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A B S T R A C T

Structural Fe in phyllosilicates represents a crucial and potentially renewable reservoir of electron equivalents for 
contaminants reduction in aquatic and soil systems. However, it remains unclear how in-situ modification of Fe 
redox states within Fe-bearing phyllosilicates, induced by electron shuttles such as naturally occurring organics, 
influences the fate of contaminants. Herein, this study investigated the processes and mechanism of Cr(VI) 
reduction on two typical Fe(II/III)-bearing phyllosilicates, biotite and chlorite, in the presence of cysteine (Cys) 
at circumneutral pH. The experimental results demonstrated that Cys markedly enhanced the rate and extent of 
Cr(VI) reduction by biotite/chlorite, likely because of the formation of Cr(V)-organic complexes and consequent 
electron transfer from Cys to Cr(V). The concomitant production of non-structural Fe(II) (including aqueous Fe 
(II), surface bound Fe(II), and Cys-Fe(II) complex) cascaded transferring electrons from Cys to surface Fe(III), 
which further contributed to Cr(VI) reduction. Notably, structural Fe(II) in phyllosilicates also facilitated Cr(VI) 
reduction by mediating electron transfer from Cys to structural Fe(III) and then to edge-sorbed Cr(VI). 57Fe 
Mössbauer analysis revealed that cis-coordinated Fe(II) in biotite and chlorite exhibits higher reductivity 
compared to trans-coordinated Fe(II). The Cr end-products were insoluble Cr(III)-organic complex and sub- 
nanometer Cr2O3/Cr(OH)3, associated with residual minerals as micro-aggregates. These findings highlight the 
significance of in-situ produced Fe(II) from Fe(II/III)-bearing phyllosilicates in the cycling of redox-sensitive 
contaminants in the environment.

1. Introduction

The prevalence, reactivity, swelling property, and environmental 
compatibility of Fe-bearing minerals have made them integral to 
biogeochemical processes, including the adsorption, oxidation, and 
reduction of contaminants in terrestrial and aquatic environments 
(Dong, 2012; Fan et al., 2023; Huang et al., 2021; Jaisi et al., 2009; 
Kantar et al., 2015; Liu et al.,2023). Structural Fe in phyllosilicates 
contributes significantly to the total Fe mass in the environment (Favre 
et al., 2006; Luan et al., 2015). The Fe(III) bound within the structure of 
phyllosilicates can potentially undergo reduction through chemical or 
microbial mechanisms (Deng et al., 2023; Morrison et al., 2013; Neu-
mann et al., 2013; Luan et al., 2015). The resulting structural Fe(II) is 
capable of serving as an electron donor and subsequently reducing 
various redox-sensitive contaminants, such as Cr(VI), U(VI), 

nitrobenzene, and tetracyclines (Chen et al., 2019; Joe-Wong et al., 
2017; Luan et al., 2015; Satpathy et al., 2022; Zhang et al., 2022). 
Previous studies utilizing 57Fe Mössbauer spectrum indicated that 
multiple types of Fe(II) sites are present in phyllosilicates (Brookshaw 
et al., 2014a, b; De Grave et al., 1987; He et al., 2005). However, how the 
structural variations of these Fe(II) entities regulate their reactivities 
and the mechanisms of electron transfer from phyllosilicates to con-
taminants remains poorly understood.

Due to the layered structure of phyllosilicates, Fe(II) is primarily 
confined within the octahedral sheets of Fe(II/III)-bearing phyllosili-
cates. Consequently, the reduction of contaminants by structural Fe(II) 
involves electron transfer from the inner lattice to the outer surface of 
phyllosilicates (Bishop et al., 2019; Joe-Wong et al., 2017; Liao et al., 
2019; Zhang and Jun, 2018). The reduction capacity and kinetics are 
influenced by various factors, including the intrinsic properties of 
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phyllosilicates (e.g., structure and Fe(II) content), experimental condi-
tions (e.g., pH and ionic strength), and other environmental factors (e.g., 
microbes and organics) (Bishop et al., 2019, 2014; Brookshaw et al., 
2014a; Joe-Wong et al., 2017; Zhang et al., 2022). In particular, organics 
often coexist with phyllosilicates in natural systems, significantly 
impacting their reduction capacity (Deng et al., 2023; Liu et al., 2018; 
Zhang et al., 2021). For instance, citrate and ethylenediaminetetraacetic 
acid (EDTA) can enhance U(VI) bioreduction in the presence of non-
tronite because soluble Fe(III)- and Fe(II)-citrate/EDTA complexes can 
act as electron shuttles to expedite U(VI) bioreduction (Zhang et al., 
2021). However, Suwannee River natural organic matter and citrate 
have been reported to inhibit Cr(VI) reduction by competing with Cr(VI) 
for adsorption sites on the surface of reduced nontronite (Deng et al., 
2023; Liu et al., 2018).

Previous studies on the reduction of contaminants by Fe(II/III)- 
bearing phyllosilicates often used chemically or biologically pre- 
reduced mineral specimens (Bishop et al., 2014; Brookshaw et al., 
2014a; Joe-Wong et al., 2017). In natural environments, the 
co-existence of phyllosilicates, microorganisms and/or organics can lead 
to the in-situ formation of both structural and non-structural Fe(II) 
(Brookshaw et al., 2014b; Deng et al., 2023; Fang et al., 2023; Luan 
et al., 2015; Morrison et al., 2013). This in-situ produced Fe(II) can 
facilitate redox-active contaminants reduction, such as carcinogenic Cr 
(VI). Cr(VI) is among the most toxic elements and is considered a priority 
pollutant in groundwater and soils, with its toxicity and mobility closely 
linked to the structural evolution of Fe-bearing minerals (Brookshaw 
et al., 2014a; Liao et al., 2019). Moreover, many naturally occurring 
organics, such as cysteine (Cys) and desferrioxamine B (DFOB), can also 
reduce Cr(VI) (Lay and Levina, 1996; Liu et al., 2022; Morrison et al., 
2013). However, it remains unclear whether and how these organics 
influence the kinetics and mechanism of Cr(VI) reduction by Fe 
(II/III)-bearing phyllosilicates. In such systems, structural Fe(III) 
reduction may compete with Cr(VI) reduction for available electron 
donors, and/or produce Fe(II) in-situ that serves as an additional 
reductant for Cr(VI) (Kim et al., 2019; Wang et al., 2019; Wielinga et al., 
2001).

An increasing body of evidence proves that various organic mole-
cules serve as electron shuttles, significantly impacting on Fe biogeo-
chemical cycles, mineral structure evolution, and pollutant 
transformation (Doong and Schink, 2002; Fang et al., 2023; Hu et al., 
2021; Liu et al., 2018; Morrison et al., 2013). For instance, small organic 
molecules such as lignin and Cys could act as electron shuttles to transfer 
electrons to the surface and structural of Fe-bearing minerals (Doong 
and Schink, 2002; Morrison et al., 2013; Sheng et al., 2021). Of these 
electron shuttles, Cys is commonly found in terrestrial and aquatic en-
vironments due to the metabolism and decay of organisms (Hu et al., 
2021; Morrison et al., 2013). With a notably low reduction potential (EH 
= − 348 mV) (Jocelyn, 1967), Cys can effectively reduce structural Fe 
(III) in Fe(III) oxides and Fe(III) phyllosilicates (Doong and Schink, 
2002; Li et al., 2022; Morrison et al., 2013; Sun et al., 2020), thereby 
enhancing their reducing capacity. Meanwhile, Cys could adsorb/in-
tercalate into the interlayer spaces of 2:1 type phyllosilicates, which may 
alter the reactivity of structural Fe(II) toward pollutants (De Santana 
et al., 2010; Morrison et al., 2013). Although the impact of Cys on the 
structural evolution of phyllosilicates have been recognized, little is 
known about the alterations in electron transfer interfacial processes 
between Fe(II/III)-phyllosilicates and pollutants after their interactions 
with Cys. The current knowledge limited to the in-situ produced Fe(II) 
may underestimate the transformation of pollutants in conjunction with 
the Fe biogeochemical cycling (Sun et al., 2020; Wang et al., 2019).

The objectives of this study were therefore (i) to assess the capability 
of Cys as a potential electron carrier for inducing the reductive trans-
formation of Fe(II/III)-bearing phyllosilicates, and its influence on the 
dynamics and mechanisms of Cr(VI) reduction, (ii) to identify potential 
variations in the reactivity of Fe(II) at various structural sites within 
phyllosilicates during electron transfer, and (iii) to examine the 

associated influence on Cr speciation and distribution. A series of Cr(VI) 
reduction experiments in which Cys and phyllosilicates were added 
simultaneously or separately were conducted and compared. Biotite and 
chlorite, two common Fe(II/III)-bearing phyllosilicates, were selected 
due to their likely representation of a significant percentage of the 
reducible Fe(III) in terrestrial soils as well as marine and lake sediments 
(Brookshaw et al., 2015). The in-situ Fe(II) generation, Cr distribution, 
and mineralogical variation were concurrently measured. Our data 
provides valuable insights into the interfacial electron transfer of 
redox-active pollutants on Fe-bearing phyllosilicates in aquatic and 
terrestrial ecosystems, and has substantial implications for the devel-
opment of a long-term, in-situ immobilization technology for Cr(VI) 
remediation.

2. Materials and methods

2.1. Chemicals

Biotite used in the experiments was acquired from Shanghai Macklin 
Biochemical Co., Ltd, with a particle size of approximately 38 μm. 
Chlorite was obtained from Youyan (Liaoning, China) and sieved to < 74 
μm. Based on powder X-ray diffraction (XRD), the biotite was mono-
mineralic and the chlorite was identified to be clinochlore (Figure S1). 
X-ray fluorescence (XRF) analysis and 57Fe Mössbauer revealed that the 
biotite contained 10.2 wt % Fe with 74.3 % Fe(II) and chlorite contained 
9.9 wt % Fe with 89.8 % Fe(II) (Fig. 4, Table S1 and Table S3). The 
Brunauer Emmett Teller (BET) surface area of biotite and chlorite was 
7.18 m2⋅g− 1 and 3.11 m2⋅g− 1, respectively.

L-cysteine (HSCH2CH(NH2)CO2H, 97 % pure) was purchased from 
Sigma-Aldrich. Potassium dichromate (K2Cr2O7), 5,5′-Dithiobis-(2- 
nitrobenzoic acid) (DTNB), and 2-(N-morpholino)-ethanesulfonic acid 
(MES) were obtained from Shanghai Macklin Biochemical Co., Ltd., 
China. All glassware was soaked in 5 % HNO3 and washed three times 
with deionized water before use. All solutions were prepared with Milli- 
Q water (18.2 MΩ, Millipore, Merck).

2.2. Batch experiments and sampling

A series of Cr(VI) reduction experiments were performed in 150 mL 
serum vials at room temperature in an anaerobic glove box (Coy Labo-
ratory Products, Grass Lake, MI, USA), with an atmosphere consisting of 
96 % N2 and 4 % H2. A 10 mM KCl solution, buffered to a pH of 6.0 ±
0.05 with 10 mM MES (pKa 6.06) buffer, was employed as the back-
ground electrolyte. The chosen pH value aimed to mimic the slightly 
acidic to neutral pH range typically found in natural environments 
(Slessarev et al., 2016), while also minimizing phyllosilicates dissolution 
(Joe-Wong et al., 2017). The Si release of glass beaker was weak at the 
pH 6.0 and 25 ◦C (Bohrer et al., 2008), justifying their use as reaction 
vessels.

To investigate the combined effects of Cys and biotite/chlorite on Cr 
(VI) reduction, a ternary system [i.e., Cys + biotite/chlorite + Cr(VI)] 
was employed. 0.5 g biotite/chlorite was added to 100 mL of 10 mM 
MES buffer, and the suspension was equilibrated by stirring for 30 min. 
Subsequently, an appropriate amount of Cys was pre-mixed into the 
suspension, followed by the addition of a Cr(VI) stock solution to initiate 
the reduction process (Liu et al., 2019). The initial concentrations of 
both Cys and Cr(VI) were set at 0.5 mM. The relatively high concen-
trations of Cr(VI) and Cys were chosen to facilitate the mechanistic 
investigation and to characterize the Cr(III) end-products and structural 
changes of phyllosilicates (Liu et al., 2018, 2022; Morrison et al., 2013; 
Zhang et al., 2022). For the observation of the Cr(VI) reduction inter-
mediate, specifically Cr(V), the concentrations of both Cys and Cr(VI) 
were adjusted to 5.0 mM in order to generate a sufficient amount of Cr 
(V) that could be readily detected using electron paramagnetic reso-
nance spectroscopy (EPR). Although these higher concentrations might 
alter the kinetics of Cr(VI) reduction and Cr(V) formation compared to 
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lower concentrations, the fundamental mechanisms of Cr(VI) reduction 
and Cr(V) generation are expected to remain similar (Liu et al., 2019). 
Three binary control groups, specifically Cys + Cr(VI) and bio-
tite/chlorite + Cr(VI), were established to assess the individual contri-
butions of Cys or biotite/chlorite to Cr(VI) reduction. Two additional 
binary group of Cys + biotite/chlorite was conducted to investigate the 
intercalation of Cys with biotite/chlorite and the reduction of structural 
Fe(III) by Cys. All experiments were performed in duplicate. To prevent 
photo-oxidation, all reaction vials were covered with aluminum foil.

The total duration of the experiments was 10 days. At preselected 
time points, 0.8 mL of suspension was withdrawn and filtered through a 
0.22 μm membrane (Jinteng, China) for analysis of aqueous Cr(VI) and 
aqueous total Cr. For experimental groups containing both phyllosili-
cates and Cys, the concentrations of aqueous Fe, Mg, and Si at the end of 
the reaction were determined to monitor the dissolution of minerals 
induced by Cys. After 5 days of reaction, a portion of the suspension was 
centrifuged under 12,000 g for 10 min. The solid-phase sample was 
collected, washed three times with deionized water, dried, and stored in 
the anaerobic glovebox before solid-phase characterization.

2.3. Analytical procedures

The concentration of aqueous Cr(VI) was determined using the 1,5- 
diphenylcarbazide (DPC) colorimetric assay (Liao et al., 2020). The 
total aqueous Cr concentration and the concentrations of aqueous Fe, 
Mg, and Si were monitored using inductively coupled plasma optical 
emission spectroscopy (ICP-OES, Agilent 700 Series, USA). Cys 

concentration was measured using the DTNB method (Ellman’s reagent) 
(Text S1, Sun et al., 2020).

The phyllosilicates were characterized via XRD, Mössbauer spec-
troscopy, X-ray photoelectron spectroscopy (XPS), transmission electron 
microscopy (TEM), and EPR. Detailed information on the characteriza-
tions of samples is presented in Text S2.

3. Results and discussion

3.1. Cr(VI) reduction in the presence of both CYS and phyllosilicates

The reduction of Cr(VI) by Cys followed a typical kinetic process with 
an initial rapid decrease within the first 6 h, and then reached equilib-
rium in 24 h with a small increment (Figure S2a). The rate and extent of 
Cr(VI) reduction increased with the concentration of Cys, indicating the 
efficient degradation ability of Cys towards Cr(VI) (Cakir and Bicer, 
2005; Lay and Levina, 1996). A small amount of Cr(VI) was removed 
over 10 days in the presence of phyllosilicates (5 g⋅L− 1) alone (Fig. 1a, 
b), indicated that biotite and chlorite were not able to efficiently reduce 
Cr(VI) at the concentration studied, consistent with previous reports 
(Bishop et al., 2014; Brookshaw et al., 2014a; He et al., 2005). The low 
Cr(VI) removal can be ascribed to the fact that the negatively charged 
surface of biotite and chlorite at pH 6.0 becomes quite strong consid-
ering their point of zero below 4.5 (Luo et al., 2022; Zhou et al., 2020).

In comparison to individual treatments with biotite or chlorite, the 
Cr(VI) removal efficiency in the ternary systems [i.e., Cys + biotite/ 
chlorite + Cr(VI)] significantly increased from 8.2 % and 12.0 % to 62.4 

Fig. 1. The changes of aqueous Cr(VI) concentration (CCr(VI)) in the presence of (a) Cys + biotite, and (b) Cys + chlorite, and the total aqueous Cr concentration 
(CTCr) of (c) Cys + biotite and (d) Cys + chlorite. Reaction conditions: 0.5 mM initial Cys, 0.5 mM initial aqueous Cr(VI), 5 g⋅L− 1 biotite/ chlorite, and 10 mM KBr (pH 
6.0 was buffered with MES). Error bars represent standard deviations from duplicate experiments, and some bars are smaller than the size of symbols.
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% and 72.9 % after 10 days. However, relative to treatment with Cys 
alone, the combined presence of Cys and phyllosilicates initially sup-
pressed Cr(VI) removal, followed by a promotional effect (Fig. 1a, b). 
Given that both Cys and phyllosilicates are likely involved in Cr(VI) 
reduction within the ternary reaction system, we compared the Cr(VI) 
removal amounts of the ternary system with the combined amounts of 
the two binary systems [i.e., Cys + Cr(VI) and biotite/chlorite + Cr(VI)] 
(Table S2). In the ternary system of Cys + biotite + Cr(VI), the Cr(VI) 
removal amounts were initially lower than the sum of the individual 
amounts from the biotite and Cys treatments at 3 days, but surpassed 
this sum after 4 days. A similar trend was observed in the ternary system 
of Cys + chlorite + Cr(VI). These results indicate a synergistic effect 
between Cys and biotite/chlorite in Cr(VI) removal. Cys is known to 
form complex with Fe(III) and cause the reduction of Fe(III) to Fe(II) 
(Doong and Schink, 2002; Hu et al., 2021; Morrison et al., 2013; Sheng 
et al., 2021), which may enhance the removal of Cr(VI).

The reduction of Cr(VI) by structure Fe(II) or aqueous Fe(II) occurs 
via three consecutive one-electron transfer steps, resulting in the rapid 
production and consumption of transient Cr(V) or Cr(IV) species 
(Joe-Wong et al., 2017; Liu et al., 2019). To directly detect the transient 
Cr(V) intermediate during Cr(VI) reduction, EPR analysis was conducted 
77 K. As shown in Fig. 2, a distinct EPR signal with a g-value of ~1.98 
was observed in both binary [that is, Cys + Cr(VI)] and ternary systems, 
indicating the formation of a solitary Cr(V) species (Chappell et al., 
1998). Additionally, the Cr(V) signal intensity increased from 0 to 120 
min in all systems, indicating the formation of relatively enduring Cr(V) 
complexes in the presence of Cys alone as well as in conjunction with 
phyllosilicates. These results suggested that following the reduction of 
Cr(VI) to Cr(V) in these reaction systems, the resulting Cr(V) species 
then forms complexes with Cys or its reaction products (such as cystine) 
(Bhattacharyya et al., 2013; Hu et al., 2021; Kieber et al., 2005), leading 
to the formation of relatively stable Cr(V) species that can be detected by 
EPR. Interestingly, the change Cr(V) signal intensity mirrored the trend 
in the rate of Cr(VI) reduction (Fig. 1). Specifically, during the initial 10 
min, the Cr(V) signal intensity was weaker in the ternary groups 
compared to the binary group of Cys + Cr(VI). This suggests a 

competition between Cr(VI) and the phyllosilicates for reaction with 
Cys, indicating the diversion of electrons from Cys to structural Fe(III) in 
phyllosilicates. Subsequently, the Cr(V) signal intensity in the ternary 
system became significantly stronger than in the binary system, partic-
ularly in the presence of chlorite (Fig. 2c). This enhancement in the 
latter stages may be attributed to in-situ Fe(II) generated from 
Cys-induced reductive dissolution of the phyllosilicates, which initially 
reduces Cr(VI) to Cr(V), and then rapidly complexes with Cys or its 
oxidation products. Similar formation of Cr(V) complexes has been 
observed during Cr(VI) reduction by reduced nontronite in the presence 
of α‑hydroxyl and carbonyl carboxylates (Liu et al., 2019). Thus, the 
results of Cr(VI) reduction kinetics and EPR suggested that the formation 
of in-situ Fe(II) was the underlying reason that the phyllosilicates pro-
vided additional electrons to promote Cr(VI) reduction by Cys under 
near-neutral pH conditions.

3.2. Reduced products of Cr(VI)

To determine whether the reduction product of Cr(VI) is soluble in 
the presence of both Cys and phyllosilicates, the concentration of total 
Cr in solution was measured over time (Fig. 1c, d). The results showed 
that initially, the total aqueous Cr concentration in the ternary groups 
exceeded the aqueous Cr(VI) concentration, and then gradually 
approached the Cr(VI) concentration (Fig. 1). This dynamic suggests 
that the initially formed soluble Cr(III) products underwent a gradual 
transformation into a solid phase, implying that the majority of the 
reduced Cr products were immobilized in the solid phase. Similar phe-
nomena have been observed during the reduction of Cr(VI) by reduced 
nontronite in the presence of lactate (Liu et al., 2019). In contrast to the 
dominance of insoluble Cr(III)-organic complexes as observed in our 
study, previous studies observed that the presence of organic acids (e.g., 
tartrate and malate) resulted in a transformation of the reaction prod-
ucts from insoluble Cr(III) nanoparticles to soluble organic-complexed 
Cr(III) (Liu et al., 2018, 2019). This discrepancy may be attributed to 
the stronger affinity of Cys and its oxidation products for Fe-bearing 
phyllosilicates (Morrison et al., 2013; Sun et al., 2020), leading to the 

Fig. 2. EPR signal of the Cr(V) intermediate in the in the presence of (a) Cys, (b) Cys + Biotite, and (c) Cys + Chlorite at a pH of 6.0. Reaction conditions: 5.0 mM 
initial Cys, 5.0 mM initial aqueous Cr(VI), 5 g⋅L− 1 biotite/chlorite, and 10 mM KBr (pH 6.0 was buffered with MES).
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formation of stable Cr(III) complexes associated with phyllosilicates.
The Cr 2p XPS spectra revealed distinct peaks at Cr 2p3/2 ~576.8 eV 

and Cr 2p1/2 ~586.5 eV (Figure S3), indicating the exclusive presence 
of Cr(III) on the phyllosilicates surface (Liu et al., 2019; Wang et al., 
2023; Xu et al., 2022). TEM images of the solid products displayed the 
presence of irregular aggregates on the edge of the minerals. Elemental 
mapping of these aggregates showed a clustering of Cr, S, and O, with a 
strong correlation between the Cr and S signals. Additionally, uniform 
Cr and S signals were observed on the mineral surface (Fig. 3). These XPS 
and TEM evidence, combined with the discrepancy between the con-
centrations of Cr(VI) and total Cr in solution (Fig. 1), suggest that most 
of the reduced Cr(VI) is present in solid form, likely as Cr(III)-organic 
complexes on the mineral surface. This implies that most of the Cr(VI) 
reduction products in the ternary group initially existed as soluble, 
organically complexed Cr(III), which was subsequently adsorbed onto 
the surface (Fig. 1). Similar dominant formation of Cr(III)-organic 
complexes were also observed during the reduction of Cr(VI) by 
aqueous Fe(II), zero-valent iron, or pyrite in the presence of organic li-
gands (Buerge and Hug, 1998; Kantar et al., 2015; Rivero-Huguet and 
Marshall, 2009). The combination of impermeable mineral matrix and 
insoluble Cr(III)-organic complex could potentially minimize Cr(III) 
re-oxidation and re-mobilization.

HR-TEM observations revealed the common presence of nanometer- 
sized Cr-containing particles on the edges of both biotite and chlorite 
(Figure S4), which are likely composed of Cr(III), possibly in the form of 
Cr2O3/Cr(OH)3. Confirmation of this phase by XRD was unsuccessful 
(Figure S1a), likely due to its low abundance and sub-nanometer size. 
Nevertheless, the formation of Cr2O3/Cr(OH)3 is consistent with previ-
ous studies that have identified nanometer-sized insoluble Cr2O3/Cr 

(OH)3 particles as products of Cr(VI) reduction by structural Fe(II) in 
reduced clays (Bishop et al., 2014, 2019; Liu et al., 2018, 2019). 
Furthermore, TEM-EDS analysis revealed a typical composition of bio-
tite/chlorite, with the presence of some Cr. Additionally, the TEM-EDS 
also indicated a co-occurrence of Fe and Cr, with markedly lower Cr 
and Fe signals detected in the bulk compared to those at the edge of 
biotite/chlorite (Fig. 3). The presence of Cr2O3/Cr(OH)3 on the edges of 
phyllosilicates suggests a potential mechanism for Cr(VI) reduction, 
whereby negatively charged Cr(VI) is adsorbed onto the positively 
charged edges of phyllosilicates. Subsequently, reduction takes place 
through interfacial electron transfer involving edge-bound Fe(II), 
and/or through solid-state electron transfer involving structural Fe(II) 
within the phyllosilicates. The occurrence of multiple types of reduced 
Cr(III) suggested that various Cr(VI) reduction pathways and electron 
transfer processes occur within the ternary reaction system.

3.3. Cys-induced phyllosilicates dissolution

Cys possesses the capability of reducing structural Fe(III) within 
phyllosilicates (De Santana et al., 2010; Doong and Schink, 2002; Fang 
et al., 2023; Hu et al., 2021; Morrison et al., 2013; Sun et al., 2020). In 
this study, if Cys is able to induce the reduction and even dissolution of 
biotite/chlorite, it could lead to the release of Fe(II) and Fe(III) into the 
solution. This, on one hand, would promote interaction between the 
non-structural Fe(II) and Cr(VI). Numerous studies have demonstrated 
that Fe(II) bound to Fe-bearing mineral surfaces exhibits a markedly 
enhanced capacity of reducing oxidized contaminants compared to 
aqueous Fe(II) alone (Gorski and Scherer, 2009; Gregory et al., 2004; 
Pecher et al., 2002). Moreover, adsorbed Fe(II) can exchange Fe atoms 

Fig. 3. (a) TEM image and (b) TEM-EDS mapping for the distribution of Fe, Si, Al, Cr, S, and O on solid products after 5 days of reaction in Cys + biotite + Cr(VI) 
group, (c) TEM image and (d) TEM-EDS mapping for the distribution of Fe, Si, Al, Cr, S, and O on solid products after 5 days of reaction in Cys + chlorite + Cr(VI) 
group. Reaction conditions: 0.5 mM initial Cys, 0.5 mM initial aqueous Cr(VI), 5 g⋅L − 1 biotite/chlorite, and 10 mM KBr (pH 6.0 was buffered with MES).
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with structural Fe in Fe-bearing phyllosilicates (Latta et al., 2017; 
Neumann et al., 2013, 2015), so Fe(II) adsorbed on the surface of bio-
tite/chlorite is highly likely to transfer electrons to structure Fe(III) of 
biotite/chlorite, resulting in the enhancing electron conduction and the 
Cr(VI) reduction. The reduction and dissolution of biotite/chlorite, on 
the other hand, would also stimulate the formation of soluble Cys-Fe(II) 
and/or Cys-Fe(III) complexes (Bhattacharyya et al., 2013; Fang et al., 
2023; Zhou et al., 2023). The former complex exhibits a lower reducing 
potential compared to aqueous Fe(II), while the latter one has a catalytic 
effect on Cys electron donation (Gaberell et al., 2003; Hu et al., 2021; Liu 
et al., 2018). Both of these factors contribute to enhanced electron 
transfer from Cys or Fe(II) to Cr(VI), thereby accelerating Cr(VI) 
reduction.

To verify whether Cys can induce the dissolution of biotite/chlorite, 
a controlled experiment [i.e., Cys + biotite/chlorite] was conducted. 
Both biotite and chlorite are 2:1 phyllosilicate featuring an octahedrally 
coordinated layer of Mg and Fe ions sandwiched between sheets of 
linked SiO4 tetrahedra (Brookshaw et al., 2014b). In this context, dis-
solved Si acts as an indicator of the dissolution rate of the tetrahedral 
layer, while dissolved Mg reflects the dissolution of the octahedral layer 
(Hopf et al., 2009). The results showed that a minimal quantity of Fe was 
released from phyllosilicates in the absence of Cys (Figure S5). However, 
in the presence of Cys, the percentage of released Fe from biotite and 
chlorite increased to 5.5 % and 7.8 %, respectively. Additionally, the Fe 
in the solution was predominantly Fe(II) (Figure S6). This suggests that 
the non-structural Fe(III), generated from mineral dissolution induced 
by Cys, continues to be reduced to Fe(II) by Cys in the solution. Simi-
larly, the presence of Cys led to a notable increase in the release of Si and 
Mg (Figure S5). Dissolved Fe concentrations were an order of magnitude 
lower than the other elements, possibly due to the formation of green 
rust and Fe(OH)2 (He et al., 2005). In the ternary system, dissolved Fe 
was also detected and was positively charged, making its complexation 
with negatively charged functional groups of cysteine or cystine theo-
retically plausible (Kieber et al., 2005). In this system, the Fe(II) and Fe 
(III) released during this reductive dissolution process may accelerate Cr 
(VI) reduction, by direct contact and/or by forming Cys-Fe(II/III) com-
plexes to transfer electrons, as previously confirmed in systems 
involving clay minerals/soils, e.g., citric acid/soil, citric acid/reduced 
nontronite, and citric acid/montmorillonite (Kwak et al., 2017; Liu 
et al., 2018, 2019; Yang et al., 2008). In contrast to Morrison et al. 
(2013), which indicated that a ferruginous dioctahedral smectite 
(SWa-1) can be reduced by interlayer adsorption of Cys while the 
structure Fe remains fixed in the crystal lattice structure, our data 
revealed that Cys induced phyllosilicates dissolution. This discrepancy 
may be attributed to differences in the mineral’s chemical structure, 
such as variations in interlayer spacing, expansibility, and Fe(III) con-
tent (Masson et al., 2024).

3.4. Effect of mineral structure evolution on Cr(VI) reduction

The structural evolution of the phyllosilicates and its effects on the Cr 
(VI) reduction was further considered. XRD confirmed the absence of 
secondary minerals in both binary and ternary systems (Figure S1a). 
While the phyllosilicates were found to be mineralogically pure, subtle 
changes in peak positions were observed. Specifically, after incubated 
with Cys, the d(001) spacing of biotite increased from 9.98 Å to 10.13 Å, 
and the d(003) spacing of chlorite increased from 7.07 Å to 7.11 Å 
(Figure S1b). Therefore, a certain quantity of Cys intercalated into the 
interlayers of both biotite and chlorite, agreeing with a previous study 
that observed Cys into the d(00l) interlayer spaces of SWa-1 (Morrison 
et al., 2013). The interlayer adsorption of Cys can facilitate a redox re-
action involving a single electron exchange between the thiol functional 
group and the Fe(III) in the phyllosilicate structures (Morrison et al., 
2013; Sun et al., 2020). The results also indicated the involvement of the 
interlayer region of these phyllosilicates in the electron transfer process. 
In the presence of Cr(VI) [that is, Cys + biotite/chlorite + Cr(VI)], the 

extent of increase in the interlayer spacing of both biotite and chlorite 
was decreased (Figure S1b). At a pH of ~ 6.0 applied in this study, the 
primary species of Cr(VI) and Cys were dominated by HCrO4

− /CrO4
2− and 

H2Cys0 (Gennari et al., 2014), respectively, while biotite and chlorite are 
expected to be negatively charged (Luo et al., 2022). This allows Cys to 
adsorb onto and enter the structure of the phyllosilicates while simul-
taneously reducing Cr(VI). Previous literature using infrared spectros-
copy has shown that Cys is adsorbed as a zwitterion on the surface of 
SWa-1 (Morrison et al., 2013). Consequently, the adsorption and/or 
intercalation of Cys to the phyllosilicates may impede the efficiency of 
electron transfer from Cys to Cr(VI), leading to a decrease in the rate of 
Cr(VI) reduction during the initial stage of the Cys + biotite/chlorite +
Cr(VI) group (Fig. 1). Additionally, the consumption of Cys by Cr(VI) 
reduces the amount of Cys available to adsorb and/or enter the phyl-
losilicate structure (Figure S1).

The majority of the structural Fe(III) atoms within biotite and chlo-
rite are situated in the octahedral layers [OctFe(III)] (Brookshaw et al., 
2014b; De Grave et al., 1987). The interactions between Cys and OctFe 
(III) were previously hypothesized to be linked to electron transfers from 
the tetrahedral surface to octahedral sites via ditrigonal cavities (Sun 
et al., 2020). According to previous studies, Cys not only intercalates 
into the phyllosilicate interlayers, but also reduces the structural Fe(III) 
(Morrison et al., 2013; Sun et al., 2020). 57Fe Mössbauer spectroscopy 
was employed to determine the speciation and coordination environ-
ments of Fe within the bulk minerals (Fig. 4). Both biotite and chlorite 
exhibited a prominent doublet with a large quadrupole splitting, rep-
resenting the Fe(II) contribution, as well a shoulder indicating a doublet 
at lower isomer shift attributable to the Fe(III) present. Based on the 
relative areas of the fitted doublets, the Fe(III) content accounted for 
approximately 25.3 % of the total Fe in biotite and 10.2 % in chlorite 
(refer to the Text S3 for further details on modeling parameters).

After 5 days incubated with Cys, the structure Fe(III) in both biotite 
and chlorite experienced a reduction of ~10 % (Fig. 4 and Table S3). The 
decrease in Fe(III) in biotite was accompanied by an increase of Fe(II) in 
the more abundant Fe-site, which according to the mineral structure is 
the cis-coordinated site (Brookshaw et al., 2014b). This indicates that 
the conversion of Fe(III) to Fe(II) primarily takes place at the cis-coor-
dinated sites within the bulk of the mineral. The slight variation in the 
relative abundance of Fe(II) at the trans-coordinated sites could be 
attributed to the preoccupation of most of these sites by Fe(II) 
(Brookshaw et al., 2015), which is also supported by theoretical calcu-
lations suggesting that the trans-coordinated sites may function as 
electron traps (Rosso and Ilton, 2003). A similar phenomenon also 
occurred in chlorite structures (Fig. 4 and Table S3). Mössbauer spec-
troscopy characterizes the solid-state Fe speciation and is not sensitive to 
sorbed Fe speciation at room temperature. Therefore, these results 
demonstrate that Cys was able to reduce a substantial fraction of the 
structural Fe(III) in biotite and chlorite. The relative changes in bulk Fe 
speciation in the present study were similar to those observed during 
microbially mediated Fe(III) reduction (Brookshaw et al., 2014a, b). 
Consequently, a large proportion of structural Fe(III) in biotite and 
chlorite may be susceptible to in-situ conversion to Fe(II) by a range of 
coexisting constituents in the environment.

In the presence of Cr(VI) [that is, Cys + biotite/chlorite + Cr(VI)], 
the fraction of cis-coordinated Fe(II) in biotite decreased to 47.5 %, 
while the fraction of trans-coordinated Fe(II) increased to 27.9 % (Fig. 4
and Table S3). Therefore, the oxidation of Fe(II) preferentially occurred 
at the cis-coordinated octahedral sites upon Cr(VI) reduction. The fact 
that cis-octahedral sites oxidize more readily than trans sites is consistent 
with the relatively small size of the former sites (given that Fe(III) is a 
markedly smaller ion than Fe(II)) and with the proposed cis-site occu-
pation of the intrinsic Fe(III) in mica and related minerals (Rancourt 
et al., 1993). This implies that cis-coordinated Fe(II) in biotite exhibits 
higher activity in electron donation and participation in Cr(VI) reduc-
tion compared to trans-coordinated Fe(II). Similarly, the fraction of 
cis-coordinated Fe(II) in chlorite decreased from 43.9 % to 42.7 %, while 
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the fraction of trans-coordinated Fe(II) and brucite structure increased 
by 4.0 % and 4.7 %, respectively (Fig. 4 and Table S3). This suggests that 
cis-coordinated Fe(II) in chlorite demonstrate the most favorable char-
acteristics for electron donation and participation in Cr(VI) reduction, 
while trans-coordinated Fe(II) exhibits the least favorable behavior. The 
reactivity disparities among different Fe(II) entities within the phyllo-
silicate structure have been observed for organic compounds, Tc(VII), 

and U(VI) (Bishop et al., 2011; Chen et al., 2019; Zhang et al., 2011). 
Together with these spectroscopic evidence, our results indicate that, 
apart from Cys and non-structural Fe(II), structural Fe(II) present in 
biotite/chlorite is also involved in the reduction of Cr(VI).

Fig. 4. Mössbauer spectra of Fe in pristine and reacted samples of biotite and chlorite from the Cys + biotite/chlorite and Cys + biotite/chlorite + Cr(VI) groups after 
5 days of reaction. Reaction conditions: 0.5 mM initial Cys, 0.5 mM initial aqueous Cr(VI), 5 g⋅L− 1 biotite/ chlorite, and 10 mM KBr (pH 6.0 was buffered with MES). 
M1 and M2 refer to the trans-coordinated site and cis-coordinated site of Fe(II) in the phyllosilicate’s octahedral layer, respectively. Sheet refers to Fe(II) in the 
brucite-like interlayer of chlorite.

Fig. 5. Proposed reaction mechanism for synergistic Cr(VI) reduction by structural Fe(II) in phyllosilicates and organic ligands under near-neutral pH conditions.
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3.5. Mechanisms of Cr(VI) reduction in the presence of CYS and 
phyllosilicates

Based on the aforementioned evidence, four interrelated mecha-
nisms are proposed to collectively influence the kinetics of Cr(VI) 
removal in the presence of Cys-phyllosilicates (Fig. 5). (i) Cys directly 
reduces Cr(VI) through a successive three-step electron transfer process 
in the aqueous phase, during which the transient Cr(V) intermediate is 
formed. This process serves as the primary mechanism of Cr(VI) 
reduction in the initial stage of the reaction. (ii) The phyllosilicate 
competes with Cr(VI) for reaction with Cys, wherein Cys infiltrates the 
phyllosilicate structure, resulting in an expansion of the interlayer 
spacing. The intercalation of Cys into these interlayer spaces facilitates 
electron exchange, potentially occurring through the ditrigonal cavities 
in the tetrahedral sheets. This electron exchange process subsequently 
brings about the reduction of structural Fe(III) to Fe(II) within the 
mineral structure. (iii) Cys induces phyllosilicates dissolution, leading 
the release of Fe(II) into the solution. Subsequently, these non-structural 
Fe(II) species form Cys-Fe(II) complexes and phyllosilicate surface 
bound Fe(II), which contribute to the reduction of Cr(VI). (iv) The 
octahedral Fe(II) within the mineral engages in solid-state electron 
transfer, reducing the adsorbed Cr(VI) at the edges of the phyllosilicates. 
Overall, the reduction of Cr(VI) observed in this study is a distinctive 
outcome of the interplay between Cys and phyllosilicates, characterized 
by an initial inhibitory effect followed by a promoting effect. Cys plays a 
dual role as both organic ligands and electron donors in this process.

4. Conclusions

In-situ produced Fe(II) from microbial or abiotic reduction of struc-
tural Fe(III) in phyllosilicates plays an important role in the fate and 
transport of contaminants in natural environments. This work investi-
gated the interfacial reduction processes of Cr(VI) on Fe(II/III)-bearing 
phyllosilicates (biotite and chlorite) induced by Cys, emphasizing the 
importance of abiotic Fe(III) reduction in contaminant dynamics. Based 
on the results, the following key conclusions can be drawn:

• The presence of Cys markedly enhances the reactivity of biotite and 
chlorite towards Cr(VI) reduction, achieving this reduction through a 
single electron transfer process and the formation of Cr(V) 
intermediates.

• Cys functions as both an organic ligand and an electron donor in Cr 
(VI) reduction. It is capable of self-reducing Cr(VI) and inducing the 
reduction and dissolution of phyllosilicates to generate in-situ Fe(II), 
which further participates in Cr(VI) reduction. Additionally, Cys can 
form complexes with the reduction products of Cr(VI).

• Fe(II) with different entities in both biotite and chlorite exhibit 
varying levels of activity in electron donation and participation in Cr 
(VI) reduction, highlighting the significance of structural Fe(II) co-
ordination in phyllosilicates on the reactivity towards contaminants.

• The reduction products of Cr(VI) mainly exist in the form of insoluble 
Cr(III)-organic complex and sub-nanometer Cr2O3/Cr(OH)3, associ-
ated with residual minerals as micro-aggregates. This textural asso-
ciation was expected to minimize the chance of Cr(III) reoxidation 
upon exposure to oxidants.

• The results suggested that electron-shuttling compounds like Cys can 
induce structural evolution in Fe-bearing phyllosilicates, which may 
significantly influence or control the long-term migration and 
transformation of reducible pollutants in aquatic and terrestrial 
ecosystems. This study provides mechanistic insights into the inter-
facial electron transfer processes of redox-active pollutants on Fe- 
bearing phyllosilicates and has substantial implications for the 
development of long-term, in-situ immobilization technologies for 
pollutant remediation.
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