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ABSTRACT

Pinus pinaster bark is a forest and industrial waste which chemical richness, namely a high tannin
content, is commonly ignored. Tannins have been showing to be excellent candidates to produce bio-
sorbents. Tannin-adsorbents have a natural affinity to uptake heavy metals, dyes, surfactants, and phar-
maceutical compounds from contaminated waters. Moreover, it is somewhat easy to chemically mod-
ify a tannin-adsorbent to enhance its adsorption ability of some substances. However, studies of ad-
sorbents produced through tannins extracted from pine, or of negatively charged adsorbates, i.e., arse-
nic, antimony, and phosphates, are scarce or absent from the literature. On the other hand, the recovery
of precious metals, e.g., gold, by pine bark tannin-adsorbents has not been investigated. Hence, this
thesis aimed at contributing to improve knowledge on these topics by producing P. pinaster tannin-
adsorbents and assessing not only its uptake capacity of arsenic, antimony, phosphates, and gold, but
also the potential of recovery through desorption (for antimony, phosphates, and gold). Methods of
tannin extraction and polymerization, oxidation and iron and calcium-loading of tannin resins were
optimized. At 90 °C and using an alkaline solution, an extraction yield of 24.2 % was achieved and
166 mg of formaldehyde-condensable phenols were extracted per gram of bark used. Polymerization
of tannins, under the best conditions, presented an efficiency around 80 %. Oxidation and iron-loading
yielded a tannin resin with an iron content of 22 mg g*. Calcium-loading yielded a tannin resins with
a calcium content of 32 mg g*. None of the adsorbents produced was sufficiently efficient for phos-
phate uptake. Adsorption assays with As(I11) presented negligible results. Equilibrium data obtained
for As(V) adsorption by iron-loaded tannin resins showed a maximum adsorption capacity of 0.72 mg
g (pH 3, 20 °C). Tannin resin (unmodified) presented a good ability to uptake antimony, with maxi-
mum adsorption capacities, evaluated in batch mode, of 30-33 mg g~* (Sb(lll), pH 6, 20 °C) and 16-
47 mg gt (Sh(V), pH 2, 20 °C). The applicability of the tannin resin on Sb(ll1) uptake was confirmed
in continuous fixed-bed experiments. Breakthrough curves were obtained for different inlet adsorbate
concentrations, bed heights, flow rates and aqueous media (distilled water and a simulated mine efflu-
ent). The potential of tannin resins to sequester and recover Au(l1l) from hydrochloric acid and aqua
regia solutions was also assessed. Equilibrium isotherms were experimentally determined and maxi-
mum adsorption capacities of 343+38 mg g~* and 270+19 mg g~* were found for Au uptake from HCI
and HCI/HNOs (3:1 v/v) solutions containing 1.0 mol L™* H*. The work developed here allowed to
identify tannin resins as efficient adsorbents for remediation of Sb-contaminated water and for sepa-

ration, concentration, and recovery of Au from leaching liquors obtained from e-waste.
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RESUMO

A casca de Pinus pinaster ¢ um residuo florestal e industrial cuja riqueza quimica, nomeadamente um
elevado teor de taninos, é habitualmente ignorada. Os taninos tém-se mostrado como excelentes pre-
cursores de biosorventes. Os adsorventes taninicos tém uma afinidade natural para adsorver metais
pesados, corantes, surfactantes e compostos farmacéuticos de aguas contaminadas. Além disso, é re-
lativamente facil modificar quimicamente adsorventes taninicos para aumentar a sua capacidade de
adsorcdo de algumas substancias. No entanto, estudos de adsorventes produzidos através de taninos
extraidos de pinheiro, ou de adsorbatos carregados negativamente, i.e., arsénio, antiménio e fosfatos,
s80 escassos ou ausentes na literatura. Por outro lado, a recuperacéo de metais preciosos, e.g., ouro,
por adsorventes taninicos de casca do pinheiro ainda ndo foi investigada. Portanto, esta tese teve como
objectivo contribuir para o aprimoramento do conhecimento nestes tdpicos ao produzir adsorventes
taninicos de P. pinaster e avaliar ndo apenas a sua capacidade de captacdo de arsénio, antimdnio,
fosfatos e ouro, mas também o potencial da sua recuperacéo por dessor¢do (para antimonio, fosfatos
e ouro). Métodos de extracdo e polimerizacdo de taninos, oxidacdo e impregnacéo de ferro e calcio
foram optimizados. A 90 °C e utilizando uma solugéo alcalina, um rendimento de extracdo de 24,2 %
foi alcancado e 166 mg de fenois condensaveis com formaldeido foram extraidos por grama de casca
usada. A polimerizacdo dos taninos, nas melhores condigdes, apresentou uma eficiéncia em torno de
80 %. A oxidacdo e a impregnacdo de ferro produziram uma resina taninica com um contetdo de ferro
de 22 mg g . A impregnacéo de célcio produziu uma resina taninica com contetdo de calcio de 32
mg g1. Nenhum dos adsorventes produzidos foi suficientemente eficiente para captar fosfatos. Os
ensaios de adsorcdo com As(l11) apresentaram resultados despreziveis. Os dados de equilibrio obtidos
para a adsorcao de As(V) por resinas oxidadas carregadas com ferro mostraram uma capacidade mé-
xima de adsorcédo de 0,72 mg g* (pH 3, 20 °C). A resina taninica (ndo modificada) apresentou boa
capacidade de captacdo de antiménio, com capacidades maximas de adsorcéo, avaliadas em adsorve-
dor fechado, de 30-33 mg g* (Sh(lll), pH 6, 20 °C) e 16-47 mg g* (Sb(V), pH 2, 20 °C). A aplicabi-
lidade da resina de tanino na captacdo de Sh(lIl) foi confirmada em ensaios continuos em leito fixo.
Curvas de ruptura foram obtidas para diferentes concentra¢fes de adsorbato de entrada, alturas do
leito, caudais e meios aquosos (agua destilada e um efluente de mina simulado). O potencial das resi-
nas taninicas para sequestrar e recuperar Au(l11) de solucdes de &cido cloridrico e aqua regia também
foi avaliado. Determinaram-se isotérmicas de equilibrio e obtiveram-se capacidades maximas de ad-
sorgdo de 343+38 mg gt e 27019 mg g* em solugdes de HCI e HCI/HNO; (3:1 v/v) contendo 1,0
mol L™ H*. O trabalho desenvolvido aqui permitiu identificar as resinas taninicas como adsorventes
eficientes para a remediacdo de aguas contaminadas com Sb e para a separa¢do, concentragao e recu-

peracdo de Au de licores de lixiviacdo obtidos a partir de residuos electrénicos.

PALAVRAS-CHAVE: adsorcdo, casca de pinheiro, resinas taninicas, remediacdo de aguas, econo-

mia sustentavel.



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

Vi



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

ACKNOWLEDGEMENTS

I would like to thank the Chemical Engineering Department (DEQ) of FEUP and the associated
laboratory LSRE-LCM where it was made available for me the space, materials and equipment
required for the experimental assays of this thesis.

Particularly, 1 want to thank Eng. Liliana Pereira (DEQ/FEUP) for the help provided through
borrowed equipment and for having contributed to the execution of some assays (DOC, colour
leaching, etc.), Eng. Carla Ferreira (DEQ/FEUP) which allowed me to have access to the freeze-
dryer equipment, Prof. Ferndo Magalhaes and Eng. Luis Carlos (DEQ/FEUP) for making possible
the use of the particle size analyser, and Prof. Madalena Dias for granting access to the electro-

phoresis instrument for zeta potential measurements.

Moreover, | leave a special appreciation note for my colleagues of laboratory E404A — Barbara
Vieira, Maria Eduarda Schneider, Jonas Inacio, Maria Beatriz Torrinha, and Andreia Ribeiro —

for having helped me carry out some assays which were included in my thesis.

Now a message to my supervisors, Dr. Silvia Santos and Prof. Cidalia Botelho: everything | said
in the acknowledgements of my master thesis was confirmed over the last four years. There is
nothing more to say other than reinforce my gratitude for your dedication and attention towards
helping me in my work and state that without your careful revision this thesis would not be half

as good.

On a personal note, | thank my family and friends, especially Marisa Bacelo, Daniel Santos and
Pedro Fonseca, for their companionship, solidarity and love, all of which made my journey easier

and more joyful.

And lastly, I thank FCT for the research grant (PD/BD/135062/2017).

This work was financially supported by: Base Funding - UIDB/50020/2020 of the Associate Labora-
tory LSRE-LCM - funded by national funds through FCT/MCTES (PIDDAC).

Fundagio ‘S REPUBLICA
FCT it P rormucoma
e a Tecnologia CIENCIA, TECNOLOGIA

E ENSINO SUPERIOR

NORTE2020

PROGRAMA OPERACIONAL REGIONAL DO NORTE

” PORTUGAL UNIAO EUROPEIA
** i *: Fundo Social Europeu
e 2020

vii



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

viii



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF

SUBSTANCES
CONTENTS

CHAPTER | INTRODUCTION ..ottt sttt 1

1. MOtivation and CONTEXL.........ccuiiiiiirieieieee et 3

N T = LSS 5

KT © 1U | 1T OSSR PRSPPI 7

A, RETEIEINCES ..ottt ettt b ettt ns 9

CHAPTER HTANNIN EXTRACTION ...cutitiitiiiiitesieieieeeassestessesaessessessessssessessessessessessesssssnsenses 11

1. LITErature REVIEW. ....coiiie ettt sttt st ste et et e ente e e 13

P2 Y, 1=1 4 g oo (o] oo | 2SSOSR 19

2.1 PINEDAIK oo e 19

2.2. AQUEOUS VS. OrganiC eXTraCliON ..........ccceiieiiiiiieie s 19

2.3.  Aqueous alkaling eXTraCtion ............cooereieiiineiee s 20

2.4, EXIraction ParameterS ........cccciiiiieeie ittt st s re e 21

3. RESUILS @Nd DISCUSSION ....couveiieiieiiiiiiti sttt sttt sttt nenre s 23

3.1, AQUEOUS VS. OrganiC eXIraCliON ..........ccceiieiiiiiieie s 23

3.2.  Aqueous alkaling eXtraCltion ...........ccccevieiiiiii i e 25

N O] (o1 01 o] o SO STRUR PRSPPI 31

LT o =1 (= =] o0 USSP 33

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS .......... 39

I I 1 =T = L L AT PSSR 41

1.1, TaNNIN RESINS ..ottt st sttt eneeneereans 43

1.2.  Chemically Modified Tannin RESINS..........cocuiiririireiiesieee s 46

1.2.1. Introduction Of AMINO GrOUPS .....c..cvviiiriiriiie e 46

1.2.2. IrON=-10AAING ....veiiieicec e e 48

1.2.3.  Other MOdifiCatIONS ........ccoeiieieieieieese e e 49

1.3, COMPOSITES ...ttt ettt bbbt b s 50

1.3.1. Immobilization BiomaterialS ............ccoieiiiiii i 50

1.3.2. MESOPOIOUS STHCA .....eeeeeeeeeie ettt 51

1.3.3. Carbon-based MaterialsS ...........ccoeiiiieieieeiese e 52

1.3.4. Magnetic Nanostructured MaterialsS .............ccooeviriniiiiniiiseeeie 52

1.4, Tannin Rigid FOAMS........ccciiiiieiee et 53

2. MELNOAOIOGY ..ottt 55

2.1, POIYMEFIZALION ..o 55

2.2, IrON-10AAING ....oooiieie e 56



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

2.3, CalCium-10ading ......c.cooviieiiiiiiie e 58
2.4.  Characterization of Tannin RESINS..........cccccviiriiiiiieie e 58
2.5. Adsorbate/AdSOrbent SCreENING .......cccoeviiriiireie s 60
2.5.1.  AdSOrption BatCh ASSAYS.......ccccieeiiiiiiiieiiesesiee e seestesteeee e seesre e sae e eraennens 60
2.5.2.  AdSOrDates SOIULIONS ......ooui e 61
2.5.3.  Analytical MEthods. ........coeiriiiiiies e 61

3. RESUILS @Nd DiSCUSSION .....couviuiiiieiiiiiite sttt sttt et ere s 63
KT8 R =01 1Y 0 1= 2 £ o] o OSSP 63
3.2, IrON-I0AAING ..o s 65
3.3, CalCiUM-0AAING ..o s 68
3.4.  Characterization of Tannin RESINS ........cccocviiiiiiiniieeessse s 69
3.5.  Adsorbate/AdSOrbent SCreENING .......cccoeieiiiiireie e 77
TR T00 Y L 7T o oSSR 77

TR T2 1 o1 111100 )/ SR PSRSRSSN 78
3.5.3. PROSPNALE ......oeiie e e 79

N @0 o o [ 1S [o]  JSTR 81
B REIBIBINCES ... bbbt 83
CHAPTER IV UPTAKE OF ARSENIC ....cotiitiiiiitesieieiees ettt s s sesesse st ssessesseneesesnessesses 93
1. LItErature REVIEW....cuiiiieiiciicieiesie sttt st 95
2. MEENOAOIOGY ... 99
2.1, Adsorbent and AdSOIDALE. .........cccciiiierieieieice s 99
2.2, Analytical MEthods ........c.coiiiiiiieceee e e 99
2.3, AASOIrPLION STUAIES ..ot 100
2.3.1. EFfECT OF PH....oeeee e 100
2.3.2.  AdSOrption KINELICS .....cciiiiiiiiie ettt st e 100
2.3.3. EQUITIDIIUM STUAIES .....oeveciiiiece e e 102

3. RESUILS aNd DISCUSSION ......cuviivieiiiieiieeiestesie e se et e e eesre s e sae e eseesreaneeneas 103
3L EFeCt Of PH oo s 103
3.2 AASOrptioN KINELICS......coueeieiitiiie ettt 105
3.3, EQUIlIDIIUM STUIES ... 107
N @0 oo [ 1] Lo o 13RS 109
LT =1 (= =] o0 PP 111
CHAPTER V REMOVAL AND RECOVERY OF ANTIMONY ....cuviiiieieiariareseneeseeseeseeseeneaennens 117
1. LItErature REVIEW......ccocieii ittt sttt sneene et e e 119
2. MEENOAOIOGY ... e 123



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF

SUBSTANCES
2.1, Adsorbent and AdSOIDALE..........cci i 123
2.2. ANAlytical MEtNOUS .........cocoviiiiiie e 123
2.3.  Batch AdSOrption STUAIES ..........cooiiiiiiiiieises e 124

2.3.1. Effect of AdSOrbent DOSAQE.........ccciviieieiice e 125
2.3.2.  Adsorbent Comparison and Effect of pH ... 125
2.3.3.  COMPELITIVE ASSAYS.....eivieieenieiieiesie sttt 125
2.3.4.  AdSOrption KINELICS .....ccoviiiiiiiieie sttt st 126
2.3.5. EQUITTDIIUM STUAIES ..o e 127
2.3.6. DESOIPLION ...ttt 127

2.4, Column EXPEIIMENTS .......ooviiiiiiiiiieiieiee et 128
3. RESUILS @Nd DISCUSSION .....cevveviiiiiiiiiiiie ettt sttt st 131
3.1, Batch AdSOrpltion STUAIES ........cccooiiiiiiiiieiri e 131
3.1.1. Effect of ADSOrDENt DOSAGE........ccviviriiieiiiieieeee e 131
3.1.2.  Adsorbent Comparison and Effect of pH .......ccccocooiiiiiiii 132
31,3, COMPELILIVE ASSAYS.....ecieireeriiitiieeirestesee e s e stesteeaesteseesresbeeaesresteebesreenee e 136

3. 1.4, AASOIPLION KINELICS .....oveviieiieiieiiiisie st 137
3.15. EQUITIDIIUM STUAIES ... e 140
3.1.6. =T o1 o1 (o] OSSPSR 145

3.2, Column EXPEIIMENTS .......coviiiiiiiiiieiieieieee sttt 147
3.2.1. EffeCt Of FIOW RALE .......cieeieii e 149
3.2.2. Effect of Bed HEIGht .....cc.ooiiiiecc e 149
3.2.3.  Effect of Inlet CONCENLrAtioN .........cccoiiiieiiieieee e 150
3.24. Effect of the Water MatriX........c.cccoovviieieiieie e 150

O O (o1 01 o] o PSPPI 151
ST = (-] 1 =] 01 LSRR 153
CHAPTER VI UPTAKE AND RECOVERY OF GOLD ...ccooiiiuiiirieniiieisieisie et 159
1. LITErature REVIEW......ccocieii ittt sttt sreena et e e e e 161
2 Y, 11 4 g (oo (o] 0o |V 2RSSR 167
2.1, Adsorbent and AdSOrDALE. .........cccooiiiiiiiie e 167
2.2.  ANAlytical MEtNOUS .......c.ooviiiiiicie e 167
2.3, AdSOIrPLION STUAIES ..ot 167
2.3.1. Effect of Leaching REAGENT..........c.ooiiieiiiiee e 168
2.3.2.  AdSOrption KINELICS .....cveieeieeieieeesie ettt s 168
2.3.3. EQUITIDIIUM STUAIES ... 170
2.34.  COMPELITIVE ASSAYS.....eieeieeereeieiieeiesteaee e eteenteseeereestesneeseesaeeneeseeeseeeesneeneenes 171

2.4.  Desorption and RegeNeratioN...........cccooveiiiirieie e 171

Xi



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

3. RESUILS @Nd DISCUSSION .....couviviiiiiiiiiiite ettt et 173
3.1.  Effect of Leaching ReAGENT..........ccooiiiiiiiiiiisiie e 173
3.2, AdSOrpion KINELICS. ......ccviiiiiiiiiie e 175
3.3, EQUIlIDrIUM STUIES .....ocvveiecicc e s 179
34, COMPETITIVE ASSAYS ...ecuveveeieriiriiriesresrereee ettt e e sb e sr s nn e e e anens 182
3.5.  Desorption and Regeneration...........cccocveiveiiiiirineneseieeiese s 183

A, CONCIUSIONS ...ttt bbb bbbttt bbbt n s 185

B REIBIEINCES ...t bbb 187

CHAPTER VI FINAL REMARKS. .....otitiiitiitistesiesieieeesessessessessessessessessssessessessessessessesssssasens 191

1. General CONCIUSIONS .......cceiieiiiiiie ittt st st sreere e sre e e 193

2. Suggestions fOr FULUIE WOKK ..ot 195

Xii



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

LIST OF FIGURES

Fig. 11.1 Structures of (a) a flavonoid monomer unit and of (b) a pine condensed tannin (i.e., a
procyanidin) (adapted fFrom [5]). ..viveiiieeii e e s 15

Fig. 11.2 Variation of occupied forest area by the five most common trees in mainland Portugal
between 1995 and 2015. Plot drawn using data reported in the 6™ National Forest Inventory [37].

..................................................................................................................................................... 16
Fig. 1.3 Pinus pinaster bark (a) broken up to pieces and (b) milled.............cc.coovniiiiiiiinnn. 19
Fig. 11.4 Freeze-dried tannin exXtraCt (TE)........cccereiiiiiiiiese s 20

Fig. 1.5 Extract properties (a) and extracted quantities (b) obtained by batch alkaline mode with
different amounts of NaOH. Error bars represent maximum deviation of duplicate average.
Experimental conditions: T =90 °C, t = 60MIN. ....c..coiiiiiieiiiiiie e 28

Fig. 111.1 Number of scientific papers which report the production of tannin-adsorbents (a) from
a specific source-material and (b) to uptake a specific adsorbate. Collection of 178 papers
published between 2010 and 2021. X = aluminium, manganese, or vanadium; Y = mercury,
germanium, indium, rhodium, or gallium; Z = detergents, caffeine, or toxXins. .........c...ccccvevenee. 42

Fig. 111.2 Schematization of the production methods for different types of amine-modified tannin
resins. CH,O — formaldehyde; (CH:0), — paraformaldehyde; CsHsO, — glutaraldehyde; PEI —
polyethyleneimine; DETA - diethylenetriamine; CS - carbon disulphide; EDA -
ethylenediamine; DMF — dimethylformamide; HA — hexamethylendiamine; X = BTU, AG or
TEPA; Y = DMA, DEA or TEA; Z=PEI OF HA. ...oooiie e 47

Fig. HTE3 Tannin reSin (TR)....cvoioiiiiiieiese e 56

Fig. 111.4 Influence on polymerization yield of precipitated extracts, by: (a) the volume of sodium
hydroxide solution, at different formaldehyde amounts; (b) the amount of formaldehyde used in
the reaction, at different volumes of NaOH solution. Assays were done in triplicate and error bars
represent maximum absolute deviations from the average. ..o 63

Fig. 111.5 Influence on polymerization yield of freeze-dried extracts, by: (a) the volume of sodium
hydroxide solution, using 0.4 mL of formaldehyde per g of extract; (b) the amount of
formaldehyde used in the reaction, with 4 mL of NaOH 0.25 mol L™ per g of extract. Assays were
done in triplicate and error bars represent maximum absolute deviations from the average. ..... 65

Fig. 111.6 Influence on iron uptake by oxidation time, temperature, and HNOs concentration,
using a solution of 200 mg-Fe L at initial pH 2 and room temperature. (a) HNO3z 2 mol L™%; (b)
HNO; 1 mol L. Every assay was done in duplicate and error bars represent absolute deviations.
..................................................................................................................................................... 66

Fig. 1.7 Influence on iron uptake by initial Fe(lll) concentration at initial pH 2 and room
temperature using a tannin resin oxidized with HNO3; 1 mol L™ at 50 °C for 90 min. Every assay
was done in duplicate and error bars represent absolute deviations............cccceveriiiviinnicieenne 67

Fig. 111.8 Influence on calcium uptake by initial Ca concentration at initial pH 6 and room
temperature using TR or TRO: results from (a) acid digestion and (b) mass balance in the liquid
phase. Every assay was done in duplicate and error bars represent absolute deviations. ........... 69

Fig. 111.9 Infrared spectra of (a) precipitated and freeze-dried extracts, (b) freeze-dried tannin
extract and tannin resin, (c) tannin resin, oxidized tannin resin, and iron-loaded oxidized tannin
(=TT 1 APPSR 70

Fig. 111.10 SEM images of (a) the precipitated tannin extract, (b) the freeze-dried tannin extract,
the tannin resin produced with (c) a precipitated extract and (d) a freeze-dried extract, (e) an
oxidized iron-loaded tannin resin (< 0.15 mm), and (f) a calcium-loaded tannin resin. ............. 72

Xiii


file:///C:/Users/PC/Dropbox/PDEQB/3º%20Ano%201º%20Semestre/Tese%20Doutoramento/TeseDoutoramento_HugoBacelo_Final.docx%23_Toc76117314
file:///C:/Users/PC/Dropbox/PDEQB/3º%20Ano%201º%20Semestre/Tese%20Doutoramento/TeseDoutoramento_HugoBacelo_Final.docx%23_Toc76117314
file:///C:/Users/PC/Dropbox/PDEQB/3º%20Ano%201º%20Semestre/Tese%20Doutoramento/TeseDoutoramento_HugoBacelo_Final.docx%23_Toc76117314

TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

Fig. 111.11 EDS spectra obtained from (a) TRO-Fe and (b) TR-Ca. .......cccccevviieveiiiie e 73
Fig. 111.12 Granulometric distribution of TR, TRO, and TRO-Fe...........cccccvivriiernniee e 73
Fig. 111.13 Zeta potential of tannin resin, oxidized tannin resin and iron-loaded oxidized tannin at
different pH (electrolyte: NaCl 0.001 MOI L), c.ouviiviiiiiiccecceee e 75
Fig. 111.14 Results of leaching experiments: dissolved organic carbon (DOC) and colour obtained
for TR granulometric fraction of 0.15-0.50 mm with a solid:liquid ratioof 0.5 g L ™. ............... 76
Fig. 111.15 Dissolved organic carbon (DOC) leached by TR, TRO, and TRO-Fe at different pH
with a solid:liquid ratio 0f 2 g L2 at 20 °C fOr 24 . ...cvevveieieeceeeeceeee e 77

Fig. 111.16 Adsorption assays using different adsorbents in arsenic solutions (Cin =5 mg L for
TR, TRO, and TRO-Fe; Ci» = 0.5 mg L* for TR-Ca) at pH 4 and a solid:liquid ratio of 10 g L.

..................................................................................................................................................... 78
Fig. 111.17 Adsorption assays using different adsorbents in antimony solutions (Cin = 20 mg L2)
at pH 4 and a solid:liquid ratio 0f 0.5 g L. ..o 79
Fig. 111.18 Adsorption assays using different adsorbents in phosphate solutions (Ci» =5 mg L™?)
at pH 4 and a solid:liquid ratio 0f 10 g Lt ..o 80
Fig. IV.1 Arsenate (orange solid lines) and arsenite (yellow dash lines) speciation as a function
(0] i o] = OSSPSR 95

Fig. 1V.2 Effect of pH on (a) adsorption capacity of As(V) by iron-loaded tannin resins (Cin =5
mg L%, S/L=10g L%, 20 h, 20 °C) and (b) iron leaching, with iron concentrations determined
by AAS and values expressed in mg of Fe per g of adsorbent. Every assay was done in duplicate

and error bars represent absolute deVIALIONS. .......c.ccviiiiieiiiiee e e 103
Fig. 1V.3 Adsorption kinetics for As(V) uptake (20 °C, S/L =10 g L%, pH 3) with TRO-Fe <0.15
mm: experimental data and model curves (— — — pseudo-first order; -+ pseudo-second order

fittings). Every assay was done in duplicate and error bars represent absolute deviations. ...... 106
Fig. IV.4 SEM image of TRO-Fe particles after contact with arsenic solution........................ 107

Fig. 1.5 Equilibrium isotherms for the adsorption of As(V) by TRO-Fe with a particle size of
(a) 0.15-0.50 mm at pH 4 and (b) <0.15 mm, at pH 3 (20 h, 20 °C, S/L = 10 g L'). Every assay

was done in duplicate and error bars represent absolute deviations............cccccevevieiieevcieeinenne. 108
Fig. V.1 Antimonate (orange solid lines) and antimonite (yellow dash lines) speciation as a
TUNCHION OF PH. ..ot b e 119
Fig. V.2 Influence of the solid:liquid ratio on equilibrium adsorbed amounts of antimonite (bars)
and on the removal efficiency (points) (TRp 0.15-0.50 mm, Ciy =20 mg L%, pH 6)............... 131
Fig. V.3 Effect of pH on adsorbed amounts of (a) antimonite and (b) antimonate by TR, TRp,
TRO and TRO-Fe (Cin=20mg L™, S/L=0.50g L™, 20 °C).ceevvvviviiiiiieeessee e 132
Fig. V.4 Possible structure of the (a) tannin-resin (adapted from [82]), and (b) Sb(lll) and (c)
Sb(V) complexes formed during @dSOrPLION. ........cceviiririrerere s 134

Fig. V.5 Influence of possible coexisting compounds in solution on equilibrium adsorbed amounts
of antimony by TRp (Cin =20 mg L™; S/L = 0.50 g L™%; pH 6 for Sb(lll); pH 2 for Sb(V)).... 137

Fig. V.6 Effect of different species on Sb(lll) adsorbed amounts by TR, at two different initial
adsorbate concentrations (Cin=12mg L *and 25 mg L}, pH6and S/L=050g L™?)........... 137

Fig. V.7 Adsorption kinetics of TRp 0.15-0.50 mm for uptake of (a) Sb(lll) at pH 6 and (b) Sb(V)
at pH 2 (25°C, S/L = 0.50 g L™): experimental data and model curves (- - - pseudo-first order; —
PSeudo-SecoNnd OFder FITlINGS). .....o.eoveieieiiise bbbt 138

Xiv



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

Fig. V.8 SEM image of Sb(lll)-saturated TRp (a) and EDS spectrum obtained in a specific particle
observed in the IMAgE (1). .....voe e 139

Fig. V.9 Equilibrium isotherms for the adsorption of (a) Sb(lll) and (b) Sb(V) by TRp at different
pH conditions (25 °C, S/L = 0.50 g L 1), using Sb distilled water solution and a mine tailings water
(ME): experimental data and model curves (——— Langmuir; - Freundlich)........ccccccevnee. 141

Fig. V.10 Equilibrium isotherms for the adsorption of antimony from (a) Sb(lll) solutions (pH 6)
and (b) Sb(V) solutions (pH 2) by different granulometric fractions of TR, and from (c) Sh(ll)
solutions (pH 6) prepared in distilled water (DW) and in the simulated mine effluent (SME) by
TR 0.15-0.50 mm (Cin = 1-30 mg L, S/L = 0.50 g L2, 20 °C). Points: experimental data; dotted
lines: LangMmUir MOGEI CUNVES. ......cveiiiieciesie ettt sttt sre st sae e 143

Fig. V.11 Breakthrough curves obtained for the adsorption of Sh(l1l) by TR (1.0-2.0 mm) in fixed-
bed experiments conducted at different: (a) flow rates (Ci= 9 mg L%, L = 10.5 cm), (b) packed-
bed heights (Ci =9 mg L™, F =6 mL min™?), (c) antimony concentrations (L = 10.5 cm, F = 3
mL min), and (d) aqueous matrix (Ci=9mg L%, F=3mL min%, L = 10.5 cm). Points represent
experimental data and 1ines Yan model CUNVE..........ccoov i 147

Fig. VI.1 Effect of hydrogen ion concentration ([H*]) on the uptake of gold by the pine bark
tannin resin from HCI and HCI/HNO; (aqua regia) aqueous solutions (Cin = 100 mg-Au L%, S/L
2 2.0 g L) bbbt 173

Fig. V1.2 Effect of contact time on the uptake of gold by the pine bark tannin resin at 20 °C, using
different initial gold concentrations and adsorbent dosages, and using aqueous solutions of (a) 1.0
mol L™ HCI and (b) aqua regia 1.0 mol L™ H*: experimental data and pseudo-second order
MOUEITING. ...ttt bbb n e e nne s 175

Fig. V1.3 SEM images obtained for the tannin resin after adsorption of gold (a) from 1.0 mol L™
HCI, and from aqua regia solutions (b) 1.0 mol L"* H*and (¢) 2.0 mol L H*......covevvvvneee. 178

Fig. V1.4 EDS spectra obtained for tannin resin loaded with Au in HCI 1.0 mol L' H* from one
of the particles observed in Fig. VL.3a. ... 178

Fig. V1.5 Equilibrium isotherms for the adsorption of gold by the pine bark tannin resin from
different acidic matrices (20 °C, S/L = 1.0 g L™?): effect of H* concentration in (a) HCI and (b)
aqua regia solutions; effect of the leaching reagent for a total H* concentration of (c) 1.0 mol L™
and (d) 2.0 mol L. Langmuir and Freundlich models are represented by solid and dashed lines,
L= LT (Y= | USROS 180

Fig. V1.6 Percentages of metals extracted from simulated liquors containing aqua regia in
different H* concentrations by the pine bark tannin resin from (20 °C, S/L 1.0 g L™, initial Au
concentration 200 mg L) (a) comparison of Au uptake from single and multi-metal solutions;
(b) uptake of metals from the multi-metal SOIULION. .........ccccceeiiiiiiii 182

Fig. V1.7 Results obtained in the adsorption (Cin =500 mg L%, S/L =1.0 g L™, 20 °C) and
desorption cycles (eluent: 0.5 mol L™ thiourea and 0.5 mol L™t HCl solution, S/IL=25¢g L™}, 20
) OO 184

XV


file:///C:/Users/PC/Dropbox/PDEQB/3º%20Ano%201º%20Semestre/Tese%20Doutoramento/TeseDoutoramento_HugoBacelo_Final.docx%23_Toc76117341
file:///C:/Users/PC/Dropbox/PDEQB/3º%20Ano%201º%20Semestre/Tese%20Doutoramento/TeseDoutoramento_HugoBacelo_Final.docx%23_Toc76117341

TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

XVi



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

LIST OF TABLES

Table 11.1 Tannin contents reported for some vegetable materials. .........c..cccocveveiiiiieviiineeene. 13

Table 11.2 Extraction results obtained by organic extraction (Soxhlet apparatus) with ethanol and
by batch alkaline mode. Values represent average from duplicates + maximum deviation. ...... 23

Table 11.3 Extraction results obtained by batch alkaline mode with 5 % w/w NaOH at different
temperature and contact time. Values represent average from duplicates + maximum deviation.
..................................................................................................................................................... 26

Table 11.4 Extraction yields obtained by batch alkaline mode with different amounts of NaOH.
Values represent average from duplicates = maximum deviation. Experimental conditions: T =
O G A 610 o o USSR 27

Table 11.5 Extraction yield of Pinus bark reported in the literature. Total extracted phenols and
amounts of condensable tannins that can be obtained per gram of pine bark: calculated values
from literature results. Extractions listed in this table, unless otherwise stated, were made in batch

Table 111.1 Collection of operational parameters reported in the literature for polymerization
reactions achieved in alkaline (NaOH) medium with an aldehyde as a crosslinking agent at 80 °C.

Formaldehyde used was from a commercial solution (36-37 % WL)........cccccovvereneneneiicnee, 44
Table 111.2 Experimental conditions of preliminary adsorption assays (T = 20 °C, t = 20-24h).
..................................................................................................................................................... 60
Table 111.3 Granulometric distribution of the fraction <0.15 mm of TR, the fractions 0.15-0.30
mm of TR, TRO, and TRO-Fe, and the fraction 1.00-2.00 mm of TR. .......cccccvevvrivviverrrvinene. 74
Table 1V.1 Maximum adsorption capacities reported in literature for the uptake of As(lIl) and
As(V) from aqueous solutions by various adSorbentS. ..........ccccceveiiieiiiiiic e 98
Table 1V.2 Fe speciation in As(V) solution after contact with TRO-Fe (10 g L™?) at different pH.
Values represent average from duplicates + absolute deviation. ............ccccvveveienieiieneicneriene, 105

Table 1.3 Kinetic parameters for As(V) adsorption on the iron-loaded tannin resin (particle size
<0.15 mm, 20 °C, adsorbent dosage 10 g L%, pH 3): parameters (+standard error) and statistical
(01 - PO ORPURRUSR 106

Table V.1 Characteristics of several mining-affected waters reported in the literature. .......... 121

Table V.2 Maximum adsorption capacities (Qm) reported in literature for the uptake of antimony
from water by different adsorDENtS. .........ccooiiiiii 122

Table V.3 Concentrations (mg L) of coexisting compounds used in competitive assays (pH 6
for Sh(I11), pH 2 for Sb(V), S/IL = 0.50 g L) .oiiieiiieiececeeee e 126

Table V.4 Kinetic models for Sh adsorption on TRp 0.15-0.50 mm (25 °C, adsorbent dosage 0.50
g L, pH 6 for Sh(Ill) and pH 2 for Sh(V)): parameters (+standard error) and statistical data.138

Table V.5 Equilibrium models for Sb adsorption on the TRp 0.15-0.50 mm at different pH and
from different aqueous matrices (S/L=0.5g L%, Cin=1-30 mg L1, 25°C): parameters (+standard
error) and StatiStiCAl JAtA. .........coverveieiiii s 141

Table V.6 Langmuir and Freundlich modelling for the adsorption of antimony using TR of
different particle sizes, and from different aqueous matrices (S/L: 0.5 g L™, Cin = 1-30 mg L%,
20 °C): parameters (£ standard error) and statistical data. ............cccccvvvevevirnieri v 143

Table V.7 Desorption percentages of antimony from saturated TR with different eluents (S/L =
2.5 0 L) ettt 145

XVii



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

Table V.8 Bohart-Adams, Thomas, and Yan model parameters for the adsorption of Sh(lll) by
TR in fixed-bed columns (experimental conditions defined in Table V.9)........ccccoeiiiinnn. 148

Table V.9 Experimental conditions used in fixed-bed column adsorption experiments and
performance indicators obtained from experimental data. ..........c..cccccevvivevieciece e 148

Table V1.1 Maximum adsorption capacities reported in literature for the adsorption of gold from
chloride media by different adSOrDENTS. .........cocviiiiiiiii 164

Table V1.2 Kinetic parameters of reaction-based models (k, kinetic constants; geq, equilibrium
adsorbed amounts) for the adsorption of gold from HCI and aqua regia solutions by the pine bark
tannin resin, at 20 °C and for different initial Au(lll) concentrations (Cin) and adsorbent dosages
(7 RSSO 176

Table V1.3 Kinetic constant (k.or) of LDF approximation and solid diffusivity coefficients (Dn)
calculated by HSDM model for the adsorption of gold from HCI and aqua regia solutions by the
pine bark tannin reSin at 20 PC. ..o 177

Table V1.4 Parameters of Langmuir and Freundlich isotherms for the adsorption of gold from
HCI and aqua regia solutions using pine bark tannin resin, at 20 °C. .........ccccooveieieiciiiinnnns 180

Xviii



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF

ABBREVIATIONS

AAS
AG
APDC
AUR
BSN
BTU
DEA
DMA
DMTD
DOC
DW
EBCT
EDA
EDS
EDTA
EFCP
FCPC
FTIR
GAE
HU
IEP
LDF
MA
MAE
ME
MIBK
MOF
PB
PWE
rpm
SEM
SFE
SME
SN

TA

TE
TEA
TEP
TEPA
TPC
TR
TR-Ca
TR-Fe
TRO
TRO-Ca
TRO-Fe
TRp
UAE
WEEE

Atomic Absorption Spectrometry
N-aminoguanidine

Ammonium pyrrolidinedithiocarbamate
Adsorbent usage rate

Bark Stiasny number (mg-precipitate g-bark?)
Bisthiourea

Diethylamine

Dimethylamine
2,5-dimercapto-1,3,4-thiadiazole

Dissolved organic carbon

Distilled water

Empty bed contact time

Ethylenediamine

Energy Dispersion Spectroscopy
Ethylenediaminetetraacetic acid

Extracted formaldehyde condensable phenols (mg-GAE g-bark™)
Formaldehyde condensable phenolic content (mg-GAE g-extract™?)
Fourier Transformed Infrared Spectroscopy
Gallic acid equivalents

Hazen units

Isoelectric point

Linear driving force

Methylamine

Microwave-assisted extraction

Mining tailing waters

Methyl isobutyl ketone

Metal organic frameworks

Pine bark

Pressurized water extraction

Rotations per minute

Scanning Electron Microscopy

Supercritical fluid extraction

Simulated mining effluent

Stiasny number (g-precipitate g-extract™?)
Tannic acid

Tannin extract

Triethylamine

Total extracted phenols (mg-GAE g-bark™)
Tetraethylenepentamine

Total phenolic content (mg-GAE g-extract™)
Tannin resin

Calcium-loaded tannin resin

Iron-loaded tannin resin

Oxidized tannin resin

Calcium-loaded oxidized tannin resin
Iron-loaded oxidized tannin resin

Tannin resin produced with a precipitated extract
Ultrasound-assisted extraction

Waste electrical and electronic equipment (e-waste)

SUBSTANCES

Xix



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

XX



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF

SUBSTANCES

NOMENCLATURE

dy
BV,
Ce
Ceq
Cs
Ci
Cin
Ci
Dn
=

k1
k2
kea
Kr
Ku
Kior

Kt

Ce,m
Oeq
Qm
Qt
gth
Qv

S/L
SE

ts
Ne
NeA
Ll |3

Yan model parameter

Number of bed volumes until breakthrough

Outlet adsorbate concentration (mg L™?)

Equilibrium concentration of adsorbate (mg L™?)

Final concentration of adsorbate (mg L?)

Inlet adsorbate concentration (mg L ™)

Initial concentration of adsorbate (mg L™?)

Concentration of adsorbate at t minutes (mg L?)

Solid diffusivity coefficients (m? s™)

Flow rate (mL min?)

Pseudo first order kinetic constant (min-?)

Pseudo second order kinetic constant (g mg= min™)

Bohart-Adams coefficient rate (mL mg™ h™?)

Freundlich equilibrium constant (mg™/n L¥n g1

Langmuir equilibrium constant (mg L™?)

Linear driving force constant (h™)

Thomas rate constant (mL mg?* h™?)

Bed height in column experiments (cm)

Freundlich constant related to the adsorption intensity

Adsorption capacity per unit of bed volume in Bohart-Adams model (mg cm™?)
Amount of adsorbate adsorbed per g of adsorbent at saturation in column experi-
ments (mg g2)

Maximum experimental adsorbed amount (mg g?)

Amount of adsorbate adsorbed per g of adsorbent at equilibrium (mg g2)
Maximum adsorption capacity predicted by Langmuir model (mg g1)
Amount of adsorbate adsorbed per g of adsorbent at t minutes (mg g %)
Maximum adsorption capacity in Thomas model (mg g*)

Maximum adsorption capacity in Yan model (mg g1)

Correlation coefficient

Determination coefficient

Solid:liquid ratio between adsorbent mass and solution volume (g L)
Standard error

Temperature (°C)

Saturation time in column experiments (min)

Extraction yield (%)

Extraction yield adjusted (NaCl mass subtracted to extract mass) (%)
Polymerization yield (%)

XXI



TANNIN RESINS FROM MARITIME PINE BARK AS ADSORBENTS FOR WATER TREATMENT AND RECOVERY OF
SUBSTANCES

XXii



CHAPTER |

INTRODUCTION



CHAPTER | INTRODUCTION



CHAPTER I INTRODUCTION

1. Motivation and Context

Water is a crucial resource for human activity and subsistence. The production of drinking
water requires many times the employment of remediation techniques. Moreover, several
industries yield heavily polluted wastewaters which ought to be subjected to treatment
before their release into natural water bodies. Hence, water remediation is currently an
important research topic. One of the challenges of water remediation is the removal of
anionic species, such as those in which arsenic, antimony, and phosphate are usually
found in aqueous solutions. The removal of antimony and phosphate should also take into
account their recovery due to the many industrial and agricultural applications. In addi-
tion, the recovery of precious metals, such as gold, from aqueous solutions would also
contribute to a more sustainable economy. Furthermore, the development of environmen-
tally friendly techniques of water remediation and recovery of valuable compounds (char-
acterized by having low energy requirements, using locally available resources, etc.) has

been a high priority concern of researchers in the last decades.

Adsorption processes are viewed as relatively simple methods, effective for the removal
of various contaminants from aqueous solution. Depending on the water characteristics,
adsorption can be applied as an alternative to conventional treatment processes (coagula-
tion/flocculation, biological treatment) or as a final step, at a post-treatment level, in water
or industrial wastewater treatment. Commercial adsorbents include mainly activated car-
bon and activated alumina. The manufacture of these materials involves high energy
costs, due to the high temperatures required, which has implications for the acquisition
price of the adsorbents and for the environment. In fact, to reduce the environmental im-
pact of adsorption processes, adsorbents should be ideally effective, made of renewable

and abundant materials, and should require minimal processing before use.

Biosorption gives a key contribution to reach these goals. It is defined as the property of
certain biomolecules, or types of biomass (biosorbents), to bind and concentrate selected
ions or molecules from aqueous solutions [1]. The mechanisms of biosorption are gener-
ally based on physicochemical interactions between adsorbates and the functional groups
present on the biomass surface, such as electrostatic interactions, ion exchange, metal ion
chelation or complexation [2]. In the last years, biosorption on marine seaweeds, agricul-
tural wastes, forest residues, and industrial by-products, in native or modified forms, has

been indicated as a promising technology for the uptake of heavy metals and organic
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contaminants from waters [3-7]. In addition to water remediation, biosorption technology
has also recognized applications in the recovery of metals from effluents and hydromet-
allurgical processes [2, 8, 9]. Adsorbents derived from lignocellulose and tannin materi-
als, seaweeds, and chitosan have shown great potential to selectively uptake precious and

critical metals, and to be used in added value applications, such as catalysis [2].

Tannins are natural phenolic polymers found abundantly in bark, wood, leaves, seeds and
fruits of a variety of plant species [10]. They are generally classified into condensed and
hydrolysable tannins, with condensed tannins representing more than 90 % of the world-
wide commercial production [11]. Definitions and chemical classification have been dis-
cussed in literature [10-13]. Tannins are soluble in water and viewed as a potential sub-
stitute to synthetic phenols. Over time, various applications have been found for tannins.
The oldest one is tanning hides for leather manufacturing, but there are many other im-
portant uses, such as in wood adhesives, coatings, dyeing, beverages manufacturing, an-

imal nutrition, cosmetics, and pharmaceuticals [12, 14].

In the last years, tannin-derived materials have been extensively investigated as potential
adsorbents for water and wastewater treatment and for the recovery of precious metals
from liquors. Tannins present numerous adjacent phenolic hydroxyl groups, known to
display specific ability to metal chelation [15], which makes them potentially good ad-
sorbents. However, the potential of tannin-adsorbents to uptake toxic metalloids and ox-

yanions has not been sufficiently assessed.

On the other hand, tannins are of simple extraction and easily modified into tailored ad-
sorbents. Tannins can be obtained from agro-food wastes (e.g., grapeseed, chestnut peels)
and from residues of forest exploitation — timber, pulp, and paper mills — which make
their use attractive. Some of these materials are frequently incinerated, landfilled, used in
horticulture or as energy source, which motivate the search for other ways of valorisation.
Even though pine (Pinus pinaster) bark is tannin rich, it has rarely been used as a source

material to produce tannin-adsorbents.
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2. Goals

The goals of this work can be divided into three major sections:

(1) Tannin extraction from pine (P. pinaster) bark and optimization of the pro-
cedure through characterization of extracts.

(2) Tannin resins production through tannin polymerization and chemical modi-
fication procedures (iron- and calcium-loading), and adsorbent characteriza-
tion.

(3) Assessment of adsorption behaviour of arsenic, antimony, phosphate, and

gold by the tannin resins produced.

Tannin extraction is to be optimized in terms of total phenolic content and of formalde-
hyde-condensable phenols. Also, optimization of the adsorbent production should be un-
dertaken to maximize the amount of adsorbent produced per amount of bark used in the
extraction and per amount of extract used in the polymerization. Then, characterization
of the adsorbents obtained will serve to correlate some of its properties, i.e., iron or cal-
cium content, with production conditions and adsorption capacities. The applicability of
the adsorbents produced in the removal of arsenic, antimony, and phosphates and in the
recovery of valuable substances (antimony, phosphates, and gold) should be finally as-

sessed to determine the worth of the pine-tannin resin here produced as an adsorbent.
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3. Outline

This thesis contains seven chapters. Chapters Il to VI follow the same general structure:
(1) literature review about its individual contents; (2) experimental methodology; (3)
presentation of results and its discussion and comparison with literature; and (4) major
conclusions. Chapter Il focuses on tannin extraction from pine bark. Chapter 111 addresses
the preparation and characterization of tannin-adsorbents (in this case, tannin resins) us-
ing the extracts described in the previous chapter. Moreover, some preliminary adsorption
assays are reported, and the results helped decide which adsorbents and adsorbates were
to be studied in the subsequent chapters. Chapter 1V is about the removal of arsenic by
an iron-loaded oxidized tannin resin. In Chapter V, removal and recovery of antimony by
tannin resins is assessed. The topic of Chapter VI is the uptake and recovery of gold by
tannin resins. Finally, Chapter VII presents the final remarks: general conclusions are

offered, and suggestions for future work are presented.
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CHAPTER Il TANNIN EXTRACTION

1. Literature Review

Tannins are inexpensive and ubiquitous natural molecules [1], which are polyphenolic
secondary metabolites of most higher plants, mainly present in soft tissues (sheets, nee-
dles or bark) but also in roots, fruit, and seed [2-5]. After cellulose, hemicellulose, and
lignin, tannins are the most abundant compounds extracted from biomass [6]. The reason
tannins are so widespread within plants and within tissues of the same plant is their role
in the defence against insects, bacteria, and fungi [4]. The most common commercial
tannin feedstocks, presently or historically, are wattle or mimosa bark (Acacia mearnsii
or mollissima), quebracho wood (Schinopsis balansae or lorentzii), oak bark (Quercus
spp.), chestnut wood (Castanea sativa), and mangrove (Rhizophora spp.) wood. Never-
theless, multiple trees and shrubs contain significant amounts of tannins [5]. Tannin con-
tents reported in literature for some vegetable sources are presented in Table 11.1.

Table 11.1 Tannin contents reported for some vegetable materials.

Plant material % Reference
Chestnut (Castanea) endodermis/hull 2.50/0.94 [7]
Chestnut (Castanea) shell 7-23 [8]
Chestnut (Castanea) wood 4-21 [9, 10]
Mangrove (Rhizophora) bark 15-42 [9]
Mangrove (Rhizophora) leaves 5.2 [11]
Wattle (Acacia) bark 15-50 [9]
Hemlock (Tsuga) bark 9-20 [9]
Sumac (Rhus) leaves 25-32 [9]
Myrobalan (Terminalia chebula) nuts 30-40 [9]
Terminalia arjuna bark 20-24 [12]
Quebracho (Schinopsis sp.) wood 20-43 [9, 10]
Chestnut oak (Quercus montana) 10-14 [9]
Black oak (Quercus velutina) 8-12 [9]
Myrica rubra bark 17 [13]
Pinus pinaster bark 225 [14]
Pinus oocarpa bark 16-362 [15]
Eucalyptus spp. bark 1-40 [16-18]
Grey and black alder (Alnus sp.) 12.62 [19]

a — Only condensed tannins.

Tannins are important commercial substances, traditionally used as tanning agents in the
leather industry, allowing the transformation of hide into leather. Other uses include wood
adhesives (as phenol substitutes in the formulations), pharmaceutical and food industry

applications, ore flotation agents, cement superplasticizers, fireproof and insulating
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foams, coagulants/flocculants, and precipitation of polluting materials by complexation
with heavy metals, adsorbents for proteins and antibiotics and for metal ions recovery,
among others [3-5, 20, 21].

Historically, tannins have been loosely classified into two classes of phenolic molecules:
hydrolysable tannins and condensed or polyflavonoid tannins. Hydrolysable tannins are
of nonpolymeric nature and can be fractionated into simple components by treatment with
hot water or by enzymes [3]. Condensed tannins are non-hydrolysable oligomeric and
polymeric proanthocyanidins, made up of flavonoid units (flavan-3-ols and flavan-3,4-
diols) [22], with a degree of polymerization between two and greater than fifty [3]. Even
though both classes of tannins present a significant reactivity towards formaldehyde (and,
to a lesser extent, other aldehydes) due to their phenolic nature, several reasons, such as
lack of macromolecular structure, low phenol substitution and low nucleophilicity, make
hydrolysable tannins of less chemical and economical interest for the production of resins
and adhesives, and other applications apart from leather tanning [5]. Condensed tannins
have also the advantage of being present in considerable amounts in the wood and bark
of several trees [5]. Thus, condensed tannins are more suitable building blocks for resin

production.

Fig. 11.1 presents the structures of a flavonoid unit and a condensed tannin [5]. The pres-
ence of phenolic groups in tannins clearly indicates its anionic nature [23]. Phenolic
groups act as weak acids, therefore can deprotonate, being good hydrogen donors, to form

phenoxide ion which is resonance-stabilized.

Condensed tannins are soluble in water but, through a step-growth polymerization reac-
tion between tannins and formaldehyde (cross-linking agent), an insoluble non-linear pol-
ymer can be produced. This polymer has the potential to be a somewhat stable material
that presents properties of interest for use as a biosorbent, such as the presence of many
hydroxyl groups and the potential to be chemically modified to increase its efficiency or
to grant it affinity to a compound or element which otherwise would not have. Tannin-
adsorbents produced from different sources (Acacia, Schinopsis, Pinus, Diospyros) have
been studied not only for the removal of heavy metals and organics [24-30] but also for

the recovery of precious metals [31-36].
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Fig. I1.1 Structures of (a) a flavonoid monomer unit and of (b) a pine condensed tannin (i.e., a procya-
nidin) (adapted from [5]).
Although no longer the most common tree in mainland Portugal, Pinus pinaster (maritime
pine) continues to be widespread in the Portuguese forest. In Fig. 11.2, the variation be-
tween 1995 and 2015 of the occupied forest areas by the five most common trees in main-
land Portugal is presented. In that 20-year period, maritime pine saw its area shrink 265
thousand hectares mainly due to fires and parasite-induced diseases [37]. However, the
decrease of P. pinaster area between 2005 and 2015 was notoriously less accentuated
than the one registered in the previous ten years (Fig. 11.2). Moreover, the most recent
data (2015) indicates that P. pinaster represents roughly a fifth (22.1+1.1 %, 713 300 ha)
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of all forest area in mainland Portugal, sharing the second-place of most common trees
with cork oak (22.3+1.1 %, 719 900 ha) behind eucalyptus (26.2+1.0 %, 845 000 ha) [37].
Besides that, the other two species that make up the top-five remain remarkably less com-
mon than maritime pine. Hence, its higher abundance than most other trees in Portugal is

expected to remain a reality in the, at least short-term, future.

Since it represents 10-20 % of the tree trunk [38], pine bark is a common forest waste,
appearing also as a residue from timber industry, which is commonly incinerated, land-
filled, used in horticulture or as energy source. However, its use for heat/power generation
has operational, economic, and environmental limitations [39]; in addition, these options
despise the valuable chemical content of this biomass. Indeed, the bark of maritime pine
is particularly rich in condensed tannins, mainly procyanidins (Fig. I1.1b) [40, 41]. In pine
tannins, the flavonoid unit is repeated up to 30 times with an average degree of polymer-
ization of 6-7 [42], while in mimosa and quebracho tannins it is repeated 2-11 times and
polymerization degree averages around 4-5 [22, 43]. For this reason, pine tannins are
more suitable than mimosa or quebracho tannins to produce formaldehyde-resins. Thus,
pine bark, as a forest waste, is an easily obtained low-cost source-material for condensed
tannin extraction. The extraction of tannins from vegetable residues such as pine bark
constitutes then an important contribution for their reuse and valorisation, and for tannins

sustainable production.

Occupied forest area

wll

Eucalyptus  Cork oak Maritime pine Holm oak Stone pine

@1995 @2005 ©@2015

Fig. 11.2 Variation of occupied forest area by the five most common trees in mainland Portugal between
1995 and 2015. Plot drawn using data reported in the 6™ National Forest Inventory [37].
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There are no universal conditions for extracting tannins from vegetable sources [6, 44].
Tannin content can vary greatly depending on species and on plant tissue [45], in addition
to being sensible to seasonal and environmental factors (water availability, temperature,
light intensity, soil quality, etc.) [44, 46]. Thus, the extraction procedure should be opti-
mized in a case-specific basis. Extraction yield and the composition of extracts depends
on type of solvent, extraction time, temperature, solid-liquid ratio, and preparation of the

sample, which is commonly milled, used in fresh, frozen, or dried state.

The polar nature of water makes it a possible extraction solvent for many compounds
[47]. The traditional industrial method for tannin extraction from vegetable matter is ex-
actly based on hot/boiling water, with temperatures ranging from 50 °C to 110 °C, using
autoclaves working in counter-current, contact times of several hours (6-10 h) and tannin-
containing material/water ratios equal to 0.4-0.5 in mass. Tannins are then concentrated,

by evaporation under vacuum, to limit the oxidation [6, 48].

Agqueous extraction is the simplest procedure, generating environmentally-benign resi-
dues and high yields, with the high amount of solvent required as the sole disadvantage
[49, 50]. However, if the goal is to extract condensed tannins, an alkaline solution may
be more appropriate since water has more affinity towards hydrolysable tannins [49, 51].
In the literature, regardless of the tannin source, there are many reports of extractions with
sodium hydroxide solutions [16, 40, 51-54]. The concentration of the alkaline solution
has been shown to have a positive correlation with the extraction yield as it avoids self-
condensation reactions of tannins which are promoted at acidic conditions. However, its
indiscriminate increase may be undesirable since it can increase the amount of impurities
found in the extract [44, 53] and thus using moderate amounts of base is recommended
[15, 51]. Moreover, the alkaline solution may be spiked with Na2SO3; and NaHSOs3 [55]
or only NaxSOs [56] to reduce the high viscosity of extraction solutions, which is also a
consequence of tannin self-condensation, and, consequently, to increase the reactivity to-
wards formaldehyde of the tannins present in the resulting extract. Finally, the application
of sodium salt solutions containing NaHSO3z and NaHCO3 [41] or Na2SO3 and Na2COs
[57] to extract pine tannins has also been reported. Extraction procedures commonly fol-
lowed by researchers to obtain tannins from P. pinaster bark are aligned with this general
trend: use of alkaline solutions, containing sodium hydroxide, with or without salts [40,
54-56, 58].
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Some authors have reported extractions using organic solvents, such as methanol, ace-
tone, and hexane [56, 59-67]. However, the principles of green extractions are important
to consider and one of them advocates for the “use of alternative solvents and principally
water or agro-solvents” [47]. The use of petrochemical solvents should be avoided, con-
sidering the related negative environmental effects, and flammability and toxicity risks
[49].

Furthermore, new extraction methods have been developed in the last years, such as su-
percritical fluid extraction (SFE) [68-75], microwave-assisted extraction (MAE) [63, 76-
82], ultrasound-assisted extraction (UAE) [63, 83-91], and pressurized water extraction
(PWE) [91-93]. The most common solvents for MAE and UAE are organic: ethanol,
methanol, and acetone [44, 49, 94, 95]. Even though SFE is most commonly undertaken
with carbon dioxide (CO2) as the extraction fluid, many times an organic co-solvent is
applied to ameliorate the low extraction capability of CO. due to its non-polarity nature
[44]. In general, these methods present the following advantages [44, 49, 94, 95]: (1) short
extraction times; (2) low solvent amount; (3) the ability to selectively extract specific
phenolic compounds, yielding extracts more pure in the desired compound; (4) low tox-
icity (SFE and PWE); and (5) requirement of low or mild temperatures, in the case of
SFE and UAE. On the other hand, there are some drawbacks [44, 49, 94, 95]: (a) high
investment costs, except for UAE; and (b) high temperatures and the consequently possi-
bility of thermal degradation (PWE and MAE).

These methods are mostly used to yield extracts to be applied as food supplements, and
in the pharmaceutical industry due to the high amount of antioxidant compounds [49, 95].
Nonetheless, for the preparation of biosorbents such methods are not the most appropriate
due to its complexity and expensiveness and since a thorough extract purification is not
required. Although sugar, organic acids or other plant components are known to occur as
impurities in tannin extracts [6], the presence of polyphenolic compounds, other than tan-
nins, can sometimes even improve the adsorption ability, as suggested by the results of
Palma et al. [96]. Moreover, a low final cost is assured by selecting a simple process for

extraction and subsequent procedures.
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2. Methodology

2.1. Pine bark

P. pinaster bark (Fig. 11.3) was collected from the coastal North region of Portugal, milled
in a regular coffee mill, dried in an oven at 65 °C and used in this work. Particle size
distribution (obtained after sieving and weighing of each fraction) of the milled bark was
as follows: <0.15 mm = 40+1 %, 0.15-0.50 mm = 24+3 %, 0.50-1.00 mm = 301 %,
>1.00 mm = 6.8£0.1 %. Initially, some assays were done with bark broken up to small
pieces (1-2 cm), instead of milled bark, to facilitate filtration. However, higher extractions
yields were attained with milled bark and, consequently, every extraction assay after that
was done with milled bark.

Fig. 11.3 Pinus pinaster bark (a) broken up to pieces and (b) milled.

2.2. Aqueous vs. organic extraction

Tannin extraction was carried out by two procedures for comparison purposes: (1) alka-
line aqueous batch extraction and (2) alcoholic Soxhlet extraction. The alkaline batch
procedure was reported by Pepino et al. [40] and by Sanchez-Martin et al. [24] and it was
applied here with the following amounts: 50 g of dried bark, 300 mL of tap water (i.e.,
using a solid:liquid ratio of 1:6) and NaOH 5 % (w/w, in respect to the bark). The mixture
was kept at 80 °C and 600 rpm for 90 min, in a heating plaque/magnetic stirrer (Heidolph
MR 3001). Subsequently, the solids were separated from the liquid by filtration (What-
man qualitative paper filter) and the liquid was neutralized using a 2 mol Lt HCI solution,

prepared from 37 % (w/w) analytical grade commercial solution (Valente e Ribeiro, Lda)
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[40]. For the alcoholic extraction, milled bark was subjected to 20 cycles with ethanol
70 % (v/v) and a solid:liquid ratio of 1:12. The Soxhlet apparatus was subjected to heat-
ing, maintaining the solvent at boiling point (=80 °C) to guarantee its reflux.

The water of the resulting extraction solution from both procedures was evaporated using
a heating plaque and a glass crystallizer and, finally, the humid precipitate was dried in

an oven at 65 °C. The resultant material was considered the tannin extract (TE).

2.3. Aqueous alkaline extraction

The alkaline method was then further optimized. Temperature (70 °C, 80 °C, and 90 °C)
and contact time (60 min and 90 min), as well as the amount of NaOH (2.5-10 w/w %, in
respect to the bark), were varied to find an optimal set of conditions. Moreover, the pro-
cedure described in Section 2.2 of this Chapter was subjected to two modifications: (1) a
heating plaque with temperature control was used (Velp Scientifica Arex Digital Pro); and
(2) extract production from the extraction solution was done through freeze-drying (Lab-
conco FreeZone 2.5 Plus) instead of evaporation of the liquid fraction. The freeze-dried

solid material was considered the tannin extract (TE, Fig. 11.4).

Fig. 11.4 Freeze-dried tannin extract (TE).
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2.4. Extraction parameters

The extraction yield and the extract characteristics provided by the studied methods were
determined and compared. Extraction yield (ng) denotes the ratio between the amounts

(in mass) of extract produced and dry bark initially used.

Extract characteristics were assessed by the determination of total polyphenolic content
(TPC), Stiasny number (SN), and formaldehyde-condensable phenolic content (FCPC).
TPC was determined using the Folin-Ciocalteu method [97] and adapted from Lazar et
al. [83]. For each analysis, 1.00 mL of extract solution (25 mg of tannin extract dissolved
in 50.0 mL of distilled water) was mixed with 0.50 mL of Folin-Ciocalteu reagent (Pan-
reac), 2.0 mL of 100 g L * Na,COs3 (analytical grade, Merck) and 5.0 mL of distilled
water. In order to avoid precipitate formation, sodium carbonate solution was added last
[98]. The mixture was kept in the dark at room temperature for 90 min. The absorbance
of each solution was measured by an UV-vis spectrophotometer (VWR UV-6300PC Dou-
ble Beam Spectrophotometer) at a wavelength of 765 nm. TPC values were calculated
considering a predetermined calibration curve obtained using gallic acid standard solu-
tions (15-100 mg L) and expressed as mg of gallic acid equivalents (GAE) per gram of

tannin extract.

The procedure carried out to estimate the amount of formaldehyde-condensable phenols
was adapted from the one described by Hoong et al. [99]. For each analysis, 50 mL of
extract solution (250 mg of extract dissolved in 50 mL of distilled water) were added to
5 mL of formaldehyde (36 %, analytical grade, Labsolve) and 5 mL of 10 mol L™t HCI,
and the mixture was kept at 80 °C for 30 min under reflux in a heating digester (Velp
Scientifica DK6). The reaction mixture was filtrated under vacuum using membrane fil-
ters with 0.45 um porosity. The precipitate was then dried in an oven at 65 °C up to
constant weight. The quantification of the formaldehyde-condensable phenolic material
was then performed in two ways [40]: (i) Stiasny number (SN), defined as the ratio be-
tween mass of the precipitate obtained and mass of the total dissolved extract, expressed
here as g-precipitate per g-extract; (ii) FCPC which was calculated by the difference be-
tween the phenolic content of the solution, determined by the Folin-Ciocalteu method,
before and after reaction with formaldehyde and expressed as mg of gallic acid equiva-

lents per gram of tannin extract.
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Furthermore, using extract properties and extraction yield obtained, the following ex-
tracted quantities per amount of starting material were calculated: total extracted phenols
(TEP), denoting the total phenols (mg-GAE) extracted per gram of bark; bark Stiasny
number (BSN) defined in this work as the mass in mg of polymerized product (precipi-
tate) obtained per gram of bark; and extracted formaldehyde condensable phenols
(EFCP), representing the amount of formaldehyde condensable phenols (measured in mg-

GAE) extracted per gram of bark.
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3. Results and Discussion

3.1. Aqueous vs. organic extraction

Extraction results for alkaline and alcoholic extractions are presented in Table I1.2. The
yield found in this work for the organic extraction (3.2+0.4 %, Soxhlet, ethanol 70 % v/v)
does not fare well against what is reported in the literature for Pinus radiata or P. pinaster
extractions with ethanol. For example, Bocalandro et al. [100] achieved a slightly higher
extraction yield from P. radiata bark (4.7+£0.2 %) using ethanol 75 % in a bench-scale
reactor at 120 °C and a solid:liquid of 1:20. Ethanol solutions were also tested by Ramos
et al. [67] as solvents for tannin extraction from P. radiata bark at different temperatures
in a reactor with a solid:liquid ratio of 1:20 and using a concentration (75 %) similar to
the one used here (70 %) the yield reported was ~1.2 % and ~6 % for 40 °C and 120 °C,
respectively. In these works, a lower solid:liquid ratio and a higher or lower temperature
was used; hence comparisons must be made carefully, especially in the case in which
temperatures higher than the solvent boiling point are used because that requires pressures
above atmospheric. Even so, since P. radiata bark is consistently reported as being less
tannin-rich than P. pinaster bark regardless of extraction conditions, the considerably
higher yields obtained by Bocalandro et al. [100] and Ramos et al. [67] suggest the oper-
ational apparatus and parameters for alcoholic extraction used here may not be optimal.

Table I1.2 Extraction results obtained by organic extraction (Soxhlet apparatus) with ethanol and by
batch alkaline mode. Values represent average from duplicates + maximum deviation.

Extraction in ethanol Alkaline extraction
e (%) 3.240.4 15+1
Extract properties (expressed per gram of extract):
TPC (mg g?) 482437 378+24
SN (gg?) 0.66+0.02 0.67+0.02
FCPC (mgg™) 389+34 352+26
% FCPC 81+2 93+1
Extracted quantities (expressed per gram of bark):
TEP (mg g™%) 1643 5748
BSN (mg g%) 2142 100+£10
EFCP (mg g% 1344 5348
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On the other hand, for pine (P. pinaster) bark, with a microwave assisted extraction, eth-
anol 80 % as solvent and a solid:liquid ratio of 1:10, Chupin et al. [81] achieved the
highest yield found in the literature (9.2+0.1 %). The agitation caused by the microwave
irradiation which can ameliorate the mass transfer phenomenon [44] may help explain, at
least partially, the significantly higher yield. In contrast, a direct comparison could be
made with the results obtained by Pepino et al. [40] who achieved an extraction yield of
8.9 % using also a Soxhlet apparatus at solvent boiling point and after 52 cycles. How-
ever, which solvent concentration and solid:liquid ratio was used is not made clear in their
paper, thus drawing conclusions is not prudent. Finally, Seabra et al. [56] performed ex-
tractions in a round-bottom flask without stirring and under solvent mixture reflux at boil-
ing point with three ethanol concentrations (5 %, 10 % and 15 %) and a fixed solid:liquid
ratio of 1:10; the yield reported was ~6-7 %. Since the solvent concentration used was
much lower and the yield obtained was twice as much, the Soxhlet apparatus may indeed
not be optimal for tannin extraction from pine bark. The reason for this is perhaps an
easier solvent circulation in a round-bottom flask than in a Soxhlet which in turn facili-

tates the contact between solvent and solid.

However, none of those yields were higher than the one obtained in the alkaline extraction
of this work (Table 11.2). Such results indicate that ethanol may not be the best solvent to
extract tannins. Indeed, the yield for the alkaline extraction (15+1 %) was considerably
higher than for the alcoholic one (3.2+0.4 %). Higher extraction yields with agueous con-
ditions than with organic solvents from Pinus bark were also reported by Pepino et al.
[40] and by Ramos et al. [67].

Regarding aqueous extractions, the yield obtained depends on the alkaline solution con-
centration, temperature, time, solid:liquid ratio, degree of agitation, and particle size of
the bark. More aggressive conditions, such as higher NaOH concentration and/or higher
temperature, seem to favour the extraction yield [54-56, 63]. Literature reports extraction
yields from P. pinaster varying roughly between 21 % and 50 %, obtained using alkali
concentrations between 1 % and 5 % and temperatures in the range 80-100 °C [54-56,
58]. The value here obtained (151 %), even though it is about five times higher than the
alcoholic extraction yield, is somewhat below that range suggesting that further optimi-

zation of the extraction procedure might be possible. Beyond extraction conditions, the
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age of the tree and its exposure to sunlight [101], among other factors [46], can also in-
fluence the amount of phenols contained in its bark and subsequently the extracted

amount.

Looking at the extract characteristics (Table 11.2), TPC of the alcoholic extract is higher
than of the alkaline one. This indicates that ethanol, even though it granted lower extrac-
tion yields, has a higher specificity to phenolics than the alkaline solution and this is also
in line with results reported by Pepino et al. [40] and by Ramos et al. [67]. Regarding SN
and FCPC values, both methods generated extracts with similar properties (no statistically
significant difference was observed between values). Thus, even though the alcoholic ex-
tract was richer in phenolic content, it was not richer in formaldehyde-condensable ma-
terial, which is a more important property, than the alkaline extract. Moreover, in the
alkaline extract 93 % of phenols were found to be condensable with formaldehyde, a

higher percentage than that of the organic extract (84 %).

Alkaline extraction led to higher amounts of total extracted phenols (57+8 mg-GAE g*
vs. 163 mg-GAE g%). In addition, alkaline extraction also generated higher BSN and
EFCP values (about 3 and 2.5 times higher, respectively) in comparison to the organic
extraction. These two parameters, BSN and EFCP, are of great importance for this work
since they directly reflect the amount of tannin resin that is possible to obtain per gram of
P. pinaster bark. Thus, the alkaline method was found to be overall better suited for this

work.

3.2. Aqueous alkaline extraction

The effect of operational variables (temperature, contact time, and NaOH amount) of the
alkaline extraction procedure was studied. Extraction yields and extract properties results,
obtained for each set of temperature and contact time conditions and 5 % NaOH, are
presented in Table 11.3. As it can be observed, a longer contact time did not present ad-
vantages in any property nor in the yield, suggesting that 60 min is enough. Within a
contact time of 60 min, an increase of temperature conferred a very slight increase in
extraction yield at 90 °C. However, temperature appears to have no significant impact on
the extract properties, as well as on the extracted quantities. The only exception is the

BSN, for which a slight increase is observed. Given the importance of this property, since
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it is a direct indicator of the amount of adsorbent that can be obtained, 90 °C was consid-
ered the optimal temperature for tannin extraction. Nonetheless, 70 °C would have been
a good choice given that the yield is not drastically affected (only a 15 % decrease is
observed) and, hence, the procedure would have granted almost the same amount of ex-

tract with lower energy costs.

The extraction yield obtained under the optimal conditions was still considerably lower
than values reported on the literature. For example, using the same conditions except of
contact time (30 min), Vazquez et al. [54] achieved a yield of 30.7 %, which is 1.6 times
higher than the value here reported (18.4 %, Table 11.3). Moreover, the SN here obtained
was 0.75 g g * while those authors reported a considerable higher value (0.88 g g1). Of
note, their extract was obtained through spray-drying which, together with bark proper-

ties, may explain these differences.

Table 11.3 Extraction results obtained by batch alkaline mode with 5 % w/w NaOH at different tempera-
ture and contact time. Values represent average from duplicates + maximum deviation.

Contact time = 60 min Contact time = 90 min

Experimental conditions
T=70°C T=80°C T=90°C T=70°C T=80°C T=90°C

ne (%) 16x1 16+1 18.4+0.4 17+1 17.3+0.1 19+2
Extract properties (expressed per gram of extract):

TPC (mgg?) 621+30 585+33 610+26 504+66 624+13 619+20
SN (gg?) 0.73x0.03  0.75+£0.03  0.75+0.01  0.75+0.02  0.74+0.02 0.74+0.03
FCPC (mgg™) 606+31 568+33 586126 490+66 605+12 598+17
% FCPC 97.6+0.3 97.1+0.2 96.1+0.2 97.1+0.5 97.0+0.2 96.5+0.3

Extracted quantities (expressed per gram of bark):

TEP (mg gY) 100+9 96+9 11348 85+15 108+2 115411
BSN (mg gY) 116.620.4  124+4 138+4 12548 129+4 13622
EFCP (mg gY) 98+9 9349 108+7 82+15 105+2 111+10

Lastly, an optimization of the NaOH amount was performed. The more alkaline the me-
dium is, the higher is the extraction yield (Table 11.4), as it is also reported in the literature
under similar conditions [54-56, 63], which is explained by the hampering of tannin self-
condensation reactions. Indeed, extraction yield increased from 11.3 % to 31.1 % when
the NaOH amount was increased from 2.5 % to 10 %, a three-fold increase. However,
these values are influenced by the amount of NaCl generated when the extraction solution
is neutralized with HCI. The presence of this salt in the extracts makes the results incon-
clusive: the increase in yield could be entirely justified by the salt mass increase. To cir-

cumvent this problem, the mass of NaCl was estimated through molar calculations and
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subtracted from the extract mass. Hence, adjusted values for extraction yields were ob-
tained (nea, Table 11.4). The yield still increased when the extraction is done with more
NaOH but at a slower rate: from 2.5 % to 10 % NaOH the extraction yield doubled, from
7.7 % to0 16.4 %.

In Fig. I1.5, the influence of NaOH amount on extract properties and extracted quantities
Is presented. The extract properties decline with an increase of NaOH amount (Fig. 11.5a),
which suggests molecules other than phenols are being extracted from the bark, making
the extraction less selective. In line with this, Chupin et al. [55] also reported a decrease
of SN, from 0.49 g g* to 0.18 g g%, when the amount of NaOH was increased from 1 %
to 5 %. In contrast, the extracted quantities, which are expressed per mass unit of the
starting material, increase with an increase of the NaOH amount (Fig. 11.5b), which means
that indeed an higher amount of phenols is being extracted from the bark even though the
extract becomes less concentrated in these compounds. Vazquez et al. [54] reported a
decrease in SN from 0.94 g g* to 0.88 g g~* with the increase of NaOH amount from
2.5 % to 5 %, while BSN increased from 250 mg g~* to 270 mg g%, corroborating the
results obtained here. Moreover, Seabra et al. [56] performed an alkaline extraction under
reflux at the solvent boiling point and the results were parallel to those reported here: both
the extraction yield and the TEP increased with the increase of NaOH in the solution from
0.5% to 1.5 %.

Although better results were achieved with NaOH 10 %, we decided to use just 7.5 % due
to the slowing down of the increase in extracted quantities along with increasing NaOH
amount. For example, BSN increased 55 % and 20 % with the increase of NaOH amount
from 2.5 % to 5% and from 5 % to 7.5 %, respectively. The last increase of NaOH amount
only granted a 14 % increase in BSN. Such slight improvement does not provide justifi-
cation to use more reagents in the procedure, namely NaOH for the extraction and HCI

for the pH neutralization of the extraction solution.

Table 11.4 Extraction yields obtained by batch alkaline mode with different amounts of NaOH. Values
represent average from duplicates £ maximum deviation. Experimental conditions: T = 90 °C, t = 60min.

Amount of NaOH in % (w/w, in respect to the bark)

25 5.0 7.5 10.0
ne (%) 11.3+0.2 18.4+0.4 24.2+0.1 31.1+0.1
e (%) 7.7£0.2 11.1+0.4 13.2+0.1 16.420.1
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Fig. 11.5 Extract properties (a) and extracted quantities (b) obtained by batch alkaline mode with different
amounts of NaOH. Error bars represent maximum deviation of duplicate average. Experimental condi-
tions: T =90 °C, t = 60min.

Freeze-drying was shown to be a more advantageous procedure to obtain the tannin ex-
tract than the evaporation one. Comparing the extraction results obtained, under the same
conditions (80 °C, 90 min, NaOH 5%), through evaporation (Table 11.2) and through
freeze-dying (Table 11.3), the latter procedure granted better values. Indeed, the extraction
yield is slightly higher (17.3£0.1 % vs. 15+1 %). On the other hand, total phenols and
formaldehyde-condensable phenols present in the freeze-dried extract were about twice
as much as in the evaporated one (TCP and EFCP, Table 11.2 and Table 11.3). Since ex-
traction yields were similar, the same variation — i.e., a roughly two-fold increase — is
also observable for TEP and EFCP values. However, SN and BSN values were not re-
markably higher. For example, freeze-drying led to an increase of BSN only of 29 %
(129+4 mg gt vs. 100+10 mg g1). Freeze-drying yielded higher quality extracts due to
its ability to preserve the native structures of condensed tannins [6] since the drying tem-

perature is kept very low, avoiding molecule thermal degradation.

Table 11.5 presents a summary of the extraction yields and the amounts of total phenols
and of formaldehyde-condensable phenols that can be obtained per gram of bark of three

Pinus species, calculated with values reported in literature.
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Table 11.5 Extraction yield of Pinus bark reported in the literature. Total extracted phenols and amounts
of condensable tannins that can be obtained per gram of pine bark: calculated values from literature re-
sults. Extractions listed in this table, unless otherwise stated, were made in batch mode.

solvent S @mm G0 mog)  maeh o
Pinus oocarpa

a Water 1:15 - 120 24.8 - 163 [15]
3 Na2CO3 5 % 1:15 - 120 35.7 - 321

Pinus radiata

Water 1:50 100 60 23.2 - - [102]
Water 1:20 120 120 =12 ~21 - [67]
Acetone 25 % 1:20 120 120 ~11 ~33 -

Ethanol 25 % 1:20 120 120 ~10 ~30 -

Ethanol 75 % 1:20 120 120 ~6 =24 -

Acetone 70 % 1:10 20 180 8.7 - - [63]
Ethanol 75 % 1:20 120 120 4.7 26 - [100]
Pinus pinaster

® Ethanol 80 % 1:10 - 3 9.2 28 45 [81]
Water 1:6 90 90 6.3 43 - [57]
Naz2S03 2 % + Na2CO3 0.5 % 1:5 75 60 9.8 88 -

Water 1:8 80 30 6.4 - 60 [54]
NaOH 2.5 % 1:6 90 30 26.4 - 250

NaOH 5 % 1:6 90 30 30.7 - 270

NaOH 2 % 1:10 100 30 33.6 - - [58]
©NaOH 1 % 1:9 80 120 22 62 110 [55]
¢NaOH 5 % 1:9 80 120 31 22 60

2 NaOH 0.5 % 1:10 - 120 ~22 ~70 - [56]
3aNaOH 1.5 % 1:10 - 120 ~38 ~89 -

a4 NaOH 1.5 % 1:10 - 120 ~50 =102 -

2 Ethanol 15 % 1:10 - 120 =7 ~24 -

ad Ethanol 15 % 1:10 - 120 =17 =52 -

NaOH 1 % 1:5 90 30 277 114 159 [40]
ef Ethanol 70 % 1:12 - - 3.2 16 21 This work
fNaOH 5 % 1:6 80 90 15 57 100

9NaOH 5 % 1:6 90 60 18.4 113 138

9 NaOH 7.5 % 1:6 90 60 24.2 153 166

a — Extraction under reflux at the solvent boiling point; b — Microwave assisted extraction (100 W); ¢ — Solvent also

contains Na2SO3 0.25 % + NaHSOs 0.25 %; d — Solvent also contains Na2SOs 1 %; e — Extraction performed in a

Soxhlet (20 cycles); f — Extract obtained by evaporation of liquid fraction; g — Extract obtained by freeze-drying.
Under the optimal conditions here determined (90 °C, 60 min, 7.5 % NaOH), the extrac-
tion yield obtained (24.2+0.1 %) is at the low end of the range of values reported in the
literature for alkaline extractions of P. pinaster bark, which ranges from 21 % to 50 %
(Table 11.5); however, it is higher than any value reported for P. radiata (4.7-12 %). Ex-
traction yields comparison ought to be done with some caution since yield is a parameter

which may be calculated differently by different authors: in some cases, as is this work
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an example, yield is considered the ratio between the extract mass obtained and the bark
mass used, while in others the bark mass differential before and after the extraction is
considered the yield. Moreover, in some papers it is not made explicitly clear how the
yield was calculated. Hence, there may be some variation in the values, at least partially,

due to the way the yield was calculated and not because of experimental conditions.

The extracted quantities, obtained here under optimal conditions, fare better against what
is reported in the literature than the extraction yield does (Table 11.5). Indeed, the TEP is
higher than any value found for extractions from Pinus species bark and BSN is one of
the highest values. Such observations suggest that the extraction procedure can hardly be

further optimized.
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4. Conclusions

Alkaline extraction was optimized in terms of temperature, contact time and NaOH
amount, with the extract being obtained through freeze-drying. A higher contact time (90
min) was proven not to be advantageous when compared with 60 min. Extraction yield
was slightly higher when performed at the highest temperature tested (90 °C); however,
extract properties did not improve with the increase of temperature except for the amount
of biosorbent produced per gram of bark used where a considerable difference is ob-
served. In terms of NaOH amount, it was clear that the more alkaline the solution was the
better results were obtained. However, to minimize the amount of basic solution used, it
was decided not to use the highest NaOH amount tested but the second highest. Thus, the
optimal conditions here considered are: T =90 °C, t = 60 min, and NaOH 7.5 %. Of note,
however, tannin extracts might be obtained using lower temperatures than 90 °C without
considerable negative changes in the extraction yield or in the relevant extract properties
or extracted quantities. The tannin extract obtained with the optimal conditions has a phe-
nolic content of 631+30 mg of gallic acid equivalents per g of extract which in turn grants
the production of 1662 mg of polymerized material per g of bark used in the extraction.
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1. Literature review

Since tannins are water-soluble compounds, their use as adsorbents requires a conversion
into insoluble solid matrices, which can be done by polymerization (autocondensation or
cross-linking reaction) or by immobilization in solid supports. Different procedures have
been successfully performed, under a few different sets of conditions, yielding different
products here generally termed as tannin-adsorbents. Additionally, some authors went
beyond that and further chemically modified the tannin-adsorbents to enhance adsorptive

properties or to provide easier solid/liquid separations.

9 c¢

According to Scopus (keywords: “tannin” and “adsorbent”, “tannin” and “adsorption”;
accessed on May 19", 2021), a collection of 178 scientific papers published between 2010
and 2021 about tannin-adsorbents was extracted. Those papers were organized in terms
of tannin source-materials (Fig. 111.1a) and adsorbates (Fig. I11.1b). The procedure to pre-
pare tannin-adsorbents most commonly involves a vegetable source-material, predomi-
nantly persimmon (Diospyros) waste [1, 2]. However, extracts from tree barks (or woods)
are also frequently used, with trees from the Acacia (also named wattle or mimosa) and
the Myrica (bayberry) genera being the most common ones. Moreover, oak, quebracho,
and chestnut trees (Quercus spp., Schinopsis spp., and Castanea spp., respectively) were
also used as tannin sources but far less commonly (Fig. 111.1a). Finally, the use of a tannin
solution prepared from tannic acid is a different approach reported by many authors.

Water remediation has been one of the research focuses of tannin-adsorbents, mainly to
remove toxic heavy metals, such as chromium and lead, from contaminated waters (Fig.
I11.1b). Due to their commercial and industrial importance, some of those adsorbates are
removed with the second purpose of being recovered and reused. Furthermore, the ability
of tannin-adsorbents to uptake organic pollutants, such as dyes, pharmaceuticals, surfac-
tants, and detergents, has also been assessed. Among these, dyes have received the most
attention, with methylene blue (cationic dye) more commonly reported. On the other
hand, recovery of valuable and precious metals (e.g., copper, gold, palladium), and, to a
lesser extent, of rare earth metals, by tannin-adsorbents has been widely investigated. Of
note, reports on the removal of toxic metalloids, such as arsenic and antimony, as well as

other oxyanions (e.g., phosphate), are scarce or non-existent.
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Fig. 111.1 Number of scientific papers which report the production of tannin-adsorbents (a) from a spe-
cific source-material and (b) to uptake a specific adsorbate. Collection of 178 papers published between
2010 and 2021. X = aluminium, manganese, or vanadium; Y = mercury, germanium, indium, rhodium, or
gallium; Z = detergents, caffeine, or toxins.
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1.1. Tannin Resins

Insolubilization of tannins can be achieved through a step-growth polymerization reaction
with formaldehyde (or other aldehyde) that can be either acid- or base-catalysed [3, 4].
Tannins reactivity towards aldehydes is explained by their high nucleophilic reactivity
created by the hydroxyl groups linked to the aromatic rings, making these molecules un-
dergo electrophilic aromatic substitutions [4]. In such reaction, an aldehyde compound
establishes methylene bridge linkages between the tannin monomers at C8 or C6 reactive
positions of the A-ring (Fig. 11.1), depending on the tannin type [3, 4]. Thus, a tannin non-
linear insoluble polymer, known as tannin resin or tannin gel, is synthesized, which can
be directly employed as an adsorbent or still be subjected to further chemical modifica-

tions.

The experimental procedure in basic medium generally involves the dissolution of tannin
extract in sodium hydroxide solution, addition of formaldehyde, polymerization reaction
conducted at high temperature and, finally, washing, drying, and sieving. Successful in-
solubilization of tannins has been attained with formaldehyde amounts ranging from 0.2
mL to 2.0 mL per g of dried tannin extract, at 80 °C and for 3-18 h [5-28]. A summary of
experimental conditions (NaOH solution concentration, amounts of alkaline solution and
of crosslinking agent per amount of extract, and contact time) reported in the literature is
presented in Table I111.1. Usually, polymerization is conducted using dried tannin extracts,
but the aqueous extract obtained from a vegetable material can be also directly used for
formaldehyde crosslinking, skipping the evaporation/freeze-drying step. Fayemiwo et al.
[29] followed this procedure and obtained successful polymerization in alkaline solution
at 50 °C, for 1 h using 3 mL of formaldehyde per g of vegetable starting material (green
tea leaves). Moreover, even though alkaline medium is more commonly yielded with so-
dium hydroxide, successful tannin polymerization has been also achieved in ammonia
solutions [30-35].

Tannin-formaldehyde resins may be also obtained in media other than alkaline. For ex-
ample, polymerization has been performed in acidic medium with HCI [36-41], with
H2SO4 [42, 43], and with HNO3z [44]. Moreover, some researchers have further improved
the polymerization by employing a second crosslinking reaction, this time with glutaral-
dehyde in alkaline medium, obtaining a material that they identified as polytannin glutar-
aldehyde resin [45, 46].
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Table I11.1 Collection of operational parameters reported in the literature for polymerization reactions
achieved in alkaline (NaOH) medium with an aldehyde as a crosslinking agent at 80 °C. Formaldehyde
used was from a commercial solution (36-37 % wt).

Extract NaOH solution Crosslinking agent Reaction
time Ref.
Species Tissue (mo?L*l) (m IY ) (m IY ) ()

Formaldehyde
A. mearnsii Bark 0.065 124 0.10 [7,8]
A. mearnsii Bark 0.065 124 0.37 [7,8]
A. mearnsii - 0.225 1.8 0.21 12 [13, 14]
A. mearnsii - 0.250 19 0.30 12 [18]
A. mearnsii - 0.250 1.6 0.21 12 [23-27]
A nilotica Leaves 0.065 8.9 0.29 12 [9]
C. sempervivens Bark 0.065 124 0.37 8 [7,8]
D. kaki Feed material 0.225 3.9 0.39 12 [12]
D. kaki - 0.250 1.8 0.21 12 [15]
D. kaki Feed material 0.225 3.6 0.43 12 [17]
D. kaki Waste 0.250 2.2 0.20 12 [19-21]
P. pinaster Bark 0.065 124 0.10 8 [7,8]
P. pinaster Bark 0.065 12.4 0.37 8 [7,8]
P. pinaster Bark 0.065 12.4 0.40 8 [10]
R. apiculata Bark 0.225 1.8 0.50 3 [16]
S. balansae Bark 0.065 12.4 0.43 82 [6]
S. balansae Bark 0.065 12.4 0.10 8 [7,8]
S. balansae Bark 0.065 12.4 0.37 8 [7,8]
S. balansae Bark 0.065 124 0.40 8 [11]
S. balansae - 0.250 0.5 2.00 8 [22]
Acetaldehyde
A. mearnsii Bark 0.065 124 0.06 [7,8]
A. nilotica Leaves 0.065 124 0.40 [9]
Formaldehyde and acetaldehyde
A. nilotica Leaves 0.065 5.6 0.44:0.44 16 [9]
A. nilotica Leaves 0.065 5.6 0.55:0.55 18 [9]
a-75°C

Formaldehyde is commonly used because it provides faster reaction kinetics compared to

other aldehydes [4], but polymerization has also been achieved in some cases with acet-

aldehyde [7-9, 37], glutaraldehyde [37, 47], or benzaldehyde [48]. Tannin resins may also

be obtained in the absence of aldehydes, through self-condensation reaction between hy-

droxyl groups of polyphenols and/or polysaccharides, which commonly coexist in the

extract or tannin-rich waste, a reaction catalysed by concentrated sulfuric acid at high

temperature [49-57], a procedure that has been mostly explored for persimmon tannins.
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Regardless of polymerization procedure, its optimization is important. The quantities of
reagent and of catalyst, reaction time, and tannin source are important factors which in-
fluence polymerization yield as well as the chemical properties of the resulting resins. For
example, Sanchez-Martin et al. [7] evaluated the impact of the formaldehyde amount
added to the tannin solution, from four vegetable sources, and reported no polymerization
in some cases. This is the result of either insufficient cross-linking agent amount or non-
adequate tannin chemistry of the source used. Furthermore, the effect of resin preparation
conditions on adsorption capacity should also be assessed. Indeed, Kamel et al. [46] re-
ported differences in adsorption capacity caused by varying experimental conditions of
the polymerization procedure.

The stability of tannin resins in aqueous solution is an important factor to make sure the
solid is sufficiently insolubilized and an adsorbent should not leach its components to the
water causing secondary pollution. This factor can be assessed by measuring dissolved
organic carbon (DOC) in water after stirring with the solid at different pH. For example,
Gurung et al. [49] compared DOC levels leached by the starting material (persimmon
tannin powder) with DOC levels leached by the adsorbent (crosslinked persimmon tannin
gel) in HCI solutions of concentrations up to 6.0 mol L%, The adsorbent was shown to be
practically insoluble in strongly acidic solutions (HCI >0.5 mol L) while the starting
material generated DOC levels above 150 mg-C L. However, the assessment of the sta-

bility of tannin resins is still uncommonly reported in the literature reviewed.

Tannin resins are characterized by negligible surface areas, ranging from 0.2 m? g* to
14 m? g, and by nonporous texture [6-8, 10]. In fact, their potential as adsorbents lies
on the chemical wealth of their surface. In addition to the phenolic groups, which abound
in tannin resins, other functional groups may also be present in significant amounts, such
as carboxylic groups, lactonic groups, and carbonyl groups [39, 40], thus tannin resins
commonly present an acidic surface. On the other hand, the measurements of the zeta
potentials at several pH values characterized the resins in terms of their surface charge.
The results allowed to find out at which pH does the isoelectric point (IEP) occurs. The
surface charge and the IEP are important parameters to predict and understand the influ-
ence of pH on adsorption. Most isoelectric points of tannin resins have been identified at
very low pH values, roughly 2 [19-22, 35, 38] or below 3 [27, 28]. This confirms the
anionic nature of the tannin resins surface, predicted by the high prevalence of phenolic

groups, in a wide pH range and its ability to interact with positively charged adsorbates
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by electrostatic attraction. In contrast, unless tannin resins are subjected to further chem-
ical treatment, its electrostatic affinity for anions will be practically negligible.

1.2. Chemically Modified Tannin Resins

1.2.1. Introduction of Amino Groups

Compared to hydroxyls, amino groups have higher affinity and selectivity for soft metal
ions, as the nitrogen atom is a stronger electron donor than oxygen. Thus, chemical mod-
ification of tannin resins has been performed by anchoring nitrogen containing functional
groups on the adsorbent surface to improve its affinity to soft metal acids. Fig. I11.2 pre-

sents schematically several ways to obtain amine-modified tannin resins.

The replacement of some —OH by —NH> groups in tannin resins, polymerized with for-
maldehyde in alkaline medium, can be achieved by reaction with ammonia at high tem-
perature (60 °C) for 12 h [25-28]. Elemental analysis confirmed that the ammonia treat-
ment introduced nitrogen groups into the resins: up to 3 % of nitrogen was identified in
the ammonia-modified forms while the tannin source-material presents just 0.5 % of this
element [25, 26]. The reaction with ammonia caused the zeta potential of the unmodified
resin, at pH 3, to increase from -7.1 mV to 5.7 mV which means the isoelectric point of

the adsorbent also increased [27].

Tertiary and quaternary-amine type tannin resins were obtained by the introduction of
ligands after chloromethylation. This is achieved by heating the mixture of tannin resin
with paraformaldehyde and concentrated HCI for several hours. Ligands such as NH3
(ammonia) [58], N-aminoguanidine (AG) [17], bisthiourea (BTU) [53], tetraethylene-
pentamine (TEPA) [59], diethylamine (DEA) and triethylamine (TEA) [60], ethylenedi-
amine (EDA) and methylamine (MA) [57], dimethylamine (DMA) [55], and 2,5-dimer-
capto-1,3,4-thiadiazole (DMTD) [61, 62] have been successfully anchored. Alternatively,
amine ligands can also be successfully anchored by simultaneous chloromethylation and
contact with ethylenediamine (EDA) [15]. DMA-modified resins, in a particular work,
have been subjected to further treatment by contact with a solution containing methyl
iodide, sodium iodide and sodium carbonate and the resulting product was termed qua-

ternary amine persimmon tannin gel [63].
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Fig. 111.2 Schematization of the production methods for different types of amine-modified tannin resins.
CH,0 — formaldehyde; (CH20), — paraformaldehyde; CsHsO- — glutaraldehyde; PEI — polyethylene-
imine; DETA — diethylenetriamine; CS — carbon disulphide; EDA — ethylenediamine; DMF — dimethyl-
formamide; HA — hexamethylendiamine; X = BTU, AG or TEPA; Y = DMA, DEA or TEA; Z=PEl or
HA.

Unmodified tannin resins usually present a negative charge in practically any pH (IEPs
at pH 2-3, see Subsection 1.1). Shan et al. [60] reported a point of zero charge for TEA-
modified tannin resin at pH 7.7, indicating that the amine-treatment led a positive charge
in the adsorbent surface when pH is below 7.7. Moreover, the points of zero charge of
EDA- and MA-modified resins, produced by Wang et al. [57], were also reported to be
higher than most unmodified resins (6.1 and 6.3, respectively).

Bayberry tannin has been used to obtain diethylenetriamine (DETA) modified resins
through the reaction between tannins, formaldehyde and carbon sulphide in an ammonia
solution [64]. Measurements of zeta potentials at different pH have shown that IEP occurs
close to pH 4, slightly lower than most amine-modified tannin resins. Patil-Shinde et al.
[33] and Mulani et al. [34] produced tannin-aniline-formaldehyde resins by mixing com-

mercial tannin powder with formaldehyde and aniline in a solution of ammonia.
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Tannin resins enhanced with polyethyleneimine (PEI) have been yielded by submitting
persimmon tannin powder to an aqueous solution containing glutaraldehyde and the
amine compound [47]. The zeta potential of PEI-modified tannin resin at pH 7 was very
high, almost 40 mV, corroborating other findings that showed an increase of isoelectric
points by introducing amino groups into resins. Other synthesis procedures of tannin-
polyethyleneimine adsorbents which eliminate the need of cross-linking agents, such as
aldehydes, have been also recently proposed as more simple and eco-friendly alternatives
[65, 66]. In a different approach, Liu et al. [67] proposed poly(tannin-hexamethylendia-
mine), which can be simply synthetized by stirring tannins with hexamethylendiamine
(HA) under one-step reaction and mild conditions.

1.2.2. Iron-loading

Iron-based adsorbents have been capturing the interest of researchers, owing to their ef-
ficiency on contaminants’ uptake, nontoxicity, and low cost, and natural abundance of
iron. Iron materials are known to be suitable adsorbents for many metal oxyanions [68]
and phosphates [69]. However, the difficulty to handle with very fine particles of iron
oxides has dictated the exploitation of iron-based adsorbents, requiring the use of differ-
ent support media, such as activated carbon [70], activated alumina [71], graphene oxide
sheets [72], seaweeds [73], or cork granulates [74-77]. The incorporation of iron is ex-
pected to shift the point of zero charge of the adsorbent to higher values, facilitating elec-
trostatic interaction between the adsorbent surface and anionic adsorbates, and provide
specific adsorption sites. Tannin resins have also been loaded with iron, yielding an iron-

loaded tannin resin, as has been reported by Ogata et al. [14] and Shilowa et al. [48].

Tannin resins, polymerized with formaldehyde in alkaline medium, were subjected to
oxidation by nitric acid, followed by iron adsorption from a stirred Fe(l1l) solution. The
results presented by Ogata et al. [14] showed the importance of performing the oxidation
step with HNOs, where hydroxyl groups of the tannin resins were partially oxidized to
carbonyl ones, which have a higher affinity to adsorb iron. Moreover, the importance of
optimizing the oxidation time and the nitric acid concentration, to avoid excessive oxida-
tion and decomposition of the gel, was also demonstrated. Thus, iron was successfully
loaded into tannin resins, achieving a content of ~80 mg-Fe per g~ after contact for 48 h

with a 1 mol-Fe(l11) L™ solution, and this modification favoured phosphate adsorption.
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In contrast, Shilowa et al. [48] submitted tannin resins yielded by polymerization with
benzaldehyde in ammonia solution to iron-grafting, which involves introducing the resin
to an ammonia solution containing Fe(ll) and Fe(l11). They named the resulting product
an iron-doped tannin resin which was successfully applied for lead and nickel uptake from
water, presenting adsorption capacities substantially higher than those of unmodified res-

ins.

Overall, though, iron-loading of tannin resins for adsorption applications have been
scarcely reported. Furthermore, loading of other metals, such as calcium, has yet to be
investigated. Calcium could be a potentially better alternative to iron because, on the one
hand, it is also low cost and it has affinity towards the same compounds and, on the other,
it is more environmentally innocuous. Iron- or calcium-loaded tannin resins, if found to
be efficient for phosphate uptake, could then be directly applied as a fertilizer. For exam-
ple, Ogata et al. [14] proposed submitting their P-saturated iron-loaded adsorbent into
soils as an alternative to elution for the recovery of phosphates.

1.2.3. Other Modifications

Xie et al. [20] employed an alkaline treatment (contact with 0.5 mol L™ NaOH, 25 °C)
to activate persimmon powder-formaldehyde resin. Infrared spectra showed that main
functional groups remained practically unchanged after the modification, as well as the
isoelectric point (pH =2). Nevertheless, results of textural properties seem to indicate that
the alkaline treatment improved surface morphological features of the material, namely
porosity and stability.

A black wattle tannin gel has been xanthated by Sun et al. [38] to enhance its performance
for Cu(Il) uptake. This modification was achieved by reacting the tannin gel with carbon
disulphide in the presence of sodium hydroxide. Sulphur has a high affinity to most heavy
metal ions, being able to efficiently form stable chelating complexes. Hence, the intro-
duction of sulphur chelating moieties into the adsorbents is expected to considerably in-
crease the adsorption capacity of metals. Elemental analysis confirmed the introduction
of sulphurs into the adsorbent. In addition, zeta potential measurements revealed that the
surface of the modified gel became more negatively charged than that of the unmodified
one. The authors argued this difference contributed to improving copper adsorption by

the xanthated tannin gel.
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1.3. Composites

Immobilization of tannins in porous and solid materials has been another approach to
overcome the solubility of tannins. A strong bond between tannins and the supporting
matrix should be achieved to avoid leakage of tannin during the adsorption.

1.3.1. Immobilization Biomaterials

Several biomaterials have been used to immobilize tannins, such as collagen. This natural
biomass is abundant (obtained from skins of domestic animals), exhibits excellent me-
chanical strength and has several functional groups that can react with many other chem-
icals, tannins included. In addition to creating a water-insoluble matrix, the process gives
unique fibrous structure and hydrophilicity properties to the adsorbent [78]. Tannins from
barks of Myrica genus trees (bayberry) [78-85], commercial persimmon tannin powder
[86-88] and black wattle tannins [89, 90] have been immobilized onto collagen. Tannins
are usually first mixed with collagen or collagen fibres, allowing interactions based on
hydrogen bonds and hydrophobic associations, and are further covalently immobilized by

a crosslinking agent, typically oxazolidine [78-83, 89, 90] or glutaraldehyde [84, 86-88].

An immobilization biomaterial alternative to collagen is cellulose, with which tannin-
adsorbents have been produced. For example, Xu et al. [91] proposed the immobilization
of black wattle tannin onto dialdehyde nanocellulose, previously obtained by oxidation
of nanocrystalline cellulose. The authors argued that the use of dialdehyde nanocellulose,
which acts as both the matrix and crosslinker, makes the preparation route greener, as it
avoids the use of additional crosslinking agents, such as oxazolidine and glutaraldehyde.
Recent studies have been focused on tannin immobilization on regenerated cellulose, un-
der the form of microspheres [92-94], hydrogels [95, 96] and aerogels [97], which were
produced by homogeneous reaction. Later, the immobilization of tannins on microfibril-
lated cellulose was proposed, using glutaraldehyde as immobilization agent [98]. The re-
actions taking place involve tannin immobilization on cellulose and self-crosslinking of
cellulose and tannins. The resultant material exhibited an entangled network structure,
which is probably advantageous for adsorption, and a negative zeta potential in the pH
range 2-10 [92].
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Others immobilization biomaterials include chitosan [99-105], gelatine [106-108], and
alginates [109, 110]. Persimmon and bayberry tannins have been frequently anchored in
chitosan by a cross-linking reaction with glutaraldehyde in water or ethylic acid solution.
Alternatively, tannin-chitosan adsorbents can also be produced by reacting tannic acid
with chitosan [103]. Literature has shown these adsorbents to be efficient towards heavy
and precious metals, rare earth elements, as well as some dyes. On the other hand, bay-
berry tannins were successfully fixed onto electrospun fibres of poly vinyl alcohol (PVA)
in gelatine [106, 107]. The resulting adsorbents seem to have affinity towards uranyl ions
even at trace levels. Moreover, there are reports of the use of alginate microspheres to
synthesise tannin-adsorbents. Finally, tannins have also been successfully immobilized
on corn starch [111] and jute fibre [112] and the resulting tannin-adsorbents were evalu-

ated for recovery of gold and for removal of colour from textile effluents, respectively.

1.3.2. Mesoporous Silica

Mesoporous silica has also been proposed in literature as a supporting matrix for tannins
immobilization [113-117]. Mesoporous silicate materials, besides presenting a high sur-
face area, show excellent swelling resistance in different solvents and a good mechanical,
thermal and chemical stability.

Tannins extracted from bayberry tree barks have been successfully immobilized in silica
beads [113, 114]. Silica beads were aminated and were subsequently mixed with tannins
and glutaraldehyde (cross-linking agent), which reacts with the amino group of mesopo-
rous matrix establishing covalent bonds [114]. Binaeian et al. [115] used a similar proce-

dure but with oak gall tannins and hexagonal mesoporous silicate.

Other researchers [116] prepared hybrid materials by mixing mimosa (Acacia) tannins
with APTES (3-aminopropyltriethoxysilane). Textural characterization of the solid
showed that tannin was efficiently encapsulated, probably through covalent bond between
the silyl derivative and the hydroxyl groups of the tannin. Moreover, Huang et al. [117]
anchored simultaneously tannins and polyethyleneimine in alkaline medium, yielding a

tannin-adsorbent in the absence of aldehydes.
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1.3.3. Carbon-based Materials

Composites of tannins and carbon-based materials have also been proposed as adsorbents.
For example, Luzardo et al. [36] prepared composites of carbon nanotubes and formalde-
hyde resins prepared from resorcinol mimosa (Acacia) tannins. On the other hand, Wang
et al. [118], [119] and Zhang et al. [120] mixed persimmon tannin powder with a disper-
sion of graphene oxide and further reacted with glutaraldehyde, producing persimmon
tannin/graphene oxide (PT/GO) composites. Functionalization of tannin with graphene
oxide was then achieved by the phenolic condensation reactions, m—m interaction, and
hydrogen bonding (between hydroxyl group of persimmon tannin and graphene oxide).
The resultant material was reported to have a good stability in strong acidic solution (50 %
HCI) [118].

Furthermore, some authors were able to produce tannin-adsorbents of this kind in the
absence of aldehydes by mixing tannic acid (TA) with graphene oxide (GO), yielding a
TA-GO nanocomposites [121] or aerogels [122]. Finally, tannin-based carbon-iron oxide
nanocomposites have been produced and applied for arsenic uptake from water [123].
This material was obtained after adding quebracho tannins to an iron chloride solution,

collecting and drying the filtrate and submitting it to pyrolysis.

1.3.4. Magnetic Nanostructured Materials

Attention has been recently focused on tannins immobilization in magnetic nanostruc-
tured materials to improve solid/liquid separation and recycling properties of the adsor-
bents. The magnetism is afforded by a magnetic iron oxide core. A silica shell protects
the magnetic core and provides ease of functionalization, physical/chemical stability, and
biocompatibility.

Gao et al. [124], [125] prepared magnetic graphene oxide decorated with persimmon tan-
nin (Fe3O4/PT/GO) nanocomposites, which presented good magnetic properties under the
action of an external magnetic field, before and after being used as an adsorbent. Addi-
tionally, Fan et al. [126] proposed magnetic microspheres obtained by amino modifica-
tion with 3-aminopropy! triethylsilane of Fe304s@SiO. nanoparticles, followed by the

grafting of persimmon tannin through the crosslinking with glutaraldehyde, between C6
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of A-rings and the amino group of the particles. The resultant material is referred to be
stable, and no iron was detected in acid solutions.

Tannic acid has also been used to prepare magnetic tannin-adsorbents. Luo et al. [127]
immobilized tannins from tannic acid in FesO4 nanoparticles and the resulting adsorbent
was shown to be effective to uptake lead and mercury. Generally, zeta potentials of the
modified iron nanoparticles were lower across the pH range studied, and the isoelectric
point dropped from =5 to =3. A similar approach was assessed by Wang et al. [128],
functionalizing nickel-iron nanoparticles with tannic acid. At pH 3-5, adsorption capaci-
ties of the tannin-adsorbent were between twice and thrice as much as that of the unmod-
ified nickel-iron nanoparticles, confirming the beneficial effect of tannins on lead adsorp-
tion. Qian et al. [129] endeavoured in a more complex approach to yield a tannin-adsor-
bent efficient for cationic dye uptake. The procedure consists of synthesising tannic acid-
iron oxide nanoparticles and subsequently coating them, first with polyethyleneimine and,

second with titanium oxide nanoparticles.

The work conducted by Huang et al. [130] opens doors to the research in tannin-based
magnetic porous organic polymers. Tannin acid was chemically linked by 4,4'-diamino-
biphenyl through azo-coupling reactions, without sacrificing phenolic —OH groups, to
form a porous structure. The Fe304@SiO2 magnetic nanoparticles were integrated into
the porous structure during the polymerization. The values of magnetic saturation of these

materials can be easily tailored by altering the number of magnetic nanoparticles.

1.4. Tannin Rigid Foams

Tannin rigid foams are known for a long time, but their possible application as another
type of tannin-adsorbent was only recently exploited [131-135]. The procedure of prepa-
ration of tannin foams consists of three of steps: mixing of reagents, the expansion step
catalysed by a strong acid, and finally, a curing (aging) step to harden and stabilize the
network [131]. Optimization of the variables involved in the process can be performed to
reduce the cost of the synthesis. Sanchez-Martin et al. [132] optimized the amounts of
reagents involved in the foaming process of mimosa (Acacia) tannin foams, considering
the resultant sorption properties of the biosorbent. Tannin foams, such as tannin resins,

usually present a very low surface area.
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Pine tannins, on the other side, are known to have a very high reactivity with formalde-
hyde under acidic conditions [133], causing significant difficulties in the foaming pro-
cess. The preparation of pine tannin foams was however made possible by Lacoste et al.
[133], [134], which were later evaluated as adsorbents for chromium [135]. A different
approach was taken by Issaoui et al. [136] who produced a phenolic foam based on Acacia
condensed tannins, oak and chestnut hydrolysable tannins, and P. pinaster lignins, yield-

ing an adsorbent efficient for heavy metals, such as lead and copper.
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2. Methodology

The polymerization procedure selected for this work was based on the cross-linking re-
action between tannins and formaldehyde, which results in a tannin resin, due to its sim-
plicity and low cost. The local availability of pine bark and the chemical properties of its
phenolic content, together with the scarcity of studies about pine bark tannin-adsorbents,
justify the decision to use this biomass as a tannin source-material. According to the lit-
erature review, the potential of metal-loaded tannin resins has not been sufficiently as-
sessed. Thus, the resins here produced were loaded with iron and calcium to evaluate the

resulting materials as adsorbents.

2.1. Polymerization

The tannin-adsorbent produced in this work was a tannin resin yielded by polymerization
through a reaction with formaldehyde in basic medium, following a procedure adapted
from Sanchez-Martin et al. [7] and Xie et al. [19]. The tannin extract, obtained either by
evaporation or freeze-drying (Chapter I1), was dissolved in a 0.25 mol L=t NaOH solution
at room temperature, followed by the addition of formaldehyde (36 % wt, analytical
grade, Labsolve) to function as a crosslinking reagent. After polymerization at 80 °C for
8 h, the precipitate was dried at 65 °C, milled, washed successively with 0.05 mol L
HNO3 solution and distilled water to remove unreacted substances. Finally, the obtained
solid was once more dried at 65 °C. The resultant product was considered the tannin resin
(Fig. 11.3), abbreviated as TR or TRp if the extract used was freeze-dried or precipitated,
respectively. This resin either was directly applied as an adsorbent or was subjected to
chemical modifications before adsorption application.

To optimize the polymerization reaction, the effect of two experimental conditions was
studied at different levels: (1) the volume of NaOH solution (studied in the range of 4-12
mL per gram of extract); and (2) formaldehyde amount (studied in the range of 0.05-0.80
mL per gram of extract). These ranges of values were chosen based on literature (Table
I11.1). The influence of temperature and contact time on yield was not assessed since most
of the authors report using the values chosen here (80 °C and 8 h, Table Ill.1). The

polymerization yield (denoted as np), defined as the ratio between the mass of polymer-
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ized product and the mass of dissolved extract, was considered the response to be max-
imized. The optimal conditions were used to produce resins to be tested as an adsorbent

and to be also subjected to oxidation and iron-loading.

Fig. 111.3 Tannin resin (TR).

2.2. lron-loading

The iron-loading procedure was based on Ogata et al. [14], involving an oxidation step
before the contact with the iron solution. The authors have optimized an iron-loading
procedure for a wattle tannin resin considering oxidation time and nitric acid concentra-
tion as variables. A similar procedure was optimized to load iron into resins made by pine
tannins in the present work. Considering the conclusions of the researchers, which point
to better results with shorter reaction times and lower acid concentrations, the oxidation
periods tested were limited to 120 min and the highest HNO3 concentration considered
was 2 mol L1, Additionally, temperature was considered a variable due to the expected
influence on the oxidation degree, its importance for the energy requirements of the pro-
cess, and the subsequent cost of the adsorbent. The following oxidation step variables
were studied: nitric acid concentration (1 mol L and 2 mol L), temperature (40 °C,
50 °C, and 60 °C), and time of oxidation (15-120 minutes).

One gram of TR was added to 100 mL of nitric acid solution, representing a solid:liquid
ratio of 10 g L2, and the mixture was kept stirring in a heating plaque/magnetic stirrer
with automatic temperature control (Velp Scientifica Arex Digital Pro) at the desired tem-

perature and for the desired time. Next, the solid was washed with water to remove the
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remaining HNOs from the particles and dried in an oven at 65 °C. The resultant product
was considered the oxidized tannin resin (TRO).

Iron-loading was carried out by adding 0.5 g of TRO to 100 mL of a 200 mg L Fe(l1l)
solution, representing a solid:liquid ratio of 5 g L™, prepared from ferric chloride
(FeCls-6H20), at initial pH 2 (adjusted with HNO3). The mixture was kept under stirring
in an orbital shaker (Biosan PSU-10i) at room temperature for 24 h, followed by washing
the solid with water to remove unreacted species. Finally, the solid was dried in an oven
at 65 °C. The resultant product was considered the iron-loaded oxidized tannin resin
(TRO-Fe). The non-oxidized resin was also subjected to the same iron treatment, to prove
the positive effect of oxidation on iron uptake, yielding an iron-loaded tannin resin (TR-
Fe).

The oxidation conditions that yielded the best results both in terms of mass loss (after
contact with nitric acid solution) and iron content (after contact with Fe(lll) solution)
were considered optimal. Subsequently, the concentration of the iron solution was varied
between 50 mg-Fe L and 2000 mg-Fe L to define the optimal value for iron uptake.
Iron-loaded tannin resin was then produced in the optimal conditions found and used in
the adsorption assays. The resin was separated by particle size and the fractions <0.15 mm
and 0.15-0.50 mm were selected, which represent 17 % and 61 % of total sample weight,

respectively.

Iron content of the metal-loaded resins, expressed as mg of iron per g of solid, was deter-
mined by digesting 0.25 g of resin in glass tubes at 150 °C for 2 h with 5.0 mL of distilled
water, 12.0 mL of HCI and 4.0 mL of HNO3 (concentrated acids, 37 % wt and 65 % wt,
respectively) [137], which were placed in a heating digester (Velp Scientifica DK6). Sam-
ples were digested in duplicate, and a blank digestion was also performed. After digestion,
solutions were filtered through cellulose acetate membrane filters (0.45 um porosity).
Iron content of samples, before and after particle size separation, were determined. Iron
concentrations were measured by atomic absorption spectrometry (AAS) in air-acetylene
flame (GBC 932 Plus spectrometer), using a single-element cathode lamp and the follow-
ing instrumental conditions: wavelength of 248.3 nm, slit width of 0.2 nm, and three rep-
licates. Calibration curves were obtained and accepted for a determination coefficient (R?)
higher than 0.995.
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2.3. Calcium-loading

As mentioned in Subsection 1.2.2, calcium-loading of tannin resins has never been as-
sessed. In addition, several calcium-loaded adsorbents have been reported in the literature
as being efficient towards phosphate. Thus, the potential of a calcium-loaded tannin resin
for phosphate uptake was here evaluated, with the subsequent goal of directly applying

the adsorbent loaded with calcium and phosphate as a fertilizer.

Calcium-loading was carried out adding 0.25 g of TR or TRO (obtained in optimized
conditions for iron-loading) to 50 mL of a Ca solution, representing a solid:liquid ratio of
5.0 g L%, with concentrations ranging from 10 mg-Ca L to 1500 mg-Ca L prepared
from calcium chloride (CaCl2-2H.0), at initial pH 6. The mixture was kept under stirring
in an orbital shaker (Biosan PSU-10i) at room temperature for 24 h, followed by washing
the solid with distilled water to remove unreacted species. Finally, the solid was dried in
an oven at 50 °C. The resultant products were considered the calcium-loaded tannin resin
(TR-Ca) and the calcium-loaded oxidized tannin resin (TRO-Ca).

Calcium content of resins, expressed as mg of calcium per g of solid resin, was determined
following the acid digestion procedure used for iron content determination. Calcium con-
tent was also estimated by mass balance, measuring calcium concentrations of the solu-
tion prior and after contact with resins. Calcium concentrations were measured by AAS
in air-acetylene flame (GBC 932 Plus spectrometer), using a single-element cathode lamp
and the following instrumental conditions: wavelength of 422.7 nm, slit width of 0.5 nm,
and three replicates. Calibration curves were obtained and accepted for a determination
coefficient (R?) higher than 0.995.

2.4. Characterization of Tannin Resins

Infrared spectra of tannin extracts and tannin resins were obtained by FTIR (Fourier
Transform Infrared Spectroscopy) in a Shimadzu IRAffinity spectrometer, with a wave-
number range from 400 cm~ to 4000 cm?, through 50 scans and with a resolution of
8.0cm™.

Scanning Electron Microscopy (SEM) and Energy Dispersion Spectroscopy (EDS) were

used to obtain images and chemical composition of tannin resins. The SEM/EDS assay
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was performed at CEMUP-LMEV (Materials Centre of the University of Porto, Labora-
tory for Scanning Electron Microscopy and X-Ray Microanalysis) using a high resolution
(Schottky) Environmental Scanning Electron Microscope with X-Ray Microanalysis and
Electron Backscattered Diffraction analysis: Quanta 400 FEG ESEM/EDAX Genesis
X4M. Samples were coated with a gold/palladium thin film, by sputtering, using the SPI
Module Sputter Coater equipment.

Granulometric distribution of resins was determined by laser diffraction spectroscopy

(Coulter LS 230) using water as the dispersion medium.

The zeta potentials of TR, TRO, and TRO-Fe at different pH values (ranging from 2 to
8) were determined in NaCl 0.001 mol L suspensions, prepared with a solid:liquid ratio
of 0.5 g L%, and using an electrophoresis instrument Malvern Zetaziser Nano ZS90. The
sample was put in a folded capillary Zeta cell, and the measurement of the zeta potential
was carried out at 25 °C. The analysis was performed in triplicate for each sample, and
the data is expressed as average * standard deviation.

The dissolved organic carbon (DOC) values represent the organic matter leaching and
thus indicate the resin stability. Moreover, in the case of iron-loaded resins, iron leaching
is also an indicator of resin stability. With that in mind, the following stability assay was
carried out. TR, TRO, and TRO-Fe were individually submitted to distilled water solu-
tions at different pH (in the range 2-9, adjusted by small additions of NaOH or HCI solu-
tions) with a solid:liquid ratio of 2.0 g L™! and the mixture was kept under agitation for
24 h. DOC values of the samples were measured by catalytic oxidation at 680 °C, in a
Shimadzu TOC-L CSH analyser. Iron concentrations in solution after contact with TRO-

Fe were determined as described in section 2.2.

Moreover, an assay to evaluate the stability of TR (range of particle sizes: 0.15-0.50 mm)
in terms of DOC and colour leaching, was undertaken by adding a resin sample in distilled
water at a certain pH within the range 2-7 with a solid:liquid ratio of 0.5 g L™ for 24 h at
20 °C. After filtration (cellulose membrane filters,0.45 um porosity), colour of the liquid
phase was determined by absorbance measurement at 400 nm by a spectrophotometer
(Thermo Scientific Genesys 10S UV-Vis), according to a standard procedure [138], and

results were expressed in Hazen units (HU).
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2.5. Adsorbate/Adsorbent Screening

2.5.1. Adsorption Batch Assays

Preliminary adsorption assays were done to assess the affinity of each produced resin
towards arsenic, antimony, and phosphate. Some resins were however not submitted to
adsorption assays, such as TR-Fe due to its low iron content. Experimental conditions of
these assays are presented in Table 111.2. Adsorption experiments were carried out by
adding a certain mass of resin to a certain volume of adsorbate solution with the desired
initial concentration and suspensions were kept at constant pH and stirring for 20-24 h at
20 °C. After that, solutions were filtered through cellulose acetate membrane filters
(0.45 um porosity) and adsorbate concentration in the liquid phase was measured. The
amount of adsorbate adsorbed per gram of adsorbent (geq) Was calculated by Eqg. I11.1,
where Cin and Ceq are the initial and equilibrium adsorbate concentrations, respectively,

and S/L is the solid:liquid ratio.

_ (Cin - Ceq)

dea = —577 Eq. I11.1

Table 111.2 Experimental conditions of preliminary adsorption assays (T = 20 °C, t = 20-24h).

Adsorbent Cin (mg L™ pH S/IL (gL

Arsenic — As(l11) or As(V)

TR?® 5 4 10

TRO?® 5 4 10

TRO-Fe @ 5 4 10

TR-Ca® 0.5 4 10
Antimony — Sb(lIl) or Sh(V)

TRY 20 4 0.5

TRO® 20 4 0.5

TRO-Fe® 20 4 0.5

Phosphate — PO4

TR-Ca® 5 2-7 10

TRO® 5 4 10

TRO-Ca® 5 4 10

TRO-Fe 0" 5 2,4,7 10

a — without granulometric separation; b — 0.15-0.50 mm.
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2.5.2. Adsorbates Solutions

As(I11) and As(V) solutions were prepared by diluting lab-made standards prepared with
As;03 (1000+10 mg-As L2, 2-5 % HCI) and with HAsNaz04-7H,0 (994+10 mg-As L,
2 % HCI), respectively. Sb(lll) solutions were prepared by dilution of a commercial
standard solution, containing 1000 mg-Sb L in a tartaric acid matrix (SCP Science, 1 %
tartaric acid). Sb(V) solutions were prepared from dissolution of potassium hexahydroxo-
antimonate(V) salt (analytical grade). Phosphate solutions were prepared by dissolution
of potassium dihydrogen phosphate (KH2PQO4, for analysis, Sigma-Aldrich) in distilled

water.

2.5.3. Analytical Methods

Arsenic concentrations were measured by atomic absorption spectrometry (AAS) with
electrothermal atomization in a graphite furnace (GBC GF 3000 SenAA Dual spectrom-
eter), using a single-element cathode lamp and the following instrumental conditions:
wavelength of 197.3 nm, slit width of 1.0 nm, lamp currents of 5 mA, and four replicates.
Antimony concentrations were measured by AAS in air-acetylene flame (GBC 932 Plus
spectrometer) or with electrothermal atomization in a graphite furnace (GBC GF 3000
SenAA Dual spectrometer), using a single-element cathode lamp and the following in-
strumental conditions: wavelength of 217.6 nm, slit width of 0.2 nm, lamp current of 10
mA, and three replicates. In the cases of TRO-Fe, iron leaching was evaluated through
iron concentrations measurement by AAS (as described in Subsection 2.2 of this Chap-
ter). Calibration curves were obtained and accepted for a determination coefficient (R?)
higher than 0.995. Dissolved phosphate in solutions was determined by the colorimetric
ascorbic acid method (Standard Methods 4500-P E [139]), with a working range of 0.05-
0.75mg-P L.
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3. Results and Discussion

3.1. Polymerization

Tannin resins were obtained through polymerization of extracts in alkaline medium and
using formaldehyde as a cross-linking agent. Two tannin extracts were used: (1) precipi-
tated tannin extract, obtained by evaporation of the extract solution (Chapter 1, Section
2.2); and (2) freeze-dried extract, obtained in the optimized conditions determined in Sec-
tion 3.2 of Chapter Il. In Fig. I11.4, the results of the influence by solvent and catalyst
amounts (expressed per gram of precipitated tannin extract) on the polymerization yield
(np) are presented. As shown (Fig. 111.4b), an increase in the amount of formaldehyde
added to the reaction generally increases the polymerization yield. Such behaviour was
somewhat predictable since formaldehyde is the crosslinking reagent of the reaction. Us-
ing 4.0 mL of NaOH 0.25 mol L solution per g of extract, yield consistently increased
until reaching a maximum for 0.80 mL of formaldehyde per g of extract (Fig. I11.4b).
Alternatively, using 6.0 mL of NaOH 0.25 mol L per g of extract the yield increased
until a maximum of 0.40 mL g%, evening out above that value. This indicates that amount
of formaldehyde (0.40 mL per gram of extract) is enough to react with total dissolved
tannins. To achieve the best yield and, simultaneously, to use the minimum amount of
formaldehyde, it was decided that the best conditions, within those assessed in this assay,
are 6.0 mL of NaOH 0.25 mol L™* and 0.40 mL of formaldehyde per g of extract.

(a) m0.4 mL/g m0.8 mL/g (b) @4.0mL/g m6.0 mL/g
80 A 80 A
60 60 -
~ <)
g g
= 40 & 40 1
20 f 20 -
O T T 0 T T T T
4.0 6.0 8.0 12.0 0.05 0.10 0.20 0.40 0.80
Volume of NaOH solution (mL g-?) Volume of formaldehyde (mL g1)

Fig. I11.4 Influence on polymerization yield of precipitated extracts, by: (a) the volume of sodium hy-
droxide solution, at different formaldehyde amounts; (b) the amount of formaldehyde used in the reaction,
at different volumes of NaOH solution. Assays were done in triplicate and error bars represent maximum

absolute deviations from the average.
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Additionally, higher amounts of NaOH solution, given fixed amounts of formaldehyde
(0.4 mL g* and 0.8 mL g 1), were tested (Fig. 111.4a). Although yield may initially in-
crease with the amount of NaOH solution, it decreases rapidly, independently of the
amount of formaldehyde used, as can be observed in Fig. I11.4a. This can be explained by
the higher amount of solvent that keeps tannins dissolved, decreasing the driving force to
polymerization. Then, it was considered that 6.0 mL of NaOH 0.25 mol L solution per
g of extract was the optimal volume for a given amount of formaldehyde, upholding the
conclusion of the formaldehyde assay. At optimal conditions — 6.0 mL NaOH 0.25
mol L and 0.4 mL formaldehyde (36 % solution) per g of precipitated tannin extract —
polymerization yield was 71+4 %.

The polymerization yield was also studied under different conditions of NaOH and for-
maldehyde amounts using the freeze-dried tannin extract and the results are presented in
Fig. l11.5. The freeze-dried extract was unmistakeably easier to dissolve than the precipi-
tated extract, presenting thus a practical advantage over the evaporation method. The
amount of NaOH solution, in the range studied, did not affect polymerization yield (Fig.
I11.5a). However, it was observed that the extract was easier to dissolve with 4 mL of
NaOH than with 2 mL of NaOH per g of extract. For that practical reason, 4 mL of NaOH
0.25 mol L solution per g of extract was chosen for the formaldehyde assay. In Fig.
I11.5b, a trend is evident: increasing the amount of formaldehyde increases the polymeri-
zation yield, reaching a plateau at 0.2 mL of formaldehyde per g of extract. Hence, that

amount was determined to be the optimal for the fixed amount of NaOH solution used.

The expected polymerization yield, using those amounts of solvent and reagent (4.0 mL
NaOH 0.25 mol Lt and 0.2 mL formaldehyde (36 % solution) per g of freeze-dried tannin
extract), is =80 %. This is an improvement in relation to the precipitated extract, for which
higher amounts of solvent and catalyst lead to lower polymerization yields. Therefore,

the freeze-dried extract was shown to be better fitted for this work.
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Fig. 111.5 Influence on polymerization yield of freeze-dried extracts, by: (a) the volume of sodium hy-
droxide solution, using 0.4 mL of formaldehyde per g of extract; (b) the amount of formaldehyde used in
the reaction, with 4 mL of NaOH 0.25 mol L per g of extract. Assays were done in triplicate and error
bars represent maximum absolute deviations from the average.

3.2. lron-loading

Fig. 111.6 presents the influence of oxidation variables on the amount of iron loaded into
oxidized tannin resins. Oxidation with HNO3 2 mol L™ at 60 °C (evaluated for oxidation
times of 15 and 30 min) yielded resins with the highest iron uptake capacities (Fig. 111.6a).
However, even with just 15 min of contact time, the resin was visibly different suggesting
its polymerization state may be compromised. The higher colour leaching during the iron-
loading assays with those resin samples corroborates such observation. After 60 min of
contact, the mass loss observed after oxidation was too high (2745 %) and, thus, the resin
oxidized in those conditions was not subjected to iron-loading. Similarly, oxidation with
this acid concentration was not attempted for 90 min since mass losses were expected to
be also too high. With the same acid concentration and at 40 °C, the iron uptake was

considerably lower even when prolonging the contact time until 90 min.

On the other hand, oxidation with HNOz 1 mol L™ at 40 °C granted the resin an even
lower uptake capacity. On the other hand, oxidation at 60 °C for 90 min of contact time
caused high mass losses (3713 %) and the yielded resin was not subjected to iron-load-
ing as well as a contact time of 120 min at this temperature was not assessed. Such results
suggest that oxidation at these conditions (HNO3 1 mol L™t at 40 °C for any contact time

or at 60 °C for contact times higher than 60 min) are suboptimal (Fig. 111.6b). At that acid
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concentration, every other set of conditions caused very little mass loss (<7 %) and, gen-
erally, increasing the contact time as well as the temperature led to higher iron uptake.
The optimal results, in terms of iron content and mass losses, were obtained with a resin
oxidized with a solution of HNOs 1 mol L™* at 50 °C for 90 min.

TR was also subjected to iron-loading under the same experimental conditions. Iron-load-
ing of TR yielded a low metal content (8.0+0.2 mg-Fe g!) in comparison to most TRO
materials, which achieved iron contents up to three times higher. This is similar to what

Ogata et al. [14] reported and, thus, the importance of the oxidation step was confirmed.

After finding the optimal oxidation conditions, the initial iron concentration was varied
to assess its influence on iron uptake and find an optimal value, and the results are pre-
sented in Fig. I11.7. Clearly, iron uptake increases with increasing initial metal concentra-
tion but only until =1250 mg-Fe L1, after which iron content in the solid does not increase
much farther than 20 mg g*. Consequently, TRO-Fe samples used in adsorption assays
were obtained by submitting TRO (oxidized at optimal conditions) to iron-loading from
a 1250 mg-Fe L solution. Using those conditions, an iron-loaded oxidized tannin resin

with an iron content of 22+2 mg g is obtained.
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Fig. 111.6 Influence on iron uptake by oxidation time, temperature, and HNO3 concentration, using a solu-
tion of 200 mg-Fe L at initial pH 2 and room temperature. (@) HNO3z 2 mol L™; (b) HNOs 1 mol L.
Every assay was done in duplicate and error bars represent absolute deviations.

Particle size separation was conducted, and two granulometric fractions were selected:
0.15-0.50 mm, with an iron content of 13+1 mg g, and <0.15 mm, with an iron content

of 31+4 mg g*. The difference in iron contents is explained by different surface areas:
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smaller particles have a higher surface area which exposes a higher number of functional
groups able to uptake iron ions.

Ogata et al. [14] managed to yield an iron-loaded wattle tannin resin with an iron content
of 85 mg-Fe g*. Of note, with a non-oxidized resin the maximum iron content was of 37
mg-Fe g*. The oxidation of the resin was performed with HNO3 2 mol L for 120 min
and iron treatment with a 1 mol L solution of Fe(lIl) at initial pH 2 for 5 days. The
concentration used was substantially higher than the one used here (=55 g-Fe L™ vs.
1.25 g-Fe L™). Moreover, the tannin used in that study was a commercially available
powder obtained from wattle (Acacia), that may contain different characteristics, namely
a high purity (e.g., higher content of polyphenols).
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Fig. 111.7 Influence on iron uptake by initial Fe(I11) concentration at initial pH 2 and room temperature
using a tannin resin oxidized with HNO3 1 mol L~ at 50 °C for 90 min. Every assay was done in dupli-
cate and error bars represent absolute deviations.

Other biomass-derived adsorbents have been subjected to iron-loading. For example,
Pintor et al. [74] submitted cork granulates to iron precipitation under different conditions
(0.05-0.1 mol-Fe L™, 10-20 g L%, pH 5-7) which yielded adsorbents with iron contents
within a range (4.1-24.0 mg-Fe g) similar to that obtained here. On the other hand,
Vieiraetal. [73] prepared iron-coated seaweeds (Sargassum muticum) and an iron content
of 55+2 mg-Fe g~ was achieved. Even though seaweeds were loaded with twice as much
iron as tannin resins were, comparisons ought to be done with precaution since experi-
mental conditions were noticeably different, with an iron concentration and a solid:liquid

ratio five and two times higher, respectively.
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3.3. Calcium-loading

Samples of TR and TRO were submitted to calcium-loading. The TRO used was obtained
under the experimental conditions found to be optimal for iron uptake. Calcium content
of both resins, prior to calcium-loading, was measured: 9.6 mg g* (TR) and 0.4 mg g*
(TRO). The results of the influence by initial calcium concentration on uptake by each
resin are presented in Fig. 111.8. The amount of calcium retained by the solid was
evaluated by two methods, acid digestion of the solid and mass balance applied in the

liquid phase, and different results were obtained.

Calcium removal from the solution by TRO is highly dependent on Ca concentration,
reaching 89 mg-Ca g (Fig. 111.8b). However, after separation from the liquid, the solid
was washed which possibily caused the retained calcium to leach out partially. Probably
only the calcium ions which were stably bound to the solid remained. This explains the
much lower calcium contents measured in the solid by acid digestion, limited to ~25 mg-
Cag (Fig. 111.8a).

Regarding TR, the difference between the amount of calcium retained in the solid
calculated by the two methods seems to be less significant (Fig. I11.8a and Fig. 111.8b).
This may be an indication of the establishment of more stable bonds between Ca and TR.
In this case, the maximum uptake (calculated by acid digestion) was 22 mg g%, which
occurs for Ca concentrations higher than 215 mg L™t (Fig. 111.8a). The procedure
generates an adsorbent containing 32 mg-Ca g (original content plus calcium retained
from the solution) in these conditions.

Tannin resins usually present a great chelating ability towards cationic metals, due to the
abundance of adjacent phenolic hydroxyl groups [3, 140], explaining the considerable
calcium uptake. The partial oxidation has not decreased calcium uptake, but lead to the
dissolution of the metal initially present in the solid which, ultimately, led to a lower
calcium content. Therefore, TR was found to be better suited for calcium-loading and
adsorbent application since it requires fewer production steps than the TRO and yields a

solid material with similar calcium content.
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Fig. 111.8 Influence on calcium uptake by initial Ca concentration at initial pH 6 and room temperature
using TR or TRO: results from (a) acid digestion and (b) mass balance in the liquid phase. Every assay
was done in duplicate and error bars represent absolute deviations.

3.4. Characterization of Tannin Resins

Fig. 111.9 displays the IR spectra obtained for the tannin extracts and tannin resins. A
broad band was observed between 3200 and 3800 cm™, as expected for materials with
many —OH groups [141, 142]. Indeed, a particularly intense peak can be observed in that
range in the freeze-dried tannin extract spectrum (Fig. 111.9a). A peak of less intensity is
observed in the precipitated tannin extract spectrum possibly due to the oxidation of —-OH
groups during the evaporation of the extraction solution. The tannin resin spectrum (Fig.
111.9b) also presents a peak characteristic of the OH stretching vibration, but its height is
about one fourth of the peak observed for the extract spectrum, explained by the consid-
erably higher degree of resin polymerization (Fig. 111.9b). The small peak observed at
2905 cm™* for the tannin extract is due to aromatic C-H stretching [141, 143]. A similar
peak is not observed in the spectrum of tannin resin possibly because the particle size of
the resin is noticeably larger and thus the equipment does not detect such a small peak.
Finally, the spectrum of the extract presents a broad peak, starting roughly at 1800 cm™,
which indicates the presence of carbonyl groups (1630-1820 cm™?) and aromatic rings
(1450-1600 cm™) [142]. For the resin, this peak is reduced both in range as in height.
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Fig. 111.9 Infrared spectra of (a) precipitated and freeze-dried extracts, (b) freeze-dried tannin extract and
tannin resin, (c) tannin resin, oxidized tannin resin, and iron-loaded oxidized tannin resin.

After oxidation, the resin was expected to present a smaller O-H peak and a higher C=0
peak, due to the oxidation of hydroxyl groups into carbonyl ones during the contact with
HNOs solution [14]. There is indeed a reduction of the O-H peak height from TR to TRO,
and an almost complete flattening of the C=0 peak was observed (Fig. I11.9c). The spec-
trum reported by Ogata et al. [14] for the non-oxidized resin did not present a C=0 peak
at all, which was only present in the oxidized resins spectra. Such observation indicates
that the TR produced in this work was considerably oxidized before contact with a nitric
acid solution. Comparing TRO and TRO-Fe spectra, slight differences were observed in
the region of C=0 band, corroborating the iron ability to interact particularly with these

groups [14], but no other detectable changes were observed.
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Fig. 111.10 presents SEM images obtained for the precipitated and the freeze-dried tannin
extracts and of the resins produced by both. The precipitated extract particles have in
general a rough surface (Fig. 111.10a) and some non-uniform agglomerates of NaCl (prob-
ably resultant from the pH neutralization of the extraction solution with HCI) are observ-
able in the particles’ surface. The freeze-dried extract presents a completely different as-
pect: it is composed mainly by thin-sliced particles with well-defined crystals of NaCl in
its surface (Fig. 111.10b). This difference in physical configurations helps explain the im-

proved solubility of the freeze-dried extract when compared to the precipitated one.

On the other hand, both resins present particles with smooth surfaces with some deform-
ities and do not appear to be porous (Fig. I11.10c and Fig. 111.10d). Porosity is developed
by high temperature activation procedures, which was not applied here, hence the obser-
vation of low porosity was expectable. Sdnchez-Martin et al. [7] obtained SEM images
for cypress, quebracho, wattle, and pine tannin resins and observed smooth-surface non-
porous particles as well. Moreover, tannin resins do not significantly differ before and
after oxidation. Finally, iron- and calcium-loaded resins (Fig. I11.10e and Fig. I11.10f, re-
spectively) do not present any major morphological difference comparatively with the
unmodified tannin resin. Nevertheless, EDS spectra of TRO-Fe and TR-Ca, obtained for
particles observed in Fig. 111.10e and Fig. 111.10f, respectively, confirmed that iron- and
calcium-loading was successful (Fig. 111.11). The highest peaks are those of C and O,
which is expected for biomass-derived materials. EDS spectra of TR merely presented

peaks corresponding to C and O (data not shown).
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Fig. 111.10 SEM images of (a) the precipitated tannin extract, (b) the freeze-dried tannin extract, the tan-
nin resin produced with (c) a precipitated extract and (d) a freeze-dried extract, (€) an oxidized iron-
loaded tannin resin (< 0.15 mm), and (f) a calcium-loaded tannin resin.
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Fig. 111.11 EDS spectra obtained from (a) TRO-Fe and (b) TR-Ca.

Granulometric distributions of TR, TRO, and TRO-Fe is presented in Fig. 111.12 and in
Table 111.3. Almost half of TR particles have diameters ranging from 0.15 mm to
0.50 mm, while particles with diameters below 0.15 mm and above 0.50 mm represent
roughly a third and a quarter, respectively, of the total sample. The distribution of TRO
and TRO-Fe particle sizes was found to be similar to that of TR. However, oxidation and
iron-loading lead to a decrease of finer particles (<0.15 mm). Furthermore, median diam-
eters of the TR particles in the fractions <0.15 mm, 0.15-0.50 mm and 1-2 mm were
calculated as 0.083 mm, 0.265 mm, and 1.3 mm, respectively. TRO and TRO-Fe fractions

(0.15-0.50 mm) presented median particle sizes of 0.257 mm and 0.260 mm, respectively.

40
BTR

35 BTRO
BOTRO-Fe

N w
(&) o
L L

=
o [8;]
) )

Weight percentage (% wt)
N
o

(]
L

o
1

Particle size (mm)

Fig. 111.12 Granulometric distribution of TR, TRO, and TRO-Fe.
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Table 111.3 Granulometric distribution of the fraction <0.15 mm of TR, the fractions 0.15-0.30 mm of
TR, TRO, and TRO-Fe, and the fraction 1.00-2.00 mm of TR.

Fraction Weight percentage (% wt)

<0.15 mm <0.05 mm 0.05-0.10 mm 0.10-0.15 mm
TR 24 34 42
0.15-0.30 mm 0.15-0.25 mm 0.25-0.35 mm 0.35-0.50 mm
TR 39 33 28

TRO 41 17 42
TRO-Fe 40 17 43
1.00-2.00 mm 1.00-1.25 mm 1.25-1.50 mm 1.50-2.00 mm
TR 45 28 26

Fig. 111.13 presents zeta potential measurements for TR, TRO and TRO-Fe. Within the
pH range studied, negative potentials were observed for the three resins, which is at-
tributed to the anionic nature of phenolic hydroxyl groups. Values gradually decreased
with increasing pH, due to the higher ionization degree of these groups. The isoelectric
points of TR, TRO, and TRO-Fe were estimated by extrapolation as 2.1, 1.8, and 1.4,
respectively. This means that the surface charge of the resins is only positive at extreme

acidic pH conditions.

The IEP obtained for TR agrees with values reported in the literature for tannin resins
prepared from other vegetable sources, such as quebracho (IEP at pH 2.17) [22], black
wattle (IEP at pH 1.6) [38], and persimmon (IEP at pH 2.21) [19, 20]. The results also
show that the oxidation of the tannin resin and subsequent iron loading did not cause
significant variation in the adsorbents’ surface charge since the zeta potential patterns are
virtually identical to TR. In the oxidation of TR to generate TRO, part of the catecholic
hydroxy groups located in B-ring is oxidized by nitric acid to carbonyl groups, giving rise
to o-quinone compounds [14]. The hydroxyl groups that remained in the original form
(A- and B-rings) are then supposed to rule the surface charge of TRO, which explains the
similarity observed between TR and TRO.
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Fig. 111.13 Zeta potential of tannin resin, oxidized tannin resin and iron-loaded oxidized tannin at differ-
ent pH (electrolyte: NaCl 0.001 mol L™).

Tannins form stable complexes with iron(l1l), in stoichiometries depending on the pH
[140, 144, 145]. Moreover, previous studies [14] showed that carbonyl groups, obtained
by the oxidation of tannin resins, have a higher affinity to iron ions than hydroxy groups.
Tannin-iron complexes include positively charged mono-complexes, expected to be
formed at pH below 2, and negatively charged complexes, including bis-complexes (pH
of 3-6) and tris-complexes (pH of above 7) [140, 144, 145]. Considering the pH at which
the iron-loading proceeded, a mixture of mono (positively charged) and bis-complexes
(negatively charged) is expected to be present in TRO-Fe. In certain pH conditions, the
surface charge of TRO-Fe is less negative than TRO, but overall, the surface zeta poten-
tials did not significantly differ from those of TR and TRO (Fig. I11.13). This can be
attributed to the limited Fe content of TRO-Fe (13 mg g 1) and the predominance of ani-
onic hydroxyl groups. The results here obtained for TRO-Fe are in line with Hao et al.
[146], who also presented negative zeta potentials in the whole pH range for a tannin
foam with immobilized Fe(l11).

The stability of an adsorbent is an important factor which must be assessed and considered
together with its adsorption capacity. Leaching of organic material and colour are exam-
ple markers of chemical stability. Fig. 111.14 presents DOC and colour values obtained in
leaching experiments conducted with TR (fraction 0.15-0.50 mm) suspensions at differ-
ent pH. DOC levels were below 7 mg-C L™ for pH values up to 6. Only a very slight

increase to 9 mg-C L™t was observed at pH 7.
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Fig. 111.14 Results of leaching experiments: dissolved organic carbon (DOC) and colour obtained for TR
granulometric fraction of 0.15-0.50 mm with a solid:liquid ratio of 0.5 g L.

DOC leaching was also assessed using a greater solid:liquid ratio, not only by TR but also
by TRO and TRO-Fe (Fig. 111.15). TR caused higher leaching of organic material than in
the last assay due to the greater solid:liquid ratio. In general, DOC concentrations for
solutions that were in contact with TR and TRO increased with pH, even though that TR
led to a steeper increase (Fig. 111.15). Indeed, at pH 2 both resins lead to similar values
but at pH 4 DOC values increased thrice and twice higher for TR and TRO, respectively.
Moreover, DOC values increased further with the increase of pH with TR, reaching a
maximum of 17.3+0.7 mg-C L at pH 9, while for TRO it remained below 11 mg-C L.
Finally, for TRO-Fe at pH 2 the DOC value was even lower, and it was never higher than
5 mg-C L™L. The lower DOC values observed for TRO and TRO-Fe may be due to the
additional treatments these resins were subjected to, which must have caused leaching of
organic matter, leading to more stable solids. In any case, these values are considerably
low and suggest that the application of these resins will not cause significant secondary

pollution in terms of organic matter.

Colour measurements are all below 13 HU (maximum value recorded at pH 6, Fig. 111.14).
At pH 3, colour is even below the limit of detection (5 HU). To give an idea about the
non-significance of the recorded values, 20 HU is the parametric value for colour in drink-
ing water (Portuguese legislation [147]). The results obtained for DOC and colour indi-

cate high chemical stability of TR.
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Fig. 111.15 Dissolved organic carbon (DOC) leached by TR, TRO, and TRO-Fe at different pH with a
solid:liquid ratio of 2 g L™* at 20 °C for 24 h.

Regarding TRO-Fe, significant leaching of the iron was observed at pH 2 and 3, with
dissolved levels attaining 17+1 mg-Fe L™! and 5.6+0.2 mg-Fe L2, respectively, corre-
sponding to 47+2 % and 17x1 % of the initial metal content of the adsorbent. This means
that TRO-Fe application in strongly acidic conditions is not advised or will require a fur-
ther step for iron removal (e.g., precipitation). At moderately acidic and neutral condi-
tions, TRO-Fe is relatively stable, with iron leaching limited to 1-3.5 % of its metal con-

tent.

3.5. Adsorbate/Adsorbent Screening
3.5.1. Arsenic

Preliminary adsorption assays with TR, TRO, TRO-Fe, and TR-Ca were done with solu-
tions of As(l1l) and As(V) at pH 4. Results showed that only TRO-Fe has the ability to
uptake arsenic (Fig. 111.16). Nearly null results (As removals below 10 % and uptake
<0.03 mg g%, for both oxidation states) were obtained for TR and TRO, while TRO-Fe
adsorbed 0.24+0.3 mg g* and 0.155+0.003 mg gt (42+5 % and 28.8+0.1 % removal
from solution) of As(l11) and As(V), respectively.

On the other hand, calcium-loading granted a slight improvement on adsorption capacity,
with TR-Ca removing 102 % and 4+1 % of As(l11) and As(V), respectively (Fig. 111.16).
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Nevertheless, arsenic uptake by TR-Ca was still low, indicating calcium-loading does not
yield a resin with affinity towards arsenic. Calcium content of TR-Ca was higher than
iron content of TRO-Fe (32+1 mg-Ca g vs. 22+2 mg-Fe g}; 1.25+0.03 mmol-Ca g vs.
0.39+0.04 mmol-Fe g?) therefore the lack of adsorption capacity by TR-Ca means that

the introduction of iron creates specific adsorption sites for arsenic in the resin.

These results confirm the necessity of loading iron into the resin so it can have affinity
towards arsenic. Thus, uptake of arsenic was only further evaluated with TRO-Fe. Chap-
ter IV presents a more in-depth assessment of arsenic adsorption by the iron-loaded oxi-

dized tannin resin.
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Fig. 111.16 Adsorption assays using different adsorbents in arsenic solutions (Cin = 5 mg L™ for TR,
TRO, and TRO-Fe; Cin = 0.5 mg L for TR-Ca) at pH 4 and a solid:liquid ratio of 10 g L.

3.5.2.  Antimony

Fig. 111.17 presents antimony adsorbed amounts by TR, TRO and TRO-Fe at pH 4. High-
est removals for both adsorbates were achieved by TR: 17+1 % for Sb(lll) and 336 %
for Sb(V). TRO presented removals <10 % of both oxidation states, representing the sec-
ond-best performance. This was expected considering that the oxidation was only con-
ducted as an intermediate step to obtain the iron-loaded adsorbent, and that TR partial

oxidation causes loss of hydroxyl groups, decreasing the available sites for complexation.

TRO-Fe also performed worse than TR, with removals of <3 %. A wide variety of mate-

rials have been modified with iron, bearing in mind the specific affinity between Fe-O
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bonds and Sb (e.g., [75, 148]). In this case, however, iron-loading did not enhance ad-
sorptive properties of TR, which indicate a higher affinity of Sb to the polyol groups of
TR, than to the iron complexes in TRO-Fe.

In conclusion, TR is more suitable to adsorb antimony in both oxidation states than the
oxidized and iron-loaded forms. TR was hence selected to be used in the subsequent an-
timony adsorption experiments, which is the focus of Chapter V. From an operational and
environmental point of view, TR is advantageous over TRO-Fe, considering its simpler
preparation, easier pH control and absence of secondary pollution generated by iron
leaching. Nevertheless, the removals by TRO and TRO-Fe were still significant and the
adsorption capacity of antimony by those resins was further explored and this study is
also presented in Chapter V.
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Fig. 111.17 Adsorption assays using different adsorbents in antimony solutions (Cin =20 mg L) at pH 4
and a solid:liquid ratio of 0.5 g L.

3.5.3. Phosphate

Phosphate uptake by different resins was assessed by different adsorbents and in Fig.
I11.18 the results obtained at pH 4 are presented. Calcium and iron present a high affinity
towards phosphate, which explains the effective phosphate adsorption that literature
shows by calcium-rich materials [149-152] and by iron-loaded adsorbents [14, 77, 153,
154]. For that reason, and also due to the unfavourable surface charge properties, TR
which contain low calcium and/or iron contents poorly adsorbed phosphate. Only metal-

loaded resins presented some ability to adsorb phosphate (Fig. 111.18). However, calcium-
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and iron-loading of the tannin resins did not yield an adsorbent sufficiently effective for
phosphate uptake. Phosphate removal by TR-Ca did not surpass 11 % at pH 2-4 and was
null at pH 5-7 while TRO-Ca was only able to remove 2.5+0.9 % at pH 4. These results
contrast with the efficient calcium-rich adsorbents reported in the literature, which may
be due to great differences in calcium content (32 mg-Ca g* vs. 61.5-78.5 mg-Ca g!
[151] and 229.1-361.4 mg-Ca g * [150]).

Uptake capacity of TRO-Fe at pH 4 was similar to that of TR-Ca, with a removal of
10.6+0.3 %. The results obtained by Ogata et al. [14] using an iron-loaded Acacia tannin
resin were not possible to replicate here, which, once again, may be due to differences in
metal content. The poor adsorption results here observed led to phosphate being aban-

doned as a target adsorbate and the topic was not further assessed.
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Fig. 111.18 Adsorption assays using different adsorbents in phosphate solutions (Ci» =5 mg L™) at pH 4
and a solid:liquid ratio of 10 g L.
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4. Conclusions

Precipitated tannin extracts were converted into resins (insoluble matrices) by polymeri-
zation. The amounts of solvent/catalyst (NaOH) and reagent (formaldehyde) were opti-
mized to maximize gelification yield while minimizing chemicals use. Optimal condi-
tions were found when extracts were dissolved in 6.0 mL of NaOH 0.25 mol L™ per g of
extract and when 0.40 mL of formaldehyde per g of extract was added. Better results were
achieved using a freeze-dried extract. In addition of granting a higher solubility to the
extract, freeze-drying allowed to obtain higher polymerization efficiencies using lower
amounts of NaOH and formaldehyde (4.0 and 0.20 mL per g of extract, respectively),
with an expected yield of tannin resin of 80 %.

Optimum conditions for the oxidation were identified at a temperature of 50 °C, HNOs3
concentration of 1 mol L~! and a contact time of 90 min, giving a maximum iron content
of 22+2 mg per g of tannin resin after contact with a 1250 mg-Fe L™* solution. On the
other hand, calcium-loading was best with a non-oxidized tannin resin and a solution with
a concentration of 215 mg-Ca L was found to be sufficient to achieve saturation. In
these conditions, a resin with a calcium content of 321 mg per g of tannin resin is ex-

pected to be obtained.

The stability of adsorbents is of great importance due to the risk of secondary pollution;
higher the stability, lower the risk. Results obtained hitherto seem to suggest that tannin
resins here produced are stable in solution, which does not usually happen with many of
the low-cost materials reported in literature. Furthermore, tannin resin can be produced
in varied particle sizes, which is important for application at full-scale, and are believed
to be economically competitive with conventional adsorbents, due to the observed effi-
ciency and the relatively simple production.

In preliminary assays, unmodified tannin resins presented the best performance for anti-
mony adsorption while only iron-loaded oxidized tannin resins were able to significantly
uptake arsenic. In contrast, none of the adsorbents tested for phosphate removal from

water was effective.

81



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

82



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[0l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

5. References

Ampiaw, R.E. and W. Lee, "Persimmon tannins as biosorbents for precious and heavy metal
adsorption in wastewater: a review," International Journal of Environmental Science and
Technology, 2020.

Inoue, K., M. Gurung, Y. Xiong, H. Kawakita, K. Oht, and S. Alam, "Hydrometallurgical recovery
of precious metals and removal of hazardous metals using persimmon tannin and persimmon
wastes," Metals, Review vol. 5, no. 4, pp. 1921-1956, 2015, Art. no. Al13.

Pizzi, A., "Tannins: major sources, properties and applications,” in Monomers, Polymers and
Composites from Renewable Resources, M. N. Belgacem and A. Gandini, Eds.: Elsevier, 2008, pp.
179-200.

Arbenz, A. and L. Averous, "Chemical modification of tannins to elaborate aromatic biobased
macromolecular architectures,” Green Chemistry, vol. 17, no. 5, pp. 2626-2646, 2015.

Nakano, Y., K. Takeshita, and T. Tsutsumi, "Adsorption mechanism of hexavalent chromium by
redox within condensed-tannin gel,” Water Research, vol. 35, no. 2, pp. 496-500, 2001.

Sanchez-Martin, J., J. Beltran-Heredia, and C. Carmona-Murillo, "Adsorbents from Schinopsis
balansae: Optimisation of significant variables,” Industrial Crops and Products, vol. 33, no. 2, pp.
409-417, 2011.

Sanchez-Martin, J., J. Beltran-Heredia, and P. Gibello-Pérez, "Adsorbent biopolymers from tannin
extracts for water treatment," Chemical Engineering Journal, vol. 168, no. 3, pp. 1241-1247, 2011.

Beltran-Heredia, J., P. Palo, J. Sanchez-Martin, J.R. Dominguez, and T. Gonzalez, "Natural
adsorbents derived from tannin extracts for pharmaceutical removal in water,” Industrial &
Engineering Chemistry Research, vol. 52, pp. 50-57, 2012.

Kunnambath, P.M. and S. Thirumalaisamy, "Characterization and Utilization of Tannin Extract for
the Selective Adsorption of Ni(ll) lons from Water," Journal of Chemistry, 2015.

Sanchez-Martin, J., J. Beltran-Heredia, 1.J. Seabra, M.E.M. Braga, and H.C. De Sousa, "Adsorbent
derived from Pinus pinaster tannin for cationic surfactant removal," Journal of Wood Chemistry and
Technology, vol. 32, no. 1, pp. 28-50, 2012.

Sanchez-Martin, J., M. Gonzalez-Velasco, J. Beltran-Heredia, J. Gragera-Carvajal, and J. Salguero-
Fernandez, "Novel tannin-based adsorbent in removing cationic dye (Methylene Blue) from aqueous
solution. Kinetics and equilibrium studies," Journal of Hazardous Materials, vol. 174, no. 1-3, pp.
9-16, 2010.

Xiong, Y., H.T. Wang, Z.N. Lou, W.J. Shan, Z.Q. Xing, G.C. Deng, D.B. Wu, D.W. Fang, and B.K.
Biswas, "Selective adsorption of molybdenum(VI) from Mo-Re bearing effluent by chemically
modified astringent persimmon," Journal of Hazardous Materials, vol. 186, no. 2-3, pp. 1855-1861,
2011.

Ogata, T. and Y. Nakano, "Mechanisms of gold recovery from aqueous solutions using a novel
tannin gel adsorbent synthesized from natural condensed tannin," Water Research, vol. 39, no. 18,
pp. 4281-4286, 2005.

Ogata, T., S. Morisada, Y. Oinuma, Y. Seida, and Y. Nakano, "Preparation of adsorbent for
phosphate recovery from aqueous solutions based on condensed tannin gel," Journal of Hazardous
Materials, vol. 192, no. 2, pp. 698-703, 2011.

Yi, Q., R. Fan, F. Xie, H. Min, Q. Zhang, and Z. Luo, "Selective Recovery of Au(lll) and Pd(lI)
from Waste PCBs Using Ethylenediamine Modified Persimmon Tannin Adsorbent,” Procedia
Environmental Sciences, vol. 31, pp. 185-194, 2016.

0o, C.-W., M.J. Kassim, and A. Pizzi, "Characterization and performance of Rhizophora apiculata
mangrove polyflavonoid tannins in the adsorption of copper (11) and lead (I1)," Industrial Crops and
Products, vol. 30, no. 1, pp. 152-161, 2009.

Gurung, M., B.B. Adhikari, S. Morisada, H. Kawakita, K. Ohto, K. Inoue, and S. Alam, "N-
aminoguanidine modified persimmon tannin: A new sustainable material for selective adsorption,

83



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

(33]

[34]

84

preconcentration and recovery of precious metals from acidic chloride solution," Bioresource
Technology, vol. 129, pp. 108-117, 2013.

Maria Rahman, M., N. Akter, M. Razaul Karim, N. Ahmad, M.M. Rhaman, I.A. Siddiquey, N.
Mohammad Bahadur, and M.A. Hasnat, "Optimization, kinetic and thermodynamic studies for
removal of Brilliant Red (X-3B) using Tannin gel," Journal of Environmental Chemical
Engineering, vol. 2, pp. 76-83, 2014.

Xie, F., Z.J. Fan, Q.L. Zhang, and Z.R. Luo, "Selective Adsorption of Au®* from Aqueous Solutions
Using Persimmon Powder-Formaldehyde Resin," Journal of Applied Polymer Science, vol. 130, no.
6, pp. 3937-3946, 2013.

Xie, F., R. Fan, Q. Yi, Q. Zhang, and Z. Luo, "NaOH Modification of Persimmon Powder-
formaldehyde Resin to Enhance Cu?* and Pb?* Removal from Aqueous Solution,” Procedia
Environmental Sciences, vol. 31, pp. 817-826, 2016.

Xie, F., R. Fan, Q. Yi, Z. Fan, Q. Zhang, and Z. Luo, "Adsorption recovery of Pd(Il) from aqueous
solutions by persimmon residual based bio-sorbent," Hydrometallurgy, vol. 165, pp. 323-328, 2016.

Yurtsever, M. and 1.A. Sengil, "Biosorption of Pb(II) ions by modified quebracho tannin resin,"
Journal of Hazardous Materials, vol. 163, no. 1, pp. 58-64, 2009.

Kim, Y.H. and Y. Nakano, "Adsorption mechanism of palladium by redox within condensed-tannin
gel," Water Research, vol. 39, no. 7, pp. 1324-1330, 2005.

Kim, Y.H., T. Ogata, and Y. Nakano, "Kinetic analysis of palladium(ll) adsorption process on
condensed-tannin gel based on redox reaction models,” Water Research, vol. 41, no. 14, pp. 3043-
3050, 2007.

Kim, Y.H., M.N. Alam, Y. Marutani, T. Ogata, S. Morisada, and Y. Nakano, "Improvement of Pd(I1)
Adsorption Performance of Condensed-tannin Gel by Amine Modification,” Chemistry Letters, vol.
38, no. 10, pp. 956-957, 20009.

Morisada, S., Y.H. Kim, T. Ogata, Y. Marutani, and Y. Nakano, "Improved Adsorption Behaviors
of Amine-Modified Tannin Gel for Palladium and Platinum lons in Acidic Chloride Solutions,"
Industrial & Engineering Chemistry Research, vol. 50, no. 4, pp. 1875-1880, 2011.

Morisada, S., T. Rin, T. Ogata, Y.H. Kim, and Y. Nakano, "Adsorption removal of boron in aqueous
solutions by amine-modified tannin gel," Water Research, vol. 45, no. 13, pp. 4028-4034, 2011.

Akter, N., M.A. Hossain, M.J. Hassan, M.K. Amin, M. Elias, M.M. Rahman, A.M. Asiri, .A.
Siddiquey, and M.A. Hasnat, "Amine modified tannin gel for adsorptive removal of Brilliant Green
dye,” Journal of Environmental Chemical Engineering, vol. 4, no. 1, pp. 1231-1241, 2016.

Fayemiwo, O.M., M.O. Daramola, and K. Moothi, "Tannin-based adsorbents from green tea for
removal of monoaromatic hydrocarbons in water: Preliminary investigations,” Chemical
Engineering Communications, vol. 205, no. 4, pp. 549-556, 2018.

Sengil, I.A. and M. Ozacar, "Biosorption of Cu(II) from aqueous solutions by mimosa tannin gel,"
Journal of Hazardous Materials, vol. 157, no. 2-3, pp. 277-285, 2008.

Sengil, I.A. and M. Ozacar, "Competitive biosorption of Pb?" Cu?* and Zn?* ions from aqueous
solutions onto valonia tannin resin," Journal of Hazardous Materials, vol. 166, no. 2-3, pp. 1488-
1494, 2009.

Can, M., E. Bulut, A. Ornek, and M. Ozacar, "Synthesis and characterization of valonea tannin resin
and its interaction with palladium (I1), rhodium (I11) chloro complexes,” Chemical Engineering
Journal, vol. 221, pp. 146-158, 2013.

Patil-Shinde, V., K.B. Mulani, K. Donde, N.N. Chavan, S. Ponrathnam, and S.S. Tambe, "The
Removal of arsenite [As(I11)] and arsenate [As(V)] ions from wastewater using TFA and TAFA
resins: Computational intelligence based reaction modeling and optimization,” Journal of
Environmental Chemical Engineering, vol. 4, no. 4, pp. 4275-4286, 2016.

Mulani, K., S. Daniels, K. Rajdeo, S. Tambe, and N. Chavan, "Tannin-aniline-formaldehyde resole
resins for arsenic removal from contaminated water," Canadian Chemical Transactions, vol. 2, no.
4, p. 450, 2014.



[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

Yurtsever, M. and A. Sengil, "Adsorption and desorption behavior of silver ions onto valonia tannin
resin," Transactions of Nonferrous Metals Society of China, vol. 22, no. 11, pp. 2846-2854, 2012.

Luzardo, F.H.M., F.G. Velasco, I.K.S. Correia, P.M.S. Silva, and L.C. Salay, "Removal of lead ions
from water using a resin of mimosa tannin and carbon nanotubes," Environmental Technology &
Innovation, vol. 7, no. Supplement C, pp. 219-228, 2017.

Garcia, D.E., W.G. Glasser, A. Pizzi, C. Lacoste, and M.-P. Laborie, "Polyphenolic resins prepared
with maritime pine bark tannin and bulky-aldehydes," Industrial Crops and Products, vol. 62, pp.
84-93, 2014.

Sun, X., J. Zhang, and Y. You, "Enhancement of Cu(ll) removal by carbon disulfide modified black
wattle tannin gel,” Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 608, p.
125594, 2021.

Alvares Rodrigues, L., K. Koibuchi Sakane, E. Alves Nunes Simonetti, and G. Patrocinio Thim, "Cr
total removal in aqueous solution by PHENOTAN AP based tannin gel (TFC)," Journal of
Environmental Chemical Engineering, vol. 3, no. 2, pp. 725-733, 2015.

Alvares Rodrigues, L., J. Parmentier, J.B. Parra, and G. Patrocinio Thim, "Preparation of nodular
carbon cryogel from simple and inexpensive polycondensation reaction of commercial modified
black wattle tannin," Journal of Sol-Gel Science and Technology, vol. 67, no. 3, pp. 519-526, 2013.

Gong, Q.Q., X.Y. Guo, S. Liang, C. Wang, and Q.H. Tian, "Study on the adsorption behavior of
modified persimmon powder biosorbent on Pt(1V)," International Journal of Environmental Science
and Technology, vol. 13, no. 1, pp. 47-54, 2016.

Vazquez, G., G. Antorrena, J. Gonzalez, and M.D. Doval, "Adsorption of heavy metal ions by
chemically modified Pinus pinaster bark,” Bioresource Technology, vol. 48, no. 3, pp. 251-255,
1994,

Vazquez, G., J. Gonzélez-Alvarez, S. Freire, M. Lopez-Lorenzo, and G. Antorrena, "Removal of
cadmium and mercury ions from aqueous solution by sorption on treated Pinus pinaster bark:
kinetics and isotherms," Bioresource Technology, vol. 82, no. 3, pp. 247-251, 2002.

Palma, G., J. Freer, and J. Baeza, "Removal of metal ions by modified Pinus radiata bark and tannins
from water solutions," Water Research, vol. 37, no. 20, pp. 4974-4980, 2003.

Alhumaimess, M.S., I.H. Alsohaimi, A.A. Algadami, M.A. Khan, M.M. Kamel, O. Aldosari, M.R.
Siddiqui, and A.E. Hamedelniel, "Recyclable glutaraldehyde cross-linked polymeric tannin to
sequester hexavalent uranium from aqueous solution," Journal of Molecular Liquids, 2019.

Kamel, M.M., A.M. Abd EI-Mgeed, and M.A. El-Hewaihy, "Synthesis of a novel tannin-
formaldehyde resin from Acacia nilotica fruit extract and its viability for adsorption of manganese
from ground water,"” Water Science and Technology: Water Supply, vol. 13, no. 5, pp. 1236-1248,
2013.

Li, X., Z. Wang, J. Ning, M. Gao, W. Jiang, Z. Zhou, and G. Li, "Preparation and characterization
of a novel polyethyleneimine cation-modified persimmon tannin bioadsorbent for anionic dye
adsorption," Journal of Environmental Management, vol. 217, pp. 305-314, 2018.

Shilowa, P.M., B.J. Okoli, O.T. Olaniyan, J.S. Modise, and F. Mtunzi, "Immobilised Tannin:
Efficient Trap for Nickel and Lead lons in Aqueous Solution,”" Environmental Challenges, p.
100058, 2021.

Gurung, M., B.B. Adhikari, H. Kawakita, K. Ohto, K. Inoue, and S. Alam, "Recovery of Au(lll) by
using low cost adsorbent prepared from persimmon tannin extract,” Chemical Engineering Journal,
vol. 174, no. 2-3, pp. 556-563, 2011.

Inoue, K., H. Paudyal, H. Nakagawa, H. Kawakita, and K. Ohto, "Selective adsorption of
chromium(VI) from zinc(Il) and other metal ions using persimmon waste gel,” Hydrometallurgy,
vol. 104, no. 2, pp. 123-128, 2010.

Gurung, M., B.B. Adhikari, H. Kawakita, K. Ohto, K. Inoue, and S. Alam, "Recovery of gold and
silver from spent mobile phones by means of acidothiourea leaching followed by adsorption using
biosorbent prepared from persimmon tannin," Hydrometallurgy, vol. 133, pp. 84-93, 2013.

Laksmi, M.P., D.A. Nurani, and D.U.C. Rahayu, "Polymerization of the tannin extract from the
leave of Acacia mangium and its application as an adsorbent for the removal of lead," in Basic and

85



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

86

Applied Sciences Interdisciplinary Conference 2017, 18-19 Aug. 2017, UK, 2020, vol. 1442, p.
012058 (6 pp.): IOP Publishing.

Gurung, M., B.B. Adhikari, H. Kawakita, K. Ohto, K. Inoue, and S. Alam, "Selective Recovery of
Precious Metals from Acidic Leach Liquor of Circuit Boards of Spent Mobile Phones Using
Chemically Modified Persimmon Tannin Gel," Industrial & Engineering Chemistry Research, vol.
51, no. 37, pp. 11901-11913, 2012.

Parajuli, D., H. Kawakita, K. Inoue, K. Ohto, and K. Kajiyama, "Persimmon peel gel for the selective
recovery of gold," Hydrometallurgy, vol. 87, no. 3-4, pp. 133-139, 2007.

Xiong, Y., C.R. Adhikari, H. Kawakita, K. Ohto, K. Inoue, and H. Harada, "Selective recovery of
precious metals by persimmon waste chemically modified with dimethylamine," Bioresource
Technology, vol. 100, no. 18, pp. 4083-4089, 2009.

Xiong, Y., C.B. Chen, X.J. Gu, B.K. Biswas, W.J. Shan, Z.N. Lou, D.W. Fang, and S.L. Zang,
"Investigation on the removal of Mo(VI) from Mo-Re containing wastewater by chemically
modified persimmon residua," Bioresource Technology, vol. 102, no. 13, pp. 6857-6862, 2011.

Wang, Y., F.Ren, Z. Lou, W. Shan, Y. Wang, and Y. Xiong, "Hydroxyl-assisted nitrogen-containing
group modified persimmon tannin with enhanced recovery capacity for Mo(VI) in aqueous
solution," Journal of Chemical Technology & Biotechnology, vol. 96, no. 1, pp. 188-198, 2021.

Lou, Z.-N., Y.-X. Li, F.-Q. Ren, Q. Zhang, L. Wan, Z.-Q. Xing, S.-L. Zang, and Y. Xiong,
"Selectivity recovery of molybdenum(VI) from rhenium(VIl) by amine-modified persimmon
waste," Rare Metals, vol. 35, no. 6, pp. 502-508, 2016.

Gurung, M., B.B. Adhikari, S. Alam, H. Kawakita, K. Ohto, and K. Inoue, "Persimmon tannin-based
new sorption material for resource recycling and recovery of precious metals,” Chemical
Engineering Journal, vol. 228, pp. 405-414, 2013.

Shan, W.J., F.Q. Ren, Q. Zhang, L. Wan, Z.Q. Xing, Z.N. Lou, and Y. Xiong, "Enhanced adsorption
capacity and selectivity towards molybdenum in wastewater by a persimmon tannin waste based
new adsorbent," Journal of Chemical Technology and Biotechnology, vol. 90, no. 5, pp. 888-895,
2015.

Zhang, S., Y. Ji, F. Ao, Y. Wang, J. Zhao, and S. Chen, "Selective adsorption of Au'"' from aqueous
solution using 2,5-Dimercapto-1,3,4-thiadiazole modified persimmon tannin,” Journal of the
Brazilian Chemical Society, vol. 29, no. 7, pp. 1487-1498, 2018.

Zhang, S., J. Dang, J. Lin, M. Liu, M. Zhang, and S. Chen, "Selective enrichment and separation of
Ag(l) from electronic waste leachate by chemically modified persimmon tannin,” Journal of
Environmental Chemical Engineering, vol. 9, no. 1, p. 104994, 2021.

Gurung, M., B.B. Adhikari, K. Khunathai, H. Kawakita, K. Ohto, H. Harada, and K. Inoue,
"Quaternary Amine Modified Persimmon Tannin Gel: An Efficient Adsorbent for the Recovery of
Precious Metals from Hydrochloric Acid Media," Separation Science and Technology, vol. 46, no.
14, pp. 2250-2259, 2011.

Zhao, C., H. Zheng, Y. Sun, B. Liu, Y. Zhou, Y. Liu, and X. Zheng, "Fabrication of tannin-based
dithiocarbamate biosorbent and its application for Ni(ll) ion removal," Water, Air, & Soil Pollution,
vol. 228, no. 11, p. 409, 2017.

Jiang, W., Y. Xing, T. Wang, J. Liao, J. He, W. Chen, J. Wang, and L. Mo, "Green Synthesis of
Tannin-Polyethylenimine Adsorbent for Removal of Cu(ll) from Aqueous Solution," Journal of
Chemical & Engineering Data, vol. 65, no. 11, pp. 5593-5605, 2020.

Shang, Y., G. Zhu, D. Yan, Q. Liu, T. Gao, and G. Zhou, "Tannin cross-linked polyethyleneimine
for highly efficient removal of hexavalent chromium," Journal of the Taiwan Institute of Chemical
Engineers, vol. 119, pp. 52-59, 2021.

Liu, Q., Q. Liu, B. Liu, T. Hu, W. Liu, and J. Yao, "Green synthesis of tannin-hexamethylendiamine
based adsorbents for efficient removal of Cr(VI)," Journal of Hazardous Materials, vol. 352, pp.
27-35, 2018.

Benjamin, M.M., R.S. Sletten, R.P. Bailey, and T. Bennett, "Sorption and filtration of metals using
iron-oxide-coated sand," Water Research, vol. 30, no. 11, pp. 2609-2620, 1996.



[69]

[70]

[71]

[72]

[73]

[74]

[78]

[76]

[77]

[78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

Bacelo, H., A.M.A. Pintor, S.C.R. Santos, R.A.R. Boaventura, and C.M.S. Botelho, "Performance
and prospects of different adsorbents for phosphorus uptake and recovery from water," Chemical
Engineering Journal, vol. 381, 2020.

Arcibar-Orozco, J.A., D.B. Josue, J.C. Rios-Hurtado, and J.R. Rangel-Mendez, "Influence of iron
content, surface area and charge distribution in the arsenic removal by activated carbons,” Chemical
Engineering Journal, vol. 249, pp. 201-209, 2014.

Das, B., R.R. Devi, I.M. Umlong, K. Borah, S. Banerjee, and A.K. Talukdar, "Arsenic(lIl)
adsorption on iron acetate coated activated alumina: thermodynamic, kinetics and equilibrium
approach,” Journal of Environmental Health Science and Engineering, vol. 11, 2013.

Fu, Y., J.Y. Wang, Q.X. Liu, and H.B. Zeng, "Water-dispersible magnetic nanoparticle-graphene
oxide composites for selenium removal," Carbon, vol. 77, pp. 710-721, 2014.

Vieira, B.R.C., A.M.A. Pintor, R.A.R. Boaventura, C.M.S. Botelho, and S.C.R. Santos, "Arsenic
removal from water using iron-coated seaweeds," Journal of Environmental Management, vol. 192,
pp. 224-233, 2017.

Pintor, AM.A., B.R.C. Vieira, S.C.R. Santos, R.A.R. Boaventura, and C.M.S. Botelho, "Arsenate
and arsenite adsorption onto iron-coated cork granulates,”" Science of the Total Environment, vol.
642, pp. 1075-1089, 2018.

Pintor, AAM.A., B.R.C. Vieira, R.A.R. Boaventura, and C.M.S. Botelho, "Removal of antimony
from water by iron-coated cork granulates," Separation and Purification Technology, vol. 233, p.
116020, 2020.

Pintor, AM.A., C.C. Brandao, R.A.R. Boaventura, and C.M.S. Botelho, "Multicomponent
adsorption of pentavalent As, Sb and P onto iron-coated cork granulates,” Journal of Hazardous
Materials, p. 124339, 2020.

Pintor, AM.A., B.R.C. Vieira, C.C. Branddo, R.A.R. Boaventura, and C.M.S. Botelho,
"Complexation mechanisms in arsenic and phosphorus adsorption onto iron-coated cork granulates,"
Journal of Environmental Chemical Engineering, vol. 8, no. 5, p. 104184, 2020.

Huang, X., X.P. Liao, and B. Shi, "Hg(ll) removal from aqueous solution by bayberry tannin-
immobilized collagen fiber," Journal of Hazardous Materials, vol. 170, no. 2-3, pp. 1141-1148,
2009.

Liao, X., M. Zhang, and B. Shi, "Collagen-fiber-immobilized tannins and their adsorption of
Au(l1)," Industrial & Engineering Chemistry Research, vol. 43, pp. 2222-2227, 2004.

Ma, H.W., X.P. Liao, X. Liu, and B. Shi, "Recovery of platinum(IV) and palladium(Il) by bayberry
tannin immobilized collagen fiber membrane from water solution,” Journal of Membrane Science,
vol. 278, no. 1-2, pp. 373-380, 2006.

Wang, R., X. Liao, and B. Shi, "Adsorption Behaviors of Pt(Il) and Pd(Il) on Collagen Fiber
Immobilized Bayberry Tannin," Industrial & Engineering Chemistry Research, vol. 44, no. 12, pp.
4221-4226, 2005.

Liao, X., Z. Lu, X. Du, X. Liu, and B. Shi, "Collagen Fiber Immobilized Myrica rubra Tannin and
Its Adsorption to UO2?*," Environmental Science & Technology, vol. 38, no. 1, pp. 324-328, 2004.

Liao, X., Z. Lu, M. Zhang, X. Liu, and B. Shi, "Adsorption of Cu(ll) from aqueous solutions by
tannins immaobilized on collagen," Journal of Chemical Technology & Biotechnology, vol. 79, no.
4, pp. 335-342, 2004.

Liao, X.P., L. Li, and B. Shi, "Adsorption recovery of thorium(1V) by Myrica rubra tannin and larch
tannin immobilized onto collagen fibres," Journal of Radioanalytical and Nuclear Chemistry, vol.
260, no. 3, pp. 619-625, 2004.

Liao, H., J. Yu, W. Zhu, M. Kuang, T. Duan, Y. Zhang, X. Lin, X. Luo, and J. Zhou, "Nano-zero-
valent Fe/Ni particles loaded on collagen fibers immobilized by bayberry tannin as an effective
reductant for uranyl in aqueous solutions," Applied Surface Science, Article vol. 507, 2020, Art. no.
145075.

Cui, J., Z.M. Wang, F.L. Liu, P.B. Dai, R. Chen, and H.Y. Zhou, "Preparation of persimmon tannins
immobilized on collagen adsorbent and research on its adsorption to Cr(V1)," in Materials Science
Forum, 2013, vol. 743, pp. 523-530: Trans Tech Publications.

87



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

88

Liu, F.L., Z.M. Wang, H.G. Zhang, G.Y. Li, and H.Y. Zhou, "Adsorption of In* from aqueous
solutions by persimmon tannins-immobilized collagen fiber," in Advanced Materials Research,
2013, vol. 788, pp. 114-118: Trans Tech Publications.

Liu, F., Z. Wang, and G. Li, "Adsorption of Ag* by persimmon tannins immobilized on collagen
fiber," Desalination and Water Treatment, vol. 52, no. 37-39, pp. 7172-7179, 2014.

Zeng, Y.H., X.P. Liao, Q. He, and B. Shi, "Recovery of Th(IV) from aqueous solution by
reassembled collagen-tannin fiber adsorbent," Journal of Radioanalytical and Nuclear Chemistry,
vol. 280, no. 1, pp. 91-98, 2009.

Sun, X., X. Huang, X.P. Liao, and B. Shi, "Adsorptive removal of Cu(ll) from aqueous solutions
using collagen-tannin resin," Journal of Hazardous Materials, vol. 186, no. 2-3, pp. 1058-63, 2011.

Xu, Q., Y. Wang, L. Jin, Y. Wang, and M. Qin, "Adsorption of Cu(ll), Pb(Il) and Cr(VI) from
aqueous solutions using black wattle tannin-immobilized nanocellulose,”" Journal of Hazardous
Materials, vol. 339, pp. 91-99, 2017.

Pei, Y., X. Wu, G. Xu, Z. Sun, X. Zheng, J. Liu, and K. Tang, "Tannin-immobilized cellulose
microspheres as effective adsorbents for removing cationic dye (Methylene Blue) from aqueous
solution," Journal of Chemical Technology and Biotechnology, vol. 92, no. 6, pp. 1276-84, 2017.

Pei, Y., G. Xu, X. Wu, K. Tang, and G. Wang, "Removing Pb(ll) lons from Aqueous Solution by a
Promising Absorbent of Tannin-Immobilized Cellulose Microspheres,” Polymers, vol. 11, no. 3,
2019.

Liu, J., Z. Yu, Q. Li, Y. Lv, C. Lin, J. Huang, Y. Liu, and M. Liu, "Adsorption behavior of gardenia
yellow pigment on embedded spherical cellulose adsorbent,” RSC Advances, vol. 11, no. 8, pp. 4407-
4416, 2021.

Pei, Y., S. Chu, Y. Chen, Z. Li, J. Zhao, S. Liu, X. Wu, J. Liu, X. Zheng, and K. Tang, "Tannin-
immobilized cellulose hydrogel fabricated by a homogeneous reaction as a potential adsorbent for
removing cationic organic dye from aqueous solution," International Journal of Biological
Macromolecules, vol. 103, pp. 254-260, 2017.

Ning, F., J. Zhang, M. Kang, C. Ma, H. Li, and Z. Qiu, "Hydroxyethyl cellulose hydrogel modified
with tannic acid as methylene blue adsorbent,” Journal of Applied Polymer Science, vol. 138, no. 8,
p. 49880, 2021.

Ji, Y., Y. Wen, Z. Wang, S. Zhang, and M. Guo, "Eco-friendly fabrication of a cost-effective
cellulose nanofiber-based aerogel for multifunctional applications in Cu(ll) and organic pollutants
removal,” Journal of Cleaner Production, Article vol. 255, 2020, Art. no. 120276.

Wang, G., Y. Chen, G. Xu, and Y. Pei, "Effective removing of methylene blue from aqueous solution
by tannins immobilized on cellulose microfibers,” International Journal of Biological
Macromolecules, vol. 129, pp. 198-206, 20109.

Qiu, X., Y. Shen, R. Yang, H. Zhang, and S. Zhao, "Adsorption of RE3* from aqueous solutions by
bayberry tannin immobilized on chitosan," Environmental Technology, vol. 40, no. 2, pp. 202-209,
2019.

Sun, H., N. Xia, Z. Liu, F. Kong, and S. Wang, "Removal of copper and cadmium ions from alkaline
solutions using chitosan-tannin functional paper materials as adsorbent," Chemosphere, vol. 236, p.
124370, 2019.

Jing, Y., Y. Chen, X. Wang, and L. Nengzi, "Adsorption of La3*, Ce** from Aqueous Solutions by
Bayberry Tannin Grafted Chitosan," in IOP Conference Series: Earth and Environmental Science,
2018, vol. 153.

Li, X., Z. Wang, H. Liang, J. Ning, G. Li, and Z. Zhou, "Chitosan modification persimmon tannin
bioadsorbent for highly efficient removal of Pb(ll) from aqueous environment: the adsorption
equilibrium, kinetics and thermodynamics,” Environmental Technology (United Kingdom), Article
vol. 40, no. 1, pp. 112-124, 2019.

Badawi, M.A., N.A. Negm, M.T.H. Abou Kana, H.H. Hefni, and M.M. Abdel Moneem, "Adsorption
of aluminum and lead from wastewater by chitosan-tannic acid modified biopolymers: Isotherms,
kinetics, thermodynamics and process mechanism," International Journal of Biological
Macromolecules, Article vol. 99, pp. 465-476, 2017.



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

Peng, Y., H. Huang, Y. Wu, S. Jia, F. Wang, J. Ma, Y. Liao, and H. Mao, "Plant tannin modified
chitosan microfibers for efficient adsorptive removal of Pb?* at low concentration," Industrial Crops
and Products, Article vol. 168, 2021, Art. no. 113608.

Wang, Z., J. Ning, C. Yang, X. Li, M. Gao, G. Li, and Z. Zhou, "Functionalization of persimmon
tannin with chitosan for the removal of cationic and anionic dyes from aqueous solutions,"
Desalination and Water Treatment, Article vol. 150, pp. 339-347, 2019.

Meng, J., X. Lin, H. Li, Y. Zhang, J. Zhou, Y. Chen, R. Shang, and X. Luo, "Adsorption capacity
of kelp-like electrospun nanofibers immobilized with bayberry tannin for uranium(V1) extraction
from seawater," RSC Advances, vol. 9, no. 14, pp. 8091-8103, 2019.

Meng, J., X. Lin, J. Zhou, R. Zhang, Y. Chen, X. Long, R. Shang, and X. Luo, "Preparation of
tannin-immobilized gelatin/PVA nanofiber band for extraction of uranium (VI) from simulated
seawater," Ecotoxicology and Environmental Safety, vol. 170, pp. 9-17, 2019.

Hassoune, J., S. Tahiri, M. El Krati, M. Luisa Cervera, and M. De La Guardia, "Removal of
Hexavalent Chromium from Aqueous Solutions Using Biopolymers,” Journal of Environmental
Engineering (United States), Article vol. 144, no. 8, 2018, Art. no. 04018060.

Zhang, X., X. Lin, Y. He, and X. Luo, "Phenolic hydroxyl derived copper alginate microspheres as
superior adsorbent for effective adsorption of tetracycline," International Journal of Biological
Macromolecules, vol. 136, pp. 445-459, 2019.

Sun, X., J. Zhang, G. Ding, and Y. You, "Tannin-based biosorbent encapsulated into calcium
alginate beads for Cr(VI) removal,” Water Science and Technology, vol. 81, no. 5, pp. 936-948,
2020.

Liu, F., G. Peng, T. Li, G. Yu, and S. Deng, "Au(l1l) adsorption and reduction to gold particles on
cost-effective tannin acid immobilized dialdehyde corn starch,” Chemical Engineering Journal, vol.
370, pp. 228-236, 2019.

Roy, A., "Removal of color from real textile dyeing effluent utilizing tannin immobilized jute fiber
as biosorbent: optimization with response surface methodology," Environmental Science and
Pollution Research, vol. 28, no. 10, pp. 12011-12025, 2021.

Huang, X., X.P. Liao, and B. Shi, "Tannin-immobilized mesoporous silica bead (BT-SiO.) as an
effective adsorbent of Cr(l11) in aqueous solutions," Journal of Hazardous Materials, vol. 173, no.
1-3, pp. 33-39, 2010.

Huang, X., Y.P. Wang, X.P. Liao, and B. Shi, "Adsorptive recovery of Au®* from aqueous solutions
using bayberry tannin-immobilized mesoporous silica," Journal of Hazardous Materials, vol. 183,
no. 1-3, pp. 793-798, 2010.

Binaeian, E., N. Seghatoleslami, and M.J. Chaichi, "Synthesis of oak gall tannin-immobilized
hexagonal mesoporous silicate (OGT-HMS) as a new super adsorbent for the removal of anionic
dye from aqueous solution,” Desalination and Water Treatment, vol. 57, no. 18, pp. 8420-8436,
2016.

Leite, A.J.B., E.C. Lima, G.S. dos Reis, P.S. Thue, C. Saucier, F.S. Rodembusch, S.L.P. Dias, C.S.
Umpierres, and G.L. Dotto, "Hybrid adsorbents of tannin and APTES (3-
aminopropyltriethoxysilane) and their application for the highly efficient removal of acid red 1 dye
from aqueous solutions," Journal of Environmental Chemical Engineering, vol. 5, no. 5, pp. 4307-
4318, 2017.

Huang, Q., M. Liu, J. Zhao, J. Chen, G. Zeng, H. Huang, J. Tian, Y. Wen, X. Zhang, and Y. Wei,
"Facile preparation of polyethylenimine-tannins coated SiO, hybrid materials for Cu?* removal,"
Applied Surface Science, vol. 427, pp. 535-544, 2018.

Wang, Z., X. Li, H. Liang, J. Ning, Z. Zhou, and G. Li, "Equilibrium, kinetics and mechanism of
Au®*, Pd** and Ag* ions adsorption from aqueous solutions by graphene oxide functionalized
persimmon tannin," Material Science and Engineering: C Materials for Biological Application, vol.
79, pp. 227-236, 2017.

Wang, Z., M. Gao, X. Li, J. Ning, Z. Zhou, and G. Li, "Efficient adsorption of methylene blue from
aqueous solution by graphene oxide modified persimmon tannins,” Materials Science and
Engineering: C, vol. 108, p. 110196, 2020.

89



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

90

Zhang, Y., X. Li, L. Gong, Z. Xing, Z. Lou, W. Shan, and Y. Xiong, "Persimmon tannin/graphene
oxide composites: Fabrication and superior adsorption of germanium ions in aqueous solution,"
Journal of the Taiwan Institute of Chemical Engineers, vol. 104, pp. 310-317, 2019.

Al-Kinani, A., M. Gheibi, and M. Eftekhari, "Graphene oxide—tannic acid nanocomposite as an
efficient adsorbent for the removal of malachite green from water samples,” Modeling Earth Systems
and Environment, vol. 5, no. 4, pp. 1627-1633, 2019.

Chang, Z., L. Yang, K. Zhang, W. Hu, C. Ni, P. Shao, H. Shi, K. Yu, and X. Luo, "Weak electric
field enabling enhanced selectivity of tannic acid-graphene aerogels for Pb?* harvesting from
wastewater," Chemical Engineering Journal, p. 129144, 2021.

Viswanathan, T., G. Gunawan, S. Bourdo, V. Saini, J. Moran, L. Pack, and S. Owen, "Evaluation of
a renewable resource-based carbon-iron oxide nanocomposite for removal of arsenic from
contaminated water," Journal of Macromolecular Science, Part A, vol. 48, no. 5, pp. 348-354, 2011.

Gao, M., Z. Wang, C. Yang, J. Ning, Z. Zhou, and G. Li, "Novel magnetic graphene oxide decorated
with persimmon tannins for efficient adsorption of malachite green from aqueous solutions,”
Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 566, pp. 48-57, 2019.

Gao, L., Z. Wang, C. Qin, Z. Chen, M. Gao, N. He, X. Qian, Z. Zhou, and G. Li, "Preparation and
application of iron oxide/persimmon tannin/graphene oxide nanocomposites for efficient adsorption
of erbium from aqueous solution," Journal of Rare Earths, vol. 38, no. 12, pp. 1344-1353, 2020.

Fan, R., H. Min, X. Hong, Q. Yi, W. Liu, Q. Zhang, and Z. Luo, "Plant tannin immobilized
Fes0.@SiO, microspheres: A novel and green magnetic bio-sorbent with superior adsorption
capacities for gold and palladium,” Journal of Hazardous Materials, vol. 364, pp. 780-790, 2019.

Luo, H., S. Zhang, X. Li, X. Liu, Q. Xu, J. Liu, and Z. Wang, "Tannic acid modified Fe3O4 core—
shell nanoparticles for adsorption of Pb%* and Hg?*," Journal of the Taiwan Institute of Chemical
Engineers, vol. 72, pp. 163-170, 2017.

Wang, C., J. Zhao, S. Wang, L. Zhang, N. Liu, and B. Zhang, "Selective capture models and
mechanisms of Pb(ll) from wastewater using tannic-functionalized nickel-iron oxide
Nanoparticles,” Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 570, pp.
265-273, 2019.

Qian, Y., S. Chen, C. He, C. Ye, W. Zhao, S. Sun, Y. Xie, and C. Zhao, "Green Fabrication of Tannic
Acid-Inspired Magnetic Composite Nanoparticles toward Cationic Dye Capture and Selective
Degradation," ACS Omega, vol. 5, no. 12, pp. 6566-6575, 2020.

Huang, L., Q. Shuai, and S. Hu, "Tannin-based magnetic porous organic polymers as robust
scavengers for methylene blue and lead ions," Journal of Cleaner Production, vol. 215, pp. 280-
289, 2019.

Sanchez-Martin, J., J. Beltran-Heredia, A. Delgado-Regafia, M.A. Rodriguez-Gonzéalez, and F.
Rubio-Alonso, "Adsorbent tannin foams: New and complementary applications in wastewater
treatment,” Chemical Engineering Journal, vol. 228, pp. 575-582, 2013.

Sanchez-Martin, J., J. Beltran-Heredia, A. Delgado-Regafia, M.A. Rodriguez-Gonzélez, and F.
Rubio-Alonso, "Optimization of tannin rigid foam as adsorbents for wastewater treatment,”
Industrial Crops and Products, vol. 49, pp. 507-514, 2013.

Lacoste, C., M.C. Basso, A. Pizzi, M.P. Laborie, A. Celzard, and V. Fierro, "Pine tannin-based rigid
foams: Mechanical and thermal properties,” Industrial Crops and Products, vol. 43, pp. 245-250,
2013.

Lacoste, C., A. Pizzi, M.C. Basso, M.-P. Laborie, and A. Celzard, "Pinus pinaster tannin/furanic
foams: PART I. Formulation,” Industrial Crops and Products, vol. 52, pp. 450-456, 2014.

Hamadi, Z., R. Chaid, M. Kebir, S. Amirou, H. Essawy, and A. Pizzi, "Adsorption of Cr(VI1) from
Aqueous Solutions Using Algerian Pinus Halepensis Tannin Foam," Polymer(Korea), vol. 44, no.
4, pp. 425-435, 2020.

Issaoui, H., F. Sallem, J. Lafaille, B. Grassl, and F. Charrier—El Bouhtoury, "Biosorption of Heavy
Metals from Water onto Phenolic Foams Based on Tannins and Lignin Alkaline Liquor,"
International Journal of Environmental Research, pp. 1-13, 2021.



[137]

[138]
[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

Ungureanu, G., S. Santos, R. Boaventura, and C. Botelho, "Biosorption of Antimony by brown algae
S. muticum and A. nodosum," Environmental Engineering and Management Journal, vol. 14, no. 2,
pp. 455-463, 2015.

Water - Determination of True Colour. NP 627:1972, 1972.

Eaton, A.D., L.S. Clesceri, E.W. Rice, A.E. Greenberg, and M.A.H. Franson, "Standard methods for
the examination of water and wastewater," American Public Health Association, vol. 1015, 2005.

Koopmann, A.-K., C. Schuster, J. Torres-Rodriguez, S. Kain, H. Pertl-Obermeyer, A. Petutschnigg,
and N. Husing, "Tannin-Based Hybrid Materials and Their Applications: A Review," Molecules,
vol. 25, no. 21, p. 4910, 2020.

Grasel, F.d.S., M.F. Ferrdo, and C.R. Wolf, "Development of methodology for identification the
nature of the polyphenolic extracts by FTIR associated with multivariate analysis," Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 153, pp. 94-101, 2016.

Ricci, A., K.J. Olejar, G.P. Parpinello, P.A. Kilmartin, and A. Versari, "Application of Fourier
Transform Infrared (FTIR) Spectroscopy in the Characterization of Tannins," Applied Spectroscopy
Reviews, vol. 50, no. 5, pp. 407-442, 2015.

Ping, L., A. Pizzi, Z.D. Guo, and N. Brosse, "Condensed tannins from grape pomace:
characterization by FTIR and MALDI TOF and production of environment friendly wood adhesive,"
Industrial Crops and Products, vol. 40, pp. 13-20, 2012.

Cakar, S. and M. Ozacar, "Fe-tannic acid complex dye as photo sensitizer for different
morphological ZnO based DSSCs," Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 163, pp. 79-88, 2016.

Gust, J. and J. Suwalski, "Use of Mossbauer-Spectroscopy to Study Reaction-Products of
Polyphenols and Iron Compounds,” Corrosion, vol. 50, no. 5, pp. 355-365, 1994.

Hao, B., F. Wang, H. Huang, Y. Wu, S. Jia, Y. Liao, and H. Mao, "Tannin foam immobilized with
ferric ions for efficient removal of ciprofloxacin at low concentrations,” Journal of Hazardous
Materials, vol. 414, p. 125567, 2021.

Decreto-Lei n.° 152/2017, Diario da Republica n.° 235/2017, Série | de 2017-12-07, Lisboa,
Portugal, 2017.

Cheng, K., Y.-n. Wu, B. Zhang, and F. Li, "New insights into the removal of antimony from water
using an iron-based metal-organic framework: Adsorption behaviors and mechanisms," Colloids
and Surfaces A: Physicochemical and Engineering Aspects, vol. 602, p. 125054, 2020.

Antunes, E., M.V. Jacob, G. Brodie, and P.A. Schneider, "lsotherms, kinetics and mechanism
analysis of phosphorus recovery from aqueous solution by calcium-rich biochar produced from
biosolids via microwave pyrolysis,” Journal of Environmental Chemical Engineering, vol. 6, no. 1,
pp. 395-403, 2018.

Dai, L., F. Tan, H. Li, N. Zhu, M. He, Q. Zhu, G. Hu, L. Wang, and J. Zhao, "Calcium-rich biochar
from the pyrolysis of crab shell for phosphorus removal,”" Journal of Environmental Management,
vol. 198, no. Pt 1, pp. 70-74, 2017.

Jung, K.-W., T.-U. Jeong, H.-J. Kang, and K.-H. Ahn, "Characteristics of biochar derived from
marine macroalgae and fabrication of granular biochar by entrapment in calcium-alginate beads for
phosphate removal from aqueous solution," Bioresource Technology, vol. 211, pp. 108-116, 2016.

Xu, N., Y. Li, L. Zheng, Y. Gao, H. Yin, J. Zhao, Z. Chen, J. Chen, and M. Chen, "Synthesis and
application of magnesium amorphous calcium carbonate for removal of high concentration of
phosphate,” Chemical Engineering Journal, vol. 251, pp. 102-110, 2014.

Suresh Kumar, P., T. Prot, L. Korving, K.J. Keesman, I. Dugulan, M.C.M. van Loosdrecht, and G.-
J. Witkamp, "Effect of pore size distribution on iron oxide coated granular activated carbons for
phosphate adsorption — Importance of mesopores.,” Chemical Engineering Journal, vol. 326, pp.
231-239, 2017.

Yang, Q., X.L. Wang, W. Luo, J. Sun, Q.X. Xu, F. Chen, J.W. Zhao, S.N. Wang, F.B. Yao, D.B.
Wang, X.M. Li, and G.M. Zeng, "Effectiveness and mechanisms of phosphate adsorption on iron-
modified biochars derived from waste activated sludge," Bioresource Technology, vol. 247, pp. 537-
544, 2018.

91



CHAPTER 111 PREPARATION AND CHARACTERIZATION OF TANNIN-ADSORBENTS

92



CHAPTER IV

UPTAKE OF ARSENIC



CHAPTER IV UPTAKE OF ARSENIC

94



CHAPTER IV UPTAKE OF ARSENIC

1. Literature Review

Arsenic (As) is a metalloid ubiquitous in the environment and highly toxic to all life
forms. It exists in four oxidation states: As(—I1l) (arsines), As (elemental arsenic), As(l11)
(arsenite), and As(V) (arsenate). In natural environment, arsenic appears more commonly
in trivalent and pentavalent oxidation states, with As(V) being the most stable form [1,
2], and frequently combined with sulphur, oxygen and/or iron. As(V) is a thermodynam-
ically stable state in aerobic water, while As(I11) is predominant in reduced redox envi-
ronments [3]. Moreover, arsenite is known to be more toxic than arsenate and inorganic
As is more toxic than organic As [4]. Natural As species in aqueous solution include
arsenious acids, arsenic acids, arsenites, arsenates, methylarsenic acid, dimethylarsinic
acid, and arsine [5]. Arsenic speciation in aqueous solution depends on the redox potential
and on solution pH and involves the presence of neutral species and oxyanions. Arsenic
Eh-pH diagrams can be found in literature [6, 7]. Fig. IV.1 presents a simplified diagram
of the distribution of As(V) and As(l11) species as a function of pH. In typical aqueous
conditions (pH 2-9), As(111) is more commonly present in neutral species while As(V) is
expected to be found in the form of oxyanions at pH >2 and in neutral species below that

value [8].

HAsO,2- AsO,*

AsOz%

Molar fraction

HAsO 2
0.0 =— . S —— VFM""".M —————
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

pH

Fig. IV.1 Arsenate (orange solid lines) and arsenite (yellow dash lines) speciation as a function of pH.
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Arsenic leaches into groundwater through natural weathering reactions, biological activ-
ity, geochemical reactions, volcanic emissions [5], and through human activities, such as
mining, agriculture, fossil fuel combustion, and metal smelting [9, 10]. Long-term expo-
sure to arsenic may contribute to the development of several types of cancer and non-
carcinogenic diseases such as respiratory system dysfunction, injury to the central nerv-
ous system, and vascular diseases [11, 12]. The main reason for chronic arsenic poisoning
worldwide is the consumption of As-contaminated water and food [13-15], with estima-
tions suggesting that tens to hundreds of millions people may be currently at risk of long
exposure to arsenic from water intake [15, 16]. Several countries have problems with
arsenic-contaminated water, mainly in South Asia and South America [16-20] but also in
Europe [21-23]. Moreover, there are also reports of contaminated surface and groundwa-
ters in Portugal, mainly in the areas of abandoned mines, which are used either for human
consumption or for irrigation of agricultural fields [24-26]. Arsenic-contaminated
groundwaters have been reported as having concentration ranging from 0.5 mg L to 5.0
g L™t [27] while surface waters usually present lower levels (<8 mg L1) [9]. Wastewaters
usually present concentrations within the range of 0.2-300 mg L [28-32]. The legal
standard for arsenic in drinking water in most countries ranges is below 50 pg L™ [9]; the
Portuguese legal standard is 10 pg L™ [33]. For these reasons, the development of effi-
cient and sustainable remediation techniques for arsenic-contaminated waters, either for

drinking water production or for safe discharge of effluents, is of interest.

There are several methods for As removal from contaminated waters: coagulation/floc-
culation, membrane processes (micro-, ultra-, and nano-filtration, and reverse osmosis),
electrochemical methods, phytoremediation, bioremediation, adsorption, and ion ex-
change [9, 34, 35]. Arsenate is easier to remove by precipitation, adsorption, or ion ex-
change than uncharged arsenite thus oxidation of As(l11) is believed to be necessary to
maximize the efficiency of the mentioned removal techniques [34, 36]. Adsorption pro-
cesses are viewed as relatively simple methods, effective for the removal of various con-
taminants from aqueous solution. However, arsenic removal through adsorption is not
easy because of its anionic nature in aqueous solution and difficult complexation with
many functional groups, as shown by poor adsorption capacities of alginates beads [37]
and chitosan [38]. Nevertheless, iron-based adsorbents (iron oxides, iron-impregnated
materials, and bimetal oxides) have been identified as promising adsorbents presenting

high removal efficiencies [39, 40]. One of the shortcomings of these adsorbents is related
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to leaching (secondary pollution) or inadequate particle size for scale-up and for contin-
uous systems (e.g., fixed-bed columns). Hence, some authors have been focusing in load-
ing iron into supporting materials, such as activated carbons [41-44], activated alumina
[45], cellulose [46], chitosan [47, 48], alginate beads [49], clays [50], poly(vinyl alcohol)
nanofibers [51], seaweeds [52], and cork granulates [53-55]. Even though these adsor-
bents present properties adequate for scale-up and for solid:liquid separation, many of
them cause iron leaching and are difficult to regenerate. Additionally, the chemical sta-
bility of the adsorbents is not always assessed, leading to inconclusive results on their
applicability. Alternatively, the supporting material could be based on tannins since it
presents several advantages: tannins can be extracted from natural source-materials, the
cost of the procedure is potentially lower than conventional supporting materials (acti-
vated carbon and alumina), and the produced adsorbents can be obtained in different par-
ticle sizes. Table IV.1 presents maximum adsorption capacities of As(I11) and As(V) by
several adsorbents obtained in batch mode reported in recent years. Adsorption of arsenic
in fixed-bed systems has been investigated with several adsorbents, mainly using bio-

sorbents, usually treated with iron or, less frequently, with aluminium or zirconium [56].

As shown in Chapter 111, tannin-adsorbents produced from different sources (tannic acid,
persimmon, Acacia, bayberry) have been studied for the uptake of many adsorbates from
water but scarcely for oxyanions, including arsenic. A few studies with tannin-adsorbents
have been reported for arsenic uptake from water [57-60]. Tannin-formaldehyde and tan-
nin-aniline-formaldehyde resins produced from commercial tannin powder in ammonia
solutions were proven to be quite effective for As(l11) (adsorption capacities of 140-300
mg g1) and for As(V) (5-25 mg g ) at a wide range of pH (2-10) [57, 58]. However,
these resins presented very low particle sizes (<2 um), making their application in fixed-
bed systems or in continuous stirred adsorbers unfeasible. The remaining reports on arse-
nic uptake by tannin-adsorbents are based on materials prepared by procedures quite dif-
ferent from those reported here, namely a nanocomposite yielded after pyrolysis of pre-
cipitated iron-tannin complexes [59] and a Zr-based metal-organic framework with mag-

netic cores composed of Fe3O4 and tannic acid [60].

Besides preliminary studies carried out by the author [61], reports on arsenic-contami-
nated water remediation by pine bark tannin resins are not found in the literature. Hence,
the potential of a pine tannin resin for arsenic uptake should be assessed. Unmodified

tannin resins are not expected to be efficient whatsoever for arsenic [61]. However, the
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iron-loading of tannin resins has been reported and the resulting adsorbent was shown to
be efficient for phosphate uptake [62]. The predominant species of arsenic are neutral or
negative (Fig. IV.1) and thus adsorption via electrostatic attraction is not expected to hap-
pen due to the negatively charged surface of tannin resin. Iron-loading of tannin resins
could avoid this obstacle by creating specific adsorption sites since iron has a high affinity
towards arsenic. Thus, the main goal of the work presented in this Chapter was the appli-
cation of an iron-loaded tannin-adsorbent for arsenic uptake.

Table 1V.1 Maximum adsorption capacities reported in literature for the uptake of As(l11) and As(V)
from aqueous solutions by various adsorbents.
Cin T Qm

Adsorbent (mg LY pH °C) (mg gY) Ref.
As(l1T)

Fe/Ca in-situ-impregnated activated carbons 0.05-1.0 7 4 3.385 [43]
Graphene oxide Fes0s@CuO nanocomposite 3.75-75 7 25 72.36 [63]
Iron acetate coated activated alumina 0.40-0.52 7.4 28-38 0.09 [45]
Hydrous iron oxide-impregnated alginate beads 7-430 6 23 47.8 [49]
Iron-coated S. muticum 1-40 7 20 4 [52]
Iron-coated cork granulates 1-40 9 20 49 [53]
Zr-based MOF with FesO4@TA magnetic cores 0.5-40 7 20 97.8 [60]
Natural clay with iron, iron oxide and rice bran 0.5-100 7 25 19.06 [64]
Fe(I11)-treated Staphylococcus xylosus biomass 0-2502 7 - 54.35 [65]
Iron oxides nanoparticles loaded bacterial EPS 0.25-20 7 - 12.4 [66]
Graphene oxide iron nanohybrid 0.1-550 7 22 306.10 [67]
As(V)

Fe/Ca in-situ-impregnated activated carbons 0.05-1.0 7 4 3.385 [43]
Chitosan with magnetic nanoparticles 5-500 3 25 15.23 [48]
Hydrous iron oxide-impregnated alginate beads 10-550 6 23 55.1 [49]
Iron oxide nanoparticles dispersed on PVA nanofibers 0.25-1.5 3 25 52 [51]
Iron-coated S. muticum 1-40 7 20 7 [52]
Iron-coated cork granulates 1-40 3 20 4.3 [53]
Natural clay with iron, iron oxide and rice bran 0.5-100 7 25 13.33 [64]
Fe(l11)-treated Staphylococcus xylosus biomass 0-2002 3 - 61.34 [65]
Iron oxides nanoparticles loaded bacterial EPS 0.25-20 7 - 31.8 [66]
Graphene oxide iron nanohybrid 0.1-550 7 22 43141 [67]
Hybrid iron oxide silicates 0-100 7 - 300 [68]
Iron oxide modified clay-activated carbon 5-75 45 25 5.0 [69]
Unmodified iron-ore sludge 0-50 55 25 1.113 [70]
Graphene oxide FesO4s@CuO nanocomposite 3.75-75 7 25 62.6 [63]
Fe203 nanocubes-impregnated graphene aerogel 5-70 5 35 217.34 [71]
Palm oil fuel ash 0-100 3 25 50.8 [72]
Modified saxaul tree ash 0.001-0.25 7 20-50 0.004 [73]
Acicular goethite nanoparticles 0-400? 6 25 20 [74]

a — Estimated range of equilibrium concentrations; MOF — metal organic frameworks; TA — tannic acid; PVA —
poly(vinyl alcohol); EPS — exopolysaccharide.
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2. Methodology

2.1. Adsorbent and Adsorbate

In every adsorption assay reported in this Chapter, the adsorbent used was the TRO-Fe
(iron-loaded oxidized tannin resin, particle size <0.15 mm or 0.15-0.5 mm), which was

obtained by the procedure described in Sections 2.2. and 3.2. of Chapter III.

As(I11) and As(V) solutions were obtained by diluting lab-made standards prepared with
As;03 (1000+10 mg-As L2, 2-5 % HCI) and with HAsNaz04-7H,0 (994+10 mg-As L,
2 % HCI), respectively. As(l11) standard solution was prepared by dissolution of the dried
salt in 0.05 mol L NaOH and posterior addition of concentrated HCI. As(V) standard
solution was simply prepared by dissolution of HAsNa>O4-7H>0 in ultrapure water with

addition of concentrated HCI.

2.2. Analytical Methods

Arsenic concentrations in solution were measured by atomic absorption spectrometry
(AAS) with electrothermal atomization (GBC GF 3000 SenAA Dual spectrometer). After
proper dilution, the concentrations were measured in the linear range of 3-50 pg L (de-
tection limit: 1.3 mg L), adding nickel (5 pL of NiNOs solution, containing 150 mg-Ni
L%, per 15 pL of sample injection) as chemical modifier, and using the following instru-
mental conditions: wavelength of 197.3 nm, with background correction, 1.0 nm slit
width and 8 mA lamp current. Iron concentrations in solution were measured by AAS
with air-acetylene flame (GBC 932 Plus spectrometer) at wavelength of 248.3 nm (linear
range: 0.25-5 mg L) or 386.0 nm (5-70 mg L 1), slit width of 0.2 nm and using 5.0 mA

lamp current.

Speciation of dissolved iron was assessed by the spectrometric method using phenanthro-
line (1ISO 6332:1988) [75]: 1.0 mL of 1,10-phenanthroline 1 g L™ and 1.0 mL of ammo-
nium acetate buffer solution were added to 4.0 mL of sample. Colour intensity of the red-
orange complex formed was measured by a double beam spectrophotometer (VWR UV-
6300PC) at 510 nm before and after adding a spatula of ascorbic acid. The obtained values
were respectively correlated with Fe(I1) and total Fe levels, and Fe(l11) was calculated by
difference.
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2.3. Adsorption Studies

Adsorption experiments were conducted in batch mode and were carried out by adding
0.2 g of TRO-Fe to an accurately measured volume of 20.0 mL of As(l1I) or As(V) solu-
tion, which makes up a solid:liquid ratio of 10 g L%, and suspensions were kept stirring
for 20 h at constant temperature (20 °C). Samples were then filtered using cellulose mem-
brane filters (0.45 um porosity) and the liquid phase analysed for total dissolved arsenic.
The amount of As adsorbed per gram of adsorbent (q:) was calculated by Eq. IV.1, where
Cin is the initial As concentration, C; is the As concentration at time t and S/L is the
solid:liquid ratio.

Cin - Ct

Eqg. V.1
S/L g

qt =

For every sample, iron concentration in solution was determined by AAS to consider the
iron leaching as a potential source for secondary pollution. Also, speciation of the iron

present in the solution was analysed.

2.3.1. Effect of pH

The effect of pH on the adsorbed amount of As(l11) and As(V) by TRO-Fe (<0.15 mm
and 0.15-0.50 mm) was studied in the range 2-5. The pH range selected was based on the
following reasons: (1) arsenic contaminated waters commonly present low pH; and (2)
effective treatment techniques, other than adsorption (e.g., coagulation [52]), are availa-
ble for high pH waters. The initial pH of the solutions was adjusted, using diluted HCI or
NaOH solutions. Arsenic solutions (Cin = 5 mg L) was continuously stirred with TRO-
Fe particles. During the assays, pH was measured and, if necessary, readjusted to be ap-
proximately constant (maximum variations of 0.5). Samples were then filtered the liquid

phase analysed for total dissolved arsenic.

2.3.2. Adsorption Kinetics

The effect of contact time on As(V) adsorption by TRO-Fe <0.15 mm was studied in

batch mode with an adsorbent dosage of 10 g L™ and at pH 3.0+0.5. Experiments were

100



CHAPTER IV UPTAKE OF ARSENIC

conducted using different initial adsorbate concentrations (0.5 mg L™, 5mg L™, and 10
mg L1). Arsenic solutions (10.0 mL) were continuously stirred with TRO-Fe particles
(0.1 g) for different contact times. Solutions pH was initially adjusted to the desired value
and remained constant throughout the assay. Suspensions were filtered and analysed for

As concentration. Total iron dissolved in the solution was also measured.

Scanning electron microscopy (SEM) and energy dispersion spectroscopy (EDS) were
used to observe the morphology and detect the chemical elemental composition in the TR
surface after saturation with arsenic solution. The SEM/EDS exam was carried out fol-

lowing the procedure described in Section 2.4. of Chapter I1I.

Adsorption is a multistep process involving (1) the transport of the adsorbate from the
bulk solution, (2) external diffusion of the solute (from the bulk phase to the external
surface of the adsorbent), (3) intraparticle diffusion in pores and in the solid phase, and,
finally, (4) adsorption on the sites. The rate at which the overall process takes place is
defined by the slowest of these steps, which in well-stirred systems is usually the third
step (intraparticle diffusion). However, the use of models based in the “reaction step”
such as Lagergren’s pseudo-first-order [76] and pseudo-second-order [77] to describe ad-
sorption Kkinetics is a common practice. These models are generally very simple to use
and usually provide high-quality fittings. The kinetic data obtained was only adjusted to
those two kinetic models. Pseudo-first [76] (Eg. 1V.2) and pseudo-second order [77, 78]
(Eq. 1V.3) models were fitted to the experimental data by non-linear regression using the
software CurveExpert 1.4. In Eq. IV.2 and Eq. 1V.3, gt and geq denote adsorbed amounts
per unit mass of adsorbent, at time t and at equilibrium, respectively; k1 and k> are kinetic

constants.

Gt = qeql1 — exp (—k;t)] Eq. IV.2

kzqeqt Eq. IV.3

q: = Qeq“_k—zqeqt

101



CHAPTER IV UPTAKE OF ARSENIC

2.3.3. Equilibrium Studies

Adsorption equilibrium isotherms were determined for As(V) at pH 3 and pH 4 using
TRO-Fe <0.15 mm and TRO-Fe 0.15-0.50 mm, respectively, with initial As concentra-
tions ranging from 0.1 mg L~ to 15 mg L. Arsenic solutions were stirred with TRO-Fe
particles for 20 h (more than enough to reach equilibrium). Samples were then filtered
and analysed for As concentration. The amount of As adsorbed at equilibrium per gram
of adsorbent (geq, Mg g 1) was calculated by Eq. 1V.1, replacing C; by Ceq, Which repre-

sents the concentration of arsenic in equilibrium (mg L™).

Two well-known models were used to describe As(V) adsorption data: Langmuir and
Freundlich models. The Langmuir model [79] was developed for monolayer adsorption
and assumes the existence of free sites where biosorption occurs. In this model, each
active site can only accommodate one adsorbate entity, being connected in fixed sites.
Adsorption is assumed to be energetically equal in all active sites and does not depend on
the presence of adsorbed species in the vicinity. The Langmuir model is described by Eq.
IV.4, where Qm is the maximum adsorption capacity (mg gt) and K. is the Langmuir
equilibrium constant (L mg?). The Freundlich model [80] is an empirical model based
on the occurrence of heterogeneous adsorption along the surface with different active
sites. This model is ruled by Eq. 1V.5, where Kk is the Freundlich equilibrium constant
(mg gt (mg L™H7Y" and n is the adsorption intensity identification constant (if n >1 the
isotherm if favourable, if n <I the isotherm is unfavourable). Both models were adjusted
to the experimental values and the isotherm parameters were determined by non-linear

adjustment of the experimental data using the software CurveExpert 1.4.

_Qm'KL'Ceq

Qeq = 1+ KLCeq Eq. IV4

Eq. IV.5
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3. Results and Discussion

3.1. Effect of pH

The pH effect on adsorption of As(V) was evaluated using two granulometric samples of
TRO-Fe, <0.15 mm and 0.15-0.50 mm, and in the pH range 2-5 and results are presented
in Fig. 1V.2. The resin sample with smaller particles achieved higher adsorption capaci-
ties. TRO-Fe <0.15 mm had twice as much iron content (=30 mg-Fe g!) than TRO-Fe
0.15-0.50 mm (=13 mg-Fe g?), presented a higher surface area and, probably for those
reasons, adsorbed higher As(V) amounts (Fig. 1V.2a). For TRO-Fe <0.15 mm, adsorption
capacity is the lowest at pH 2 and it starts the decrease from the optimal value after pH 3.
These results suggest that TRO-Fe has more affinity towards the anionic form H2AsO4,
predominant at pH 3-6, than the neutral species H3AsO4, predominant for pH <2 (Fig.
IV.1) Alternatively, the lower adsorption capacity at pH 2 may be explained by the higher
loss of iron content since iron is an active site for arsenic adsorption. The further decrease
of adsorption capacities above pH 3 may be due to the increasingly negatively charge
surface of the adsorbent (see zeta potential, Fig. 111.13). Since adsorption capacities of
TRO-Fe 0.15-0.50 mm were very low, it is not possible to conclude on the optimal pH.
The best adsorbed amount obtained here was 0.46+0.02 mg g* for TRO-Fe <0.15 mm at
pH 3 (Fig. 1V.2a), which represents a removal of 91+5 % from a 5 mg L~ As(V) solution.
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Fig. 1V.2 Effect of pH on (a) adsorption capacity of As(V) by iron-loaded tannin resins (Cin =5 mg L7,

S/L=10g L™, 20h, 20 °C) and (b) iron leaching, with iron concentrations determined by AAS and val-

ues expressed in mg of Fe per g of adsorbent. Every assay was done in duplicate and error bars represent
absolute deviations.
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Pintor et al. [53] reported a marked decline of As(V) adsorption by iron-coated cork gran-
ules with increasing pH, similar to what was observed here. The authors of that work also
indicate pH 3 to be optimal, even though maximum adsorption was observed at pH 2.
Such decision was explained as an attempt to minimise iron leaching. On the other hand,
the iron-coated S. muticum adsorbent produced by Vieira et al. [52] was shown to have
affinity towards As(V) at any pH between 2 and 7, indicating that adsorption did not occur
only through electrostatic attraction.

The liquid phase was also analysed for total dissolved Fe, Fe(Il) and Fe(l11). As expected,
due to its higher surface area and higher metal content (higher driving force for dissolu-
tion), the adsorbent fraction <0.15 mm leached more iron to the solution. The maxi-
mum value of 13.5+0.1 mg g~* (corresponding to a dissolved iron concentration of 131+1
mg L) was found at pH 2 (Fig. IV.2b). This means the tannin resin loses almost half of
its iron content (44 %) at strong acidic conditions. However, at pH 3, optimal for adsorp-
tion, iron leaching was considerably lower (2.7+0.4 mg g%, 2623 mg L%, 9 % of the
initial resin iron content). Still, these values are high and should be considered when as-

sessing the quality of the adsorbent.

For both fractions, the general tendency of iron leaching had a sharp decrease with in-
creasing pH. At very low pH, H* ions in solution may compete with iron, by an ion-
exchange process, promoting iron dissolution. On the other hand, metal solubility de-
creases with the increase of OH™ ions in solution. Vieira et al. [52] reported similar levels
of dissolved iron, leached from an iron-coated seaweed, while Pintor et al. [53] managed
to yield very low iron leaching (<5 mg L) from iron-coated cork granulates. In this work,
a high adsorbent dosage was applied and in a practical case iron leaching could be con-

trolled by adjusting the S/L ratio and pH.

Iron speciation results indicate that for both particle sizes most of the iron leached to the
solution (69-91 %) was Fe(ll) (Table 1V.2) suggesting that the Fe(lll) loaded into the
resin was reduced. Blank experiments (contact between distilled water at different pH and
TRO-Fe) have been also performed and the same observation was made, with 64-91 %
of total iron leached being Fe(Il). These observations suggest that Fe(ll1) reduction was
accompanied by the oxidation of —OH groups of the tannin resin (no involvement of As).
This is possible because during the adsorbent preparation, TR was subjected only to a
limited oxidation with HNO3 to protect its stability, which left some non-oxidized —-OH
groups in TRO and TRO-Fe.
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Table V.2 Fe speciation in As(V) solution after contact with TRO-Fe (10 g L™?) at different pH. Values
represent average from duplicates + absolute deviation.

) pH
Fraction
2 3 4 5
Fe(l1) (mg LY) 1065 20+4 3.5+0.3 1.90.2
<0.15 mm Fe(lll) (mg LY 13.520.1 4.2+0.3 1.620.2 0.8+0.2
Fe(ll) (%) 8946 8322 6948 70411
Fe(l1) (mg L) 35.8+0.3 3.9+0.2 2.10.1 1.33+0.03
0.15-0.50 mm Fe(lll) (mg LY 4.9+0.1 1.5+0.1 0.34+0.01 0.13+0.03
Fe(ll) (%) 881 7245 865 91+3

For As(l11), adsorption was found to be negligible at every tested pH. This is probably
explained by the higher affinity of iron for As(V). Literature has reported that the uptake
of As(ll) by iron-based adsorbents could be possible after a preliminary oxidation to
As(V) that would be promoted by the reduction of Fe(lll) into Fe(ll) [52]. This does not
happen here, because that reduction reaction is coupled with the oxidation of OH surface
groups. The lack of ability to uptake As(l1l) of the iron-loaded tannin resin is clearly a
drawback when compared to other adsorbents such as iron-coated S. muticum [52] and
iron-coated cork granules [53], and limits the applicability of TRO-Fe to oxidizing media.

3.2. Adsorption Kinetics

The adsorption kinetics assays for As(V) were performed using 0.5 mg L™, 5mg L™, and
10 mg L initial concentrations, 10 g L™* adsorbent (TRO-Fe <0.15 mm) dosage and
pH 3. Kinetic models of pseudo-first (Eq. 1V.2) and pseudo-second order (Eq. 1V.3) were
fitted to the experimental data and kinetic parameters were determined by non-linear ad-

justment.

The variation of the adsorption capacity through time is presented in Fig. V.3 for As(V).
The adsorption capacity achieved at equilibrium for higher initial concentration was 0.53
mg g (61 % removal), while for the lowest initial concentration (500 pg L) adsorption
capacity did not surpass 22 pug g (44 % removal). The time required to reach equilibrium
is higher for higher initial concentrations: 1 hour was enough for the lowest initial con-
centration, however for the highest one a contact time of 4 h was required. Nonetheless,
adsorption was somewhat fast for all initial concentrations used. Furthermore, the iron

leached to the solution at equilibrium time was not higher than 10 mg L™*: iron concen-
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trations of 3.4 mg L2, 6.4 mg L%, and 3.6 mg L' were measured for initial arsenic con-
centrations of 0.5 mg L™, 5 mg L, and 10 mg L2, respectively. This value is consider-
ably lower than the one observed in the pH assay at pH 3 (263 mg L%, Fig. IV.2b),
indicating that iron leaching could be controlled by limiting contact time without affecting

adsorption results.

The obtained kinetic parameters are presented in Table 1V.3. Both models adjust quite
well the experimental data for initial concentrations of 0.5 mg L™ and 10 mg L since
the coefficients of correlation (0.97 and 0.93-0.94, respectively) and the standard errors
(0.002 mg gt and 0.05 mg g2, respectively) are similar for both models. For initial con-
centration of 5 mg L2, the pseudo-first order model fits slightly better to the experimental
data since it presents higher R and lower SE. The equilibrium adsorbed amounts (Qeq)

predicted by both models are in line with the experimental results (Table 1V.3).
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Fig. V.3 Adsorption kinetics for As(V) uptake (20 °C, S/L = 10 g L™, pH 3) with TRO-Fe <0.15 mm:
experimental data and model curves (- — — pseudo-first order; -+ pseudo-second order fittings). Every
assay was done in duplicate and error bars represent absolute deviations.

Table 1V.3 Kinetic parameters for As(V) adsorption on the iron-loaded tannin resin (particle size <0.15
mm, 20 °C, adsorbent dosage 10 g L%, pH 3): parameters (+standard error) and statistical data.

Pseudo-first order model Pseudo-second order model
Cin k1 Oeg R SE k2 Oeg R SE
(mg L™) (h™) (mgg™) (mgg") (@mg*h?) (mgg") (mgg™)
0.5 1.0+0.2  0.020+0.001  0.97 0.002 53+25 0.023+0.003  0.97 0.002
5 2.7+0.5 0.22+0.01 0.96 0.020 1446 0.24+0.02 0.94 0.025
10 1.2+0.3 0.46+0.03 0.93 0.051 3+1 0.52+0.05 0.94 0.049
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SEM analysis revealed no morphological differences in TRO-Fe particles before and after
contact with arsenic solutions (Fig. 1V.4, confront with Fig. 111.10). Arsenic presence was

not detected in EDS spectra, probably due to the low adsorption capacities.

[lI'H\H‘ mag O HV WD det | mode 200 um -
CEMUP| 500x |15.00 kV|9.9 mm LFD| SE B

Fig. 1V.4 SEM image of TRO-Fe particles after contact with arsenic solution.

3.3. Equilibrium Studies

Equilibrium assays were performed to determine the maximum adsorption capacity of the
studied adsorbent, for different particle sizes (<0.15 mm and 0.15-0.50 mm), and define
the equilibrium relation for As distribution between the solid and liquid phases. Langmuir
(Eqg. 1V.4) and Freundlich (Eqg. IV.5) models were adjusted to the experimental data (Qeq
as a function of Ceq). The isotherm parameters were determined by non-linear adjustment

of the experimental data. The results of the equilibrium assays are presented in Fig. IV.5.

Both models fitted equally well into experimental data obtained for TRO-Fe 0.15-
0.50 mm, with similar values for correlation coefficient and standard error (R = 0.95 and
SE = 0.017 mg g*%). The calculated Freundlich equilibrium constant (Kf) was
0.034+0.009 mg g* (mg L)Y, with n = 1.4+0.3, which indicated a favourable isotherm.
The maximum adsorption capacity of As(V), predicted by the Langmuir model, for TRO-
Fe 0.15-0.50 mm was found to be 0.3+0.1 mg g~* (K. = 0.12+0.07 L mg™). These results
reveal a poor performance of the resin as an adsorbent with removal remaining lower than
25 %.
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Fig. IV.5 Equilibrium isotherms for the adsorption of As(V) by TRO-Fe with a particle size of (a) 0.15-
0.50 mm at pH 4 and (b) <0.15 mm, at pH 3 (20 h, 20 °C, S/L = 10 g L%). Every assay was done in dupli-
cate and error bars represent absolute deviations.

Equilibrium data obtained using TRO-Fe <0.15 mm revealed a more interesting perfor-
mance and a linear behaviour within the range of concentrations used, which means that
the saturation of the adsorbent was not reached. A linear fitting between the amount of
As(V) adsorbed and the equilibrium concentration (R = 0.99, SE = 0.03) generated a pro-
portionality constant of 0.082+0.004 L g1. Although the assay may be prolonged by the
use of higher As concentrations, to ascertain that the saturation is reached, it would be
pointless since contaminated waters rarely present As concentrations higher than 10
mg L. Nevertheless, better results were achieved with this sample of the resin. Indeed,
the maximum experimental adsorption capacity was 0.72+0.03 mg g%, with removals up
to =50 %. This is explained by the higher surface area of the resin and higher iron content.
Clearly, the studied adsorbent presents one of the lowest adsorption capacities reported
in the literature (Table 1V.1), which means that its potential for arsenic uptake is mostly

not realized.
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4. Conclusions

The potential of iron-loaded oxidized tannin resins to adsorb arsenic was assessed. Ad-
sorption of As(V) was optimal using a resin sample with a particle size of <0.15 mm at
pH 3 with a removal of =90 % (S/L = 10 g L™ and Ci» = 5 mg L?). The resin leached a
considerable amount of iron to the solution, although it can be minimized by controlling
the contact time. Most of it was found to be Fe(ll). The results suggest that the reduction
of Fe(ll) into Fe(ll) is possibly coupled with the oxidation of the —OH groups of the
adsorbent, which blocked As(l11) conversion into As(V) and explains the negligible ad-
sorption of As(lll) at every pH tested. Kinetics assays showed As(V) adsorption to be
somewhat fast, with equilibrium being achieved in 1 to 4 hours. Equilibrium data obtained
for As(V) adsorption showed maximum adsorption capacities of 0.3+0.1 mg g (pH 4,
particle size: 0.15-0.50 mm) and 0.72+0.03 mg g~* (pH 3, <0.15 mm) within the condi-
tions studied. Overall, TRO-Fe presented a limited performance, yielding very low ad-

sorption capacities.
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CHAPTER V REMOVAL AND RECOVERY OF ANTIMONY

1. Literature Review

Antimony (Sb) is a natural occurring trace metalloid that has four oxidation states: Sb(V),
Sb(l11), Sb(0), and Sb(-111). In water, it is mostly under trivalent and pentavalent oxidation
states in the form of antimony hydroxide (Sb(OH)3) or antimonate ion (Sb(OH)s") [1].
Redox conditions and pH determine which oxidation state is predominant in a particular
water body. Antimony Eh-pH diagrams can be found in literature [2]. Fig. V.1 presents a
simplified diagram of the antimony speciation as a function of pH. Both forms are sub-
jected to strong hydrolysis forming neutral or negatively-charged species; the formation
of positively-charged antimony species is rare, only occurring in strongly acidic condi-
tions [3]. The strong antimony affinity to —OH groups in solution limits its complexing
ability with other inorganic and organic ligands, making difficult its uptake from water in
comparison to metals that exist as cations [3], such as heavy metals, well researched and
addressed in literature. Antimony trioxide is classified as possibly carcinogenic to humans
[4] and various health adverse effects are related to antimony exposure by oral route [5].
Generally, Sh(Ill) is known to be more toxic than Sb(V) [5, 6]. Moreover, antimony pre-
sent a similar toxicity to that of arsenic: both metalloids have the ability to substitute

phosphorous in biological processes leading to adverse effects in the organism [7].
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Fig. V.1 Antimonate (orange solid lines) and antimonite (yellow dash lines) speciation as a function of
pH.
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In one hand, antimony is present in the environment because of natural processes, such
as, volcanic activity, rock weathering, biological activities, and soil runoff [1]. On the
other, accumulation of this metalloid can also be contributed by anthropogenic activity:
mining, industry, coal burning, smelting, military training, pharmaceuticals, and pesti-
cides use [8-10]. According to the World Health Organization [11], the guideline value
for antimony concentration in drinking water is 20 pug Lt but many countries present
lower legal limits: United States of America (6 ug L) [9], European Union (5 ug L™Y)
[12]. Guidelines set by different countries and organizations for surface water, ground-

water, and other aqueous compartments have been summarized by Bagherifam et al. [13].

Non-polluted waters usually present concentrations below 1 pg L™Y; however, in many
sites, especially the ones related to localized anthropogenic sources, antimony levels in
surface and groundwaters can reach or even exceed 1 mg L [9]. Hence, the production
of drinking water from these waters should involve an effective technique to remove an-
timony. Moreover, mining industry, possibly the main anthropogenic source, generates
process mine wastewater and acid mine drainage with high concentrations of antimony,
commonly found in both oxidation states (Sb(lll) and Sb(V)) [14]. Table V.1 presents
several properties of mining-affected waters, such as pH and concentrations of cations
(Ca, Mg, Mn) and anions (As, Sbh). The development of techniques to handle antimony-
contaminated waters prior to their discharge or use is then critically important.

Antimony is not only an element of concern regarding pollution but is also an important
mineral commodity due to its wide array of industrial applications. One of the 30 critical
raw materials of the 2020 European Union list [15] is antimony, considering its supply
risk and economic importance. Considering the protection of the environment and the
criticality of antimony, the removal of this contaminant from water and its further recov-

ery is also worthy of investigation.

In mine water treatment practice, antimony removal is commonly achieved by coagula-
tion/adsorption using ferric salts followed by filtration, which is more effective at pH 5
[14]. Several authors have reported successful antimony removal by coagulation, achiev-
ing removal rates close to 100 % in optimal conditions [16-22]. Nevertheless, coagulation
may be environmentally disadvantageous due to the considerable doses of chemicals used

and the formation of toxic sludge.
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Table V.1 Characteristics of several mining-affected waters reported in the literature.

SO Ca Mg Mn As Sb Ref.

Water type pH
mg L™ pg L
Mine water 2.8-3  513-1054 — — 300-1280 — 1431-7753 [23]
Mine drainage — — — — — — <1-2200 [24]
Groundwater,
surface waters 6.3-8.2 2.7-259 5.4-141 5.8-66.8 — — <1-9300 [25]
and mine waters
Groundwater 3.4-84 53-267 5.4-70.7 1.2-40.6 6-1400 <5 <1-9300 [26]
Surface water 7.7-84  63-1267  25-430 7-43 — — 0.33-1147% [27]
River water 6.5-8.6  4.9-322 — — 0.5-566 — 0.002-6.4 [28]
Creek water 6.6-8.4 4.6-10.5 — — — 21-84  1.6-32.2% [29]
Drainage water — 849-1125 — — — 21-42 159-366 [30]
Acid mining 10000-
drainage 3.0-33 o — — 27000 - - [31]
'dAC'.d mining 23 2564 _ _ 81800 — — [32]
rainage

a—Only Sb(V)

Adsorption or biosorption has been viewed as a valuable technology for toxic metal and
metalloid removal from wastewater [33-38], and for the recovery of valuable compounds
[39-42]. If a suitable adsorbent is found, the adsorption method could meet both targets
for antimony: remediation and recovery. Commercial and hierarchical macro-/mesopo-
rous alumina [43], zirconium dioxide fibres [44], granular TiO [45], iron-based materials
[46], such as Fe-Mn binary oxides [47], Mg-Al layered double hydroxides [48], and Fe-
and Zr-based metal organic frameworks (MOF) [49, 50] have been presenting great ad-
sorption capacities for antimony. In a context of sustainable management and efficient
use of natural resources, the use of bio-derived materials to uptake contaminants from
water and to recover elements [51] has been encouraged. However, few studies on bio-
sorption of antimony are found in literature. These include marine algal species [52, 53],
agri-food waste [54], and Fe(l11)-treated biomaterials such as aerobic granules [55], cork-
granulates [56], and saponified orange waste gel [57]. Some kind of pre-treatment of the
precursor biomaterial is usually required, varying from a simple wash and dry procedures
[52, 53] to more complex processing, such as saponification and metal loading. The pre-
treatment increases the cost of the adsorbents, but the improvement of physical and chem-
ical stability of the material is usually necessary to tailor physical and chemical charac-

teristics and enhance adsorptive performance and handling properties. Table V.2 presents
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an overview of maximum adsorbed amounts reported in literature for Sb(l11) and Sb(V)

by different adsorbents.

Similarly to what was observed for arsenic (Chapter 1V), the literature review revealed
reports on antimony uptake by tannin-adsorbents to be scarce. For example, Qi et al. [58]
produced a composite based on Zr-based microspheres (UiO-66) with magnetic cores
composed of FesO4 and tannic acid. The resulting material was evaluated as an adsorbent
for Sh(I1I), which was shown to be effective across the pH range of 3-10 and in the indi-
vidual presence of coexisting anions. However, to the best of the author’s knowledge,
there are no reports on antimony uptake by tannin resins, with or without a chemical
modification. Hence, the work presented in this Chapter is an attempt the fill that void in
the scientific literature by investigating the potential of tannin resins to uptake antimony

from water.

Table V.2 Maximum adsorption capacities (Qm) reported in literature for the uptake of antimony from
water by different adsorbents.

Ceq T Qm

Adsorbent (mg L) pH C) (Mg g-) Ref.
Sb(111)

Fe(I11)-treated humus sludge adsorbent 0-300 2 20 9.4 [46]
Fe-based MOF (Fe-MIL-88B), 588.6 nm 0-23 6 25 566.1 [49]
Amino modified Zr MOF (UiO-66(NH3)), 50 nm 0-550 4 25 64.89 [50]
Marine green macroalgae (C. sericea), 5 mm 0-30 7 22 1.8 [52]
Marine brown macroalgae (S. muticum), 5 mm 0-15 7 23 4 [53]
Green bean husk (Vigna radiata), 1-2 mm 0-70 4 25 20.14 [54]
Iron-coated cork granulates, 0.8-1.0 mm 0-4 6 20 5.8 [56]
Fe(l11)-loaded saponified orange waste gel 0-30 10.5 30 136 [57]
Fe304-TA modified Zr MOF (UiO-66) 0-30 7 25 49.5 [58]
PVA-Fe0 granules, 2.04+0.98 mm 0-7 7 25 6.99 [59]
Sh(V)

Amorphous alumina AIOOH 0-17 5.0 25 35 [43]
Commercial activated alumina ~0-20 5.0 25 5-53 [43]
Mesoporous alumina, fine powder 0-0.69 5.0 25 118 [43]
ZrO:z fibers calcined at 500 °C, 570-720 nm 0-20 6 - 8.6° [44]
Calcined (400 °C) Mg/Al LDH 0-75 7 25 303.3 [48]
Fe-based MOF (Fe-MIL-88B), 588.6 nm 0-28 6 - 318.9 [49]
Amino modified Zr MOF (UiO-66(NH2)), 50 nm 0-550 4-5 25 110.86 [50]
Marine green macroalgae (C. sericea), 5 mm 0-30 2 22 3.1 [52]
Fe(l11)-treated fungi aerobic granules 0-400 34 35 111 [55]
Iron-coated cork granulates, 0.8-1.0 mm 0-10 3 20 12+2 [56]
Fe(l11)-loaded saponified orange waste gel 0-36 25 30 145 [57]
PVA-Fe0 granules, 2.04+0.98 mm 0-14 7 25 1.65 [59]

2 adsorbed amount at referred conditions; ® maximum adsorbed amount obtained experimentally; MOF — metal-or-
ganic framework; TA — tannic acid; PVA - polyvinyl alcohol; LDH — layered double hydroxide.
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2. Methodology

2.1. Adsorbent and Adsorbate

Given the results of the preliminary studies presented in Subsection 3.5.2 of Chapter IlI,
antimony adsorption assays were initially carried out by further comparing the perfor-
mance of the following adsorbents: TR, TRO, and TRO-Fe (tannin resin, oxidized tannin
resin, and iron-loaded oxidized tannin resin, respectively, particle size 0.15-0.50 mm),
obtained by the procedures described in Sections 2.1. and 2.2., and with properties pre-
sented in Sections 3.1. and 3.2. of Chapter Ill. The subsequent adsorption assays were
carried out using a tannin resin either produced with a freeze-dried extract (TR) or a pre-
cipitated extract (TRp) with particle sizes of 0.15-0.50 mm, <0.15mm, or 1-2 mm.

Sb(l11) and Sb(V) were studied as adsorbates. Sb(l11) solutions were prepared by dilution
of a commercial standard solution (SCP Science), containing 1000 mg-Sb L™t in a tartaric
acid matrix. Sb(V) solutions were prepared from dissolution of potassium hexahydroxo-
antimonate(V) salt (analytical grade). Antimony solutions with concentrations up to
30 mg L~! were used in this work, considering maximum levels reported for Sh-contam-
inated waters in some surveys [10]. Unless otherwise stated, all Sb solutions were pre-

pared in distilled water.

2.2. Analytical Methods

Antimony concentrations in the liquid phase were measured by AAS in air-acetylene
flame (GBC 932 Plus spectrometer) or by electrothermal atomization in a graphite furnace
(GBC GF 3000 SenAA Dual spectrometer), at a wavelength of 217.6 nm, using back-
ground correction, 0.2 nm slit width and lamp currents of 10 mA or 8 mA, respectively.
Flame was used to measure concentrations in the range 2-30 mg L™ (detection limit:
0.8 mg L) and graphite furnace used to assess concentrations lower than 2.0 mg L™
(detection limit: 3 pg L™1), after proper dilution and adding nickel (5 pL of NiNOs3 solu-
tion, containing 50 mg-Ni L™, per 15 pL of sample injection) as chemical modifier. For
both techniques, calibration curves were obtained and accepted for a determination coef-
ficient (R?) higher than 0.995.
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Antimony speciation in solution was achieved by measuring Sb(l111) and obtaining Sb(V)
by difference from the total dissolved antimony. Sb(l11) concentration was measured after
liquid/liquid extraction, using ammonium pyrrolidinedithiocarbamate (APDC) as com-
plexing reagent and methyl isobutyl ketone (MIBK) as solvent [60]. The procedure is
based on the selective chelate formation of Sb(lll) with APDC at pH 5-8 [61, 62], fol-
lowed by its quantitative extraction in MIBK and direct measure of antimony in the or-
ganic phase by AAS. First, 0.6 mL of buffer solution, prepared with sodium acetate 0.1
mol L™ and acetic acid 0.1 mol L™ (9:1 v/v), were added to 15.0 mL of sample solution.
Then, 3.0 mL of APDC 2 % solution was added, followed by the addition of 3.0 mL of
MIBK. Each sample were vigorously shaken for 2 min and rested for 5 min. Then, anti-
mony concentration in the organic phase was measured. Standard solutions were prepared

following the same procedure with concentrations in the range of 0.25-5.0 mg L.

Speciation of dissolved iron was assessed by the spectrometric method using phenanthro-
line [63], as described in Section 2.2. of Chapter IV. Values of dissolved organic carbon
of some samples were measured by catalytic oxidation at 680 °C, in a Shimadzu TOC-L

CSH analyser.

2.3. Batch Adsorption Studies

Adsorption experiments of Sb(lll) and Sb(V) by tannin resin were conducted in batch
mode. The amount of Sb adsorbed per gram of TR (at a certain contact time, g, or at the
equilibrium, geq) was calculated by Eq. IV.1. Suspensions were kept stirring for 24 h
(more than the required time to achieve equilibrium) or for the desired contact times (in
the case of kinetic experiments, Subsection 2.3.4). Initial pH of solutions was adjusted to
different values, using diluted HCI or NaOH solutions. During the contact time, pH was
measured and, if necessary, readjusted to be approximately constant (maximum variations
of 0.5 pH units). Samples were then taken, filtrated using mixed cellulose ester membrane

filters (0.45 pum porosity) and the liquid phase analysed for total dissolved antimony.
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2.3.1. Effect of Adsorbent Dosage

The effect of adsorbent dosage on the uptake of Sb(lll) by TRp 0.15-0.50 mm was as-
sessed. Adsorption experiments were carried out by adding 50 mL of solution (initial
adsorbate concentration: 20 mg L™) at pH 6 to different adsorbent amounts (12.5-250
mg, corresponding to S/L values ranging from 0.25 g L™ t0 5.0 g L™).

2.3.2. Adsorbent Comparison and Effect of pH

A set of tests were conducted to compare the performance of TR, TRp, TRO, and TRO-
Fe on Sb(lll) and Sb(V) uptake. These assays were carried out using adsorbate concen-
trations of 20 mg L%, adsorbent dosage of 0.50 g L™, and at pH 2-5. Adsorption assays
with TR or TRp were also performed at pH 6. Adsorption capacity of TRO and TRO-Fe
was not evaluated for pH above 5 because it becomes unfeasible to keep the pH constant
due to the persistent decrease of pH values. In the case of TRO-Fe, iron leaching was re-
evaluated (AAS measurement in the liquid phase), and at pH 3 and pH 4, speciation of
antimony (Sb(111)/Sb(V)) and iron (Fe(I1)/Fe(l11)) in solution was assessed.

2.3.3. Competitive Assays

The performance of an adsorbent towards a certain adsorbate may be considerably af-
fected by the presence of other substances in the aqueous medium. Competitive effect of
several (oxy)anions on the uptake of Sb(lll) and Sb(V) by TRp 0.15-0.50 mm was studied
individually. Anions and oxyanions (such as arsenic, chloride, nitrate, etc.) may present
a similar chemical behaviour to antimony and compete for the same active sites. The
initial Sb(111) and Sb(V) concentration was 20 mg L and assays were carried out at 20 °C
and at pH 6 (Sb(111)) or pH 2 (Sb(V)) with solid:liquid ratio of 0.50 g Lt. Competitor

concentrations used are listed in Table V.3.

Considering that adsorption studies on Sb uptake have mostly addressed the interference
of oxyanions, and many works have reported little effect of these compounds [53, 64],
additional studies were here conducted. The focus was given on sulphate, which appears
in Sh-contaminated waters in levels much greater than other oxyanions (e.g., see [27]),

and on metal cations, considering that their influence have been mostly ignored, although
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some studies report a more significant effect compared to oxyanions [53]. Thus, compet-
itive effect of several cations, arsenic, and sulphate on the uptake of Sb(lll) by TR 0.15-
0.50 mm was also studied. The initial Sb(l11) was 12 mg L™ or 25 mg L and assays were
carried out at 20 °C and at pH 6 with solid:liquid ratio of 0.50 g L™*. The concentrations
of competing compounds (Table V.3) were chosen based on literature for antimony con-
taminated mine water and samples collected in the vicinity of abandoned mines [23, 25,
27, 65, 66] (Table V.1).

Table V.3 Concentrations (mg L) of coexisting compounds used in competitive assays (pH 6 for
Sh(l11), pH 2 for Sh(V), S/IL=0.50g L ™).

System Sb As(Ill) As(V) CF  NOy SO& PO& Mg(ll) Mn(ll) Ca
TRp/Sh(ill) 20 1.0 - 50 50 600 60 - - -
TRp/Sh(V) 20 - 1.0 50 50 600 60 - - -
TRISh(I1) 12 05 05 - - 500 - 5 1.0 25
TRISh(I1) 25 05 05 - - 500 - 5 1.0 25

2.3.4. Adsorption Kinetics

The effect of contact time on antimony adsorption by TRp 0.15-0.50 mm was studied in
batch mode at constant temperature (25 °C), adsorbent dosage (0.50 g L) and pH
(6.0£0.3 for Sb(l1l) and 2.0+0.2 for Sb(V)). Experiments were conducted using different
initial adsorbate concentrations (1 mg L%, 5 mg L%, and 20 mg L™1). A volume of 0.50 L
of antimony solution was continuously stirred with TRp at 400 rpm. The pH of solutions
was initially adjusted to the desired values, frequently checked, and readjusted when nec-
essary. Samples (5 mL) were regularly withdrawn, filtrated, and analysed for Sb concen-
tration. Adsorption kinetics were modelled following the methodology described in Sub-
section 2.3.2. of Chapter 1V, fitting the pseudo-first [67] (Eg. IV.2) and pseudo-second
order [68, 69] (Eq. IV.3) models onto the experimental data using the software CurveEx-
pert 1.4.

Scanning electron microscopy (SEM) and energy dispersion spectroscopy (EDS) were
used to observe the morphology and detect the chemical elemental composition in the
TRp surface after saturation with antimony solution. The SEM/EDS exam was carried

out following the procedure described in Section 2.4. of Chapter III.
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2.3.5. Equilibrium Studies

Adsorption equilibrium isotherms were determined at 25 °C, for different pH conditions
(2, 4, and 6 for Sb(lll), 2 and 4 for Sb(V)), using TRp 0.15-0.50 mm, with a dosage of
0.50 g L™ and different initial Sb concentrations (1-30 mg L™). Equilibrium isotherms
were also determined for the adsorption of Sb(lll) at pH 6, and Sb(V) at pH 2, at 20 °C,
using TR, the same solid:liquid ratio and initial concentrations, by different granulometric
fractions: <0.15 mm, 0.15-0.50 mm, and 1-2 mm. To check whether conversion between
the two oxidation states occurs, some samples were analysed to assess Sb(111)/Sb(V) dis-

tribution.

Moreover, to evaluate the influence of species typically coexisting in Sb-contaminated
waters, adsorption isotherms were obtained using (1) a tailings water from a Portuguese
mining site (ME) and TRp, and (2) a simulated mine effluent (SME) and TR. Because
ME presented a low level of antimony (<10 pg L™2), it was spiked with Sb(I11) or Sh(V)
to provide the required levels to measure the isotherms (Cin = 1-30 mg L™1). Other prop-
erties measured in the effluent were: pH 4.2, <3 mg-P L%, 378 mg-Ca L, 430 mg-Mg
L, <0.5 mg-Fe L%, 25 mg-Zn L%, 0.6 mg-Cu L. SME was prepared to contain arsenic
(0.5 mg-As(l11) L™t and 0.5 mg-As(V) L), manganese(Il) (1.0 mg L), magnesium (5
mg L), calcium (25 mg L) and sulphate (500 mg L) and was spiked with different
amounts of Sb(I11) (Cin = 1-30 mg L ™). The concentrations in the SME of the possible
interfering species were the same ones used individually in the competitive assays (Sub-
section 2.3.3.).

Adsorption isotherms were modelled following the methodology described in Subsection
2.3.3. of Chapter 1V, fitting the Langmuir [70] (Eq. 1V.4) and Freundlich [71] (Eq. IV.5)

models onto the experimental data using the software CurveExpert 1.4.

2.3.6. Desorption

To study the possible antimony recovery, the regeneration of the adsorbent and an addi-
tional understanding of the mechanism involved in antimony uptake by tannin resin (TRp
or TR), some desorption experiments were done. Six different eluents were tested: HNO3
(0.1 mol L), HCI (0.04 mol L%, 0.18 mol L™t and 0.5 mol L), NaOH (0.1 mol L™ and
0.5 mol L), NaCl (0.5 mol L), NazHPO4 (0.5 mol L ™%), and EDTA (0.1 mol L), Using
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a solid:liquid ratio of 2.5 g L™, suspensions of Sh(lIl)- or Sb(V)-saturated TR with each
eluent were kept stirring for the desired time (20-24 h), were then filtered, and final solu-
tions were analysed for antimony and DOC.

2.4. Column Experiments

Continuous adsorption studies using a fixed-bed column were carried out using TR 1-2
mm as adsorbent and Sb(lll) as adsorbate. A glass column (1 cm internal diameter)
equipped with two flow adapters to regulate the bed height (L), and polyethylene bed
supports (20 um porosity) at the top and bottom ends, was used. After filling the column
with the desired amount of adsorbent (m), and before starting the experiment, distilled
water was pumped for 4 h. Antimony solutions (inlet concentration denoted as C;) were
then pumped up through the column at varying flow rates (denoted as F) using a peristaltic
pump (Heidolph Hei-FLOW Advantage 01). Sh(l11) solutions prepared in distilled water
or in the SME matrix, with pH adjusted to 6, percolated the bed in continuous upward
mode and samples taken regularly from the outlet of the column were analysed for total
antimony (outlet concentration denoted as Ce). The experiments were conducted at dif-
ferent operating conditions, to evaluate the effect of Sb concentration in the feed (Ci =
1 mg L and 9 mg L), the volumetric flow rate (F = 1.0 mL min™%, 3.0 mL min?, and
6.0 mL min™t), and the bed height (L = 6.5 cm and 10.5 cm).

Thomas, Bohart-Adams, and Yan models were fitted to experimental data. The simplified
version of the Bohart-Adams (B-A) model [72] is presented in Eq. V.1, as derived in [73].
The parameters kg4 and N, are the rate coefficient and the adsorption capacity of the ad-

sorbent per unit of bed volume, respectively.

Ce

C; kgaNoL
ln( ‘ 1) = BAuO — kpaCit Eq. V.1
The simplified version of the Thomas model (originally derived in [74, 75]), presented in
Eqg. V.2, assumes Langmuir equilibrium relationship (valid to Sb(lll)/TR adsorption
data), although it can be used without regard to the adsorption equilibrium model [73], as
k+n (Thomas rate constant) and g5, (maximum adsorption capacity) are determined em-

pirically.
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oY= kGt Eq. V.2

I (Ci ) _ krnqram

n

The non-linear forms of Eq. V.1 and Eq. V.2 are mathematically equivalent and can be
expressed in terms of the logistic growth function (Eq. V.3) with two general parameters,
aand b [73]:

Ce _ ! Eq. V.3
C; 1+ exp(a+hbt) a-V

The logistic function was fitted to breakthrough data, the two general parameters a and b

were obtained, from which B-A and Thomas model parameters were computed.

The empirical Yan model [76] was also used to describe breakthrough curves, which is
represented by Eq. V.4, where gy is the maximum adsorption capacity of the adsorbent

and ay a model parameter.

c. 1
C; C;Ft\%Y Eq. V.4
1+ (Gom)
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3. Results and Discussion

3.1. Batch Adsorption Studies

3.1.1. Effect of Adsorbent Dosage

Fig. V.2 shows the effect of the solid:liquid ratio on the amount of Sh(l1l) adsorbed per
gram of TRp. As expected, the removal percentage of antimonite increased with the
solid:liquid ratio, reaching 97 % at 5.0 g L%, while adsorption capacity decreased. The
highest adsorption capacities, 19+2 mg g and 20.4+0.9 mg g}, were respectively found
for0.25g Lt and 0.50 g L, which are comparable values. The best use of the adsorptive
capacity of the adsorbent was then obtained in these conditions. Subsequent adsorption
studies using TR or TRp were conducted using 0.50 g L2, instead of 0.25 g L2, to de-
crease the error related to the use of very low adsorbent dosages and to provide higher
removal percentages. Adsorption assays with TRO or TRO-Fe were also carried out with

an adsorbent dosage of 0.50 g L2,

25.0
B - 100
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- 80
o~ 15.0 A [ R
Ic, B 60 ('_5
(@] a C>)
E 100 - L0 E
c @
50 1 - 20
0.0 a T T T T l' 0
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S/L (g L)

Fig. V.2 Influence of the solid:liquid ratio on equilibrium adsorbed amounts of antimonite (bars) and on
the removal efficiency (points) (TRp 0.15-0.50 mm, Ci, = 20 mg L%, pH 6).
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3.1.2. Adsorbent Comparison and Effect of pH

Fig. V.3 presents antimony adsorbed amounts by TR, TRp, TRO and TRO-Fe at different
pH. In general, the adsorptive ability for Sb(I1l) and Sb(V) of TR and TRp is higher than
those of modified forms TRO and TRO-Fe. The uptake of Sb(lll) by TR (Fig. V.3a) oc-
curred in the whole pH range studied but is favoured at pH 2 and particularly at near-
neutral conditions (pH 6), in which maximum adsorption was obtained (25.1 mg g™%). A
similar trend was observed for TRp, with Sb(lll) uptake gradually increasing with the
increase of pH until achieving a maximum adsorption capacity at pH 6 (19.8 mg g2).
Further increasing the pH to 7 and 8 (data not shown) did not improved adsorption ca-
pacity of TRp. The same behaviour was observed on the uptake of Sb(lll) by dead sea-
weeds, where biosorbed amounts increased with increasing pH [53, 77].

@) 270 ®) 270
BTR BTR
24.0 {aTRp 24.0 aTRp
21.0 {@TRO 21.0 - BTRO
180 - BTRO-Fe 18.0 4 B TRO-Fe
T 150 A T 150 1
g 120 - g 120
o o
= 901 £ 90 4
6.0 1 6.0 -
3.0 30 -
00 1 0.0 -
2 3 4 5 6
pH

Fig. V.3 Effect of pH on adsorbed amounts of (a) antimonite and (b) antimonate by TR, TRp, TRO and
TRO-Fe (Cin=20mg L™, S/L=0.50g L™, 20 °C).

According to the speciation diagram of antimony [78] (Fig. V.1), Sb(Ill) may occur in
water under Sb(OH),*, Sb(OH)s, and Sb(OH)4™ species. The neutral species predominates
virtually over the cationic and anionic ones in the whole pH range (pH 1.4-11.9).
Sh(OH)," occurs at pH levels below 3, and Sb(OH)4~ at pH above 9. Sb(lll) adsorption
by TR is attributed to the complexation of Sb(OH)3 with catecholic groups of tannins. At
acidic conditions, catechol will be protonated and a 1:1 complex is expected to be formed,
whereas for basic conditions, 1:2 complexes are predicted with monodeprotonated cate-
chol [3]. The significant increase in Sb(l11) adsorbed amounts from pH 3 to pH 6 is prob-

ably due to the increase in Sb(OH)3s predominance in solution to form these complexes.
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Considering the IEP of TR (below 2), electrostatic attraction will be not possible between
the negatively charged adsorbent and the predominant Sb(lll) neutral species. The only
opportunity for electrostatic attraction may occur at pH slightly higher than 2, where some
surface groups become negatively charged and some Sb(lll) remain in solution as
Sb(OH).". This may explain the slightly higher adsorbed amount by TR recorded at pH 2,
compared to pH 3-4.

Tella and Pokrovski [3] studied the stability of Sb(l11) complexes formed with organic
ligands in aqueous solution. They reported the establishment of Sb(l11) complexes via Sb-
O-C bonds with ligands having two or more adjacent carboxyl and/or hydroxy! functional
groups (Fig. V.4b). In the case of di-hydroxy-phenol (catechol), which serves for com-
parison purposes with the present work, two types of complexes are expected to be formed
with Sb(OH)s at acidic conditions (where catechol is protonated) and at basic conditions
(monodeprotonated catechol). This observation suggests an adsorption mechanism based
on Sb(Il) complexation with the di-hydroxy-phenol surface groups, present in B-rings of
tannin-materials (Fig. V.4) and explains why Sb(lll) is reasonably adsorbed in the whole
pH range studied. The infrared spectrum of Sb(lll)-loaded adsorbent (not shown) seems
to be in line with the proposed mechanism as a decrease in the intensity of the —OH

stretching vibration bands and a change in the peak frequency were observed.

Concerning Sb(V), Fig. V.3b indicates maximum removal at pH 2 (TRp, 16.7 mg g™?)
and pH 3 (TR, 19.0 mg g %), although considerable values were also recorded at pH 4.
Noticeably, the increase in pH beyond 4 suppressed Sh(V) uptake by both tannin resins,
with negligible removals observed. Antimonate is expected to be present in solution as
Sb(OH)s or Sb(OH)s™ [2, 78]. The anionic species is expected to prevail over the un-
charged one for pH levels above 2.5, as per speciation diagrams (Fig. V.1). Considering
the IEP of tannin resin, there is no way to uptake Sb(V) by electrostatic attraction at pH
above 2.5. However, literature [78] reports the formation of stable complexes between
Sb(V) and catechol under a 1:3 stoichiometry (Fig. V.4c). The formation of these type of
complexes in aqueous solution and in the pH range 2-4 was demonstrated [78] and is in
line with the pH effect observed here, including the uptake inhibition for pH higher than
4. With the increase in pH, the decrease in the affinity between the dominant anionic
Sb(V) species and the catecholic groups, which also become deprotonated, explains the
negligible uptake recorded at pH 5-6. The main differences between the infrared spectrum
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of the tannin-resin before and after Sb(V) uptake (data not shown) are also observed in

the —OH stretching region.

Other authors also reported acidic conditions as the most suitable for Sb(V) uptake: for
commercial activated alumina, the optimal pH range was identified as 2.8-4.3 and a dra-
matically decrease was also reported for higher pH values [79]; optimal pH of 2-3 were
observed for untreated and modified aerobic granules [80], and for freshwater cyanobac-
teria Microcystis biomass [81].

(a)

(b.1) 5 (c)
\SD/OH2 0 0
o/ \OH \ /

Fig. V.4 Possible structure of the (a) tannin-resin (adapted from [82]), and (b) Sb(lIl) and (c) Sh(V) com-
plexes formed during adsorption.

Compared to the original TR, TRO presented a lower performance on the uptake of both
adsorbates, Sb(111) and Sb(V). This was expected considering that the oxidation was only
conducted as an intermediate step to obtain the iron-loaded adsorbent, and that TR partial
oxidation causes loss of hydroxyl groups, decreasing the available sites for complexation.
Fig. V.3 also shows that TRO-Fe performed worse than TR. The zeta potential results
(Section 3.4., Chapter I11) made this observation somewhat expected, as the desired im-
provement in the surface chemistry (decrease in the magnitude of the negative surface

charge) was not achieved. A wide variety of materials have been modified with iron,
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bearing in mind the specific affinity between Fe-O bonds and Sb [49]. In this case, how-
ever, iron-loading did not enhance adsorptive properties of TR, which indicate a higher
affinity of Sb to the polyol groups of TR, than to the iron complexes in TRO-Fe.

Total dissolved iron values were most significant at pH 2 (=<3 mg L™, data not shown),
corresponding to approximately 50 % of the loaded metal in TRO-Fe. A possible use of
this adsorbent will be limited to pH values above 3 (desirably 4), in which the expected
leaching is below 20 % (or 7 %) and generates acceptable dissolved iron concentrations
in the liquid phase. Iron leaching here observed was lower than in the stability assays
(Section 3.4. of Chapter I11) due to lower solid:liquid ratio used (0.5g L™ vs. 2.0 g L™).

An additional observation can be made: 50-100 % of the leached iron is under Fe(ll)
redox state, which indicates that iron(l111) was reduced. Blank experiments, conducted
using TRO-Fe and distilled water (in replacement of Sb solutions at different pH) showed
similar conversions (64-91 % of the total leached iron is under Fe(ll), data not shown).
Iron(111) reduction is then attributed to the oxidation of some of the remaining hydroxyl
groups in TRO-Fe. Indeed, standard reduction potential for Fe**/Fe?* is 0.77 V, whereas
for plant polyphenols ranges from 0.3 V to 0.8 V [83, 84]. These values show that reduc-
tion of Fe(lll) to Fe(ll) in solution via polyphenols oxidation is possible. Sb(lll) and
Sb(V) were also assessed in solution, but no redox state conversions were observed. The
standard reduction potential of Sb(OH)s /Sb(OH)3 is 0.76 V [7, 85], but Sb(V) reduction

required high acidity and may not occur at the conditions studied.

In conclusion, tannin resin obtained using a freeze-dried extract and without further treat-
ment (TR) was found to be more suitable to adsorb antimony in both oxidation states,
than the oxidized and iron-loaded forms. TR was hence selected to be used in the subse-
quent experiments. From an operation and environmental point of view, TR is advanta-
geous over TRO-Fe, considering its simpler preparation, easier pH control and absence

of secondary pollution generated by iron leaching.
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3.1.3. Competitive Assays

The competitive effect of As(l11) or As(V), CI-, NOs~, SOs%, and PO4> anions on the
uptake of Sb(l11) and Sb(V) by TRp 0.15-0.50 mm was studied individually and the re-
sults on the influence of coexisting compounds are depicted in Fig. V.5. Antimonite up-
take by TRp seems to be not affected by the presence of the studied anions. The observed
differences between the adsorbed amounts in the control experiment (absence of possible
interfering components) and in the presence of the referred competitors was also statisti-
cally insignificant for Sb(V), although a minor influence seems to exist due to sulphate
and phosphate. The results here obtained indicate that under typical conditions the TRp
presents a good selectivity towards Sb(lll) and Sb(V) against anions. Literature also re-
ports negligible or minor effects of the studied anions on the uptake of Sh(lll) by sea-
weeds and ferric hydroxide [53, 86]. A little effect (=16 % decrease) was reported for the

performance of a green seaweed on Sb(V) uptake due to sulphate and phosphate [52].

Considering these results, it was decided to assess the impact of some metallic cations,
arsenic, and sulphate (species present in the simulated mining effluent) on Sb(lll) uptake
by TR at for two Sb(lll) initial concentrations, 12 mg L™* and 25 mg L™* and results are
presented in Fig. V.6. Arsenic and sulphate did not affect antimony uptake by TR, cor-
roborating the results obtained using TRp. Only Mg and Ca ions (metal cations at higher
levels) influenced adsorbent performance. Calcium is responsible for 16 % and 19 % re-
ductions of Sb(l11) adsorbed amounts from 12 mg-Sb L™ and 25 mg-Sb L solutions,
respectively. Metal concentrations were measured in solution, before and after contact
with TR, and results indicated coadsorption of Mn, Mg and Ca ions together with Sb(lll).
Adsorbed amounts of 5 mg g* and 4 mg g* for magnesium, and 17 mg g tand 13mg g*
for calcium, were respectively recorded for initial Sb(111) concentrations of 12 mg Lt and
25 mg L. Mn(11) showed no significant effect, possibly due to its low concentration, but
Mn dissolved concentration measured in solution has also confirmed its uptake by TR.
Despite the high sulphate level tested, this compound did not affect TR performance.
These results are not surprising, considering the known ability of polyhydroxy groups in
tannins for metal complexation [87] and consequent competition between Sh(lll), cal-

cium, magnesium and manganese ions for the same sites.
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Fig. V.5 Influence of possible coexisting compounds in solution on equilibrium adsorbed amounts of an-
timony by TRp (Cin=20 mg L; S/L = 0.50 g L™%; pH 6 for Sh(ll1); pH 2 for Sh(V)).
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Fig. V.6 Effect of different species on Sb(l1l) adsorbed amounts by TR, at two different initial adsorbate
concentrations (Cin=12mg L *and25mg L™, pH 6and S/L=0.50g L ™).

3.1.4. Adsorption Kinetics

Contact time influence on Sb(lll) and Sb(V) uptake by TRp was studied for different
initial adsorbate concentrations at constant pH, temperature and solid:liquid ratio. The
kinetic parameters obtained are presented in Table V.4 and the experimental data along-

side with the modelled curves (pseudo-first and pseudo-second order models) depicted in
Fig. V.7.
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Both models describe adsorption dynamics considerably well, although pseudo-second
order regressions provided slightly lower standard errors and the pseudo-first order pre-
dicted geq values are closer to the experimental ones. Adsorption of Sb(lll) is evidently
faster than Sb(V), suggesting that different kinds of complexes are formed for each oxi-

dation state.

Table V.4 Kinetic models for Sb adsorption on TRp 0.15-0.50 mm (25 °C, adsorbent dosage 0.50 g L,
pH 6 for Sb(lll) and pH 2 for Sb(V)): parameters (+standard error) and statistical data.

Pseudo-first order model Pseudo-second order model
Cin k1+10? Oeq R SE k2-10% Oeq R SE
(mgL?) (min?)  (mgg?) (mgg™) (gmg*min?) (mgg?) (mgg™)

1 2.2+0.1  1.96+0.03 1.00 0.05 12249 2.22+0.03 1.00 0.04

Sb(l11) 5 1.3+0.2 10.0£04 0.99 0.57 12+1 11.8+0.3 1.00 0.25
20 0.58+0.03 23.6+0.6 1.00 4.38 1.5+0.1 32+1 1.00 0.37

1 0.6£0.1 1.7¢0.2 0.98 0.11 218 2.3+0.1 0.99 0.11

Sh(V) 5 0.4+0.1 5.2+0.6  0.99 0.31 542 7+l 0.99 0.29
20 0.14+0.05 2142 1.00 0.46 0.4+0.2 3316 1.00 0.52

1.00 ©1mg/L A5 mg/L m20 mg/L (a) 1.00 ©1mg/L A5 mg/L m20 mg/L (b)
0.80 0.80
QE 0.60 QE 0.60
o o
0.40 0.40
0.20 T 0.20
T5-5--3
0.00 T T T JI_ : 0.00 T T T T
0.0 2.0 4.0 6.0 80 100 0.0 2.0 4.0 6.0 80 100
time (h) time (h)

Fig. V.7 Adsorption kinetics of TRp 0.15-0.50 mm for uptake of (a) Sb(ll1) at pH 6 and (b) Sb(V) at pH 2
(25°C, S/L = 0.50 g L™): experimental data and model curves (- - - pseudo-first order; — pseudo-second
order fittings).

Complexation of Sb with catechol is established with Sb/ligand reaction stoichiometries
of 1:1 and 1:2 for Sh(1l1) and 1:3 for Sb(V) [3, 78]. The conjugation with more hydroxyl
groups may explain the lower Sh(V) uptake kinetics comparing with Sb(lll). Initial ad-
sorption rates (dg/dt for t = 0) were calculated using pseudo-first order parameters. For
initial Sb concentrations of 1 mg L™, 5 mg L™, and 20 mg L, the values respectively
obtained were 0.060+0.005 mg g~* min, 0.17+0.02 mg g~* min, and 0.16+0.02 mg g*
min~t for Sh(lIl) and 0.011+0.005 mg g* min, 0.03+0.01 mg g™* min™, and 0.05+0.02
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mg g~ min~ for Sb(V). For both adsorbates, initial adsorption rates increased when the
initial Sb concentration was changed from 1 mg L™ to 5 mg L, due to the increase of
the driving force for mass transfer but remained almost constant between initial concen-

trations of 5 mg L' and 20 mg L.

For Sb(l11), time required to reach equilibrium varied between 5 h (Cin = 1 mg L™) and
10 h (Cin=20 mg L 1), although after 5 h of contact time ~90 % of the maximum adsorbed
amount was already attained in the experiment conducted with Cin = 20 mg L. Times
required to reach equilibrium in Sb(V) uptake were estimated to be longer: 11 h for Ci, =
1 mg L™, and 20 h for Ci, = 20 mg L1, Of note, Kinetic studies were only carried out
using TRp. In the equilibrium studies, the adsorbent (TRp or TR) was kept in contact with
antimony solutions for longer times than those obtained here to assure equilibrium was

reached.

Adsorbent samples saturated with Sb(111) and Sb(V), obtained at the end of kinetic assays
using initial concentrations of 5 mg L~* and 20 mg L !, were analysed by SEM and EDS.
The antimony did not cause any visible alteration of the adsorbent (Fig. V.8a, confront
with Fig. 111.10c), although EDS analysis (Fig. V.8b) confirmed antimony presence in the

solids, suggesting a homogeneous distribution of the adsorbate on the adsorbent surface.

- i 1 1 1 1 1 1 1
det [mode| WD 200 pm E 1 4.60 6.20 7.80 9.40 11.00 1260 14.20
00 kV|LFD| SE [10.1 mm 5 Energy - keV

Fig. V.8 SEM image of Sh(lll)-saturated TRp (a) and EDS spectrum obtained in a specific particle ob-
served in the image (b).
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3.1.5. Equilibrium Studies

Equilibrium isotherms for the adsorption of Sb(lll) and Sb(V) by TRp 0.15-0.50 mm at
different pH are presented in Fig. V.9. As previously explained, pH 6-8 is the optimal pH
range to bind Sb(lll) to the TRp. The isotherm was measured at pH 6 considering that
most of the Sb-polluted waters present an acidic or slightly acidic pH. Fig. VV.9a corrob-
orates previous observations and shows that a significant effect of pH is observed in al-
most the entire concentration range. In the selected operating conditions (pH 6, S/L = 0.50
g L™), antimonite removal efficiencies varied between 38+2 % (Cin = 30 mg L™) and
90+1 % (Cin = 1 mg L ™). These values clearly illustrate the considerable ability to uptake

this toxic metalloid from water in typical soluble concentrations.

Regarding Sb(V) (Fig. V.9b), considerable adsorbed amounts were also recorded, reach-
ing 21.0+0.9 mg gt and 16.0+0.9 mg g ! at pH 2 and 4, respectively. A slightly better
performance of the adsorbent was observed at pH 2 with efficiencies between 332 %
(Cin =30 mg L) and 69+4 % (Cin = 1 mg L™%).

Final solutions from adsorption experiments with 20 mg L initial Sb(l1l) and Sh(V)
concentrations were subjected to speciation analysis. Final trivalent and pentavalent con-
centrations were found to be the same as total dissolved Sbh, which means that no signifi-
cant oxidation or reduction reactions involving antimony occurred in solution. Ungureanu
et al. [53] also did not observe Sh(I11)/Sb(V) conversions in solution during antimony
adsorption by seaweeds, and Wu et al. [88] reported up to 6.9 % of Sb(V) in final solutions

resultant from Sb(l1l) adsorption experiments using Microcystis biomass.

Langmuir and Freundlich parameters are presented in Table V.5 and model curves plotted
in Fig. V.9. Both models described quite well the experimental data, with most of the
correlation coefficients (R) being close to 1. Except for the Sb(V) isotherm measured at

pH 2, Langmuir fitting provided lower regression standard errors (SE).

Limited adsorption capacities were obtained for Sh(lll) at pH 2 and 4 but at pH 6 a very
considerable value was achieved (24+3 mg g™). Similar values were also obtained for
Sb(V) at pH 2 and 4 (27+7 mg g~* and 25+10 mg g1). Observed results show the ability
of TRp to uptake both forms of antimony at selected pH values, according to the antimony
predominant oxidation state in solution. From the thermodynamic point of view, the pen-

tavalent form is the most stable in oxygenated waters and the trivalent one in reduc-
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ing/middle reducing conditions. However, the occurrence of both oxidation forms in ther-
modynamically unforeseen situations has been reported, which has been attributed to
slow kinetics of conversion or biological activity [1], and reinforces the importance to

study the uptake of both forms.
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Fig. V.9 Equilibrium isotherms for the adsorption of (a) Sb(lll) and (b) Sb(V) by TRp at different pH
conditions (25 °C, S/L = 0.50 g L™1), using Sh distilled water solution and a mine tailings water (ME): ex-
perimental data and model curves (——— Langmuir; - Freundlich).

Table V.5 Equilibrium models for Sb adsorption on the TRp 0.15-0.50 mm at different pH and from dif-
ferent aqueous matrices (S/L =0.5g L™, Cin = 1-30 mg L%, 25 °C): parameters (xstandard error) and sta-

tistical data.
Langmuir Freundlich
pH KL Qnm R SE Kr o SE
(Lmg™)  (mgg™) (mgg™) (mg'*"g L) (mgg™)

DW — Sh(ll1)

pH 2 10£2 5.4+0.1  0.99 0.23 3.88+0.01 812 0.95 0.50

pH 4 <6 3305 084 0.83 2.06+0.01 615 0.80 0.92

pH 6 0.5+0.1 2442 0.99 1.2 8.26+0.04 2.8+0.3  0.99 1.4
ME — Sh(lII)

pH 6 0.16+0.06 3045 0.99 1.7 542 1.9+04  0.97 2.6
DW — Sh(V)

pH 2 0.13+0.04 2743 0.99 13 4.42+0.03 2.0+0.1 1.00 0.57

pH 4 0.07+0.03 2545 0.96 1.2 2.4%0.2 15+0.3 0.95 15
ME — Sh(V)

pH 2 0.2+0.1 17+4 0.95 1.8 3.620.8 2.3+05 0.96 1.7
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Antimony needs to be removed from heavy-contaminated solutions, e.g., mine drainage
and mine flotation wastewaters and/or from much more diluted solutions, such as surface
or groundwaters, where levels are typically lower than 1 mg L. In the latter case, the
affinity of the adsorbent to the target adsorbates is also an important parameter. It is a
measure of the adsorbent ability to uptake contaminants from very dilute solutions and
can be calculated from the slope of the isotherm when equilibrium concentration tends to
zero, i.e., the product of K. and Qm from the Langmuir model. The following conclusions
were obtained from calculated values for TRp: (i) a much higher affinity for Sb(l11) than
for Sb(V); (ii) similar affinities for Sb(Ill) at pH 4 and 6; and (iii) similar affinities for
Sb(V) at pH 2 and 4. Last observations indicate that pH does not significantly affect the

adsorption from low-Sb levels waters.

Fig. V.9 also presents equilibrium adsorption isotherms measured using a mine tailings
water (ME) as aqueous matrix and TRp as adsorbent (modelling parameters in Table V.5).
In the case of antimonite (Fig. V.9a), there seems to be a small effect of the aqueous
matrix for low adsorbate concentrations, which ceases for Ceq higher than =7 mg L as
the adsorbed amounts are comparable to the ones obtained in the distilled water matrix.
These results were unexpected since ME presented high levels of Ca and Mg (378 mg-
Ca L! and 430 mg-Mg L™1) which are two cations that competitive assays (Subsection
3.1.3.) revealed to be somewhat adsorbed by TR, competing with Sb(Ill). Nevertheless,
metals concentrations in the ME represent the dissolved and particulate contents com-
bined and, if a significant portion of metal was precipitated, it would not substantially
exert an influence on Sb adsorption. On the other hand, regarding antimonate (Fig. V.9b),
a moderate matrix effect was observed in the mining effluent, with a decrease of up to
38 % in the ability of the TR to uptake Sb(V).

The influence of TR particles size on equilibrium isotherms was assessed at the optimal
pH for each oxidation state and results are presented in Fig. V.10. Table V.6 presents the
parameters obtained for both equilibrium models and the respective coefficients of corre-
lation (R) and standard errors of the regressions (SE), as quality measures of the fittings.
Both models described quite well the adsorption data, considering that R values are in all
cases equal or higher than 0.95. In general, Langmuir model fits better the adsorptive

behaviour, considering it generates higher R and lower SE values in almost all conditions.
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Fig. V.10 Equilibrium isotherms for the adsorption of antimony from (a) Sb(l11) solutions (pH 6) and (b)
Sh(V) solutions (pH 2) by different granulometric fractions of TR, and from (c) Sb(ll1) solutions (pH 6)
prepared in distilled water (DW) and in the simulated mine effluent (SME) by TR 0.15-0.50 mm (Ci, = 1-
30mg L™, S/L=0.50g L™, 20 °C). Points: experimental data; dotted lines: Langmuir model curves.

Table V.6 Langmuir and Freundlich modelling for the adsorption of antimony using TR of different par-
ticle sizes, and from different aqueous matrices (S/L: 0.5 g L™, Cin = 1-30 mg L%, 20 °C): parameters (+

standard error) and statistical data.

Langmuir Freundlich
Particle size KL Qm SE Kr SE
(Lmgh  (mggh R (mggh  (mgringiiin " (mgg™)

DW — Sh(lll) - pH 6
<0.15 mm 1.9+0.2 329108 1.00 0.88 16+2 3.1£0.7  0.95 4.53
0.15-0.50 mm 0.6£0.1 30+2 0.99 1.36 10+2 2505 0.96 3.30
1-2mm 0.22+0.04 33+2 1.00 1.05 6+1 1.9+0.3 0.98 2.35
SME — Sh(Ill) — pH 6
0.15-0.50 mm 4+1 14.6+0.8 0.99 1.10 8+1 4.1+0.9 0.95 2.08
DW — Sh(V) — pH 2
<0.15 mm 0.14+0.04 47+7 0.99 1.78 7+1 1.7£0.2 0.99 1.92
0.15-0.50 Om 0.14+0.02 22+1 1.00 0.53 3.6x0.7 1.9+0.3 0.98 1.32
1-2 mm 0.08+0.01 16+1 1.00 0.66 1.75+0.09 1.73+x0.06 1.00 0.19
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Equilibrium data shows an effect of the particle size on the uptake of antimony. Higher
adsorbed amounts were obtained with finer particles, which is explained by the higher
specific surface area and availability of surface groups for the adsorption. The adsorption
of Sb(V) was found to be more impacted by TR particle size than of Sb(lll). The maxi-
mum predicted adsorbed amount calculated for Sb(V) using the coarser particles (16+1
mg g 1) is about one third of the value for smaller particles (47+7 mg g™1). The coarser

particles (1-2 mm) have however applicability in fixed-bed adsorption.

Furthermore, maximum adsorption capacities achieved by TR were comparable to the
ones achieved by TRp. For the same particle size fraction (0.15-0.50 mm), TR presented
a slightly better adsorption capacity for Sh(Ill) at pH 6 (30+2 mg gt vs. 24+2 mg g})
and slightly worse for Sb(V) at pH 2 (22+1 mg g* vs. 27+3 mg g 1), while both resins
presented equivalent K. values for each oxidation state (Sh(Ill): 0.5£0.1 L mg? vs.
0.6+0.1 L mg?; Sb(V): 0.13+0.04 L mg! vs. 0.14+0.02 L mg™) indicating that there is

little difference in terms of affinity.

Fig. V.10c presents a comparison of Sb(l1l) adsorption isotherms measured in distilled
water and in the simulated mining effluent (SME) using TR as adsorbent (modelling pa-
rameters in Table V.6). For initial Sb concentrations up to 7.5 mg L™ (Ceq =2 mg L™?),
which covers typical levels found in contaminated groundwaters or mine effluents, iso-
therms measured in distilled water and in SME are practically coincident. This means that
the effect of coexisting species was negligible. Nevertheless, with the rise of adsorbate
concentration, the adsorbent performance is increasingly affected by the SME matrix.
Such results suggest that competition only occurs for lower affinity sites, as shown by the
higher value of K. obtained for SME when compared to the one obtained for DW (Table
V.6). The maximum adsorption capacity predicted in SME aqueous media (14.6+0.8
mg g 1) is half the value found in distilled water (30+2 mg g™*). The undermining of
Sb(l11) adsorption from SME at higher antimony concentrations may be due to the pres-
ence of Ca which was the cation that most affected antimony adsorption in the competi-
tive assays (Fig. V.6). These results do not match the ones obtained with ME and, conse-

quently, further studies, particularly with real waters and wastewaters, are required.

The maximum adsorption capacities found for tannin resin indicate a quite effective ma-
terial. Tannin resin presented a very good performance when compared to other bio-
sorbents, and a comparable uptake to amorphous and commercial alumina (Table V.2).

144



CHAPTER V REMOVAL AND RECOVERY OF ANTIMONY

MOFs present remarkably higher uptake capacities, but also require a considerable pro-
cessing in their synthesis and present particle sizes not amenable for continuous and large-
scale applications. There are not many studies on the use of activated carbon as adsorbent
for antimony, but it is known that an additional treatment (usually modification by FeCls)
is required to make it effective [9]. Even so, the performance of the TR seems to be
slightly higher, considering that for a modified iron-activated carbon adsorbed amounts
of =3 mg g! were obtained under Sb(l1) equilibrium concentration of approximately 1
mg L™t (pH 7), while TR uptake was ~8 mg g* (pH 6).

3.1.6. Desorption

The desorption percentages of antimony from Sb(ll1)- and Sh(V)-saturated adsorbents are
presented in Table V.7. Results obtained with TRp and TR will be analysed together, due
to the similarities between the two adsorbents. Quite limited desorption efficiencies were
obtained for adsorbents saturated with Sb(ll1) and Sb(V), and for all eluents tested. Low
desorbed amounts were observed in saline solutions, which is in line with the competitive
adsorption studies. CI~ and PO+*~ did not affect Sb uptake, hence a very low degree of
reversibility of the adsorption was expected with chloride and phosphate salts. Further-
more, EDTA has also showed low complexing ability for antimony. Acid solutions were
tested with different concentrations and a slight increase in desorption rates with the in-
crease of acid concentration was observed. However, even increasing acid concentration
above 0.1 mol L™t did not solve the insufficient desorption efficiency problems, with de-
sorbed amounts remaining low (<17 %), suggesting the involvement of strong and stable

chemical bonds between antimony and the tannin resin.

Table V.7 Desorption percentages of antimony from saturated TR with different eluents (S/IL =2.5g L™).
Desorption (%)

Adsorbent Eluent
Sb(l11)-loaded adsorbent Sb(V)-loaded adsorbent
TRp HNO30.1 mol L 5.4+0.9 1342
TR HCI 0.04 mol L 3+l 8+4
TR HCI 0.18 mol L 942 1144
TR HCI 0.5 mol L™ 1341 1744
TRp NaOH 0.1 mol L 4216 4548
TR NaOH 0.5 mol L 7548 69+10
TRp NaCl 0.5 mol L 1.9+0.9 241
TR NazHPO4 0.5 mol L <3 <3
TRp EDTA0.1 mol L 8+1 241
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The regeneration of the exhausted material was only found to be feasible using alkaline
solutions, with best results observed for NaOH 0.5 mol L™ (desorption efficiencies of 69-
75 %). Nevertheless, the use of strong alkaline eluents raised concerns on the stability of
the regenerated tannin resin and feasibility of the process. DOC was measured in the
eluted solution (NaOH 0.5 mol L™) and values around 0.2 g-C L™* were observed. This
indicates that desorption and regeneration of antimony-saturated tannin resin may not be
feasible, not only because the regenerated adsorbent would have a significant drop in its
adsorption capacity, but also because the recovery of antimony from a strong alkaline and
organic contaminated solution would be impracticable. Indeed, the reusability of other
adsorbents on antimony uptake has been frequently described as difficult and raising
problems of adsorbent stability [52, 64], although some studies report successful elution
with still stronger alkaline solutions: NaOH 1 mol L™ [47, 49] and 0.5 mol L [89]. Lim-
ited Sb desorption efficiencies were also reported in literature for different biosorbents.
Ungureanu et al. [52] indicated desorption efficiencies in the range 12-23 % from Sb(l11)-
saturated seaweeds and using different saline (0.5 mol L), alkaline, and acid solutions
(0.5 mol L ™). Wu et al. [88] obtained values (=63 %) closer to the ones here found, from

exhausted Microcystis biomass but using HCI 4 mol L as eluent.

NaOH 0.5 mol L was then selected to be used in regeneration experiments, which were
carried out through two adsorption/desorption cycles, using 20 mg L Sh(V) solution at
pH 2 to load the adsorbent. The second adsorption step took place with no loss on the
adsorption capacity (162 mg g and 18+2 mg g were the Sb(V) adsorbed amounts
recorded in the first and second adsorption steps, respectively), which show the ability of
the alkaline solution to regenerate the adsorbent. However, a strong decrease on the de-
sorption efficiency was observed in the second desorption step, reaching only 28 %. In

addition, some colour leaching was observed in these conditions.

As results on TR elution obtained here have demonstrated nonviable regeneration, in the
actual context of circular economy, an alternative recovery of antimony through the ap-
plication of Sb-loaded TR in catalysis or functional materials [51] is suggested to be ex-

plored in the future.
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3.2. Column Experiments

Continuous adsorption studies using a fixed-bed column were carried out to evaluate the
effect of Sb concentration in the feed, the volumetric flow rate, and the bed height. The
breakthrough curves (normalized concentrations, Ce/Ci, versus elapsed time, t) are pre-
sented in Fig. V.11. Table V.8 presents the model parameters and the quality measures of
fittings. The three models represented quite well the breakthrough curves, with most cor-
relation coefficients above 0.97. A slight better adjustment was found for Yan model

(lower standard errors) and a more accurate curve for short times.
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Fig. V.11 Breakthrough curves obtained for the adsorption of Sb(l11) by TR (1.0-2.0 mm) in fixed-bed
experiments conducted at different: (a) flow rates (Ci= 9 mg L™, L = 10.5 cm), (b) packed-bed heights
(Ci=9mg L™, F=6mL min?), (c) antimony concentrations (L = 10.5 cm, F =3 mL min™?), and (d)
aqueous matrix (Ci=9 mg L™, F =3 mL min'%, L = 10.5 cm). Points represent experimental data and
lines Yan model curve.
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Table V.8 Bohart-Adams, Thomas, and Yan model parameters for the adsorption of Sb(lll) by TR in
fixed-bed columns (experimental conditions defined in Table V.9).

Aqueous matrix ~ DW DW DW DW DW SME
Operating con- Ci (mg L™) 9 9 9 9 1 9
dition F (mL min™) 10.5 10.5 10.5 6.5 10.5 10.5
L (cm) 1.0 3.0 6.0 6.0 3.0 3.0
B-A model kea (ML mg2h™) 9.4+0.7 4.620.3 6.5+0.6 5049 118409  6.7x0.8
No (mg cm™) 12+1 14+1 1242 2.0+0.5 8.2+0.8 8+1
Thomas kr(mLmgth?) 94407 46+03  6.5+0.6 50+9 11.8+09 6.7+0.8
gr(mgg™) 25+2 3343 2513 411 1742 1745
B-A/ R 1.00 0.99 0.97 0.94 0.99 0.97
Thomas SE 0.03 0.05 0.08 0.11 0.05 0.08
Yan model ay 16.1+0.9 2.30£0.06 1.3+0.1 0.86+£0.06 4.2+0.3 1.7+0.1
gy (mg g™ 25+1 31+2 17+2 27402 17+1 15+4
R 1.00 1.00 0.98 0.99 0.98 0.99
SE 0.04 0.02 0.07 0.04 0.06 0.04

Table V.9 summarizes the experimental conditions used in each column experiment and

presents some results obtained from the analysis of the experimental data. The empty bed

contact time (EBCT) was calculated by the ratio between the packed bed height and the

superficial velocity of the liquid and represents the average time the feed is in contact

with the adsorbent. BV denotes the number of the bed volumes until breakthrough (con-

sidered as the point where C. reaches 10 % of C;). The adsorbent usage rate (AUR) de-

notes the amount of adsorbent that is necessary to treat a unit volume of water and was

calculated by the ratio between the adsorbent mass used in the packed bed and the water

volume treated until the breakthrough. The total amount of antimony adsorbed by TR

expressed per mass unit of adsorbent (Q) was calculated based on experimental data using

Eq. V.5, where t; symbolize the saturation time:

F o[t
0= | C-co

Eq. V.5

Table V.9 Experimental conditions used in fixed-bed column adsorption experiments and performance

indicators obtained from experimental data.

Aqueous

media Ci(mgL™") L(m) F(mLmin) EBCT(min) Q(mgg"') BVb AUR(kgm3)
DW 9 105 1.0 8.4 241 1119 0.44
DW 9 105 3.0 2.7 305 655 0.65
DW 9 105 6.0 14 254 133 3.65
DW 9 6.5 6.0 0.8 8.1 124 15.6
DW 1 10.5 3.0 2.7 18.1 4669 0.11
SME 9 10.5 3.0 2.7 19.6 249 1.95
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3.2.1. Effect of Flow Rate

Fig. V.11a shows the breakthrough curves obtained at different flow rates (1 mL min?,
3 mL min%, and 6 mL min™1), for constant inlet concentration (9 mg L) and bed height
(10.5 cm). The breakthrough time and the volume of water treated efficiently until the
breakthrough decreased with the increase in the flow rate. The effect of flow rate is par-
ticularly visible when it increases from 3 mL min~* to 6 mL min~%, where the amount of
TR necessary to treat water efficiently has a six-fold increase (AUR, Table V.9). Under
these conditions, the operation of the column is then recommended at flow rates lower
than 3 mL mint. The decrease in the bed efficiency with the increase in the flow rate, as
a consequence of a lower contact time, is the typical observed pattern in literature [90].
Some authors report that the total adsorption capacity of the adsorbent in a fixed-bed
operation could decrease with the increase in the flow rate and explained this by insuffi-
cient solute residence time and diffusional limitations [53]. In the present study, however,
the results did not show an evident variation of the adsorption capacity of the packed bed
with the flow rate. Adsorption capacities (Q, Table V.9) calculated with experimental
data varied between 25 mg g~* and 30 mg g%, which are close to the adsorption capacities
estimated by Thomas (gr) and Yan models (qy), and to the maximum adsorption capacity

predicted by batch mode adsorption (Qm = 33+2 mg g ).

3.2.2. Effect of Bed Height

The effect of the bed height was examined for constant inlet concentration (9 mg L) and
flow rate (6 mL min™t) with two different bed heights (6.5 cm and 10.5 cm). As it can be
seen in Fig. V.11b, the breakthrough curves did not show the typical S-shape with a clear
initial phase where the outlet solution should be completely free of antimony. This is
justified by the low EBCT (0.8 minand 1.3 min). As expected, and as commonly observed
in literature [90], the breakthrough time and the volume efficiently treated increased sig-
nificantly with the bed height. The breakthrough point obtained for the 6.5 cm bed oc-
curred almost immediately after the experiment start (12.4 BV, Table V.9), which re-
flected in an extreme inefficiency of the adsorbent usage (AUR = 15.6 kg m~3) and in the
maximum adsorbed amount, which was reduced to one-third of the value recorded for
10.5 cm.
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3.2.3. Effect of Inlet Concentration

The effect of the inlet concentration was investigated using solutions containing 1 mg L™
and 9 mg L%, simulating low and heavy-Sb(l11) contaminated waters (Fig. V.11c). As
expected, feeding the column with a lower Sb(Ill) concentration led to a slower break-
through (4669 BV vs. 665 BV) and a decrease in the TR usage (AUR decreased from
0.65 kg m~3t0 0.11 kg m™3). The calculated adsorption capacity of the packed bed (in line
with capacities predicted by Thomas and Yan models) was lower when 1 mg L™t Sb(lll)
concentration was used (Q = 18.1 mg g* vs. 30.5 mg g %). This is a result of the reduced

driving force for adsorption [90] and has been observed in literature [53, 90, 91].

3.2.4. Effect of the Water Matrix

Fig. V.11d compares breakthrough curves obtained for the adsorption of Sb(lll) from
distilled water (DW) and simulated mine effluent (SME), at constant flow rate (3 mL
min1), bed height (10.5 cm) and inlet Sb(I11) concentration (9 mg L™1). The breakthrough
point was reached faster in the presence of coexisting compounds in solution (249 BV vs.
655 BV), which led to a lower TR usage efficiency and a decrease in the adsorption ca-
pacity (Q reduced from 30.5 mg g~* to 19.6 mg g%). The explanation lies in the compet-
itive effect of calcium and magnesium, observed in batch mode assays and here corrobo-
rated. Outlet solutions obtained at the breakthrough point were analysed for calcium,
magnesium, manganese, and arsenic. Results indicated negligible As uptake, whereas
61 %, 100 %, and 83 % removals were recorded for Ca, Mn, and Mg ions, respectively.
Despite the reduction in the performance indicators, under a complex aqueous matrix, TR
still acted very efficiently on the uptake of antimony, even when the adsorption capacity
found in SME (19.6 mg g?) is compared to literature results obtained in fixed-bed oper-
ations using simple Sb(ll1)/distilled water solutions: 1.1-3.8 mg g~ (S. muticum brown
alga) [53], 2.83-6.09 mg g (composite of quartz sand coated with FesO4 and graphene
oxide) [90] and 20 mg g (green bean husk) [54].
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4. Conclusions

The performance of the tannin resin on Sb(lll) and Sbh(V) uptake was compared to a
chemical modified form, obtained by its partial oxidation followed by iron-loading. The
iron-loaded resin showed a lower adsorptive capacity for both adsorbates, in addition to
a significant chemical instability at strong acidic conditions. Further studies proceeded
with the unmodified tannin resin, which adsorbed Sb(lll) efficiently in the whole acidic
pH range, particularly at circum-neutral pH conditions, and Sb(V) at more acidic condi-
tions. The adsorptive ability of the tannin resin is higher for lower particle sizes. The
adsorption of Sb(lll) and Sb(V) is not significantly affected by the presence of arsenic,
chloride, nitrate, sulphate or phosphate, at typical levels, but it is affected by the presence
of cations. The time required to reach equilibrium depends on the adsorbate (higher time
for Sb(V)) and its initial concentration and varied between 5 and 20 h. Equilibrium results
showed that tannin resins present a strong affinity to antimony species, particularly to the
trivalent species, which is advantageous since this is the most toxic Sb form. Maximum
adsorption capacities of 30-33 mg g (Sh(Il1), pH 6) and 16-47 mg g (Sb(V), pH 2)
were obtained by Langmuir fittings. A similar value (305 mg g) was obtained for
Sb(I11) when a tailings water from a mining site was used as aqueous matrix, while for
Sb(V) adsorption capacity was significantly lower (17+4 mg g1). Furthermore, adsorp-
tion of Sb(lll) from a complex aqueous media (simulated mine effluent, containing high
levels of sulphate, calcium, magnesium, arsenic and manganese) was studied, and a sig-
nificant effect of the metals was only recorded for high Sb(l11) levels (above 7.5 mg L ™).
Desorption of Sb(Ill) and Sb(V) was assessed using different eluents. Strong alkaline
solutions were found to be the most effective desorbing agent, although with still limited
efficiency (75 % and 69 % desorption of Sb(l11) and Sb(V), respectively) and leading to
high levels of organic matter in solution. Tannin resin was successfully applied in packed
bed adsorption columns run at different flow rates, bed heights and inlet Sb(Ill) concen-
trations. The results show that with the right choice of the operating conditions, the max-
imum adsorption capacities found in batch mode are practically attained in this adsorber
configuration. The adsorptive capacity of the tannin resin was practically maintained and
adsorbent usage rates as low as 0.11 kg m~3 were determined to treat efficiently (90 %

removal) 1 mg-Sb(I11) L™ contaminated water.
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1. Literature Review

Gold (Au) is a precious metal commonly used in jewellery and electronics [1], but also
in medicine and as a catalyst in various chemical processes [2]. The wide use of gold in
electric and electronic devices is explained by its chemical stability, fine ductility, and
high conductivity [3]. For that reason, waste electrical and electronic equipment (WEEE),
or e-waste, is known to present high levels of gold, among other precious metals, which
could be recovered and reused. The recovery of gold from wastes is crucial for the con-

struction of a sustainable circular economy.

WEEE is a fast-growing waste stream: in 2019, 53.6 Mt of e-waste were generated in the
world, corresponding to an average of 7.3 kg per capita [4]. Globally, however, only
17.4 % of that waste was documented to be formally collected and recycled [4]. In Eu-
rope, the management of WEEE is regulated by the Directive 2012/19/EU [5], which
states that, from 2019, member states should achieve an annual collection rate of WEEE
of 65 % of the average weight of EEE placed on the market in the three preceding years.
Although Europe was the continent presenting the highest rate (42.5 %), collection and
recycling must increase even further to meet the target [4]. WEEE contains bulky metals,
along with plastics and toxic elements, but also technology metals which, in the frame of
acircular economy, should be recovered. The content of precious/critical metals in WEEE
vary considerably, but in certain types of WEEE can even exceed those found in primary
sources [6-8]. For instance, levels of 250-2050 ppm of gold have been reported in waste
printed circuit boards [9] while actual and chief natural ores present averages concentra-
tions ranging from 1 ppm to 30 ppm [10]. However, greener and more economically com-
petitive routes are necessary to extract metals from WEEE and achieve sustainable pro-

Cesses.

The recovery of precious metals from e-waste usually involves dismantling, comminu-
tion, and separation [9, 11, 12], chemical pre-treatments to dissolve base metals [12, 13],
followed by pyrometallurgical and/or hydrometallurgical processes. Despite the chal-
lenges related to the use of strong acids in leaching processes, and the need to minimise
the loss of chemicals, hydrometallurgical processes have been considered a cleaner option
to be integrated at the back end of a recycling scheme for the recovery and production of

high purity metals [7, 8, 14]. Hydrometallurgical processes also have lower capital costs

161



CHAPTER VI UPTAKE AND RECOVERY OF GOLD

and benefit from easier implementation at the small scale. Cyanide has been the dominat-
ing leaching reagent of Au from primary resources [15] and is possibly the most reliable
and economic for WEEE [12]. However, the toxicity of cyanide makes its use prohibitive
in modern processes. Alternative leaching reagents have been proposed to dissolve Au
from WEEE, including chloride, aqua regia, thiourea and thiosulfate [15]. The subsequent

stage of a typical flowsheet is the extraction of gold from leaching liquors.

Many techniques for recovery of gold from aqueous solutions have been reported to be
effective, such as precipitation, solvent extraction, reverse osmosis, electrodialysis, and
adsorption. Among them, adsorption has been the dominant one, especially in cyanide
liquors, and due to a favourable cost-effectiveness [16], in which activated carbon has
been for decades the adsorbent of choice [17, 18]. Adsorption also has the advantage of
being effective in concentrating adsorbates from very low concentration solutions. The
current interest in moving forward to a more benign recovery has been motivating the
search for alternative adsorbents, at more competitive prices and able to sequester gold
from non-cyanide leach liquors, more commonly HCI and aqua regia solutions. The use
of bio-derived adsorbents has been regarded as a key technology [19], offering advantages
related to the ready availability of the biomass, to the simple synthesis and chemical func-
tionality, which usually make them good sequestrants of metals. Important criteria to be
met by biosorbents for gold recovery include: (i) high uptake capacity of the metal from
actual matrices; (ii) selectivity, i.e., adsorbents should be able to uptake gold to the detri-
ment of other base metals and noble metals coexisting in solution; (iii) fast adsorption
kinetics; and (iv) feasible subsequent recovery of the adsorbed metal. In addition, the
adsorbents should have particle sizes suitable for use in fixed bed systems, avoiding pres-
sure drop and column clogging, and should also have good chemical stability in strong
acidic solutions, considering this is the condition of typical gold-bearing liquors [20].
Various adsorbents have been investigated for gold recovery, including commercial res-
ins [21, 22], crosslinked polyethyleneimine resin [21], and a wide range of natural-de-
rived adsorbents such as polyethyleneimine modified Ca-alginate fibres [20], polyeth-
yleneimine modified Lagerstroemia speciosa leaves [23], banana peel derivatives [24],
and raw date pits [25]. The successful uptake of gold has been explained by electrostatic
interaction between the gold complexes in solution and the adsorbent surface, followed
by a reduction mechanism, involving amine, hydroxyl, and aldehyde groups of the adsor-
bents [20, 23, 26, 27].
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Uptake of gold from leach liquors by tannin-adsorbents has also been widely reported in
the literature, as discussed in Chapter 111. Outstanding uptake capacities of gold have been
reported for different tannin-adsorbents [3, 7, 26, 28-39], explained by the oxidation of
polyhydroxyl groups and the reduction of the metal to its elemental form [27, 29, 37, 40,
41]. Tannin resins have shown a selective uptake of gold, against negligible or weakly
uptakes of other metals present in the solution (Fe3*, Pb?*, Cu?*, Zn?*, Ni?*, Pd?*, Pt*) [3,
29, 30, 38]. Table V1.1 presents maximum adsorption capacities of gold(lI11) reported in
the literature for different adsorbents. Maximum adsorbed amounts obtained experimen-
tally (ge,m) and from Langmuir modelling (Qm) are presented, together with the most rel-

evant operating conditions, to allow a suitable comparison.

In general, literature has been mostly focused on batch adsorption studies, with few stud-
ies reporting results in continuous mode fixed-bed columns [3, 40]. The column studies
carried out by Xie et al. [3] suggested that the resin was effective for the uptake of Au(l1l)
from aqueous solutions, but during the adsorption step, and even after 8,000 bed volumes,
adsorption equilibrium (saturation) was not achieved. Based on the observations, the re-
searchers suggested that the loaded Au(lll) was being aggregated at the upper surface
layer of the bed as nanoscale gold particles form, and the separation of the reduced gold
particles from the biosorbent was generating new active sites in the persimmon powder-
formaldehyde resin. Results presented by Fan et al. [38] also show that during adsorption
in a packed-bed column, the outlet gold concentration has never reached the inlet value,

which corroborates the previous observations.

The elution of the gold from the loaded-biosorbent has been successfully carried out more
commonly using acidic thiourea solutions (1.0 mol L™ at pH 2 [3] or 1.0 mol L™* com-
bined with 1.0 mol L™t HCI [32, 34, 39]) but also using a HCI 50 % solution [42]. In
contrast, Fan et al. [38] proposed incineration to recover gold from the loaded adsorbent.
The authors reported an amount of 50.6 mg of gold (99.9 % purity), obtained by incin-
eration of 100 mg of saturated tannin resin.

Chemical modified resins with amine compounds (BTU, AG, TEPA, DMA) have been
also synthesized and evaluated for gold recovery [32-35]. Even though these treatments
seem to have little impact on adsorption capacity when compared to unmodified resins
[7, 30], Gurung et al. [33] reported an outstanding selectivity of an AG-modified persim-

mon tannin resin, stating that the amine treatment creates positively charged sites due to
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amine protonation in acidic medium. Gold concentration in these amine-modified adsor-
bents has been reported as a result of anion exchange coupled electrostatic interaction,
with simultaneous reduction of adsorbed Au(lll) to elemental form [32-34], similarly to

unmodified tannin resins.

Table VI.1 Maximum adsorption capacities reported in literature for the adsorption of gold from chlo-
ride media by different adsorbents.

Adsorbent (o-[:) pH or [H*] (m;:f_—l) (m%e’g_l) (mgrg—l) Ref.
Persimmon resin 30 pH 2 150-351 =965 1905 [3]
TEPA-persimmon tannin gel 30 0.1molL™" 0-1.2x 108 — 1168 [7]
PEl-alginate fibres 25 0.1 mol L! 0-2000 1240 1404 [20]
GA-PEl-alginate fibres 25 0.1 mol L! 0-1500 2325 2182 [20]
Commercial resin IRA400 — pH 2 0-215 T 902.3 [21]
Crosslinked PEI resins — pH 2 0-210 o 943.5 [21]
Commercial resin Lewatit TP214 25 pH 6.1 35-225 T 108.7 [22]
Activated rice husk 25 pH 6.1 50-260 T 93.46 [22]
PEI-modified L. speciosa leaves 25 pH 1 0-200 282 286 [23]
Banana peel 25 pH 1 0-1200 370.18 377.2 [24]
Banana peel (lipid extraction) 25 pH 1 0-1000 475.48 448.4 [24]
Raw date pits 25 0.5mol L! 0-35 78 61 [25]
Scnugdns kSN 55 puzss oo el w4 oo
]I:’igrrseimmon tannin functionalized viscose 25 DH 2 0-120 508 536 [27]
Persimmon peel gel 30 0.1molL™" 0-11x10° 1.8x10° o [29]
Crosslinked persimmon tannin gel 30 0.1molL™" 0-2.4 x10° 1517 o [30]
Efgsm‘:g: tannin onto Fes04@SiO mi- 25 pH5  (02-18)x10° 860 9174  [37]
EDA-modified persimmon tannin 30 0.1molL™" 0-1.5x 108 — 1550.4 [39]
Oil palm trunk (dewaxed) 30 pH 2 0-120 91.47 95.16 [43]
Polyaniline modified by TMP 25 pH 4 0-300 881 883 [44]
NIPA gel 50 1mol L™ 0-790 — 125.5 [45]
Cellulose acetate fibres 25 2mol L™! 0-800 110 — [46]
PAR-modified Zr MOF (PAR-UiO-66) 25 pH 4 288-988 — 6626  [47]

a — Aqua regia (HCI/HNOs). EDA — ethylenediamine; GA — glutaraldehyde; NIPA — N-isopropylacrylamide; PEI —
polyethyleneimine; TEPA — tetraethylenepentamine; TMP — trimethyl phosphate; PAR — 4-(2-pyridylazo)resorcinol;
MOF — metal organic framework.
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Moreover, immobilized bayberry tannins onto collagen fibres were also able to uptake
gold extensively from an acidic solution [36]. However, desorption was proven to be im-
possible; many eluents were tested (sodium bicarbonate, sodium carbonate, hydrochloric
acid, urea, and thiourea) and all failed. This is a drawback for this adsorbent, limiting the
subsequent recovery to burning, as suggested by the authors. Another possible way but
limited to specific applications (catalysis, for instance) is the direct reuse of gold loaded

in the adsorbent.

Even though literature on the recovery of gold by tannin-adsorbents has yielded many
reports, it has been limited almost exclusively to persimmon tannins [7, 21, 27, 30, 32,
37, 38, 42, 48-52], with a few reports using tannic acid [53, 54] or bayberry [31] as tannin
source-materials. No studies were found in the literature evaluating the uptake of precious
metals by pine bark tannin-adsorbents and subsequent recovery. More research is also
needed to obtain results in aqua regia solutions and stronger chloride and acidic media.
Consequently, the work presented in this Chapter focused on the study of gold(Ill) ad-
sorption by a tannin resin prepared from the bark of maritime pine (Pinus pinaster). Chlo-
ride and aqua regia solutions were used, and the uptake of gold was investigated from
single and multi-metal systems, simulating actual hydrometallurgical liquors. The final

recovery of the metal was achieved by elution.
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2. Methodology

2.1. Adsorbent and Adsorbate

In every adsorption assay reported in this Chapter, the adsorbent used was the TR (tannin
resin, particle size 0.15-0.50 mm), which was obtained by the procedure described in
Sections 2.1. and 3.1. of Chapter IlI.

Au(l11) solutions, with concentrations ranging from 10 mg-Au L™! to 550 mg-Au L},
were prepared by dilution of a commercial standard 1000 mg-Au L™ containing 2.0
mol L' HCI (Merck). To evaluate the uptake of Au(lll) from chloride and aqua regia
liquors, two types of strong acidic solutions containing different levels of H™ were used
as aqueous matrices: hydrochloric acid (HCI) and a mixture of hydrochloric acid and ni-
tric acid (HCI/HNOs in a ratio of 3:1 (v/v), molar ratio of 2.6:1.0). The desired HCI and
HNOs3 concentrations were obtained by the addition of analytical grade commercial acid
solutions (HCI 37 % w/w, density 1.19 g mL™!; HNO3 65 % wi/w, density 1.39 g mL™!)

and taking into account the pre-existing HCI concentration in the gold standard solution.

2.2. Analytical Methods

The analysis of dissolved metals (Au and, in multi-metal experiments, Cu, Fe, Ni, Pd and
Zn) in aqueous solutions was performed by atomic absorption spectroscopy (AAS) with
flame atomization (GBC 932 Plus spectrometer). The calibration plots were taken daily
and accepted for coefficients of determination (R?) higher than 0.995. In particular, the
dissolved gold was measured by air-acetylene flame, using a hollow-cathode lamp oper-
ating at 242.8 nm, intensity of 4.0 mA and in the range 3-14 mg L (detection limit: 2.7
mg L1). Potassium nitrate (analytical grade) was added to the standards and samples at

final concentrations of 2000 mg-K L', to suppress ionization.

2.3. Adsorption Studies

Adsorption studies were conducted in batch mode. Accurately measured volumes of Au
solutions (15.0 mL) were put in contact with the required amount of adsorbent (depending
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on the desired solid-liquid ratio) in Erlenmeyer closed flasks. Suspensions were stirred in
an orbital shaker, operating at 280 rpm. Samples taken from the suspensions were filtered
using cellulose acetate membranes (0.45 pum porosity), the liquid phase was diluted when
necessary and analysed for gold concentration. All the experiments were made in dupli-
cate, and results are presented as the average values with corresponding uncertainties (ab-
solute deviations or propagated errors). The amount of Au adsorbed per gram of adsorbent
(qr) was calculated by Eq. IV.1.

2.3.1. Effect of Leaching Reagent

Aqueous solutions of 100 mg-Au L' were prepared in HCI, using acid concentrations
varying from 0.2 mol L™! to 3.7 mol L™!, and in aqua regia (HCI/HNO3), with total H*
varying from 0.3 mol L' to 4.2 mol L™". These solutions were mixed with the tannin resin
(adsorbent dosage of 2.0 g L™!) and stirred for two days. The uptake percentages of gold
from the initial solution were calculated by Eq. V1.1, where Cin and Cr denote gold con-
centrations (mg L™!) in the initial and the final solutions, respectively.

Cr

Cin

Uptake (%) = X 100 Eq. VI.1

in

2.3.2. Adsorption Kinetics

The contact time effect on the amount of adsorbed Au was studied using 1.0 mol L™! HCI
solution and aqua regia at the same HCI level (total H* concentration of 1.4 mol L™),
adsorbent dosages of 0.5g L', 1.0g L !, and 2.0 g L, and different initial Au concen-
trations (100 mg L' and 300 mg L1). The liquid solutions were stirred with the tannin
resin for different periods of time, at room temperature (202 °C). Control assays (with
no adsorbent) were conducted in parallel. After designated times, suspensions were im-
mediately filtered, and the liquid phase analysed for Au concentration. The amount of Au
adsorbed per gram of adsorbent (g:) was calculated by the mass balance expressed by Eq.
V.1
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Scanning electron microscopy (SEM) and energy dispersion spectroscopy (EDS) were
used to observe the morphology and detect the chemical elemental composition in the TR
surface after saturation with gold solution. The SEM/EDS exam was carried out following

the procedure described in Section 2.4. of Chapter IlI.

Lagergren’s pseudo-first order and pseudo-second order reaction-based models have been
widely applied in numerous adsorption systems, due to their simplicity and the commonly
good fittings generated and were also employed here. Adsorption kinetics were modelled
following the methodology described in Subsection 2.3.2. of Chapter IV, fitting the
pseudo-first [55] (Eq. IV.2) and pseudo-second order [56, 57] (Eq. IV.3) models onto the
experimental data using the software CurveExpert 1.4.

In addition, an intraparticle diffusion model was also used. Linear Driving Force (LDF)
approximation (Eq. V1.2) [58] assumes that the uptake rate of an adsorbate is proportional
to the difference between the adsorbed phase concentration at the solid/fluid interface (g*,
given by Langmuir model) and the average adsorbed phase concentration in the particle
(9). The calculation of the LDF constant (kiLpr) was done using the explicit equation Eq.
V1.7 that results from Eq. V1.2, combined with the use of the variables expressed in Eq.
VI.3 to Eqg. VL.6 [59]. The solver tool in Excel was used to obtain kipr constants, by
minimizing the sum of squared residuals. The calculation of Dy, based on Eq. V1.7 [60],
assumes spherical adsorbent particles (rp denotes the average particle radius) and a para-

bolic profile of metal concentration inside the particle.

aq .
o7 = kuor X (@7 = q) Eq. V1.2
ot
g:Q_mxg/L Eq. VL3
Co
= ¢ Eq. V14
y - CO q' °
a=&—1+ L. p= 1 g = Zatvar+ed Vaz"““b;ﬁ:_a_— Va?+4b Eq. VL5
K1-Co K1-Co 2 2
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1 (1 2+ay->b
P = _ S | P
k. pr | 2b a—-b+1

) (1 ’B)( ) Eq. V1.6
a —p)y—«a
+ (1 _E) (a — ﬁ) X In [(1 —a)(ly — ﬁ)l}
15D
on = Tzh Eq. VL7

2.3.3. Equilibrium Studies

Adsorption equilibrium data allow for the design and optimization of the adsorption sys-
tems and provide information on the capacity of an adsorbent to accumulate the adsorbate
on its surface. Equilibrium isotherms were obtained for the adsorption of Au(lll) by the
tannin resin at 20 °C and for different aqueous matrices: HCI (1.0 mol L™! and 2.0
mol L™') and aqua regia (3:1 v/v HCI/HNOs, [H*] = 1.0 mol L™, 1.4 mol L', and 2.0
mol L™"). The experimental data was obtained using solutions with initial concentrations
of Au in the range 10-550 mg L' (range reported in literature as possible concentrations
in leach liquors) and a constant solid-to-liquid ratio (S/L = 1.0 g L™"). Adsorbent dosages
in the range 0.3-3.0 g L' have been reported in literature [3, 30, 43] for gold uptake.
Usually, a higher adsorbent dosage provides a higher uptake efficiency, but a lower usage
capacity of the solid. Considering the results obtained with 2.0 g L™! in the assay on the
effect of leaching reagent (Subsection 2.3.1), it was decided to use a lower solid-to-liquid
ratio (1.0 g L™!) to ensure that final measurable gold concentrations (significantly differ-
ent from zero) would be obtained to plot the isotherm. Suspensions were stirred for 72 h
(enough to attain the steady state). The amount of Au adsorbed per gram of adsorbent in

the equilibrium was calculated by the mass balance expressed by Eq. IV.1.

Adsorption isotherms were modelled following the methodology described in Subsection
2.3.3. of Chapter 1V, fitting the Langmuir [61] (Eq. I1V.4) and Freundlich [62] (Eqg. IV.5)

models onto the experimental data using the software CurveExpert 1.4.
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2.3.4. Competitive Assays

The dissolution of precious metals from WEEE is usually preceded by chemical pre-treat-
ments to dissolve base metals (e.g., copper, lead) [12]. However, certain amounts of these
metals remain in the residue, together with the precious metals, and are leached out with
gold in the subsequent steps. The presence of these metals in solution may affect the
adsorption capacity of the adsorbent, due to possible competition. In addition, if an ad-
sorbent sequesters significant amounts of other metals, besides gold, the generation of a
final high purity recovered product may be compromised. Assessing the performance of
an adsorbent in a multi-metal solution simulating an actual hydrometallurgical liquor is
therefore important. Multi-metal solutions containing Au(l11) (200 mg L"), Cu(ll) (200
mg L), Fe(lll) (150 mg L"), Ni(ll) (80 mg L), Zn(ll) (10 mg L") and Pd(Il) (40
mg L") were prepared in aqua regia at different acidity levels ([H*] = 0.75 mol L, 1.3
mol L™, and 2.0 mol L™"). The desired concentration of each metal was obtained by the
dilution of commercial metal standards (1000 mg L) or, in the case of Cu(ll), by the
dissolution of the CuCl2-2H-0 salt. The metal composition of the simulated solutions was
based on the levels reported in literature for aqua regia liquors of WEEE [38, 39]. Simu-
lated leaching solutions were then mixed with the tannin resin at an adsorbent dosage of
1.0 g L. After 72 h of stirring, the concentration of each metal was analysed in the liquid
and adsorbed amounts and uptake percentages were calculated (Eq. V.1 and Eq. VI.1).
Control assays were conducted in parallel, in similar conditions, but using single-metal
solutions (200 mg-Au L™).

2.4. Desorption and Regeneration

Desorption and regeneration studies were conducted to evaluate the recovery of gold by
elution from exhausted adsorbents and the possibility to reuse the regenerated material.
A sample of Au-loaded adsorbent was prepared by stirring the tannin resin (1.0 g L)
with 500 mg L™! Au solution, prepared in HCI 1.0 mol L™' H*. After the saturation with
gold, the adsorbent was separated from the remaining liquid by vacuum filtration, washed
with distilled water and dried at 50 °C overnight. The first desorption stage was conducted
using a solid-to-liquid ratio of 2.5 g L' and two different eluents: acid thiourea solution
(0.5 mol L™! thiourea and 0.5 mol L™' HCI) and HCI 50 % (v/v). After 3 days stirring, the
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liquid phase was analysed for Au and the desorbed percentage calculated. Adsorption and

desorption steps were repeated for 3 cycles, using the acid thiourea solution as eluent.
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3. Results and Discussion

3.1. Effect of Leaching Reagent

Fig. VI.1 presents the results on gold(l11) uptake from aqueous matrices containing dif-
ferent levels of HCIl and HCI/HNOa. In both aqueous systems, the acidity of the medium
affected the amount of gold adsorbed by tannin resin.

Total removal of gold from HCI solutions was achieved up to 1.2 mol L' H*. Above 2.0
mol L™ HCI the uptake of the metal was seriously affected, and for 3.7 mol L' HCI it
was practically suppressed. Results can be explained considering the effect of H*, but also
the presence of CI™ ligands, and their effect on the adsorbate species (gold complexes)
and on the adsorbent surface. The adsorption mechanism that has been proposed for the
uptake of gold by tannin materials is based on an electrostatic attraction followed by the
reduction of Au(lll) and the oxidation of hydroxyl groups [21, 37]. The redox reaction is
expressed by Eg. V1.8, where the reduction of the chlorogold complex is accompanied by
the oxidation of hydroxyl to carbonyl groups [41].

AuCl;+3R-0H—>Au°+3R=0+3H++4Cl_ Eg. VI.8
100 | G9¢- 09 @ - HCI
L A .
\ - < - aqua regia
80 - \
\
\
— \
8\0/ 60 - ‘\
(O] \
< !
S 40 \ %
\
20 §
\
0 Y U
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Fig. V1.1 Effect of hydrogen ion concentration ([H*]) on the uptake of gold by the pine bark tannin resin
from HCI and HCI/HNOj3 (aqua regia) aqueous solutions (Cin = 100 mg-Au L%, S/L=2.0g L ™).
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Under the HCI concentrations used in this study, Au should be present in solution as
tetrachloroaurate(l11) complex (AuCls") (speciation diagram presented in [63]), and the
resin surface should present a high positive charge. These conditions favour the uptake
of Au complexes by electrostatic attraction, which explains the good results observed up
to 1.2 mol L™' HCI. However, an excessive increase in HCI concentration (and, conse-
quently, in H" and CI™ levels) impairs the reduction of gold (Eq. VI1.8), and chloride ions,
abundantly present in solution, may also compete with AuCls to the active sites of the
adsorbent [21, 37]. This explains the marked reduction in the gold uptake observed for

HCI levels above 2.0 mol L.

With regards to the aqua regia, Fig. V1.1 shows that 100 % of gold in HCI/HNOz3 solutions
is sequestered by the tannin resin for acidic levels below 1.0 mol-H* L™!. The adsorptive
ability sharply decreased for higher acid concentrations and ceases at 2.7 mol L' H*
(corresponding to 2.0 mol L' HCl and 0.7 mol L' HNOg3). These results can be explained
in the same way as for the HCI solutions. For acidity levels higher than 1.2 mol-H* L™,
the tannin resin exhibits a higher performance for the uptake of Au(lll) from HCI solu-
tions than from aqua regia, and it is much more affected by the acid concentration in the
latter system than in the former. This means that the presence of nitric acid in solution
impairs the uptake of Au by the adsorbent, being a result of the strong oxidizing capacity
of aqua regia which hinders the reduction of Au(l1l) [38].

The results here obtained are generally in line with those reported in literature. Fan et al.
[38] studied the adsorption of Au(lll) by a persimmon tannin resin in HCl and HNO3
media. Under the studied conditions, the adsorbent performance was only significantly
reduced for HCI and HNO3 concentrations higher than 3.74 mol L™ and 3 mol L}, re-
spectively. The adsorbent performed better in HCI than in HNO3z aqueous medium. Yi et
al. [39] studied the effect of HCI concentration on the adsorption of gold(l11) by ethylene-
diamine modified persimmon tannin-adsorbent and reported a gradual decrease in the Au
uptake when the H* concentration rose from 0.1 mol L™! to 5.82 mol L™!. Al-Saidi [25]
reported an increase in Au(lll) removal by raw date pits for HCI concentrations up to 0.5
mol L', but a decrease in the uptake efficiency above this level. Most of literature studies
were conducted using HCI aqueous matrices. However, aqua regia is also employed as
leaching reagent for WEEE, being superior to chloride leaching in some criteria [12, 15],
thus the study of gold uptake from aqua regia is important.
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Several works have evaluated the uptake of gold under HCI levels equal and lower than
0.1 mol L™}, corresponding to pH values between 1 and 5-6 [20, 23, 24], which are weaker
acidic conditions than those used here. In fact, our experiments were carried out by using
1.0-2.0 mol H* L™! (HCI and HCI/HNOs solutions), closer to the H* concentration in ac-
tual leach liquors of WEEE, even though a greater adsorbent performance would be as-
sured by using acid levels below 1.0 mol L.

3.2. Adsorption Kinetics

The effect of contact time on the uptake of gold was studied at 20 °C, for different ad-
sorbate concentrations, solid-to-liquid ratios, and acidic aqueous matrices. The Kinetic
profiles are presented in Fig. V1.2 and show a relatively slow adsorptive process, with
equilibrium times of two or three days. Similar contact times were found by Gurung et al.
[30], with persimmon tannin resins, although other authors report considerably lower val-
ues (8 h) [3]. The slow kinetics on the gold uptake appears to be a shortcoming of many
biosorbents, but this has been explained by the reductive process of gold, which is essen-
tial for high uptake capacities.

200.0 200.0
©C0=100 mg/L S/L=1.0 g/L (a) ©C0=100 mg/L S/L=1.0 g/L (b)

EC0=100 mg/L S/L=2.0 g/L @ C0=300 mg/L S/L=2.0 g/L

@C0=300 mg/L S/L=2.0 g/L

150.0 A

q(mgg™)
q(mgg™)

0.0

T T 00
0.0 24.0 480 72.0 0.0

time (h) time (h)

24.0 48.0 72.0

Fig. V1.2 Effect of contact time on the uptake of gold by the pine bark tannin resin at 20 °C, using differ-
ent initial gold concentrations and adsorbent dosages, and using aqueous solutions of (a) 1.0 mol L™ HCI
and (b) aqua regia 1.0 mol L™* H*: experimental data and pseudo-second order modelling.
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Table V1.2 presents kinetic parameters for Lagergren’s pseudo-first and pseudo-second
order models. Both models describe very well the experimental data, with all coefficients
of correlation equal or higher than 0.98. Even though the pseudo-second order model
(Fig. VI1.2) has mostly provided the lowest SE values, the pseudo-first order predicted

equilibrium adsorbed amounts (geq) closest to the experimental values.

Table VI.2 Kinetic parameters of reaction-based models (k, kinetic constants; geq, equilibrium adsorbed
amounts) for the adsorption of gold from HCI and aqua regia solutions by the pine bark tannin resin, at
20 °C and for different initial Au(l11) concentrations (Cin) and adsorbent dosages (S/L).

Pseudo-first order model Pseudo-second order model
Cin S/L ki-102 Geq . SE ko104 Oeq 5 SE
(mgL?) @LH ()  (mgg?) (mgg")  (@mg*h?)  (mgg?) (mgg™)
1.0 mol L1 HCI

100 1.0 6+1 9146 0.98 7.2 6+2 11249 0.98 6.2
100 2.0 7.7+0.6 5242 0.99 2.2 1.3+0.1 63+2 1.00 1.4
300 2.0 4.7+0.6 1478 0.99 7.5 2.3+0.5 190+12  0.99 6.0

1.4 mol L™! H* aqua regia

100 1.0 5.3+0.7 84+4 0.99 4.5 4+1 109+9 0.99 4.8
300 2.0 7.2+0.5 13643 1.0 4.2 4.4+0.5 16745 1.0 3.8

The kinetics of gold uptake by the tannin resin was also analysed considering an intra-
particle diffusion-controlled process. Assuming a negligible mass transfer resistance in
the outer layer and considering that intraparticle resistance is governed by surface diffu-
sion (as this adsorbent is essentially a non-porous material), homogeneous solid diffusion
model (HSDM) combined with Linear Driving Force (LDF) approximation were used to
model kinetic data and to calculate the average values of the homogeneous diffusion co-

efficients (Dn) (equations in Subsection 2.3.2).

Table V1.3 presents k.pr and Dy estimated values. The quality of the LDF fitting onto the
experimental data (coefficients of correlation equal or higher than 0.98) shows that this
model can also successfully describe the adsorption of gold by the tannin resin. The ho-
mogeneous solid diffusivity coefficients calculated were in the range 107'4-107"* m? s™".
Similar values are found in the literature. For example, Saman et al. [43] reported values
in the order of magnitude of 107" m? s™! for the adsorption of Au(l1l) by oil palm trunk
biosorbents. For the same adsorbent dosage, the results show an increase in Dn with the
initial adsorbate concentration, which has been reported in various adsorptive systems

[59, 64], including on the uptake of gold cyanide by activated carbon [18]. For the same
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initial adsorbate concentrations and adsorbent dosages, lower ki pr and Dy values were
obtained for the aqua regia solutions, in comparison to HCI, which indicates slower ad-
sorption Kinetics.

Table V1.3 Kinetic constant (k.or) of LDF approximation and solid diffusivity coefficients (Dn) calcu-
lated by HSDM model for the adsorption of gold from HCI and aqua regia solutions by the pine bark tan-
nin resin at 20 °C.

Cin S/L R KLpF Dn
(mg L™) (L™ (h™) (m?s™)
1.0 mol L™* HCI
100 1.0 0.98 0.076 3.6 %101
100 2.0 0.98 0.051 2.5x 1071
300 2.0 0.99 0.215 1.1x10718

1.4 mol L™! H* aqua regia

100 1.0 1.00 0.021 1.0x 1074
300 2.0 0.99 0.087 4.3 x 1074

Fig. V1.3 presents the SEM images of the tannin resin adsorbent after gold uptake. After
adsorbing gold from HCI (Fig. V1.3a) and aqua regia solutions (Fig. V1.3b and Fig.
V|1.3c), the adsorbent surface presented an accumulation of metal particles, identified as
gold through the EDS spectra (Fig. VI1.4). These images are in line with the quantitative
adsorption results previously obtained, considering that Fig. V1.3a and Fig. VI1.3b (Au-
loaded adsorbents in HCI and aqua regia solutions 1.0 mol L™! H*, respectively) show
high amounts of gold particles, whereas Fig. VV1.3¢c shows a much scarce distribution. The
EDS spectra obtained in areas not covered by gold particles (not illustrated) showed an
abundance of carbon and oxygen (also observed before adsorption), but the additional
presence of chlorine. This confirms the competition between chloride and gold to the

adsorbent surface.
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Fig. V1.3 SEM images obtained for the tannin resin after adsorption of gold (a) from 1.0 mol L™t HCI,
and from aqua regia solutions (b) 1.0 mol L™ H*and (c) 2.0 mol L™t H*,
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Fig. V1.4 EDS spectra obtained for tannin resin loaded with Au in HCI 1.0 mol Lt H* from one of the
particles observed in Fig. V1.3a.
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3.3. Equilibrium Studies

Fig. V1.5 shows adsorption isotherms obtained for the uptake of gold by the tannin resin,
in different acidic systems (HCI and aqua regia). In line with previous results, Fig. V1.5a
and Fig. V1.5b show a negative effect of increasing the solution acidity. The slope of the
isotherms for low equilibrium concentrations gives indication about the affinity adsor-
bent/adsorbate, and in both charts (Fig. VI.5a, Fig. V1.5b), the decrease of adsorption is
evident for higher H* concentrations. Nonetheless, the results show that the negative in-
fluence of acid concentrations tends to cease as the Au concentration increases. The ad-
sorbed amounts of Au from 1.0 mol L™ HCI solution are significantly higher than the
ones recorded at 2.0 mol L™! only for equilibrium gold concentrations below 100 mg L™
but are practically the same for higher adsorbate levels (Fig. V1.5a). The same happens
when it comes to aqua regia (Fig. V1.5b), as the isotherms measured at 1.0 mol L™! and
1.4 mol L™! H* get closer for Au concentrations of <200 mg L', This is reflected by the
similarity of the maximum adsorbed amounts obtained experimentally (gem, Table V1.4)
between HCI 1.0 mol L™! and HCI 2.0 mol L™! HCI, and between aqua regia 1.0 mol L™
H* and aqua regia 1.4 mol L™! H*. The use of 2.0 mol L' of H*, however, impaired more
dramatically the uptake ability, as even for higher Au levels the adsorbed amounts re-

mained significantly below the values obtained at lower acidity.

Fig. VI.5c and Fig. V1.5d compare isotherms measured from HCI and aqua regia matrices,
under the same total H* concentrations. For 1.0 mol L™! H*, the two isotherms are quite
similar, mainly for low gold concentrations. For 2.0 mol L™' H*, the performance of the
tannin resin is unquestionably worse under aqua regia solutions (Fig. V1.5d). In this case,
the maximum adsorbed amounts, recorded within the experimental conditions were
289 mg g~' in HCI solution and 136 mg g' in aqua regia solution (Table V1.4). Such
behaviour should be related to the strong oxidizing power of aqua regia that inhibits the
reduction of Au and limits the sequestering ability of the adsorbent. Therefore, the use of
HCI as a leaching agent for gold in hydrometallurgical processes has proven to create

more favourable conditions than aqua regia, considering its subsequent uptake and recov-

ery.
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Fig. VL.5 Equilibrium isotherms for the adsorption of gold by the pine bark tannin resin from different

acidic matrices (20 °C, S/L = 1.0 g L™): effect of H* concentration in (a) HCI and (b) aqua regia solu-

tions; effect of the leaching reagent for a total H* concentration of (c) 1.0 mol L™* and (d) 2.0 mol L™,
Langmuir and Freundlich models are represented by solid and dashed lines, respectively.

Table V1.4 Parameters of Langmuir and Freundlich isotherms for the adsorption of gold from HCI and
aqua regia solutions using pine bark tannin resin, at 20 °C.

Exp.

Langmuir Freundlich
[H+] J
(mol L) Qem KLx103 Qm SE Kr N SE
(mgg™) (Lmg™) (mgg™) (mgg™)  (mg'*"gtLln) (mgg™)
HCI Solution
1.0 344 £+ 30 38+13 343+38 0.97 31.0 387 24+0.3 0.98 23.7
2.0 289 + 28 4+2 675+ 152 1.00 12.6 7+2 1.4+0.1 0.99 15.7
Aqua Regia Solution
1.0 246 £ 19 81+21 270+19 0.99 19.3 51+21 32 091 47.2
14 264 £ 32 8+£3 386+£62 0.98 20.9 10+6 1.7+0.3 0.96 315
2.0 136+ 21 64 200£65 0.95 19.3 5+4 1.7+£05 0.92 24.8
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The parameters of Langmuir and Freundlich models are shown in Table V1.4. The coef-
ficients of correlation (R) and the standard error of the regressions (SE) are also presented,
as quality measures of the fittings. Modelled curves are illustrated in Fig. VI.5. Both equi-
librium models described quite well the experimental data. Considering the higher corre-
lation coefficients and the lower standard errors, the Langmuir model provided better
fittings (with the sole exception being the isotherm measured at 1.0 mol L™! HCI). Despite
this, in the experimental range of concentrations studied and in certain conditions (e.g.,
2.0 mol L™ HCI; 1.4 mol L™! and 2.0 mol L™! HNO3s/HCI), the maximum experimental
adsorbed amounts (denoted as gem, in Table V1.4) are lower than the Qm values predicted
by Langmuir model. This is an indication that the monolayer capacity was not attained,
which means that the adsorbent still has capacity to sequester more gold ions from solu-
tion. Indeed, other studies present similar observations. A continuous rise of the isotherm
curve, even for Au equilibrium concentrations of 1500-2000 mg L™}, has been reported
for the adsorption of gold by crosslinked polyethylenimine/calcium-alginate fibres, and
attributed to a continuous reduction process of Au(l1l) [20].

In a general way, and despite the negative effect of H™ and aqua regia, pine bark tannin
resin showed an excellent ability to sequester and accumulate gold on its surface in all
the conditions tested. The pine bark tannin resin presents adsorbed amounts in the range
of the reported values for other biosorbents (Table V1.1). Looking only at the uptake ca-
pacities of gold, its performance seems to be comparable to the banana peel derived ad-
sorbent and PEI-modified L. speciosa leaves, superior to some other biosorbents or syn-
thetic polymers (e.g., commercial resin Lewatit TP214, raw date pits, activated rice husk),
but worse than other tannin-adsorbents. However, the adsorption capacity of the pine bark
tannin resin was evaluated here under more harsh acidic conditions (1.0 mol L™ acid
solutions) than most of the data collected from literature and referred in Table VI.1. Alt-
hough strong acidic conditions impair gold uptake (Fig. VI1.1; [38, 39]), they are more
representative of the actual conditions found industrially, making the results obtained in
such conditions more meaningful. On this basis, pine bark tannin resin has been proven

to be a promising material for gold uptake.
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3.4. Competitive Assays

The tannin resin was tested in multi-metal solutions containing Cu(ll), Fe(Ill), Ni(ll),
Zn(11), Pd(11) and Au(l1). The results are depicted in Fig. V1.6. The ability of the tannin
resin to uptake gold from the simulated liquors is practically the same as that found in
single-metal solutions (Fig. VV1.6a). The uptake percentages of gold obtained in multi-
metal systems (Fig. VV1.6b) were noticeably higher than those of the other metals (which
has never surpassed 11 %), particularly for total acidities of 1.0 and 1.4 mol L. For
instance, at acidic level of 0.75 mol L' H*, almost 100 % of the gold in solution was
adsorbed by the tannin resin, whereas Ni and Pd were very weakly extracted (11+4 % and

1043 %, respectively), and other metals remained practically solubilized (uptake percent-

ages <3 %).
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Fig. V1.6 Percentages of metals extracted from simulated liquors containing aqua regia in different H*
concentrations by the pine bark tannin resin from (20 °C, S/L 1.0 g L%, initial Au concentration
200 mg L™): (a) comparison of Au uptake from single and multi-metal solutions; (b) uptake of metals
from the multi-metal solution.

In the presence of high chloride concentrations and low pH, gold and platinum group
metals are present as anionic chloro-complexes, which favour their uptake by the posi-
tively charged adsorbent surface. Palladium has similar properties and behaviour as Au,
namely a low reduction potential. It has been reported that PdCls~ can be also adsorbed
by tannin-adsorbents through the oxidation of the functional groups of tannins and reduc-
tion to Pd(0) [37], which justify its co-adsorption. Base metals, on the other hand, are

present in solution as cationic species and are electrostatically repelled. Indeed, in bio-
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sorption processes, anions are typically adsorbed at low pH (1.0-3.0), whereas metal cat-
ions are typically adsorbed under optimum conditions of pH 5.0-5.5 [65]. This explains
the reduced competition observed between gold and base metals. The present results are
generally in line with results published in literature, which have shown very good selec-
tivity for gold over other metals for different HCl and HNOz media [38].

3.5. Desorption and Regeneration

The final recovery of gold from the loaded adsorbent and the regeneration of the adsor-
bent are important for industrial applications. A first desorption test of gold(I11) was con-
ducted using HCI 50 % (v/v) and 0.5 mol L' acidic thiourea as eluents. Negligible de-
sorption percentage (<1 %) was obtained in HCI eluent, whereas 57 % was registered
using the acidic thiourea solution. In fact, formulations of thiourea with HCI have been
identified in literature as the most effective desorbing solutions for gold [20, 24, 26, 66].
The desorption mechanism of the process is based on the displacement of the electrostat-
ically adsorbed Au(lll), that complexes with chloride in the HCI eluent, and on the oxi-
dation of the elemental gold forming the gold(l)-thiourea Au(CS[NH2]2)2" [20, 66]. De-
tails about the reactions of gold dissolution using acid thiourea solution can be found in
literature [67, 68].

Adsorption-desorption assays were then conducted for three cycles, using the acidic thi-
ourea solution and the results are presented in Fig. VI.7. The desorption efficiency ob-
served in the first cycle (57 %) decreased to 38 % and 39 % in the two subsequent de-
sorption steps. Nevertheless, the regeneration ability of the tannin resin was quite good,
as the adsorbed amount remained practically constant in two cycles and reduced moder-
ately (19 %) in the third one, indicating that the regenerated tannin resin still has capacity
to accumulate gold on its surface. These results are promising, but the necessity of more
research is evident to find an improved solution (e.g., increasing HCI concentration) to
desorb gold more efficiently from tannin resins. Even though the desorption and regener-
ation seem to be the most interesting options in terms of environmental benignity and of
cost-effectiveness to recover gold, incineration could be considered in future as it is a

direct way to obtain metallic gold.
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Fig. V1.7 Results obtained in the adsorption (Cin =500 mg L™, S/L = 1.0 g L™, 20 °C) and desorption
cycles (eluent: 0.5 mol L thiourea and 0.5 mol L™ HCI solution, S/L =2.5g L™, 20 °C).
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4. Conclusions

Tannin resins were evaluated for the uptake and recovery of gold from simulated e-waste
hydrometallurgical liquors. Higher extraction efficiencies of gold were obtained from
HCI solutions, in comparison to aqua regia, but excessive levels of HCI caused a severe
impact in the metal uptake from both aqueous systems. Even though, at strong acidic
levels and in both acidic systems, the pine bark tannin resin presented a good perfor-
mance, with maximum adsorption capacities ranging from 200 mg g~* (2.0 mol L™ H*)
to 343 mg gt (1.0 mol L™ H*). The adsorption process was found to be a rather slow
process (2-3 days to be completed) and successfully described by the homogeneous solid
diffusion model and Linear Driving Force approximation. The selectivity of the adsorbent
towards gold was evaluated using simulated hydrometallurgical liquors. The amount of
gold extracted by the tannin resin from multi-metal solutions was similar to the values
registered in the single-metal solutions and the co-adsorption of Pd(Il), Cu(ll), Fe(ll),
Ni(Il) and Zn(I1) was in general low. Desorption and regeneration studies conducted in
through three adsorption-desorption cycles, using a solution of 0.5 mol L thiourea and
0.5 mol L™ HCI as eluent, indicate desorption percentages of 38-57 %, although with
only a mild loss of the adsorption capacity of the regenerated adsorbent. Considering the
harsher conditions at which the pine bark tannin resin was evaluated, it can be said that it
presents analogous or even better performance when compared to other biosorbents or
synthetic resins.
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1. General Conclusions

Adsorption is an important technique for wastewater treatment due to its high selectivity,
particularly of highly toxic species given its efficacy in low concentrations. Moreover,
adsorption can also be applied for the recovery of valuable substances, contributing thus
to the sustainability of materials which are essential in several industries. In addition,
forest residues, such as bark of the widely distributed species in Portugal Pinus pinaster,
have often their chemical richness, namely phenolic content, ignored. Hence, finding a
way to salvage those residues taking advantage of their chemical richness is of great im-
portance. Furthermore, arsenic, a toxic metalloid, is found at high concentrations in mul-
tiple places, creating an imperative need to develop techniques to remediate such inci-
dents. On the other hand, elements like phosphorous and antimony are both water pollu-
tants and critical materials with several applications. Considering the depletion of the
natural reserves of phosphorous and the antimony supply risk in the European Union,
these elements should be removed from contaminated waters and recovered for reuse.
Finally, precious metals such as gold should be recovered from acid liquors yielded from
obsolete electronic devices. This thesis aimed at producing a pine-tannin adsorbent to
have its applicability to uptake arsenic, antimony, phosphate, and gold from aqueous so-
lutions assessed. Tannin-adsorbents have been rarely applied to anionic species and using
pine as a source for tannins is uncommon. In this way, this thesis may have helped im-

prove the literature by addressing those limitations.
Summarizing the strengths and weaknesses:

(i)  The tannin resin used here was a biosorbent, prepared through a relatively simple
process from a readily locally available resource, a forest/industrial waste (pine
bark);

(i)  Tannins were extracted from pine bark in alkaline solutions (NaOH 7.5 % of
bark mass) at high temperature (90 °C) after one hour of contact (optimal condi-
tions) and the extracts obtained presented a phenolic content of 631+30 mg of
gallic acid equivalents per g of extract, granting the production of 166+2 mg of

polymerized material per g of bark used in the extraction;

(iii) Tannins were polymerized in NaOH 0.25 mol L solution (4.0 mL per g of ex-
tract) and using formaldehyde as a cross-linking reagent (0.20 mL per g of ex-

tract) with an optimal expected yield of tannin resin of 80 %;
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(iv)

(vi)

(vii)

Tannin resins can be prepared at different particle sizes, including larger parti-
cles with convenient handling and adsorptive properties for continuous and full-
scale operation, are stable in strongly acidic, neutral and slightly alkaline condi-
tions, present isoelectric points close to pH 2, and were successfully loaded with
iron or calcium yielding metal contents of 22+2 mg g~* and 32+1 mg g}, respec-

tively;

Iron-loaded oxidized tannin resin was the only adsorbent assessed able to uptake
arsenic with a removal of ~90 % using high dosages (S/L = 10 g L), neverthe-

less it granted very low adsorption capacities (0.72+0.03 mg g}, pH 3, 20 °C);

Tannin resin has good uptake capacities for both antimony redox states and for
most actual conditions, e.g., adsorption capacities of 30-33 mg g~! (Sb(lll), pH 6,
20 °C) and 16-47 mg g~ (Sb(V), pH 2, 20 °C), and with no drastic effect of
typical coexisting species; however, adsorbent regeneration was found to be

challenging;

Several adsorbents produced were screened for phosphate removal from water
and none was found to be sufficiently effective to proceed with further adsorp-

tion assays;

(viii) Tannin resin performed well for gold uptake even at very acidic conditions, with

maximum adsorption capacities ranging from 200 mg g~* (2.0 mol L™t H") to
343 mg g! (1.0 mol L™t H*), it presented selectivity for gold comparatively to
base metals and other precious metals (e.g., palladium), and, thus, this adsorbent

seems to be applicable to the recovery of precious metals in urban mining.
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2. Suggestions for Future Work

In terms of tannin extraction, an economic analysis should be undertaken to guarantee
that the conditions chosen are indeed optimal. For instance, an increase in contact time
and temperature may have led to an increase on extraction yield but the additional energy
spent may not compensate that improvement. Furthermore, the feedstock used in the ex-
traction should be submitted to analysis to help validate the extraction method chosen.
Tannin polymerization should be evaluated using aldehydes other than formaldehyde or
even in the absence of cross-linking reagents (through self-condensation) to further in-
crease the environmental benignity of the procedure. Additionally, modifications on the
polymerization procedure should be explored to improve iron and calcium uptake and to
strengthen bonding stability between the metals and resins, and, if better results are
achieved, the potential of the resulting materials for arsenic and phosphate removal should

be reassessed.

On the other hand, antimony adsorption by the unmodified tannin resin should be further
evaluated in real Sb-contaminated waters and wastewaters, given the considerable varia-
bility of their characteristics as the result of different geographic locations, soils with dif-
ferent geochemical properties, the presence or absence of mining activity, etc. Future
work should involve adsorption assays with solutions that contain simultaneously Sb(lll)
and Sb(V), with speciation analysis to check if competition between oxidation states oc-
curs and to reassessed possible conversions. Moreover, column experiments with tannin
resin and antimonate should also be carried out to complement the fixed-bed results here
obtained for antimonite. The regeneration of the Sb-loaded tannin resin by elution was
not feasible, but alternative ways to reintroduce antimony (a critical raw material) in the

industrial chain (e.g., as catalysts) are proposed and can be explored in the future.

Regarding gold, a deeper analysis on the final recovery of gold from the exhausted ad-
sorbents, either by elution or incineration, should be considered in forthcoming work.
More research is needed in this field to improve the circularity in e-waste, particularly by
the promotion of benign practices. Furthermore, adsorption assays using real or simulated

e-waste leaching liquors should be done, as well as experiments in continuous mode.
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