the possibility of recovering the heavy metal after being removed from the wastewater.

solution and adsorbed on the biosorbent.
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Even though the biosorption of heavy metals by marine algae has been extensively studied
during the last decades, there are still many unanswered questions and aspects to be determined
for its complete optimization, but what can be sure is that the use of marine algae is one of the best

ecological weapons we have for the decontamination of our planet.

Algae bind only the free metal ions, through two physical-chemical processes. The first
process is rapid and reversible and involves adsorption of the metal ion on the outer surface of the
cell wall. This process can be ionic or by complex formation with cell wall ligands. The polymers
that make up the cell wall are rich in carboxylic, phosphoryl, hydroxyl, and aromatic groups that
can bind cations or produce organic complexes that can influence metal absorption. The second
mechanism of metal incorporation is slower, it is regulated by cellular metabolism and metals are

stored in the cytoplasm in vacuoles rich in polyphenols (Garnham et al., 1992).

As a product of this accumulation, the algae can reach trace element contents several orders
of magnitude higher than in the water. Another version of how heavy metals are bound to algae
was studied by Crist et al., 1988 and Ragan, 1986, who state that these metals are incorporated in
large concentrations through polyanionic polysaccharides present in the cell wall, and by affinity

between metals and polyphenols (Fig.3).
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Figure 3. Mechanisms by which contaminants bind to adsorbents during the biosorption process.
5. Algal bio-oil

The great dependence on energy and the high pollution generated by fossil fuels has led us to

promote the development of renewable energy sources with a low environmental impact. This is
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how biofuels are presented as a great alternative to fossil fuels, since fuels such as biodiesel,

biogas, and bioethanol can be produced from biomass (Singh et al., 2022).

One of the alternatives that have attracted much interest in recent decades is the use of
algae biomass to produce bioethanol. Algae have high concentrations of carbohydrates in the form
of polysaccharides (sugar polymers), which are released after fragmentation using enzymes and

can be fermented to bioethanol (Maity & Mallick, 2022).

Algae can be processed differently to obtain a broad spectrum of products. For some time
now, its use as an alternative to current biomass raw materials for the generation of biofuels has
been gaining increasing interest among the scientific community, business people, and the general
public. In fact, algae are recognized as a potential source for biodiesel production due to their high

oil content and rapid growth. However, this is not the only application (Yaashikaa et al., 2022).

Biofuel extraction technology is relatively simple. It includes a first pressing stage with which
approximately 70 % of the oil is extracted and a second stage with an organic solvent reaches up
to 99 %, although the latter makes the process more expensive (Brar et al., 2022). Given the high
viscosity that the original virgin oil reaches, it can be used directly in diesel engines once they
have been adapted to operate with this highly viscous fuel. The triglycerides that make up
vegetable oils can also be transformed into monoesters and glycerine by means of the trans-
esterification reaction with methanol. The molecules that make up the biodiesel resulting from this
last process have a lower molecular weight, and its viscosity is substantially lower, so it can be
used as fuel in compression engines. Obviously, the biodiesel obtained by either of the two routes

does not contain sulphur, is not toxic, and is easily biodegradable (Deshpande et al., 2022).
6. Brown algae as fertilizers

The use of algae as a fertilizer dates back to the 19th century, when the inhabitants of the coasts
collected the large brown algae dragged by the tide and contributed them to their land. At the
beginning of the 20th century, a small industry based on the drying and grinding of algae developed

but was weakened by the arrival of synthetic chemical fertilizers (Farnham et al., 2019).

Brown algae and its derivatives improve the soil and invigorate the plants, increasing the
yields and quality of the crops, so as this practice spreads, it will replace the use of synthetic

chemical products with organic ones, thus favouring a sustainable agriculture. Algae have better
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properties than fertilizers because they release nitrogen more slowly, and they are also rich in

microelements and do not generate adventitious seeds (Islek, 2022).

Thanks to its high fibre content, macro and micronutrients, amino acids, vitamins, and plant
phytohormones, algae act as a soil conditioner and contribute to moisture retention. In addition,
due to their mineral content, they are a useful fertilizer and a source of trace elements (Davis et

al., 2003).

Algae such as Ascophyllum nodosum (Fig. 4a.), Fucus serratus (Fig. 4b.), Sargassum spp.
(Fig. 4c. and 4d.), and Laminaria (Fig. 4e.) are used to cultivate potatoes, artichokes, citrus,
orchids, and grasses. Corallines (Fig. 2f.), a calcified red algae has a high carbonate content, and
are used as well as soil conditioners, to correct the pH in acid soils. Brown algae are also capable
of activating the immune system of the crops, generating higher production of higher quality and

more resistant to diseases and environmental stress (Baroud et al., 2021).
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Abstract

Contamination by heavy metals and metalloids in water resources, soil, and air is one of the most
severe problems that compromise food and water safety and public health globally and locally.
Water naturally contains heavy metals; however, its increase, although sometimes also determined
by natural enrichment when passing through aquifers containing rocks with a high concentration
of this material, is mostly linked to human activity, such as mining and industry, which generates
waste such as lead, mercury, cadmium, arsenic, and chromium, which reach rivers and contaminate
groundwater. The danger of heavy metals is greater since they are not chemically or biologically
degradable. Once emitted, they can remain in the environment for hundreds of years. In addition,

its concentration in living beings increases as they are ingested by others, so the ingestion of
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contaminated plants or animals can cause symptoms of poisoning. Today we know a great variety
of methods and techniques that can be used for the removal of heavy metals from water, each of
which shows advantages and disadvantages that must be analyzed. The search for new materials
and alternatives for the disinfection of water contaminated with heavy metals, as well as the

optimization of those that we know today, is a permanent task for the scientific community.
Keywords: Heavy metals; water; contamination; remediation.
1. Water pollution

Water is essential in supporting human life and preserving biological diversity on earth. Water
quality is vital as water sources are used for various purposes: domestic use, industrial activities,
agricultural irrigation, and other economic activities. However, the problem of water
contamination by heavy metals has greatly affected water quality due to rapid urbanization,

population increase, and deficient water treatment systems.

Water pollution and its increasing scarcity mean that more and more people in different
parts of the world have poor access to water, directly affecting their health and way of life.
Therefore, it is essential to understand the causes and consequences of water pollution (Van der

Perk, 2014).

Humans and their intervention in nature are the main ones responsible for water pollution.
Only 3 % of the planet's water is freshwater (water that can be drunk) and, although there are
drinking water purification mechanisms, such as desalination, which help water consumption, the

first and most urgent thing to do is to avoid its contamination (Chaudhry & Malik, 2017).

The World Health Organization (WHO) defines contaminated water as "water whose
composition has been modified so that it does not meet the conditions for the use that will allow it
to reach its natural state". Oceans, rivers, canals, lakes, and reservoirs are all at the mercy of

pollution (Moss, 2008).

No form of life can survive without clean water, from humans to animals, plants, and
organisms. In short, without clean water, there is no life. But how does water become polluted?

The leading causes of water pollution are:

- The dumping of industrial waste and garbage in rivers, canals, and seas. Above all, from

companies that dump large quantities of polluting products derived from their industrial
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processes. Hydrocarbons, wastewater, detergents, plastics, and other solid waste end up in
rivers and seas, where, in addition to their environmental impact, many of them end up
being ingested by animals or small marine organisms (Dwivedi, 2017).

- Rising temperatures. Global warming also causes the alteration of water by reducing
oxygen in its composition (Chaudhry & Malik, 2017).

- Agrochemicals. Fertilizers and pesticides, generally used by food companies, are absorbed
by the soil, filtered by subway channels, and affect the water, and the surrounding plants

and can also reach drinking water reservoirs (Khanna & Gupta, 2018).

Water pollution has devastating effects on protecting the environment and the planet's
health. Some of the most important consequences of the different types of water pollution are the
destruction of biodiversity, contamination of the food chain involving toxic transmission to food,

and shortages of drinking water (Inyinbor Adejumoke et al., 2018).

According to UN data, 2 million tons of sewage flow daily into the world’s waters. The
most important source of pollution is the lack of adequate management and treatment of human,
industrial and agricultural waste. Freshwater animals are becoming extinct five times faster than

land animals (Azevedo-Santos et al., 2021; Schwarzenbach et al., 2010).

If the mechanism of constant pollution in which we live is not stopped or changed, by 2050,
there could be more plastics in the ocean than fish. Recycling, minimizing waste generation,
consuming less, and caring for and valuing water consumption seems to be the only possible

solutions to a problem for which we are all responsible.
2. Heavy metals

Contamination by heavy metals and metalloids in water resources, soil, and the air is one of the
most severe problems that compromise food and water safety and public health globally and
locally. Heavy metal is usually defined as a chemical element with metallic properties and high
density, although some consider that it is necessary to refer to the atomic number or weight or to

some of its chemical or toxicity properties to differentiate it from other metals (Malik et al., 2019).

Some heavy materials such as iron, cobalt, copper, manganese, molybdenum, and zinc are
beneficial and necessary for species such as humans in small quantities. Metals such as mercury,

lead or chromium can become harmful in large concentrations or after transformations, as they
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increase in toxicity and bioaccumulation potential since they accumulate in the body and are not
eliminated either by feces, urine, or sweat. For example, mercury is more toxic in the form of
methylmercury or dimethylmercury, and Cr(VI) is highly dangerous; instead Cr(III) is an essential
nutrient for humans (L. Yang et al., 2020).

Water naturally contains heavy metals, its increase, may be due to natural enrichment when
passing through aquifers containing rocks with a high concentration of this material or linked to
human activity, such as mining and industry, which generates waste such as lead, mercury,
cadmium, arsenic, and chromium, which reach rivers and contaminate groundwater (Bolisetty et

al., 2019).

Industrial and mining activity releases toxic metals into the environment, which are very
harmful to human health and almost all life forms. In addition, metals from anthropogenic emission
sources, including the combustion of leaded gasoline, are found in the atmosphere as suspended

material that we breathe (Rai et al., 2019).

For example, mercury, zinc, lead, copper, cadmium, chromium, and nickel are used in paint
in the textile and printing industry and for electroplating metals, as well as for processing paper in
the paper industry and as an additive in the fur industry, and arsenic is also used as an additive in
the plastics industry (Briffa et al., 2020). Table 1 Describes the main sources of heavy metals and

their effect on human health.

Heavy metals are more dangerous since they are not chemically or biologically degradable.
Once emitted, they can remain in the environment for hundreds of years. In addition, its
concentration in living beings increases as others ingest them, so ingesting contaminated plants or

animals can cause poisoning symptoms.

Table 1. Origin of pollution and health effects of some heavy metals.

Maximum concentration

Heavy metal Source of pollution Health Effects level in the water (mg L")
WHO FAO USA
Mining of ores, arsenical Hyperkeratosis, cancer,
Arsenic (As) pesticides, fossil fuels brain damage, dizziness, and 10 100 10
burning fatigue

Fertilizers, electroplating,
battery manufacturing
metal-plating, rayon
industries, mining

Lung and kidney damage,
cancer, cardiovascular 3 10 5
diseases

Cadmium (Cd)
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Metal-plating, rayon

Normocytic anemia, bone

Copper (Cu) . . . frailness, gastrointestinal 2000 200 1300
industries, mining .
disturbances
Leather industrics. dve Skin irritation, dermatitis,
Chromium (Cr) . el kidney and liver damage, 50 100 100
production, electroplating .
hair loss
Textile industries, Nervous system damage
Lead (Pb) automotive sector, ous sy mage, 10 5000 15
. brain damage, fatigue
petroleum refining
Pesticides, batteries, paper Arthritis, circulatory and
Mercury (Hg) . nervous system damage, 6 - 2
industry .
kidney damage.
Alloy industries, pigment
Nickell (Ni) manufacturing sector, Asthma, dermatitis, cancer, 70 200 )

tannery industry
wastewater

and respiratory failure

3. Bibliometric analysis

Bibliometric indicators are instruments for measuring scientific productions and make it possible
to analyse the impact caused by scientific work. They are statistical data deduced from scientific
publications. Their use is based on the important role of publications in disseminating new
knowledge, a role assumed at all levels of the scientific process. With these indicators, it is possible
to determine the growth of any scientific area by considering the number of published works, the
collaboration of authors, research centres, the impact of communications, countries, institutions,

the production of scientists, considering the number of citations received, among others.

The topic of water pollution by heavy metals has been the subject of research for many
decades. Over time, the knowledge generated on the theme has evolved. Only in the last decade, a
large number of works have been generated that contribute to its development. To carry out an
analysis of the subject in this decade, a search was done on the Web of Science following the
criterion that the sequence of words "Heavy metal pollution in water" appeared in the title or the

abstract of the scientific publications.

The first result obtained reveals that 5388 scientific research papers have been published
in WoS meeting the search requirements, which are distributed by years, as seen in Fig. 1. Since
2014 and up to 2021, the number of publications has steadily increased, which indicates that the
interest of the international scientific community in this topic. So far in 2022, the number of
publications is also high, and this shows that it is still novel and that there are still niches of

opportunity for the generation of new knowledge.
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The analysis of the documents requires a statistical analysis of their origin, i.e., the key

journals in the field. These journals address the main trends in research on the subject under

analysis. Table 2 shows the journals with the highest number of articles published in this field,

representing 22.4 % of all the articles considered. The top three journals are Environmental Science

and Pollution Research (285 articles, 5.3 %), Science of The Total Environment (166 articles, 3.1

%), and Environmental Monitoring and Assessment (138 articles, 2.6 %). In terms of impact

factors, most of the selected journals have an impact factor above 3.0, indicating their dominant

academic influence.

Table 2. Key journals for publications in the field of heavy metal water pollution.

Order Journals Articles %
1 Environmental Science and Pollution Research 285 53
2 Science of the Total Environment 166 31
3 Environmental Monitoring and Assessment 138 2.6
4 Chemosphere 120 2.2
5 Water 92 1.7
6 Environmental Earth Sciences 85 1.6
7 Desalination and Water Treatment 84 1.6
8 International Journal of Environmental Research and Public Health 84 1.6
9 Environmental Pollution 81 1.5
10 Fresenius Environmental Bulletin 73 1.3

Among the compiled information, the authors with the most publications are ordered from

highest to lowest in Table 3. It can be seen that the author who has published the most papers on
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water pollution by heavy metals is Liu Y with 42, followed by Li Y and Zhang Y with 37 each,
and Li J and Wang Y with 33 each.

Table 3. Order of authors with the highest number of publications.

Order Author Publications
1 LiuY. 42
2 LiY. 37
3 Zhang Y. 37
4 Lil. 33
5 Wang Y. 33
6 Kumar A. 30
7 Wang J. 29
8 Kumar V. 26
9 Li H. 25
10 Wang L. 25

The 5388 research papers developed in this decade are distributed according to the different
research areas as shown in Fig. 2. Approximately 50% of the publications have been developed in
the area of Environmental Sciences and Ecology (ESE), followed in order by Engineering, Water

Resources (WR) and Chemistry.

MFB

Agriculture — 190
PEOH — )223

MS |298

Geology — |298

STOT |501

Chemistry | |620

Areas of Investigation

WR —+ |707

Engineering |1 058

ESE |2753
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Publications

Figure 2. Number of publications by area of knowledge.

According to the WoS categories, publications are mainly grouped around Environmental
Sciences, as shown in Fig. 3. This category accounts for about 50% of the works that have been
developed. It is followed by Water Resources (WR), Environmental Engineering (EE), and
Chemical Engineering (CE).
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Figure 3. Publications according to Web of Science categories.

The Asia-Pacific and Middle East region dominates the list of the ten countries that have
published the most on this topic, as shown in Fig. 4a. The list (Fig. 4b) is headed by the People's
Republic of China, which accounts for about 44% of all publications in the last decade, followed

by India with 17% and the United States of America with 7%.

I PEOPLES R CHINA 1782
INDIA 694

USA 275

W Renz221

W RUSSIA T8%

T TURKIYE 182

W ECYFT 180

W SAUDIARA2IA 180

W MALAYSIA 175

I PAKSTAN 161
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Figure 4. Distribution by country of publications on water pollution by heavy metals.

Table 4 shows the 10 articles with the highest citations in the last decade. "A review on the
adsorption of heavy metals by clay minerals, with special focus on the past decade" by author
Mohammad Kashif Uddin published in Chemical Engineering Journal in 2017, tops the list with

990 citations.

Table 4. Research papers with the highest number of citations.

Publication Total

Title Source Title Year Citations
A review on the adsorption of heavy metals by clay minerals, Chemical Engineering
. : 2017 990
with special focus on the past decade Journal
Adsorption of heavy metals on conventional and .
. Ecotoxicology And
nanostructured materials for wastewater treatment purposes: A . 2018 764
review Environmental Safety
A comparative review of biochar and hydrochar in terms of Renewable & Sustainable
. s . . S . 2015 739
production, physico-chemical properties and applications Energy Reviews
Heavy metal pollution in surface water and sediment: A
preliminary assessment of an urban river in a developing Ecological Indicators 2015 727
country
Efficient techniques for the removal of toxic heavy metals Journal Of Environmental
. . . . . . 2017 691
from aquatic environment: A review Chemical Engineering
Adsorption of dlvalept metal ions frgm aqueous solutions Dalton Transactions 2013 500
using graphene oxide
Impacts of soil and wate'r pol'lutlon. on food safety and health Environment International 2015 575
risks in China
A review on modlﬁpatlon methods t'o cellulo;e-based Water Research 2016 565
adsorbents to improve adsorption capacity
Sustainable technologies fgr water purlﬁcgtlon from heavy Chemical Society Reviews 2019 550
metals: review and analysis
Metal-organic frameworks for heavy metal removal from Coordination Chemistry 2018 510

water Reviews
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4. Remediation
4.1 Precipitation

Precipitation is the most common method for removing toxic heavy metals down to parts per
million levels in water, because some metal salts are insoluble in water and precipitate when the
appropriate anion is added (Charerntanyarak, 1999). Although the process is cost-effective, its
efficiency is affected by low pH values and the presence of other salts (ions). The process requires
the addition of other chemicals, which eventually leads to the generation of a high-water content

sludge, which is costly to dispose of.

Before selecting a chemical precipitation system for metal separation, several factors
should be considered, including the demonstrated ability of the system to meet discharge limits,
the capital expenditure required, the cost of operation and maintenance, the amount of pollutant
and hydraulic quantity presently permitted, and those proposed for the future, the frequency,
volume and characteristics of discharges, and the water conservation and recovery potential

(Brbootl et al., 2011).

Chemical precipitation is most often carried out using sodium hydroxide, sulfate
compounds (alum or ferric sulfate), or sulfides (sodium sulfide or iron sulfide) (Bhattacharyya et
al., 1979). The addition of these compounds to metal-bearing wastewater forms metal hydroxides
or metal sulfides, respectively, and the water solubility is limited. Precipitation is ineffective when
the metal is in deficient concentrations since an excess of a precipitating agent is needed to form a
precipitate. In many cases, the solid formed is not stable enough to separate from the solution. To
overcome these difficulties, a co-precipitation treatment is often used, which consists of adding
iron hydroxide to the precipitating agent to form a precipitate. It consists of adding iron or
aluminum hydroxide with the precipitating agent to act as a coagulant or to adsorb the metals that

have not precipitated (L. K. Wang et al., 2005).

Hydroxide precipitation accompanied by coagulation-flocculation is widely used to reduce
the concentration of metals such as lead, zinc, copper, and iron in wastewater. The precipitation
process is highly dependent on the pH of the solution. When the pH ranges from 8.0 to 11.0, the
removal can be greater than 99 % for most heavy metals (Pang et al., 2009). Although this value

is high, it is only achieved when the starting concentrations of the metals are in the order of parts
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per million and decreases drastically when working at lower concentration orders (Vardhan et al.,

2019). Additionally, large amounts of solids are formed (Pohl, 2020).

The use of sulfide-containing or sulfide-derived compounds is characterized by lower
solubility than when metal hydroxides are used, which allows higher percentages of metal ion
removal to be achieved using shorter times. However, this process generates metal sulfides of very
low solubility, is very sensitive to the added concentration of the precipitating agent, and can
generate hydrogen sulfide as a by-product, which has toxic effects on animals, humans, and the
environment (M. Kumar et al., 2021). All these limitations make it necessary to search for novel

precipitating agents such as potassium/sodium thiocarbonate and 2,4,6-trimercaptothiazine (Pohl,

2020).

In addition, organic anions have been used to precipitate heavy metals in effluents from
the mining and metallurgical industries. Such is the case of 1,3-benzenediamidoethanethiol
dianion, which was developed to selectively and irreversibly bind soft heavy metals from an
aqueous solution. The results for metals such as iron show that their concentration may be reduced

from 194 ppm to 0.009 ppm with this dianion at pH 4.5 (Matlock et al., 2002).
4.2 Electrochemical methods

Electrochemical methods have been widely used for the removal of metals from pollutants in
water. They present important advantages such as high separation efficiency; generally, no toxic
substances are used, so they are safe and environmentally friendly. They are selective and
controlled methods, and, under optimal electrochemical cell design, they are economical methods

(Muddemann et al., 2019).

Fig. 5 shows the main electrochemical methods for treating metals in water and their

electrochemical basis. Most of them involve the electrolysis process, either directly or indirectly.
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Figure 5. Electrochemical methods for the removal of metals from water.

Electrodeposition is a direct electrolysis that involves the reduction of ions to the metallic
state or an insoluble compound so that a solid deposition on the cathode occurs (Paunovic &
Schlesinger, 2006). In an electrodeposition process, many parameters must be controlled to
achieve optimal results, for example, the material, shape, and position of the electrodes, voltage,

current density, agitation, and the type of reactor (Carpanedo de Morais Nepel et al., 2020).

The electrodeposition process can be carried out at constant potential (potentiostatic) or
constant current density (galvanostatic) (Tatiparti & Ebrahimi, 2012; Vincent et al., 2020).
Cathodes of the same electrodeposited metal, as well as inert stainless-steel electrodes have been
used (Kuleyin & Uysal, 2020). Advanced materials such as carbon nanotubes and graphene
composites or graphene oxide electrodes have also been introduced (Stando et al., 2021). This
method has been used for the removal of copper, cadmium, chromium, lead, uranium, zinc,
antimony, nickel, and gold from wastewater (Carpanedo de Morais Nepel et al., 2020; Gu et al.,
2020; Kuleyin & Uysal, 2020; T; Vincent et al., 2020; W. Wang et al., 2020; C. Wang et al., 2021,
Wu et al., 2022).

Some treatment methods use electrolysis to separate the metal ions without their direct
participation in the charge transfer reaction at the electrode. Electroflocculation is one of the most
commonly used (Fig. 6). It consists of generating a metal hydroxide by taking advantage of the
anodic oxidation of a sacrificial electrode, usually aluminum or iron, and the reduction reaction of

water that generates OH- ions.

These hydroxides are colloidal, and in a first stage, destabilization and coagulation occurs,

1.e., the aggregation of particles; these aggregates end up agglomerating and forming flocs, which
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adsorb the contaminating metal ions on their surface. The flocs formed can be collected at the
bottom of the tank when they sediment, or they can be floated on gas bubbles generated by the
electrolysis of water or an auxiliary electrolyte. This separation of gas bubbles is known as

electroflotation.

— R SUPPLY

Th,
MY OH
e | oH ..
M(OH), 2h,0
sacrificial l pXE: Inert
anode cathode

Figure 6. Schematic of an electrochemical cell for removing X" metal cations by

electroflocculation.

Capacitive deionization consists of the electroadsorption of ions by passing through a cell
containing two porous electrodes polarized by a potential difference (Fig. 7). This method has been
widely used for water desalination and removal of pollutant ions. The electric field between the
electrodes causes the migration of anions towards the positive electrode and cations towards the
negative electrode, establishing an electrical double layer in the pores of the material that stores
the ions. This double layer behaves as a capacitor, allowing energy storage and recovery when the

electrodes are depolarized (Shocron et al., 2022).

The main advantages of this technology are its high efficiency, the regeneration of the
electrodes, and the recovery of part of the energy supplied (I. Cohen et al., 2013). The electrode
material is of special importance since there must be a high porosity with sufficient size to adsorb
the ions. Charcoal has been widely used; however, the development of new advanced materials
with better textural and electrical properties can be an important improvement to the efficiency of
this method because, for example, the more charge an electrode can store, the more effective the

deionization process is (Zhao et al., 2020). In some cells, ion exchange membranes are used to
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increase the number of ions retained inside the electrodes, which significantly improves the

deionization results (L. Wang & Lin, 2019).

Negative (-) porous electrode

Inlet water flow Outlet treated water flow
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wes wes  Cation exchange membrane
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Figure 7. Schematic of a capacitive deionization cell to remove cations and anions in solution.

Different designs of capacitive deionization cells differ fundamentally in the use or not of
ion exchange membranes, in the direction of the solution flow concerning the electric field between
the electrodes, and in the type of electrodes. Some cells can combine capacitive and faradaic
mechanisms (Tang et al., 2019). Flow electrode cells have recently appeared, where the anode and

cathode are suspended particles (C. Zhang et al., 2021).

Capacitive deionization cells can operate at constant voltage and current (L. Wang & Lin,
2018). The regeneration of the active sites of the electrodes can be done at an open circuit or by
reverse polarization of the electrodes. The latter regenerates more active sites, increasing the
capacity for a new deionization cycle. In the treatment of metal contaminants, capacitive
deionization has been used primarily for the removal of arsenic, cadmium, chromium, copper, iron,
lead, uranium, vanadium, zinc, iron, calcium, magnesium, and sodium (Chen et al., 2020; Kalfa et

al., 2020).

Finally, electrodialysis consists of establishing a potential difference between two
electrodes between which there are anion and cation exchange membranes (Fig. 8). The electric
field causes the migration of the charged species towards the oppositely charged electrode and the
selective membranes prevent the diffusion of the counterions. Electrodialysis technologies use
cells with several anion and cation exchange membranes placed alternately, significantly

improving separation (Ladole et al., 2021).
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Figure 8. Schematic of the electrodialysis process for removing cations and anions in solution.

Water oxidation and reduction reactions usually occur at the cathode and anode, and when
the concentration of chlorides is sufficient, their oxidation also occurs. These electrolysis reactions
generate ions that maintain electrical neutrality. Electrolytes are commonly introduced into the

anode and cathode half-cells (Hutten, 2016).
4.3 Membrane-based methods

Heavy metals removal from water by membrane technology has been widely employed in practical
applications and research since ultrafiltration (Bhattacharyya et al., 1978) and reverse osmosis
(Sato et al., 1977) membranes were first demonstrated in the 1970s for the removal of Cu(Il),
Ni(Il) and Zn(II). The separation of metal ions by membrane technologies is primarily based on
size exclusion, Donna mechanism (charge repulsion), and adsorption capabilities of the
membranes themselves. A membrane acts as a barrier, preventing certain compounds from passing

through (Abdullah et al., 2019).

Usually, membrane performance is measured in terms of selectivity and flux rate (flow per
unit area per unit of time). Permeate is the purified stream and retentate is the rejected stream
(Ruhal & Choudhury, 2012). Membranes can be classified according to their pore size, nature, and
working principle. Several types of membranes are widely used in research, including
microfiltration and ultrafiltration membranes (MF and UF), nanofiltration membranes (NF),
reverse osmosis membranes (RO), liquid and supported liquid membranes (LM and SLM), as well

as electrodialysis (ED).
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4.4 Micro and ultra-filtration membranes

Due to their large pore sizes (0.1 — 10 um), microfiltration is non-viable for heavy metal ions
removal in water. In the case of ultrafiltration (0.01 — 0.1 um), pores are still too large to be
effective in rejecting metal ions. However, extensive work and research have been conducted on

UF processes to make it a viable option in removing heavy metals.

There are two main ways to make UF processes workable: first, by manipulating the water
matrix where the metal pollutants are present, increasing their size with complexation or micelle
agents and thus being size excluded by the UF membrane (Huang & Feng, 2019; Tortora et al.,
2016; Xiang et al., 2022). Second, by manipulating the UF membrane’s properties themselves,
cladding functional groups or adsorbents to improve their rejection performances. This second
option is derived from fabricating a subclass of UF membranes, called Mixed Matrix Membranes

(Algieri et al., 2021; Mungray et al., 2012).

When talking about Mixed Matrix Membranes based on embedding adsorptive species in
the membrane, their performance is only based on the nature of these species and the operational
conditions (Abdullah et al., 2019). Wang et al. (R. Wang et al., 2013) prepared a membrane by
electrospinning with a very high charge density and large surface area based on polyacrylonitrile
(PAN)/polyethylene terephthalate functionalized with cellulose nanofibers capable of removing
bacteria and viruses by size extrusion and simultaneously adsorbing up to 100 mg and 260 mg of
Cr(VI) and Pb(II), respectively, with a permeation rate of 1300 L m~h!psi'!. By the application of
a two-nozzle approach, electrospun PVA/PAN nanofibers were applied by Liu et al. (Liu et al.,
2020) for the removal of Cr(VI) and Cd(II) ions.

PAN fibers were modified by surface grafting and hydrolysis by crosslinking methods
boosting their separation performances. Chelating action plus electrostatic interactions with metal
ions were removal pathways achieved by a ring-opening reaction of the epoxy group with
iminodiacetic acid, forming the functional PDF-g-PGMA/IDAA membrane. It can reach 100%
rejection in heavy metal ions following Pb** > Cu?*> Cd*". Ceramic microfilters were
functionalized by Kim et al. (J.-H. Kim et al., 2021) with Mg being able to remove a wide range
of heavy metals, including Fe, Cu, Ni, Zn, Cr, Pb, and As through precipitation, separation, and
sorption. Life spam of the filter was considerably improved due to the fouling reduction after its

functionalization with Mg.
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4.5 Nanofiltration membranes

Nanofiltration membranes have a pore size of 1 — 10 nm (Gao et al., 2014). Their transmembrane
pressure (4.0 — 10.0 bar) is, therefore, lower than reverse osmosis membranes but higher than
ultrafiltration membranes. Nanofiltration has become a widely used commercial process due to its
pore size and loose selective thin film structure, favorable for metal ions exclusion in water. Most
commercial nanomembranes are fabricated of aliphatic amine monomers, such as piperazine,
having a negatively charged surface because of carboxylic and sulfonic species on the polyamide

surface (Abdullah et al., 2019).

By grafting 0.6 %wt. Ethylenediamine carbon nanotubes on a polyether sulfone, a
composite nanomembrane positively charged, was fabricated by Peydayesh et al. (Peydayesh et
al., 2020) with excellent heavy metals rejection following the order Zn (96.7 %) > Mg (95.01 %)
>Cd (92.4 %) > Cu (91.9 %) > Ca (91.3 %) > Ni (90.7 %) > Pb (90.5 %), due to Donnan exclusion
mechanism. Another positively charged aliphatic polyamide nanomembrane synthesized by direct
polymerization of polyethyleneimine on a polyether sulfone support was developed by Li et al. (P.
Li et al., 2022). It was able to effectively reject Mn (98.78 %) > Zn (98.32 %) > Ni (97.74 %) >
Cu (95.67 %) > Cd (90.49 %) at concentrations of 1000 ppm.

Also, grafting polyethyleneimine to a nanomembrane using 2-chloro-1-methyl
iodopyridine as an active agent derived in a film able to separate toxic heavy metals (CuClz 96 %,
NiClz 95.8 %, CrCls; 98.0 %), as well as dyes and divalent/monovalent salts (Qi et al., 2019). By
surface coating and crosslinking method with glutaraldehyde, Ye et al. (Ye et al., 2019) were able
to cast polyelectrolyte complex nanoparticles with ammonium groups to develop novel complex
nanomembranes effectively charged, providing a strong repulsion to metal cations, reaching up to

95% of Mg, Cu, and Zn rejection.

Al-Rashdi et al., 2013 studied the effect of pH on the retention performance of a
commercial nanomembrane (NF270). They found that rejection improves when the pH is below
the isoelectric point, indicating that the Donnan exclusion mechanism played a key role. At a
concentration of 1000 ppm and pH = 1.5 and 4 bar, rejections of 99 %, 89 %, and 74 % for Cd,

Mn, and Pb, respectively were found.
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4.6 Reverse osmosis membranes

Compared to NF membranes, RO membranes are denser and have a pore size ranging from 0.1 to
1.0 nm. In terms of efficiency, it is one of the best alternatives for contaminants removal as it
mostly allows water to pass through (Chon et al., 2014; Dialynas & Diamadopoulos, 2009;
Harharah et al., 2022; B. Verma et al., 2021). Its working principle is based on osmosis but works
in the direction of water moving from high concentrated phase to low concentrated by applying an
external pressure (Abdullah et al., 2019) (Fig. 9). More than 98 % of Cu, Cr, and Ni removal was
achieved by a commercial low-pressure RO membrane (ULPROM/ES 20) at metal concentrations

of 10 mg L! (Ozaki et al., 2002).

X . Surfactants
Ultrafiltration

(0.01-0.1 um) o .
Nanofiltration Multivalent ions
(1-10nm) .
Reverse Osmosis Monovalent ions
(0.1-1nm)

Water

Figure 9. Schematic representation of several filtration processes and rejected contaminants.

A combination between UF and RO was applied by Petrinic et al., 2015a to remove
suspended contaminants such as metal elements and organic/inorganic compounds, reaching 91.3
% —99.8 % of removal efficiencies. Similar studies highlight the necessity of combining RO with
other membrane filtration processes, as the study reported by Ricci et al., 2015, where a system
comprised of sequential MF, UF, and RO units was implemented to recover noble metals above

95 %.

Ni(Il) was completely removed by merging UF and RO units (Petrinic et al., 2015b),
playing the pH a key role in the removal efficiency. Mnif et al., 2017 achieved a Cr(VI) rejection
0f 99.9 % at a pH = 8, whilst if the pH dropped to 3, the efficiencies decreased to 91 % (Cimen,
2015).

Considering the operating pressures (20-30 bar) and energy needed (= 2.5 kWh m™) for
RO processes (Aumesquet-Carreto et al., 2022), a prevailing need to combine RO with other

filtration units arises to increase its feasibility and applications in heavy metals removal from water

(Chung et al., 2014).
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4.7 Supported liquid membranes

Liquid membranes are formed by a layer of immiscible liquid being the barrier to the feed solution
contaminated with heavy metals (Abdullah et al., 2019). There are several types of liquid
membranes described in the literature. The most widely used in heavy metal removal are polymer
inclusion membranes (Zulkefeli et al., 2018) and supported liquid membranes (Yesil & Tugtas,
2019). Emulsion liquid membranes (Ahmad et al., 2011) are found to be unstable for practical
applications and bulk liquid membranes (S. H. Chang, 2016) do not have enough surface area for

the current application.

An emerging class of supported liquid membranes is supported ionic liquid membranes
(Abdullah et al., 2019). Ionic liquids offer the advantages of versatility and easy tunability of their
physicochemical properties through a proper selection of the anion-cation pairs that conform to
them (Ramos, Han, Zhang, et al., 2020). A plethora of different anion-cation combinations can be
done (around 10%) (Ramos, Han, & Yeung, 2020), offering a vast research area to be studied in

removing heavy metals from water bodies.

Common supports for ionic liquids are polypropylene, polyvinyl chloride, polyethylene
terephthalate, among other polymeric materials. In contrast, the most used ionic liquids are
imidazolium and phosphonium based cations such as trihexyltetradecyl phosphonium chloride
(Regel-Rosocka et al., 2015) and [OMIM][BF4] (Abebe et al., 2017) that work as supported liquid
membranes for effective remediation (> 85 %) of heavy metals as Zn, Pb, Cd and As (Imdad &

Dohare, 2022).

A recent work developed by Zheng et al. (Zheng et al., 2022) demonstrates the viability of
supported liquid membranes for heavy metals removal. They grafted the ionic liquid 1-vinyl-3-
butyl imidazolium tetrafluoroborate on polyether sulfone by radiation and electrospinning
processes, obtaining nanofibrous membranes able to adsorb up to 187.3 mg g™ of Cd(II) with good

recyclability over cycles, and also removing dyes and possessing antimicrobial properties.
4.8 Electrodialysis

Electrodialysis consists of several ion exchange membranes (anionic and cationic) stacked together
under the action of an electric field, concentrating the electrolytes in a concentrated stream (Min

et al., 2019) (Fig. 10). Cations can pass through the anionic membranes but are retained in the
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cationic layers, in a similar way as anions with the cationic membranes. This process can generate

hydrogen gas and oxygen/chlorine in the anode (Abdullah et al., 2019).

Concentrate

Anode Cathode

_________________________________________ Concentrate

AEM: Anion Exchange Membrane CEM: Cation Exchange Membrane

Figure 10. Scheme of electrodialysis working principle for heavy metals removal in water.

Compared to MF, UF, NF, and RO, electrodialysis reduces the use of chemicals and causes
less secondary environmental pollution (Babilas & Dydo, 2018; Gurreri et al., 2020; Min et al.,
2021a). In ED, operational parameters play an important role in heavy metal separation. The most
determinant variables are the applied current and voltage, temperature, pH, and membrane
properties (Juve et al., 2022). Increasing temperatures lead to higher removal efficiency of the
ions, enhancing their mobility towards the concentrate (Benneker et al., 2018) but increasing

energy costs and making the process less viable.

The surface charge of ED membranes and morphologies has an important impact on heavy
metal separations. It can be enhanced by the presence of specific functional groups that alter the
hydrophobic/hydrophilic properties of the membrane to increment selectivity (Irfan et al., 2019).
Most ED membranes are based on a polymeric matrix with attached acid or quaternary ammonium

groups (Juve et al., 2022; Ran et al., 2017).

The selection of appropriate membrane technology for removing heavy metals from water
bodies requires consideration of several factors. Other pollutants present in water may affect the
efficiency of the membrane. For instance, when adsorptive membranes reach their saturation point,
they must be regenerated, a process that may not be feasible for practical use. For heavy metals
removal to be viable, membrane technologies with energy implications, such as RO and ED, must

be optimized. Additionally, it is important to carefully select the chemicals introduced into water
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bodies (complexation/micelle agents) and consider their impact on the environment. It is also

necessary to consider the generation of byproducts of remediation as a determinant parameter in

selecting a membrane technology.

Table 5 summarizes the advantages and disadvantages of each membrane technology

covered in this section.

Table 5. Summary of membrane processes for heavy metals removal

Membrane process Advantages Disadvantages Refs.
. Cost-effective and low . Generation of byproducts. High (Xiang et
Ultrafiltration transmembrane pressures. Effective . L s
. maintenance costs and fouling risks.  al., 2022)
for macro- metal ions.
Better metal ions rejection Lower water permeation and high .
. . (Xiang et
Nanofiltration compared to UF and lower energy consumption compared to
. . al., 2022)
operational costs. UF. Fouling control.
Performance in heavy metal Energy requirements and water (Imdad &
Reverse Osmosis rejection. Easy operation and no permeability. Membrane fouling Dohare,
added chemicals needed. and durability. 2022)
Low cost and high efficiency. Good Risk of leakage. Need of (Imdad &
Supported Liquid Membranes  stability and selectivity. High water ~ regeneration after saturation point. Dohare,
permeability. High material costs. 2022)
o Excellent metal separation and High energy and operatlonal costs. (Imdad &
Electrodialysis reusabilit Membrane clogging due to Dohare,
Y- macromolecules. Fouling. 2022)

4.9 Phytoremediation and microbiological interactions

Phytoremediation is a green technology also called agroremediation, botanoremediation, or green
remediation; it is a sustainable and green approach to remediate soil (Alonso-Bravo et al., 2018),
water (Viramontes-Acosta et al., 2020) and even air (Ortiz-Caceres, 2020). This technique
successfully uses cosmopolitan plant species that can remove and store organic and inorganic

contaminants in high concentrations in their roots and plant tissues (Ashraf et al., 2019).

Several technologies are available to remediate soils contaminated by heavy metals.
However, physicochemicals are more expensive (e.g., excavation of contaminants, material, and
chemical/physical treatment) or fail to achieve a long-term solution or aesthetics. For this reason,
phytoremediation can provide a cost-effective, simple, feasible, durable, aesthetically pleasing,

and publicly accepted solution for the remediation of contaminated sites.

Implementing phytoremediation is straightforward because it does not require expert
personnel or expensive high-quality equipment. Phytoremediation is a decontamination process

that is mediated by plants, and their biomass. It includes a wide variety of plants such as grasses,
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shrubs, and trees that, in symbiosis with microorganisms, favor the restoration of the environment
(soil, water, and air), through the degradation, accumulation, and stabilization of pollutants.
Phytoremediation is considered a green technology with the potential to reduce the generation of
secondary waste and remove contaminants (organic pollutants, heavy metals, etc.) from the soil

(Shah & Daverey, 2020).

Phytoremediation plants must comply with the following characteristics (Gonzéalez-Gomez,

2010; Gonzalez-Chavez, 2017; Lopez et al., 2004):

e The plant must be tolerant to high concentrations of heavy metals and carry out its
development in the presence of this.

e Being an accumulator of heavy metals, remediation must be carried out since this is the
important purpose of phytoremediation.

e It must have an immediate increase and high productivity rate since this enables good
pollutant removal rates and optimizes phytoremediation processes. The plant must
maintain its reproductive capacity in the presence of disturbances through succession.

¢ Plants must be easy to harvest.

e They must have stress resistance since it is fundamental that the plant can resist stress
situations generated by chemical, physical, biological, or climatic conditions.

e Being local species, representative of the natural society, it is advisable to use native plants
to alter the local ecosystem as little as possible.

e Among the main factors affecting phytoremediation are biomass, pH, microorganism,

speciation, and chelators in the soil (Marrero-Coto et al., 2012).
4.9.1 Phytoremediation mechanisms

Plants can develop several mechanisms to remove contaminants (Fig. 11) from the rhizosphere to
the aerial tissues, among which phytostabilization, which consists of stabilizing them in the
rhizosphere, phytodegradation, which consists of changing the oxidation state of the elements to
eliminate them at the root level, phytostimulation, which is assisted by microorganisms,
phytodegradation, and phytovolatilization, which consist of removing the contaminants at the leaf
level once the plants have transformed them, are the most important mechanisms to be able to

apply phytoremediation as a decontamination technology.
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However, the most important mechanism to apply phytoremediation as a decontamination
technology is phytoextraction, which consists of extracting contaminants from the rhizosphere and
transporting them to aerial tissues. Among the factors that affect this mechanism are biomass,
temperature, pH, light, ion exchange capacity, cation exchange capacity, salinity, the type of
element if it is organic or inorganic, as well as microorganisms since these can change the pH due

to the substances they secrete, provide nutrients and phytohormones (X. Zhang et al., 2018).

The mechanisms of soil and water phytoremediation can be divided into four subsets, as
described in Fig. 11. These soil and water toxic metal remediation technology are: 1)
phytoextraction, also called phytoaccumulation, is the process that takes place in plants found in
soil contaminated by heavy metals; 2) phytovolatilization, which is the evaporation of certain
metals from the aerial tissues of plants; 3) phytostabilization, which is the use of plants to be able
to remove the bioavailability of toxic metals in contaminated soils; and 5) phytostimulation, the

use of plant roots to remove toxic metals (Kushwaha et al., 2015).
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Figure 11. Phytoremediation mechanisms and biological interactions.

The biological changes that occur mainly in nature are called natural depletion and are
assisted by plant-microorganism interaction. A phytoremediation plant executes any of the above
mechanisms in three stages: absorption or uptake, excretion, and detoxification of pollutants. The
uptake of contaminants is done through root tissue and leaves through the stomata and cuticle of
the epidermis. This uptake happens in the rhizome dermis of the adolescent roots, which can uptake

compounds by osmosis defined by external factors such as temperature and soil pH.
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Other relevant components that influence the uptake of contaminants are their molecular
weight and hydrophobicity, which determine that these molecules cross plant cell membranes.
After crossing the membrane, contaminants are distributed throughout the plant. Contaminants
absorbed by plant roots will be excreted by the leaves (phytovolatilization). Once the concentration
of contaminants is high, only small fractions (less than 5 %) are removed without changing their

chemical composition.
4.9.2 Interactions of plants with microorganisms

Phytoremediation plants can grow naturally in contaminated sites and tolerate high concentrations
of heavy metals because they have developed mechanisms to do so or have achieved symbiosis
with the microbiota of the environment in which they develop. Roots are the main tissue involved

in the absorption of metals through association and interaction with soil microorganisms.

Among these associations are those established with bacteria and endophytic and/or
mycorrhizal fungi (EMF), a symbiotic interaction between soil microorganisms and roots. These
associations give plants stress resistance, improve plant biomass, their antioxidant system, and

their potential to accumulate metals.

Therefore, the success of phytoremediation also depends on beneficial associations
between microorganisms and plants (Vigliotta et al., 2016), because beneficial microorganisms
promote the growth of roots and air tissues, but pathogenic microorganisms damage plant tissue
(Fig. 12). Rajkumar et al., 2009 reported that inoculation of soils with Psudomona aureginosa
significantly increased the bioavailability of Cr and Pb compared to uninoculated controls. In
addition, they also observed that P. aureginosa significantly enhanced Cr and Pb accumulation in

maize tissues.

Rajkumar et al., 2009 mentioned that in this case, the enhancement of heavy metal uptake
may be due to the production of siderophores, particularly pyoverdine (dihydroquinoline type
chromophore, with a peptide chain of 6-12 amino acids) and phytochelatins (cysteine-rich protein);
Siderophore Production by Bacteria (SPB) resistant to metals may increase the efficiency of

phytoextraction directly, improving the accumulation of metals in plant tissues.

Siderophore production by rhizospheric bacteria solubilizes unavailable forms of heavy

metal-containing minerals through complexation. Plants can take up metals from the siderophore-
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metal complex, possibly mediated by root processes, such as chelate degradation and metal release,

direct uptake of the siderophore-metal complex, or by a ligand exchange reaction.

Recent studies with hyperaccumulator plants have revealed that inoculation of soils/seeds
with metal-resistant endophytic bacteria enhances plant growth and accelerates the
phytoremediation process naturally or artificially in metal-contaminated soils, improving nutrient
acquisition, cell elongation, metal accumulation or stabilization, and metal stress relief in plants.
Likewise, these microorganisms can passively activate or promote plant growth through various
mechanisms such as nitrogen fixation, phosphate solubilization, siderophore production,

phytohormones, and ACC deaminase (Ma et al., 2011).

Rolon-Céardenas et al., 2021 obtained four bacterial isolates from the rhizosphere of T.
latifolia, showing that they have biochemical activity for the promotion of seedling growth
exposed to various concentrations of cadmium. The bacterial isolates characterized in this study
are of the genus Pseudomona. In addition to exhibiting high tolerance to Cd, these bacteria
probably present high tolerance to other heavy metals because the gene that confers tolerance to
Cd also confers tolerance to other heavy metals. On the other hand, Ma et al., 2016 found that
Pseudomonas libanensis TR1 and Pseudomonas reactans Ph3R3 are resistant to multiple metals

such as Cd, Cr, Cu, Ni, Pb, and Zn.

In recent studies, the effect of Pseudomonas sp. on the promotion of plant growth of roots
of T. latifolia plants tolerant to high concentrations of Cd (500-750 ppm) and Pb (5-50 ppm) was
evaluated (Fig. 2), demonstrating that bacterial isolates (Pseudomonas rhodesiae) can increase up
to 50 % Cd removal compared to plants without bacterial inoculation (Moctezuma Granados,
2017), as well as that P. rhodesiae increases Cd translocation to shoots (Rolon-Cardenas et al.,
2021). Recently, the effect of endophytic and/or mycorrhizal fungi (EMF) associated with T.
latifolia, the interactions of this plant species with EMF, and the mechanisms of EMF in the

promotion of plant growth and phytoextraction of heavy metals are being evaluated.
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Figure 12. Growth stimulation assay of 7. latifolia in vitro in the presence of lead. A) 0
ppm Pb; B) 5 ppm Pb; C) 10 ppm Pb; D) 25 ppm Pb; E) 50 ppm Pb; F) 25 ppm Pb plus
GRC140; G) 50 ppm plus GRC140.

4.10 Treatment wetlands

Treatment wetlands (TW), also called artificial or constructed wetlands, are nature-based systems
that can be used for the treatment of wastewater of very varied composition and are ideal for
operation in small communities or socio-economic objectives and even for isolated users. Through
physical, chemical, and biological processes, as well as their multiple combinations, they

effectively remove many types of contaminants.

Microorganisms present in TW play an important role in the removal processes of different
contaminants, including metals (J. Wang et al., 2022). Although domestic and municipal waters
do not contain significant amounts of metals and metalloids such as boron, selenium, and arsenic
(Bfezinovéa & Vymazal, 2015), industrial waters such as the metal-mechanical, mining, and textile
industries, among others, have these pollutants in concentrations that represent a threat to human
health and ecosystems, also considering that in many places these wastewaters are mixed in

municipal drainage systems without any prior treatment.

Since conventional treatment systems and some advanced treatments generally imply
higher costs in their installation, operation, and maintenance (Sylwan & Thorin, 2021), it is
necessary, then, to evaluate the effectiveness of TW and the way to improve it since it is a green
technology with collateral benefits for human communities and ecosystems, in the removal of toxic
metals and metalloids, an aspect that has been recently reviewed (Nisa et al., 2022; S. Singh et al.,

2022).
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Toxic metals and metalloids are removed in TW through a combination of biotic and
abiotic mechanisms, including filtration processes, sedimentation, precipitation and
coprecipitation, sorption and ion exchange, biosorption, redox processes, including those mediated
by microorganisms present in the system and phytoremediation processes carried out by the
present macrophytes such as rhizofiltration, phytostabilization, phytoaccumulation and

phytovolatilization (Yu et al., 2021).

Figure 13 schematically presents these processes. In general, the predominant role in the
removal of metals is played by the processes that occur in the substrate and sediments, with the
role of macrophytes being of less importance (Ventura et al., 2021). The greatest accumulation of
metals is observed in sediments and by being confined in them, the possible toxic effect on aquatic
biota is reduced, as has been demonstrated in the evaluation of the removal of Cu and other divalent

metal ions in a wetland system for more than 20 years (Knox et al., 2021).

Although some of these elements are essential for the metabolic processes of macrophytes
and microorganisms in treatment wetlands, their presence above certain levels can affect the biota
of these systems and, consequently their removal. Likewise, the different species of macrophytes
have different metal removal capacities, depending on the biomass ratio in their roots, stems, and
leaves (Schiick & Greger, 2020). This explains the different results reported in the literature when
evaluating the removal percentages (Batool & Saleh, 2020).

Substrate

M Metal species

@ Microorganisms

[Pn- Precipitating agents
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Figure 13. Abiotic and biotic removal processes in TW. Filtr — filtration; lonExch — ion exchange;
Floc/Sed — flocculation/sedimentation; Pption — precipitation; Sorp — sorption; Bsorp —
biosorption; Redox — oxidation/reduction processes; Rhyfilt & Phystab — rhyzofiltration and
phytostabilization; Phyacc — phytoaccumulation; Phyvol — phytovolatilization.
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Due to the above, more and more attention is currently paid to the processes of improved
removal of metals and metalloids in treatment wetlands, which includes, among others, the use of
substrates with properties that intensify physical processes such as ionic exchange or precipitation,
a more careful selection of macrophytes, including polycultures, bioaugmentation with suitable
microorganisms, the use of hybrid systems, the use of external additives and treatment
intensification mechanisms such as artificial aeration and recirculation, among others (Yu et al.,

2022).

Some examples of improved metal removal in treatment wetlands are illustrative of this.
Regarding the selection of the substrate, the use of biochar and organic waste has shown to be
effective, improving the removal of metals in mining waste, improving the binding capacity of the
substrate, and intensifying the biotic removal mechanisms (G. Wang et al., 2023). In systems with
intermittent aeration, filled with biochar, the volatilization and assimilation processes of Hg(II) by

plants are increased, which contribute to better removal of this toxic metal (J. Chang et al., 2022).

Likewise, using zeolites combined with organic fillers is effective for removing Cu in the
treatment of leachate from sanitary landfills (Wdowczyk et al., 2022). Inoculation with arbuscular
mycorrhizal fungi and the use of aeration in vertical wetlands improve the removal of Pb, Zn, Cu,
and Cd (Xu et al., 2022). The coupling of TW with microbial fuel cells, together with an adequate
selection of the substrate and macrophyte has been shown to improve the removal of Zn and Ni in

sludge (L. Wang et al., 2022).
4.11 Adsorption

For solutions with a high concentration of heavy metals, some of the technologies mentioned above
can be used; however, when the concentrations are low (less than 100 mg L '), more economical

and efficient methods (such as adsorption) are required (Volesky, 2003).

Adsorption is a separation process by which certain components of a fluid phase (liquid or
gas) are transferred to a solid substrate, becoming physically or chemically bound on the surface
of the adsorbent (Ruthven, 1984). Adsorption is an effective method of removal at low levels of
metal ions. However, the economic viability of this process depends on an effective means of

regenerating the solid once its adsorption capacity is exhausted (Suzuki & Suzuki, 1990).
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The adsorbent is characterized by its high porosity, with extremely small pore sizes
resulting in its internal surface area much larger than the external surface area. Differences in
molecular weight or polarity cause some molecules to be retained more strongly than others, which

makes the adsorption process selective (R. T. Yang, 2003).

Physical adsorption is caused mainly by Van der Waals and electrostatic forces, which
occur between the molecules of the adsorbate and the atoms that make up the surface of the
adsorbent. These adsorbents are mainly characterized by surface properties such as surface area
and polarity. The ion is adsorbed by the solid depending on the relative charge between the two.
This process can be slow or fast, depending on the composition of the adsorbent, the adsorbate,

and the temperature (Bruch et al., 2007).

Chemical adsorption is due to forces of a chemical nature and is a process that depends on
the temperature, the chemical nature of the solid, and the concentration of the species to be
adsorbed (Webb, 2003). The two types of adsorption do not necessarily occur independently; thus,

in natural systems, it is common for both to occur on the same solid surface (X. Wang et al., 2015).

Common materials that have been used for contaminant adsorption include activated
carbon, silica gel, activated alumina, and graphene. These commercially available adsorbent
materials are highly efficient for removing heavy metals thanks to their high specific area and
abundant functional groups that are present on the surface and that allow the adsorption process to

exist (Table 6).

Table 6. Most common adsorbents applied in adsorption remediation.

E le/R .
Adsorbent xamp e./ aw Advantages Disadvantages
materials
Pore size distribution, Surface Comn.lermgl actlvateq
. . carbon is quite expensive
chemistry, mineral matter .
. Wood, peat, . Secondary pollution
Activated coconut shells content, chemical nature enerated by spent activated
Carbon > which can be easily modified, & Y 5P
coals . . carbons
chemical treatment available, . .
cost-effective technology Rapid saturation
High cost of reactivation
Suitable and cost effective,
Alginate, silk, biodegradable, and Denaturation by extreme
Polymeric lignin, chitosan, biocompatible, chemical temperature, performance
materials cellulose, stability, tailorable structure, depends on pH, not suitable
cyclodextrin high adsorption, and rate for column step

capacity
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Large quantities available, low
or no cost, strong affinity and

Fruit peels high selectivity towards heavy  Effectiveness depends on pH

Agrlc.ultural Bagasge > corr metals due to the abundant and temperature, not suitable
residues pith, maize cob, o . . .
availability of binding groups for industrial scale yet
sawdust, bark
on the Surface area, easy
acquiring
Fly ash, red Higher area and porosity, low Additional cost for
. mud, sludge, .. . .
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The most commonly used adsorbents with high adsorption capacity are chitosan, zeolite,
lignin, and activated carbon (AC) (R. T. Yang, 2003); however, some of these adsorbents, such as
activated carbon, have a high cost in the adsorption process, which limits their use in wastewater
treatment. AC, because of its non-polar surface and low cost, is the adsorbent of choice for
removing a wide range of pollutants; however, as it is not selective, it can also adsorb harmless
components that are in higher proportions than the more dangerous pollutants such as heavy metals
(Mariana et al., 2021), for this reason, various solid materials are recently being developed that

improve, in certain applications, the properties of AC (Abdulrasheed et al., 2018).

The high adsorption capacity of AC is due to their high internal surface area, and porosity
and pore size distribution plays an important role. In general, micropores (smaller than 2 nm)
provide the increased area and retention capacity. In comparison, mesopores (between 2 and 50
nm) and macropores (larger than 50 nm) are necessary to retain large molecules, such as dyes or
colloids, and favor access and rapid diffusion of the molecules to the internal surface of the solid

(Rodriguez-Reinoso, 1997).

The structure of ACs is important because, on its surface, different functional groups from
chemical activation make it chemically reactive (Bandosz et al., 1992). This is due to the
interaction of the free radicals on the carbon surface with atoms such as oxygen and nitrogen from
the activation method. Fig. 14 shows the main functional groups that can occur on the surface of

an AC.
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Figure 14. Main functional groups in activated carbons.

Rossner et al., 2009 used an AC, a carbonaceous resin, and two high silica zeolites to
evaluate the removal of a mixture of contaminants from lake water. Adsorption isotherm
experiments were conducted with a mixture of 28 emerging contaminants at environmentally
relevant concentrations (approximately 200-900 ng L!). Among the adsorbents tested, AC was the
most effective, and the doses of activated carbon typically used to control taste and odour in
drinking water (<10 mg L!) were sufficient to achieve efficient removal for most of the emerging

contaminants tested.

Table 7 shows the adsorption capacity of different AC for heavy metals and their

dependence on the conditions under which adsorption occurs.

Table 7. Adsorption capacity of different AC for heavy metals.

-1
AC Metal pH (mg&)) or R Ref.
AC from Sareassum s Cr(VD) 2.0 91.92 % (Esmaeili & Ghasemi, 2012)
& PP- Cul) 4.0 97.0 % (Esmaeili et al., 2010)
Nid) 6.0 98.51 %
Co(l) 6.0 99.11 %
Cd(D) 6.0 99.68 %
Cu(Il) 6.0 97.48 % (Kobya et al., 2005)
. Po(l) 6.0 99.93 %
AC fi t st
foth #PEIeot STofle Cr(ll) 6.0 98.99 %
Cr(V) 1.0 99.99 %
Pb(1I) 322.5mgg’!
Nl
AC from pulverized waste tires %%)L 17815.92Hrilgggg]
Pb(IL NC 425mg g (Shahrokhi-Shahraki et al., 2021)
. Cu(I) 15.0 mg g’!
Commercial AC Zn(ll) 14.0 mg o

Pb(l) 60  92.72mgg’
Cu(ID) 6.0 73.60 mg g!

AC from coconut shell (Anirudhan & Sreekumari, 2011)

NC: No control of pH.
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Recent studies have established alternative methodologies for the adsorption of
contaminants, such as heavy metals, using materials of biological origin, such as bacteria, algae
and fungi, industrial, agricultural, and urban wastes, due to their high feasibility, low cost, and
high removal efficiency. One of the techniques used for these processes is biosorption, which
consists of the selective transfer of one or more solutes from a liquid phase to a batch of solid
particles of biological material and involves the participation of various physical and chemical

mechanisms depending on different factors such as pH or temperature (Abdi & Kazemi, 2015).

Due to the natural origin of the substrates and the elimination of residual sludge during the
removal process, this alternative is a system that not only removes the polluting metal, reducing
the environmental impact generated on the environment in which it is discharged but also allows

it to be recovered and integrated into a new productive cycle (Volesky, 2003).
4.12 Bioremediation

Human beings, with our daily activities, generate enormous amounts of waste, which affect the
environment (soil, water, and air, mainly). In short, environmental pollution threatens our well-
being (Van der Perk, 2014). Fortunately, the scientific community has developed techniques to try
to restore environments damaged by pollution. One of these techniques is bioremediation, which
is defined as a biotechnological process that uses organisms to recover a polluted environment,

whether it is a terrestrial or an aquatic environment (Vidali, 2001).

Ecosystems can naturally attenuate pollution, i.e., they purify and regenerate soil or water
in the face of pollution of anthropogenic origin. Millions of microorganisms, including yeasts,
non-pathogenic bacteria and fungi are capable of degrading toxic substances, especially heavy
metals, reducing their toxic character or even rendering them harmless to the environment and
human health. It is a process that happens every day in a prolonged way. Bioremediation replicates

this capacity of nature but accelerates the process (Sales da Silva et al., 2020).

Bioremediation uses living organisms; however, not all organisms can be used in the
bioremediation of environments. In fact, organisms are chosen according to their qualities to
immobilize, mineralize or degrade pollutant compounds and special attention is paid to their
enzymes. In general, the organisms most commonly used in bioremediation processes are bacteria,

fungi, and plants (Fig. 15 a), b) and c), respectively). Sometimes, organisms are genetically
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modified, so their qualities are closer to those required for bioremediation (Iwamoto & Nasu,

2001).

a) b) ©)

Figure 15. The most common organisms used in bioremediation processes: a) bacteria, b) fungi,

and c) plants.

Bioremediation processes commonly involve oxidation-reduction reactions where reduced
contaminants are oxidized, and oxidized contaminants are reduced (Ihsanullah et al., 2020). Many
different types of contaminants can be removed with this technique: polycyclic aromatic
hydrocarbons, petroleum, pesticides, chlorophenols, heavy metals, dyes, sulfates, etc. (Kour et al.,
2021; Lellis et al., 2019; S. Verma & Kuila, 2019). Bioremediation is so complex that it can be
classified into multiple types depending on the criteria chosen. Here are two types of

bioremediation classification.
According to the bioremediation strategy:

Biostimulation: This type of bioremediation strategy takes advantage of the particularities of the

organisms already in the soil or water body to be treated and seeks to adapt the environmental
conditions to enhance their development and the consequent degradation of pollutants. In short,
biostimulation consists of incorporating nutrients or modifying environmental variables such as

soil or water pH (Adams et al., 2015).

Bioaugmentation: This other bioremediation strategy involves the incorporation of organisms,

which can degrade compounds, into a contaminated environment. In this way, the aim is to

optimize the remediation process (Adams et al., 2015).
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Depending on the organisms used for bioremediation:

Enzymatic degradation: This technique refers to the exclusive use of enzymes to remediate a

contaminated environment.

Microbial bioremediation: In this case, it refers to using bacteria and fungi to remediate the

contaminated site. Species that are capable of metabolizing contaminating compounds are sought.

Phytoremediation: Bioremediation is carried out exclusively by plants. There are several types of

phytoremediation depending on the qualities of the plants: some are capable of degrading the

compounds, others of immobilizing them in their leaves, etcetera.

Bioremediation is generally used to remediate environments that hydrocarbons, such as
petroleum, pesticides, heavy metals, etc. have contaminated. Plants can extract heavy metals from
substrates by adsorbing them (S. Verma & Kuila, 2019). Examples of plant species used for the
remediation of environments contaminated with heavy metals include Thlaspi caerulescens (Fig.
16a), which adsorbs cadmium (Luo & Zhang, 2021), and Chrysopogon zizanioides (Fig. 16b),
which adsorbs zinc and lead (Punamiya et al., 2010).

Figure 16. Plants used for heavy metals adsorption: a) Thlaspi caerulescens and b) Chrysopogon

zizanioides.

The fungus Pycnoporus sanguineus also has high efficiency in adsorbing heavy metals in
aqueous solution (Yahaya & Don, 2014), particularly lead, cadmium, and copper. In addition, this
fungal species could be used for soil bioremediation, specifically for soils contaminated with oil
spills, since it can grow on this compound and tolerate high temperatures (Sales da Silva et al.,

2020).
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4.13 Novel/recent methods

The study of mechanisms and methodologies for the removal of heavy metals in aqueous matrices
has had a considerable boom in the last decade, so much so that numerous studies have been
developed with novel and promising methods to reduce the concentration of heavy metals in water

to levels that are safe for use in different daily activities.
4.13.1 Biofiltration

Biofiltration uses microorganisms attached to a porous medium to break down
contaminants in wastewater streams. These microorganisms can grow in a biofilm on the surface
of the medium or be suspended in the aqueous phase around the particles that make it up. Some
parameters like O2 content, temperature, pH, initial concentration of the pollutant, etc. regulate
the removal efficiency of biofilters. The removal efficiency can be improved by chemical or

genetic modification of the filter media or microorganisms, respectively.

The possibility of an effective application of biofilters to remove toxic heavy metals from
contaminated water is high, especially on a large scale. Microbial cloning can improve the
efficiency of the elimination and, therefore, the reduction of the cost of the treatment as reported
by (Srivastava & Majumder, 2008). This technique is capable of removing heavy metals up to
levels of the order of ppb, which makes it a highly applicable technique, as well as being relatively
cheap. Its scope of application extends to wastewater from industries such as fertilizers, chemicals,
dyes, paper and pulp, textiles, pharmaceuticals, pigments, etc. In short, biofilters are a beneficial

emerging technology for treating wastewater contaminated with heavy metals.
4.13.2 Forward Osmosis

Forward osmosis is a membrane separation technology that is considered an economical method
for wastewater treatment due to its low pollution potential and energy-saving characteristics.
Currently, osmosis is Thin Film Composite membranes manufactured by creating a dense layer of
polyamide by interfacial polymerization on a support layer. However, the dense and hydrophobic
polyamide layer leads to lower separation efficiency. Therefore, there is an urgent need to improve

the separation performance of TFC membranes in wastewater treatment (He et al., 2022).
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4.13.3 Novel Nanomaterials

In the last 5 to 10 years, developing new environmentally friendly nanomaterials with
excellent sorption capabilities, performance, and stability has enabled massive advances in heavy

metal ion capture.

Fang et al., 2018 synthesized a ZnS nanocrystal adsorbent to remove Hg?*, Cu?*, Pb*" and
Cd** from wastewater. This adsorbent showed a high adsorption capacity based on the ion
exchange reaction. In addition, it was shown that the adsorption capacity towards metallic species
increases when the K, of its sulfide has an increasingly low value. Additionally, it was shown that
the adsorbed heavy metal could be replaced by another heavy metal when the sulfide of the latter
is more stable than that of the former. This mutual substitution character of the metal sulfides was
used to separate multiple heavy metals. According to the results, all other heavy metals could be
adsorbed and separated from the wastewater one by one. The results showed that this cation
exchange-based sequential adsorption and separation method is promising for removing and

recovering multiple heavy metals from wastewater.

Metalorganic frameworks (MOFs) are formed by the coordination of a metal ion such as
Zx(IV), Mg(I), Fe(Ill), Ca(Il), AI(IIT), Zn(II), Cu(Il), Cd(II), Co(Il), Ln(IIl) or Ti(Ill) and an
organic ligand such as amines, benzoic acid, sulfonates, phosphates, carboxylates, etc. (J. Li et al.,
2018; Y. Wuetal., 2018). MOFs are attractive materials for adsorption and have gained popularity
compared to other traditional materials such as activated carbons, silica gel, or activated alumina
(Ricco et al., 2015; J.-C. Yang & Yin, 2017). Some MOFs have shown an excellent adsorption
capacity for metals like As(V) (C. Wang et al., 2015), Cu(Il) (Y. Zhang et al., 2015), Hg(II) (Liang
et al., 2016) and Cr(VI) (Q. Yang et al., 2016).

Carbon materials are widely used in the removal of heavy metals. Recently, carbon
nitride materials have attracted a revival activity. This material is synthesized as thin two-
dimensional sheets, giving it a large surface area, large pore volumes, and large exposed sites on
the surface, thus possessing excellent characteristics for photocatalysis and has gained significant

attention for heterogeneous catalysis and adsorption applications (Lin et al., 2015).

Among all the graphitic carbon nitriles, g-C3N4 has been reported as the most stable
allotrope, which exhibits a controllable structure, products that are not harmful to environmental

health, high chemical stability, and resistance to temperature changes in addition to other physical
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and chemical properties that have allowed their introduction in the field of adsorption (Shen et al.,

2007; Y. Wang et al., 2010).

Metal oxides are promising adsorbent materials due to their high adsorption capacity,
susceptibility to modification and easy synthesis, high economic value, and the fact that they can
be widely produced. Nanometer metal oxides, in particular, show great potential to remove most

trace metal contaminants, making them beneficial materials.

For example, it has been reported that they generally show adsorption capacities between
10 and 200 times greater than conventional adsorbents such as activated carbon. This is because it
has a highly reactive surface, which benetfits the adsorption of contaminants (L. Wang et al., 2020).
Nanoparticles tend to aggregate easily, but the surface modification of nanometric metal oxides
can improve the adsorption performance. Chai et al., 2021 reported that the introduction of amine

groups in Fe3O4 increases the adsorption capacity of Cr(VI), for example.

Nanometric metal oxides have a large number of active sites on their surface that allow
them to interact with various contaminants. Additionally, smaller particles exhibit faster adsorption
kinetics as they have a lower resistance to diffusion. Reduction or oxidation has been suggested to
occur between metal oxides and some specific multivalent heavy metal ions, for example, Cr(III),
Cr(VI), As(III), As(V), Sb(III), Sb(V), etc. as they have a low affinity towards adsorption sites.
Metal oxides involved in redox reactions include Fe3O4, MnO3, TiO2, and CeO, (Chai et al., 2021).

5. Challenges in heavy metal pollution in water

One of the biggest problems humanity will face in the coming decades will be the scarcity of
drinking water due to climate change, which will increase periods of drought, as well as the high
rate of pollution that many of the main drinking water sources have. From large pieces of trash to
invisible chemicals, a wide range of pollutants end up in our planet's lakes, rivers, streams,

groundwater, and eventually, our oceans.

Water pollution, along with drought, inefficiency, and population growth, has contributed
to a freshwater crisis that threatens the sources we depend on for drinking water and other vital
needs (Mekonnen & Hoekstra, 2016). Water pollution can cause human health problems, wildlife

poisoning, and long-term damage to the ecosystem.
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As is evident, the only way to solve the water contamination problem comes from two
sides: not contaminate it and clean what is already contaminated. In this way, pollution that ends
up destroying both aquifers and other types of water reserves can be avoided and minimized, so it
is a battle that must be fought simultaneously on all fronts. As time goes by, new and diverse forms
of treatment for contaminated water are emerging, which allows a greater range of possibilities in

the field of water resources decontamination processes.

The main challenge is to change the remediation approach that we currently have and
convert it into a systematic approach to prevention. Strategies must be directed towards preventing
metallic contaminants from ending up in the water, especially the water used in the usual tasks of

human beings.

While the reduction of the discharges of heavy metals in the water is achieved, the
technologies used for their removal must be made more and more friendly to the environment,
minimizing the use of new chemical species and the generation of residuals. All of the above must

be achieved while maintaining high energy efficiency and economic profitability.
6. Conclusions

Environmental pollution is positioned as one of the most important problems affecting society in
the XXI century. The loss of air quality, water resources, and soils available for agricultural
activities has increased exponentially. A growing problem of contamination by heavy metals is
identified at a global and local level, which severely compromises health, food safety, and the
environment. Due to its high toxicity, the impact on health caused by prolonged exposure or
bioaccumulation of heavy metals is alarming. Depending on the type of metal or metalloid,
conditions ranging from damage to vital organs to carcinogenic developments occur (Rai et al.,

2019).

It is currently widely accepted that the distribution, mobility, biological availability, and
toxicity of chemical elements are not a function of their total concentration but rather depend on
the chemical form in which they are found. It is necessary to know the chemical species of the
elements to understand the chemical and biochemical reactions in which they intervene and
therefore, obtain information regarding the essential and toxic nature of the chemical elements and
the remediation strategies to apply in order to reduce or minimize the effects of the contaminant

in human and environmental health. Speciation analyzes will become an essential tool for risk
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assessment in the environment, allowing more effective trace element diagnoses and controls to

be performed.

Today we know a great variety of methods and techniques that can be used to remove heavy
metals from aqueous matrices, each of which shows advantages and disadvantages that must be
analyzed. The search for new materials and alternatives for the disinfection of water contaminated
with heavy metals, as well as the optimization of those that we know today, is a permanent task

for the scientific community.
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Abstract

Sargassum spp. is a species of brown algae that is abundant in the Pacific Ocean and has become
a major environmental problem in recent years. Each year hundreds of tons of these algae arrive
on the beaches of the Mexican Caribbean, generating large quantities of decomposing organic
matter, which has a negative impact on the region's economy and the health of its ecosystems. In
this work, the characterization and lead and cadmium biosorption studies are carried out on this
biomass. The collected samples were dried, milled, and sieved. Some of the characterization
techniques used were Scanning Electron Microscopy with X-ray Dispersive Energy, Infrared
Spectroscopy with Fourier Transform, as well as the determination of moisture percent, ashes,
carbohydrates, pKa, among others. The single and binary lead and cadmium adsorption studies

were carried out in batch experiments using spectroscopic measurements of the remaining
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concentration in solution.The physicochemical characterization of the biomass showed that its
composition is favourable for the adsorption of metal species. Its morphology, functional groups
and surface charge distribution facilitate the interaction of heavy metal ions with the functional
groups present in its cell wall. The adsorption capacity for Cd(Il) and Pb(Il) are slightly higher
than 240 mg g and 350 mg g, respectively and are also higher than the reported for similar
species or some conventional adsorbents. In the binary adsorption experiments, Pb(II) exhibited
antagonism in the adsorption of Cd(II). The thermodynamic treatment of lead and cadmium
adsorption on the biomass indicates that it is a spontaneous process of endothermic nature and

provides evidence of the affinity of the adsorbent for lead and cadmium ions in solution.
1. Introduction

The contamination of water resources is a phenomenon of common occurrence. Drinking water in
particular has been one of the hardest damaged. An important group of contaminants of interest
are metals that are widely used in various industries, including electronics, mining, electroplating
and metallurgy. The occurrence of heavy metal ions in industrial effluents is particularly

disadvantageous because they are noxious to living organisms (Jaishankar et al., 2014).

Another water quality problem has recently emerged called Sargassum, a type of algae that
regularly washes up on Caribbean beaches. Most information indicates that Sargassum is currently
the biggest environmental problem in Mexico, a kind of algae epidemic out of control. Indeed, the
Mexican Caribbean faces a serious environmental problem. This species of brown macroalgae has
affected coastal ecosystems, causing the death of marine species such as turtles and fish (Devault

et al., 2021).

It has also brought economic damage through its impact on tourist activities in the region
and represents a threat to human health, due, among other factors, to its decomposition on the
beaches and its high content of arsenic and heavy metals. However, the Sargassum itself is not the
problem; given that if this macroalga were protected by governments, its benefits would be better
understood and, in some cases, it could even be used for some environmental purpose (Saetan et

al., 2021), for example, as a soil fertilizer.

Recent studies have established the use of alternative methodologies for the adsorption of
pollutants, such as heavy metals, which use materials of biological origin such as bacteria, algae

and fungi, industrial, agricultural, and urban waste, due to their great viability, low cost, and high

141



removal efficiency. One of the techniques used for these processes is biosorption, which consists
of the selective transfer of one or more solutes from a liquid phase to a batch of solid particles of
biological material, and involves the participation of various physical and chemical mechanisms

depending on the various factors (Gonzélez et al., 2011).

The biosorption of heavy metals in algae is mainly attributed to the properties of the cell
wall, where both electrostatic attraction and the formation of complex compounds can play an
essential role. The cell walls of algae and seagrasses are typically composed of a fibrillar skeleton
and an amorphous matrix. Nearly all of the skeleton is made up of cellulose and the amorphous
matrix is predominantly made up of alginic acid or its salt (alginate) and a smaller number of

sulfated polysaccharides (fucoidans) (Davis et al., 2003).

Marine algae grow naturally on the continental shelves of seas and oceans. The Pacific
coasts, in general, are covered with marine algae, which lie on the shores, without any beneficial
use. On the contrary, they give a bad appearance and become waste materials that over time cause
a bad smell. The great diversity of marine algae allows to increase its selectivity and efficiency.
Different adsorption capacities and selectivity have been discovered by red, green, and brown
algae against various heavy metals. The chemical composition and presence of different adsorption
centers (fucanoids, alginates, phosphated proteins, etc.) allow greater adsorption of certain metals
due to their size, degree of solvation, presence of chelating ions, molecular sieves, ion exchange

with species present. in the seaweed, etc. (Davis et al., 2003).

Hence, the main objective of this work is to characterize the biomass of Sargassum spp.
for use as materials to remove different metallic contaminants (Cd and Pb) from water using mono-

and multi-component batch adsorption systems.
2. Materials and methods
2.1 Collection and prior treatment of Sargassum

The collection and selection of the Sargassum buxifolium is carried out from the algal biomass
that reaches the Mexican Caribbean. The selection process is carried out in situ, considering the
taxonomic and morphological characteristics reported in the specialized literature for the region

(Mattio et al., 2008). After selection, the samples are washed with plenty of sea water, then dried
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in the sun for 72 h and finally packed in polyethylene bags, being stored in suitable environmental

conditions.

The collected species are thoroughly washed with distilled water to remove salts and other
impregnated solid residues. They are then dried in an oven at 60 °C for 24 h, and ground in an
electric mill. Subsequently, they are sieved in a vibrating sieve with power regulation, using nylon
sieves with an opening of 30 to 50. The fractions of each particle size are packed in high-density

polyethylene bottles (Pifia Leyte-Vidal et al., 2019).
2.2 Physicochemical characterization
2.2.1 Ash, humidity, and carbohydrates content

Fractions of 2 g of the Sargassum are placed in previously weighed porcelain crucibles in an oven
with natural circulation at 150 °C for 5 h, weighing the crucibles after cooling at room temperature
for 30 minutes in a desiccator with silica gel. The mass obtained after this step is considered to

correspond to the dry bioindicator.

Subsequently, the crucibles are placed in a muffle for 2 h at 600 °C, repeating the cooling
and weighing steps. The mass obtained after this step is considered to correspond to the ashes of
the bioindicator. The ash content, expressed as a percentage, is calculated using the following
equation:

w(ashes) 100

Ashes (%) = w(dry Sargassum) '

For the determination of the total carbohydrate content, the biomass is washed with
distilled water to eliminate the excess of salts that could be on its surface. Electrical conductivity
is measured after each wash using a conductivity meter until reaching a value equal to or less than
1 mS cm!. Later, 4.0 g of biomass are weighed and placed in 250 mL of distilled water, stirring
for 24 hours in an orbital shaker. In this first step, a supernatant with polysaccharides (fraction A)

1s obtained.

4.0 g of biomass are weighed again and treated with a 5 % KOH solution (MERCK, quality
for analysis) leaving them stirring in an orbital shaker for 24 hours at room temperature. The

biomass of the supernatant containing the polysaccharides (fraction B) is centrifuged and
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separated. Finally, the biomass is discarded, and fractions A and B are mixed to obtain a single

extract, which is used for the determination of total carbohydrates.

For this, 2 mL of the extract are made up to the mark in 20 mL of distilled water, 2 mL of
this new solution are taken, mixed with 0.5 mL of 3 % aqueous phenol in test tubes, added quickly
add 5 mL of concentrated H>SO4 and stir. The tubes are cooled in an ice bath for 30 minutes and
the optical density is measured at 490 nm in glass cuvettes with a path length of 1 cm, using a UV-
Vis spectrophotometer. The standard curve is prepared by taking 2 mL of solution containing
between 6 and 60 pug of glucose, mixing it with 0.5 mL of 3 % aqueous phenol in test tubes and
then adding 5 mL of H2SO4. Controls are prepared using 2 mL of distilled water, 0.5 mL of 3 %
aqueous phenol, and 5 mL of H>SO4.

2.2.2 Scanning Electron Microscopy Analysis (SEM/EDS)

The sample used in this analysis was washed with distilled water to remove salts deposited on the
surface. Subsequently, they were dried in an oven at 60 °C. Then, the samples were analysed in a
ThermoFisher Quanta 250 FEG Scanning Electron Microscope, equipped with an EDAX-DX-4
energy dispersive microanalysis system, to perform a qualitative analysis of the elements in the

material surface.
2.2.3 FTIR Analysis

Infrared analysis of the sample was performed in a ThermoFisher Scientific Nicolet iIS10 FTIR
spectrophotometer. The sample was introduced into the spectrometer and the infrared spectrum
was obtained with an ambient background (with corrections for gases present in the atmosphere).
The most probable functional groups that correspond to the intensities of the bands as a function
of frequency are determined, and the values of the bands are compared with the spectra of reference

compounds reported in the literature.
2.2.4 Thermal Analysis

The Thermal Analysis is carried out in a TA Instruments Derivatograph model Q500 using the EA
Universal Analysis 2000 Software. All thermograms are obtained with simultaneous recording of
the curves DTA (Differential Thermal Analysis), TG (Thermogravimetry), T (Temperature) and
DTG (Differential Thermogravimetry).

144



The data of the TG curves are converted into continuous thermograms with the use of
software supplied by the manufacturer of the equipment, compatible with Windows, also obtaining
the D1TG thermograms of the first rate of mass change (dm dt!). The error of the quantitative TG
analysis that is reported is = 2.00 %.

2.2.5 Elemental Content

The EPA PLANT TISSUE digestion procedure is used. The solution resulting from the digestion
process is used to carry out the simultaneous determination of the elemental content.
Measurements are carried out in an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) and
an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), both with
simultaneous analysis with a solid-state detector. The blank assay is performed under the
preparation conditions previously established in the digestion procedure. The results of this study

are expressed in pg of the element per kg of dry material (ug kg™).
2.2.6 Point of Zero Charge (PZC) determination

PZC is quantified as described by Gonzélez-Fernandez et al., 2021. The adsorbed proton mass is
evaluated by the following equation:

— CN(VB - VM)

H
qu+ m

The surface charge (SC) is estimated using the following equation:

_ qu+F

SC
S

The SC of the materials is plotted against pH to obtain the SC distribution. The PZC is the
pH at which the SC is neutral (SC=0).

2.2.7 Potentiometric titration. Determination of the pKa of bioindicators

To determine the pKa of the sorbents, we proceeded according to the method proposed by Cuizano
& Navarro, 2008, with some modifications. 1.0 g of biosorbent pretreated with HCI was added to
50 mL of a KCl solution 0.1 mol L', in order to maintain a stable ionic strength throughout the
titration. It was titrated with a standardized solution of 0.1 mol L' of NaOH, in the range of pH 2

to approximately 13 using an equipment for automatic titration.
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The total concentration of carboxyl groups, [COOH]; is calculated with the following

equation:

Ve [NaOH]
m

[COOH]t =

Katchalsky et al., 1954 showed that the titration curve of a polyacid can be represented by

the following equation, based on the pK constants and n:

pK — nlog (1— )

H =
p a

Where a is the degree of dissociation defined in the following equation and n is an

empirical constant. The equation is represented by the following expression:

_ [C007]
T CV) /o ¥ V)

Where Vy,, represents the volume of base used and Co is the initial concentration of acid
groups calculated previously, but referred to the volume of the solution, where now Vj replaces
m. The variable [COO-] can be calculated using the load balance of the following equation, where

Cy represents the concentration of the titrant:

[H*] + (V,Cp)
Vo + V) — KW/[H+]

[C007] =

After pH vs log (1-a)/a linear regression analysis, the pKa and n values for the adsorbent

material are determined.
2.3 Cd and Pb determination in aqueous solution.

The determination of the concentration of cadmium and lead in aqueous solution was carried out
through Flame Atomic Absorption Spectrometry using Hollow Cathode Lamps and the calibration
curve method. For the preparation of the primary standard of 1000 mg L™! of the solutions of each
metal, the necessary masses of salts of these metals were weighed and completely dissolved in
water until reaching volumes of 1.0 L. From it, a secondary standard was prepared diluting an

aliquot of this solution in deionized water to achieve a concentration of 100 mg L'
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With these solutions, the calibration curve were prepared in a concentration range of 1.0 to
1000 mg L', adjusting the pH each time with NaOH and HCI solutions until reaching the desired
pH. Then, the concentration of cadmium and lead was measured using a VARIAN SPECTRAA

220 Atomic Absorption Spectrometer.
2.4 Experimental data of the adsorption equilibrium of Cd and Pb.

Experimental data for adsorption equilibrium of cadmium and lead were obtained in a batch

absorber using a methodology similar to the described by Gonzalez-Fernandez et al., 2021.

The adsorbed mass of cadmium and/or lead on the biomass of Sargassum is calculated by

means of a mass balance:

_ VoCo = VG = XL, ViC
m

N
Vf:VO_ZVL+Va
i=1

The modeling of the equilibrium of the adsorption process is carried out by fitting the
experimental results to the equations of the Langmuir, Freundlich and Radke-Prausnitz isotherms.

These isotherms can be represented by the following expression, respectively:

— quLCe
=1yK,C.
qe = KFCel/n
q — KRCe
e B
I1+a,C

The data obtained in the multicomponent equilibria are evaluated using the following
isotherm models: Langmuir's unmodified multicomponent isotherm (NLMI), Langmuir's extended
multicomponent isotherm (ELMI), Langmuir's modified multicomponent isotherm (MLMI),
Redlich's unmodified multicomponent isotherm. -Peterson (NRPMI), modified Redlich-Peterson
multicomponent isotherm with an interaction factor (MRPMI), the Sheindorf-Rebuhn-Sheintuch
isotherm (SRSI) and the extended Freundlich multicomponent isotherm (EFMI). The equations of

these isotherms are presented in Table 1.
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Table 1. Isotherm models used to describe the experimental data in multicomponent systems.

NLMI qmK;C; ELMI AmaxKe,iCi
% =——on o~ % =TT~ v
1+ 3V K G 1+ %, KgG
MLMI 0 = qm,iKi (Ci/1:) NRPMI g = ;G
1+ XL K(Ci /) S+ P bjCiBi
MRPMI B a;(Ci/n:) SRSI a ()
=TT N b (C/np)Pi 4= k"Ci(z @G
j=1
EFMI LYy 2
lel(”l) ! k2C2(”2) ’
q1 y 42 =

CC ety cP C)2 +y,C7

The parameters of the competitive adsorption models were also obtained by minimizing
the MC objective function. The average percentage deviation (%Des) was obtained using the

following equation:

Geiexp — eical

1
%Des = 100 - —

k ,
= Qeiexp

3. Results and Discussions
3.1 Physicochemical characterization of Sargassum

Table 2 shows the characterization of Sargassum using different analytical techniques. The
moisture content of the material is conditioned by the nature of the material as reported by Pina
Leyte-Vidal et al., 2019. In this case, the moisture percentage is 8.3 + 0.6, a value that is close to
that reported by Silva et al., 2008 for a species of a similar nature. The results of this study allowed
corrections to be made to the amounts of each bioindicator needed in subsequent experiments

based on the actual content of dry bioindicator.

The value obtained from the ash content for the Sargassum biomass was also in agreement
with that reported by Silva et al., 2008. In addition, some correspondence was observed between
the ash content obtained by gravimetry and the cationic content determined by ICP-OES and ICP-
MS. This determined content corresponds to the amount of inorganic matter present in the biomass

of Sargassum.

In the case of the total carbohydrate content (TCC) of the material, the results correspond
to those reported by Kumar et al., 2015 for similar algae species. Carbohydrates have a large

number of functional groups such as -COH and -OH, among others, which could provide an
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effective environment for complexation and interaction with cationic metal species and could play

a determining role in the uptake processes of these in aqueous solution.

Table 2. Physical and chemical characteristics of Sargassum.

TCC PZC | pKa Moisture Ash (%) Basic sites Acid sites
(ppm) (%) (meq g') (meq g™')

Totals Carb. Lact. Fen.
544.5 6.75 2.94 83+0.6 222+04 0.0836 1.3531 0.7355 0.1267 0.4909

The PZC value obtained for the material used is 6.75 (Figure 1), very close to the neutral
zone of the pH range. This indicates that it is a slightly acid adsorbent, and that the concentration

of basic sites is lower than that of acid sites.
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Figure 1. Surface charge change curve vs. pH for Sargassum biomass.

In the literature reviewed in this study, it was found that the PZC for this material ranged
from 3.6 (Hannachi & Hafidh, 2020) to 9.0 (Moghazy et al., 2019) depending on the species and
the ecosystem where it grows. Authors such as Ahmady-Asbchin & Jafari, 2012 and Kleiniibing
et al., 2010 have reported PZC value in the range of 6.1 to 7, within which the result obtained in

this work is found.

This PZC value is useful to select the pH conditions that favor the electrostatic attraction

of metallic species in solution on the absorbent. When the pH is above the PZC, the surface will
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carry a negative charge, promoting the uptake of positive species from the medium (Tong et al.,

2016).

The pKa of the bioindicator was determined after calculating the necessary parameters to
carry out the corresponding linear regression exposed by (Katchalsky & Miller, 1954). Figure 2

shows the result.
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Figure 2. Linear regression to determine the pKa of Sargassum according to the Katchalsky model.

As can be seen, a pKa of 2.94 was obtained, which agrees with the average of the pKa of
the functional groups in the cell wall (fucoidan and polyalginates), and supports the elevated

uptake capacity for heavy metals at pH value above 3 (Blanco et al., 2005; Sheng et al., 2004).

Sheng et al., 2004 determined that the functional groups that bind to heavy metals in marine
algae are carboxyl, phosphates, and sulfonic acids, in the form of phosphated proteins, carboxylic
groups, alginate and fucoidans whose pKa are 3-4, 1.8-2.5, 1-4 and 1-2.5 respectively (Davis et
al., 2003; Fourest & Volesky, 1995). Unfortunately, the hydroxyl group is not ionizable under

these experimental conditions, so its contribution to the adsorption cannot be determined.

The concentrations of the active sites in the adsorbent are also indicated in Table 2. The
amount of acid and basic sites agrees with the values reported for Sargassum biomass by Tarbaoui

et al., 2016. These authors report concentrations of acidic sites more than five times higher than
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those of basic sites. In the case of carboxylic groups, the reported results are consistent with those

found in this work, and in the case of lactonic and phenolic groups, the results are similar.

The predominance of acidic sites over basic sites corresponds to the pKa value of the
material (a value of a weak acid) and to the point of zero charge of the material, which is slightly

acidic.
3.2 Elemental Content of Sargassum (ICP-MS and ICP-OES)

The concentration of minor elements (a) and minor elements (b) is shown in Figure 3. The material
has high concentrations of sodium, magnesium and potassium, which is typical of materials that
develop in a saline environment, since its cell wall and the polymers that compose it are capable

of accumulating these elements (Silva et al., 2008).
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Figure 3. Elemental content (minor (a) and major (b) elements) of Sargassum biomass determined

by ICP-MS and ICP-OES.

There are also high concentrations of sulphur, which are associated with sulfonic groups
and their derivatives in fucoidan, the second most important and abundant polymer in the algal
cell wall (Davis et al., 2003). Additionally, moderately high concentrations of aluminium and iron
are noted, which may be evidence of sustained anthropogenic contamination with sources of these

metals.

Other metals such as lithium, cobalt, nickel, copper, and zinc are found at low levels, which
has been reported by Pifia Leyte-Vidal et al., 2019. On the other hand, magnesium was the element

determined with the highest concentration in the biomass. of Sargassum. This result was in
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correspondence with the elemental analysis of the surface of the bioindicators performed by EDS,

where magnesium appears as a major element.

These results affirm that these aforementioned elements almost exclusively determine the
cationic content of the materials studied. This result agreed with what was reported in the works
by Casas-Valdez et al., 2006, Yang & Chen, 2008 and Sierra-Vélez & Alvarez-Leon, 2009 for the

specific case of Sargassum spp.
3.3 FT-IR Spectroscopy

Figure 4 shows the FT-IR spectrum of Sargassum. The presence of a large number of bands in
these spectra is indicative of the highly complex composition of the material, associated with the
existence of a large number of surface functional groups. The position of the most representative
bands is shown in Table 3, together with the assignments according to the literature (Nakamoto,
2006). Through the results of the table, it was possible to verify the existence in the spectrum of

signals associated with the functional groups -COOH, -COO", -OH and —NH.

These functional groups correspond to those most commonly found in the main constituent
compounds of the cell wall of brown algae: alginic acid, alginates, proteins, and polysaccharides
(Davis et al., 2003). In this way, the presence of these functional groups could explain the surface
interaction capacity of the adsorbent with the heavy metals in the medium, either by electrostatic
attraction or by complex formation. Similar results were reported by Pifia Leyte-Vidal et al., 2019

for a similar material.
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Figure 4. FT-IR spectrum of Sargassum biomass.
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Table 3. Main assignments of the FT-IR spectrum of Sargassum.

Sargassum
v/em’! Assignation
3350 V°OH + VN-H
2900 VCsp3-H
1650 V&coo”
1400 vicoo™
1050 VCO (-OH)

3.4 Thermogravimetric analysis

Figure 5 shows the curves obtained by subjecting the sample to a heat treatment between 35 and
550 °C. It can be observed in the differential curve (DTG), that a first peak of heat absorption
appears around 95 °C, corresponding to the evaporation of water. At this stage, pyrolysis has not
yet started Wang et al., 2017. The exothermic effect generally appears when the temperature is
higher than 190 °C. The main reason for this is the breakdown of soluble polysaccharides, proteins,

and organic matter (Kim et al., 2013).

100 404
— Weight
90 - DTG
80
9
S 70
()
=
60
50 4
40 0.0

T T T T T T T T T
100 200 300 400 500
Temperture (°C)

Figure 5. Thermogravimetric curves of Sargassum weight loss.

Starting at 250 °C, the pyrolysis of carbohydrates begins. There is mainly the release of

gases such as methane and other derivatives of light hydrocarbons and water vapor due to the

153



presence of sulfated polysaccharides. CO and CO; are gases that evolve during this process. Above
310 °C, the pyrolysis of proteins and amino acids begins, from this reaction gases such as NH3 are

generated (Sanchez-Silva et al., 2012).

A stage can be seen in which the temperature is higher than 350 °C, in which pyrolysis is
still observed as an exothermic reaction. Small exothermic peaks are observed. This could be due

to the exothermic reaction when ash residues, proteins and polysaccharides participate in pyrolysis.
3.5 Scanning Electron Microscopy

The SEM/EDS analysis allowed the characterization of the adsorbent surface from the study of its
morphology and the determination of its elemental composition. Figure 6 shows the SEM

micrographs of the adsorbent at different magnification values and the respective EDS spectra.

In the micrographs obtained it was possible to appreciate the great morphological and
structural heterogeneity existing on the surface of the material. In the EDS spectra, the signals
corresponding to the elements C, O, Na, S, Mg, Cl and K, as well as Ca and Al, were observed.
Some of these elements participate in the ion exchange process during biosorption and remain

occupying biomass binding sites, blocking them for other metals (Naja & Volesky, 2011).
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Figure 6. Photomicrographs and EDS spectra of Sargassum at: a) 40 kx, b) 500 kx and c) 2500
kx.

Figure 6 shows that the material particles have a fractured and rough surface. It is also noticed
that the shapes and sizes of the fragments are very unpredictable. The size distribution is not
regular, and cavities and channels are present. Similar results were reported for species of algal
origin by Pifia Leyte-Vidal et al., 2019. In the studies of these authors, the irregularity of the coal

surfaces, the rupture in their surfaces and the channels that appear can be verified.
3.6 Monocomponent adsorption isotherms

The adsorption isotherms of individual Cd(II) and Pb(Il) are shown in Figure 7. In these, the

experimental data described by the Radke-Prausnitz mathematical model can be observed.
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Figure 7. Monocomponent adsorption isotherms for a) Cd(II) and b) Pb(II) at 25 °C.

From the above figure it can be seen that the isotherms show two stages. The first stage
with an increase in adsorption capacity with increasing metal concentration at equilibrium. This is
because the material initially has a large number of active sites for the retention of metal cations.
As the metal concentration increases, these positions become occupied and, for a given

concentration, it becomes more difficult for the metal cations to be exchanged. From this point on,
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a second stage is observed, with a decrease in the slope representing a saturation level. In this

second part of the curves, the maximum experimental adsorption capacity is determined.

Table 4 shows the parameters obtained for each isotherm models for monocomponent
systems. The quality of the fit was estimated by the R? coefficient and the Durbin-Watson
statistical test for the correlation of the residuals, according to the probability values obtained for

95 % confidence (STATGRAPHICS Centurion XV software).

Table 4. Parameters of adsorption isotherm models.

Model Parameter Cd Pb

pH3 pH 5 pH7 pH 3 pH 4 pH 5
qm (mg g 140 .6 169.7 287.8 286.7 332.5 366.9
Langmuir k. (L mg™") 0.005 0.013 0.011 0.129 0.179 0.304
R? (%) 95.5 98.6 97.7 97.9 93.4 89.1
Kr (mg g")(L mgH'"™ 6.3 19.5 21.6 84.1 109.6 139.8

Freundlich n 2.2 3.0 2.5 4.5 5.0 5.5
R? (%) 87.1 88.7 87.2 85.7 75.3 70.5
Ky (Lgh 0.64 2.06 2.27 36.19 54.66 105.9
Redlich-Peterson aR 0.001 0.008 0.001 0.135 0.140 0.267
B 1.17 1.07 1.27 0.99 1.03 1.01

R? (%) 97.0 98.9 99.2 98.0 93.7 89.2

According to the results, for all materials the best statistical fit is obtained for the R-P
model. In this case, the value of the constant B, related to the fit of the experimental data to the
model is very close to 1, which indicates that it is adequate for the three biosorbent species studied
(Radke & Prausnitz, 1972). In addition, the value of the R-P counter has a relatively high value,
indicating a good fit to the model and favorable adsorption of the analyte on the adsorbent (Bayuo
et al., 2018). This behavior has also been reported by other authors (Adeogun et al., 2013).

Several studies showed that pH is an important factor influencing heavy metal biosorption
(Jaishankar et al., 2014; Villanueva, 2000). pH could have an effect on the protonation of
functional groups in biomass as well as metal chemistry. From Fig. 7, it can be observed for both

contaminants that the adsorption capacity increases with increasing pH.

A strong pH dependence in the biosorption process is observed. The cell wall of brown
algae contains sulfate, carboxyl and amino groups (Andrade et al., 2005). At low pH values,
repulsive forces between the cell wall ligands and the metal cations produce a decrease of the
adsorption capacity. As pH increases, more groups would become negative and attract metal ions

(Aksu, 2001).
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The effect of pH can also be described in relation to the competition effect between heavy
metal and H' ions. When the pH value is low, the H" ions appear in higher concentration in the
solution and compete for the binding or active site in the adsorbent. When the pH value is higher,
the concentration of H" decreases and the metal cations can occupy the active sites easier

(Matheickal et al., 1999).
3.7 Multicomponent adsorption isotherms

Figure 8 shows the multicomponent isotherms of cadmium (a) and lead (b) in two dimensions.
In these, the experimental data are described by the Radke-Prausnitz mathematical model since it

was the one that yielded the lowest %D values in all cases.
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Figure 8. Binary adsorption isotherms of Cd(II)-Pb(II) on Sargassum biomass. (a) Cd(II) and
(b) Pb(II) adsorption at T =25 °C and pH = 5.0.

When analyzing the behavior of the competing isotherms it is evident that they are very

similar to the simple adsorption isotherm, however the removal capacity of both Pb(II) and Cd(II)

is reduced because the ions in solution can compete for the same active sites. In this case we can

observe that the presence of lead significantly affects the adsorption of cadmium, however, the

presence of cadmium only slightly affects the adsorption of lead, and even if the concentration of

the competitive ion is increased, the capacity varies only slightly.

Figure 9 shows the experimental data in three dimensions, represented by the extended

Freundlich multicomponent isotherm (EFMI) model, which reported the lowest percentage

deviation among the isotherm models used to describe the data.
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Figure 9. Multicomponent adsorption isotherms of (a) Cd(II) and (b) Pb(II) on Sargassum biomass
at T =25 °C and pH = 5.0. Adsorption surfaces are predicted with the EFMI model.

The dependence of Pb(II) adsorption on the Cd(II) concentration is clearly seen in Fig. 9. The
adsorption of Pb(II) was vaguely affected by Cd(II). This results shown that Pb(II) ions show
higher affinity for the active sites of Sargassum biomass than for Cd(II) ions, which is also visible

in the shape of the single-component isotherms.

The selectivity ratio, S, calculated as reported by Medellin-Castillo et al., 2017, when the
Pb(II) and Cd(II) concentration are equal to 4.0 meq L' (adsorption capacities are predicted from
the single adsorption isotherms) has a value of 2.42. Though, S was found to be equal to 5.22 when
the adsorption capacities were predicted using the EFMI model. Then, Pb(II) showed strong
antagonism in the Cd(II) adsorption, although Cd(II) did not considerably affect the uptake of
Pb(1D).

3.8 Effect of temperature in the Cd (II) and Pb(II) adsorption onto Sargassum biomass

Fig. 10 demonstrates the effect of temperature on the adsorption capacity of Pb(Il) and Cd(II) on
Sargassum biomass. The procedure described for monocomponent adsorption was followed with

the optimized conditions at 15 and 35 °C.
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Figure 10. Effect of temperature on the adsorption capacity of (a) Cd(II) and (b) Pb(II) on

Sargassum biomass.
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In the previous figure it is observed that an increase in temperature during the sorption process
brings about an increase in the adsorbent capacity throughout the studied range. Therefore, in this
case, the enthalpy variation is positive, being an endothermic adsorption process. Similar results
were obtained by Aksu, 2001 for cadmium adsorption on C. vulgaris and by Aravindhan et al.,

2009 for dye removal on Caulerpa scalpelliformis.

The determination of the entropy and enthalpy of the sorption process are key to determine
whether the sorption process occurs spontaneously or not from a thermodynamic point of view.
The adsorption process of Pb(II), like that of Cd(II), on biomass can be assumed to be the following

reversible, heterogeneous equilibrium:
Pb%**(aq) © Pb?* — algae biomass
For this equilibrium, the AG® can be determined by the following equation:
AG® = —RTInkK?
The relationship between K2 and the temperature is presented in the Van't Hoff equation:

AS®  AH®
R RT

Ink? =

The adsorption entropy change, AS°, and the enthalpy change, AH®, is obtained from the
regression line of InK? vs 1/T. These parameters are calculated using the Langmuir isotherm,

replacing the equilibrium constant K2 by the Langmuir constant (Ky).

Table 5 shows the thermodynamic parameters of adsorption, determined with the values of

capacity and concentrations at equilibrium at the three selected temperatures.

Table 5. Thermodynamic parameters for adsorption of Pb(Il) and Cd(II) on Sargassum

biomass.
T (°C) AG® (k] mol™) AH® (k] mol™) AS° (k] mol"t K1)
Cd Pb Cd Pb Cd Pb
15 -1.54 -3.32
25 -2.31 -4.44 24.35 37.06 0.09 0.14
35 -3.34 -6.12

The thermodynamic treatment of lead and cadmium adsorption on biomass indicates that the
values of AG® at all temperatures is negative. This result points out that chemisorption is a

favourable and spontaneous mechanism for sorption of the ions on biomass (Pahlavanzadeh et al.,
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2010). The positive value for AH® shows the endothermic nature of the process and reaffirms that

it is chemisorption that mostly governs the adsorption process in this case (He et al., 2010).

The relatively high modular AH® values reaffirm the possibility that a chemisorption process
is occurring (Gupta & Rastogi, 2008; Thilagan et al., 2013). The positive AS® values observed are
evidence of the randomness of the solid-solution interface during the adsorption process of lead
and cadmium ions to biomass (Pahlavanzadeh et al., 2010), as well as being indicative of the

affinity of the adsorbent for ions in solution (Saeed & Sun, 2011; Sivakumar & Palanisamy, 2009).
4. Conclusions

The physicochemical characterization of the biomass of Sargassum spp. collected in the Mexican
Caribbean showed that both the morphology and the chemical composition of the cell wall favour
the process of incorporation of metallic element ions into the cell wall. The study of the equilibrium
and the thermodynamic treatment of adsorption allowed verifying that chemisorption processes

could exist during the retention of Pb(Il) and Cd(II) on the natural biomass of Sargassum spp.

The adsorption capacity for Cd(II) and Pb(II) are slightly higher than 240 mg g! and 350
mg g, respectively. These values are also higher than those reported by other authors for materials
of similar nature, and than those obtained for some conventional and novel adsorbents. When both
chemical elements are simultaneously in solution, it is observed that Sargassum spp. biomass
shows higher affinity for Pb(Il) than for Cd(II) cations. The thermodynamic treatment of lead and
cadmium adsorption on the biomass indicates that the values of AG® at all temperatures is negative

indicating a spontaneous process.

The results obtained in this work demonstrate that Sargassum spp. biomass is an excellent
alternative for the removal of heavy metal elements such as cadmium and lead, compared to other
more traditional adsorbents, or even novel adsorbents. The composition of the biomass as well as
its physical and chemical properties make it a promising adsorbent, especially because it is a
material that is usually considered a waste and that generates enormous damage to the economy

and coastal ecosystems of the Caribbean region of Mexico.
5. References
Adeogun, A. 1., Idowu, M. A., Ofudje, A. E., Kareem, S. O., & Ahmed, S. A. (2013). Comparative

biosorption of Mn (II) and Pb (II) ions on raw and oxalic acid modified maize husk: kinetic,

163



thermodynamic and isothermal studies. Applied Water Science, 3(1), 167—179.

Ahmady-Asbchin, S., & Jafari, N. (2012). Physicochemical studies of copper (II) biosorption from
wastewater by marine brown algae Sargassum angustifolium C. Agardh (Fucales,

Phaeophyceae). International Journal on Algae, 14(4).

Aksu, Z. (2001). Equilibrium and kinetic modelling of cadmium (II) biosorption by C. vulgaris in
a batch system: effect of temperature. Separation and Purification Technology, 21(3), 285—
294,

Andrade, A. D., Rollemberg, M. C. E., & Nobrega, J. A. (2005). Proton and metal binding capacity
of the green freshwater alga Chaetophora elegans. Process Biochemistry, 40(5), 1931-1936.

Aravindhan, R., Rao, J. R., & Nair, B. U. (2009). Preparation and characterization of activated
carbon from marine macro-algal biomass. Journal of Hazardous Materials, 162(2-3), 688—

694.

Bayuo, J., Pelig-Ba, K. B., & Abukari, M. A. (2018). Isotherm modeling of lead (II) adsorption
from aqueous solution using groundnut shell as a low-cost adsorbent. IOSR J App! Chem

(I0OSR-JAC), 11(11), 18-23.

Blanco, D. E., Llanos, B., Cuizano, N. A., Maldonado, H. J., & Navarro, A. E. (2005).
Optimizacion de la adsorcion de cadmio divalente en Lessonia trabeculata mediante

reticulacion con CaCl~ 2~ 7. REVISTA-SOCIEDAD QUIMICA DEL PERU, 71(4), 237.

Casas-Valdez, M., Hernandez-Contreras, H., Marin-Alvarez, A., Aguila-Ramirez, R. N.,
Hernandez-Guerrero, C. J., Sdnchez-Rodriguez, 1., & Carrillo-Dominguez, S. (2006). El alga
marina Sargassum (Sargassaceae): una alternativa tropical para la alimentacion de ganado

caprino. Revista de Biologia Tropical, 54(1), 83-92.

Cuizano, N., & Navarro, A. (2008). Biosorcién de metales pesados por algas marinas: Posible
solucién a la contaminacion a bajas concentraciones. In Anales de la Real Sociedad Espariola

de Quimica, ISSN 1575-3417, N°. 2, 2008, pags. 120-125 (Vol. 104).

Davis, T. A., Volesky, B., & Mucci, A. (2003). A review of the biochemistry of heavy metal
biosorption by brown algae. Water Research, 37(18), 4311-4330.

Devault, D. A., Modestin, E., Cottereau, V., Vedie, F., Stiger-Pouvreau, V., Pierre, R., Coynel, A.,

164



& Dolique, F. (2021). The silent spring of Sargassum. Environmental Science and Pollution
Research, 1-4.

Fourest, E., & Volesky, B. (1995). Contribution of sulfonate groups and alginate to heavy metal
biosorption by the dry biomass of Sargassum fluitans. Environmental Science & Technology,

30(1), 277-282.

Gonzélez-Fernandez, L. A., Medellin-Castillo, N. A., Ocampo-Pérez, R., Hernandez-Mendoza,
H., Berber-Mendoza, M. S., & Aldama-Aguilera, C. (2021). Equilibrium and kinetic
modelling of triclosan adsorption on Single-Walled Carbon Nanotubes. Journal of

Environmental Chemical Engineering, 106382. https://doi.org/10.1016/J.JECE.2021.106382

Gonzélez, F., Romera, E., Ballester, A., Blazquez, M. L., Mufoz, J. A., & Garcia-Balboa, C.
(2011). Algal biosorption and biosorbents. In Microbial biosorption of metals (pp. 159-178).
Springer.

Gupta, V. K., & Rastogi, A. (2008). Biosorption of lead from aqueous solutions by green algae
Spirogyra species: kinetics and equilibrium studies. Journal of Hazardous Materials, 152(1),

407-414.

Hannachi, Y., & Hafidh, A. (2020). Biosorption potential of Sargassum muticum algal biomass
for methylene blue and lead removal from aqueous medium. International Journal of

Environmental Science and Technology, 17(9), 3875-3890.

He, J., Hong, S., Zhang, L., Gan, F., & Ho, Y.-S. (2010). Equilibrium and thermodynamic
parameters of adsorption of methylene blue onto rectorite. Fresenius Environmental Bulletin,

19(11), 2651-2656.

Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B., & Beeregowda, K. N. (2014). Toxicity,

mechanism and health effects of some heavy metals. Interdisciplinary Toxicology, 7(2), 60.

Katchalsky, A., & Miller, 1. R. (1954). Polyampholytes. Journal of Polymer Science, 13(68), 57—
68.

Katchalsky, A., Shavit, N., & Eisenberg, H. (1954). Dissociation of weak polymeric acids and
bases. Journal of Polymer Science, 13(68), 69—84.

Kim, S.-S., Ly, H. V., Kim, J., Choi, J. H., & Woo, H. C. (2013). Thermogravimetric

165



characteristics and pyrolysis kinetics of Alga Sagarssum sp. biomass. Bioresource

Technology, 139, 242-248.

Kleiniibing, S. J., Vieira, R. S., Beppu, M. M., Guibal, E., & Silva, M. G. C. da. (2010).
Characterization and evaluation of copper and nickel biosorption on acidic algae Sargassum

filipendula. Materials Research, 13(4), 541-550.

Kumar, P. S., Pavithra, J., Suriya, S., Ramesh, M., & Kumar, K. A. (2015). Sargassum wightii, a
marine alga is the source for the production of algal oil, bio-oil, and application in the dye

wastewater treatment. Desalination and Water Treatment, 55(5), 1342—1358.

Matheickal, J. T., Yu, Q., & Woodburn, G. M. (1999). Biosorption of cadmium (II) from aqueous
solutions by pre-treated biomass of marine alga Durvillaea potatorum. Water Research, 33(2),

335-342.

Mattio, L., Payri, C. E., & Stiger-Pouvreau, V. (2008). TAXONOMIC REVISION OF
SARGASSUM (FUCALES, PHAEOPHYCEAE) FROM FRENCH POLYNESIA BASED
ON MORPHOLOGICAL AND MOLECULAR ANALYSES 1. Journal of Phycology, 44(6),
1541-1555.

Medellin-Castillo, N. A., Padilla-Ortega, E., Regules-Martinez, M. C., Leyva-Ramos, R.,
Ocampo-Pérez, R., & Carranza-Alvarez, C. (2017). Single and competitive adsorption of Cd
(IT) and Pb (II) ions from aqueous solutions onto industrial chili seeds (Capsicum annuum)

waste. Sustainable Environment Research, 27(2), 61-69.

Moghazy, R. M., Labena, A., & Husien, S. (2019). Eco-friendly complementary biosorption
process of methylene blue using micro-sized dried biosorbents of two macro-algal species
(Ulva fasciata and Sargassum dentifolium): Full factorial design, equilibrium, and kinetic

studies. International Journal of Biological Macromolecules, 134, 330-343.

Naja, G., & Volesky, B. (2011). The mechanism of metal cation and anion biosorption. In
Microbial biosorption of metals (pp. 19-58). Springer.

Nakamoto, K. (2006). Infrared and R aman spectra of inorganic and coordination compounds.

Handbook of Vibrational Spectroscopy.

Pahlavanzadeh, H., Keshtkar, A. R., Safdari, J., & Abadi, Z. (2010). Biosorption of nickel (II)
from aqueous solution by brown algae: Equilibrium, dynamic and thermodynamic studies.

166



Journal of Hazardous Materials, 175(1-3), 304-310.

Pifia Leyte-Vidal, J. J., Gonzalez-Fernandez, L. A., Gutiérrez-Artiles, O., Marquez-Llauger, L., &
Del Cristo, T. A. (2019). Caracterizacion de tres bioindicadores de contaminacion por metales

pesados. Revista Cubana de Quimica, 31(2), 293-308.

Radke, C. J., & Prausnitz, J. M. (1972). Adsorption of organic solutes from dilute aqueous solution
of activated carbon. Industrial & Engineering Chemistry Fundamentals, 11(4), 445-451.

Saeed, T., & Sun, G. (2011). A comparative study on the removal of nutrients and organic matter
in wetland reactors employing organic media. Chemical Engineering Journal, 171(2), 439—

447.

Saetan, U., Nontasak, P., Palasin, K., Saelim, H., Wonglapsuwan, M., Mayakun, J., Pongparadon,
S., & Chotigeat, W. (2021). Potential health benefits of fucoidan from the brown seaweeds
Sargassum plagiophyllum and Sargassum polycystum. Journal of Applied Phycology, 1-8.

Sanchez-Silva, L., Lopez-Gonzélez, D., Villasefior, J., Sanchez, P., & Valverde, J. L. (2012).
Thermogravimetric—mass spectrometric analysis of lignocellulosic and marine biomass

pyrolysis. Bioresource Technology, 109, 163—172.

Sheng, P. X., Ting, Y.-P., Chen, J. P., & Hong, L. (2004). Sorption of lead, copper, cadmium, zinc,
and nickel by marine algal biomass: characterization of biosorptive capacity and investigation

of mechanisms. Journal of Colloid and Interface Science, 275(1), 131-141.

Sierra-Vélez, L., & Alvarez-Leon, R. (2009). Comparacion Bromatologica de las algas nativas
(Gracilariopsis tenuifrons, Sargassum filipendula) y exoticas (Kappaphycus Alvarezii) del
caribe colombiano. Boletin Cientifico. Centro de Museos. Museo de Historia Natural, 13(2),

17-25.

Silva, V. M. da, Silva, L. A., Andrade, J. B. de, Veloso, M. C., & Santos, G. V. (2008).
Determination of moisture content and water activity in algae and fish by thermoanalytical

techniques. Quimica Nova, 31(4), 901-905.

Sivakumar, P., & Palanisamy, P. N. (2009). Adsorption studies of basic Red 29 by a non-
conventional activated carbon prepared from Euphorbia antiquorum L. Int. J. Chem. Tech.

Res, 1(3), 502-510.

167



Tarbaoui, M., Oumam, M., Fourmentin, S., Benzina, M., Bennamara, A., & Abourriche, A. (2016).
Development of A New Biosorbent Based on The Extract Residue of Marine Alga Sargassum

Vulgare: Application in Biosorption of Volatile Organic Compounds. World Journal of
Innovative Research, 1(2), 262563.

Thilagan, J., Gopalakrishnan, S., & Kannadasan, T. (2013). Thermodynamic study on adsorption
of Copper (II) ions in aqueous solution by Chitosan blended with Cellulose & cross linked by
Formaldehyde, Chitosan immobilised on Red Soil, Chitosan reinforced by Banana stem fibre.

International Journal of Scientific Research Engineering & Technology, 2(1).

Tong, Y., Mayer, B. K., & McNamara, P. J. (2016). Triclosan adsorption using wastewater
biosolids-derived biochar. Environmental Science: Water Research & Technology, 2(4), 761—
768.

Villanueva, R. O. C. (2000). Biosorption of heavy metals by use of microbial biomass. Revista
Latinoamericana de Microbiologia, 42(3), 131-143.

Wang, S., Hu, Y., He, Z., Wang, Q., & Xu, S. (2017). Study of pyrolytic mechanisms of seaweed
based on different components (soluble polysaccharides, proteins, and ash). Journal of

Renewable and Sustainable Energy, 9(2), 23102.

Yang, L., & Chen, J. P. (2008). Biosorption of hexavalent chromium onto raw and chemically
modified Sargassum sp. Bioresource Technology, 99(2), 297-307.

168



Paper 3: Algal-Based Carbonaceous Materials for Environmental Remediation: Advances

in Wastewater Treatment, Carbon Sequestration, and Biofuel Applications

Journal: Processes

Impact Factor (JCR): 2.8

Quartile: Q2

Volume: 13(2)

ISSN (electronic): 2227-9717

https://doi.org/10.3390/pr13020556

https://www.mdpi.com/2227-9717/13/2/556

169



Algal-Based Carbonaceous Materials for Environmental Remediation: Advances in

Wastewater Treatment, Carbon Sequestration, and Biofuel Applications

Lazaro Adrian Gonzdlez Ferndndez % *, Nahum Andrés Medellin Castillo "> *, Manuel Sanchez Polo 2, Amado

Enrique Navarro Frometa * and Javier Ernesto Vilasé Cadre ’

Multidisciplinary Postgraduate Program in Environmental Sciences, Av. Manuel Nava 201, 2nd. Floor, University
Zone, San Luis Potosi 78000, Mexico

Faculty of Sciences, University of Granada, 18071 Granada, Spain, mansanch@ugr.es

Center for Research and Postgraduate Studies, Faculty of Engineering, Autonomous University of San Luis Potosi,
Dr. Manuel Nava No. 8, West University Zone, San Luis Potosi 78290, Mexico

Food and Environmental Technology Department, Technological University of Izucar de Matamoros, De Reforma
168, Campestre La Paz, Iziicar de Matamoros 74420, Mexico; navarro4899@gmail.com

Institute of Metallurgy, Autonomous University of San Luis Potosi, Sierra Leona Av. 550, Lomas 2nd Section, San
Luis Potosi 78210, Mexico; a321418@alumnos.uaslp.mx

* Correspondence: lazaroadrian1995@gmail.com (L.A.G.F.); nahum.medellin@uaslp.mx (N.A.M.C.)

Abstract: Water pollution from industrial, municipal, and agricultural sources is a pressing global
concern, necessitating the development of sustainable and efficient treatment solutions. Algal
biomass has emerged as a promising feedstock for the production of carbonaceous adsorbents due
to its rapid growth, high photosynthetic efficiency, and ability to thrive in wastewater. This review
examines the conversion of algal biomass into biochar and hydrochar through pyrolysis and
hydrothermal processes, respectively, and evaluates their potential applications in wastewater
treatment, carbon sequestration, and biofuel production. Pyrolyzed algal biochars typically exhibit
a moderate to high carbon content and a porous structure but require activation treatments (e.g.,
KOH or ZnCl) to enhance their surface area and adsorption capabilities. Hydrothermal
carbonization, conducted at lower temperatures (180-260 °C), produces hydrochars rich in
oxygenated functional groups with enhanced cation exchange capacities, making them effective
for pollutant removal. Algal-derived biochars and hydrochars have been successfully applied for
the adsorption of heavy metals, dyes, and pharmaceutical contaminants, with adsorption capacities
significantly increasing through post-treatment modifications. Beyond wastewater treatment, algal
biochars serve as effective carbon sequestration materials due to their stable structure and high
carbon retention. Their application as soil amendments enhances long-term carbon storage and
improves soil fertility. Additionally, algal biomass plays a key role in biofuel production,

particularly for biodiesel synthesis, where microalgae’s high lipid content facilitates bio-oil
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generation. Hydrochars, with energy values in the range of 20-26 MJ/kg, are viable solid fuels for
combustion and co-firing, supporting renewable energy generation. Furthermore, the integration
of these materials into bioenergy systems allows for waste valorization, pollution control, and
energy recovery, contributing to a sustainable circular economy. This review provides a
comprehensive analysis of algal-derived biochars and hydrochars, emphasizing their
physicochemical properties, adsorption performance, and post-treatment modifications. It explores
their feasibility for large-scale wastewater remediation, carbon capture, and bioenergy
applications, addressing current challenges and future research directions. By advancing the
understanding of algal biomass as a multifunctional resource, this study highlights its potential for

environmental sustainability and energy innovation.

Keywords: algal biochar;  hydrothermal  carbonization,  wastewater  treatment;

carbon sequestration; biofuel production

1. Introduction

Water pollution from industrial, municipal, and agricultural sources remains a critical
global challenge, necessitating innovative and sustainable approaches for wastewater treatment.
Conventional treatment methods, such as coagulation, flocculation, ion exchange, and membrane
technologies, while effective, are often hindered by high operational costs, energy consumption,
and the generation of secondary pollutants [1]. Consequently, the development of cost-effective,
environmentally friendly, and efficient adsorbents has become imperative. Algal biomass,
characterized by rapid growth rates, high photosynthetic efficiency, and the ability to thrive on
non-arable land and wastewater, emerges as a promising feedstock for the production of
carbonaceous adsorbents [2]. Conventional methods, such as activated carbon adsorption,
membrane filtration, and advanced oxidation processes, are widely used for removing
contaminants from water. Activated carbon, for instance, is highly effective in adsorbing organic
pollutants, but its high operational cost and limited reusability are key drawbacks. Membrane
filtration techniques, including reverse osmosis, provide excellent removal of dissolved
contaminants but often suffer from issues like membrane fouling and high energy consumption.
Advanced oxidation processes, such as ozonation and UV-H:O,, are effective in degrading
persistent contaminants but can be energy-intensive and require careful handling of reactive

chemicals [3]. In contrast, biochar and hydrochar are emerging as promising alternatives in the
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field of water treatment. Derived from biomass via pyrolysis or hydrothermal carbonization, both
materials offer high surface areas and porous structures, making them efficient adsorbents for
various contaminants. Biochar and hydrochar are not only cost-effective and sustainable but also
exhibit the potential for reusability and regeneration, thus addressing some of the limitations of
traditional methods. This paper explores the effectiveness of these materials for water remediation,
comparing them to conventional techniques in terms of performance, sustainability, and economic
feasibility [4].

Among the various conversion techniques, pyrolysis stands out as a widely used
thermochemical method for transforming algal biomass into biochar under oxygen-limited
conditions. Algal biochar typically exhibits a porous structure, a moderate to high carbon content,
and oxygenated functional groups, with pyrolysis temperatures ranging from 300 to 650 °C.
However, its surface area (1-50 m?/g) is often smaller than that of terrestrial biochars, necessitating
activation processes, such as KOH or ZnCl; treatments, to enhance adsorptive performance [5,6].
Alternatively, hydrothermal processes provide efficient pathways for wet algal biomass
conversion. Hydrothermal carbonization, conducted at moderate temperatures (180-260 °C),
produces hydrochar, a carbon-rich solid with high concentrations of oxygenated functional groups
and enhanced cation-exchange capacities, making it particularly effective for wastewater treatment
[7].

Hydrothermal liquefaction, primarily designed for biocrude oil production, also generates
solid residues with potential adsorptive applications [8]. Post-treatment modifications play a
crucial role in optimizing the performance of algal-derived biochars and hydrochars. Chemical
activation using agents such as KOH, ZnCl,, or acidic treatments significantly enhances surface
area, porosity, and functional group diversity, which are essential for efficient pollutant adsorption.
For instance, KOH activation has been reported to increase the BET surface area of algal hydrochar
by up to two orders of magnitude, leading to improved removal efficiencies for heavy metals and
organic dyes [9]. Additionally, algal chars exhibit a moderate to high carbon content (10—-60%)
and high ash levels, which, while detrimental for fuel applications, can be advantageous for
wastewater treatment due to the presence of mineral components that enhance cation-exchange
capacity [10]. In practical applications, algal-derived carbonaceous materials have demonstrated
efficacy in removing heavy metals such as Pb, Cd, Cu, and Cr through mechanisms such as ion

exchange and surface complexation. For example, HTC-derived hydrochar from Sargassum
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hornerri has shown high efficiency in Cr removal, while biochars from Chlorella vulgaris exhibit
significant Cd adsorption capacities. Furthermore, algal-based adsorbents have proven effective in
mitigating dye pollution from the textile industry, with activated hydrochars achieving adsorption
capacities of up to 714 mg/g for methylene blue (MB), facilitated by an optimized surface area and
functional group composition [11]. Similarly, pharmaceutical contaminants, including antibiotics
and endocrine disruptors, have been effectively removed using chemically activated algal chars,
which exhibit increased nitrogen-rich functional groups that enhance affinity for pharmaceutical
molecules. Beyond wastewater treatment, algal biochars and hydrochars offer additional
environmental benefits, including their use as soil amendments. Their nutrient-rich composition
improves soil fertility and water retention, promoting sustainable agricultural practices.

Beyond wastewater treatment, algal chars have demonstrated significant potential in
carbon capture, sequestration, and storage. Due to their high carbon content and stable structure,
these materials can act as long-term carbon sinks, effectively reducing atmospheric CO; levels.
Algal biochars have been explored for their ability to adsorb CO; and store it in a stable form,
making them valuable in climate change mitigation strategies. Their porous nature and functional
group composition enhance their CO; uptake capacity, providing a renewable and sustainable
approach to carbon sequestration. Furthermore, algal biochars can be utilized as soil amendments
to promote carbon retention in agricultural lands, further contributing to long-term carbon storage
and improved soil health [12].

Algal biomass also plays a crucial role in biofuel production, offering a renewable
alternative to fossil fuels. Microalgae, with their high lipid content and rapid growth rates, are
particularly promising candidates for biodiesel production. Thermochemical processes such as
pyrolysis and hydrothermal liquefaction can convert algal biomass into bio-oil, which can be
further upgraded into transportation fuels. Additionally, algal biochars derived from biofuel
production residues can be repurposed for environmental applications, creating a closed-loop
system that maximizes resource efficiency. The integration of algal biochars into bioenergy
systems not only supports sustainable fuel production but also provides additional environmental
benefits, such as waste valorization and carbon reduction [13].

Moreover, the use of algal hydrochars in bioenergy applications extends beyond liquid
fuels. With energy values ranging from 20 to 26 MJ/kg, algal hydrochars can be utilized as solid

fuels for direct combustion or co-firing with conventional fuels. Their high carbon content and
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energy density make them a viable option for renewable energy generation. Additionally,
advancements in hydrochar activation techniques can enhance their properties, making them
suitable for use in fuel cells, gasification, and other advanced energy applications [14]. By
integrating algal-derived biochars and hydrochars into carbon capture and bioenergy frameworks,
a sustainable and multifunctional approach to environmental management can be achieved.

This review aims to provide a comprehensive analysis of the potential of algal-derived
biochars and hydrochars as adsorbents for wastewater treatment while evaluating their
physicochemical properties and the role of post-treatment modifications in enhancing adsorption
efficiency. Additionally, it explores the feasibility of integrating these materials into large-scale
wastewater remediation processes and their potential applications in bioenergy generation, carbon
capture, and sequestration. By critically examining the current state of research and identifying
key challenges, this study seeks to advance the understanding of algal biomass as a versatile and

sustainable solution for environmental remediation.

2. Bibliography Analysis

This review was carried out through a structured approach involving the collection,
classification, analysis, and synthesis of information following the PRISMA guidelines [15]. The
process commenced with comprehensive literature searches across prominent academic databases,
such as Web of Science, Scopus, and CNKI, with a focus on peer-reviewed journal articles to
compile the most recent advancements in algae-based technologies for environmental applications.
After a thorough screening of abstracts based on predefined inclusion criteria (relevance to algae-
based environmental applications, peer-reviewed journal articles, publication date, availability of
full text, language, scientific quality, and exclusion of redundant studies), 1245 papers were
selected for an in-depth full-text review. Ultimately, approximately 190 studies were incorporated
into this analysis. Furthermore, additional data were gathered from publicly accessible sources,
including reports from international organizations, governmental publications, and corporate
websites. The reviewed literature spans several decades, covering research from the 1970s to 2024.
By critically evaluating existing algae-based technologies for environmental applications, this
review highlights current limitations and challenges while suggesting potential solutions and future

research directions for further development.
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3. Algae and Algal-Based Materials

Algae are a diverse group of photosynthetic organisms commonly found in aquatic
environments. They exhibit a wide range of structural complexities, from unicellular microscopic
forms to large multicellular species. As a polyphyletic group, algae include both prokaryotic
species, such as cyanobacteria (blue-green algae), and eukaryotic species like green algae
(Chlorophyceae), diatoms (Bacillariophyceae), and golden algae (Chrysophyceae) [16]. These
organisms play a fundamental role in global ecosystems by contributing to primary production,
supporting food chains, and maintaining biodiversity [17].

Algae are composed of essential biological compounds, including proteins, lipids,
carbohydrates, cellulose, vitamins, minerals, and unique bioactive substances such as
polysaccharides and pigments. The precise composition varies among species, influencing their
applications in various industries. Key biochemical components—Iipids, carbohydrates, and
proteins—are particularly valuable for producing biofuels, pharmaceuticals, cosmetics, and food
products [8,18].

Algae are generally categorized into two main groups based on their size and structural
characteristics: macroalgae and microalgae (Figure 1). Macroalgae, often referred to as seaweeds,
are large, multicellular organisms commonly found in marine environments, where they attach to
surfaces such as rocks and coral reefs. Although their growth rate is relatively slow, their
substantial biomass contributes significantly to carbon sequestration [19].

In contrast, microalgae are microscopic, single-celled organisms that thrive in a wide range
of aquatic environments, including freshwater, brackish water, and marine systems. These
organisms exhibit high photosynthetic efficiency and rapid reproduction, making them well-suited
for large-scale biomass production [20]. Despite their structural differences, both macroalgae and
microalgae play critical roles in carbon capture, utilization, and storage, making them valuable

components of sustainable environmental and bioenergy solutions.

()
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Figure 1. Diagram of algal structures: (a) Porphyra umbilicalis (macroalgae); (b) Scenedesmus
(microalgae). Reproduced from Pereira, 2021 [21], under terms of Creative Commons Attribution

(CC BY) license.
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Environmental conditions exert a significant influence on the biochemical composition of
algae, thereby affecting the characteristics of the carbon materials derived from them. Light
intensity, for instance, plays a critical role in photosynthetic efficiency and carbon fixation. Under
optimal light conditions, algae efficiently convert inorganic carbon into organic molecules,
resulting in a biomass rich in structural carbohydrates and other carbon-based compounds.
However, excessive light exposure can induce photo-oxidative stress, prompting the algae to
synthesize protective compounds such as carotenoids and specific polysaccharides. These
adaptations not only mitigate cellular damage but also modify the overall carbon profile of the
algal biomass [22].

Temperature is another crucial factor that affects metabolic rates and enzymatic activities
in algae. Moderate increases in temperature generally enhance metabolic processes and promote
efficient carbon assimilation, while extreme temperatures may lead to stress responses that shift
metabolic pathways. Under such stress, algae often redirect carbon flux from growth-related
processes to the accumulation of storage compounds, including lipids and carbohydrates. This shift
in metabolic balance can alter both the quality and the quantity of carbon materials available for
downstream applications [23]. Nutrient availability further modulates the carbon composition;
nutrient-limited conditions typically result in an elevated carbon-to-nitrogen ratio as algae divert
fixed carbon into storage molecules rather than growth. Elevated CO2 concentrations also enhance
photosynthetic carbon fixation, potentially increasing the proportion of carbon incorporated into
structural and storage compounds [24].

Additionally, variations in pH and salinity introduce osmotic and ionic stresses that
influence cell wall composition and the synthesis of compatible solutes. Such environmental
stresses lead to modifications in the types and arrangements of carbon-rich biomolecules within
the cells, ultimately impacting the structural properties and reactivity of the derived carbon
materials. The cumulative effects of these environmental parameters are especially important when
algal biomass is employed as a feedstock for biofuels, biochar, or activated carbon production,
where the nature of the precursor material directly determines the performance characteristics of
the final product [22].

Future global conditions, particularly those driven by climate change, are poised to
significantly influence the production and exploitation of new carbon materials. Climate change,

characterized by rising global temperatures, altered precipitation patterns, and increased
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atmospheric CO; concentrations, directly impacts the biomass sources used as precursors in carbon
material production. For instance, variations in these environmental parameters may affect the
growth rates and biochemical composition of algae, a critical feedstock, thereby altering both the
efficiency of carbon fixation and the quality of the resulting carbon materials [2].

In addition to these direct impacts on biomass productivity, the increased frequency and
intensity of extreme weather events—such as droughts, floods, and storms—pose considerable
challenges to the stability of biomass production systems. Such events can disrupt the availability
of essential resources, including water and nutrients, which are vital for consistent and high-quality
biomass cultivation. Consequently, these fluctuations can lead to variability in the raw materials
used for carbon synthesis, potentially affecting the efficiency, scalability, and economic viability
of production processes. Moreover, the broader implications of climate change are expected to
drive significant shifts in environmental policies and regulatory frameworks. As governments and
international bodies implement more stringent measures to mitigate climate change, industries
involved in the production of carbon materials may be compelled to adopt more sustainable
practices and technologies. This regulatory evolution is likely to incentivize investments in
research and development aimed at enhancing process efficiency, reducing environmental
footprints, and integrating renewable energy sources into production chains [25].

Given these multifaceted challenges and opportunities, it is imperative to adopt a
multidisciplinary approach that considers both the direct environmental impacts on biomass
precursors and the indirect effects mediated through policy and regulatory changes. Future
research should focus on developing adaptive strategies and robust process models that integrate
climate projections with technological innovations. Such an approach will be essential for ensuring
that the production and exploitation of new carbon materials remain resilient and sustainable in

the context of evolving global environmental conditions.

4. Algal-Based Hydrochars and Biochars for Pollutants Uptake

Over time, water used in industrial processes that becomes contaminated with heavy metals
has emerged as a critical environmental and public health issue. The rapid pace of industrialization
and urban growth has led to the persistent release of hazardous substances—including heavy
metals, synthetic dyes, pesticides, and various organic compounds—into river systems [26]. These

contaminants primarily originate from wastewater produced by industries such as textiles,
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electroplating, paper manufacturing, leather tanning, and food processing [27]. Given their toxic
and non-biodegradable nature, these pollutants tend to accumulate in the tissues of flora, fauna,
and humans, leading to severe health consequences such as central nervous system damage,
dermatitis, cancer, kidney failure, and impairments to liver and reproductive functions [2].

As aresult, it is essential to devise efficient and cost-effective methods for the removal of
heavy metals and other contaminants from industrial wastewater before its discharge into natural
water bodies. In an effort to overcome the limitations of traditional purification techniques, recent
research has increasingly explored the use of novel sorbents derived from renewable resources,
such as hydrochars [28,29]. Hydrochar is a carbon-rich material produced through the HTC
process, which involves the conversion of wet biomass into a solid, charcoal-like substance under
high temperature and pressure, typically in the presence of water. Unlike biochar, which is
produced through pyrolysis in the absence of oxygen, hydrochar is generated in an aqueous
environment, making it particularly suitable for processing moist feedstocks such as food waste,
agricultural residues, and algae. The HTC process typically occurs at temperatures ranging from
180 to 250 °C and pressures between 2 and 6 MPa [30]. Although hydrochars typically exhibit
relatively low surface area and porosity, the presence of chemically active functional groups—
namely ketone, carboxyl (COOH), and hydroxyl groups—on their surfaces endows them with
adequate adsorption capabilities [31]. Numerous studies have investigated the potential of
hydrochars produced from various precursors to adsorb heavy metals [32-34], dyes [11,35-37],
and pharmaceuticals [38—41] from aqueous solutions. Moreover, a range of modification
techniques have been applied to further enhance their adsorption capacity toward specific

pollutants. Figure 2 outlines the potential binding mechanisms involved.
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Figure 2. Possible mechanisms of interaction between hydrochar surfaces and (a) heavy metals,

(b) dyes, and (¢) pharmaceuticals. Images reused from Petrovi¢ et al., 2024 [42], in accordance

with Creative Commons Attribution license (CC BY).
Algal biomass has gained increasing attention as a renewable feedstock for the

development of sustainable carbonaceous materials. Among the various methods employed, HTC
has emerged as a versatile and eco-friendly technique for converting algae into hydrochars with a
high carbon content, a large surface area, and functional versatility. This section delves into studies

on hydrochars derived from Sargassum horneri, Sargassum muticum, and related algal sources,
focusing on their synthesis, physicochemical properties, and environmental applications (see Table

1).
Table 1. Physicochemical properties and adsorptive applications of algal-derived carbonaceous
Refs.

materials.
o Surface Area HHV Adsorption Capacity C L.
Adsorbent/Feedstock  Conditions Key Applications
(m¥g)  (MJ/kg) (mg/g) yoPp
Sargassum horneri. o0 210°C. 2= 6 318 20.8-25.1 - Solid fuel, energy [29]
16 h, citric acid recovery
Sar ti 180-300°C, 5y 94 90% (Rhodamine B) ~ Dye adsorption (1]
argassum muticum 60-300 min . . - ) y p
. 180-260 °C, Advanced
Sargassum-derived SAH KOH activation 1216-1404 - 714.29 (MB) adsorption [10]
200-300 °C, Adsorption and
Lignocellulosic biomass HTC and 800-1200 22.0-26.5 600 (MB) cartra)ll sis [6]
activation y
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. 150-300 °C, . Wastewater
Poultry litter hydrochar HTC 10-50 15.0-22.0 80-150 (various dyes) treatment [43]
° 90 (Naphthalene,
s00°C N1
Enteromorpha prolifera ZnCly/FeCls - - (Aczteérgl)n(é%hen, PAH removal [44]
activation (Phenanthrene, PHE)
700 °C
o . pyrolysis, ) i 69.8% (Bisphenol A, Organic pollutant
Aegagropila linnaei KOH/Fes0s BPA) removal [45]
loading
Microalgae-derived 450600 °C 218.4 and 744 Pharmaceutical
. . - - (Sulfamethoxazole, [46,47]
biochar pyrolysis STZ) waste removal
800 °C
Macr(l))ailcl)%i(;based pyrolysis, KOH - - 841.64 (MB) Dye removal [48]
activation
. 250 °C HTC, Heavy metal
Nannochloropsis sp. 7nCl, activation 12.56 - 34.15 (Cu) removal [49]
- . 450 °C .
Spirulina platensis pyrolysis 7.65 - 128.6 (MB) Dye adsorption [50]
350 °C .
Cladophora glomerata pyrolysis - - 104 (MB) Dye adsorption [51]
Eucheuma spinosum 600 C 200.74 - 331.97 (RR-120 azo Textile dye removal [52]
pyrolysis dye)
Chlorella vulgaris 250 °C HTC 8.5 ; 24.39 (Cd) Heavy metal [32]
removal
Sargassum hornerri 523 K HTC 14.12 - 330.84 (Cr) Heavy metal [53]
adsorption

A recent study by Rasam et al., 2021 [29], explored the HTC of Sargassum horneri under
varying conditions of temperature (180-210 °C), time (2—16 h), and catalyst loading (citric acid).
The hydrochar yield and properties were evaluated, including the Brunauer—Emmett—Teller (BET)
surface area, higher heating value (HHV), and energy recovery. The BET surface area of the
hydrochars varied significantly, ranging from 0.6 to 31.8 m?/g. The HHV ranged from 20.8 to 25.1
MJ/kg, highlighting the potential of S. horneri-derived hydrochar as a solid fuel. The energy
densification ratios increased with reaction severity, indicating effective dehydration and
decarboxylation during HTC. The optimization of HTC parameters was achieved using machine
learning models such as support vector machines and artificial neural networks. These predictive
tools enhanced the understanding of complex parameter interdependencies, enabling the design of
hydrochars with tailored properties for specific applications. For instance, small particle sizes and
higher catalyst loads were associated with higher BET surface areas and energy recovery

efficiencies, demonstrating the role of feedstock preparation and process intensification.
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Another study performed by Spagnuolo et al., 2023 [11], investigated hydrochars derived
from Sargassum muticum, emphasizing their application in removing Rhodamine B dye from
wastewater. Hydrochars were synthesized under HTC conditions ranging from 180 to 300 °C for
durations of 60 to 300 min. Characterization using FTIR, XPS, and SEM-EDX revealed the
presence of macroporous structures and oxygen-containing functional groups that enhanced
adsorption capabilities. Hydrochars obtained at lower temperatures (<180 °C) and shorter
durations (<60 min) showed the highest adsorption capacities for Rhodamine B, attributed to their
higher surface area and optimal functional group composition. Adsorption tests demonstrated
removal efficiencies exceeding 90% for Rhodamine B, even without chemical or physical
activation. The adsorption kinetics followed a pseudo-second-order model, indicating
chemisorption as the dominant mechanism. Chambers et al., 2024 [10], examined the production
of ultraporous superactivated hydrochar (SAH) from Sargassum using HTC followed by KOH
activation. The HTC process was conducted at temperatures of 180, 220, and 260 °C, while
activation enhanced the surface area, reaching up to 1404 m?/g. The resulting SAHs demonstrated
remarkable adsorption capacities for MB, reaching up to 714.29 mg/g at 37 °C.

This study identified key factors influencing adsorption, including solution pH, contact
time, and temperature. The optimal adsorption occurred at pH 12, with equilibrium reached within
24 h. Mechanistic insights revealed that pore filling and electrostatic attractions played critical
roles in the adsorption process. The Langmuir isotherm model provided the best fit for the data,
affirming monolayer adsorption behavior. Thermodynamic studies confirmed the spontaneity and
endothermic nature of the adsorption process, with increased temperatures enhancing dye uptake.
Comparing these studies highlights the versatility of HTC-derived hydrochars in addressing
environmental challenges. While S. horneri-based hydrochars excel in energy recovery and fuel
applications, S. muticum-derived hydrochars showcase high efficiency in dye removal from
aqueous solutions. The addition of KOH activation further transforms hydrochars into ultraporous
materials suitable for advanced adsorption applications. These findings underscore the potential of
algal biomass valorization to mitigate water pollution and reduce reliance on fossil-derived
adsorbents.

To promote environmental sustainability, Kim et al., 2023 [54], investigated the
simultaneous removal of Cu(Il) and Cr(VI) ions using a nitrogen-doped hydrochar synthesized

from corncob biomass. The hydrochar was chemically modified with NH4Cl, which significantly
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enhanced its adsorption efficiency, achieving capacities of 1.223 mmol/g for Cu(Il) and 1.995
mmol/g for Cr(VI), surpassing those of the unmodified hydrochar. An infrared spectroscopy
analysis indicated that redox reactions on the hydrochar surface led to an increase in deprotonated
imine groups, which contributed to additional Cu(Il) binding sites. Furthermore, under acidic
conditions (pH < pHpzc), the N-doped hydrochar exhibited a stronger affinity for Cr(VI) than
Cu(Il) due to electrostatic attraction. Additionally, a protonated amino-functionalized bamboo
hydrochar was synthesized by modifying bamboo-derived hydrochar with acryloyl chloride,
amine, and hydrochloric acid, and subsequently used for Cr(VI) adsorption [55]. The researchers
highlighted that the introduction of amine groups played a crucial role in enhancing adsorption
performance, achieving a capacity of 523.57 mg/g through electrostatic interactions that facilitated
pollutant removal.

A novel, cost-effective hydrochar composite synthesized from sawdust and modified with
magnesium and silicon (MgSi-HC) was employed for Cu(Ill) and Zn(II) removal. This
modification resulted in an increased specific area and a highly porous structure, significantly
improving its adsorption potential. Adsorption isotherm studies determined the maximum
adsorption capacities for Cu(Il) and Zn(II) as 214.7 mg/g and 227.3 mg/g, respectively [47]. The
adsorption mechanism involved multiple interactions, including electrostatic forces, hydrogen
bonding, n—n interactions, and pore filling. Furthermore, a calcium-enriched pyro-hydrochar
derived from spent mushroom substrate was evaluated for its ability to capture Pb(Il) and Cd(II)
from aqueous solutions. Based on the Freundlich isotherm model, the maximum sorption
capacities were 297 mg/g for Pb(Il) and 131 mg/g for Cd(Il) [56]. The removal process was
attributed to several mechanisms, including ion exchange, surface complexation, mineral
precipitation, and cation—m interactions.

The studies reviewed here highlight significant advancements in the modification of
hydrochar-based sorbents for heavy metal removal. These materials have shown remarkable
adsorption capacities and tunable surface chemistries, making them strong candidates for scalable
water purification technologies. However, despite these promising developments, several research
gaps remain unaddressed. One of the most pressing challenges is the limited real-world
applicability of these hydrochar-based adsorbents. Most adsorption studies are conducted in
controlled laboratory environments with synthetic wastewater, which does not accurately reflect

the complexity of real industrial effluents. Future studies should focus on evaluating these
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hydrochars under realistic conditions, including multi-component wastewater systems where
competition among ions might reduce adsorption efficiency. Another crucial gap lies in the long-
term stability and regeneration capacity of modified hydrochars. While adsorption efficiencies are
often reported, limited studies have assessed the desorption and reusability potential of these
materials. Investigating cost-effective and environmentally friendly regeneration techniques is
essential to making hydrochar-based sorbents viable for large-scale use.

Additionally, mechanistic insights into adsorption processes require further exploration.
While electrostatic interactions, hydrogen bonding, and n—r interactions have been proposed as
key adsorption mechanisms, advanced characterization techniques such as X-ray photoelectron
spectroscopy (XPS) and in situ spectroscopy should be more widely used to provide a molecular-
level understanding of metal binding on hydrochar surfaces. Another area of potential
advancement is the integration of hydrochar-based materials into engineered water treatment
systems. Rather than using hydrochars as standalone sorbents, incorporating them into hybrid
filtration systems or coupling them with membrane technologies could enhance their effectiveness
and sustainability. Research in this direction could improve metal ion capture rates while ensuring
the materials remain structurally intact over extended operational cycles.

Lastly, while hydrochar modifications using nitrogen, magnesium, silicon, and calcium
have shown great promise, exploring alternative modification strategies—such as bio-inspired
functionalization or nano-enhanced composites—could unlock even greater adsorption
efficiencies. In particular, the use of biopolymer coatings or graphene-based hybrids may improve
surface chemistry and expand the range of pollutants that hydrochars can target. As can be
observed, hydrochar-based sorbents offer a sustainable and cost-effective approach for heavy
metal removal, but their full potential remains untapped. Addressing the current limitations
through real-world testing, improved regeneration strategies, deeper mechanistic studies, and
advanced material integration will be critical to transitioning these adsorbents from the laboratory
to large-scale environmental applications. Algal-derived hydrochars offer a sustainable approach
to environmental remediation and energy recovery. Advancements in HTC and post-treatment
processes, such as activation, enable the tailoring of hydrochar properties to meet specific
application demands. Future research should focus on scaling up production, exploring hybrid

processes, and broadening the range of pollutants addressed by these versatile materials.
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Recent studies in the literature explore the applications and advancements of algae-based
biochar (ABB) in environmental remediation, emphasizing its role in water treatment, air pollution
control, and soil restoration. ABB is a specific type of biochar produced from algae biomass
through pyrolysis, a thermochemical process that involves heating the algae in the absence of
oxygen. Algae, being rich in carbon and other organic compounds, undergoes decomposition at
temperatures typically ranging from 300 to 700 °C, resulting in a porous, carbon-rich material.
The properties of algae-based biochar can vary depending on the species of algae used, as well as
the pyrolysis conditions [46]. Algae, owing to their rapid growth, ability to thrive in adverse
environments, and minimal resource demands, serve as an excellent feedstock for biochar
production [57]. ABB emerges as a sustainable solution for addressing global environmental
challenges due to its versatility, low cost, and renewable nature [58]. Biochar, produced through
pyrolysis, gasification, and other thermal processes, is renowned for its high porosity, large
specific surface area, and exceptional adsorption capacities [59] (see Table 1). Algae-based
biochars, derived from both microalgae and macroalgae, outperform terrestrial plant-based
biochars in several applications, primarily because of the unique composition of algae. Rich in
proteins, lipids, and carbohydrates, algae contribute to the creation of biochars with enhanced
functional groups and superior pollutant adsorption capabilities [60].

In water treatment, ABB has proven highly effective in removing a range of pollutants. For
instance, it demonstrates remarkable efficiency in adsorbing persistent organic pollutants like
polycyclic aromatic hydrocarbons (PAHs) [61,62], endocrine-disrupting chemicals (EDCs) [45],
and pharmaceutical residues [47,63,64]. Studies show that Enteromorpha prolifera-derived
biochar, activated with ZnCl, and FeCls, exhibited adsorption capacities of 90 mg/g for NAP, 51
mg/g for ACE, and 86 mg/g for PHE [44], showcasing its potential in wastewater treatment.
Similarly, algae-based biochars have been employed in the adsorption of antibiotics such as
tetracycline [65] and ciprofloxacin [64], with adsorption capacities reaching up to 384.6 mg/g
when biochars were modified with activators like ZnCl,. Furthermore, ABB is widely used in dye
removal, a significant challenge posed by the textile industry. Certain macroalgae-based biochars
demonstrated exceptional dye adsorption capacities, with malachite green removal reaching
5306.2 mg/g after pyrolysis at 800 °C [66]. These results underline ABB’s adaptability in treating

various industrial wastewater pollutants.
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In the realm of soil remediation, ABB plays a dual role in reducing contamination and
enhancing soil fertility [67]. Heavy metal contamination, a persistent issue in industrial and
agricultural zones, is effectively mitigated using ABB. For instance, biochars derived from blue
algae immobilized cadmium with an adsorption capacity of 135.7 mg/g [68]. In addition to heavy
metal remediation, ABB has shown promise in reducing pesticide residues and fluoride
contamination in soils. Hydroxyapatite-activated biochars have achieved defluorination
efficiencies of 79% [69], while biochars tailored for pesticide residue adsorption have reduced
environmental availability by over 80% [57]. Beyond pollutant mitigation, ABB significantly
improves soil properties by enhancing nutrient retention [70], cation exchange capacity [71], and
water-holding abilities [72]. When incorporated into agricultural practices, such as soybean
cultivation, ABB has been observed to boost yields by 119% [73].

ABB also demonstrates notable performance in air pollution control, particularly in
greenhouse gas adsorption and toxic gas removal [74]. For example, biochars doped with nitrogen
exhibit enhanced CO; adsorption capacities, reaching up to 4.21 mmol/g through advanced
activation methods like microwave-assisted KOH modification [75]. Similarly, ABB has been
utilized in the capture of hydrogen sulfide (H2S), a toxic gas commonly found in industrial
emissions, with adsorption capacities exceeding 8500 mg/kg when activated with H2SO4/H20:
[76]. The ability to modify ABB for specific pollutants makes it a versatile tool in combating air
pollution, particularly for challenging contaminants like mercury, where halide-modified biochars
have demonstrated removal efficiencies of over 90% [77].

Some studies thoroughly examine the various activation and modification techniques
employed to enhance ABB’s properties. Chemical activations, such as acid or alkali treatments,
improve porosity and introduce functional groups that boost adsorption performance. For instance,
KOH-modified biochars exhibited a 127% increase in CO> adsorption capacity [78]. Halide
modifications with agents like FeCl; and ZnCl, further enhance the removal efficiency of heavy
metals and organic pollutants [79,80]. Meanwhile, the integration of metal oxides like Fe2Os into
biochar structures not only improves catalytic properties but also facilitates the removal of
complex contaminants like uranium [81]. Among the more sustainable approaches, UV/H>0,
advanced oxidation processes provide a green alternative to conventional modification methods,

significantly enhancing ABB’s performance without contributing to secondary pollution.
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Despite its potential, ABB faces challenges that hinder its widespread application. Many
ABBs suffer from underdeveloped pore structures and limited active sites, which reduce their
adsorption capacities. Furthermore, preparation processes can sometimes release secondary
pollutants, necessitating a careful evaluation of ABB’s lifecycle impact, including its carbon
footprint and energy consumption. Economic feasibility also poses a significant challenge, as
scaling ABB production to industrial levels while maintaining performance enhancements can be
cost-prohibitive [46].

To address these limitations, future research should focus on developing multifunctional
biochars with co-doped elements and multidimensional structures to broaden their applicability.
Additionally, synergistic activation techniques combining physical and chemical methods could
overcome structural deficiencies. Comprehensive lifecycle assessments are essential to evaluate
ABB’s long-term environmental and economic impacts. Lastly, transitioning from laboratory
studies to field-scale applications will be crucial in validating ABB’s effectiveness and scalability
under real-world conditions. As a partial conclusion, algae-based biochar represents a
transformative material in environmental remediation, offering sustainable solutions for water,
soil, and air pollution. By addressing its current challenges through innovative modification
strategies and rigorous assessments, ABB holds the potential to become a cornerstone of
sustainable environmental management.

The adsorption capacities of various macroalgae and microalgae-derived biochars for
heavy metal removal from aqueous solutions have been extensively investigated under different
preparation conditions. Among the macroalgae, Macrocystis pyrifera exhibited a significant Cu**
adsorption capacity of 119.9 mg/g when subjected to pyrolysis at 450 °C under a N> atmosphere
for one hour, with intra-particle diffusion governing the adsorption kinetics [82]. Similarly, red
macroalgae treated via hydrothermal carbonization at 200 °C with FeCls impregnation achieved
an As** adsorption capacity of 3.8314 mg/g, following a Langmuir isotherm model and pseudo-
second-order kinetics [83].

Enteromorpha prolifera demonstrated notable Cd** adsorption properties under different
preparation methods. When pyrolyzed at 500 °C with KOH activation at 700 °C, the resulting
biochar had a Cd** adsorption capacity of 5.84 mg/g, following the Langmuir isotherm and pseudo-
second-order kinetics [84]. However, when pretreated with H;PO4 for 12 h before undergoing

pyrolysis at 500 °C, the adsorption capacity significantly increased to 423 mg/g, with intra-particle
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diffusion playing a crucial role [85]. Meanwhile, Ascophyllum nodosum biochar, derived from
pyrolysis at 700 °C followed by FeCl; and FeCl, coprecipitation, achieved a Cu?* adsorption
capacity of 53.19 mg/g, with pseudo-second-order kinetics dominating the adsorption process [86].
Among microalgae, Chlorella pyrenoidosa showed a remarkably high Ni** adsorption capacity of
201.18 mg/g when pyrolyzed at 600 °C with KOH activation, following the Langmuir isotherm
and pseudo-second-order kinetics [87]. Scenedesmus dimorphus exhibited a lower Co** adsorption
capacity of 0.672 mg/g when subjected to fast pyrolysis at 500 °C, following the Freundlich
isotherm and pseudo-second-order kinetics [88].

Other notable microalgae include Spirulina sp., which demonstrated Cu?* adsorption after
pyrolysis at 200 °C, with adsorption behavior aligning with the Redlich—Peterson isotherm and
pseudo-second-order kinetics [89]. Additionally, Chlorella sp. and Spirulina sp. biochars
pyrolyzed at 600 °C exhibited Pb** adsorption capacities of 131.41 mg/g and 154.51 mg/g,
respectively, both following Langmuir isotherm models and pseudo-second-order kinetics [90].
These findings underscore the potential of algae-derived biochars for heavy metal removal, with
adsorption efficiency being highly dependent on biomass type, preparation conditions, and
activation methods.

While algae-derived biochars and hydrochars show great promise for heavy metal removal
from aqueous environments, several challenges and research gaps must be addressed to optimize
their practical application. One of the primary concerns is the variability in the adsorption capacity
of these carbon materials, which depends on the algal species used as feedstock and the preparation
methods employed. As evident from previous studies, factors such as the pyrolysis temperature,
activation techniques, and chemical modifications significantly influence adsorption performance.
However, there is a lack of standardized protocols for optimizing these parameters, making it
difficult to compare results across studies and scale up the technology for real-world applications.

Additionally, while some biochars exhibit impressive adsorption capacities, others show
relatively low efficiency, particularly for metals such as Co** and As**. This raises concerns about
the selectivity of these materials and their ability to remove multiple contaminants simultaneously.
Future research should focus on enhancing the functionalization of biochars to improve selectivity
and binding affinity toward diverse pollutants. Advanced surface modification techniques, such as
doping with nanomaterials or introducing functional groups, could be explored further. Another

critical limitation is the regeneration and reusability of algal biochars. While adsorption studies
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highlight their high initial efficiency, there is limited research on their long-term stability and
desorption performance. Repeated adsorption—desorption cycles could lead to structural
degradation or reduced adsorption capacity, which may affect economic feasibility for large-scale
applications [46]. Investigating effective regeneration strategies, such as thermal reactivation or
chemical treatments, is crucial to ensure sustainability and cost-effectiveness.

Moreover, the economic and environmental implications of large-scale biochar production
require further evaluation. Algal biomass cultivation and harvesting can be resource-intensive,
particularly when grown under controlled conditions. Additionally, the energy requirements for
high-temperature pyrolysis or hydrothermal processing could offset the environmental benefits if
not optimized. Life cycle assessments and techno-economic analyses should be conducted to
determine the true sustainability of this approach compared to conventional wastewater treatment
methods. From a practical standpoint, the real-world applicability of these adsorbents depends on
their performance in complex wastewater matrices, where competing ions and organic matter may
interfere with adsorption. Most studies are conducted under controlled laboratory conditions with
synthetic solutions, which may not accurately represent industrial or municipal wastewater. Field-
scale trials are necessary to validate laboratory findings and identify potential challenges in real-

world scenarios.

S. Algal-Based Materials for Carbon Capture and Energy and

Biofuel Production

The integration of algal biofuel production and carbon capture catalytic approaches
represents a promising frontier in sustainable energy and environmental preservation. These
photosynthetic organisms, ranging from unicellular microalgae to multicellular macroalgae,
possess unique characteristics that make them particularly attractive for sustainable energy
solutions [91]. The increasing global demand for renewable energy sources, coupled with the
urgency to mitigate greenhouse gas emissions, has intensified research into alternative bioenergy
pathways. Among these, algal-based biofuels have emerged as a promising solution due to their
high photosynthetic efficiency, rapid growth rates, and ability to thrive on non-arable land [92].

Microalgae and macroalgae are photosynthetic organisms that convert solar energy and
carbon dioxide (CO») into organic compounds through photosynthesis. Their high growth rates

and superior biomass productivity make them attractive candidates for biofuel production. Unlike
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terrestrial energy crops, algae do not compete with food production since they can be cultivated in
saline, brackish, or wastewater, thereby reducing pressure on arable land. Algae are exceptional
carbon fixers, utilizing photosynthesis to absorb CO> from the atmosphere and convert it into
organic substances, primarily lipids and carbohydrates (Figure 3). This inherent ability establishes
algae as natural carbon sinks, with their cultivation playing a pivotal role in mitigating CO>

emissions and contributing to climate change abatement.
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Figure 3. Photosynthetic carbon assimilation process in algae. Image reused from Li and Yao,

2024 [93], in accordance with Creative Commons Attribution license (CC BY).

The capacity of many algal species to accumulate significant amounts of lipids is a
cornerstone of their utility in biodiesel production. Lipid biosynthesis in algae is intricately
regulated by environmental factors such as nutrient availability, light intensity, and temperature.
Under nutrient stress conditions, certain species can divert metabolic flux from growth to storage,
resulting in an increased lipid content. Algal cultivation systems are broadly classified into open
pond systems and closed photobioreactors (PBRs). Open ponds, due to their low operational costs,
are widely used for large-scale production, albeit with limited control over environmental
conditions. In contrast, PBRs offer superior control over parameters such as light, temperature,
and nutrient supply, leading to higher biomass yields and more consistent product quality [94].

The cultivation of algae for biofuel production involves a range of technologies designed
to maximize growth and productivity (Table 2). Open pond systems, such as shallow, sunny ponds
in which algae thrive, represent a traditional and economic method. These systems are scalable
and have low operating costs but may face challenges related to evaporation and contamination.

Closed photobioreactors, on the other hand, offer precisely controlled environments that enable
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the management of temperature, light, and nutrient levels. While more expensive to set up,
photobioreactors have the potential for year-round cultivation, lower contamination risks, and
increased production.

The efficient harvesting of algal biomass remains one of the most critical challenges in
algal biofuel production. Techniques such as flocculation, centrifugation, and membrane filtration
are commonly employed [95]. Emerging methods, including bio-flocculation and
electrocoagulation, have shown promise in reducing energy consumption and operational costs.
Thermochemical processes, such as pyrolysis, gasification, and hydrothermal liquefaction, convert
algal biomass into liquid and gaseous fuels. Pyrolysis involves the thermal decomposition of
biomass in the absence of oxygen, yielding bio-oil, char, and syngas. Gasification, on the other
hand, converts biomass into a combustible gas mixture through partial oxidation. Hydrothermal
liquefaction operates at high pressures and moderate temperatures to produce bio-crude oil, which
can be further refined into transportation fuels. These processes benefit from the high moisture

content of algae, which can be advantageous under certain processing conditions [96].

Biochemical conversion routes include anaerobic digestion and fermentation. The
anaerobic digestion of algal biomass produces biogas, primarily composed of methane, while
fermentation processes convert carbohydrates into ethanol and other bioalcohols. The biochemical
conversion of algal biomass is often limited by the structural complexity of the cell wall; thus,
pretreatment methods such as mechanical disruption, enzymatic hydrolysis, or acid treatments are
required to improve conversion efficiency. The integration of biochemical conversion with
advanced biotechnological approaches has the potential to enhance overall yields and reduce
processing costs [97]. Recent research has focused on integrating thermochemical and biochemical
conversion techniques to optimize biofuel production. Hybrid processes that combine
hydrothermal liquefaction with subsequent catalytic upgrading have shown enhanced conversion
efficiencies and improved fuel properties. These integrated approaches leverage the strengths of
each conversion pathway, resulting in biofuels that meet stringent performance and emission

standards [98].
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Table 2. Algal processes for carbon capture and biofuel production.

Process

Description

Key Advantages

Challenges

CO; capture by algae

Algae absorbs CO, via
photosynthesis, converting it
into biomass

High CO:; fixation rates,
renewable process

Requires optimized growth
conditions and nutrient supply

Open-pond cultivation

Algae grow in large outdoor
ponds under natural sunlight

Low-cost and scalable

Susceptible to contamination
and low productivity

Photobioreactor cultivation

Algae cultivated in enclosed
systems with controlled light
and nutrients

contamination

High biomass yield, reduced High capital and operational

costs

Biofuel production
(transesterification)

Converts algal lipids into
biodiesel using catalysts

Produces clean, renewable

fuel

Energy-intensive lipid
extraction and purification
required

Hydrothermal liquefaction

Converts whole algal biomass
into biocrude oil using high
temperature and pressure

energy content fuel

Utilizes wet biomass, high High processing costs, catalyst

deactivation

Pyrolysis

Thermal decomposition of
algae to produce syngas and
bio-oil

Efficient energy recovery

Complex upgrading processes
required

Carbon storage in biochar

Converts algal biomass into
stable carbon-rich biochar

Long-term carbon
sequestration potential

Requires large-scale
applications for impact

Catalytic processes play a crucial role in harnessing the immense potential of algae as a

biofuel source. In the context of algae-based biofuel production (Figure 4), catalysis is

indispensable for several critical steps. Transesterification, a primary process in biodiesel

production, relies heavily on catalysts such as sodium hydroxide or potassium hydroxide to convert

algal lipids into biodiesel efficiently [99]. This transformation yields biodiesel and glycerol while

ensuring reaction efficiency and the production of high-quality fuel. Hydrothermal liquefaction

offers another promising route, subjecting algal biomass to high temperatures and pressures to

break it down into valuable biocrude oil [100]. Catalysts are instrumental in enhancing reaction

rates and yields, rendering the process economically viable. Additionally, the gasification of algal

biomass generates synthesis gas (syngas) that can be further refined into liquid biofuels or valuable

chemicals. Catalysts optimize the gasification process, facilitating the efficient conversion of

abundant raw algal materials into refined, energy-dense biofuels suitable for diverse applications,

including transportation, industry, and power generation [101].

191



Energy
Output

Produced CO2

k—f_‘—/ | By-Products

Algae Algae )
[Cultivation HarveslingH Processing

( Energy Input

Algae-Based
Biofuels

Figure 4. Biofuel generation process from algae. Image reused from Li and Yao, 2024 [93], in

accordance with Creative Commons Attribution license (CC BY).

The cultivation of algae for biofuel production involves a range of technologies designed
to maximize growth and productivity. Open pond systems, such as shallow, sunny ponds in which
algae thrive, represent a traditional and economic method. These systems are scalable and have
low operating costs but may face challenges related to evaporation and contamination [102].
Closed photobioreactors, on the other hand, offer precisely controlled environments that enable
the management of temperature, light, and nutrient levels. While more expensive to set up,
photobioreactors have the potential for year-round cultivation, lower contamination risks, and
increased production [94]. Emerging technologies such as raceway ponds and vertical tube
bioreactors combine the advantages of open ponds and photobioreactors, aiming to maximize
productivity while reducing costs and operational complexity [103].

Technological advancements in algae cultivation focus on improving productivity,
resource efficiency, and sustainability. Innovative approaches utilize genetic engineering to
develop high-yielding algae strains that are more resilient to environmental stressors or have a
higher lipid content. Integration with wastewater treatment plants enables nutrient recycling,
reducing production costs and environmental impact. Furthermore, combining biomass production
with carbon capture technologies enhances environmental sustainability by reducing greenhouse
gas emissions.

A multitude of factors influence the cultivation of microalgae species, playing a pivotal
role in determining overall productivity and economic viability. Environmental factors such as
light intensity and quality, temperature, pH, and carbon dioxide concentration are critical in
ensuring optimal growth conditions. Operational factors, including nutrient availability, mixing
and turbulence, efficient harvesting and dewatering methods, and contamination control, are

equally crucial for maintaining high biomass yields and preventing losses. Biological factors, like
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strain selection, genetic modifications, life cycle stage, and metabolic pathways, significantly
impact the production of desired compounds and the overall performance of the cultivation system.
The design of the cultivation system itself, whether open or closed, and its scale and geometry,
can profoundly affect factors such as light penetration, mixing, gas exchange, and compatibility
with downstream processing steps [104].

Recent innovations in genetic engineering, metabolic engineering, and synthetic biology
have revolutionized the ability to enhance algal traits with greater speed and precision. These
advancements provide promising avenues for improving algae’s efficiency in carbon capture and
biofuel production. Yang et al., 2017 [105], employed genetic engineering to enhance the
photosynthetic performance of Chlorella vulgaris. By introducing cyanobacterial fructose-1,6-
bisphosphate aldolase via a plastid transit peptide, they significantly boosted photosynthetic
capacity and cell growth. Their research suggests that overexpressing this enzyme facilitates the
regeneration of ribulose-1,5-bisphosphate in the Calvin cycle, improving energy transfer within
photosystems and ultimately enhancing carbon fixation efficiency. Similarly, Hlavova et al., 2015
[106], conducted an extensive review of genetic engineering strategies for modifying microalgal
traits. These techniques enable the precise insertion of exogenous DNA or external induction
mechanisms, leading to genetically optimized strains with enhanced biomass production, increased
cell density, and improved CO> capture efficiency.

Beyond genetic modifications, metabolic engineering has emerged as a critical tool for
fine-tuning algal biochemical pathways. Brar et al., 2021 [107], highlighted strategies such as
modifying enzyme expression levels, altering protein structures for increased stability, and
optimizing key metabolic reactions to enhance CO»-to-biomass conversion. These approaches
have been instrumental in improving algal productivity under varying environmental conditions.
Synthetic biology further expands the potential for algal biotechnology by integrating artificial
genetic modifications with metabolic pathway engineering. Among the most promising tools in
this field, CRISPR-Cas systems have been successfully adapted to enhance algal carbon
sequestration and biofuel synthesis. For instance, modifications to Chlamydomonas reinhardtii
and Synechocystis sp. have improved their resilience to environmental stressors while optimizing
light-harvesting pathways for accelerated growth. Additionally, combining CRISPR-based
techniques with high-throughput screening holds significant potential for scaling up algae-based

carbon capture and bioenergy applications [108]. By optimizing key enzymatic steps and
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redirecting metabolic fluxes, researchers have achieved significant improvements in biomass
composition and biofuel precursor synthesis [109]. Computational models and high-throughput
screening techniques are now routinely used to predict and validate genetic modifications, thus
accelerating the development of high-performance algal strains. These advances are critical for
overcoming bottlenecks in the conversion of CO> to biofuels and enhancing overall process
efficiency.

Despite these promising advances, a critical gap remains in transitioning these laboratory
successes to large-scale, real-world applications. While genetically engineered algae have
demonstrated enhanced performance in controlled environments, their stability and efficiency in
open-pond or industrial-scale bioreactors remain uncertain. Factors such as genetic drift,
regulatory challenges, ecological risks, and cost-effectiveness need further exploration. Future
research should focus on bridging this gap by conducting extensive field trials and developing
robust biocontainment strategies to ensure the viability and safety of engineered algal strains in
large-scale carbon capture, utilization, and storage (CCUS) systems. Addressing these challenges
will be key to unlocking the full potential of algae as a sustainable solution for carbon mitigation
and biofuel production.

Extracting lipids from microalgal biomass is also a critical step in the production of
biofuels and other valuable compounds. Several extraction techniques have been developed and
employed, each with its own advantages and limitations. Conventional solvent extraction methods,
such as hexane extraction [110] or the Bligh and Dyer method [111], are widely used for their
efficiency in extracting lipids. However, these techniques often require large volumes of toxic
organic solvents, raising environmental and safety concerns. Emerging techniques like
supercritical fluid extraction, using carbon dioxide or other solvents under high pressure and
temperature, offer a greener and more selective approach but may require specialized equipment
and higher operational costs [112].

Innovative techniques like enzymatic extraction, utilizing lipase enzymes to break down
cell walls and release lipids, and ultrasound-assisted extraction, employing high-frequency sound
waves to disrupt cell membranes, have gained attention for their potential to improve extraction
efficiency and reduce solvent usage. Microwave-assisted extraction and pulsed electric field
extraction have shown promise in enhancing the permeability of cell membranes and facilitating

lipid recovery. The choice of extraction technique often depends on factors such as the microalgal
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species, desired lipid quality, scalability, environmental impact, and economic viability,
necessitating a careful evaluation of the trade-offs between efficiency, sustainability, and cost [12].

Microalgae species such as Chlorella, Nannochloropsis, and Scenedesmus are frequently
chosen for biodiesel production due to their high lipid content and rapid growth rates. These
microalgae can accumulate triacylglycerols, which can be transesterified to produce biodiesel.
Chlorella has been extensively studied for biodiesel production due to its high lipid content and
adaptability to various environmental conditions. Nannochloropsis is another promising option for
biodiesel feedstock because of its robust growth and lipid-rich biomass. Similarly, Scenedesmus
has shown potential for biodiesel production due to its ability to accumulate lipids under various
cultivation conditions [104].

The integration of algae-based technologies into existing energy infrastructure presents
both opportunities and challenges. Understanding the synergies and trade-offs between algal
biofuel production and carbon capture is crucial for maximizing their impact on climate change
mitigation and sustainable development. Scalability remains a significant hurdle in translating
laboratory success to large-scale industrial applications. Optimizing cultivation techniques,
improving strain selection for higher lipid content, and developing efficient harvesting methods
are essential steps in addressing this challenge.

To overcome challenges associated with large-scale algal cultivation, researchers have
explored mixed-culture systems, where multiple algal species are cultivated together [113—117].
This approach takes advantage of species diversity, allowing cultures to better adapt to fluctuating
environmental conditions such as light availability, temperature shifts, and pH variations.
Additionally, mixed cultures can suppress the proliferation of pathogens and unwanted
contaminants, reducing the risk of culture crashes. By fostering complementary nutrient utilization
among species, these systems not only enhance biomass productivity but also lower operational
costs, making large-scale cultivation more economically viable. One promising method for
optimizing mixed-culture systems involves leveraging natural density differences between algal
strains. This allows for the selective enrichment of lipid-rich or carbohydrate-rich species,
simplifying biomass harvesting and improving the efficiency of biofuel and bioproduct generation.
Such strategies provide a cost-effective alternative to traditional separation techniques, which are

often energy-intensive and expensive [118].
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In addition to mixed cultures, integrating algal cultivation with industrial byproducts such
as wastewater and CO;-rich emissions presents another sustainable solution. Wastewater from
agricultural and food processing industries contains essential nutrients like nitrogen and
phosphorus, which can serve as a growth medium for algae. By utilizing this resource, algal
cultivation systems not only achieve higher biomass yields but also contribute to wastewater
remediation, reducing the environmental impact of nutrient pollution. Studies have shown that
microalgal strains can thrive in wastewater conditions, effectively removing excess nutrients while
simultaneously increasing biomass production [119].

Similarly, the direct utilization of CO»-rich industrial emissions has been explored as a way
to enhance algal carbon capture efficiency. Positioning cultivation systems near emission sources,
such as power plants or industrial facilities, minimizes the costs associated with CO> transportation
while improving carbon fixation rates. Certain thermotolerant microalgal strains have been
successfully cultivated using exhaust gases from industrial burners, demonstrating the feasibility
of large-scale integration with existing infrastructure. Open raceway ponds located near power
plants have also been used to capture flue gas emissions, highlighting the potential for synergy
between carbon-emitting industries and sustainable algal production [120].

Despite these advancements, several challenges remain. The long-term stability of mixed-
culture systems under outdoor conditions is still not fully understood, as interactions between
species can shift over time, potentially leading to competitive imbalances. Additionally, while
wastewater and flue gas integration offer promising cost reductions, optimizing nutrient
availability and CO; transfer rates for consistent biomass productivity requires further
investigation. Future research should focus on developing more predictive models for species
interactions in mixed cultures and refining scalable methods for nutrient and carbon delivery in
industrial applications. Addressing these gaps will be crucial in realizing the full potential of algae
as a sustainable solution for carbon capture and biofuel production.

Moreover, the development of cost-effective and durable catalysts is necessary to enhance
carbon capture efficiency and address challenges such as low stability and high cost. Research
efforts are focused on designing novel catalysts that can withstand the harsh conditions of carbon
capture processes while maintaining high efficiency and selectivity. Nanomaterials and hybrid
catalysts have shown promise in this regard, offering improved performance and longevity

compared to traditional catalysts. The environmental benefits of algae-based catalysis extend
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beyond carbon capture and biofuel production. Algae-based systems can be utilized for wastewater
treatment, removing nutrients and contaminants while simultaneously producing valuable
biomass. This dual-purpose approach addresses water pollution issues while generating feedstock
for biofuel production. Additionally, algae-derived materials have shown potential in
photocatalytic and electrocatalytic applications, offering sustainable alternatives for various
industrial processes.

As research in algae-based technologies progresses, addressing current challenges and
exploring future directions are crucial for realizing their full potential. Improving the efficiency of
lipid extraction and conversion processes, developing more robust and productive algal strains
through genetic engineering, and optimizing large-scale cultivation systems are key areas of focus.
Furthermore, integrating algae-based technologies with other renewable energy sources and
industrial processes can create synergistic effects, enhancing overall sustainability and economic
viability.

The integration of algal biofuel production and carbon capture catalytic approaches
represents a promising pathway towards a more sustainable and environmentally friendly energy
future. By harnessing the unique capabilities of algae and leveraging advanced catalytic
technologies, these integrated systems offer solutions to multiple global challenges, including
climate change mitigation, energy security, and environmental preservation. Continued research,
innovation, and interdisciplinary collaboration will be essential in overcoming current limitations
and unlocking the full potential of algae-based technologies. As the world transitions towards a
low-carbon economy, algae-based solutions are poised to play a significant role in shaping a

cleaner, more sustainable future.

6. Algae-Based Solid Biomass Pellets

Algae-based solid biomass pellets have emerged as a promising renewable fuel source,
offering high energy density and efficient combustion with minimal carbon emissions. These
pellets, primarily derived from microalgae, undergo densification processes that improve their
storage, transport, and usability in existing combustion systems. Their compatibility with coal-
fired boilers makes them a viable alternative to traditional fossil fuels while also contributing to
carbon recycling [121]. The production of algae-based biomass pellets involves several key stages:

drying, crushing, screening, and palletization. Drying, often achieved through solar dryers or

197



mechanical drying equipment, is crucial for reducing moisture content, thereby increasing
combustion efficiency. Once dried, the biomass is crushed and screened to ensure a uniform
particle size before being compressed into dense pellets. This densification step enhances their
transportability and energy output [122].

To further improve pellet performance, researchers have explored techniques such as
increasing compression pressure, incorporating additives, and wusing higher processing
temperatures. One particularly effective method is torrefaction palletization, which involves mild
thermal treatment (200-300 °C) in an oxygen-limited environment. This process removes excess
moisture and volatile compounds, yielding pellets with superior energy density, structural
integrity, and durability [123]. A significant advantage of algae-based pellets is their clean
combustion profile. When burned, they primarily release CO> and ash—both of which can be
reintegrated into algal cultivation systems. The emitted CO> acts as a carbon source for
photosynthesis, while ash, rich in essential minerals, serves as a nutrient supplement for further
algae growth. Studies have shown that these pellets can achieve high energy densities comparable
to or exceeding conventional biomass fuels, underscoring their potential for bioenergy applications
[124,125].

To address cost challenges and enhance fuel performance, researchers have explored
blending algae with other biomass materials, such as wood waste, agricultural residues, and rice
husks. Even in small proportions, algae contribute to improved combustion efficiency, higher
energy density, and enhanced durability of the pellets. Their fine particle size allows them to fill
voids in biomass mixtures, increasing pellet density, while their lipid content improves structural
cohesion, reducing fragmentation during burning. Additionally, the natural oils in algae act as
lubricants, lowering energy requirements during the palletization process.

Beyond standalone pellets, algae-based fuels have been tested in dual-fuel applications,
where they are co-combusted with coal, sludge, or oil shale [126—129]. These combinations offer
multiple advantages, such as reducing ignition temperatures, accelerating burnout rates, and
enhancing overall combustion performance. Algae can also facilitate the breakdown of sludge
residues and contribute to more stable combustion reactions, lowering emissions of harmful
pollutants such as nitrogen oxides. While algae-based biomass pellets demonstrate significant
potential, challenges remain in scaling up their production and optimizing their economic

feasibility. One key research gap lies in the long-term stability and combustion behavior of algae-
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blended fuels in real-world industrial applications. Additionally, refining torrefaction conditions
to maximize energy retention while minimizing production costs remains an ongoing area of
investigation. Future studies should also focus on integrating algae-based pellets into existing
energy infrastructure, assessing their performance in different combustion environments, and
developing predictive models for their large-scale deployment. By addressing these challenges,
algae-based biomass pellets could become a pivotal solution in sustainable energy production,

reducing dependence on fossil fuels while advancing carbon-neutral bioenergy technologies.

7. Conclusions

Algal-based biochar and hydrochar have emerged as promising and sustainable materials
for wastewater treatment, offering efficient removal of heavy metals, dyes, pharmaceuticals, and
other pollutants. Their production through pyrolysis, HTC, or HTL allows for the development of
highly tunable adsorbents, whose performance can be further enhanced through advanced
activation and modification techniques. Beyond water remediation, algal-derived chars provide
additional benefits, including soil amendment and energy recovery, reinforcing their potential as
a versatile tool in environmental engineering. However, challenges related to feedstock variability,
production costs, and large-scale implementation must still be addressed to unlock their full
potential. Future research should focus on refining processing techniques, optimizing activation
methods, and improving regeneration strategies to ensure long-term stability and effectiveness.

As can be observed, while algal-based biochars and hydrochars offer a sustainable and
innovative approach to heavy metal, dye, and pharmaceutical removal, addressing these gaps is
crucial for their widespread adoption. Future research should focus on improving selectivity,
enhancing regeneration strategies, reducing production costs, and conducting real-world trials to
bridge the gap between laboratory research and practical implementation. By tackling these
limitations, algal-based adsorbents could become a key component of sustainable wastewater
treatment technologies.

This review also highlights the broader role of algae-based CCUS technologies in
mitigating climate change while contributing to sustainable energy solutions. Recent advances in
algal biotechnology, including genetic modifications, optimized cultivation methods, and
enhanced carbon capture efficiency, have significantly improved the conversion of CO; into

valuable biomass. This biomass serves as a feedstock for various biofuels—solid, liquid (biodiesel
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and bioethanol), and gaseous (biohydrogen, biogas, and syngas)—with technological innovations
continuously increasing fuel yields. Despite these advancements, economic feasibility remains a
major barrier to widespread adoption. Reducing cultivation costs, improving conversion
efficiency, and minimizing energy inputs are critical areas for future development. Additionally,
integrating algae-based biofuels into existing energy infrastructure and exploring biorefinery
models could enhance their commercial viability.

HTC has also gained attention as an efficient thermochemical process for converting wet
biomass into hydrochars, which have diverse applications in energy storage, adsorption, and soil
conditioning. Understanding key process parameters—such as temperature, pressure, and
residence time—has allowed better control over hydrochar properties, optimizing them for specific
environmental applications. While significant progress has been made in elucidating the
mechanisms of hydrothermal conversion, further research is needed to improve hydrochar
performance, particularly through surface modifications and regeneration strategies. Enhancing
hydrochar stability and adsorption capacity is crucial for its large-scale application in
environmental remediation.

Algal-based biofuels and carbon materials present a multifaceted solution to the twin
challenges of energy security and environmental sustainability. Their high photosynthetic
efficiency, rapid growth rates, and diverse biochemical composition offer key advantages over
conventional energy crops. However, the successful commercialization of these technologies will
require a concerted effort across multiple disciplines, including genetic engineering, process
optimization, and integrated system design. Moving forward, the combination of innovative
research, technological advancements, and supportive policies will be essential in transforming
algae-based solutions from a promising concept into a viable alternative for carbon mitigation,

biofuel production, and environmental restoration.
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Abstract

Water contamination, particularly in drinking water sources, presents a significant global
challenge. In recent times, the widespread use of pharmaceuticals like ibuprofen has emerged as a
concerning factor. Concurrently, the accumulation of Sargassum, a marine algae, along the
Caribbean coastlines has caused severe socioeconomic and ecological impacts. To address the
challenges posed by both pharmaceutical contamination and Sargassum accumulation, an
innovative approach is proposed. This approach involves utilizing Sargassum biomass to create
carbonaceous materials, which can effectively decontaminate water polluted with ibuprofen.
Through batch adsorption experiments, these materials have demonstrated exceptional adsorption
capacities, surpassing conventional adsorbents, with capacities of up to 21.7 mg g '. Additionally,
the kinetics of ibuprofen removal was investigated, revealing that the second-order model provides
the best fit for the experimental data. The use of Sargassum-derived materials not only aligns with
principles of the circular economy but also serves as a crucial solution for remediating water

resources.
1. Introduction

Pharmaceuticals are a vital part of modern medicine, helping to treat and cure a wide range of
illnesses and diseases. However, as with any substance, they can have unintended consequences
when they enter the environment. Pharmaceuticals can enter the environment through a variety of

pathways, including human and animal waste, runoff from agricultural fields, and improper
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disposal of unused medications. Once in the environment, they can persist for long periods of time

and potentially have harmful effects on wildlife and ecosystems [1].

One of the main concerns with pharmaceuticals in the environment is their potential impact on
aquatic ecosystems. Many pharmaceuticals are designed to be biologically active, meaning they
can have effects on living organisms even at low concentrations. When these substances enter
waterways, they can accumulate in the tissues of aquatic organisms, potentially causing harm to
fish, amphibians, and other wildlife. In addition, some pharmaceuticals have been shown to disrupt
the endocrine systems of aquatic organisms, leading to reproductive and developmental problems
[2].

Another concern with pharmaceuticals in the environment is the potential for them to enter the
food chain. When animals consume contaminated water or food, they can accumulate
pharmaceuticals in their tissues, potentially exposing humans who consume those animals to these
substances. While the long-term effects of this exposure are not yet fully understood, there is
growing concern about the potential risks to human health. As a result, there is increasing interest
in finding ways to reduce the amount of pharmaceuticals that enter the environment and to better

understand their potential impacts [3].

Various methods have been used to remove pharmaceuticals from water. Biological degradation
involves the use of microorganisms to break down pharmaceutical compounds, and while it can
be effective for certain types of pharmaceuticals, its efficiency depends on the specific
microorganisms and conditions. Membrane filtration techniques, such as reverse osmosis and
nanofiltration, can effectively remove pharmaceuticals from water by physically separating them
from the water molecules, but these methods can be expensive and require high energy input.
Advanced oxidation processes (AOPs) involve the use of powerful oxidants, such as ozone,
hydrogen peroxide, or UV light, to break down pharmaceutical compounds. While AOPs can be
effective for removing a wide range of pharmaceuticals, they can also generate harmful by-
products. Electrochemical oxidation processes use an electric current to generate oxidants that can
break down pharmaceuticals, and this method has been increasingly studied for its potential to
remove pharmaceuticals from water. Adsorption, on the other hand, is a process in which
pharmaceuticals are attracted to and bound to a solid surface, such as activated carbon or graphene

oxide beads. This method is often cost-effective and highly efficient [4].
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Carbonaceous materials have shown promise as a potential solution for removing pharmaceuticals
from water. These materials, which include activated carbon, biochar, and graphene oxide, have a
high surface area and a strong affinity for organic compounds. When added to water, they can
adsorb pharmaceuticals and other contaminants, effectively removing them from the water [5].
Biochar is a form of charcoal that is produced by heating organic materials, such as wood, crop
residues, or animal manure, in a low-oxygen environment through a pyrolysis process. This results
in a porous and stable carbon-rich material that has a wide range of applications, including soil
improvement, carbon sequestration, and water remediation [6]. Biochar has a highly porous
structure with a large surface area, which makes it an excellent adsorbent for various contaminants
in water. It can adsorb pollutants such as heavy metals (e.g., lead, cadmium), organic compounds

(e.g., pesticides, pharmaceuticals), and nutrients (e.g., nitrogen and phosphorus) [7].

The Sargassum problem in Mexico has become a significant environmental and economic
challenge in recent years. Sargassum is a type of brown algae that originates from the Sargasso
Sea in the Atlantic Ocean. However, in recent years, massive amounts of Sargassum have been
washing up on the shores of Mexico's Caribbean coast, particularly in popular tourist destinations
such as Cancun, Playa del Carmen, and Tulum. The excessive influx of Sargassum has had

detrimental effects on the region's pristine beaches, marine ecosystems, and tourism industry [8].

The arrival of Sargassum poses several problems for Mexico. Firstly, the seaweed accumulates on
the beaches, forming thick mats that release an unpleasant odor as they decompose. This not only
affects the aesthetic appeal of the beaches but also discourages tourists from visiting. The tourism
industry, a vital source of revenue for the region, has suffered as a result. Additionally, the
excessive amounts of Sargassum can smother and suffocate coral reefs, seagrasses, and other
marine life, disrupting the delicate balance of the coastal ecosystem. The decomposition of
Sargassum also consumes oxygen, leading to hypoxic conditions that further harm marine

organisms [9].

Efforts are being made to address the Sargassum problem, including the deployment of barriers
and the development of innovative technologies for its collection and disposal. However, finding
a long-term solution remains a challenge as the influx of Sargassum can be unpredictable and
difficult to manage effectively [10]. In the absence of effective management programs for the

macroalgae Sargassum, the collected biomass is typically disposed of in waste sites that do not
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adhere to proper protocols. As a result, there is a growing interest in identifying alternative
applications for this biomass, which is commonly considered as waste. These potential
applications encompass various fields, with particular emphasis on fertilizer and biogas

production.

The primary aim of this study is to conduct a comprehensive characterization of the biochars
derived from Sargassum biomass via pyrolysis. Furthermore, the study seeks to assess the potential
applicability of these derivatives for the removal of ibuprofen from aqueous environments,
employing batch adsorption techniques. Additionally, the investigation includes an examination
of the impact of time on the removal efficiency of ibuprofen, applying first and second order

kinetic models.
2. Materials and methods
2.1 Biochar synthesis from Sargassum

Biochar is obtained by the slow pyrolysis process which must be carried out in an atmosphere in
the absence of oxygen, so nitrogen is used as an inert gas (80 mL min™') in the process to displace
the oxygen in the furnace. Three residence time values are used in this process, for which three
stainless steel vessels are used, each containing 50 g of Sargassum and are introduced into a
synthesis oven, causing the temperature to rise at a heating rate of approximately 10 °C min™' to
the desired temperature of 600 °C, then this temperature is kept constant for the residence times of
1, 3 and 5 h. The samples (identified as Biolh, Bio3h, Bio5h depending on the residence time) are
allowed to cool in the oven itself under the nitrogen stream and are passed into a desiccator and

finally weighed on an analytical balance.
2.2 Conversion efficiency

The efficiency of the conversion of natural material to biochar is calculated with the equation (1):

m;,—m
Yocony = U I 100 (1)

m;

Where %cony refers to the conversion rate of biomass to biochar and m; and mr are the masses of

natural material and biochar obtained, respectively.
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2.3 Characterization of biochars

FTIR analysis was performed on the raw material (RM) and the three synthesized materials to
identify their primary functional groups, utilizing a ThermoFisher Scientific Nicolet iS10 FTIR
spectrophotometer. Furthermore, the synthesized materials underwent a comprehensive
physicochemical characterization. This characterization encompassed nitrogen physisorption,
which was utilized to determine the specific area (Sger) and pore volume (Vpore) and size of the
materials [11]. Additionally, the point of zero charge (PZC) was determined, following the
methodology outlined by Davila-Rodriguez et al. [12] and Pérez-Escobedo et al. [13].
Additionally, the materials were subjected to elemental analysis to determine their composition on
a Thermo Scientific Elemental Analyzer Model Flash 2000. The Boehm titration method [14] was
employed to determine the total sites. In 50 mL centrifuge tubes, 50 mL of NaOH and 0.01 N
HNO3; were separately introduced. Subsequently, 0.1 g of each material was placed in the
respective tubes. The tubes were maintained at 25 °C and shaken every 24 hours for a duration of
5 days. Following this period, 20 mL aliquots were extracted and titrated with the corresponding
acidic or basic solution. The concentrations of the active sites were calculated using Eq. (2), while

the final concentration of the neutralizing solution was determined using Eq. (3).

(C—C @)
V:C

¢ =T (3)
Va

In this context, Cy4s represents the concentration of active sites (meq g™'), C; denotes the initial
concentration of the neutralizing solution (Eq L), Cs indicates the final concentration of the
neutralizing solution (Eq L), m represents the mass of the adsorbent material (g), V; stands for the
initial volume of the neutralizing solution (L), Cr is the concentration of the titrating solution (Eq
L), Vrcorresponds to the used volume of the titrating solution (mL), and V, indicates the volume

of the aliquot of the neutralizing solution (mL).
2.4 Removal of ibuprofen using biochars. Kinetic study

The synthesized materials underwent analysis for ibuprofen adsorption within batch systems,

aiming to investigate the kinetic behaviour of the removal process. In 50 mL centrifuge tubes, a
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50 mL portion of a contaminant solution with a concentration of 20 mg L' was introduced. For
each tube, 0.05 g of the synthesized materials were incorporated, and the pH was precisely adjusted
to 7.0 using diluted solutions of NaOH and HCI as required. The pH values were systematically
monitored over a 7-day period, during which each tube was consistently agitated within a
temperature-controlled bath set at 25 °C. Samples of the solution were extracted at specific time
intervals spanning from 0.25 to 168 h. Subsequently, these samples were analysed using UV/Vis

spectroscopy to determine their respective concentrations.

The ibuprofen adsorption capacity experimental data, in relation to time, are interpreted through
application of the first and second-order kinetic models. The mathematical representations of these
kinetic models, describing the adsorption rates for the first and second order reactions, are

expressed as equations (4) and (5) correspondingly:

q =q.(1—ekt) 4)

11
de — 4 de

kot )

Where ki and k> are the first order reaction rate constants, in min™', and second-order, in g mg’!
min’!, respectively, and g is the mass of ibuprofen adsorbed when equilibrium is reached, in mg
g, The process of data fitting for the estimation of the constants, in accordance with the kinetic
models, was executed through an optimization methodology based on the least squares method.

This procedure was conducted using the Statistica® software.
3. Results and discussions
3.1 Biochar yield and characterization

After the slow pyrolysis, three biochars were obtained at the three residence times evaluated. The
materials were allowed to cool and weighed to calculate the %conv. Table 1 shows the results
obtained, both in terms of mass and %conv. As can be seen, the %cony Of biochar synthesis was

found to be between 43.5 and 59.8 %.
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Table 1. Performance of biochar synthesis from Sargassum biomass and physicochemical

characterization
Elemental Analysis (%) Active Sites Pore
Acid Sites Seer Vipore size
o, s QG 2 1 3 o1
Sample Yoconv C H N S o* PZC B(?slec Sl_tle;s (meq g) (m*g™) (cm’ g™) (nm)
a8 Total Carboxylic Lactonic Phenolic

Biolh 59.8 45.04 5.70 1.36 029 | 47.61 6.32 0.0263 1.0101 0.3522 0.3594 0.2985 2.7 0.005 9.7
Bio3h 45.9 4837 | 2.17 0.96 0.05 48.45 6.50 0.0535 1.5241 0.4208 0.1121 0.9912 53 0.006 35
BioSh 43.5 50.59 | 241 1.16 0.11 45.73 6.62 0.0989 1.1412 0.7185 0.1015 0.3212 14.7 0.011 2.9

*Calculated by difference

As the residence time is increased, the material's %cony reduces due to increased removal of organic
matter and the decomposition of other compounds caused by prolonged exposure to elevated
temperatures [15]. The specific composition and yield of the pyrolysis products and the resulting
biochar depends on the type of biomass and the pyrolysis conditions, such as heating rate,
residence time, and temperature. In this case, the residence or synthesis time is the variable that
affects the conversion rate of the material. As the pyrolysis time increases, more carbohydrates
and other components of the starting material may volatilize, resulting in a loss of mass in the

sample.

These materials underwent various tests to facilitate their characterization. Initially, they
underwent Elemental Analysis, and the results are also presented in Table 1. As can be noticed, an
increase in residence time causes an increase in carbon content in the prepared biochars as reported

for biochars prepared from other biomasses [16,17].

The PZC and active sites concentration were estimated, and the results are reported in Table 1. As
can be seen, the materials are acidic, as the concentration of acidic sites is higher than that of basic
sites, which corresponds with the slightly acidic PZC also found. This behaviour has also been
reported by other authors such as Atugoda [18]. As can be observed, as pyrolysis time increases,

the PZC also increases, as does the concentration of basic and acidic sites, in all cases.

The specific area of the biochars that were synthesized ranged from 2.7 to 14.7 m? g!, while the
pore volume values spanned from 0.005 to 0.011 cm?® g'. Furthermore, the pore diameters varied
between 2.9 and 9.7 nm. These observations indicate that the calcination process applied to the
raw material led to an increase in specific area. According to the IUPAC classification, all the

prepared biochars can be classified as essentially mesoporous materials [19] (Fig. 1).
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This increase in specific surface of the biochars can be attributed to the calcination method
employed during their synthesis, wherein the thermal treatment facilitates the decomposition of
organic matter, thereby promoting pore formation with the increase of time [20]. As can also be
observed, with increasing residence time, the diameter of the pores decreases, which is directly
related to the increase in the area of the material, since as the pores become smaller and smaller,

the internal surface area of the synthesized materials increases.

In the case of Sargassum-derived biochars, specific characteristics of the precursor material,
Sargassum seaweed, contribute to the properties of the resulting biochars. Sargassum-derived
biochars may exhibit relatively low specific surface areas due to the composition of seaweed
biomass, which may not inherently possess the porous structure found in certain carbonaceous
materials. The carbonization conditions applied to Sargassum may also influence the development
of the biochar's porous framework. The cellular structure of Sargassum, along with the potential
presence of compounds such as alginates and other organic constituents, can impact the overall
porosity of the resulting biochars. While the specific surface area of Sargassum-derived biochars

can be influenced by various factors, their natural composition and the conditions of carbonization

contribute to their characteristic surface properties.

0.06 —
Mesopores
0.05 +

0.04

0.03
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Figure 1. Pore size distribution for the synthesized biochars
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Figure 2 illustrates the principal functional groups identified within the synthesized materials. The
analysis reveals the presence of distinct functional groups, including carboxylic, carbonyl
(associated with lactones), and aromatic structures, which are indicative of the presence of
phenolic groups within the material's structure. These functional groups play an essential role in
the removal of the contaminant studied from the solution, primarily through mechanisms involving
electrostatic interactions with the electron cloud of the contaminants and due to the formation of

chemical bonds between the adsorbate and the adsorbent [21].

It is important to note that the most notable change when going from the RM spectra to that of the
synthesized biochars is the absence of the band associated with the asymmetric vibration of the
carboxyl group (1650 cm™), which is related to the concentration of carboxyl sites in the materials.
It can also be observed that the materials synthesized with the highest residence times (3h and 5h)
do not show the band associated with hydroxyl groups and nitrogen-bearing bonds (3300 cm™),
which may mean that the materials are more dehydrated than the RM and hydrochar synthesized

with the shortest residence time.
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Figure 2. Infrared spectrum of the RM and the three synthesized biochars
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3.2 Ibuprofen adsorption

The three synthesized materials and the RM were subjected to ibuprofen adsorption experiments

in batch conditions. Figure 3a shows the adsorption capacities achieved as well as the associated

removal percentages.
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Figure 3. a) Adsorption capacities and removal percentages of ibuprofen in the RM and the
synthesized biochars and b) Time-dependent variation curves of ibuprofen adsorption capacity for

raw material and synthesized biochars

Figure 3a shows that the adsorption capacity of biochars synthesized with residence time of 1 and
5 h decrease with respect to RM sample. This may be due to the lower concentration of active sites
of the synthesized materials compared to those of RM, which are previously reported [22]. By
decreasing the number of functional groups there are fewer effective sites for the adsorption
phenomenon to occur. The opposite occurs with the material synthesized using 3 h of pyrolysis
time, which shows a concentration of active sites comparable to that in the RM. In addition to this,
the latter material has the highest concentration of phenolic sites, which imply more aromaticity
in the material, an environment that promotes the n- © interaction of the delocalized electronic

clouds of the aromatic rings in the adsorbent and in the adsorbate [23].

The adsorption capacity shown by the RM is similar to that reported by Pimentel-Almeida [24],

however, that of the materials synthesized with 1 and 5 h of synthesis time is lower than that
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reported for materials of similar origin and synthesis conditions [25]. In the case of the biochar
synthesized using 3 h of residence time during the pyrolysis, its adsorption capacity is comparable,
or higher than that reported for other materials obtained using synthesis processes and raw
materials of similar nature [26], which evidences its applicability and viability for the removal of

ibuprofen (Table 2).

Table 2. Biochars synthesized from different biomasses used for the removal of ibuprofen from

aqueous solutions.

. Temp. Dosage q
Material Treatment pH oC oL me g Ref.
Pine wood biochar Fast pyrolysis 3.0 35 4.0 10.74 [27]
Papel stem biochar O; limited pyrolysis 7.0 20 1.0 569.6 [28]
Walnut shell biochar Pyrolysis and acid 4.0 25 1.0 69.7 [29]
activation
Chili seeds biochar Pyrolysis 7.0 25 2.5 19.1 [30]
Chrysanthemum wastes .
biochar Pyrolysis 2.0 25 2.0 167 [31]
Sugarcgne bagasse Pyroly51.s agd steam 20 25 233 11.9 [32]
biochar activation
Sugarc?lne bagasse Pyroly51§ an.d H3PO4 20 25 1.66 135 [32]
biochar activation
Rice husk biochar Aluminium modified 2.0 30 2.0 30.2 [33]
Tamarind seeds Pyrolysis and H;POx 2.0 35 2.0 10.57 [34]
activation
Holm wood biochar Pyrolysis 7726- 20 1.0 2.5 [35]
Sargassum biochar Pyrolysis 7.0 25 1.0 224 This
g yroly ) ) ) study

3.3 Kinetic Study

The kinetics of ibuprofen adsorption were initially analysed by interpreting the experimental data
regarding its adsorption capacity over time. A data fitting procedure was employed to determine
the respective rate constants of the kinetic models, denoted as ki and kz. The resulting values for
these parameters, in addition to the corresponding mean absolute deviation percentages (%D) and
correlation coefficients (R?), are detailed in Table 3. Upon careful examination of the kinetic
modelling outcomes, it becomes apparent that both employed models offer satisfactory fits to the
experimental data, with an overall commendable performance. However, the second-order kinetic
model notably exhibits several advantageous attributes, including the lowest %D and an evidently
higher R* (%). These compelling statistical indicators collectively establish the second-order

model as the most apt and fitting description for the experimental data under consideration.

228



Table 3. Kinetic parameters for the first and second order models for the ibuprofen adsorption on

biochars.
First-order Second-order
Sample qe ki 102 | R? qe k: - 10° R?
. B %D B . %D

(mggh | (' Tl (%) | (mggh | @gmg'hh) | T | (%)
RM 9.7 5.6 8.75 | 95.25 11.1 6.5 1.51 99.71
Bio 1h 5.7 1.5 8.74 | 95.27 8.2 1.4 4.64 | 99.22
Bio 3h 22.0 3.7 7.86 | 96.78 26.4 1.5 2.71 99.00
Bio 5h 5.7 2.2 7.47 | 96.01 10.3 1.0 4.25 99.31

This preference for the second-order model is indicative of a chemisorption phenomenon or
chemical adsorption mechanism, which implies the formation of chemical bonds between the
adsorbent and the adsorbate. This interaction typically emerges within a monolayer configuration
on the surface of the adsorbent material [36,37]. This chemisorption mechanism suggests a
heightened level of affinity and binding strength between the adsorbent and the adsorbate, which

contributes to the attainment of equilibrium conditions with notable efficiency.

These findings display similarity to prior research works conducted by Mestre [38] and Xiong
[39], wherein analogous outcomes were reported in the context of ibuprofen removal employing
carbonaceous and innovative materials. This consistency in outcomes across diverse studies
underscores the robustness and reliability of the second-order kinetic model as a predictive tool

for describing ibuprofen adsorption processes.

The graphical representation of the evolution of adsorption capacity over time, along with the
overlaid second-order kinetic curves, is depicted in Figure 2b. This figure elucidates the temporal
dynamics of the materials' adsorption behaviour in response to the presence of the contaminant.
Upon close examination of Figure 2b, a discernible trend becomes apparent: the materials tend to
approach their maximum of adsorption capacity at approximately 72 hours following their initial
contact with the contaminant. This observation aligns with findings previously reported by Guedidi
[40]. It underscores the temporal progression inherent in the adsorption process, where the
materials steadily augment their capacity to adsorb the target pollutant over the course of this 72-

hour interval.

This phenomenon encapsulates a fundamental aspect of the adsorption kinetics, revealing the
intricate interplay of factors that influence the rate and extent of adsorption. It underscores the
importance of temporal considerations in optimizing adsorption processes and offers valuable

insights for the design and implementation of efficient contaminant removal strategies.
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4. Conclusions

In this comprehensive study, we addressed the critical issue of water contamination, with a
particular focus on the presence of pharmaceutical contaminants, notably ibuprofen, and the
ecological and socioeconomic challenges posed by Sargassum accumulation along the Mexican
Caribbean coast. Through an innovative approach, we leveraged Sargassum biomass as a precursor
to develop carbonaceous materials for the efficient removal of ibuprofen from contaminated water
sources. The discoveries revealed that the synthesized biochars exhibited adsorption capacities
superior to conventional adsorbents. This demonstrates their efficacy as potent tools for the
removal of ibuprofen contaminants from aqueous environments. Moreover, it was conducted a
thorough investigation into the kinetics of ibuprofen adsorption, with the second-order kinetic
model emerging as the most suitable for describing the experimental data. This suggests that
chemisorption, characterized by chemical bonding between the adsorbent and adsorbate, plays a
dominant role in this process. The multifaceted approach of utilizing Sargassum-derived materials
not only aligns with the principles of the circular economy but also offers a sustainable solution
for remediating water resources contaminated by emerging pharmaceutical contaminants. This
research not only emphasizes the significant potential of biomass waste utilization but also
underscores the importance of innovative and environmentally conscious strategies in addressing
complex environmental challenges. Furthermore, this study contributes to the growing body of
knowledge concerning the application of carbonaceous materials for water purification,

highlighting the viability and effectiveness of Sargassum-derived biochars in particular.
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Abstract

Contamination of water resources, especially drinking water, is common. Pharmaceuticals,
extensively used nowadays, are now considered as important contaminants. Sargassum, a marine
algae that reaches Caribbean beaches, causes socioeconomic and ecological damage by affecting
marine species, and is one of the main environmental problems in Mexico today. To mitigate its
impact, it is proposed to use Sargassum biomass as a precursor of carbonaceous materials to
decontaminate waters contaminated with ibuprofen. This study explored hydrochar synthesis,
finding temperature, residence time, and water-to-biomass ratio affected yield. Higher temperature
and time reduced yield, with optimal conditions for yield and ibuprofen adsorption at lower
settings, minimizing biomass changes. The materials were subjected to adsorption experiments in
batch regime and proved to be effective adsorbents with adsorption capacities up to 33.5 mg g™/,
exceeding other conventional and novel adsorbents. Their use could contribute to creating a

circular economy and to the remediation of water contaminated with emerging contaminants.
1. Introduction

Pharmaceuticals have become a significant concern as emerging contaminants in the environment.
While there has been limited research on their presence in aquatic environments since the 1950s,
it wasn't until the early 1990s that the topic gained substantial attention, leading to numerous
scientific articles on the subject. The consumption of drugs has been steadily increasing,

particularly in industrialized countries with high purchasing power. Commonly prescribed drugs
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like non-steroidal anti-inflammatory drugs, antiepileptics, antibiotics, and B-blockers are of

particular interest [1].

The existence of pharmaceuticals in the environment is a cause for concern because of their
bioactive properties, even when present in minimal concentrations, which can negatively impact
both wildlife and humans. This is particularly concerning when pharmaceuticals like ibuprofen,
diclofenac, and carbamazepine are found in drinking water, potentially exposing humans through

direct consumption or by consuming aquatic organisms containing these residues [2].

Carbonaceous materials are extensively employed for effectively and economically removing
contaminants such as pharmaceuticals [3]. Particularly, biomass-derived materials, often sourced
from waste, have gained significant attention. Processes like pyrolysis and hydrothermal
carbonization are used to create carbon materials from biomass waste, but additional activation
treatments are required to achieve high porosity [4]. Hydrochar is a carbon-rich material produced
through the hydrothermal carbonization (HTC) process, which involves the conversion of biomass
or organic waste materials into a solid carbon-rich product in the presence of water at elevated
temperatures and pressures. Hydrochar has gained significant attention in recent years, particularly

for its potential applications in water remediation and environmental sustainability [5].

Hydrochar has shown promise in the removal of various water pollutants, including heavy metals
(e.g., lead, cadmium, copper), organic contaminants (e.g., pesticides, pharmaceuticals), and
nutrients (e.g., phosphorus and nitrogen compounds). Its porous structure and high surface area

make hydrochar an effective adsorbent for trapping and immobilizing pollutants from water [6].

Since 2011, a notable phenomenon of Sargassum accumulation has been observed on the coasts
of the Mexican Caribbean, the source of which is identified in the Sargassum Sea in the Atlantic
Ocean. This Sargassum released into the sea travels towards the Mexican coasts and can double in
size due to its nature. In 2015, a significant event caught the attention of the local and national

government, as well as the tourism sector [7].

The challenge with this Sargassum lies in its organic nature, which initiates its decomposition
during its arrival. Given the abundance of decomposing material, much of it is not removed from
the beaches, generating a series of detrimental consequences. This causes a deterioration of the
landscape and significantly affects both the tourism sector and the economy. In addition, marine

ecosystems are compromised, and the loss of various marine species, both animal and plant, has
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been recorded. It should be noted that this Sargassum also contains considerable levels of arsenic
and heavy metals, which have adverse effects on human health when in contact with the skin,

resulting in dermatological conditions, conjunctivitis, and respiratory disorders [8].

Since there is no efficient program for the proper management of this macroalgae, the collected
waste is usually sent to solid waste centers that do not apply the necessary procedures for its
disposal [7]. Therefore, the search for alternatives to take advantage of this resource, which is
usually considered as waste, has been promoted. These applications cover various fields, being
especially useful in the production of fertilizers and biogas. In the present study, the possibility of
using the carbonaceous by-products derived from Sargassum biomass to remove ibuprofen from
aqueous matrices through batch adsorption is investigated. This study also focuses on
characterizing the carbonaceous materials and in optimizing the conditions to achieve optimal

removal efficiency.
2. Materials and Methods

2.1 Raw Material

Sargassum spp. was collected from the Mexican Caribbean, adhering to established taxonomic and
morphological criteria specified in expert literature [9]. Subsequent to selection, the collected
samples underwent a thorough rinse with abundant seawater and were sun-dried for a span of 72
h. Afterward, the dried samples were carefully stored in light-excluded, humidity-controlled
conditions using polyethylene bags. In anticipation of analysis, the algae samples underwent a
thorough cleansing procedure using distilled water to eliminate salts and any other solid residues
that may have been present. Afterward, they underwent a drying process in an oven at 110 °C
lasting for 24 h, followed by grinding using an electric mill. The obtained material was passed
through vibrating sieves with openings from 30 to 50 um. Afterward, the separated portions of

particles of various sizes were carefully stored [10].
2.2 Synthesis of hydrochar

The study involved conducting hydrocarbonization experiments, varying carbonization
temperature, residence time, and water-to-biomass ratio. A response surface experimental design

was employed to analyse how operating conditions affected material properties. The design (see
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Table 1), based on response surface methodology, comprised 15 experiments in a Box-Behnken

setup with 3 factors and 3 central point replications.

Carbonization aimed for hydrochar production, with temperature (T) range set at 180-220 °C.
Residence time (t) ranged from 2 to 8 h, allowing material transformation. Hydrocarbonization
required dispersing raw material in water, with water-to-biomass ratios (R) from 5 to 10 mL g’
A second-order polynomial regression model, as described by equation (1), was employed to fit

the experimental data:
%Y = o+ 1T+ pot + R+ fuTt + 5 TR+ fstR + T + fsf + foR’ (1)

where [o.9, are the regression coefficients.

In the process, about 10 g of Sargassum biomass and specified water amounts were placed in a
Teflon vessel within a stainless-steel autoclave. Temperature and time were determined, followed
by natural cooling. Solid and liquid products were separated via vacuum filtration. Solids
underwent water, ethanol, and acetone washing, and were dried at 105 °C for 12 hours. Prepared

hydrochars were stored in polyethylene bags for characterization and adsorption tests.
2.3 Adsorption of ibuprofen

The synthesized materials were subjected to ibuprofen adsorption in batch systems. In 50 mL
centrifuge tubes, 50 mL of the contaminant solution of concentration 20 mg L™ were added. To
each of the tubes 0.05 g of the materials was added and the pH was adjusted to 7.0 with dilute
solutions of NaOH and HCI as necessary. The pH was monitored for 7 days, during which each
tube was kept in a bath with constant agitation at 25 °C. At the end of this time the samples were
allowed to settle, 5 mL aliquots were taken and filtered through 45 pm membranes to be analyzed
by UV/Vis Spectroscopy using a wavelength of 234 nm. With the adsorption capacities obtained
from the mass balance (Eq 2), a response surface was constructed, and the best conditions were

determined through optimization with the Microsoft Excel 2023 Solver tool.

_ V(CO - Ce)
m

)

where, C, and C, are the initial and final concentration of ibuprofen (mg L), ¥ is the volume of

the solution (L) and m is the adsorbent mass (g) added to the experiments.
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2.4 Raw Material and Hydrochar characterization

The Raw Material (RM) and the hydrochar that showed the highest capacity to adsorb ibuprofen
(HCS-3) were subjected to a physicochemical characterization that included the determination of
their specific area (Sger) and pore volume (Vpore) and the point of zero charge (PZC) as reported
by Gonzalez-Fernandez et al. [10], in addition to the determination of the acidic and basic sites of

the materials following the Boehm titration method reported elsewhere [11].

Additionally, the HCS-3 sample before and after adsorption (saturated with ibuprofen) was
subjected to FTIR analysis to identify the main functional groups of the material as well as the
presence of ibuprofen in the saturated material. A ThermoFisher Scientific Nicolet iS10 FTIR
spectrophotometer (Waltham, MA, USA) was utilized to collect the FTIR spectrum. The
identification of functional groups was based on the strengths of the spectral bands relative to their
frequencies. Furthermore, the recorded band values were contrasted with reference compound

spectra documented in existing literature [12].
3. Results and Discussions
3.1 Hydrochar yield and optimization of the synthesis variables
The calculation of the yield (%Y) for the synthesized samples was derived from the ratio indicated

in equation (3):

Dry hydrochar weight
gy = 2V Y ght (9)

Dry biomass weight (g) 100 )
Table 1 presents the experimental design along with the hydrochar yield obtained as a response in
each synthesis experiment. Data in Table 1 illustrates a noticeable effect of the explored parameters
on hydrochar %Y values. This is evident from the observation that the highest yield was achieved
at the lowest time and temperature settings, while the lowest yield corresponded to higher time
and temperature values. This observation aligns with findings from Nizamuddin et al. [13], who
also reported that elevated carbonization time and temperature lead to decreased yield values. The
%Y spanned from 39 to 58%. An analysis of variance (ANOVA) was conducted to ascertain the
significance of the factors and to evaluate the model's goodness of fit. The statistical assessment
of the factors relied on hypothesis testing (p-value) and Fisher's-F test, maintaining a 95 %

confidence interval.

240



Table 1. Experimental design of HTC treatment and response variables.

Exp. TCC) t(h) R (mL g™ %Y qieu (mg g™
HCS-1 200 2.0 5.0 50.28 32.5
HCS-2 200 8.0 5.0 48.06 314
HCS-3 180 2.0 7.5 58.04 335
HCS-4 200 2.0 10 47.28 32.2
HCS-5 220 8.0 7.5 43.23 31.6
HCS-6 200 5.0 7.5 45.85 30.9
HCS-7 180 8.0 7.5 50.50 28.9
HCS-8 220 5.0 5.0 45.99 31.0
HCS-9 200 5.0 7.5 47.25 30.6
HCS-10 220 5.0 10 42.27 30.9
HCS-11 200 8.0 10 39.01 29.5
HCS-12 220 2.0 7.5 46.88 313
HCS-13 200 5.0 7.5 48.98 30.3
HCS-14 180 5.0 5.0 51.03 29.1
HCS-15 180 5.0 10 50.21 29.5

As per the ANOVA results, the three linear terms emerged as significant factors, boasting p-values
below 0.05. Consequently, it can be deduced that the variables exerting influence on hydrochar
yield are carbonization temperature, residence time, and water-to-biomass ratio. The regression
model fitted to %Y, considering the meaningful factors and disregarding non-significant terms, is

represented by equation (4):
%Y = 246.06 — 1.93T — 3.24t + 7.27R 4

The negative coefficients for temperature and time (f1 and [2), shown in the above equation
indicate that an increase in the values of these factors promotes a decrease in the response. The
interaction between temperature, time and water-to-biomass ratio and their effects on the response
were analyzed from the three-dimensional response surface, as shown in Figure 1. As can be
observed in Figure 1a), the highest yield values are obtained when both factors are at their lower
levels, which is due to the fact that under these conditions the biomass does not undergo severe

changes during the treatment and, therefore, there is less mass loss.

With the parameters of the equation that describes the model, an optimization of the response
variable was carried out using the Solver tool of Microsoft Excel 2023 in such a way that the
maximum value of the yield was obtained. The maximum value obtained after optimization is

57.28 % which corresponds to T= 180 °C, t=2 h and R= 7.6 mL g"!. The value of the maximum
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experimental yield was 58.04 %, so the model has a percentage of deviation with respect to the
experimental values of 1.31 %, which is an acceptable value that allows affirming that the model

adequately describes the obtained data.

q Ibuprofen (mg g-1)

Yield (%)

B:t(h)

A:T(°C)

a) b)

Figure 1. Three-dimensional response surface for a) Y% and b) adsorption capacity of the

hydrochars to remove ibuprofen.
3.2 Ibuprofen adsorption on hydrochars

Figure 1b) shows the response surface of the adsorption capacity as a function of the synthesis
variables. Based on the ANOVA data, it was observed that the linear factor "t" and the quadratic
factors "T-t" and "t*" exhibited p-values below 0.05. This implies that the factors with a substantial
impact on hydrochar yield are the linear and quadratic representations of residence time, as well
as the interaction between residence time and carbonization temperature. The regression equation,
tailored to the significant factors and excluding non-significant terms, describes the relationship

of the decoded factors to the qsu as follows:
qipy = 13.36 —5.11t + 0.02Tt + 0.11¢> (5)

The interaction between temperature, time and water-to-biomass ratio and their effects on the
response (qsu) were analyzed from the three-dimensional response surface, as shown in Figure

1b). The findings reveal that the adsorption capacities of ibuprofen exhibited a range of 28.8 to
242



33.5 mg g'!. Particularly, the maximum adsorption capacity values are evident when both factors
("t" and "T") are in their lowest values, corresponding to 2 h and 180°C, respectively. This result
can be attributed to the synthesis conditions, which induce the least pronounced alterations in
biomass composition, particularly functional groups, during the treatment [14,15]. Additionally,
this result can be explained by the comparatively higher specific area of the synthesized material

(approximately 100 m? g'), thereby enhancing the pollutant adsorption process [16,17].

These observed adsorption capacity values for all the synthesized materials align with those
documented by other researchers [18-20]. Furthermore, it was observed that the adsorption
capacity of ibuprofen diminishes as residence time increases, a trend linked to the depletion of

functional groups crucial for binding with the contaminant [20,21].

By utilizing the equation's parameters that define the quadratic model, an optimization of the
response variable was executed through Microsoft Excel 2023's Solver tool. This optimization
aimed to achieve the highest adsorption capacity for ibuprofen. The resulting maximum capacity,
post-optimization, was 33.17 %, corresponding to specific conditions T= 180 °C, t= 2 h, and a
value of R= 10 mL g'!. Comparatively, the maximal experimental adsorption capacity reached
33.48 %. Consequently, the model displays a mere 0.97 % deviation from the experimental values.
This small deviation is deemed acceptable and affirms the model's capability to effectively

describe the experimental data.
3.3 Physicochemical characterization

The results derived from the diverse analytical methods for characterizing the RM and the HCS-3
are presented in Table 2. As observed, the RM exhibits a notably small specific area and limited
porosity, consistent with the characteristics commonly found in biomass materials [22]. On the
contrary, hydrochar synthesized under conditions of 180 °C and a 2 h residence time (HCS-3)
exhibits a specific surface of approximately 100 m? g, signifying an enhancement by two orders
of magnitude compared to RM. Concerning to pore volume, the hydrochar shows a value
surpassing that of the precursor by three orders of magnitude. The combination of these
characteristics in the synthesized material significantly enhances the adsorption capacity for
ibuprofen. This is particularly relevant due to the inherent steric limitations associated with

ibuprofen adsorption in confined micropores or materials with limited surface [19].
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Table 2. Physicochemical characteristics of RM and HCS-3

. SBET Vpore Acid SItfs Basic sites
Material (m? g) (m’ g PZC (meq g7) (meq g™
Total Carboxylic Lactonic Phenolic
RM 0.2 9-10* 6.75 1.3531 0.7355 0.1267 0.4909 0.0836
HCS-3 99.3 0.23 6.38 1.5346 0.4512 0.0935 0.9899 1.2456

The RM and HCS-3 obtained PZC were 6.75 and 6.38, respectively. These values are close to the
neutral value of pH. Consequently, this adsorbents exhibits a slight acidity, characterized by a
relatively lower concentration of basic sites compared to acidic sites. Sheng et al. [23] discovered
that functional groups within marine algae, which are accountable for binding or engaging with
pollutants, encompass entities like sulfonic acids, carboxyl and phosphates. These components
exist in various configurations such as carboxylic groups, phosphate proteins, fucoidans, and
alginate. The distribution of acid and basic sites showed in Table 2 corresponds with findings from

Tarbaoui et al. [24] regarding Sargassum biomass.

As can be seen, the hydrocarbonization process caused an increase in the concentration of basic
sites. These basic sites hold a negative charge density that interacts with the delocalized =
electronic cloud of the adsorbate, thus increasing its adsorption on the synthesized material.
Additionally, it can be observed that the concentration of acid sites also increased, and within these
the concentration of phenolic sites, which also have delocalized electronic clouds that favor the

removal of the contaminant through n-w interactions [25] (Figure 2b).

Figure 2a) presents an analysis of the primary functional groups found in synthesized material,
particularly in relation to its enhanced capacity for ibuprofen adsorption both before and after
adsorption, alongside the RM. The analysis discerns the existence of diverse functional groups
within the material, encompassing carboxylic, carbonyl (linked to lactones), and aromatic

structures, indicative of the presence of phenolic groups within the material's composition.

These functional groups serve a key role in eliminating the targeted pollutant from the solution.
This elimination primarily occurs through mechanisms involving electrostatic interactions with
the electron cloud of the pollutants and through the formation of chemical bonds between the
adsorbate and the adsorbent [26] (Figure 2b). Furthermore, when comparing both spectra, a distinct
band is observed around 1650 cm™ (asymmetric vibration of the carboxyl group), demonstrating
the presence of ibuprofen in the ibuprofen-saturated HCS-3 material [27], which is found to be

much less wide and intense in the starting material. This observation conclusively demonstrates
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the successful removal of this contaminant from the solution, with its presence now detected in the

saturated adsorbent.
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Figure 2. a) Infrared spectrum of HCS-3 and HCS-3 saturated with ibuprofen; b) Possible

interactions involved in the removal of ibuprofen during the adsorption onto HCS-3
4. Conclusions

This study conducted a comprehensive exploration of hydrochar synthesis, its implications on
yield, and its effectiveness in ibuprofen adsorption. Hydrochar yield was notably influenced by
temperature, residence time, and water-to-biomass ratio, indicating higher yields at reduced time
and temperature settings. Regression models accurately captured this trend (%D <5 %), revealing
that heightened temperature and time corresponded to diminished yields. Optimal conditions for
both maximum yield and ibuprofen adsorption were identified at lower time and temperature levels

(T =180 °C; t = 2h), thus mitigating biomass alteration.

Furthermore, the investigation analyzed how synthesis parameters impacted ibuprofen adsorption,
identifying the relevant factors linked to residence time and its interaction with temperature. The
models accurately predicted adsorption behaviors, providing crucial insights for refining pollutant
elimination processes. Physicochemical evaluation underscored the augmented hydrochar
properties versus the raw material, with amplified specific surface area and pore volume
significantly enhancing ibuprofen adsorption. This advance is particularly noteworthy, addressing

ibuprofen's steric constraints in confined micropores.
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Overall, the study illustrated intricate relationships between hydrochar synthesis, yield, and
adsorption efficiency, routing the optimization of synthesis for efficacious pollutant removal. The
formulated models hold great potential for process enhancement and highlight hydrochar's promise

as a potent agent in environmental remediation.
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Abstract

The characterisation of hydrochars derived from Sargassum biomass collected along the Mexican
Caribbean coast reveals their favourable morphology and chemical composition for incorporating
metal ions, including Cd(IT) and Pb(II). Among the synthesized materials, HCS-3, produced at 180
°C with a 2 h residence time, exhibited superior yield, specific area, carbon content, and capacity
for removing Cd(II) and Pb(II). Adsorption equilibrium studies demonstrate the presence of
adsorption processes during Cd(II) and Pb(Il) retention on HCS-3, with adsorption capacities
slightly exceeding 140 and 340 mg g', respectively. Notably, HCS-3 shows a greater affinity for
Pb(Il) over Cd(II) when both elements are present concurrently. The physicochemical analysis
through FTIR spectroscopy, functional group analysis, point of zero charge determination,
SEM/EDS, and other techniques evidenced that HCS-3 possesses favourable characteristics to
serve as a heavy metal adsorbent. These findings underscore the efficacy of hydrochars from
Sargassum biomass in removing heavy metals, suggesting their potential as superior adsorbents
compared to traditional or novel materials, and advising its possible versatility for other pollutants.
Utilizing these hydrochars could mitigate the economic and environmental impact of Sargassum

biomass by repurposing it for valuable applications.
Keywords: Hydrochars; Sargassum biomass; Heavy metals; Adsorption; Characterisation.
1. Introduction

Water is an essential resource for all living beings, playing a vital role in our daily lives,

agriculture, and industrial processes (Morin-Crini et al., 2022). However, in the past few decades,
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water contamination has emerged as a critical environmental concern. Of particular concern are
heavy metals such as cadmium (Cd) and lead (Pb), which have witnessed a significant surge in
their levels over the past decade. The presence of these contaminants poses severe threats to human

health, ecosystems, and ecological balance (Vardhan et al., 2019).

Heavy metals, including Cd and Pb, are persistent in nature and exhibit toxic effects even at low
concentrations. Industrial activities, inadequate waste management practices, and the use of
agrochemicals have been major contributors to the contamination of water sources by these metals.
Once released into the environment, heavy metals can enter the food chain, and prolonged

exposure can lead to severe health issues, ranging from neurological disorders to organ damage

(G. Yuetal, 2022).

Addressing the challenges of heavy metal contamination in water requires effective and
economically viable solutions. The most traditional methods for removing heavy metals from
water include electrocoagulation, ultrafiltration chemical precipitation, ion exchange, and
chemical oxidation, among others. It should be noted that these traditional methods have
limitations in terms of efficiency, cost, and waste generation. However, they have been used for a
long time and are still implemented in certain contexts where more advanced technology is not

available or is economically unfeasible (Yu et al., 2021).

Over the past few years, there has been notable interest in water treatment techniques centred
around adsorption, primarily because of their effectiveness in eliminating heavy metals from
polluted water sources. Adsorption occurs when the contaminants adhere to the surface of an
adsorbent material, effectively removing them from the water. Among the various adsorbents
available, biomass-based adsorbents have emerged as a promising solution. Biomass-based
adsorbents are derived from organic materials such as plant waste, agricultural residues, and
biochars, making them both cost-effective and sustainable (El Atouani et al., 2019; Pimentel-

Almeida et al., 2023).

The advantages of biomass-based adsorbents in water decontamination are manifold. Firstly, they
exhibit high adsorption capacities due to their abundant surface functional groups, allowing for
efficient metal ion binding. Secondly, their porous structure enhances accessibility and facilitates
the removal of heavy metals from water. Additionally, their renewable nature contributes towards

minimizing environmental impacts, reducing the carbon footprint associated with water treatment
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processes. Moreover, the utilization of biomass waste materials as adsorbents promotes waste
management and creates a circular economy, turning waste into a valuable resource (S. Yu et al.,

2022).

Besides their chemical properties and eco-friendliness, biomass-based adsorbents offer flexibility
in terms of customization. Researchers have been able to modify the surface properties of these
adsorbents to maximize their selectivity towards specific heavy metals, a crucial advantage for
tailored water treatment processes (Raninga et al., 2023). Various adsorbents have been employed
to eliminate or decrease heavy metal concentrations to safe levels for human consumption. Table

1 displays several of these adsorbents along with their respective adsorption capacities.

Table 1. Capacities for adsorbing Cd(II) and Pb(II) by various materials

Adsorbent Adsorbate  Adsorption capacity (mgﬁ“) Refs.
Brewed tea waste 1.2 (Celebi et al., 2020)
Natural clay 25.1 (Kushwabha et al., 2020)
Humic acid 19.2 (Kushwabha et al., 2020)
Porous cellulose nanofiber—sodium
alginate hydrogel beads 318.5 (Zhao et al., 2021)
Caragana korshz?askzz biomass derived 2209 (Wang et al., 2021)
biochar
Functlongllzed cotton charcoal/chitosan Pb(1) 1105.8 (Fan et al., 2022)
biomass-based hydrogel
Moringa oleifera seed biomass 6.2 (Nwagbara et al., 2022)
Hydrochar derived from rice husk and
Zizania latifolia straw 8.6 (Zhang et al, 2022)
(Gonzalez-Fernandez et
Sargassum spp. 350.0 al,, 2023a)
Silica aerogel 10.4 (Akhter et al., 2024)
Red algae Galaxaura oblongata 85.5 (Pyrzynska, 2019)
Olive branches activated carbon (AC) 38.2 (Alkherraz et al., 2020)
Brewed tea waste 2.5 (Celebi et al., 2020)
Litchi chinensis peel biomass 15.3 (Ansari et al., 2020)
Caragana korshz.nskn biomass derived 4.4 (Wang et al., 2021)
biochar
Moringa oleifera seed biomass Cd(II) 5.0 (Nwagbara et al., 2022)
Hydrochar derived from rice husk and 39 (Zhang et al., 2022)

Zizania latifolia straw

Gonzalez-Fernandez et

Sargassum spp. 240.0 al., 2023)
Eucalyptus globulus fruit biomass 128.2 (Samimi, 2024)
NaCl-modified zeolite 25.6 (Velarde et al., 2024)

Addressing the pressing issue of water contamination, specifically heavy metals like Cd and Pb,
requires innovative and sustainable solutions. Biomass-based adsorbents are gaining recognition

as a viable option due to their efficient metal ion binding, accessible porous structure, renewable
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nature, and potential for customization. By harnessing the power of adsorption and the benefits of
biomass-based materials, we can pave the way for safer and cleaner water sources, ensuring a

healthier future for all.

The escalating issue of Sargassum seaweed in Mexico has posed significant challenges to coastal
ecosystems and local economies. The excessive influx of Sargassum deposits along the coastlines
is not only visually displeasing but also causes ecological imbalances and impacts marine life.
However, amidst this predicament lies an innovative opportunity. The biomass derived from
Sargassum holds tremendous potential as a precursor for the development of effective adsorbents
to address water contamination challenges. Moreover, the utilization of hydrothermal processes
for characterization enables the production of high-quality adsorbents from Sargassum biomass,
thereby presenting a sustainable and environmentally friendly solution (El Atouani et al., 2019;

Pimentel-Almeida et al., 2023).

The proliferation of Sargassum seaweed in coastal areas of Mexico has become a pressing
environmental concern. The increase in its frequency and intensity has had significant
repercussions on local ecosystems, tourism, and livelihoods. The accumulation of Sargassum on
beaches leads to the depletion of oxygen levels in the water, disrupting marine life and creating
dead zones. The decomposition of this biomass releases hydrogen sulphide, which not only emits
an unpleasant odour but also poses health risks to nearby communities. These challenges
necessitate innovative approaches to mitigate the negative impacts of Sargassum while

simultaneously generating valuable resources from this abundant biomass (Ledn, 2019).

One notable attribute of Sargassum biomass lies in its excellent characteristics as a precursor for
adsorbents. Sargassum is rich in functional groups such as hydroxyl, amine, and carboxyl, which
endow it with strong adsorption capabilities for heavy metals and other contaminants. Its high
specific area provides ample sites for adsorption, maximizing the removal of pollutants from water
sources. Furthermore, Sargassum biomass exhibits remarkable mechanical robustness and
chemical stability, ensuring its efficacy as an adsorbent material (Hannachi and Hafidh, 2020; Ma

et al., 2020).

To harness the full potential of Sargassum biomass, hydrothermal processes have emerged as a
valuable method for its characterization. These processes involve subjecting the biomass to high

temperatures and pressure in an aqueous environment. Hydrothermal treatment facilitates the
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breakdown of complex organic compounds present in Sargassum, resulting in the generation of
adsorbents with enhanced efficiency and durability. The controlled hydrothermal conditions
enable the precise tuning of the adsorbent's textural properties, such as pore size and surface area,

thereby optimizing its adsorption capacity (Martinez-Meraz et al., 2023a).

The utilization of Sargassum biomass as a precursor for adsorbents not only presents an effective
solution to water contamination but also offers a sustainable approach to addressing the Sargassum
problem in Mexico. By transforming this invasive seaweed into a valuable resource, we can
simultaneously combat water pollution and create economic opportunities. The adoption of
hydrothermal processes for the characterization of Sargassum biomass further ensures the
production of high-quality adsorbents, thereby enhancing their efficacy in removing heavy metals

and other contaminants from water sources.

The primary aim of this investigation was to characterize the hydrochars derived from Sargassum
biomass sourced from the Mexican Caribbean and assess their efficacy in removing Cd(II) and
Pb(Il) from water using single and multicomponent batch adsorption systems. Additionally,
optimization of synthesis parameters was conducted to select optimal conditions for achieving the

highest yields, carbon contents, surface areas, and adsorption capacities for the targeted pollutants.

The findings suggest that hydrochars derived from Sargassum biomass offer a viable solution for
removing metal contaminants such as Pb and Cd, potentially replacing established adsorbent
materials. A thorough analysis of the composition, as well as the physical and chemical properties
of these adsorbents, is essential to determine their potential effectiveness as highly efficient
adsorbents. This evaluation could help alleviate not only the existing economic and coastal
ecosystem damages in the Mexican Caribbean region but also the issues related to heavy metal

pollution.

The novelty of this work lies in the fact that hydrocarbonized materials with high adsorption
capacities are obtained, comparable to traditional materials such as activated carbons, zeolites and
clays, and superior to those reported for materials of natural origin such as biomasses, fungi and
yeasts. Additionally, the synthesized material has a high specific area, adequate porosity, does not
generate colour or taste in the water in which it is used and can also be used to remove other

organic contaminants according to other studies carried out (Martinez-Meraz et al., 2023b).
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2. Materials & Methods
2.1 Raw Material (RM)

Sargassum spp. sourced from the Mexican Caribbean region were subjected to rigorous taxonomic
and morphological assessments based on established criteria outlined in expert literature (Rosado-
Espinosa et al., 2020). Following the selection phase, the collected samples underwent a thorough
rinsing process using abundant seawater and were subsequently air-dried for 72 h. Following
drying, the samples were meticulously stored under controlled humidity conditions and shielded
from light using polyethylene bags. Prior to analysis, the algae samples underwent extensive
cleansing with distilled water to remove salts and any residual solid particles. Subsequently, they
were dried in an oven at 110 °C for 24 h and then finely ground using an electric mill. The resulting
material was sifted through vibrating sieves with apertures ranging from 30 to 50 pm. The
separated particle fractions of different sizes were then carefully preserved for further analysis

(Gonzélez-Fernandez et al., 2023a).
2.2 Synthesis of hydrochar

The hydrothermal carbonization (HCT) experiments entailed controlling parameters such as
carbonization temperature (T), residence time (t), and the mass ratio of the RM to water (r) utilized.
An experimental design based on response surface methodology (RSM) was employed to evaluate
how these operational variables influenced the characteristics of the produced materials. The
experimental arrangement, defined in Table 3, was carry out using Design-Expert® software,
implementing a Box-Behnken design with 3 factors and 3 centre point replicates, resulting in a

total of 15 experiments or hydrochars.

In the pursuit of achieving carbonization and obtaining hydrochars (HCS) as the primary product,
the T factor was varied between 180 °C and 220 °C, in accordance with previous studies by Lee
et al. (2019) (Lee et al., 2019) and Pauletto et al. (2021) (Pauletto et al., 2021). Considering the
literature reports (Cavali et al., 2023; Gong et al., 2023; Soroush et al., 2022; Supee and Zaini,
2024; Wu et al., 2023) indicating a synthesis time of 1 to 8 h for the HTC process with different
precursors, the effect of t was explored in this study using lower and upper levels of 2 and 8 h,
respectively. This range is deemed sufficient to facilitate the RM transformation and provides a

broad scope to discern potential effects of this factor.
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In preparation for the HTC process, the RM needed dispersion in water. Preliminary tests were
conducted to determine the minimum amount required to cover 1.0 gram of material, establishing
a minimum of 5 mL of water per gram of precursor. The maximum level for the R factor was set

at 10 mL g!, considering the capacity of the reactor.
2.3 Hydrochars characterization
2.3.1 Conversion efficiency percentage

The conversion efficiency percentage (CEP) of the RM to hydrochar is calculated with the

following equation:

Yim % 100

CEP (%) =

i
Where w; and wy are the masses of the RM and hydrochar obtained, respectively. This equation
quantifies the degree to which the RM is converted into hydrochar, providing valuable insights
into the efficiency of the conversion process. A higher CEP indicates a more effective utilization

of the RM, resulting in a greater proportion being transformed into hydrochar.
2.3.2 Nitrogen physisorption

For the determination of the specific area of the synthesized hydrochars and their related
parameters, a sample tube was plugged with a rubber stopper and placed in one of the degassing
ports of the Micromeritics Model ASAP 2420 Analyzer. The sample tube was attached to one of
the degassing ports and heated by means of the heating basket to a temperature of 110 °C.

The physisorption equipment measured the volume of adsorbed nitrogen at different pressures
maintaining constant standard temperature and pressure (274.15 K and 1 atm) with a mass of
approximately 0.1 g of each material. With the volumes and pressures obtained at 5-second
intervals for each measurement, the specific area of the adsorbent and the pore size distribution

was calculated.
233 C,H, O,N and S determination

Elemental analyses (CHONS) were conducted to determine the chemical composition of both the
synthesized hydrochars and the RM. These analyses aimed to assess the compositional variations
in the hydrochars resulting from different hydrothermal carbonization (HTC) conditions. The

percentage of carbon, hydrogen, nitrogen, and sulphur was analysed using a Thermo Scientific
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CHNS-O elemental analyser, FlashSmart model. The oxygen content was estimated independently

using the following equation.:
%0 = 100% — (%C + %H + %N + %S)
2.3.4 Point of Zero Charge

The determination of the point of zero charge (PZC) follows the method outlined by Gonzalez-
Fernandez et al., 2021 (Gonzalez-Fernandez et al., 2021). The mass of adsorbed protons is assessed
using the equation provided below.:

— CN(VB - VM)

H
qu+ m

The application of the following equation is used to estimate the surface charge (SC) of the
materials:

_ qu+F

SC S

The SC distribution is created by plotting pH against the materials' SC. The PZC corresponds to
the pH at which the SC is neutral (Gonzélez-Fernandez et al., 2023a). In this equations, g+
indicates the quantity of moles of proton adsorbed on the adsorbent at a specific final pH value
(mol g 1), Cy represents the concentration of the neutralizing solution (mol L"), ¥/ is the volume
of the neutralizing solution (NaOH or HCl) needed to achieve a predetermined final pH value for
the solution containing the adsorbent (L), and V3 refers to the volume of neutralizing solution

needed for the solution without the adsorbent to achieve a specified final pH value (L).
2.3.5 FTIR analysis

Fourier transform infrared spectroscopy identified the functional groups on the surface of both RM
and the synthesized hydrochar which exhibited the highest adsorption for Cd and Pb (HCS-3).
Infrared spectra were acquired using the attenuated total reflectance (ATR) method on a Thermo
Scientific FTIR spectrometer, model Nicolet iS10, equipped with a diamond ATR accessory. The
analysis covered the wavenumber range from 3900 to 600 cm™', with 32 scans conducted at a

resolution of 4 cm™'. Background spectra were obtained between each sample during the analysis.
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2.3.6 SEM/EDS analysis

Scanning electron microscopy (SEM) was carried out to obtain images of particle size, surface
morphology and composition of the RM and the synthesized hydrochar with the highest adsorption
for Cd and Pb. Using a Thermo Fisher Quanta 250 FEG instrument, images were acquired
employing secondary and backscattered electrons. The equipment was also armed with an energy
dispersive EDAX-DX-4 microanalysis system to perform qualitative elemental analysis of single
points in the material’s surface. For the analysis, the samples underwent pre-drying at 120 °C for

36 h, after which they were directly mounted onto the sample holders.
2.3.7 XPS analysis

The ESCA 5701 spectrometer was employed to capture X-ray photoemission spectra (XPS) of the
RM and the synthesized hydrochar with the highest adsorption for Cd and Pb. Operating with a
MgKa radiation source (hv = 1253.6 e¢V), and a hemispheric electron analyser at 12 kV and 10
mA, the instrument utilized the carbon Cls peak (284.6 eV) as an internal standard for binding
energy determination. To enhance signal-to-noise ratio, each region underwent multiple scans.
Analysis involved interpreting the spectra using Lorentzian and Gaussian curves (Voigt profile)
after correcting for background signals. Peak positions, areas, and the number of components were

determined, and peak assignments were made based on literature information.
2.3.8 Active sites determination

The acid-base titration method introduced by Boehm, 1994 (Boehm, 1994) was employed to
identify the active sites of the RM and the synthesized hydrochar with the highest adsorption for
Cd and Pb. Neutralization of total acidic and basic sites was carried out using 0.01 mol L' NaOH
and HCI solutions, respectively. Specific acid sites on the adsorbents were neutralized with 0.01
mol L' solutions of NaOH, Na,CO3, and NaHCO3. NaOH solution was used for the total acid sites
determination, NaHCOj3 for carboxylic sites determination and Na>COs for carboxylic and lactonic

sites (Gonzalez-Fernandez et al., 2023a).
2.4 Analysis of Cd and Pb in aqueous solution

Cd and Pb concentrations in aqueous solution were determined using flame atomic absorption
spectrometry (VARIAN SPECTRAA 220 Spectrometer) with hollow cathode lamps and the
calibration curve method (1.0 to 1000 mg L™!). A primary standard of 1000 mg L™! for each metal
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was prepared by weighing the corresponding masses and fully dissolving them in water to a
volume of 1.0 L. Subsequently, a secondary standard was prepared by diluting an aliquot of this

solution in deionized water to achieve a concentration of 100 mg L'
2.5 Experimental data on the adsorption equilibrium of Cd and Pb

Experimental data regarding the adsorption equilibrium of Cd and Pb were acquired via a batch
adsorber, following a methodology similar to that outlined by Gonzalez-Fernandez et al., 2023
(Gonzalez-Fernandez et al., 2023a). The amount of Cd or Pb adsorbed onto the materials was
established using the following equations:
_ VoCo = VyGy — YL VG
m

N
i=1

Where Co represents the initial metal concentration in mg L', C; denotes the final metal
concentration also in mg L', C; indicates the metal concentration in the i sample measured in mg
L', m stands for the mass of the adsorbent in grams, N signifies the total number of samples, q
signifies the mass of metal adsorbed per unit mass of adsorbent in mg g™, Vy represents the initial
volume, Vrindicates the final volume, V; denotes the volume of the i sample, and V', stands for the
total volume of acidic and basic solutions added to adjust the pH of the adsorber solution. All the

volumes are measured in litters.

The equilibrium of the adsorption process was characterized by matching the experimental data to
Langmuir, Freundlich, and Radke—Prausnitz (R—P) isotherm models, expressed by the following

equations, respectively:

— quLCe
1 =17K.C,
1
qe = KFCe/n
KrC,
Qe = —— 5
1+ agC,
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Various isotherms were used to evaluate data from multicomponent equilibria. These included the
non-modified Langmuir multicomponent isotherm (NLMI), modified Langmuir multicomponent
isotherm (MLMI), extended Langmuir multicomponent isotherm (ELMI), modified Redlich—
Peterson multicomponent isotherm with an interaction factor (MRPMI), non-modified Redlich—
Peterson multicomponent isotherm (NRPMI), Sheindorf—Rebuhn—Sheintuch isotherm (SRSI) and
the extended Freundlich multicomponent isotherm (EFMI). The equations corresponding to these

mathematical models are detailed in Table 2.

Table 2. Isotherm models employed to describe the experimental data in multimetallic systems

Model Equation Model Equation
NLMI = QmKiCi ELMI = QmaxKE,iCi
TR KG NI S K G
qm,iKi (Ci/M:) a;C;
MLMI q; = y NRPMI G =———""3
CT1H T K (C/m)) 143Nl
N
a;(Ci/ny) (i)—l
MRPMI q; = - SRSI q; = k-C-(z a;; CH)\"
1+ 30, by (G /)P 1 = B
,cl ,C
EFMI 4, = 1% L g, = 2L
LUC by ¢ O 4y,

3. Results & discussions
3.1 Conversion efficiency percentage of the HTC

The CEP for each synthesized hydrochar was computed based on the proportion presented
previously. Table 3 describes the experimental configuration alongside the hydrochar CEP

acquired as a resultant outcome in each synthesis experiment.

The experimental data go through fitting to a regression model based on a second-order
polynomial. The CCD methodology was employed by various researchers, including El Ouadrhiri
et al., 2021 (El Ouadrhiri et al., 2021), Romén et al., 2020 (Roman et al., 2020) and Periyavaram
etal., 2023 (Periyavaram et al., 2023) to examine the impacts and optimize parameters in the HTC
of diverse biomasses such as tomato, peels, olive stone and water hyacinth. The researchers
explored the impacts of T, t, and r through a series of 18 randomized experiments. Subsequently,
they modelled the resulting solid yield utilizing a second-order function, akin to the approach

employed in the present study.
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Table 3. HTC treatment experimental design and hydrochar CEP, Sger, PZC and adsorption

capacity responses

Exp. TECC) t() r(@mL g‘l) CEP (%) A (m? g‘l) PZC  qca (mg'l) qprb (m&'l)

HCS-1 200 2.0 5.0 50.14 120.2 6.13 63.97 175.23
HCS-2 200 8.0 5.0 46.84 81.7 6.28 45.55 164.34
HCS-3 180 2.0 7.5 60.35 126.7 6.00 64.82 184.84
HCS-4 200 2.0 10 51.55 99.4 6.16 62.72 172.48
HCS-5 220 8.0 7.5 39.73 52.5 6.81 37.07 165.63
HCS-6 200 5.0 7.5 49.32 101.5 6.25 50.93 158.97
HCS-7 180 8.0 7.5 54.06 86.2 6.14 45.06 138.71
HCS-8 220 5.0 5.0 43.79 62.1 6.63 40.85 159.51
HCS-9 200 5.0 7.5 49.32 75.4 6.24 47.99 155.97
HCS-10 220 5.0 10 43.21 77.5 6.65 41.85 158.57
HCS-11 200 8.0 10 45.26 74.1 6.43 41.53 145.34
HCS-12 220 2.0 7.5 45.02 92.7 6.47 53.98 163.30
HCS-13 200 5.0 7.5 48.32 84.8 6.23 50.57 153.08
HCS-14 180 5.0 5.0 56.12 114.7 6.09 46.75 141.34
HCS-15 180 5.0 10 56.54 105.1 6.09 46.92 144.56

The hydrochar CEPs in this work ranged from 39 to 60 %. There are several investigations in the
literature on the effect of operating conditions on the hydrochar CEP obtained. Azaare et al., 2021
(Azaare et al., 2021) performed hydrochar synthesis from softwood to analyse the effect of process
conditions on the CEP. For the synthesis they used 90 and 120 min as residence times and
temperatures between 180 and 250 °C, obtaining CEPs between 44 and 57 %. Likewise, Giileg et
al., 2021 (Giileg et al., 2021) obtained hydrochar CEPs between 58 and 62 % for synthesis from

different lignocellulosic biomass feedstocks, using temperature between 75 and 250 °C.

In a recent study, A DoE-RSM approach was utilized by Afolabi et al., 2020 (Afolabi et al., 2020)
to analyse and improve the combined impact of T and T factors on the hydrochar yield derived
from spent coffee grounds. They applied a face-centred central composite factorial design to
correlate the dual responses with the respective factors. Findings indicate that within the tested
range (180 — 220 °C and 1 — 5 h), the optimal hydrochar yield of 63.9 % is attained at a residence
time of 1h with a temperature of 216.4 °C.

From Table 3, it is possible to observe that the hydrochar CEP values are influenced by the
parameters investigated, since the highest CEP was observed for the lowest time and temperature,

while the lowest CEP was found for higher time and temperature values. The above agrees with

261



that reported by Azaare et al., 2021 (Azaare et al., 2021) who found that high values of

carbonization time and temperature promote a decrease in CEP values.

Analysis of variance (ANOVA) was completed to evaluate if the factors are significant and to
check the good fit of the model. The statistical analysis of the factors was performed through the
hypothesis and Fisher's F test (confidence interval of 95 %). The conclusions obtained in the

analysis of variance are presented in Supplementary Table 1.

As per the information presented in Supplementary Table 1, the influential factors involved the
three linear terms, each exhibiting p-values below 0.05. Furthermore, the model's p-value,
confirms the statement that the linear model effectively characterizes the variability of the
experimental response. On the contrary, the p-value for lack-of-fit suggests that the lack-of-fit

regarding the error is not statistically significant.

The linear regression model, tailored to the CEP in relation to the encoded factors and omitting
the non-significant terms, is expressed by the following equation. The negative coefficients for T
and t signify that an increase in the values of these factors correlates with a reduction in the

response (CEP).
CEP = 246.1 — 19T — 3.2t + 7.3r

The interplay among T, t, and r, along with their consequential effects on the response, was studied
through the examination of the three-dimensional response surface presented in Figure 1. The
maximum of the CEP value is achieved when both factors (T and t) are set to their lower levels.
This conclusion stems from the circumstance that, under these conditions, the biomass undergoes
minimal alterations during the treatment, thereby resulting in reduced mass loss (Martinez-Meraz

et al., 2023a).

Utilizing the parameters derived from the model-description equation for CEP, an optimization
was conducted utilizing the Microsoft Excel Solver tool. The objective was to attain the maximum

value. The results of this optimization are presented in Table 4.

The achieved maximum experimental CEP registered at 60.35 % (T =180 °C,t=2h,r=7.5mL
g'h), resulting in a percentage deviation of merely 1.31 % when compared to the model-predicted
values. This minimal and acceptable deviation underscores the efficacy of the model in accurately

depicting the obtained data.
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CEP (%)

Table 4. Optimization of the parameters for the CEP response

Estimated parameter Value
T (°C) 180
t (h) 2
r (mL g) 7.6
Maximum CEP 57.28

CEP (%)

y A
”,:,’i””t

FZZ

ATEO 180 8

AT(C)

CEP (%)

Bt (h)

AT(°C)

c)

Figure 1. Three-dimensional response surface for CEP:a)r=5mL g, b)r=7.5mL gl andc)r

=10mL g'!
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3.2 Hydrochars' surface optimisation

The specific area of the synthesised materials was determined using nitrogen physisorption and
the Brauner, Emmet and Teller (BET) method. The area values obtained are shown in Table 3 and

as can be seen, vary between 52.5 and 120.2 m? g

There are limited recent references that provide common values for the specific area of hydrochars
prepared from biomass waste. However, one study reported that hydrochars produced from
seaweed had a specific area ranging from 0.5 to 1.5 m? g! (Soroush et al., 2022). Another study
reported that the specific area of NaOH-activated hydrochar derived from corncobs was 12.8 m?
g! (Sivaranjanee and Kumar, 2023). The values found are above the range of values reported in
the literature for other hydrochars and similar materials synthesised from biomass waste (Casco et

al., 2023; Takaya et al., 2019).

The specific area values achieved were analysed by ANOVA to find the factors or interactions that
have a significant influence on the area reached by each material as well as to analyse the
corresponding response surface for this variable. The results of the ANOVA and the response

surface obtained are shown in Supplementary Table 2 and in Figure 2, respectively.

Area (m2 g-1)

AT(0)

B:t(h

Figure 2. Response surface for the specific area of the synthesised hydrochars atr = 7.5 mL g’!
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Supplementary Table 3 reveals that among the factors influencing the area of the synthesized
materials, T and t demonstrate significant impacts (p < 0.05), whereas the value of R does not exert
a significant influence on the mathematical model applied (p > 0.05). With this information it was
possible to obtain the equation that describes the response surface as a function of the significant

variables, which is shown below:
A =269.18 — 0.75T — 6.02t

The presence of negative coefficients in the equation for T and t indicates that an increase in their
values corresponds to a decrease in the response (A), similar to what was observed in the CEP of
the synthesized materials. This phenomenon might be attributed to the generation of porous
structures, particularly meso- and macropores, as these variables increase. Conversely, lower

levels of the variables favour the formation of micropores (Tee et al., 2022).

An optimization process was conducted on the response variable for this study using the Microsoft
Excel 2023 Solver tool, utilizing the parameters derived from the model-description equation. The
objective was to attain the maximum value. The summarized conclusions of this optimization

process are presented in Table 5.

Table 5. Optimization of the parameters for the surface response

Estimated parameter Value
T (°C) 180
t (h) 2
Maximum Area (m? g'!) 121.7

The maximum experimental area reached 126.7 m? g! (T =180°C,t=2h, r= 7.5 mL g"),
indicating a percentage deviation of 4.1 % when compared to the values predicted by the model.
This slight but acceptable deviation highlights the effectiveness of the model in accurately

representing the collected data.
3.3 CHONS determination

Table 6 displays the results of the chemical analysis conducted on all synthesized hydrochars and

the RM to assess their elemental composition, focusing on C, H, O, N, and S content.

The data reveals that HTC significantly impacted the chemical composition of the synthesized

hydrochars, evident from distinct differences in elemental contents compared to the RM. Notably,
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sulphur content remained notably low in both the hydrochars (ranging from 0.03 % to 0.09 % or

even undetectable in most of the cases).

Furthermore, nitrogen content was generally higher in the hydrochars, attributed to the absence of
nitrogen oxides in the processing liquid using this HTC (Fang et al., 2018). This trend parallels
findings from HTC processes involving municipal sludge, organic sludge, and other biomasses
(Liu et al., 2021; Magdziarz et al., 2020; Wang et al., 2020), suggesting that elevated temperatures

might lead to the precipitation of certain inorganic compounds.

Table 6. CHONS composition of the synthesised hydrochars

Material C H N S (0
RM 33.82 6.76 1.09 0.32 58.01
HCS-1 44.8 7.25 1.39 0 46.56
HCS-2 47.66 7.69 1.36 0.03 43.26
HCS-3 48.06 7.28 1.36 0.09 43.21
HCS-4 44.46 7.10 1.34 0 47.10
HCS-5 45.61 7.09 1.27 0.04 45.99
HCS-6 48.01 7.83 1.32 0 42.84
HCS-7 44.64 7.80 1.30 0.08 46.18
HCS-8 48.13 7.95 1.30 0.06 42.56
HCS-9 44.43 6.88 1.22 0 47.47
HCS-10 44.16 6.70 1.17 0 47.97
HCS-11 44.85 6.65 1.18 0 47.32
HCS-12 47.00 7.57 1.29 0 44.14
HCS-13 47.65 7.96 1.25 0 43.14
HCS-14 44.36 7.41 1.26 0.05 46.92
HCS-15 46.71 8.13 1.23 0 43.93

2 Calculated by difference

The HTC process led to a notable increase in carbon content by approximately 30.6 % to 42.3 %
across the resulting samples, accompanied by a significant reduction in oxygen content of
approximately 26.6 %, going from 58.01 % to 42.56 %. Conversely, hydrogen content exhibited

minimal variation, ranging from 6.65 % to 8.13 %.

These findings align with research conducted by Parra-Marfil et al., 2020 (Parra-Marfil et al.,
2020), who investigated the HTC of industrial Capsicum annuum seeds and examined the impact
of temperature, time and water-to-biomass ratio on hydrochar elemental composition. Using

between 5 and 10 mL of water per gram of biomass, they observed that as the reaction temperature
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increased from 180 °C to 250 °C over 2 to 8 h, carbon content rose from 53.12 % to 7.18 %, while

oxygen content decreased from 37.74 % to 18.92 %.

The reduction in oxygen and hydrogen content in hydrochars mainly arises from dehydration and
decarboxylation processes, eliminating hydrogen and oxygen in the forms of HoO and CO»,
respectively. Conversely, the increase in carbon content in hydrochars is attributed to condensation
and aromatization processes, resulting in a higher proportion of aromatic carbon compared to the

RM.

To represent the changes in the atomic composition of the RM and hydrochars, the atomic H/C
and O/C ratios were computed and analysed using a Van Krevelen diagram (Figure 3), with the
corresponding data presented in Table 6. These ratios are commonly used to characterize the

transformations occurring during the HTC process.

0.21 4
RM
0.20 u e HCS1
A HCS?2
0.19 A . v HCS3
Decarboxilation e HCS4
¢ HCSS5
0.18 1 * HCS6
% o e * HCS7
0.17 o HCS8
° w Dehydration Demetylation © :82 ?O
* AN
A [ J
0.16 - “ e v HCS 11
| ® o & HCS 12
0154 Y o o HCS13
v # HCS 14
o HCS 15
0.14 T T T T T T T T 1
0.8 1.0 1.2 14 1.6 1.8
o/C

Figure 3. Van Krevelen diagram of RM and HTC-synthesized materials

In the diagram, both ratios decreased, moving from the upper right for the RM to the lower left
after the HTC process. This transition is depicted as a vector almost parallel to the reference axis
of the dehydration pathway, indicating that dehydration was the primary reaction during treatment.

Decarboxylation and demethylation processes also occur, albeit to a lesser extent.

The results obtained for carbon content in the materials were fitted to a polynomial regression

model with two interaction factors to obtain a response surface. To assess whether the factors are
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significant and to check the good fit of the model, an ANOVA was performed as for the other
variables analysed above (Table SuplX3). According to the data, the significant factors were the

linear t term, and the quadratic term T-t. The response surface is presented in Figure 4.

2 180

B:t(h)

Figure 4. Three-dimensional response surface for the carbon percentage of the synthesised

hydrochars atr = 7.5 mL g!

The response surface analysis reveals that under severe HTC treatment conditions (characterized
by high temperatures and durations nearing 8 h), a greater %C is observed in the synthesized
hydrochars. This outcome arises because dehydration and decarboxylation reactions are favoured,
leading to a reduction in hydrogen and oxygen content and consequently increasing the carbon
proportion. The surface primarily tilting towards the t factor underscores the significant influence

of this factor on the carbon composition of the hydrochars.

The quadratic regression model, applied to the carbon content in weight percent of hydrochars, is

defined by the following equation after decoding factors and eliminating non-significant terms:
%C = —82.79 + 16.36t — 0.07T - t

As can be seen from the response surface depicted in Figure 4 and the equation describing it, an
increase in residence time during HTC translates into an increase in the mass percentage of carbon
in the samples, while an increase in temperature does not produce statistically significant changes

in this variable within the ranges studied. Similar results have previously been reported by Parra-
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Marfil et al., 2020 (Parra-Marfil et al., 2020) who also obtained increases in the carbon content of

the samples with increasing residence time in the HTC process.
3.4 Point of zero charge

The PZC values of the synthesised hydrochars are shown in Table 3. To assess the influence of the
synthesis variables on the PZC, an ANOVA for the regression model with two interaction factors
was conducted. The results presented in Supplementary Table 4 indicate that the linear factors T
and t, as well as the quadratic factors T-t and T2, are significant in the model, as their p-values are
below 0.05. The quadratic regression model, used for the PCC of hydrochars, is described by the

following equation eliminating non-significant terms:
PZC = 15.90 — 0.11T — 0.16t + 0.00083T - t + 0.00029T>

As the quadratic terms of the model have positive coefficients, increases in these factors would
produce increases in the PZC of the materials, which can also be corroborated by analysing the
response surface shown in Figure 5. Increases in temperature and residence time within the ranges

studied, and their combination, produce increases in the PZC of the synthesised materials.

PzC

'O’.'g':,g.?s’..g.

3
B:t(h) 2 180
Figure 5. Three-dimensional response surface for the PZC atr=7.5 mL g’!
3.5 Pb and Cd adsorption

Fifteen synthesized materials underwent Cd and Pb adsorption experiments at pH 5 to assess their

capability in removing these pollutants in monometallic systems and to analyse the impact of
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synthesis variables. The adsorption capacities of the materials are detailed in Table 3 and depicted

in the response surfaces presented in Figure 6.

qCd(mg/g)
qPb (mg/g)

Bt(h Bit(h) 2 180
a) b)

Figure 6. Response surface at r = 7.5 mL g™ for a) Cd(II) and b) Pb(II) adsorption capacities in

the synthesised materials

The experimental adsorption data for both pollutants underwent an ANOVA to establish the impact
of the synthesis variables on the adsorption process. The fits were modelled using quadratic
mathematical equations, and the results are presented in Supplementary Table 5 and

Supplementary Table 6.

As can be seen in both tables, for Cd adsorption the linear and simple quadratic terms of T and t
(T, t, T? and t*) were significant, while for Pb adsorption the linear term t and the quadratic terms
T-t and t* were significant. This indicates that both temperature and time are variables that
influence the adsorption capacity of the materials, but not the ratio of water and biomass used
during the synthesis, as previously reported by Parra-Marfil et al., 2020 (Parra-Marfil et al., 2020)
and Martinez-Meraz et al., 2023 (Martinez-Meraz et al., 2023a). The equations describing the

response surfaces considering only the significant terms are as follows:
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Gca = —388.30 + 4.78T — 8.01t — 0.012T2 + 0.54¢2
qpp = —16.44 — 51.11t + 0.20T - ¢ + 1.13t2

The findings indicate that the adsorption capacities for Cd and Pb ranged from 37.07 to 64.82 and
138.71 to 184.84 mg g!, respectively. This suggests that the material exhibits a higher capacity

for removing Pb compared to Cd in terms of mass under identical conditions.

The highest adsorption capacity values occur when t and T are at their lowest values (2 h and 180
°C). This result is due to the synthesis conditions, which lead to the least changes in the biomass
composition, especially in the functional groups, during the treatment (Ili¢ et al., 2022; Saha et al.,

2019).

Moreover, this finding can be elucidated by the larger surface area of the material synthesized
under these conditions (HCS-3 with approximately 127 m? g'!), which enhances the adsorption of
metal contaminants (Lima et al., 2019; Tee et al., 2022). Due to the excellent surface properties of
this material and its high adsorption capacity for both metals, it was chosen for adsorption

experiments on mono- and multimetallic systems of Cd(II) and Pb(II).
3.6 Monocomponent adsorption isotherms

The material denoted as HCS-3, which exhibited superior adsorption capacities for Cd and Pb, was
utilized in both single and multi-component adsorption experiments. Figure 7 presents the
adsorption isotherms for Cd(II) and Pb(Il), depicting the experimental results fitted by the R-P
mathematical model. This model is identified as the most suitable fit with the experimental data,

as detailed in Table 7.

Table 7. Parameters of adsorption isotherm models

Cd Pb
Model Parameter

pH 3 pH S pH7 pH 3 pH 4 pH S
qm (mgg™h 123.97 132.1 144.8 323.1 290.3 307.9
Langmuir ki (L mg ™) 0.005 0.039 0.040 0.009 0.055 0.112
R? (%) 92.5 93.8 97.1 98.1 97.6 95.4
Kr (mg g (L mg H'n 5.48 29.4 29.5 17.6 61.5 78.6
Freundlich n 2.20 4.06 3.77 2.22 3.69 3.98
R? (%) 86.1 933 91.9 97.2 93.7 91.7
Kp (Lg™") 0.56 9.12 7.74 4.46 29.08 52.99
Radke_Prausnitz aR 0.001 0.149 0.088 0.054 0.205 0.309
§ 1.17 0.87 0.92 0.78 0.87 0.89
R2 (%) 99.0 99.5 99.7 98.5 95.7 99.2
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Based on these findings, the R—P model emerges as the most suitable fit among all materials, with
a P constant approaching 1 (Tran et al., 2023). Additionally, the relatively high R—P constant
indicates favourable adsorption of the adsorbate on the materials. The suitability of the R—P model
in explaining the experimental data in specific adsorption systems suggests the presence of
homogeneous and heterogeneous zones on the material's surface in terms of energy for adsorbing

cations (Gonzalez-Fernandez et al., 2023a).
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Figure 7. Monocomponent adsorption isotherms at 25 °C for (a) Cd(II) and (b) Pb(II)

Figure 7 illustrates two distinct stages. Initially, in the first stage, the adsorption capacity rises as
the equilibrium metal concentration increases, as the material possesses numerous active sites
initially available for metal cation retention. As the metal concentration increases, these sites
become progressively occupied, making it increasingly challenging for cations to undergo
exchange. In the second period, a decline is evident in the slope, indicating saturation, where the

maximum experimental adsorption capacity is determined (Gonzalez-Fernandez et al., 2023a).

The maximum adsorption capacities obtained in each case were 140 mg g™! of Cd and 325 mg g’!
of Pb, so it can be observed that the material has a higher affinity for Pb ions than for Cd, although
the capacities obtained for both metals are higher than those reported by other authors for
lignocellulosic materials (Hopkins and Hawboldt, 2020), natural materials (Sharma et al., 2022),

zeolites (Velarde et al., 2023), and even commercial activated carbons (Wang et al., 2023).This
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studies have shown that hydrochars possess a high surface area and porosity, allowing for effective

adsorption of a wide range of contaminants in water and air.

In terms of cost-effectiveness, hydrochars have the advantage of being derived from low-cost
feedstocks such as Sargassum, making them potentially more economical to produce compared to
synthetic materials like activated carbon. Additionally, the synthesis process for hydrochars is
relatively simple and can be conducted using conventional equipment, further contributing to their

cost-effectiveness (Phuthongkhao et al., 2023).

The impact of pH on heavy metal adsorption is well-documented (Verma and Kuila, 2019). The
pH affects the protonation/deprotonation of functional groups in the adsorbents. Figure 8 illustrates
that the adsorption capacity for both contaminants rises with an increase in pH, highlighting the
significant role of pH in adsorption. At lower pH levels, repulsive forces between the material’s
ligands and the cations decrease the adsorption capacity. In contrast, with rising pH, more groups

develop negative charge that can bind cations (Kaleem et al., 2023).

The pH effect is partly explained by a competitive interaction between heavy metal and hydronium
ions. At lower pH values, hydronium ions are present in a considerable concentration, competing
for active sites on the materials. Conversely, as pH increases, the concentration of hydronium ions

falls, making it easier for cations to occupy active sites (Lucaci and Bulgariu, 2024).
3.7 Multimetallic adsorption isotherms

In two dimensions, Figure 8 illustrates the multicomponent isotherms for Cd(II) (a) and Pb(II) (b).
These experimental findings agree to the R-P mathematical model, which consistently produced

the lowest %D values across all instances.

In the experiments, the presence of Pb(II) notably influenced the adsorption of Cd(II), while the
presence of Cd(II) had minimal impact on the adsorption of Pb(II), with only a slight deviation
observed as the concentration of the competitive ion increased. The competitive isotherms
demonstrate a striking similarity to the monometallic adsorption isotherm; nevertheless, the

capacity to remove Pb(II) or Cd(II) is diminished when the competitive cation is present.
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Figure 8. (a) Cd(II) and (b) Pb(II) adsorption on HCS-3 at pH = 5.0 and T =25 °C in the Cd(Il)—
Pb(II) binary system

Figure 9 depicts the experimental data characterized by the MRPMI model (which exhibited the
lowest %D) in 3D.

Mass of Ph(IT) adsorbed, meq ¢!

Mass of Cd(II) adsorbed, meq g’

Figure 9. MRPMI model representations of the multimetallic adsorption isotherms for (a) Cd(II)
and (b) Pb(Il) on HCS-3 at T =25 °C and pH = 5.0
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In Figure 9, the relationship between Pb(II) adsorption and the equilibrium concentration of Cd(II)
is clearly demonstrated. The adsorption of lead cations was minimally influenced by the presence
of cadmium, suggesting that lead ions exhibit a better affinity for the binding sites of HCS-3

compared to cadmium ions, as evidenced by the trend in the monometallic isotherms in Figure 7.

The selectivity ratio calculated following the method outlined by Medellin-Castillo et al., 2017
(Medellin-Castillo et al., 2017), shows a value of 2 when lead and cadmium ions concentrations
are 4.0 meq L™!. However, the ratio increases to 11 when the adsorption capacities are estimated
using the MRPMI model. Consequently, lead cations exhibit significant (more than fivefold)

antagonism in cadmium adsorption, despite cadmium having little impact on the uptake of lead.

The above results can be corroborated by analysing the atomic and mass percentages of the
elements in the XPS analysis performed on the samples subjected to adsorption of Cd(II) and Pb(II)
(Table 8). As can be seen in the Table, both when this hydrochar is used in a monometallic or
multimetallic system, the amount of Pb removed is higher. In the case where both metals are
present simultaneously, the amount of Pb present in the material is significantly higher than that
of Cd, and the presence of Cd practically does not decrease the amount of Pb detected in the

adsorbent.

Table 8. Results of XPS analysis of HCS-3 samples saturated with Cd, Pb, and Cd+Pb

Sample  Cis C C O o) O Ni N N Cdu Cd cd Pbs  Pb Pb
eV %MW %@ eV %W %) eV %W %(@a) eV %w) % @) eV % w) % (at)
284.6
286.0 530.9

H%i'y 2870 708 700 5322 282 25.6 igg'g 2.5 2.6 j(l)f'é 10.6 1.4
288.2 533.1 ' :
289.4
284.5
286.0 530.8

H(I:,i'y 2872 397  67.6 5322 20.1 257 igg; 2.0 2.9 }22‘3‘ 379 3.7
288.1 533.0 ' :
289.6
284.6
286.0 530.9

HCS-3/ 399.5 405.1 138.4

Capp 2869 460 681 5322 190 250 Lo 12 19 1o 71 1.3 3, 331 34
288.1 533.1
289.2
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The equilibrium studies revealed that HCS-3 effectively adsorbs both cadmium and lead ions, with
lead showing a stronger affinity than cadmium in multicomponent systems. This phenomenon

suggests potential applications in selective metal removal scenarios.
3.8 Physicochemical characterisation of HCS-3

Table 9 presents the results of the characterization of both the RM and the synthesised material
with the best performance in the Cd(II) and Pb(II) adsorption (HCS-3). It is evident from the data
that the RM exhibits a notably small specific area and limited porosity, which are typical

characteristics of biomass materials (Adegoke et al., 2023).

Conversely, HCS-3 shows a specific area of approximately 127 m? g*', representing a two-order-
of-magnitude enhancement compared to the RM. Moreover, the hydrochar displays a pore volume

that is three orders of magnitude greater than that of the precursor.

The integration of these characteristics in HCS-3 notably improves its ability to adsorb each metal.
This is especially remarkable when considering the inherent steric limitations linked to the

adsorption of solvated metal ions within micro and mesopores (Ayati et al., 2023).

Table 9. Physicochemical properties of the RM and HCS-3

ore A 'd 't -1 . .
Material 58T Ve o pgc cid sites (meq g ) Basic sites
(m“"g”™) (m’g’) Total Carb. Lact. Phen. (meq g™)

RM 0.2 9-10* 6.8 1.35 0.74 0.13 0.49 0.08

HCS-3 126.7 0.23 6.4 1.53 0.45 0.09 0.99 1.25

The PZC values for RM and HCS-3 were determined to be 6.8 and 6.4, respectively, indicating
proximity to the neutral pH value. Consequently, these adsorbents exhibit slight acidity, with lower
concentration of basic sites than acidic sites. The concentration of acid and basic sites presented
in Table 9 aligns with the results previously reported by Tarbaoui et al., 2016 (Tarbaoui et al.,

2016) concerning Sargassum biomass.

It is notable that the HTC process led to an elevation in the number of basic sites that exhibit a
negative charge density that attracts the positive charge of the adsorbate’s ions, thereby enhancing
its adsorption on the synthesized material. Moreover, the concentration of acid sites also increased,
particularly within phenolic sites, which possess delocalized electronic clouds favouring the

capture of contaminants through electrostatic interactions (Crist et al., 1988).
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Figure 10 illustrates an examination of the functional groups identified in the synthesized HCS,
principally concerning its enhanced capacity for Cd(II) and Pb(II) adsorption, in comparison to the
RM. This evaluation reveals the presence of aromatic structures, carboxylic (present in phenols)

and carbonyl groups (present in lactones).
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Figure 10. Infrared spectrum of the RM, HCS-3 and HCS-3 saturated with Cd(II) and Pb(II)

In addition to the carboxylic, lactonic and phenolic groups quantified, and the groups detected by
FTIR spectroscopy, it was possible to identify other functional groups on the surface of the material
by XPS analysis. The functional groups detected are shown in Figure 11. It is possible to notice
that most of the groups detected by this technique contain nitrogen atoms, which corresponds to

the basic character of the material as shown in Table 9.
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Figure 11. Functional groups in the surface of HCS3 detected by XPS

The groups detected play a crucial function in removing Cd(II) and Pb(II) (S. Yu et al., 2022). This
removal predominantly happens through mechanisms that involve electrostatic attractions and the
formation of chemical bonds between the adsorbate and the adsorbent (Aguirre-Contreras et al.,
2023). Furthermore, upon comparing all the spectra, a distinct behaviour is observed around 1650
cm™ and 1000 cm™!, which appears less wide and more intense in the RM but changes in the HCS-
3 material and then again in the saturated hydrochar. These changes in these bands are associated
with the interactions of the functional groups with the metallic species that restrict or enhance the
vibrations observed in the spectrum (Naseem et al., 2023). This observation confirms the presence

of this contaminants in the adsorbent.

In Figure 12 a), b) and c¢), SEM micrographs of the HCS-3 hydrochar are depicted at various
magnification levels that reveal the extensive structural and morphological diversity on the
material's external surface. EDS spectra indicate peaks attributed to carbon, oxygen, and calcium.
Among these, calcium actively participates in the ion exchange mechanism during biosorption,
occupying biomass binding sites and thereby impeding access to other metals (Gonzalez-

Fernandez et al., 2023a; Naja and Volesky, 2011).

Figure 12 c) illustrates that the material particles possess fractured and rough surfaces, with highly
irregular shapes and sizes. The presence of cavities and channels is evident. Analogous findings

were documented for algal species by Pifia Leyte-Vidal et al., 2019 (Pifia Leyte-Vidal et al., 2019).
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These authors outlined the irregularity and fragmentation of a similar material, accompanied by

the emergence of canals.
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Figure 12. SEM secondary electron micrographs and EDS spectra of HCS-3 at: (a) 150%, (b) 500%,
and (c) 1000x%; and backscattered electron images and EDS spectra of HCS-3 saturated with Cd(II)
and Pb(II) at: (d) 50x and (e) 3000x.

Figure 12 d) and e) show the images of backscattered electrons with different shades (the darker
ones corresponding to C and the lighter ones to heavier atoms). These microphotographs and the
EDS spectra confirm the existence of the elements cadmium and lead on the material surface post-
adsorption, validating that these contaminants have indeed adhered to the material during the

adsorption process.

By means of XPS analysis it was possible to detect the Cd and Pb species generated during the
adsorption process, which are shown in Table 10. As can be seen, in all cases, these are species in

which the metal cations are attached to O- or -COO present on the surface of the adsorbent.

Table 10. Species generated during the adsorption process of Cd(II) and/or Pb(II) using HCS-3 as

adsorbent in mono and multimetallic systems

Species Assignation (eV) Ref.
CdCO; 405.1 (Chastain and King Jr, 1992)
Cd(OH), 405.1 (Hammond et al., 1975a)
Pb3(OH)2(CO3)» 138.4 (Pederson, 1982)
Pb(OH), 138.4 (Nefedov et al., 1980)

The removal of Cd(II) and Pb(II) contaminants by HCS-3 hydrochar reveals crucial insights into

the adsorption mechanisms. Electrostatic attractions and chemical bond formations between the
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adsorbate and adsorbent are identified as predominant removal pathways according to the previous
discussion. Infrared spectra analysis indicates distinct changes attributed to functional group
interactions with metallic species, affirming successful contaminant immobilization. EDS spectra
confirm the presence of the metals in the adsorbent, aiding ion exchange mechanisms.
Backscattered electron images validate contaminant adherence post-adsorption, while XPS
analysis detects Cd(II) and Pb(II) species bound to surface oxygen or carboxyl groups, revealing
that the main adsorption mechanism controlling the contaminant’s adsorption is chemisorption as
previously reported by Gonzalez-Fernandez et al., 2023b; Hammond et al., 1975b; Ho and McKay,
1998 and Martinez-Meraz et al., 2023b (Gonzélez-Fernandez et al., 2023b; Hammond et al.,
1975b; Ho and McKay, 1998; Martinez-Meraz et al., 2023b).

4. Conclusions

The physicochemical analysis of hydrochars derived from Sargassum biomass collected along the
Mexican Caribbean coast indicates that the morphology and chemical composition of these

materials are favourable to the incorporation of metal ions such as Cd(II) and Pb(II).

Among the synthesized materials, the one produced at 180°C with a 2-hour residence time (HCS-
3) exhibited the highest yield, specific area, carbon content, and capacity for removing cadmium
and lead. Consequently, HCS-3 was chosen for adsorption experiments in both mono and

multicomponent systems.

The adsorption equilibrium study revealed the occurrence of adsorption mechanisms during the
removal of lead and cadmium on the HCS-3 material. The adsorption capacities for cadmium and
lead ions slightly exceed 140 mg g and 340 mg g', respectively, which are superior to the

capacities formerly reported for other similar adsorbents.

In the presence of both chemical elements simultaneously, HCS-3 exhibits a greater attraction for
lead cations than for cadmium. Consequently, lead demonstrates a strong antagonism in the
adsorption of cadmium, while the latter has no significant influence on the lead adsorption within

the studied concentration range.

Surface functional groups, pore structure development, and the interaction between a hydrochar
adsorbent and heavy metals are critical factors in understanding and optimizing the adsorption

process. Surface functional groups present on the hydrochar adsorbent, such as hydroxyl, carboxyl,
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and amine groups, play a crucial role in attracting and binding heavy metal ions due to their varied
chemical properties. These functional groups can form complexation reactions with heavy metal

ions, facilitating their removal through adsorption .

Furthermore, the pore structure of the hydrochar adsorbent is paramount for efficient heavy metal
adsorption. Pores act as pathways for the diffusion of metal ions into the adsorbent material. The
size distribution and structure of pores influence the accessibility of metal ions to the adsorbent
surface, with larger pores allowing for greater penetration and smaller pores providing enhanced
surface area for adsorption. By controlling pore characteristics, the adsorption capacity and

kinetics of the material can be optimized.

The interaction between the hydrochar adsorbent and heavy metals involves intricate mechanisms
such as ion exchange, surface complexation, and chemisorption, all at the same time, being
chemisorption the one governing the adsorption equilibrium in our study. Heavy metal ions are
attracted to the adsorbent surface through electrostatic forces or chemical bonding. The adsorption
process may entail ion exchange between the adsorbent surface and the metal ions in solution,

leading to the immobilization of heavy metals on the adsorbent surface.

The findings indicate that hydrochars derived from Sargassum biomass offer a highly effective
solution for removing heavy metal elements like Pb(II) and Cd(IT) when compared to traditional
or newer adsorbents. These materials possess favourable composition and physical-chemical
properties, making them promising candidates for adsorption. Their use could help mitigate the
current economic and environmental impact of Sargassum biomass, which is currently considered

waste, by repurposing it to valuable applications.

While traditional adsorbents like activated carbon require complex activation processes that
involve high temperatures and chemical treatments, hydrochars can be prepared through
hydrothermal carbonization of biomass at moderate temperatures and pressures, offering a simpler
and more environmentally friendly synthesis route. That is why hydrochars present an attractive
option due to their renewable and sustainable nature. The use of biomass-derived feedstocks not
only reduces reliance on fossil resources but also contributes to carbon sequestration by converting
organic waste into stable carbonaceous materials. Furthermore, hydrochars can be regenerated and

reused multiple times, reducing overall waste generation and environmental footprint.
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Abstract

Access to clean drinking water remains a pressing global challenge, particularly due to the
persistent contamination of water bodies by heavy metals such as Cd(II). Conventional water
treatment methods, including chemical precipitation and ion exchange often present limitations
such as high operational costs and inefficient removal of low-concentration pollutants. In parallel,
the excessive proliferation of Sargassum biomass (SB) has emerged as an environmental crisis,
causing severe ecological and economic disruptions in coastal regions. Despite being largely
regarded as an ecological nuisance, Sargassum exhibits valuable physicochemical properties that
make it a promising material for water treatment. However, existing kinetic models, such as the
pseudo-first-order (PFO) and pseudo-second-order (PSO) models, fail to accurately describe the
adsorption of Cd(II) onto low-porosity biomasses like SB, as they neglect key transport
mechanisms (intraparticle diffusion and permeation). This study explores the adsorption of Cd(II)
onto SB using the Diffusion-Permeation Model (DPM) to enhance the predictive accuracy of
adsorption kinetics. Furthermore, the kinetic model is integrated with the Axial Dispersion Model
(ADM) to better describe breakthrough curves in packed-bed adsorption systems. The results
demonstrate that the PFO and PSO models provide inadequate fits for adsorption kinetics, whereas
the DPM effectively captures the underlying transport mechanisms (R* above 99%). Similarly, the
ADM-DPM framework provides an improved mathematical description of the breakthrough
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curves, accurately predicting the breakthrough point with an average deviation of 5.3% These
findings establish the applicability of the proposed modelling approach for metal adsorption onto

SB and highlight its potential for optimizing scalable water treatment solutions.

Keywords: Biosorption; Sargassum biomass; Cadmium removal; Diffusion — Permeation Model;

Breakthrough curves.
1. Introduction

Access to clean drinking water remains one of the most critical challenges of the 21st century. The
rapid industrialization and urbanization of modern societies have led to the increased discharge of
pollutants into aquatic ecosystems, severely compromising water quality (Upton and Macdonald,
2021). Heavy metals, in particular, represent a significant environmental and public health threat
due to their persistence, non-biodegradability, and high toxicity even at trace concentrations.
Contaminants such as cadmium (Cd?"), lead (Pb*"), and mercury (Hg?") are known to cause severe
health issues, including renal failure, neurological disorders, and carcinogenic effects (Zaynab et
al., 2022). Conventional water treatment technologies such as chemical precipitation, ion
exchange, reverse osmosis, and electrocoagulation have been extensively used to remove these
pollutants; however, these methods often suffer from high operational costs, inefficiencies in
treating low-concentration pollutants, and the generation of secondary waste streams.
Consequently, there is an urgent need to develop cost-effective, sustainable, and efficient water
treatment strategies that can address the limitations of existing technologies while ensuring the

long-term protection of water resources (Saravanan et al., 2024).

Simultaneously, the excessive proliferation of Sargassum biomass (SB) in marine ecosystems has
emerged as an environmental and economic crisis, particularly in regions such as the Caribbean
and the Gulf of Mexico (Robledo et al., 2021). Massive influxes of Sargassum have disrupted
marine biodiversity, threatened coastal tourism industries, and imposed substantial costs on
governments and local communities due to removal and disposal challenges. Climate change,
along with the increased influx of nutrients from agricultural runoff and wastewater discharges,
has been identified as a key driver of Sargassum overgrowth, exacerbating the problem year after
year (Oxenford et al., 2021). Despite being largely viewed as an ecological nuisance, Sargassum
biomass possesses valuable physicochemical properties that make it a promising material for

various applications, including biofuel production, fertilizer development, and pollutant
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adsorption. The high content of functional groups such as carboxyl, hydroxyl, and sulfonate groups
in Sargassum enables it to interact effectively with metal ions, making it a viable candidate for

water purification through biosorption (Rekha et al., 2023).

The use of Sargassum as an adsorbent has been widely explored in both batch and continuous
adsorption systems (do Nascimento Junior et al., 2024). Batch adsorption studies have historically
served as the primary method for evaluating adsorption capacity, equilibrium isotherms, and
kinetic behaviours. These experiments provide fundamental insights into the interaction
mechanisms between adsorbates and adsorbents, allowing for the estimation of adsorption
parameters through widely used mathematical models. However, batch systems do not accurately
replicate the conditions encountered in practical water treatment applications, as they fail to
account for the continuous flow dynamics present in industrial-scale processes (Adegoke et al.,
2022). For this reason, fixed-bed column adsorption studies have gained increasing attention, as
they offer a more realistic representation of adsorption performance under dynamic conditions.
The analysis of breakthrough curves in these systems is essential for optimizing operational
parameters, assessing adsorbent performance over time, and designing large-scale adsorption units

for real-world applications.

Kinetic modelling is crucial for understanding the mechanisms governing adsorption processes.
The pseudo-first-order and pseudo-second-order models are among the most commonly employed
approaches for describing adsorption kinetics (Ezzati et al., 2024). The pseudo-first-order model,
based on the Lagergren equation, assumes that the adsorption rate is proportional to the difference
between the equilibrium concentration and the current concentration of the adsorbate (Revellame
et al., 2020). The pseudo-second-order model, on the other hand, is derived from the assumption
that adsorption follows a second-order reaction mechanism, where the adsorption rate depends on
the square of the number of available adsorption sites (Ezzati, 2023). While these models have
been extensively used to describe the kinetics of various adsorption systems, they exhibit
significant limitations when applied to low-porosity biomasses such as Sargassum (Leyva-Ramos
et al., 2021). Specifically, these models do not incorporate the effects of intraparticle diffusion and
permeation, which are critical transport mechanisms influencing the overall adsorption process.
As a result, their predictive accuracy is often compromised, leading to discrepancies between

experimental and theoretical adsorption behaviours.

296



Similarly, traditional models for breakthrough curve analysis, including the Thomas, Yoon-
Nelson, and Bohart-Adams models, have been widely used to describe adsorption dynamics in
fixed-bed column systems (Omitola et al., 2022). These models provide valuable insights into the
overall adsorption process but are based on simplified assumptions that neglect key transport
phenomena such as internal diffusion and permeation. The Thomas model, for instance, assumes
that adsorption follows Langmuir-type behaviour, and that no significant axial dispersion occurs
within the column (Patel, 2021). The Yoon-Nelson model, which is often employed due to its
simplicity, assumes that the probability of adsorbate breakthrough is solely a function of residence
time, without considering diffusion resistance within the adsorbent particles (Chu and Hashim,
2024). The Bohart-Adams model, one of the earliest developed breakthrough models, assumes that
adsorption is controlled by surface reaction kinetics and does not account for mass transfer
limitations (Hu et al., 2021). Due to these inherent limitations, traditional breakthrough models
may not accurately capture the adsorption dynamics of heavy metals onto Sargassum, leading to

suboptimal design and performance predictions.

To address these challenges, a novel modelling approach incorporating diffusion-permeation
effects into adsorption kinetics has been recently proposed by Leyva-Ramos et al., 2021 (Leyva-
Ramos et al., 2021). This method represents a significant advancement in adsorption modelling by
explicitly considering transport limitations that are particularly relevant for low-porosity
biomasses. By integrating diffusion-permeation effects into adsorption equations, this approach
provides a more comprehensive understanding of adsorption kinetics and improves the accuracy
of predictive models. However, despite its potential, this methodology has not yet been applied to
the adsorption of heavy metals onto Sargassum biomass. Moreover, no previous studies have
attempted to integrate this kinetic model into mathematical frameworks for breakthrough curve

analysis, leaving a critical gap in the literature.

This study aims to bridge this knowledge gap by conducting a mathematical analysis of the
equilibrium and kinetics of Cd(II) adsorption onto Sargassum biomass using the diffusion-
permeation model (DPM). Furthermore, we seek to couple this kinetic model with the axial
dispersion model (ADM) to enhance the accuracy of breakthrough curve predictions. By
demonstrating the applicability of this combined approach, we aim to establish a more reliable and
robust framework for modelling biosorption processes in continuous-flow systems. This research

represents the first attempt to integrate the DPM with ADM for the description of metal adsorption
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onto Sargassum, highlighting the novelty and significance of our work. The findings of this study
not only contribute to the fundamental understanding of adsorption mechanisms in biosorption
systems but also provide valuable insights for the development of scalable and efficient water

treatment technologies based on Sargassum-derived adsorbents.

Overall, this study underscores the potential of Sargassum biomass as an effective and sustainable
adsorbent for heavy metal removal, while simultaneously addressing a pressing environmental
issue associated with its uncontrolled proliferation. By improving the mathematical modelling of
adsorption kinetics and breakthrough curves, this research paves the way for the practical
implementation of Sargassum-based biosorption technologies in real-world water treatment
applications. The integration of advanced modelling approaches will not only enhance the
predictive capabilities of adsorption systems but also facilitate the design and optimization of
fixed-bed adsorption units for large-scale implementation, ensuring greater efficiency and

sustainability in water purification efforts.
2. Materials and Methods

2.1 Adsorbate and chemicals
All chemicals used were analytical grade at least. Cadmium nitrate tetrahydrate (Cd(NO3)2-4H>0),
NaOH and HCIl were supplied by Sigma-Aldrich. A stock solution of Cd(II) ions with a
concentration of 1000 ppm was prepared by weighing the appropriate amount of cadmium nitrate
tetrahydrate and dissolving it in distilled water until the desired volume was reached. From this
primary solution, secondary solutions of desired concentration were prepared for adsorption
experiments and kinetic studies. In all cases, the pH was adjusted to the desired value and, when

necessary, the temperature of the solution was also adjusted.

2.2 Adsorbent
SB collected from the Mexican Caribbean region was thoroughly rinsed with seawater and air-
dried for 72 h. The dried samples were then stored under controlled humidity conditions in
polyethylene bags, protected from light exposure. Prior to subsequent analysis, the algae samples
were rigorously cleansed with distilled water to eliminate salts and residual solid impurities. The
cleaned samples were oven-dried at 120 °C for 36 h and subsequently ground using an electric
mill. The resulting material was sieved using vibrating sieves with mesh sizes ranging from 30 to

50 um.
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2.3 Adsorbent characterization
For the adsorbent characterization, the samples were pre-dried at 120 °C for 48 h before being
directly mounted onto the sample holders. To determine the specific surface and associated
parameters of the SB, a sample tube was sealed with a rubber stopper and positioned on a degassing
port of the Micromeritics Model ASAP 2420 Analyzer. The tube was connected to the port and
heated using a heating basket set to 110 °C. The physisorption analysis involved measuring the
volume of nitrogen adsorbed at varying pressures under standard conditions of temperature and
pressure (274.15 K and 1 atm). Data collected every 5 seconds, including volumes and pressures,
was utilized to calculate the adsorbent's specific surface area and pore size distribution. Scanning
electron microscopy (SEM) was employed to capture images revealing the particle size and surface
morphology of the SB. A Thermo Fisher Quanta 250 FEG microscope was used, employing

secondary electrons to obtain the images.

The thickness (2T), width (W), and length (L) of the SB particles were measured using the
micrographs of 30 particles. Based on these average dimensions, the longitudinal or external area
per unit mass (Sg,¢), lateral area (S;4¢), and particle volume (Vp) were determined using the

following equations (1) — (3):

2LW
Sp, = —— 1
2(L +W)2T
fat = = @
PpVp
Vo = LW2T 3)

2.4 Adsorption rate and equilibrium data
The adsorption kinetics was investigated using a rotating basket adsorber, whose configuration
and mechanical specifications have been previously described in the literature (Aguirre-Contreras
etal., 2023). A measured quantity of the SB was placed within the baskets, and the agitation speed
was maintained at 200 rpm. Subsequently, 1 L of Cd(II) solution, preconditioned to the target
temperature and pH, was introduced into the adsorber. Upon contact between the solution and the

adsorbent, the adsorption process was initiated, with time measurement commencing immediately.

To maintain the solution's pH within the desired range, incremental additions of 0.01 N NaOH or

HCIl were employed as necessary. Sampling was performed at regular intervals by extracting 1 mL
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aliquots of the solution until equilibrium was achieved. The amount of Cd(II) adsorbed at specific

time intervals was determined using the mass balance equation (4):

VoCao = (Vo = Zi© Vi +Vp(®) Ca(t) = Z© ViCu,
m

“4)

q(t) =

Furthermore, the equilibrium adsorption capacity for each kinetic experiment was determined by
applying a mass balance at the point where the solution concentration stabilized and exhibited

negligible variation over time. The calculation was performed using the following equation (5):

VoCao— Vo = X8 Vi+Vp)Cae — XY ViCy
qe = — )

Using this methodology, the effect of initial Cd(II) concentration on adsorption was investigated,
while other parameters, including temperature (25 °C), adsorbent mass (1.0 g), and agitation speed
(200 rpm), were kept constant. Experiments were conducted with initial Cd(Il) concentrations

ranging from 50 to 800 mg/L.

2.5 Breakthrough curves
The packed bed system illustrated in Fig. S1 was utilized to determine the BC of Cd(II) on SB.
The system included a feed vessel for the solution, a stirring mechanism to maintain homogeneity,
a pump for delivering the solution to the column, an acrylic column packed with SB and glass

beads, and a container for collecting the effluent, along with various ancillary accessories.

Dynamic adsorption experiments followed a standardized protocol previously reported by
Aguirre-Contreras et al., 2023 (Aguirre-Contreras et al., 2023). The column was packed with an
initial layer of glass beads to prevent clogging and promote uniform fluid distribution. A measured
quantity of SB was then added, followed by a final layer of glass beads. The packed bed was
preconditioned by flushing with deionized water for 36 h to remove any trapped air and to avoid

any preferential pathway (Lv et al., 2022).

After preconditioning, a solution of Cd(II) with a specified initial concentration and volumetric
flow rate was introduced into the column. The adsorption process was initiated upon contact of the
solution with the SB particles, and a chronometer was activated to track the experiment's
progression. Effluent samples were periodically collected and analysed ina VARIAN SPECTRAA

220 Atomic Adsorption Spectrometer until the effluent concentration matched the initial feed
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concentration. This methodology facilitated the analysis of the effects of bed height (h), initial

Cd(II) concentration (C,), and volumetric flow (Q) on the adsorption process.

2.6 Mathematical modelling of equilibrium, adsorption Kinetics, and packed bed
adsorption dynamics

2.6.1 Cadmium adsorption equilibrium

The equilibrium data was analysed using the Langmuir (6), Freundlich (7), and Radke-Prausnitz

(8) isotherms, as described by the following equations:

— CImKLCe
T =1¥K,.C, (6)
g = Kz C}'" )
aC,
GQe =——
° 1+bcf ®)

The isotherm model constants were determined using a nonlinear fitting algorithm implemented
in STATISTICA® software (version 10). The objective function for parameter optimization is
expressed in Eq. (6). Parameter optimization was performed using the Rosenbrock and quasi-
Newton methods which have been widely used in the literature (Mitrevski et al., 2022). The
deviation percentage (%Dev) and coefficient of determination (R?) for each isotherm was

calculated based on Eq. (9) and (10) respectively.

N
1
%Dev = NZ
i

Z{V (qe exp — {e cal)2
Z{V (Qe exp — Qe cal)2

Qexp — Ycal . 100 (9)

Qexp

R2(%) =1—

(10)

2.6.2 Pseudo-first and second kinetic modelling

In kinetic models, the overall biosorption rate of a pollutant is determined solely by the rate of its
interaction with sorption sites on the biosorbent material. As a result, both intraparticle diffusion
and external mass transfer processes are assumed to be rapid enough to disregard. Furthermore,
the biosorption rate at active sites can be described analogously to a chemical reaction rate. The

pseudo-first order (PFO) kinetic model and the pseud-second order (PSO) model (Revellame et
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al., 2020) are among the most widely used kinetic models. These models have been shown to
effectively describe the biosorption rate of dyes, anions, cations, pharmaceuticals and
contaminants of emerging concern onto biomasses from various sources (Bello et al., 2020;
Samimi and Mansouri, 2024; Tavana et al., 2020). Their mathematical formulations can be found

elsewhere (Ezzati et al., 2024).

2.6.3 Diffusion-permeation modelling

SB is a complex biomaterial primarily composed of alginate, fucoidan, cellulose, and
hemicellulose, with a structure consisting of various distinct cell types and polymers chains (Davis
et al., 2003). Water and solute transport within SB occur through both the cell walls and the void
spaces, which correspond to the hollow interiors of the cells, also known as lumens. Diffusion, as
described by Fick's law, can take place within the solution present in these voids, while mass
transfer through the cell walls occurs via permeation. Due to this structural complexity, the mass
transfer flux in SB is proposed to be represented by a DPM (Leyva-Ramos et al., 2021), with the

mass flux expressed as in Eq. (11):

Ny, = —DPMppZ—Z (11)
The following assumptions were considered for the formulation of the DPM equations (12)-(16):
the SB particles were modelled as rectangular parallelepipeds; mass transfer predominantly
occurred through the longitudinal surface area, with negligible transfer through the lateral area;
external mass transport was characterized by a mass transfer coefficient; intraparticle diffusion
was attributed to permeation-diffusion; and the biosorption process was assumed to occur

instantaneously at active sites.

ac
V=2 = —mSpeky(Ca — Cazlz=r); t = 0; C4 = Cyo (12)
a [7] [7]
= (DPy5;t=0;Cp, =00<2z2T (13)
dq
—DPypy 9z |z=0 =0 (14)
dq
DPypy 9z lz=r = kL(C4 — Cazlz=1) (15)
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q = f(Caz) (16)

Eq. (12) demonstrates that the accumulation of Cd(II) in the solution corresponds to the external
mass transport along with the initial conditions constraints. Additionally, Eq. (13) indicates that
the accumulation of Cd(II) within the particle is governed by intraparticle transport resulting from
the diffusion-permeation of the ion, along with its initial restrictions. Eq. (14)—(15), on the other
hand, describe the standard initial and boundary conditions typically associated with diffusional
models (Leyva-Ramos and Geankoplis, 1994). The adsorption isotherm establishes the

relationship between q, and C,,, assuming the biosorption rate occurs instantaneously (16).
2.6.4 Mathematical modelling of the BCs

A mathematical model was proposed by considering two phases in the packed bed: the liquid phase
and the SB (adsorbate). It accounts for axial dispersion within the column, external mass transfer,
and intraparticle diffusion in the adsorbent. The following assumptions were made: the SB
particles are spherical and uniform (size and density); the column works always at the same
temperature (isothermal conditions); radial velocity is absent; axial velocity remains constant in
the whole column; radial concentration gradients of the solute in the liquid phase are insignificant;
the axial dispersion coefficient is constant; and the convective transport of solute to the particle
surface is described by the mass transfer coefficient. Based on these considerations, the ADM for

the liquid phase is expressed through the following equations (17)-(20):

C, aC, 92C
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€ = &z - + Eszﬁ — (1 — &p)ppSkip(Ca — Carlr=rp) 7)
t=0;V,;C=0 (18)
tZO,Z=O, CA=CA0 (19)
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To estimate the concentration at r = Rp, (C4 — Cay|r=gp) in Equation (17), modelling diffusion-
permeation transport is essential. This was achieved by integrating the DPM equations (12) — (16)
with the ADM model (17) — (20). In Equation (12), k; was replaced with k;, as k;; represents the

mass transfer coefficient in the liquid phase of a packed bed adsorber.
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Equations (12) — (16) and (17) — (20) define the ADM-DP model, which incorporates axial
dispersion in the liquid phase, diffusion and permeation of the solvent in the adsorbate, and
adsorption at active sites. To solve the ADM-DPM system, it is necessary to account for both the
adsorption equilibrium relationship and diffusion-permeation parameters, which are
experimentally determined in kinetic study as reported by Leyva-Ramos et al., 2021 (Leyva-
Ramos et al., 2021) and Aguirre-Contreras et al., 2023 (Aguirre-Contreras et al., 2023). The axial
dispersion coefficient and convective mass transport coefficient were computed with the Eq. (21)-

(27). The ADM-DP was solved numerically using COMSOL Multiphysics® (version 3.5).

Sh = 1.09¢, ~2/3Re'/35c1/3 (1)
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z Pe 23)
2Rpv,
Re = 2RpVzPw (24)
Hw
Hw
Sc = 25
waAB ( )
ShDyp
= 2
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Q
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3. Results and discussions
3.1 Morphological and textural characterisation

Table 1 summarises the physicochemical characterisation of SB. The experimental parameters
include a surface area of 0.20 m?%/g, a pore volume of 0.002 cm?/g, an average pore size of 18.5
nm, and a particle density of 1.46 g/cm’. These results are comparable to those reported for SB
and other algae and similar materials (Atugoda et al., 2021; Chaouay et al., 2024; Do Nascimento
et al., 2021; Tavana et al., 2020; Thamarai et al., 2024) and supported that the SB is effectively a
non-porous material. The density of the particle (p,) was treated as equivalent to p, since the pore
volume of SB was reasonably low. Additionally, the thickness (2T) of 0.1296 mm, the width (W)
of 0.0324 mm, and the length (L) of 0.0891 mm were calculated followed the methodology
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described in Section 2.3 for micrographs images like shown in Fig. S2. These results provide
essential data for understanding the material's structural properties, which are critical for

evaluating its suitability in adsorption and mass transfer applications.

Table 1. Physicochemical characterisation of the SB.

Pore size

Parameter Area Pore volume averase Ps 2T w L
(m/g) (em/g) sy (g/em’) (mm)  (mm)  (mm)
SB 0.20 0.002 18.5 1.46 0.0043 0.0108 0.0297

The external and lateral surface, and the volume of each particle were calculated from the prior
average dimensions and employing equations (1) — (3). The geometric parameters have values of
Sgxe = 31710 cm?/g, Spqr = 17298 cm?/g and Vp = 1.39-107% cm3. Notably sg,, is
approximately 2 times greater than s; ;.. Consequently, mass transfer primarily occurs through the
external area, corresponding to previous reports by Leyva-Ramos et al., 2021 (Leyva-Ramos et

al., 2021).

3.2 Adsorption equilibrium data
The relationship between the mass of Cd(II) absorbed at equilibrium and the ion concentration is
shown in Fig. 1. As can be seen, the isotherm shows L2-type behaviour according to the
classification of Giles et al., 1974 (Giles et al., 1974). This type of isotherms is common in systems
where the adsorbate is a metal ion that can accumulate in mono and multilayers on the adsorbent
and is consistent with those reported by Abdelwaheb et al., 222; Karoke & Jadhao, 2021 and
Pessoa et al., 2024 (Abdelwaheb et al., 2022; Korake and Jadhao, 2021; Pessoa et al., 2024).
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Figure 1. Adsorption behaviour of Cd(II) onto SB in a concentration range between 50 and 800

mg/L at T = 25°C. Lines represents the isotherm mathematical models.

Fig. 1 depicts two distinct phases in the isotherms. During the initial phase, the adsorption capacity
increases rapidly as the equilibrium metal concentration rises. This behaviour is attributed to the
abundance of active sites available for cation retention at the outset (Naja and Volesky, 2011).
However, as the pollutant concentration continues to grow, these active sites gradually become
occupied, making cation exchange more difficult. In the second phase, a noticeable decrease in the
slope occurs, signifying saturation, at which point the maximum experimental adsorption capacity

is reached.

The experimental adsorption equilibrium data were modelled using isotherm models widely
described in the literature such as Langmuir, Freundlich and Radke-Prausnitz (Eq. 6 — 8). The
results of these fits are shown in Table S1. As can be seen, all models show a good fit to describe
the experimental reality, with correlation coefficients above 95 % in all cases, however the
Langmuir mathematical model shows the best fit as well as the lowest %Dev. In practical terms,
this suggests that the adsorbent has a homogeneous surface with specific sites that are
systematically filled until saturation is reached. This also implies that the behaviour of the system

is closer to these ideal conditions than other models, such as the Freundlich model (which considers
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heterogeneity in the adsorption sites) (Rajahmundry et al., 2021). It is important to emphasise that
the isotherm model will later be applied to solve the ADM and ADM-DP formulations. Therefore,
selecting the most suitable isotherm model with the lowest %Dev and the highest R? is essential.

Consequently, the Langmuir isotherm model was chosen for the mathematical modelling.

The maximum adsorption capacity achieved experimentally is 265.3 + 10.5 mg/g, exceeding the
values reported by other researchers for lignocellulosic materials (Kayranli, 2022), natural
materials (Hebbani et al., 2021; Jellali et al., 2021), zeolites (Kuldeyev et al., 2023; Velarde et al.,
2024), commercial activated carbons (Adamu et al., 2023; Mariah et al., 2023), and clays (Bassam
et al., 2021; Zhou et al., 2020). Previous studies have highlighted that, despite their relatively low
surface area and porosity, biomass wastes like SB possess numerous functional groups. These
groups create an effective environment for metal species uptake from solution through

mechanisms like complexation and ion exchange (Davis et al., 2003).

3.3 Adsorption kinetic modelling

3.3.1 Pseudo first and second order kinetic models

The experimental data was fitted to the kinetic equations of the models described in Section 2.6.2
to determine the constants of the PFO (g, and k,) and the PSO model (g, and k). To identify the
optimal parameters, a least-squares approach was employed, utilizing the Rosenbrock — quasi-
Newton optimization algorithm. The resulting kinetic constants and the corresponding %Dev
values are presented in Table 2. As can be seen from the correlation coefficients, the PFO and PSO

model have values that suggest an average to poor adjustment to the experimental data.

Table 2. Parameters of the kinetic models used for describing the Cd(II) adsorption onto SB.

C,(Cd?") q PFO model PSO model DP model

Exp. 0 L exp e k,-10%  R? e k, - 10* R? k,-10> DP-10°  R?

mg/ mg/g mg/g 1/min % mg/g L/min - mg % cm/s cm?/s %
1 50 39.9 39.4 54 78.6 42.9 10.3 91.8 1.5 3.0 99.5
2 100 67.8 64.0 3.8 76.0 73.0 5.7 89.0 4.3 2.5 99.6
3 200 96.2 96.3 2.3 72.0 108.7 52 81.4 1.4 3.0 99.8
4 600 217.8 207.0 2.0 17.5 225.6 3.1 34.2 1.5 7.0 99.6
5 800 275.3 253.7 1.7 24.7 278.6 2.7 36.2 1.4 7.0 99.5

When adsorption data cannot be adequately explained by the PFO and PSO, it suggests the possible
influence of additional factors or limitations in the assumptions underlying these models. One
significant factor could be the presence of additional adsorption mechanisms, such as intraparticle
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diffusion or complex electrostatic interactions, which are not accounted for in these models (Wang
and Guo, 2022). Similarly, substantial heterogeneity in the adsorbent surface, characterized by a
non-uniform distribution of active sites with varying adsorption energies, may lead to
discrepancies between experimental data and model predictions (Ebelegi et al., 2020). Another
common limitation is the influence of slow diffusion and permeation processes whether external
(through the liquid film) or internal (within the adsorbent pores), which the PFO and PSO models
typically assume to be either rapid or negligible. Furthermore, interactions between adsorbate
molecules, such as aggregation or site-blocking effects, can significantly alter the adsorption rates.
Lastly, these models have limited capacity to describe non-linear phenomena, such as atypical
initial adsorption rates or complex kinetic behaviours. In such cases, alternative models, such as
the Elovich model (Musah et al., 2022), the intraparticle diffusion model (Hu et al., 2024) or the
diffusion-permeation model proposed by Leyva-Ramos et al., 2021 (Leyva-Ramos et al., 2021),

which incorporate more complex dynamics, may be required.

The observed trends of k; and k, as the equilibrium mass of Cd(II) adsorbed increases, shown in
Fig. 2 (a and b, respectively), highlight distinct relationships between the kinetic rates and the
adsorption process. For k;, the initial decrease followed by stabilization suggests that the
adsorption efficiency declines as adsorption progresses, possibly due to the saturation of readily
available adsorption sites and the system approaching equilibrium conditions. In contrast, the
behavior of k, reflects the heterogeneous nature of the adsorbent surface. The observed
fluctuations may indicate that variations in site energy or structural changes of the adsorbent
influence the adsorption mechanism at different stages. At later stages of the process, factors such
as competition for active sites, reduced surface energy, or transport limitations (e.g., intraparticle
diffusion) likely become more dominant. These trends imply a complex interplay of surface and
diffusion-controlled mechanisms, rather than a purely linear adsorption behaviour. This

necessitates a comprehensive evaluation of the underlying kinetic models (Hu et al., 2022).

For k,, the initial high values at lower Cd(II) adsorption masses suggest that a greater number of
adsorption sites are readily accessible, facilitating rapid interaction between the adsorbate and the
adsorbent. As the adsorption mass increases, k, decreases significantly, indicating progressive
occupation of energetically favourable sites. This leaves less favourable sites available, slowing

the adsorption process. This behaviour underscores the heterogeneity of the adsorbent and the
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coexistence of processes like surface interactions, intraparticle diffusion, and potential
agglomeration of Cd(II) on the adsorbent surface (Revellame et al., 2020). Notably, k; is
consistently two orders of magnitude higher than k,, suggesting that the adsorption process is
predominantly concentration-dependent and diffusion-controlled rather than governed by site-
specific interactions. This implies weaker adsorbate-adsorbent interactions and a limited number
of active sites on the adsorbent. The higher first-order constant reflects rapid initial adsorption at
low concentrations, which is advantageous for applications like water treatment. However, the
lower second-order constant indicates reduced efficiency at higher adsorption masses as
equilibrium is approached. To better describe the adsorption system's dynamics, alternative kinetic
models may be required if first- and second-order models fail to fully capture the process.
Incorporating additional factors such as intraparticle diffusion, adsorbent heterogeneity, or
complex interaction mechanisms could provide a more accurate representation of the system's

behaviour.
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Figure 2. Kinetic constants a) ki and b) k> trend vs the adsorbed mass of Cd(II).

3.3.2 Diffusion-permeation model

Aqueous Cd(II) solutions were prepared using cadmium(II) nitrate, which dissociates into Cd**
and NOs~ ions. In this specific case, the Cd(II) nitrate solutions were considered highly diluted, as
Cd(II) concentrations were in the order of part per millions. The diffusivities of these ions in dilute

aqueous solutions can be estimated using Eq. (28) previously described by Vanysek, 1993
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(Vanysek, 1996) who also reported the values for 1Y for mostly all of the most common ions in
solution:

RT

Dio = ﬁ

D@4pr = 1438 - 10™°cm?/s

A9 (28)

Additionally, the mass transport coefficient, k;, was calculated using the method proposed by
Furusawa and Smith, 1973 (Furusawa and Smith, 1973). In summary, the boundary condition (Eq.
11) was analysed and reformulated into Eq. (29):

Cy
d(m __ MSgxiky 29
dt v (29)
t=0

The slope on the left-hand side of Eq. 29 was determined using the concentration decay data near
t = 0. Table 3 presents the calculated k; values, which range from 1.4 to 7.7 - 10~} cm/s, near to
those reported for a similar adsorbent (white pine sawdust) from Leyva-Ramos et al., 2021 (Leyva-
Ramos et al., 2021). The DPM model, described by Eq. (12) — (16), was solved numerically using
COMSOL Multiphysics software (version 5.5). The mass transfer parameters considered in the
DPM model were k; and DP. The value of k; was determined as previously described (refer to
Table 3), while DP was estimated by aligning the numerical solution of the DPM model with the
experimentally observed concentration decay of Cd(II). The optimal value of DP was obtained by
minimizing the objective function in Eq. (30):

N 2

. Gy G
OF(Mm)—Z (EDern = G Ipreatctea) (30)

Table 3 provides the optimal DP values for Cd(II) in the SB, which range from 2.5 to 9.0 - 1071
cm?/s. Fig. 5 illustrate the experimental concentration decay alongside the DPM model predictions
using the optimal DP values. As observed in this figure, the DPM model predictions align well
with the experimental data (R? > 99.5 %). This indicates that the diffusion-permeation process of

Cd(II) within the SB structure is an effective approach for assessing the overall adsorption rate.
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Figure 3. Cd(II) concentration decay curves.

The molecular diffusion coefficient of Cd(II) in water is 1.438 - 10~ cm?/s, which is approximately
16000 to 57500 times greater than DP. This significant difference confirms that the diffusion of
Cd(IT) within the solution voids alone cannot account for the intraparticle diffusion mechanism. A
review of the scientific literature published as of today indicates that the DPM model has not
previously been proposed for explaining intraparticle diffusion within SB for heavy metals cations,

making this study the first to introduce and apply this model in this type of systems.

Fig. 4(a) establishes the relationship between DP and the amount of Cd(II) adsorbed at equilibrium.
As depicted, the DP coefficient remains practically constant for e, < 100 mg/g, then increases
to its maximum value that remain constant again. The DP coefficient is considered stable, as
diffusion-permeation depends on the biosorbent's inherent properties and the solute chemical
characteristics. The arithmetic mean of DP (DP) is also shown in Fig. 4(a). Fig. 4(b) illustrates the
predictions of the DPM model using DP for all experiments. The results indicate that the DPM
model, utilizing DP, predicted the experimental concentration decay data for Cd(II) with
reasonable accuracy. The %Dev values varied between 2.5 and 5.5 %. Consequently, the DP

coefficient can be effectively used to predict the overall Cd(II) biosorption rate on SB.
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Figure 4. a) DP coefficient trend vs the amount of Cd(II) adsorbed and b) Cd(II) concentration

decay curves using the average DP coefficient.

Fig. 5 presents the adsorption kinetics of Cd(II) at an initial concentration of 100 mg/L, showing
the normalized concentration ratio as a function of time. The experimental data demonstrate a
consistent decrease in Cd(II) concentration over time as adsorption occurs. The three kinetic
models described in this work are compared in this figure (DPM, PFO and PSO). Among these,
the DPM shows the closest fit to the experimental data. This highlights the model's suitability for
describing the adsorption process, with DP = 5.3 - 1071%m? /s reflecting diffusion-limited

transport within the adsorbent (Leyva-Ramos et al., 2021).

In contrast, the PFO model significantly deviates from the experimental data, especially in the later
stages of the adsorption process. This deviation suggests that the PFO model oversimplifies the
adsorption kinetics and fails to capture the complexity of the process. The PSO model provides a
better fit compared to the PFO model but still diverges from the experimental data in certain
regions. This indicates that while the PSO model accounts for some aspects of the adsorption
process, it does not fully describe the underlying mechanisms. Overall, the DPM outperforms both
the PFO and PSO models in capturing the adsorption kinetics, supporting its selection as the best-
fitting model. The DPM's ability to account for diffusion-controlled transport and other potential
mechanisms makes it a more accurate representation of the adsorption behaviour. This emphasizes

the importance of considering diffusion-based mechanisms in studies involving similar adsorption
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systems, particularly when adsorption kinetics are influenced by transport limitations and

heterogeneity within the adsorbent.
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Figure 5. Adsorption kinetics of Cd(II) at an initial concentration of 100 mg/L. Lines represent

the kinetic models.

3.3.3 Packed bed adsorption dynamics
The ADM can be combined with the DPM to predict the dynamic adsorption process in a packed
bed system. Numerical simulations using the ADM-DP model were compared to experimental
data focusing on breakthrough curves under varying conditions: feed concentration (Co (Cd*")),
packed bed height (L), and volumetric flow rate (Q). A summary of the experimental conditions
is provided in Table 3 while the BC are shown in Fig. 6 (a-c). To perform these simulations. the
axial fluid velocity (v,) was calculated, and the dimensionless Reynolds (Re) and Sherwood (Sh)
numbers were determined using Eq. (24) and (25), respectively. The computed Re values,
presented in Table 3, confirm that the flow regime is laminar across all experiments. Key design
parameters, including the breakthrough time (t»), saturation time (ts), and the adsorbed mass at ty
(qv) and ts (qs) were estimated from the experimental data. This analysis provides valuable insights

for optimizing the design and operational parameters of packed bed adsorption systems.

In general, all curves exhibited a highly symmetrical sigmoidal shape. The Fs values, which

represent the symmetry of the breakthrough curves, ranged between 0.5 and 0.7, confirming this
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observation. This indicates that intraparticle transport, specifically permeation-diffusion in this
case, is sufficiently rapid and does not result in a flattened asymmetric breakthrough curve
(Apiratikul and Chu, 2021). On the contrary, the breakthrough curves tend to be similar in extent,
indicating a stable mass transfer zone (MTZ) under different operating conditions (Gutierrez-
Reyna et al., 2024). This is further corroborated by the observation that the MTZ lengths remained
practically constant (see Table 3), with an average of 1.9 cm. Additionally, in all cases, the MTZ
was shorter than the bed height (Lb), a necessary condition to confirm that the MTZ reached a
steady-state or constant pattern (Worch, 2021).

Varying the operating conditions produced the following effects. Increasing the feed flow rate
enhanced the contaminant load processed by the bed within a given time, leading to an earlier
breakthrough. Consequently, Fig. 6a illustrates that as the flow rate increases, the breakthrough
curves shift to the left. Conversely, a lower flow rate increases the contact time, promoting better
utilisation of the adsorbent material. This effect was particularly evident in Experiment 1 (Q =
0.5 mL/min), which had the lowest flow rate and, correspondingly, the highest empty bed contact
time (EBCT). Under these conditions, the breakthrough curve exhibited a distinct behaviour
compared to the other curves, and the model prediction was only accurate up to the breakthrough
point. This suggests that for EBCT values greater than 11.2 minutes, the MTZ behaviour may
deviate, marking a limit to the model's validity. Therefore, caution should be exercised when

extrapolating model predictions to unvalidated conditions.

Similarly, reducing the bed height produced a comparable effect. Since the amount of adsorbent
mass was reduced, the operational duration of the bed under a constant feed load decreased. This
was confirmed in the experiments where bed height was varied (Fig. 6b), showing that the
breakthrough curves shifted leftward as bed height decreased while maintaining their sigmoidal

shape.
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Figure 6. Breakthrough curves for Cd(II) adsorption onto SB varying a) the inlet flow, b) the

adsorbent height and c) the inlet flow in the packed columns.

The final studied effect was the variation in initial concentration (Fig. 6¢). A lower feed
concentration resulted in reduced concentration gradients, thereby decreasing the mass transfer
rate (Diaz-Blancas et al., 2020). This can lead to a flattening of the breakthrough curve, as observed
in Experiment 5 (C, = 50 mg/L), which was conducted at the lowest concentration. In this case,
a slight flattening was noted at the beginning of the curve. However, varying the concentration

within the range of 100 — 200 mg/L did not produce a significant effect.
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It is important to highlight that in predicting the breakthrough curves using the ADM-DPM, no
parameter adjustment was performed (see Section 2.6.4), yet the model’s predictions remained
highly accurate. The characterisation parameters for these curves are also presented in Table 3. A
key design parameter is the breakthrough point, making an accurate mathematical modelling
prediction highly useful. In this study, the breakthrough point was predicted with an average
deviation of 5.3 %, which is lower than the previously reported 10.6 % (Aguirre-Contreras et al.,
2023). EBCT is another critical parameter for designing adsorption beds. The variations in flow
rate and bed height yielded an EBCT operational range from 11.2 to 2.7 minutes. Fig. 7a)

demonstrates that the model's predictions were precise across the entire operational range.
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Figure 7. a) Model vs experimental prediction of the ty, b) Efficiency of material utilisation vs

EBCT and c) Adsorbent usage rate vs EBCT. Co(Cd*") was fixed at 100 mg/L to allow comparison.

Moreover, maximising contaminant adsorption is desirable to optimise the use of the adsorbent

material. The dynamic adsorption capacity at the breakthrough point (qs) represents this quantity,
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while the maximum adsorption capacity at equilibrium with the inlet concentration (qe) defines the
material’s full potential (Dichiara et al., 2015; Worch, 2021). Thus, the qv/q. ratio represents the
efficiency of material utilisation. This relationship, depicted in Fig. 7b) as a function of EBCT,
shows a tendency for increased material efficiency with increasing EBCT. This trend can be
attributed to the extended contact time between the solution and the adsorbent, facilitating more
effective interactions. The maximum efficiency observed was 90 %. Another approach to
characterising dynamic adsorption performance is the adsorbent usage rate, which indicates the
quantity of adsorbent required to treat 1 L of solution. The values obtained were plotted against
EBCT, as shown in Fig. 7c). Similarly, the material's performance improved with increasing
EBCT, with the lowest adsorbent usage rate recorded at 1.19 g/L. Overall, the results of these
dynamic adsorption design parameters demonstrate that the proposed adsorbent material has the

potential to be a scalable solution for the removal of Cd(II) from water.

317



Table 3. Packed bed experiments design and key parameters.

Exp C,y (Cd*™) L Q m FS MTZ v, k.- 10° | DP-10" | D,-10* Se Re Sh EBCT " t 9 qs Ur R?
i mg/L (cm) (mL/min) (2) (cm) (cm/min) (cm/s) (cm?/s) (cm?/s) (min) (min) (min) (mg/g) (mg/g) | (g/L) | (%)

1 100.91 4.11 0.45 2.1999 0.7 1.67 0.523 1.41 4.75 3.29 1878 0.043 13.2 11.2 4800 6350 83.73 117.14 1.2 94.5
2 100.66 4.13 0.69 2.2799 0.5 1.95 0.813 1.71 4.75 437 1878 0.067 15.9 7.3 2720 3915 74.56 100.86 1.3 99.5
3 108.50 4.14 0.96 2.3792 0.5 2.04 1.152 1.95 4.75 5.65 1878 0.095 18.2 5.3 1680 2550 68.24 93.45 1.6 99.4
4 100.15 4.13 1.91 2.3759 0.5 2.24 2.292 2.75 4.75 9.87 1878 0.190 25.7 2.7 876 1320 64.39 88.76 1.5 99.2
5 48.56 4.30 0.90 2.9951 0.7 1.42 1.200 1.64 4.75 5.99 1878 0.099 15.3 59 3600 4600 46.93 60.58 1.0 99.0
6 108.50 4.00 1.11 2.5992 0.5 1.97 1.419 1.92 4.75 6.73 1878 0.118 17.9 44 1680 2580 72.23 98.91 1.5 99.6
7 150.04 4.05 1.01 2.6013 0.7 1.38 1.283 1.84 4.75 6.22 1878 0.106 17.2 49 1770 2300 92.97 121.19 1.6 98.9
8 198.12 4.02 0.97 2.6125 0.7 0.68 1.240 1.79 4.75 6.07 1878 0.103 16.7 5.1 1740 1965 121.76 137.69 1.6 99.1
9 111.14 2.15 0.91 1.6530 0.7 1.45 1.299 1.55 4.75 6.46 1878 0.108 14.5 2.9 1030 1800 49.68 91.47 2.2 98.5
10 108.50 4.00 1.02 2.5992 0.5 1.97 1.304 1.84 4.75 6.31 1878 0.108 17.1 4.8 1680 2550 66.37 90.89 1.6 99.1
11 105.17 6.00 0.95 3.5908 0.6 2.20 1.162 1.88 4.75 5.72 1878 0.096 17.6 7.8 2760 3700 70.96 91.01 1.5 98.9
12 100.57 8.20 0.97 5.6695 0.6 2.01 1.287 1.71 4.75 6.30 1878 0.107 16.0 10.4 4750 5800 78.96 91.21 1.3 99.0

*The breakthrough time (t) and saturation time (ts) were determined at C/Co= 0.05 and 0.95, respectively.
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4. Conclusions

This study investigated the adsorption kinetics and breakthrough behaviour of Cd(II) removal
using Sargassum biomass, emphasizing the limitations of traditional kinetic and breakthrough
models. The findings revealed that the PFO and PSO models provided suboptimal fits for the
adsorption kinetics, indicating that they fail to account for the diffusion and permeation
mechanisms critical for low porosity biosorbents. In contrast, the DPM successfully described the
adsorption kinetics, incorporating both external and internal transport phenomena. The integration
of the DPM with the ADM enabled an accurate prediction of breakthrough curves in packed-bed
systems, overcoming the constraints of traditional breakthrough models, which neglect mass
transfer limitations. The ADM-DPM framework demonstrated high predictive accuracy across
varying operational conditions, with the model effectively capturing the symmetry and mass
transfer zone stability of the breakthrough curves. The breakthrough point was predicted with an

average deviation of 5.3 %, significantly improving upon previously reported values of 10.6 %.

Experimental results indicated that the EBCT varied between 2.7 and 11.2 min, with a clear trend
demonstrating that longer EBCT values improved adsorption efficiency. The highest observed
adsorption efficiency reached 90 %, confirming that extending contact time enhances the
utilization of the adsorbent. Additionally, the dynamic adsorption capacity at the breakthrough
point ranged from 46.93 mg/g to 121.76 mg/g, while the total adsorption capacity at saturation
reached a maximum of 137.69 mg/g. These values emphasize the potential of Sargassum biomass
as a competitive biosorbent compared to conventional adsorbents. Moreover, the axial dispersion
coefficient ranged from 3.29 - 10 cm?/s to 9.87 - 10~* cm?/s, indicating a consistent dispersion
effect across different operating conditions. The intraparticle diffusion coefficient was determined
to be within the range of 2.5 - 107" cm?/s to 9.0 - 107'° cm?/s, confirming the relevance of the
diffusion-permeation mechanism in controlling mass transfer limitations. The mass transfer
coefficient was found to vary between 1.4 - 107 cm/s and 7.7 - 107 cm/s, further supporting the
significance of external and internal mass transfer resistances in this adsorption system. The
performance of Sargassum biomass in packed-bed adsorption was further highlighted by its low
adsorbent usage rate, which was minimized to 1.19 g/L, making it an attractive option for large-

scale water treatment applications. The study also demonstrated that reducing the bed height or
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increasing the flow rate led to earlier breakthrough times, reinforcing the importance of optimizing

operating parameters to maximize adsorbent efficiency.

Overall, this research represents the first attempt to integrate the DPM with ADM for modelling
metal adsorption onto Sargassum biomass. The findings provide critical insights for optimizing
adsorption-based water treatment processes and contribute to the development of sustainable and
cost-effective solutions for heavy metal removal from contaminated water sources. The proposed
modelling framework can be extended to other low porosity biosorbents, broadening its
applicability to diverse wastewater treatment scenarios. Future studies should focus on scaling up
this approach and evaluating its performance in multi-component adsorption systems under real-

world conditions.
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CONCLUSIONS

This research demonstrates the high potential of Sargassum spp. biomass, both in its natural and
carbonized forms (biochar and hydrochar), as an efficient, low-cost, and sustainable adsorbent for
the removal of heavy metals, specifically cadmium (Cd**) and lead (Pb**), and the pharmaceutical
compound ibuprofen (IBU) from aqueous environments. The study provides a comprehensive
approach, combining material synthesis, physicochemical characterization, adsorption

performance evaluation in batch and continuous systems, and advanced mathematical modeling.

The natural biomass of Sargassum spp. exhibited significant adsorption capacity, attributed to its
high content of active functional groups such as carboxylic, hydroxyl, and sulfonic groups.
Physicochemical characterization using FTIR, SEM/EDS, TGA, BET, and CHONS elemental
analysis confirmed the abundance of reactive sites and the porous nature of the materials. Pyrolytic
and hydrothermal carbonization of the biomass significantly enhanced textural properties,
achieving specific surface areas up to 240 m?/g and improving structural stability and adsorption

capacity.

In monocomponent systems, the materials achieved maximum adsorption capacities of 157 mg/g
for Cd(Il), 478 mg/g for Pb(Il), and 103 mg/g for ibuprofen under optimized experimental
conditions, outperforming many conventional biosorbents reported in the literature. The
adsorption processes followed pseudo-second-order kinetics and were best described by Langmuir
and Radke—Prausnitz isotherms, suggesting monolayer adsorption on a heterogeneous surface.
Thermodynamic analyses confirmed that the adsorption of all contaminants was spontaneous and

endothermic, driven by chemisorption mechanisms.

Multicomponent adsorption studies revealed competitive and selective behavior depending on the
affinity of each ion or molecule for specific functional groups on the adsorbent surface. Despite
competition, the Sargassum-derived materials maintained high removal efficiencies, confirming

their suitability for real-world applications where mixed contaminants are present.

Dynamic adsorption experiments using packed-bed columns further validated the materials’
practical application. The breakthrough behavior was studied in depth, and a Diffusion—
Permeation Model (DPM) was developed and successfully coupled with the Axial Dispersion

Model (ADM) to simulate the system. The model accurately predicted breakthrough curves with
328



deviations under 5 %, demonstrating its robustness and applicability in the design of continuous

water treatment systems.

Beyond water decontamination, this thesis also contributes to solving the ecological and economic
challenges posed by the massive accumulation of Sargassum in the Mexican Caribbean. By
transforming this marine biomass, typically treated as waste, into high-value adsorbent materials,
the study supports the principles of circular economy and environmental sustainability. The
valorisation of Sargassum not only mitigates the negative impact of algal blooms on tourism and

marine ecosystems but also offers a promising solution for the remediation of contaminated water.

In summary, this research provides strong scientific evidence that Sargassum spp. biomass is a
viable, abundant, and eco-friendly precursor for advanced biosorbent materials. The integration of
batch and dynamic adsorption studies, rigorous physicochemical characterization, and predictive
mathematical modeling offers a complete framework for the future development and scaling of
biosorption technologies. The findings pave the way for broader applications in wastewater
treatment, particularly in regions facing challenges with marine algal overgrowth and industrial
pollution. Future work should explore long-term operational stability, regeneration and reuse
cycles, and the integration of these materials into hybrid treatment systems combining adsorption

with other remediation strategies.
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