Organic compounds alter the preference and rates of heavy metal
adsorption on ferrihydrite
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HIGHLIGHTS

Metal binding by Fh followed the order
Ni > Zn > Cd.

Increased metal binding by organic-Fh
assemblages followed a reverse order
Cd > Zn > Ni.

Carboxylate functional groups had the
greatest impact on metal binding.

Citric acid, aspartic acid and cysteine-Fh
assemblages enhanced metal binding
rate.

Organic groups within the assemblages
accounted for up to 60% of Zn binding.
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ABSTRACT

The availability of heavy metals in terrestrial environments is largely controlled by their interactions with min-
erals and organic matter, with iron minerals having a particularly strong role in heavy metal fate. Because soil or-
ganic matter contains a variety of compounds that differ in their chemical properties, the underlying impact
organic matter-soil mineral associations bestow on heavy metal binding is still unresolved. Here, we systemati-
cally examine the binding of Cd, Zn and Ni by a suite of organic-ferrihydrite assemblages, chosen to account for
various compound chemistries within soil organic matter. We posited that organic compound functionality
would dictate the extent of association with the organic-ferrihydrite assemblages. Increased heavy metal binding
to the assemblages was observed and attributed to the introduction of additional binding sites by the organic
functional groups with differing metal affinities. The relative increase depended on the metal's Lewis acidity
and followed the order Cd > Zn > Ni, whereas the reverse order was obtained for metal binding by pristine fer-
rihydrite (Ni > Zn > Cd). Citric acid-, aspartic acid- and cysteine-ferrihydrite assemblages also enhanced the
metal binding rate. X-ray absorption spectroscopy revealed that the organic coating contributed significantly
to Zn binding by the assemblages, despite relatively low organic surface coverage. Our findings provide valuable
information on the nature of heavy metal-organic-mineral interactions and metal adsorption processes regulat-
ing their bioavailability and transport.



1. Introduction

Soil minerals and organic compounds exist as an intertwined net-
work, forming organic-soil mineral associations and assemblages
(Kleber et al., 2015; Gu et al., 1994). These associations/assemblages
are dominant binding domains for heavy metals, which can contribute
to metal retention in soil and limit their transport (Zhu et al., 2010;
Weng et al., 2008; Collins et al., 1999; Stietiya and Wang, 2014) or pro-
mote their mobilization in the soil solution (Grybos et al., 2007). Iron
minerals, and particularly ferrihydrite, are present in part as iron-
mineral associations; they impart an important role in metal geochem-
istry owing to their high surface area and reactivity that results in high
metal binding capacities (Zhu et al., 2010; Weng et al., 2008; Collins
et al.,, 1999; Song et al., 2008; Tian et al., 2018). The organic compounds
of the assemblages can provide additional metal binding functional
groups that contribute to the highly reactive surface (Bolan et al.,
2011; Harter and Naidu, 1995; Henneberry et al., 2012). Conversely,
the organic compounds may also decrease metal binding due to cover-
age of the mineral binding sites (Dublet et al., 2017).

The composition of the soil solution depends greatly on the source of
the organic matter and its surrounding conditions (Bolan et al., 2011; Li
et al., 2018; Masoom et al., 2016). The variety of biological materials
formed within soils results in a rich and heterogeneous mixture of or-
ganic compounds (Bolan et al., 2011). These include carbohydrates, or-
ganic acids, amino acids and phenols spanning a range of molecular
weights with different functional groups and associated chemical prop-
erties (Haynes, 2005).

The metal may bind to either (or both) the organic or mineral sur-
face of the assemblage (Du et al., 2018a; Moon and Peacock, 2012).
The ultimate effect on heavy metal binding depends on the surface
area of the organic-iron mineral assemblage (Mikutta et al., 2012), its
aggregation state (Guggenberger et al., 2014), the organic matter load-
ing and chemical properties (Collins et al., 1999; Ali and Dzombak,
1996; Grafe et al., 2002) and the solution chemistry - including ionic
strength (Wang et al., 2016) and pH (Weng et al., 2008; Song et al.,
2008; Moon and Peacock, 2012). Furthermore, metal interaction with
the organic-iron mineral assemblage will depend on functional group
chemistry, which may be approximated by the hard-soft Lewis acid-
base concept (Harter and Naidu, 1995; Pearson, 1963).

Within the assemblages, organic matter chemistry will dictate metal
binding, with the number and identity of organic functional groups
being of primary importance (Moon and Peacock, 2012; Besold et al.,
2019; Shi et al.,, 2016; Karlsson and Skyllberg, 2007). Natural organic
matter (Guggenberger et al., 2014), bacteria (Moon and Peacock,
2012; Song et al., 2009; Chen et al., 2020; Du et al., 2018b), humic and
fulvic acids (Du et al., 2018a; Grafe et al., 2002; Wang et al., 2016;
Alcacio et al., 2001; Saito et al., 2005; Seda et al., 2016; Christl and

Kretzschmar, 2001), or organic compounds with similar physicochemi-
cal properties such as oxalic and tartaric acid (Zhu et al., 2010), and
phthalic and chelidamic acid (Ali and Dzombak, 1996) have largely
been the focus of study. For example, studies on metal binding by
bacteria-ferrihydrite assemblages have demonstrated the importance
of the carboxyl and phosphoryl groups in the binding of Cu (Moon
and Peacock, 2012) and Pb (Chen et al.,, 2020) by the assemblages. Yet
in light of the heterogeneity of soil organic matter, the underlying im-
pact that organic compound-iron mineral associations bestow on
heavy metal binding remains to be systematically revealed. We posited
that the functionality of the organic compounds would determine the
organic compound-soil mineral association and play a major role in
heavy metal binding. Therefore, our objective was to elucidate how sys-
tematic changes in organic compound functionality influence heavy
metal binding by organic-mineral assemblages.

In this study we investigated the binding kinetics of Ni**, Zn?" and
Cd?™ by a suite of organic-ferrihydrite assemblages. These metals were
chosen because they demonstrate different Lewis acid properties (Ni
the hardest and Cd the softest) (Pearson, 1963). Five natural organic
compounds were selected to represent a variety of compound chemis-
tries and functional groups that are present in soil organic matter
(Bolan et al., 2011; Jandl et al., 2002; Malcolm, 1990; Koégel-Knabner,
2002): cysteine, aspartic acid, citric acid, decanoic acid and tannic acid.
Our findings illustrate the significance of natural organic compounds
for heavy metal behavior in terrestrial systems and provide important
insights into their potential transport in the environment.

2. Materials and methods
2.1. Ferrihydrite synthesis

Two-line ferrihydrite was synthesized by titrating a solution of
0.2 M Fe (NO3)3-9H,0 with 0.1 M KOH under vigorous stirring to a pH
of ~7.2 (Schwertmann and Cornell, 2000). Once the pH was stabilized,
the suspension was centrifuged at 10,000g for 30 min and the superna-
tant removed. The ferrihydrite was washed with copious amounts of
deionized water to remove residual salts, freeze dried and stored as a
solid until use. Two-line ferrihydrite was confirmed by X-ray diffraction
(Fig. S1) on a MiniFlex 600 instrument (Rigaku, Tokyo, Japan).

2.2. Organic-ferrihydrite assemblage preparation

The organic compounds cysteine, aspartic acid, citric acid, decanoic
acid and tannic acid were all purchased from Sigma-Aldrich (Table 1).
For each experiment, the organic compounds were dissolved in a solu-
tion of 0.1 M NaCl and the pH was adjusted to ~7 with 0.1 M HCl/
NaOH. Concentration of the organic compounds was determined by

Table 1

Physicochemical properties of the organic compounds.
Compound Formula Molar mass Structure Num. of carboxylic acids Max. projection area Solubility (g L™1) pKa

(g mol™1) (or phenols) (A% molecule™1)?

Citric acid CeHgO7 192.1 3 50 600 3.1,48,64
Aspartic acid C4H;NO4 133.1 2 38 45 2,39,99
Cysteine C3H7NO,S 121.2 2 36 25 1.7,8.3,10.8
Decanoic acid Ci0H2002 1723 1 68 0.15 49
Tannic acid C76H52046 1701.2 25 326 2850 ~6

(Phenols)

@ Calculated using Chemicalize.



measuring non-purgeable organic carbon on a Total Organic Carbon
(TOC) analyzer (TOC-L, Shimadzu, Kyoto, Japan).

The organic-ferrihydrite assemblages were prepared in batch exper-
iments. Ferrihydrite was suspended in a solution (2.5 g ferrihydrite L")
containing the organic compound in 20-mL Pyrex vials with Teflon
screw caps. The samples were then agitated on an orbital shaker
(230 rpm) at room temperature in the dark (to prevent any photoin-
duced redox reactions (Doong and Schink, 2002)). Each organic-
ferrihydrite assemblage was agitated to reach a (pseudo) steady-state
based on preliminary kinetic experiments (Fig. 1A): 24 h for cysteine,
aspartic acid and decanoic acid, and 3 days for citric acid and tannic
acid (initial organic concentrations were 439, 237, 217, 88 and
15 umol L™ for aspartic acid, cysteine, citric acid, decanoic acid and tan-
nic acid, respectively). Adsorption isotherms of the organic compounds
were conducted using six concentrations (5-70 mg C L™, each concen-
tration in triplicate). Samples (including controls without ferrihydrite)
were filtered through an 0.22 pum Nylon filter (or PES filter for tannic
acid) and analyzed (ferrihydrite was completely retained by the filter).
Thus, in this study we refer to any compound/ion that is <0.22 pm as
dissolved. Organic compound loading was calculated by mass differ-
ences; mass losses for control samples were negligible. For metal bind-
ing trials, the organic-ferrihydrite assemblages were used immediately
after preparation.

2.3. Metal binding kinetics by the organic-ferrihydrite assemblages

Aliquots of ~0.7 mmol L™! ZnCl,, CdCl, or NiCl, stock solutions
(pH 2) were added directly into the suspension of the freshly prepared

“- Aspartic acid

organic-ferrihydrite assemblage, resulting in a final metal concentration
of ~6 umol L™ (control samples contained only the organic compound
in solution). Agitation of the samples was then continued for selected
time intervals (0.5 h-8 days) at which triplicate samples were filtered
(0.22 pm Nylon/PES filter) for analysis. The pH was measured at each
time point and verified to be 6.5-7.5 in all experiments.

Metal binding was quantified by analyzing the supernatant for Zn,
Cd or Ni on an inductively coupled plasma mass spectrometer (ICP-
MS; XSERIES 2, Thermo Scientific, Cambridge, U.K.). Stability of the
organic-ferrihydrite assemblage was monitored by further analyzing
the filtered solution for Fe on an ICP optical emission spectrometer
(ICP-OES; iCAP 6300, Thermo Scientific, Cambridge, U.K.) and for the
concentration of the organic compound in solution on a TOC analyzer.
The presence of ferrous iron was measured by the spectrophotometric
ferrozine assay (Stookey, 1970; Viollier et al., 2000). For the kinetic anal-
ysis, the pseudo second-order model (Ho and McKay, 1999; Azizian,
2004) (Eq. (1)) was used to fit the experimental data (for comparison
purposes).

t
=7 ¢
+7

e

(1)

k.q?

where g, (umol g~ 1) and g, (umol g~ !) are adsorbed amounts of metal
at time ¢ (h) and at equilibrium, respectively, and k (g umol~! h™1) is
the rate constant for the pseudo second-order model. Data analysis
was performed using GraphPad Prism software (v. 8.2.1).

Filtered samples of the metal-organic-ferrihydrite assemblages were
collected and air dried at room temperature. Select samples (following
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Fig. 1. Organic compound adsorption kinetics (A) and isotherms (B) by ferrihydrite. Lines represent fits obtained using the pseudo second-order model (A) and Langmuir model for
cysteine, aspartic acid, citric acid and tannic acid (B).



5-6 days of metal binding reaction) were measured for their carbon
content on an Elemental Analyzer (NA1500, Carlo Erba) or stored until
X-ray absorption analysis.

2.4. X-ray absorption spectroscopy

We evaluated the contribution of the organic compounds to heavy
metal binding by the organic-ferrihydrite assemblages using X-ray ab-
sorption spectroscopy. For this purpose, we focused on the Zn-
organic-ferrihydrite assemblages, Zn chosen on account of its interme-
diate behavior compared to Cd and Ni. Zn K-edge extended X-ray ab-
sorption fine structure (EXAFS) spectra were collected at beamlines
7-3 and 9-3 at the Stanford Synchrotron Radiation Lightsource
(SSRL), Menlo Park, CA. Samples were pressed into pellets and sealed
behind Kapton tape. Measurements were performed in fluorescence
mode under He atmosphere at 10 K using a 32/100 element Ge detector.
The energy was calibrated during each sample scan by setting the first
K-edge inflection point of a simultaneously measured Zn foil to
9659 eV (double transmission mode). For each sample, 12 scans were
recorded, and no beam damage was detected between subsequent
scans. Zn K-edge spectra were averaged and normalized using the
Athena software (Ravel and Newville, 2005). Linear combination fitting
(LCF) was employed using Athena to determine the distribution of Zn
bound to the ferrihydrite and organic compound in each organic-
ferrihydrite assemblage (Du et al., 2018a; Moon and Peacock, 2012).
The fits were performed using three references (Fig. S2): Zn-
ferrihydrite (no organic) was used to account for the fraction of Zn
bound to the ferrihydrite surface, and either Zn in aspartic acid solution
or humic acid solution for the fraction of Zn bound to the organic (Moon
and Peacock, 2012). The three references were analyzed, and their
EXAFS processed, following the same procedures as for our samples.
Specifically, Zn in aspartic acid solution was used for aspartic acid-, citric
acid-, cysteine- and decanoic acid-ferrihydrite assemblages, assuming
the carboxylic acid is the major contributor to Zn binding. For the tannic
acid-ferrihydrite assemblage we used Zn in humic acid solution to ac-
count for the contribution of the phenol groups to Zn binding.

3. Results and discussion
3.1. Organic compound binding by ferrihydrite

Organic compound binding on ferrihydrite likely occurred through a
surface complexation-ligand exchange mechanism between an organic
functional group and surface sites of ferrihydrite (Yoon et al., 2004; Gu
et al., 1995). Specifically, we observed that an acidic functional group
(carboxylate or deprotonated phenols in tannic acid, Table 1) was re-
quired for organic compound adsorption on ferrihydrite (Hyun Yoon
et al.,, 2008; Oren and Chefetz, 2012). This was also validated by negligi-
ble adsorption of organic compounds lacking functionalizing groups
such as glucose and phenol (Gu et al., 1995; Hanna and Carteret,
2007). Indeed, Fourier-Transform infrared (FTIR) spectroscopic studies
showed that both carboxylic and amino acids bind to iron oxides
through one of their carboxylic acid functional groups (Yeasmin et al.,
2014; Schwaminger et al., 2015; Mikhaylova et al., 2004). Therefore,
the carboxylate group is most likely responsible for cysteine, citric
acid, aspartic acid and decanoic acid binding to the ferrihydrite surface
whereas the phenolate group is likely responsible for tannic acid
binding.

Organic compound binding to ferrihydrite approached steady state
within 24 h for cysteine, aspartic acid and decanoic acid, whereas 72 h
were required for citric acid and tannic acid (Fig. 1A). We speculate
that slower adsorption of the two latter compounds may stem from a
more specific binding conformation through two or more functional
groups (i.e., as inner-sphere bidentate complexes) (Johnson et al.,
2004). Though the binding kinetics of the organic compounds were fit
to a pseudo second-order rate model (Table S1), no comparison was

made between them due to varying initial concentrations (Yang and
Al-Duri, 2005; Engel and Chefetz, 2016).

Adsorption isotherms of the individual compounds were nonlinear
(Fig. 1B). Cysteine, aspartic acid, citric acid and tannic acid all produced
L-shaped curves, suggesting a finite amount of adsorption sites for these
compounds, and the Langmuir model was therefore employed to fit the
data (see Supporting Info). For the small organic compounds, the Lang-
muir adsorption affinity parameters followed the number of carboxylic
acid functional groups (citric acid > aspartic acid > cysteine; Table S2).
This result emphasizes the role that carboxylic acids play in the binding
of the organic compound. For the polyphenol, tannic acid, the Langmuir
adsorption affinity parameter was significantly higher than for those
obtained for the smaller organic compounds. This enhanced affinity
may be attributed to the multiple phenolates that can bind to the ferri-
hydrite surface.

Decanoic acid, on the other hand, produced an S-shaped curve,
which implies uptake related to multi-layer adsorption (Borisover and
Graber, 2003). We postulate that decanoic acid initially binds to ferrihy-
drite through its carboxylate group, after which additional adsorption
takes place through van der Waals interactions between alkyl chains
and forms micelle-like structures on the surface of ferrihydrite with
part of the carboxylates oriented toward the solution (Dubbin et al.,
2014; Lahann and Campbell, 1980).

3.2. Heavy metal binding kinetics by the organic-ferrihydrite assemblages

Binding kinetics of Zn, Cd and Ni by ferrihydrite and the organic-
ferrihydrite assemblages are presented in Fig. 2 and the fitting parame-
ters for the pseudo second-order model in Table 2. To compare the
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Fig. 2. Kinetics of Zn, Cd and Ni adsorption on the organic-ferrihydrite (Fh) assemblages

(see organic loadings in Table 2). Lines represent fits obtained using the pseudo second-
order model.



Table 2

Pseudo second-order model fitting parameters for the binding kinetics of Zn, Cd and Ni on organic-ferrihydrite assemblages.

Metal Organic compound-ferrihydrite Initial organic concentration Organic loading® (umol g~ ') Adsorbed amount, Pseudo 2nd order rate constant,
assemblage (umol L™1) g (umol g 1) K* (g umol~' h™1)

Zn - - - 0.88 4+ 0.04 0.14 + 0.03
Citric acid 778 126 £ 3 2.25 4+ 0.01 17.21 4+ 8.16
Aspartic acid 1080 246 £+ 3 2.25 + 0.03 1.22 4+ 0.20
Cysteine 900 199 + 5 2.25 + 0.05 0.11 4+ 0.01
Decanoic acid 206 46 + 2 1.77 + 0.10 0.25 + 0.08
Tannic acid 48 440 1.50 + 0.03 0.15 + 0.02

cd - - - 0.69 4 0.03 0.36 &+ 0.10
Citric acid 560 123 + 3 2.64 + 0.01 15.60 + 6.52
Aspartic acid 898 141 £ 1 2.51 + 0.01 2.04 + 0.17
Cysteine 1280 309 + 3 2.03 4+ 0.01 1.70 £+ 0.10
Decanoic acid 225 44 + 1 1.35 + 0.08 0.05 + 0.02
Tannic acid 47 440 1.13 + 0.03 0.25 + 0.03

Ni - - - 2.09 + 0.07 0.42 + 0.09
Citric acid 560 121 £ 3 2.57 + 0.03 0.54 + 0.05
Aspartic acid 898 142 £ 1 2.41 + 0.02 0.90 + 0.08
Cysteine 1280 311 £ 3 231 4+ 0.01 1.65 £ 0.08
Decanoic acid 243 48 + 2 2.44 + 0.04 0.25 + 0.03
Tannic acid 40 34+£0 1.16 &+ 0.09 0.34 + 0.17

@ For organic loading, mean + standard error is presented (for 4 replicates). For g, and K, the model fitting parameter + standard error is presented.

metals, all experiments were performed with the same initial metal
concentration (~6 pmol L™!). Adsorbed amounts of the metals by pris-
tine ferrihydrite at steady-state were consistent with their Lewis acidi-
ties (Pearson, 1963); the adsorbed amount was highest for Ni
followed by Zn and Cd (Table 2).

The organic-ferrihydrite assemblages resulted in greater metal ad-
sorption (than pure ferrihydrite), resulting from the addition of the or-
ganic functional groups to the ferrihydrite surface (Zhu et al., 2010;
Stietiya and Wang, 2014). In contrast, the presence of tannic acid de-
creased the adsorbed amount of Ni, likely due to low affinity of Ni to
the phenolic groups compared to the ferrihydrite surface. Because phe-
nols are considered relatively soft organic functional groups, this may be
explained by incompatibility with the hard metal Ni (Harter and Naidu,
1995).

The increase in metal binding (with the exception of Ni with tannic
acid) may result from i) direct interaction with the bound organic func-
tional groups (Moon and Peacock, 2012) (e.g., through metal-
carboxylate complexation), ii) interaction with ferrihydrite sites adja-
cent to a bound organic compound that experienced a surface charge
change (Hizal and Apak, 2006) or iii) binding of previously formed
aqueous metal-organic complexes (Tinnacher et al.,, 2015). As the
organic-ferrihydrite assemblages were prepared prior to the introduc-
tion of the heavy metals, we expect low contribution from the third
mechanism.

The relative increase in metal binding by the organic-ferrihydrite as-
semblages was most pronounced for Cd, followed by Zn and Ni
(Table 2). A 3.8-, 2.6- and 1.2-fold increase was observed in adsorbed
amounts of Cd, Zn and Ni by the citric acid-ferrihydrite assemblage, re-
spectively. This follows the reverse order of the metal's Lewis acidity
(Pearson, 1963); the softer the metal, the more substantial the effect
of the organic compound on its adsorption by the assemblage. In con-
trast to our findings, poly-cysteine functionalized iron oxide nanoparti-
cles were observed to exhibit a different binding trend of Ni > Cd ~ Zn
(White et al., 2009).

Adsorbed amounts of metal derived by a specific organic-
ferrihydrite assemblage (apart from decanoic acid) were relatively sim-
ilar, compared to absorbed amounts by pristine ferrihydrite (especially
for Ni). For instance, amounts of Cd, Zn and Ni adsorbed by ferrihydrite
were 0.69, 0.88 and 2.09 umol g~ ', respectively, whereas values of 2.51,
2.25 and 2.41 umol g~ ! were obtained by the citric acid-ferrihydrite as-
semblage (Table 2). These comparable values may be attributed to the
heterogeneity of binding sites owing to the organic compound in the as-
semblage. Consequently, the presence of carboxylic functional groups
appears to equate the adsorption maxima for the three metals.

The adsorption rate and pseudo second-order rate constant for
heavy metal binding was enhanced in the presence of citric acid-,
aspartic acid- and cysteine-ferrihydrite assemblages (Table 2), with an
exception of Zn binding to cysteine-ferrihydrite and Ni binding to citric
acid-ferrihydrite. The rate constant for Zn and Cd binding by the citric
acid-ferrihydrite complex was increased by a factor of 140 and 40, re-
spectively. The binding rate of Zn, Cd and Ni by the aspartic acid-
ferrihydrite assemblage increased by 9, 6 and 2-fold compared to the
pristine ferrihydrite, respectively. Furthermore, the cysteine-
ferrihydrite assemblage enhanced the binding rate of Cd by a factor of
5 and that of Ni by a factor of 4. In contrast, the decanoic acid-
ferrihydrite assemblage slightly decreased the binding rate constants
of Cd and Ni. This may be caused by slower metal transfer between/by
decanoic acid's long hydrophobic alkyl chains (Table 1).

The enhanced metal binding rate by the organic-ferrihydrite assem-
blages indicates a high affinity for the organic functional groups; it is
also possible that the ferrihydrite surface sites have an altered chemistry
and increased affinity for the metals but we find this option improbable
(Hizal and Apak, 2006). The substantial impact of citric acid is attributed
to its multiple carboxylate groups (Table 1) that are known to have a
high affinity for metals (Moon and Peacock, 2012). Assuming one car-
boxylate group binds the compound to the ferrihydrite surface, two ad-
ditional carboxylate groups are available for heavy metal binding. The
fact that the effect of aspartic acid and cysteine on metal binding rate
were in the same order of magnitude implies that the thiol group of cys-
teine contributes to metal binding (assuming organic binding to the fer-
rihydrite takes place through a carboxylate group). Because Cd-, Ni- and
Zn—S interactions have been documented in natural samples (Karlsson
and Skyllberg, 2007; Huerta-Diaz et al.,, 1998; Karlsson et al., 2005), we
speculate that metal interactions with the thiol group may play an im-
portant role in the enhanced binding rates.

Similar to our results, extracellular polymeric substances associated
with bentonite also increased the pseudo second-order rate constant of
Zn and Pb by a factor of 1.8 and 1.5, respectively (Mikutta et al., 2012).
However, an enhancement of surface site availability on bentonite was
considered the primary factor promoting metal retention. Fulvic acid
was also noted to increase Pu adsorption on goethite, whereas slower
rates of Pu adsorption occurred with fulvic acid-goethite assemblages
(Tinnacher et al., 2015). Unlike this study, the differences in Pu adsorp-
tion kinetics was explained by the rapid binding of the Pu-fulvic acid
complexes compared to the slow transition of Pu bound to goethite to
the bound fulvic acid.

To test the impact of organic compound concentration on metal
binding by ferrihydrite, we examined the binding kinetics of Zn by the
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Fig. 3. Kinetics of Zn on the organic-ferrihydrite (Fh) assemblages at an additional organic
loading (organic loadings are lower than in Fig. 2, see values in Table 3). Lines represent
fits obtained using the pseudo second-order model.

organic-ferrihydrite assemblages at an additional lower organic loading
(Fig. 3). As observed for the high organic loading (Fig. 2), the lower load-
ing organic-ferrihydrite assemblages also increased the amount of Zn
adsorbed (Table 3), emphasizing that these lower organic loadings
may significantly influence metal retention. However, the reaction
rate and pseudo second-order rate constant were enhanced only in
the presence of the citric acid-ferrihydrite assemblage. Interestingly, at
citric acid loadings of 37 umol g~ the rate constant for Zn binding
was 6.6 while at a loading of 126 umol g~! the rate constant increased
to 17.2 g umol~' h™!, illustrating a linear ~3-fold increase in rate
(Tables 2 and 3). Thus, the rate of Zn adsorption depends on organic
loading and specifically, in this case, on the carboxylic acid functional
group concentration.

3.3. Stability of the organic-ferrihydrite assemblages

Stability of the organic-ferrihydrite assemblages was examined
throughout the experiments by monitoring the organic compound con-
centration in solution, and the resulting organic loading. Dissolution of
the ferrihydrite itself was examined by monitoring the concentration
of Fe. Organic compound concentrations remained largely unchanged
in solution (4-5%) during the course of the 7-day metal binding trials
and, consequently, so did the organic loadings (Fig. S3). To further vali-
date the stability of the organic-ferrihydrite assemblages, the percent-
age of C was measured in dried samples at the beginning (after 1 day)
and end (after 6 days) of the metal binding experiment. The recorded
changes in C percentage for the cysteine-, aspartic acid-, citric acid-
and decanoic acid-ferrihydrite were less than 6%; tannic acid-
ferrihydrite assemblages decreased by 14%.

Iron was detected in solution in the presence of the citric acid and
tannic acid assemblages (Fig. S4), with higher concentrations measured
for the former. No Fe(Il) was detected using the ferrozine method, sug-
gesting Fe(lll) dissolution was the dominant process causing Fe release.
Thus, citric acid and tannic acid most likely act as Fe-chelating agents
(Di Palma and Mecozzi, 2007) owing to their multiple functional groups
that lead to ferrihydrite dissolution (Table 1). Despite the noted

Table 3
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Fig. 4. k>-weighted EXAFS spectra of Zn bound by the organic compound-ferrihydrite (Fh)
assemblages. Black lines represent data and red lines represent linear combination
analysis fitting. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

dissolved Fe(IIl) concentrations, Fe dissolution unlikely influenced the
Ni, Zn, or Cd interactions with the assemblages as released Fe concentra-
tions accounted for less than 0.02% the mass of ferrihydrite.

3.4. Zn distribution upon the organic-ferrihydrite assemblage

To examine distribution of the metals between the organic and fer-
rihydrite surface, we used Zn as a representative metal. Linear combina-
tion fitting of the EXAFS data (Figs. 4 and S5) revealed that Zn is
distributed between ferrihydrite and the organic compound in each of
the assemblages (Tables 4 and S3). The contribution of the organic com-
pound to Zn binding was substantial, ranging from 7% to 59%. The
highest organic contribution (>50%) was obtained from citric acid and
decanoic acid. The pronounced role of citric acid is attributed to its
free carboxylate groups that may effectively bind and complex the Zn
ions. That of decanoic acid is less evident and may stem from the
micelle-like conformation of decanoic acid molecules bound to the fer-
rihydrite surface. Both aspartic acid and cysteine coatings contributed
35-40% to Zn binding, likely on account of metal interaction with car-
boxylate/thiol groups. The lowest organic contribution was observed
for tannic acid, which in spite of its low loading (Table 4), has multiple
sites for Zn binding (Table 1). We thus suspect this is a result of lower
affinity of Zn to the phenolic functional group.

To gain additional insight into the role of the functional groups in
heavy metal binding, we estimated the number of Zn ions bound to
each organic compound (Table 4) assuming aspartic acid, used in the
fitting, represents the binding of a single Zn ion through one free car-
boxylate group. Based on this assumption, citric acid binds approxi-
mately 2.5-times more Zn ions than aspartic acid, which complies
with the fact that citric acid has an additional carboxylate group

Pseudo second-order model fitting parameters for the binding kinetics of Zn on organic-ferrihydrite assemblages at an additional organic loading.*

Organic compound-ferrihydrite Initial organic concentration

Organic loading®

Adsorbed amount, Pseudo 2nd order rate constant,

assemblage (umol L™1) (umol g 1) q.° (umol g~ 1) K" (g pmol ="' h™)
- - - 0.88 + 0.04 0.14 £ 0.03
Citric acid 101 37+£0 2.71 £ 0.02 6.55 + 2.64
Aspartic acid 112 36 +£1 1.91 + 0.07 0.14 £ 0.03
Cysteine 85 22 £ 1 1.52 + 0.06 0.14 4+ 0.03
Decanoic acid 95 26+ 1 1.85 + 0.08 0.06 + 0.02
Tannic acid 15 340 1.20 £ 0.03 0.11 + 0.02

¢ Alower organic loading for each compound, compared to the values in Table 2.

b For organic loading, mean = standard error is presented (for 4 replicates). For g, and K, the model fitting parameter + standard error is presented.



Table 4

Zn distribution between the ferrihydrite (Fh) and organic compounds in the organic-Fh assemblages.

Organic-Fh- Organic loading Organic surface Zn percent distribution (%) Zn bound per organic-
-1 a b

assemblage (umol g™ 1) coverage (%) 7n-Fh Zn-organic compound compound

Citric acid-Fh 95 5 46 + 4 54 +4 25

Aspartic acid-Fh 264 10 62 + 6 38+5 1.0

Cysteine-Fh 383 14 65 + 7 35+6 0.7

Decanoic acid-Fh 55 41 £ 6 59 +5 3.8

Tannic acid-Fh 5 2 93 +4 7+4 2.6

@ Calculated using each organic compound's maximum projection area, assuming a ferrihydrite surface area of 600 m? g~ .

1

b Calculated using organic loading and concentration of Zn bound to the organic compound, assuming one aspartic acid compound binds a single Zn ion.

(Table 1). Similarly, tannic acid also binds 2.6-times more Zn ions, likely
aresult of its polyphenolic structure, with numerous binding sites pres-
ent in each single compound. However, because tannic acid has a poten-
tial of 24 binding sites (Table 1), this further demonstrates a likely lower
affinity of Zn to its phenolic functional groups. In contrast, cysteine
binds 0.7-times less Zn ions compared to aspartic acid, presumably
due to a slightly lower affinity to the single thiol group. Lastly, the
above-mentioned assumption suggests decanoic acid produces a 3.8-
fold increase in Zn binding compared to aspartic acid. We again ascribe
this finding to the conformation of the ferrihydrite-bound decanoic acid.

The overall organic contribution to Zn binding on the organic-
mineral assemblage becomes even more significant when considering
the organic surface coverage resulting from the loading, calculated
using the organic compounds maximum projection area (Table 1). For
example, for the cysteine-ferrihydrite assemblage with the highest or-
ganic loading of 383 umol g~ (Table 4), the maximum organic surface
coverage accounts for only ~14% of the total surface (assuming the sur-
face area of ferrihydrite is approximately 600 m? g~! (Zhu et al., 2010;
Eusterhues et al., 2008)). Yet cysteine contributed 35% to the overall
Zn adsorbed amount by the assemblage, demonstrating its significant
role in Zn binding. The lower loadings of the additional organic com-
pounds (Table 4) result in even lower surface area coverages, and the
ultimate organic contribution to Zn binding is even more pronounced.
For aspartic acid, tannic acid, citric acid and decanoic acid, the organic
contribution to Zn binding is 4, 4, 11 and 15 times higher than each
compound's ferrihydrite surface coverage, respectively. This further il-
lustrates the high affinity of Zn to the organic compounds and that
each compound influences Zn binding in a different manner.

Our results are in accordance with those reported for Cu binding by
B. subtilis coated ferrihydrite (Moon and Peacock, 2012), as well as for
Cu and Cd binding by humic acid coated ferrihydrite (Du et al., 2018a;
Farifia et al., 2018). These studies also showed that the metals are dis-
tributed between the ferrihydrite surface and the organic coating (at
pH 5-8), with the organic functional groups accounting for 20% to 58%
of the metal binding. Though their organic loadings were significantly
higher than those in our work (>5% versus <2% weight percent, respec-
tively), the heavy metal distributions were similar, demonstrating the
superior role of the organic coatings in heavy metal retention.

Similar partitioning behavior of heavy metals has also been observed
by organic-clay mineral assemblages (Mikutta et al., 2012; Qu et al,,
2019; Du et al,, 2017). Cadmium binding by a bacteria-montmorillonite
(1:1) assemblage favored the biofilm (Du et al., 2017), consistent to
what was observed for Zn binding by a bacteria-kaolinite assemblage,
where 76% of the bound Zn was associated with the organic fraction
(Chen et al.,, 2009). The role of organic coatings on heavy metal binding
by organic-mineral assemblages is thus highlighted for varying minerals,
ranging from iron oxides (shown here) to alumino-phyllosilicate clays
(Du et al., 2017; Chen et al., 2009).

4. Summary and conclusions
We illustrate that various organic acids promote the binding of

heavy metals (Ni, Zn, and Cd) on ferrihydrite through the formation of
organic-mineral assemblages with high metal affinities. The organic

functional groups are a major controlling factor in the ultimate heavy
metal fate, of which the carboxylic acid plays a dominant role. The influ-
ence of the organic compounds in the assemblages on heavy metal
binding depends on the heavy metals Lewis acidity. For pristine ferrihy-
drite, the metal loading followed the order Ni > Zn > Cd; for the
organic-mineral assemblages, the order reverses with Cd > Zn > Ni. Fur-
ther, Zn distribution between the organic coating and the ferrihydrite
surface highlights the importance of organic-mineral interactions in
heavy metal binding. The metal ions have a selective preference for
the organic acids as revealed by the functional group to surface site
availability. While all the organic acids promote heavy metal binding
on ferrihydrite, citric and decanoic acids have a particularly pronounced
impact. The organic compounds accelerate the rate of heavy metal bind-
ing and increase the binding capacity to the assemblages in comparison
to pure ferrihydrite. The organic-mineral assemblages thus illustrate a
likely pronounced influence on metal availability for biological uptake
and for their propensity to transport with advecting fluids. Thus, this
work offers valuable information on the mobility, retention and
resulting availability of heavy metals in natural soil systems.
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