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Abstract

A shortage of phosphate rock resources has leddous on the use of sewage sludge as a fertiliser.
One factor preventing the unlimited applicationsefvage sludge in agriculture is the heavy metal
content. This work looks at a process where weaklaaching of sewage sludge would be coupled to
ion exchange (IX) for heavy metal ion removal. IKeos an effective method for the recovery of
these metals from a leachate. This study presaetpitl performance of six selected IX resins in
extracting C@', F€*, P and Zri" from acetic, lactic and citric acid media simulatedak acid
leachate. Acetic acid media displayed limited sapgion of metal extraction, whilst lactic and citri
acid media rendered MTS9100 ineffective. Lacticdaciedia when combined with C107E resin
allows for the targeted extraction of lead. Both 38670 and MTS9501 display high ferrous
extraction in all media at all pH values, althowghic acid hinders extraction by both resins athiar

pH values. TP214 is selective for copper over @léometal ions in all weak acid media. MTS9301 is
the most effective at extracting all metals fronh mledia solutions, with separation of copper

becoming more apparent when transitioning to cédid.

Keywords; transition metals, weak acid, ion excleargsin, remediation, extraction.
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1 Introduction

Projected phosphate fertiliser demand has incremgaohentially as a result of a predicted global
population increase from 7.4 billion in 2016 to epgmately 10 billion by 2050 (United Nations,
2013). This increase in population combined witplefton and poor recycling of phosphate reserves
(a limited resource) could lead to a potential gldbod security crisis (FAO, 2015; Fytili and
Zabaniotou, 2008; Spangbergal., 2014). Treatment of municipal waste water leaveslid waste
product (sewage sludge) which is dense in phosplaaite nitrogen compounds (up to 44% and 28%
of that found in commercially available fertiliseespectively (Spangbere, al., 2014)). The
combination of road run off and domestic and indalstvaste water into municipal effluent systems
leaves the sewage contaminated with toxic heavalm@tytili and Zabaniotou, 2008; Vriere al.,
2017; Westerhoffet al., 2015). Sewage sludge application in agricultaralieady undertaken but
concentrations of copper, lead and zinc, along hitkogical contaminants, prevent its unrestricted
use on crops as the metals can exceed limits alldyehe Department of Environment, Food and
Rural Affairs (DEFRA) and the European Council (EDEFRA, 2006; European Commision, 1986;
Fytili and Zabaniotou, 2008) for fertiliser use.Ule of sewage sludge as a fertiliser has attracted
research into struvite precipitation (Maurer antvigegler, 2003; Ueno and Fujii, 2001), phosphate
recovery circuits (Weigand al., 2013), incineration (Adangt al., 2007) or metallic immobilisation
within the sludge (Fu and Wang, 2011). Whilst thesdnologies are economically viable, they do
little to address the remaining heavy metals. Tinestals may be discharged back into water systems
or potentially leach into the environment at adait@e. It can therefore be surmised that the irge
barrier to the unlimited application of sewage glidertiliser is the design and implementationrof a
economically viable technology for the separatind eemoval of heavy metals (Westerhetfal.,
2015). Attempts to remove metals from sludges hanieed technologies such as membrane
filtration (Fu and Wang, 2011) and electro-kingéchnologies at the laboratory scale (Filéaal .,
2014), with the caveat of these technologies biagmetals are required to be within a mobile

phase.
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Previous research into the mobilisation of metalsfsewage sludge has involved strong acid
leaching (Stylianouet al., 2007) or bioleaching (Gt al., 2018). Both methods incur increased
neutralisation costs with the latter being potdiyti@ss economical on scale-up (Sreekishnan and
Tyagi, 1996). Weak acid lixiviants present a lesga and lower acidity approach to leaching sewage
sludge (del Mundo Dacera and Babel, 2006). The tmuafprming nature of carboxylic weak acids
(such as acetic acid, lactic acid and citric aoidy aid the leaching process and present lower
neutralisation costs. Weak complexing acids st#inetal ions in solution but can actively compete
against extraction by ion exchange (IX) (Bezzmal., 2018b). Whilst IX from strong acid media is
well studied (Bbrowski,et al., 2004), the use of IX resins within complexing wea&id media is
sparsely understood. lonic strength, aqueous naediapH have all been altered to optimise the
extraction capabilities of IX resins (Bezzimhal., 2018a; Bezzinat al., 2018b; Rileygt al., 2018).
Currently there is a paucity of information uponietha weak acid media extraction process can be
based. The focus of this study is on the abilitgarhplexing acid systems to alter metal ion
extraction and separation characteristics of IXhsesThe work presented in this paper brings a
comprehensive resin functionality screening withiree different weak acid media, including an in-
depth solution phase speciation analysis, for sitedlleachate solutions of weak acid leached
sewage sludge. The most promising resins discoweitéeh this study will be continued through

further characterisation within future research.

2 Materials and Methods

2.1 Reagents and stock solutions

The functionalities of the resins tested are giveffigure 1. All IX resins were supplied by Purelit
except Lewatit MonoPlus TP214, which was providgd.&nxess. Calcium chloride was purchased
from Fisher Scientific, lactic acid (80%) was puashd from Scientific Laboratory Supplies and
glacial acetic acid was purchased from VWR. Allestbhemicals were purchased from Sigma-

Aldrich as analytical grade or better unless otlimsvgpecified. All IX resins were preconditioned by
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treatment with 1 M k50O, (10 bed volumes) for 24 h, prior to washing withl&@ volumes of

deionised water. The characteristics of the IXn&sire given in supplemental Table S1.

Figure 1: Chemical structure of the functionalitidghe IX resins tested throughout this study (A =
TP214 (thiourea), B = MTS9100 (amidoxime), C = MB30 (phosphonic/sulphonic acid
combination), D = MTS9301 (iminodiacetic acid), B3 S9501 (aminophosphonic acid), F = C107E

(carboxylic acid); crosshatch circles represenfpibigmer matrix).
2.2 Batch extractions from buffered media

Batch extractions were carried out by contactimgl2of wet settled resin (WSR) with 50mL of
mixed metal solution and agitating on an orbitalksr for 24 h at room temperature, after which
samples were taken for metal concentration andrnatyais. Mixed metal solutions contained
chloride salts of G4, CU*, F&*and Zrf* (100ppm), in addition to Pb(N§ (100ppm PB), NaCl

(0.5 M) and weak acid (B M, acetic acid and lactic acid). While Ceoncentration was not analysed,
a resin:solution ratio was maintained so that ¢l tmetal concentration was far below the satonati
of resin functional sites. Acidity was adjustedaitcange + 1 pH unit either side of the correspamdin
weak acid’s pK(pH 4.76 for acetic acid and pH 3.86 for lacticdcthe approximate buffering

region of the acid, using either NaOH or HCI.



95 Metal extraction was determined by difference usiqgation (1), where )is the volume of aqueous
96 solution,mis the mass of resin used in each experin@ig,the concentration of the solution pre-

97  contact andC.is the concentration of the solution at equilibrium

o8 K, = LiCe)y Vaa (1)

Ce m

99  Error was calculated through triplicate sampling analysis of aqueous solutions prior to contact
100  with exchange resins. Samples were diluted withnii¢ic acid (1:10 dilution) and metals analysis
101  was conducted using a Perkin Elmer Atomic AbsorpSpectrometer AAnalyst 400. pH
102  measurements were conducted using a Ag/AgCl edetrcalibrated using a four-point calibration
103  with commercially available pH calibration buffef3itric acid data from the publication Bezzigta
104  al. (2018b) has been reanalysed to produgeakles, for comparison. This data was obtainedgusin
105 the exact same methodology as used for aceticaacidactic acid, with the pH being adjusted across

106  the three distinct pvalues of citric acid.
107 2.3 Speciation Modelling

108  To support understanding into the extraction meisgmaof metals from weak acid leaching,

109  speciation modelling was carried out using the HY(EB software suite (Garat,al., 2009). All

110 complex stability constants attained for the madglivere sourced from the NIST database (Martell,
111 etal., 2009) where possible and all hydrolysis prodteiity constants were sourced from Brown
112 and Ekberg (2016). Iron-lactate stability constamse sourced from Gorman and Clydesdale (1984)
113  and copper and iron-citrate stability constantsenabtained from Fielet al. (1974). Tabulation of

114  the stability constants can be found in the supplaary information (Table S20 — S28) with

115  speciation diagrams (Supplementary Figures S1n8258) for acetate, lactate and citrate media,
116  respectively. Stability constants are displayetbg® values, with all reported literature conditions

117  being 25C and consistent ionic strength.

118  Iron oxidation state modelling has been conductdgithe Agion software suite (Kalka, 2015). This

119  modelling software is a GUI for the Phreeqc sofeyand the results are presented in Table S29.
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3 Results

3.1 Extraction from acetic acid media

Initially, the distribution coefficients () of metal ions from acetic acid by all six resimsre
screened (Figures 2-4). While the distributionrohionto TP214 (Fig. 1A) reached0, the high
distribution value is only maintained between pBi73and 4.51, outside of this region thgd€crease
to < 1(Figure 2a). Copper is extractecd~d 00%, with the KK remaining between 5 and 6 throughout
the entire pH range studied. Both zinc and leadhtaa distribution values0.5. Between the pH
region of 3.97 and 4.51, the affinity series reradte>>Cu>Pb>Zn, however outside of this region

the affinity series becomes Gire>Pb>Zn.

Data for amidoxime functionalised Purolite MTS916®. 1B) are shown in Figure 2b. Results again
show a high affinity for copper from acetate matiimughout the studied pH range, with the K
increasing exponentially from 1 as pH increases. Zinc and lead show increasimgation with
increasing pH (although &emaining<1). The K;of iron increases exponentially to a peak of 4.2 at
pH 5 before dropping te1 beyond this. The observed affinity series for MT&0 towards the

studied metals in acetic acid is €&ke>Pb>Zn between pH 3.55 and 4.83 angH 5.25, with iron

having the highest affinity at pH 5.06.

Figure 3a shows the extraction of metal ions freetate media by MTS9570 (Fig. 1C). Thgak

iron increases to a peak of 14 at pH 3.75, befoypping to 8 towards the higher pH values. Lead
distribution coefficients remained at2 throughout the entire pH range, while zinc valoentinue to
increase until the highest pH studied. TheoKcopper remained0.3 between the studied pH values.
At pH > 3.71 the observed affinity series isFePb>Zn >Cu, with Zn = Cu at pH 2.84. Figure 3b
presents the extraction of copper, iron, lead amclipns from acetate media by iminodiacetic acid
(IDA) MTS9301 (Fig. 1D) as a function of pH. Thissin shows a high affinity toward copper ions,
with Kqvalues reaching beyond 10. The IDA functionalitp\wh moderately high affinity for the
other metals studied, with the, f all metals>1 towards higher pH values, iron peaking-cé

between pH 4.25 and 4.50 and zinc peaking at altbat pH 5.2. At lower pH values, the resin is
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selective towards copper, with extraction of otmettals suppressed. The affinity series at a[#562

is Cu>>Zn = Pb = Fe. The separation between lead, zingrandchanges at pH 5.32 leading to an

affinity series of Cu>>2Zn >Fe>Pb. However, between pH 3.99 and 4.70 iron has wioae affinity

than zinc, and at pH 5.12 lead has greater affthiy iron.
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Figure 2. The distribution of metal ions from acetcid media by (a) TP214 and (b) MTS9100 as a

function of pH at 20 °C after 24hr of contact time
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Figure 3. The distribution of metal ions from acetcid media by (a) MTS9570 and (b) MTS9301 as

a function of pH at 20 °C after 24hr of contactdim

Distribution coefficients of metals on the aminoppbonic acid functionalised resin MTS9501 (Fig.
1E) from acetate media are shown in Figure 4a. €opgrovery is constant from acetate media,
remaining between 2 and 4. Iron is recovered viegctvely from acetate media with this resin, with
Kgvalues reaching beyond 200, however theigps below 1 beyond pH 5.5. Lead and zinc affinity
increases with pH, with zinc showing a higher aff§inhan lead for the resin. The Observed affiity
pH<5.5 is Fe>>Cu>>Zn >Pb, however, at the highest pH value tested (8h#&}eparation of each

metal decreases and the order of extraction bec@ues Zn >Fe>Pb.

Figure 4b shows the pH dependence of metal disimibonto carboxylic acid functionalised C107E
(Fig. 1F) from an acetate media. At pH4 in acetate media the observed affinity serieCtB7E is
Fe>>Pb>Cu>>Zn. As pH increases, iron extraction is suppressbeéreas copper, lead and zinc
Kgvalues increase with increasing pH. At pHL.5 the affinity of C107E for iron, lead and coppe
become roughly similar, with the affinity for ziowertaking the affinity for iron at pH 4.8. Above

pH 4.8 the affinity of C107E for metals is in theler Cu>Pb>Zn >Fe.
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Figure 4: The distribution of metal ions from acettid media by (a) MTS9501 and (b) C107E as a

function of pH at 20 °C after 24hr of contact time

3.2 Extraction from Lactic acid media

Similarly to the results from acetate media TP2%4 has a high affinity for copper in lactate media
(Figure 5a), in this case withyKalues above 50 throughout all pH values. Leadvskddhighest
distributionat lower lactic acid pH values, with this decregsis pH increases to around 1 at pH
>4.0. Zinc and iron Kremained below 0.05 throughout the measured pHeragg P214 in lactate
media. The observed affinity series for TP214 witthis media was Ce>Pb>Fe = Zn. MTS9100,
was not as effective within lactate media (Figusg 3he only metal to showKalues>0.1 from

lactate media was lead.

Observed metal extraction behaviour of MTS9570 ftaaotate media is similar to that observed from
acetate media, with the same general trend inigffie >Pb>Zn >Cu (Figure 6a). Iron Kdecreased
as pH increased, plateauing at pH.2. The lead Kvalues increase to a maximum of 1 at pH 4.0.

Copper and zinc extraction within lactate was segged with respect to MTS9570, as shown by the
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190 Figure 5: The distribution of metal ions from lacéicid by (a) TP214 and (b) MTS9100 as a function
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193 Figure 6: The distribution of metal ions from lacéicid by (a) MTS9570, (b) MTS9301 as a function

194 of pH at 20 °C after 24hr of contact time
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The lactate media displays suppression of metalkapby MTS9301 in comparison to acetate media,
with the copper reaching a;if ~ 10, while all other metals remain below 1 (Figébg. The K of

lead reaches 0.89, peaking at a pH of 4.14, whrile geaks at a pH of 4.52 with a&f 0.78. The K

of iron remains at 0.4 throughout the entire pH range. While towdh#slowest pH values studied
(pH <3.31) the trend in affinity was Ce>Fe>Pb>Zn, at pH 4.52 the trend in affinity was €& Pb

>7Zn >Fe.

Changing weak acid medium from acetate to lactateeases selectivity of MTS9501 (Figure 7a).
Iron Kyvalues remain between 25 and 50, while copper,deddzinc remain below 1. As pH
increases, copper, lead and zingr&lues increase 0.30, 0.73 and 0.24, and an gffpites
throughout the entire range studied ofsBePb>Cu = Zn. The weak acid resin, C107E, showed a
high affinity and separation for lead within lacéicid media (Figure 7b).#&alues of lead from this

media increased to 0.4, while all other metav&ues remained below 0.02.
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Figure 7: The distribution of metal ions from lacticid by (a) MTS9501 and (b) C107E as a function

of pH at 20 °C after 24hr of contact time
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3.3 Extraction from citric acid media

The pH dependence of theg &f the metals from citric acid media, reporteadasaction percentage

in Bezzina (2018b), is displayed for each resiulisiiin Figures 8-10. Figure 8a shows the copper K
values for TP214 within citric acid reached a maximof 17 before decreasing past a pH of 3.88. All
other metals studied showalues below 0.02. The affinity trend for TP214hantcitrate is Cu
>>Pb>Fe>Zn at pH< 3.9, with lead, iron and zinc reducing the diffeze in extraction as pH
increases. In Figure 8b, the plot ofué pH for MTS9100 in citric acid media shows thadre was no

appreciable extraction of metal ions by the amidexfunctionality.

The K,of metals extracted by MTS9570 as a function ofwthin citric acid media is displayed in
Figure 9a. The initial pH (1.8) shows the resin &dmgh iron affinity, after which the K
exponentially decreases with increasing pH. Coppérzinc show little interaction with MTS9570 in
citric acid, with Kyvalues remaining below 0.01 for copper and 0.0Zifioc. A maximum kof 0.1

for lead is observed at a pH of 2.5. The affinignd for extraction of these metals from citrataae

is observed to be Fe>Pb>Zn>Cu at pH< 3.8, before becoming PiZn >Fe>Cu at pH> 4.4.
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Figure 8: The distribution of metal ions from d@tecid by (a) TP214 and (b) MTS9100 as a function

of pH at 20 °C after 24hr of contact time

The K, for copper extraction from citric acid media by 89301 (Figure 9b) reached a maximum of
5 from a minimum of 1, increasing with respect kb All other metals maintain falues at or below
0.1, apart from zinc, which reached gak~ 1 by pH 5.8. The trend in affinity at a higher (gt >

4) can be described as €aZn >Pb>Fe.
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Figure 9: The distribution of metal ions from aitacid by (a) MTS9570 and (b) MTS9301 as a

function of pH at 20 °C after 24hr of contact time

Figure 10a displays the pH dependence of the loligion coefficients of copper, iron, lead and zinc
from a citric acid media. At a lower pH there wasam higher extraction of iron, with distribution

coefficients beginning at 12.5 and peaking at &@ote dropping te1.5. The higher pH values (pH
> 6.7) affinity trend was FeZn = Pb = Cu, with separation from copper becomnuge apparent as

pH decreases to displayed a trend showing#*2n = Pb>Cu. All other metals within this media

14
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display relatively negligible distribution coeffats £0.15). C107E within the citric acid media
(Figure 10b) displayed very low distribution coeiéints (Ky<~ 0.02), however the extraction of

lead, and copper until pH 4.5, showed a relatilaige separation from the other metals.
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Figure 10: The distribution coefficients of metahs from citric acid by (a) MTS9501 and (b) C107E

as a function of pH at 20 °C after 24hr of contant

4 Discussion

The general IX equation for extraction of metatsirsolution is given by equation (2);

RHy o+ M* 0y = RM (5 + XH" 2

where a metal (K) is exchanged for X protons {Hon the functional group (R). A simplistic
interpretation to metal uptake trends could be niydeomparing solution speciation in weak acid
media with the overall stability constants #dor a metal binding the aqueous analogue of each
functional group. The caveat to this is that nosideration is given to hydrophobic matrix effects o

the ion exchange resin.
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As the comparison of divalent metal ions withirstbfudy includes iron(ll), there is likelihood fibie
oxidation of iron(ll) to iron(lll). Modelling withn studied region displays little concentration of
iron(lll), however there is precipitation of irohlsigher pH within acetate and lactate media (Table

S29), to minimise the effect, fresh solutions wewele prior to each experiment.
4.1 Performance of TP214 in weak acid media

Thiourea functionalised TP214 has been previousdddor precious metal removal and could be
useful in the valorisation of some sewage sludg&taé and Morcali, 2011; Hubicke al., 2007;
Morcali, et al., 2013). However, the moiety displays affinity fmpper (Kédodynska and Hubicki,
2009; Hubickiet al., 2007) potentially reducing effective extractidmpeecious metals. If

complexing weak acids suppress the extraction ppepit could lead to a potential selective removal
of precious metals from sewage sludge. The obsestvedg extraction of copper is due to the
generation of copper (1) by the thiourea functiograup on TP214 (Doona and Stanbury, 1996;
Kotodynska and Hubicki, 2009; Krzewska, 1980; Hubiekal., 2007; Morcaligt al., 2013). The
extraction is independent of speciation in acdfaigure S1a) and lactate media (Figure S2a), while
copper(l) displays high affinities for the thiourg@up, above those of the carboxylic acid groups
(Martell, et al., 2009). The observed extraction decrease, below.pHn citrate media correlates to a
transition from a charge neutral CuHCit (MHL) sm=cto a negatively charged dimer,{) and a

hydrolysis product (MHL) complex of copper citrate as pH increases (fadgs3a).

The high extraction of E&observed in acetate media is not recorded foataend citrate. Within
acetic acid we see an initial uptake suppressioprotpn competition, followed by a transition oéth
iron species to FeAdFigure S1b) preventing uptake at pH >4.5, theaetion of iron(ll) at lower

pH values could be explained by the observatica thiourea complex (Fe(thiourg&),) within

chloride media, however little to no data existgton stability of this complex (Rosenheim and
Meyer, 1906). The extraction suppression df Fecitrate is due to screening in solution by
complexation (Figures S3b), while the reductiocabper could be causing oxidation of iron and also

leading to stabilisation by complexation in lactatedia (Figure S2b).
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284  Lead complexation with lactate is weaker than dedta the dominant species (Miand ML)

285  (Tables S25 and S24, respectively), explaininghigber extraction in lactate, however both decrease
286  in extraction with increasing neutral bis- and rtegatris- complexation (PbLgcbeing a stronger

287  binding species than Pb&Ac(Figure S1c and S2c, acetate and lactate, régplggt The complete

288  suppression of extraction in citrate is due toftmeation of stable multidentate complexes in

289  solution (Figure S3c). Zinc extraction is low withall three media. The free Zrremains close to

290  10%, even towards the higher pH in acetic acid|enthis is zero in lactate (Figure S2d) and citrate

291  (Figure S3d), explaining the higher extraction ¢etate.

292  The high stability of copper(l)-thiourea complexXkesys of 12.3 for ML species, increasing for ML
293  and MLg) supports the assumption of copper(ll) reductiottle to no data on iron(11)/(111) stability
294  exists, however a comparison of copper(l) with laad zinc suggest an affinity for low charge

295  densities (Martellet al., 2009), leaving copper(l) as the only specieslaigpg higher stability bound
296  to the surface than in solution. The separatiotofa®f copper from other metals (Cy/ Kg) at the
297  pH of maximum separation is displayed within Figlite(other separation factors have been

298 tabulated in supporting information Table S2, S8 &t4 for acetic, lactic and citric acid,

299  respectively) with lactic acid providing the largesparation factors. The proposed surface redox

300 reaction of copper is a concern regarding resiemegation.
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Figure 11: TP214 separation factors of copper firmm, lead and zinc extracted from acetate, lactate

and citrate media at 20 °C after 24hr of contaweti

4.2 Performance of MTS9100 in weak acid media

Within acetic acid, the amidoxime functionalised 88IL00 extraction can be assumed to be dictated
by proton concentration mainly. Copper continuesiticrease in extraction observed from pH 2 in
sulphate media (Rilewt al., 2018), with extraction at pH 2.5 being ~30%, tii&f6 at pH 3.5 in this
study. Fé&' is the only ion observably affected by speciatieyond pH 5, where a large proportion is
FeAc in solution (Figure S1b), relating to a decreasetraction. There is limited information on
solution phase iron-amidoxime species, alluding stronger binding of the carboxylic species

(Martell, et al., 2009).

The distribution of lead and zinc increase with pblwever they do not exceed 0.7 and 0.2,
respectively in all media. The extraction of alltale from lactic and citric acid by MTS9100 is
greatly hindered, with these media rendering thigfionality incapable of effective metals
extraction. Neither metal (lead nor zinc) is efieslly removed, until higher pH in the case of atssta

from any media.

4.3 Performance of MTS9570 in weak acid media

The phosphonic/sulphonic combined functionalityytifS9570 has been proposed in previous
research for the removal of ferric ions from elelgtte copper solutions (Mckevitt and Dreisinger,
2009). This copper rejection is also demonstratigitimthe weak acid media, where the maximum
distribution coefficient of all media was 0.25. #ith other sources (Riley al., 2018) and similarly
to Diphonix™ (Chiarizagt al., 1997), an increase in pH within acetate displagmthcrease in

extraction, until a peak recorded at pH ~3.75. Pliak correlates to a transition betweeA'@nd

18



327 CuAc’ before suppression by the neutral Cpiéud negatively charged CuAspecies (Figure S1a)

328  within solution. Within both lactic and citric acidimost complete rejection of copper is observed.

329  The speciation of iron within acetate solution haseffect on the extraction (Figure S1b), whiletbot
330 lactic acid and citric acid display decreasingith increasing pH. In citric acid media, this telato
331 atransition from free iron species to negativdigrged FeCifor iron(ll) at pH 3 (Figure S3b), which
332 is when there is a perceived drop ig Knd in lactic acid this relates to the small éase in FelLdc
333  from free iron species (Figure S2b), as this dessréaextraction is only5% (roughly the same

334 value as the concentration of the Felspecies).

335 Lead complexes with lactic acid slightly strondeirt acetic acid, reducing distribution coefficients
336 from ~ 2 throughout all pH ranges for acetic acid, toaximum of 0.9 within lactic acid, where the
337  major species is the charge neutral Phl(gure S2c). Citric acid, on the other hand, hesca K of
338 0.1 ata pH of 2.58, decreasing as both negatitedyged PbCitand PbCif* species increase in

339 relative concentration (Figure S3c).

340 Transitioning from acetic to lactic to citric adite maximum Kreached for zinc is 1.37, 0.03 and

341  0.03, respectively. Within acetic acid, this maximaxtraction is observed at the highest pH studied,
342  when the most abundant species is that of catiomie” (Figure S1d), however within lactate and

343  citrate media, the transition to either a neutralas, species or ZnHCit species occurs at much lower
344  pH values (Figure S2d and S3d, respectively). Whilphate media sees.00% extraction of zinc at
345 pH>1 (Riley,et al., 2018) and the Diphonix resin sees high extraaiarinc at pH>2 within nitric

346 acid media (Chiarizeet al., 1997).

347  Figure 12 displays the maximum observed separédicors of iron from copper, lead and zinc from
348  within acetate, lactate and citrate media. The dnopn extraction from citrate media at the highe
349  pH range studied becomes extremely apparent, efthration factors from all metals dropping

350 substantially from the initially large values; esiadly true for copper. The separation factorsrohi
351 from lead and zinc are less pronounced than cqfjpdre S4, S10 and S16, for acetate, lactate and

352 citrate media, respectively), with similarly furanialised resins displaying large extraction caggbil
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for zinc in other studies (Chiarizet,al., 1997; Rileyget al., 2018) and the phosphonic acid group

previously displaying effective extraction of le@hbrowski,et al., 2004; Raoet al., 2005).
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Figure 12: MTS9570 separation factors of iron froopper, lead and zinc extracted from acetate,

lactate and citrate media at 20 °C after 24hr otact time.

4.4 Performance of MTS9301 in weak acid media

IDA functionalised resins are generally efficiettree extraction of copper, and can also show high
affinity toward zinc (Edebali and Pehlivan, 201&sBventoet al., 1993; Rileyet al., 2018;
Soldatovet al., 2011). This functionality could have had the ptt# to extract high concentrations
of copper and zinc that are common within modewegge treatment plants (Fytili and Zabaniotou,
2008). In accordance with the high affinity of {8 resin for copper, the MLstability constant
trend follows 4 coordinate Z/IR with €u> Zr?* > F&* > PI§*, with all of the focus IDA-metal
stability constants outcompeting predicted carbioxatid complexes (Tables S22, S25 and S27)

(Martell, et al., 2009).

Copper extraction within acetate media maintaipsefues between 30 and 10, (one outlier 410,

or an extraction difference of 0.2%), lactic anmiiciacid media increases from relatively low K
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371 values ¢ 2 and 1, respectively) to 9 and 5, respectively. Literature sources showttteaextraction
372 of copper by this functionality is generally hinddrby competition between copper and protons,
373  which is often found to dramatically reduce exti@ttafter pH 1 (Edebali and Pehlivan, 2016;
374 Pesaventcet al., 1993; Rileyet al., 2018; Soldatowt al., 2011), therefore the increase in copper
375  extraction, irrespective of the neutral and anigalution phase species, is likely due to the lower

376  competition of protons.

377  Within lactate the extraction of iron remains catet throughout all pH values, as does the salutio
378  speciation (Figure S2b). The acetate behavioubeaiationalised by a decrease in the competition
379  between iron in solution and protons to a peakaesitin at pH 4.5, before a transition betweefi Fe
380 and FeA&(Figure S1b) supressing extraction, alluding tadeitate binding mechanism (k>

381  ML). In both acetate and lactate media, the extraaif iron(ll) was>85%, showing a similarly high
382  affinity for iron as within strong acid media, wittigh proton concentration being detrimental to

383 extraction (Pesaventet al., 1993; Rileyet al., 2018). This high affinity is not observed witlaitric
384  acid, where the kKdecreases from a low 0.06 to 0.007 as the spetiatiasitions to 100% iron citrate

385 complexes (Figure S3b).

386 Lead reaches a maximum by pH3.25 in acetate and lactate media, with extracgti@spective of

387  the speciation (Figures Slc, and S2c, respectivelgimilar pH to that observed by an iminodiacetic
388 acid and carboxylic acid co-functionalised resial@&tov,et al., 2011). Citrate media, however,

389 shows a peak at pH ~3 leading to extraction supfmescorresponding to a peak in anionic PbCit
390 concentration (Figure S3c), before extraction agaireases beyond the studied region, with an

391 increase in anionic BBit,> abundance (Figure S3c).

392  Acetic acid sees maximum zinc extraction by pHwih 98-99% extraction (Kof~3.5 — ~9), similar
393  to Chelex 100 in nitrate media (Pesavest@l., 1993). Within either acetic acid or lactic adthc

394  extraction seems to be irrespective of speciatianges (Figures S1d and S2d, respectively), wih th
395 aqueous IDA-zinc complexes being more stable (Madkal., 2009). The formation of ZnLaand

396  ZnLag complexes reduces the recorded distribution aoeffts from ~5 at pH 4.5 in acetate media
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to ~0.8 in lactate media (translating to a decréasa 99% to 92% extraction). In citric acid zinc
maintains a ZnHCit complex (Figure S3d), furthegpressing the extraction of zinc, to ~0.2 at pH

~4.5 and a maximum of ~1 at pH 5.8, where the anidnCit,” species becomes apparent.

At higher pH & 2), the iminodiacetic acid functionality is knowmlie a great extractor of metals, it is
one of the best chelating resins for the extraatiocopper and lead from waste water streams
(Dabrowski,et al., 2004; Rileyget al., 2018). The selectivity of this resin towards ceppecomes
apparent when looking at the separation factorsifac acid (Table S17), in comparison to those of
lactate and acetate media (Table S11 and S5, tasgex; where the resin is far less selective (ifey
13). From all media, this resin is shown to berttust selective towards the target metals (copper,
lead and zinc) over iron, from lactate and citratzlia. Of all the resins tested, this was, ovettadi,
most effective at extraction of metals from solnfimaintaining relatively high extraction of all

metals from solution from all media tested.
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Figure 13: MTS9301 separation factors of coppenfimn, lead and zinc extracted from acetate,

lactate and citrate media at 20 °C after 24hr otact time.

4.5 Performance of MTS9501 in weak acid media
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415  The aminophosphonic acid functionalised MTS9501H®s1 shown to have a high affinity for

416  iron(lll) towards a Hconcentration through te4M (Riley, et al., 2018), while towards higher pH

417  values, the aminophosphonic acid functional greagpdnhigh affinity for all of the focus metals in

418 this study (copper, iron, lead and zincyfibowski, et al., 2004). Despite this experimental data, there
419 s little information for iron(I)/(1ll) or lead coplexes, however, the high stability constants of

420 aqueous copper and zinc complexes allude to extrast both hard and soft species (Martetlal .,

421 2009).

422  The separation factors (Figure 14, Table S6, SH25418, for acetate, lactate and citrate, respdgjive
423  show that the MTS9501 has a high selectivity fonifNeither lactate media nor acetate media are a
424  substantial hindrance of the extraction of irorttiig functionality. The citrate media, however, was
425  able to reduce thefalues to<12.5 (still relatively high), with an outlier at pBi4 of 85, with these
426  values decreasing to remain-afl towards the higher studied pH range, which stilislates to an

427  extraction o>90%. The extraction efficiency of iron(lll) by tiedustrial equivalent Duolite ES 467
428  has been shown to decrease beyond pH 2 @ab, 2005), which is contrary to what is observed
429  with iron(ll) in this study. However, the use ofrgplexing species within this study could be, to a

430  certain extent, preventing hydrolysis of the irand therefore preventing precipitation.

431  >99% of copper is removed from solution by the MB&@D resin functionality within acetate media,
432  displaying Kyvalues between 2 and 4, with the extraction inéngasith pH. The extraction of

433  copper from lactate media however, is hinderedddyce K values<0.5 (the presence of neutral
434  CulLag or anionic CuLag assumed to be the major contributing factor), hiithin citrate media
435  the extraction is restricted even more with a magft0.13 (with either neutral CuHCIit or anionic
436  CwCit,> and CUOHCHt stabilising copper in solution). While remainiray, the copper recovery
437  within lactate media increases with an increasifdgthis increase in extraction with a decrease in
438  proton competition has also been observed withongtacid media (Cortinat al., 1996; Riley gt

439  al., 2018), which is similar case to lead and zincilgvine complexation with the acid has hindered
440  extraction of metals by the aminophosphonic fumatiity, the competition for binding sites between

441  metals and protons has remained one of the drfeicigrs in removal of metals from solution.
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Figure 14: MTS9501 separation factors of coppanfimn, lead and zinc extracted from acetate,

lactate and citrate media at 20 °C after 24hr otact time.

4.6 Performance of C107E in weak acid media

The weak acid resin functionality is a similar sture to the complexing acids, and therefore is
assumed to have similar affinities towards the taeféis similarity should allow for a tailored
approach to the extraction of the metals, manimgatH either side of both resin functionality and
weak acid species in order to gain the desiredetktm. The binding affinity of copper, lead andi
for the weak acid functionality seem to be higlamntfor the solution phase acetate, as their
extraction increases beyond the approximatggbkhe weak acid resin (assumed to be similar to
formic acid, 3.75). While small values, and therefa very speculative statement, the extraction of
copper from citric acid is dictated highly by thentplexation (Figure S3a) in a similar fashion te th
thiourea based resin, with the extraction dropgimgstantially in conjunction with the speciation

change of solution phase copper.

Within acetic acid, changing the pH seems to afiloweither the selective extraction or rejection of
iron, by shifting the pH either side of the acefaitg, this could possibly be due to the higher

presence of the FeAspecies beyond a pH of 4; in this case, the degiieasoncentration is observed
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beyond the pH where Eeomplexes with acetate (Figure S1b). This is atsarary to what had been
observed for ferric ions within a similar media whao F&"had been taken up by the weak acid

resin throughout the same pH range (Bezzhal,., 2018a).

Within lactic acid, all metals are stabilised withhe solution, apart from lead, potentially du¢he
higher ionic radius; allowing the Plions to interact with more functional groups on tesin surface.
This stabilisation leads to large separation factor lead from copper, iron and zinc for this naedi
exceeding 50 (Table S13). If lead were to be thgetanetal, a higher pH within lactate media would

allow for very selective extraction (assuming losncentrations of metals unstudied).

Linking the functional group to formic acid, onagaan, the stability constants of these metals with
this functional group are relatively low when comgghto the largest constants of the other resins
(Martell, et al., 2009). The available data shows increasing #tabnstants with increasing ionic
radii (with the exception of copper as the strohgesind species) (Martedt al., 2009), with zinc
displaying the least stable complex of the studiedals. Within both acetate and lactate media, the
metals are bound in similar fashion to both thecfiomal group and the complexing acid, as the
singular carboxylic acid unit is present in botheTactic acid moieties have far higher binding
strength than the acetic acid moieties possiblytdw@econjugation effect between fhaydroxy

group and lactate being a stronger binding ligéinid,effect must not be present within the funciion
groups bound to the resin surface, leaving lacid as a far stronger binding species. Again,itri
acid being a stronger binding agent than lactid éue to the three protonation sites), it has been

observed to restrict extraction by this functiotyadiven more than lactic acid.

5 Conclusions

The removal of metals from simulated weak acid ggwsludge leachates have been studied, with
promising results. The complexing nature of carlioxyeak acids stabilise metal ions in solutions
generating broader functional pH regions for meiataction. Depending on the metals present in
solution, a variety of different combinations ofdscand resin functionalities could be used for

selective separation processes. While lactate aomaplare more stable in solution than acetate,
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neither of these ligands compared to the stalifityitrate complexes. The increased stability in
solution could render extraction processes moremsige, as more solid phase extraction stages
would be required for removal of the target metéR214 has a high affinity for copper, as well as
iron in acetate media, and must be taken out priarprecious metals recovery stage. The amidoxime
functionalised resin MTS9100 is rendered ineffexiivlactate and citrate media. MTS9570
maintained a high affinity for iron within all meadiwhile decreasing extraction efficiency of copper
lead and zinc within lactate and citrate media. plhesphonic acid functionalised resin MTS9501 is
extremely efficient at extracting copper and iroracetate media, while only iron extraction is
maintained in lactate, lead extraction displayelitesponse to the change of buffer. The weak acid
functionalised resin selectivity for lead was sfigintly increased within lactic acid media, with
speciation dependent extraction in acetate medtaMhiS9301 IDA functionalised resin displayed
the best performance for metals in all media. Téssn was especially effective at the removal of
metals from an acetic acid media, with high sejpamaif copper. Further investigation is required to

understand the kinetics, as well as capacity oMR&9301 resin within these weak acid systems.
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Highlights

* MTS9301 is effective at extracting selected metasifrom all tested media
« Citrate media is effective at hindrance of metalagtion

» TP214 can selectively extract copper from high dexipg solutions

* C107E can selectively extract lead from lactateimed
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