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ABSTRACT

Nano zero-valent iron via green synthesis (g-nZVI) has great potential in removing toxic hexavalent
Cr(VI) from industrial wastewater, but sulfate and phosphate in wastewater can influence Cr(VI)
removal by g-nZVI. In this study, Cr(VI) removal kinetics by different g-nZVI materials were
investigated in the presence of sulfate and/or phosphate, and the corresponding mechanisms were
revealed using multiple characterizations, including X-ray absorption near-edge spectra (XANES)
and X-ray photoelectron spectroscopy (XPS). The results showed that Cr(OH)3 was the dominant
species initially formed on the surface of g-nZVI particles before transforming to Cr203 during the
reaction of g-nZVI with Cr(VI). Sulfate in wastewater increased the reduction from Cr(VI) to
Cr(OH)s by g-nZVI, because sulfate promoted the release of Fe(II) and tea polyphenols (from tea
extracts) from the g-nZVI surface due to the corrosion of Fe® core, evidenced by an increase in
pseudo-second-order rate constant (k2) and subtle change in Cr(VI) removal capacity (qe). However,
phosphate decreased g-nZVI corrosion and inhibited ge because of the inner-sphere complexation of
phosphate onto g-nZVI, resulting in decreased release of Fe(Il). When sulfate and phosphate
coexisted in the contaminated water, the inhibition effect of phosphate in Cr(VI) removal by g-nZVI
was stronger than the enhancement effect of sulfate. Accordingly, qe value of g-nZVI declined from
93.4 mg g'! to 77.5 mg g !, while ko remained constant as the molar ratio of phosphate/sulfate
increased from 0.1 to 10 in water. This study provides new insights into applying g-nZ VI in efficient
Cr(VI) removal from contaminated waters with high levels of sulphates and phosphates.
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1. Introduction

With rapid industrial development, wastewater heavily laden with chromium (Cr) from various
industrial sources (such as chemical, tanning, metallurgy, and electroplating) has severely
contaminated surface water and groundwater (Bahemmat et al., 2016; Dong et al., 2016; Su et al.,
2016). In general, Cr exists mainly in two valence states in nature: trivalent chromium (Cr(IIl)) and
hexavalent chromium (Cr(VI)) (Xiao et al., 2020). Cr(VI) is substantially more hazardous than Cr(III)
because of its mutagenic, carcinogenic, teratogenic, and mobile properties (Bratovcic et al., 2021; Lv
et al., 2019; Yi et al., 2020). Cr(VI) concentration in industrial wastewater usually raised up to 270
mg L! (Bratovcic et al., 2021), much higher than 0.5 mg L' of Integrated Wastewater Discharge
Standard in China (GB 8978-1996). Hence, Cr(VI) removal from industrial wastewater (i.e.,
electroplating and tannery wastewater) is of great importance and highly desired.

Currently, nano zero-valent iron (nZVI) is an effective sorbent or reductant to remove heavy metals,
organic matter, and other pollutants in water (Ahmad et al., 2021; Liao et al., 2021; Liu et al., 2022a).
Nonetheless, the application of nZVI is limited due to its easy oxidation and agglomeration (Liao et
al., 2021). To improve its reactivity, researchers developed many methods to modify nZVI, for
example, metal hybridization, entrapment, and support were adopted to stabilize nZVI avoiding
nanoparticle agglomeration (Sun et al., 2017, 2019, 2022; Vilardi et al., 2019). These common
modifications were conducted via chemical methods involving the release of toxic by-products,
expensive reducing reagent borohydride, and high energy consumption (Nasiri et al., 2019). By
contrast, the environmentally friendly green synthesized nZVI (g-nZVI), with low cost using plant

extracts, has attracted attention for pollutant removal (Fazlzadeh et al., 2017; Muhammad et al., 2019).
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Such interest is attributed to the high stability, low agglomeration, and high reactivity of g-nZVI
derived from Fe® cores coated with tea polyphenols (TPs) (Yang et al., 2021; Ye et al., 2021).

Cr(VI) removal via g-nZVI, however, could be influenced by the chemical compositions in
wastewater. Sulfate (SO4>7) is a common contaminant in many industries, such as mining, textile
dyeing, and tanneries, usually together with Cr(VI) (Hallam et al., 2021; Wenzel et al., 2010). Many
countries set the maximum SO4>~ concentration in industrial wastewater and mine drainage up to 500
mg L' (Silva et al., 2012). Sulfate can be adsorbed on the outer sphere of metal-oxide surfaces, and
its maximum adsorption capacity on natural hematite reaches 45.9 umol g! at pH 3 with adsorption
increases with acidity (Sadeghalvad et al., 2021). As reported previously, the low concentration of
sulfate (< 0.5 mg L") can minimize Cr(VI) removal efficiency (Wang et al., 2015), as sulfate forms
surface complexes with iron oxides, generating the passivation layer on the chemically synthesized
nZVI (Shang et al., 2017; Xie and Cwiertny, 2012). High sulfate concentrations (>100 mg L ') can
facilitate the regeneration of Fe(Il) by reacting with nZVI to accelerate the electron transfer, serving
as a corrosion promoter (Tang et al., 2012; Wang et al., 2015). In addition, sulfidation via chemical
synthesis can enhance the reactivity and selectivity of nZVI for contaminants (Li et al., 2017; Xu et
al., 2021), because soluble sulfate as by-product could be generated during the reaction of sulfurized
nZVI with Cr(VI), which further increases the Cr(VI) removal (Lv et al., 2018). Moreover, materials
with varying structures and morphologies have different physicochemical characteristics (Mondal et
al., 2020). The green synthesized g-nZVI covered by TPs exhibits different reactivity for Cr(VI)
removal from chemically synthesized nZVI due to variations in surface characteristics (Yang et al.,

2021; Ye et al., 2021). Thus, sulfate might influence the reactions between TP-wrapped g-nZVI and
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Cr(VI) in water.

Industrial wastewaters, especially from electroplating and detergent manufacturing, may contain
more than 10 mg L™! of phosphate (Mezenner and Bensmaili, 2009). Cr(VI) and phosphate usually
coexist in wastewater from mineral processing and electroplating (Wang et al., 2013). Phosphate has
strong adsorption on nZVI (Wen et al., 2014) and metal (hydro) oxides (such as FeO (Guaya et al.,
2021), Fe(OH)s (Hilbrandt et al., 2019), ZnO (Wei et al., 2021), and zirconium (IV) (Awual et al.,
2011)), due to the formation of inner-sphere complexes (Tang et al., 2012). As reported, phosphate
can suppress Cr(VI) adsorption because of the competitive adsorption on ferric hydroxide (Hilbrandt
etal., 2019). Moreover, phosphate can complex with many metal ions, including Fe(Il)/Fe(III) (Zheng
et al., 2019). However, few studies have reported the mechanism by which phosphate affects the
Cr(VI) removal by g-nZVI via green synthesis.

Researchers so far have only studied one single factor on the Cr(VI) removal by nZVI adsorbents
(Wang et al., 2013; Xie et al., 2012). However, the co-existing anions can influence Cr(VI) removal
by nZVI-Fe304 nanocomposites (Lv et al., 2013). Thus, sulfate (S) and phosphate (P), as ubiquitous
anions that commonly coexist with Cr(VI) in electroplating and tanneries wastewaters (Cai et al.,
2019; Wenzel et al., 2010), may play critical roles in mediating the interaction between Cr(VI) and g-
nZVI. These roles prompted the necessity to investigate the underlying mechanisms of these reactions
due to the complexity and diversity of the industrial wastewaters. Currently, X-ray absorption near-
edge spectra (XANES) has been employed to reveal the underlying mechanisms of Cr(VI) removal
by nZVI. Cr(VI) forms an outer-sphere complex on iron oxide and is then reduced to Cr(OH)3 or

FexCrix(OH)3 (Abdullah et al., 2017; Pinakidou et al., 2016; Sheng et al., 2016). Nevertheless, there
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is little information available on the effect of sulfate and/or phosphate on the Cr(VI) removal by the
green synthesized g-nZVI at the molecular level.

Our previous study investigated the synthesis of modified g-nZVI composites, their applications in
Cr(VI) in-situ remediation in soils, and their transport behavior in contaminated soils during
remediation (Yang et al., 2021; Ye et al., 2021). For the optimized use of g-nZVI in wastewater, the
effects of sulfate and phosphate on Cr(VI) removal with g-nZVI were investigated in this study.
Specifically, the dissolution kinetics, zeta potentials, and particle sizes of g-nZVI impacted by sulfate
and phosphate were explored. The underlying mechanisms for the speciation transformation of Cr(VI)
to Cr(Ill) by g-nZVI in the presence of sulfate and phosphate were uncovered using multiple
characterization methods including X-ray photoelectron spectroscopy (XPS) and XANES. Our
results provided new insights into the practical application of g-nZVI in Cr(VI) remediation in a
complex system where both sulfate and phosphate exist in aquatic environments.

2. Materials and methods
2.1. Green synthesis of various g-nZVI materials

The activity and selectivity of nZVI can be enhanced by modification with sulfide (Xu et al., 2021).
In addition, ferric sulfate as an iron source can introduce sulfate into the structure of nZVI and favors
Cr(VI) removal (Yang et al., 2021). This is because sulfate might remove the Fe passive oxide film
and facilitate the regeneration of Fe?* by reacting with nZVI (Mayer et al., 2001). Accordingly, the
various g-nZVI composites (modified by sulfide and sulfate) were synthesized via green tea (Beijing
Liyuan Xianshan Tea Co., Ltd.) extracts using a modified method (Wu et al., 2021; Toli et al., 2021).

The total amount of TPs in the green tea extracts in the experiments ranged from 67.6-102 mg g ',
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and the main reducing substances in TPs were catechins (Ye et al., 2021; Zhang et al., 2018). The
detailed characterization of TPs was reported in our previous studies (Cheng et al., 2021; Ye et al.,
2021) and described in Text S2 in the supporting information (SI). First, the extracts were vacuum
filtered. A solution of iron chloride (FeCls-6H20) or iron sulfate (Fe2(SO4)3-xH20) was added to the
tea extracts (TPs) to synthesize nZVI by a bottom-up approach (Machado et al., 2014), which was
defined as g-nZVI and SO4-g-nZVI materials, respectively. Accordingly, the Fe content in the final
product was about 6.7% and 9.3%. Meanwhile, S-g-nZVI (modified by sulfide with Fe content of
7.5%) was also prepared by injecting 1.0 M Na2S-9H20 solution (S/Fe molar ratio = 0.056) into green
tea extracts during g-nZ VI synthesis process (Shao et al., 2018; Xu et al., 2020). The synthesis details

of various g-nZVI are provided in Text S1 in SI.

2.2. Characterization analysis

Changes in the crystal phase structure of g-nZVI before and after the reaction were determined by
Advance X-ray diffractometer (XRD) using a D8 Advance X-ray diffractometer (Bruker, Germany)
at 40 kV and 40 mA. Operation of characterization item can refer to the literature (Li et al., 2022;
Zhang et al., 2022). The functional groups and the surface morphologies of the samples were
identified by Fourier transform infrared spectroscopy (FTIR, Nicolet iS10, Thermo Fisher Scientific,
USA) and scanning electron microscopy (SEM, FEI Quanta 400 FEG, USA) (Pan et al., 2022b; Zeng
et al., 2022). XPS (ESCALAB 250 XI, Thermo Fisher Scientific, USA) was used to determine the
chemical bonding state of the samples (Liu et al., 2022b; Pan et al., 2022a). To better understand the

reaction mechanisms, the hydrodynamic radius (HR) of the reaction particles was examined by the



Zeta-sizer Nano ZS90 (Malvern Instruments Ltd., UK), and the zeta potential (ZP) was determined
with light scattering (DLS) at room temperature. The experimental methods were similar to previous
research (Xu et al., 2019).

The XANES analyses of Cr K-edge and Fe K-edge were carried out on the beamline IW1B (2.5
GeV, 250 mA) at the Beijing synchrotron radiation facility (BSRF). Homogenized powders from the
freeze-dried bottom slurry (after reaction) were pressed into a 1 mm-thick tablet. The linear
combination fitting (LCF) of the XNAES spectra was applied to quantify the major Fe and Cr species
in g-nZVI (post-reaction) using the reference materials: Cr(VI) (Na2Cr204), Cr(OH)3, Cr(IIT) oxide
(Cr203), Fe (FeY), ferrous oxide (FeO), and hematite (Fe203). The background and baseline spectra
were corrected and normalized using the ATHENA algorithms in the Demeter computer package.
2.3. Kinetics experiments

Kinetic experiments of Cr(VI) removal by various g-nZVI materials (section 2.1) were conducted
in 1.0 mM NaCl electrolyte solution on a radial vibrator. Here, 1.0 mM sulfate was injected into the
suspension of 0.5 g L' g-nZVI with and without 50 mg L' Cr(VI), and the solution pH was adjusted
to pH 2.0+0.05 by HCI solution (1.0 M) to simulate tanning and industrial electroplating wastewater,
which was similar to previous studies (Wenzel et al., 2020; Tao et al., 2022; Zhu et al., 2018).
Meanwhile, phosphate stock solution was injected into g-nZVI and Cr(VI) suspension with different
molar ratios versus sulfate (0.5, 1, and 10). Samples were obtained at certain time intervals within
300 min before filtering through a 0.45 mm membrane. Finally, the contents of different forms of Cr
and Fe in the supernatant were analyzed, and the Cr(VI) removal efficiency was calculated by

equations included in Text S3 in SI (Ye et al., 2021). The dissolution kinetics affected by TPs on g-
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nZVI with the presence of sulfate and phosphate were conducted, and the relevant methods were
included in Text S4 in SI. Finally, Cr(VI) removal by g-nZVI under various conditions were simulated

by the pseudo-second-order kinetic model (Wang et al., 2019):

t 1 t
— = +— (1)
ar k292  de

where qe and q: represent the removal capacity at equilibrium and at different times (mg g!),

respectively; k2 is a rate constant for the pseudo-second-order (g mg ! min™!).

2.4. Concentration analysis

The concentrations of dissolved Fe(Il) and aqueous Cr(VI) in the filtrate were also measured by
diphenylcarbazide colorimetry method (USEPA Method 7196A) at the wavelength of 540 nm (Ryan
and Hynes, 2008) and phenanthroline spectrophotometric method at 510 nm (Shao et al., 2018),
respectively, using a UV-vis spectrophotometer (Shimadzu UV-1800, Japan). The total Fe and total
Cr concentrations in the supernatant solution were determined by flame atomic absorption
spectrometry after digestion using 5 mL HNO3 and 10 mL HCI (1:1) with a total volume of 100 mL
at 220 °C (Singh et al., 2011). All the experiments were in duplicates, and the data were the arithmetic
mean of determinations with relative errors <5%.

3. Results and discussion
3.1. Cr(VI) removal by various g-nZVI materials

The kinetic experiment revealed the Cr(VI) removal rate by various g-nZVI composites at different

times. Figs. la—1c show the variations in Cr speciation (including Cr(VI), Cr(Ill), and particulate Cr)

and the dissolved Fe(Ill) during Cr(VI) removal by three g-nZVIs (i.e., g-nZVI, SO4-g-nZVI, and S-



g-nZVI). In general, the Cr(VI) concentration sharply decreased during initial 50 min, with a high
proportion removed by different g-nZVI materials (Figs. la—1c). Specifically, the control of g-nZVI
completely removed Cr(VI) at 180 min equilibrium time, where 51.9% Cr(VI) was converted to
soluble Cr(Ill) and the remaining Cr species existed as particulate Cr (Fig. 1a), which includes the
adsorbed Cr(VI) and the precipitated/complexed Cr(III) (Xu et al., 2022). Compared to the Cr(VI)
removal capacity (35.2 mg g ') of nZVI prepared by chemical synthesis (Zhu et al., 2018), g-nZVI
in this study had a significantly higher capacity (100 mg g '), likely resuting from TPs coverage on
the surface which prevented g-nZVI from oxidation and thus increased Cr(VI) removal. In addition,
the similar experiment was carried out to explore the possibility of the released TPs for Cr(VI)
reduction. The reactions between Cr(VI) and the released TPs in the filtrate of g-nZVI suspension
were conducted at pH 6.8, given that only TPs could be released from g-nZVI into solution and little
Fe(II) generated. The results showed that the amount of Cr (VI) reduction by TPs released by g-nZVI
was negligible (0.02 mg L ™! via UV-vis spectra analysis). Therefore, the Cr(VI) could not be reduced
directly by TPs.

As shown in Fig. 1b, SO4-g-nZVI (prepared from iron sulfate) removed Cr(VI) entirely at 120 min,
while Cr(VI) removal rate of g-nZVI (prepared from iron chloride) reached the maximum at 180 min
(Fig. 1a), which implies a faster Cr(VI) removal rate by SO4-g-nZVI than g-nZVI (SI Fig. S3). The
pseudo-second-order kinetic model was applied to simulate the Cr(VI) removal at different times
(Fan et al., 2020; Singh et al., 2021). The fitting results show that the ge of Cr(VI) by SOs-g-nZVI
was 103.1 mg g !, which was similar to that of g-nZVI (Table S1 in the SI). Correspondingly, the k2

value of SOs-g-nZVI was 16.1x10* g mg' min"!, which was significantly higher than 8.5x10™* g
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mg ' min~! of g-nZVI (Table S1). This result could be because sulfate helped to remove the passive
oxide film of iron, promoting Fe® corrosion (Lv, et al., 2018). This observation was consistent with
the higher dissolved Fe(Ill) concentrations (Fig. 1b vs. la, and Fig. S3b). Accordingly, sulfate can
facilitate the regeneration of Fe(Il) through the reaction with Fe to accelerate Cr(VI) removal (Tang
etal., 2012; Lv et al., 2018).

The S-g-nZVI could remove Cr(VI) completely from water within 200 min, which was similar to
SO4-g-nZVI and g-nZVI (Fig. lc vs. la and 1b). Nevertheless, the Cr(VI) removal rate of S-g-nZVI
in 50 min was faster than that of SO4-g-nZVI and even g-nZVI (Fig. S3a in the SI). This result agrees
with the kinetic model results that the k2 value of S-g-nZVI was 41.8x10* g mg ™' min~!, which was
higher than that of g-nZVI and SO4-g-nZVI, although the S-g-nZVI has a similar ge (101.0 mg g ')
of Cr(VI) removal as g-nZVI and SO4-g-nZVI (Table S1). This was likely because the efficiency
(54.8%) in forming Cr particulates by S-g-nZVI was greater than 46.1% for SOs-g-nZVI at 50 min
of reaction time (Fig. 1c vs. 1b). Meanwhile, a lower dissolution rate (45.2%) of Cr(IIl) by S-g-nZVI
than 53.9% by SO4-g-nZVI was observed. In other words, the lower dissolution of Cr(III) led to more
Cr(Ill) precipitation and formation of Cr particulates (including Cr(Ill) precipitation and Cr(VI)
adsorption). As previously reported, sulfidation could enhance the reaction activity and surface
adsorption sites of nZVI (Lv et al., 2019). In addition, the qec of S-g-nZVI for Cr(VI) was greatly
higher than that of chemically synthesized S-nZVI (59.9 mg g ') (Lv et al., 2019). Such a scenario is
possible due to the wrapping of S-g-nZVI by TPs layers, thereby reducing the agglomeration of Fe”
nanoparticles and improving their stability and reactivity (Ye et al., 2021).

3.2. Effects of sulfate on Cr(VI) removal by g-nZVI
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To clarify the role of sulfate on Cr(VI) removal, we investigated Cr species transformation by g-
nZVI in the presence of sulfate. The ge of g-nZVI obtained from the pseudo-second-order kinetic
model remained similar in the presence of 1 mM sulfate as shown in Table S1, which was consistent
with the slight change in the Cr(III) dissolution efficiency from 51.9% to 57.3% and in the generation
efficiency of particulate Cr (including Cr(Ill) precipitation and Cr(VI) adsorption) from 48.2% to
42.7% at 120 min of the reaction time (Fig. 1d vs. Fig. 1a). Nevertheless, the Cr(VI) removal rate k>
of g-nZ VT significantly increased from 8.5x10™* to 18.7x10* g mg ' min~! when sulfate was present,
which was consistent with the promoted dissolution of Fe(III) by g-nZVI reaction with Cr(VI) from
60.4% to 76.1% (Fig. 1d vs. Fig. 1a). This implies that sulfate could induce fast corrosion of g-nZVI
for Cr(VI) removal.

3.3. Effects of sulfate and phosphate on Cr(VI) removal by g-nZVI

Cr(VI) removal kinetics by g-nZVI were further investigated under complex conditions and various
P/S molar ratios in water. The Cr(VI) removal efficiency by g-nZVI initially reduced from 100% to
88.0% in the presence of 0.5 mM phosphate (Fig. 2a), which was attributed to the inhibition in Cr(VI)
reduction to soluble Cr(III) by Fe(II) released from g-nZVI (Figs. 2¢ and 2d), although phosphate can
decrease Cr(VI) removal due to competitive adsorption (Hilbrandt et al., 2019). Accordingly, the qe
decreased from 104.6 to 92.3 mg g'! with the presence of phosphate alone in aqueous solution, while
the change of k2 is unobvious (Table S1). When 0.5 mM phosphate and 1 mM sulfate coexisted (P/S
molar ratio = 0.5), the Cr(VI) removal efficiency of g-nZVI to Cr(VI) was less than that of control
(Figs. 2a and 2b) because the dissolved Fe(Il) in the copresence of sulfate and phosphate was lower

than the control by g-nZVI alone (Fig. 2c). Moreover, with different P/S molar ratios, the dissolved
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Fe(Il) concentration from g-nZVI rapidly increased in the initial 20 min and then slowly reached a
plateau (Fig. 2¢), which agreed with the Cr(VI) removal kinetics of g-nZVI (Fig. 2a). Interestingly,
the generation capacity of soluble Cr(IIl) by g-nZVI reduced from 47.2 mg g ! to 40.4 mg g,
whereas the particulate Cr lowered from 44.9 mg g ! to 32.0 mg g ! with increasing the P/S molar
ratio from 0.5 to 10 (Fig. 2b). The corresponding qe was observed decreased from 93.4 mg g ! to 77.5
mg g ! associated with a consistent k2 value (Table S1). This phenomenon indicated that phosphate
significantly hindered the Cr(VI) removal capacity qe of g-nZVI, even with the coexistence of sulfate.
This result was also consistent with the phenomenon that the inhibition of Fe(II) release from g-nZVI
by phosphate was more predominant than the enhancement by sulfate (Fig. 2d). The phosphate inner-
sphere complexes on the surface of iron (oxy) hydroxides could hinder the corrosion of Fe’ cores to
lower Cr(VI) removal (Tanboonchuy et al., 2012). Furthermore, phosphate had a similar structure and
size to CrO4> /HCrO4~ and could thus compete with Cr(VI) adsorption on g-nZVI. However, sulfate
is primarily adsorbed as an outer-sphere complex with a small inner sphere, which can accelerate
electron generation as a corrosion promoter to improve Cr(VI) removal (Jing et al., 2018; Xie and
Cwiertny, 2012). Accordingly, the inner sphere complexes of phosphate showed a more significant
effect on the solid—water interface reactions between g-nZVI and Cr(VI) than that of sulfate outer-
sphere complexes. In addition, the kinetics of TPs release from g-nZVI surface with the presence of
sulfate or phosphate, compared with that of g-nZVI alone, showed that phosphate hindered the TPs
released from g-nZVI, whereas sulfate promoted TP release (Fig. S4). A detailed explanation on the
role of sulfate and phosphate in the release of TPs from g-nZVI was concluded in Text S4 in SI.

Overall, the pseudo-second-order kinetic model showed that sulfate mainly promoted k2 while
12



phosphate inhibited ge for Cr(VI) removal by g-nZVI.
3.4. Mechanisms
3.4.1. Zeta potential and hydrodynamic radius analysis

To better understand the Cr(VI) removal mechanism by g-nZVI with the coexistence of sulfate and
phosphate, the surface properties of g-nZVI with Cr(VI) were investigated. Surface ZPs of g-nZVI
were negatively charged (—35.9 mV) in 1 mM NaCl solution (Fig. S5), which was similar to a
previous report (Kumar et al., 2015). The particle surface of g-nZVI became positively charged after
reaction with Cr(VI) (Fig. S5a), due to the reduced Cr(IIl) adsorption. Accordingly, the repulsion
forces between g-nZVls decreased based on Derjaguin—Landau—Vervey—Overbeek theory (Cheng et
al., 2018). Thus, the g-nZVI nanoparticles easily aggregated and became significantly increased in
size (Fig. S5b).

When phosphate or sulfate was present in the solution, the positive surface charges of g-nZVI
particles with Cr were further reduced by phosphate or sulfate adsorption, leading to the increase of
particle size from 458.7 nm to 615 nm (phosphate) and 531.2 nm (sulfate) as previously discussed
(Fig. S5b). In the copresence of phosphate and sulfate, the absolute values of particle surface potential
gradually decreased at high P/S molar ratios (Fig. S5a), thereby lessening the repulsion forces
between the nanoparticles due to the competitive adsorption of both sulfate and phosphate onto g-
nZVI. This phenomenon confirmed that the large particles formed from approximately 712.4 to 825.0
nm with increasing P/S molar ratios (0.5-10; Fig. S5b).

3.4.2. SEM analysis

SEM micrographs of the synthesized g-nZVI showed that the sizes and shapes of nanoparticles
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were similar, indicating that the particles were distributed uniformly (Fig. S6a). The surface of pristine
g-nZVI was composed of carbon (C), oxygen (O), and iron (Fe) in element mapping, revealing that
the g-nZVI was composed of black Fe® core covered with a layer of TPs (Ye et al., 2021). After that,
the nanoparticles accumulated loosely with relatively large accumulated pores due to the reactions
with Cr(VI) (Fig. S6b). In the presence of sulfate and phosphate, an intense Cr peak and a weak Fe
peak were observed in the EDS spectra of g-nZVI sample (Fig. S6d vs. Fig. S6c¢), indicating that Fe®
cores corroded from g-nZVI after reacting with Cr. In addition, SEM/EDS analyses of S and P (Figs.
S5b and S5d) indicated that sulfate and phosphate might be adsorbed on the surface of the material.
Moreover, the proportion of phosphate (1.8%) was greater than sulfate (0.5%), likely because the
phosphate adsorption was stronger than that of sulfate (Jing et al., 2018).
3.4.3. XRD and FTIR analyses

The synthesized g-nZVI exhibited amorphous morphology as shown in Fig. S7a, which was in
agreement with the low resolution of the XRD peak at 20 = 25° indicating the Fe® core wrapped by
excessive TP coverage (Fig. S7). Thus, FTIR analysis was employed to investigate the functional
groups on g-nZVI with Cr(VI) when sulfate and/or phosphate were present. As shown in Fig. 3, the
g-nZVI surface had abundant functional groups. The peaks at 1626 and 1713 cm™! were identified as
C=C or C=0 (Choudhary et al., 2017; Lin et al., 2020; Zhang et al., 2020), whereas those at 1050 and
1092 cm™! as C-O (Dong et al., 2011), which corresponded to peculiar substances of TPs or catechol
from green tea. These findings confirmed that g-nZVI was successfully synthesized via TP extraction
from green tea and acted as a reducing, capping agent.

By increasing the Cr(VI) concentration from 50 mg L' to 200 mg L' (Fig. 3a), the IR
14



characteristic peaks of g-nZVI at 1050 and 1092 cm™! associated with the C—O group disappeared
and gradually broadened, respectively. This phenomenon was possible due to the partial corrosion of
Fe? cores (Fig. 2b) leading to the TP release from g-nZVI during the reaction with Cr(VI) (Yang et
al., 2021; Ye et al., 2021).

When a low concentration of sulfate was added, the peaks of C-O group at 1050 and 1092 cm™!
were still found for g-nZVI (Fig. 3b). As the sulfate concentration increased from 50 to 200 mM, a
new peak was observed at 622 cm™! associated with Fe-O stretching vibration. Particularly, a new
peak at 1112 cm ™! representing the SO4* bending vibration appeared, instead of peaks at 1050 and
1092 cm™!. These changes may be attributed to sulfate adsorption by g-nZ VI, causing the “redshift”
of the C-O peak to 1112 cm™! (Jing et al., 2018; Xie and Cwiertny, 2012; Yao et al., 2020). In addition,
more exposure of iron oxides ensued due to the unwrapped TP coverage around green synthesized
nZV], induced by sulfate (Yang et al., 2021; Ye et al., 2021). Therefore, in the copresence of Cr(VI)
and sulfate, new peaks at 1112 and 622 cm ! appeared whereas that the peak at 1050 cm ™! disappeared
(Fig. 3d). This result is consistent with a previous kinetic experiment where sulfate was found to
promote g-nZVI corrosion and improved Cr(VI) removal (Figs. 2b and 2d).

In the presence of phosphate alone, the peaks of g-nZVI at 1050 and 1092 cm™!, associated with
the C-O group, merged with a strong and broad peak at 1080 cm™' as the phosphate concentration
increased from 50 to 200 mg L' (Fig. 3c). This change indicated that phosphate chemically adsorbed
(C-O bond) onto g-nZVI via inner-sphere coordination. As shown in Fig, 3d, the peaks at 1050 and

1092 cm™! (C-O) of g-nZVI reaction with Cr(VI) broadened in the presence of phosphate. This

change ensued because phosphate and Cr(VI) were simultaneously adsorbed on g-nZVI, resulting in
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less Cr(VI) adsorption due to competitive adsorption. Also, the broadened peak of C—O at 1092 cm ™!
might be attributed to the re-adsorption of dissolved organic matter onto g-nZVI since TPs coverage
could release from the g-nZVI surface as shown in Fig. S4.

3.4.4. XANES and XPS analyses

XANES and XPS analyses were performed on g-nZVI with or without Cr(VI) when sulfate or
phosphate was also present. The XAFS spectra of g-nZVI after reaction with 50 mg L™ Cr(VI)
showed the coordination characteristic peaks at approximately 1.50 and 1.54 A arising from Fe-O
and Cr-O (Figs. 4a and 4b), respectively. These peaks indicate that the surface of g-nZVI has been
oxidized to iron oxide by Cr(VI). Furthermore, the sample’s Cr K-edge of XANES was markedly
different from the Cr203 and Na>Cr207 standards, and the spectra showed a wide peak at 6075.6 eV
and a strong peak at 6007.7 eV where both are associated with Cr(IIl) speciation as Cr(OH)3
formation (Fig. 4c). LCF analysis of the XANES spectra further revealed that Cr(OH)s was the
dominant species on g-nZVI (Fig. S8), suggesting that Cr(VI) at low concentrations has been
substantially reduced to Cr(OH)3 by g-nZVI.

When solution Cr(VI) was increased to 200 mg L', the corresponding XPS full-spectra of g-nZVI
associated with Fe 2p, C 1s, and O 1s peaks were depicted in Fig. S9a in SI. Notably, the Cr 2p
spectrum confirmed 43.7% Cr(OH)s ( 577.8 eV), 37.8% Cr203 (576.8 eV), and 18.5% Cr(VI) on g-
nZVI (Fig. 5b). This result indicated that Cr(OH)s and Cr203 simultaneously occurred on
nanomaterials (Yang et al., 2021). Therefore, these findings suggest that Cr(OH)3; formed first before
the formation of Cr203 as Cr(VI) was transformed to Cr(III) (Fig. S8a and Fig. 5b).

In the presence of sulfate, Cr(VI) at low concentrations was completely reduced to Cr(OH); by g-
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nZVI based on the Cr K-edge XANES spectra analysis (Fig. 4c). When the sulfate concentration was
raised to 200 mg L™, a new peak of S 2p, ascribed to Fe2(SO4)3, was detected at 169.2 eV in the full
XPS spectrum (Figs. S9b and S10g) (Yao et al., 2020). The presence of sulfate significantly increased
the proportion of Fe(Il) (FeO, 710.9 eV; Fe(Il) satellite, 714.5 eV) from 75.5% to 81.7% (Fig. 5a vs.
5¢). In response, the Fe2O3 decreased from 24.5% to 18.3%. Meanwhile, the Fe-O peak at 531.8 eV
decreased from 24.0% to 21.2% (Fig. S10d vs. Fig. S10b). Accordingly, the Cr(VI) peak at 579.2 eV
shrank from 18.5% to 16.7% (Fig. 5d vs. Fig. 5b). Note that Cr(OH)s (577.8 eV) significantly
increased from 43.7% to 65.6%, whereas Cr203 (576.8 eV) decreased from 37.8% to 17.7% (Fig. 5d
vs. 5b), possibly because sulfate (as a corrosion promoter) could facilitate Fe(Il) regeneration when
reacting with g-nZVI as shown in Fig. 5g. This scenario favors the rapid reduction from Cr(VI) to
Cr(OH)s (Fig. 5d). In addition, the proportion of the C=0 peak decreased from 9.9% to 4.5% (Fig.
S10c vs. Fig. S10a), because of the promoted TP release from g-nZ VI surface by sulfate (Fig. S4).
Similarly, Cr K-edge XANES spectra analysis showed that Cr(VI) at low concentrations was
predominantly reduced to Cr(OH)3 by g-nZVI regardless of the presence of phosphate (Fig. 4c). When
reacting with more concentrated Cr(VI), g-nZVI showed a new peak P 2p at 707 eV, identified as
FePOs4 due to the presence of phosphate (Fig. S10h) (Liu et al., 2013). Moreover, the proportion of
the Fe(II) (FeO and Fe(Il) satellite) peak decreased from 75.5% to 66.7% (Fig. 5a vs. Fig. 5e). Notably,
the Fe-O peak of g-nZVI with Cr(VI) at 531.8 eV was 28.0% in the presence of phosphate (vs. 24.0%
in the absence of phosphate) (Fig. S10f vs. Fig. S10b). Accordingly, the Cr(VI) peak increased from
18.5% to 28.2% (Fig. 5b vs. Fig. 5f), and the Cr(III) peak (including Cr(OH)3 and Cr203) decreased

from 81.5% to 71.8%. Overall, the Cr(OH)3 formation induced by g-nZVI increased from 43.7% to
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48.5%, whereas Cr203 generation lowered from 37.8% to 23.3% after phosphate was added (Fig. 5f
vs. Fig. 5b). This change was most likely ascribed to the inhibition in Cr2O3 formation by the inner
sphere complexes of phosphate with iron (oxy) hydroxides on the surface of g-nZVI (Fig. 5g),
resulting in the hindered corrosion of g-nZVI to release Fe(Il). In addition, the proportion of the C=0O
peak increased from 9.9% to 13.6% (Fig. S10a vs. Fig. S10e), because phosphate inhibited the
dissolution of organic matter wrapped around the g-nZVI nanoparticles (Fig. S7).

Wastewater from traditional mineral processing, electroplating, and tanneries not only contains a
large amount of Cr(VI), but also plenty of sulfate and phosphate. Thus, both sulfate and phosphate
might affect the removal efficiency of Cr(VI) by green synthesized g-nZVI. The low concentration
(<50 mg L) of Cr(VI) in solution could be mostly reduced to Cr(OH)s by g-nZVI. Nevertheless, the
high concentration (>200 mg L) of Cr(VI) is reduced to Cr(OH)3 and Cr203 by g-nZVI. Thus, we
hypothesize that Cr(VI) is first reduced to Cr(OH)3 and then partially converted to Cr203 by g-nZVI.
As shown in Fig. 5g, it is pertinent to mention that sulfate could promote the conversion rate of Cr(VI)
to Cr(OH)3, as a result of the increased Cr(VI) removal rate, since sulfate as a corrosion promoter of
g-nZVI can only increase the Fe(II) dissolution rate due to the out-sphere adsorption of sulfate. When
phosphate and sulfate coexist, they impede the Cr(VI) removal by g-nZVI due to the greater inhibition
effect through inner-sphere complexation of phosphate. In particular, phosphate could lower the g-
nZVI corrosion to produce Fe(Il) and further inhibit the conversion from Cr(OH)s to Cr203, thereby

hindering the Cr(VI) removal capacity by g-nZVI.

4. Conclusions
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In this study, we reveal the underlying mechanisms and pathways of Cr(VI) removal by TPs
encapsulated g-nZVI in contaminated water with enrichment of sulfate and phosphate. Generally,
sulfate promoted Cr(VI) removal by g-nZVI, whereas phosphate showed a powerful inhibitory effect.
This difference was attributed to the presence of sulfate, a corrosion promoter, which could accelerate
TPs dissolution and Fe(II) generation from g-nZVI to facilitate Cr(VI) reduction to Cr(OH)s.
However, phosphate in water could adsorb and complex on the surface of g-nZVI, thereby inhibiting
Fe(I) release from g-nZVI and subsequently hindering Cr(VI) reduction to Cr203. Particularly, the
inhibition effect of phosphate on Cr(VI) removal was greater than the enhancement of sulfate due to
the stronger inner-sphere complex of phosphate than outer-sphere adsorption of sulfate on g-nZVI
with varying P/S ratios. Consequently, this work provide theoretical support for the field application
of green synthesized g-nZVI in removing Cr(VI) from wastewater by controlling sulfate and
phosphate concentrations.

Supporting information

Supporting information mainly includes the synthesis of various g-nZVI materials; final pH change
during Cr(VI) removal; model parameters of Cr(VI) removal kinetics; XRD patterns and linear
combination fitting of the XANES spectra and XPS spectra of g-nZVI under various conditions.
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Fig. 2. Cr(VI) removal kinetics (a); Cr speciation (particulate Cr and soluble Cr(111)) variations (b);
Fe(I1) dissolution kinetics (c); and soluble Fe(Il) and Fe(lll) release amount from g-nZVI without

Cr(VI) in the presence of (1 mM) sulfate (S); (0.5 mM) phosphate (P); and both with different molar
ratios of P/S (0.5; 1 and 10) (d) (initial Cr(\V1) = 50 mg L™, material dosage = 0.5 g L™?).
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Fig. 3. FTIR spectra of 0.5 g L™ g-nZV!I reacting with Cr(VI) (a); sulfate (b); phosphate (c); and with
Cr(VI) in the presence of sulfate or phosphate (d).
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Fig. 4. Fourier-transformed Fe K-edge (a) and Cr K-edge (b) of XAFS spectra and Cr K-edge of
XANES spectra (c) for 0.5 g L™ g-nZV1 reacting with 50 mg L™t of Cr(V1) in the presence of sulfate

(S) or phosphate (P).
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Fig. 5. XPS spectra of Fe 2p (a; ¢; €) and Cr 2p (b; d; f) for 0.5 g L™! g-nZ VI reacting with 200 mg L~
L of Cr(V1) (a; b) in the presence of sulfate (c; d) or phosphate (e; f); and the scheme of Cr(VI)
adsorption and reduction processes in the solid-liquid interface of g-nZV1 in the presence of sulfate

and phosphate (g).

30





