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Ferrihydrite and fulvic acid are prevalent components of soils and can significantly influence the environmental behavior of
Cr(VI) in these matrices. Prior research has investigated the sorption behavior of Cr(VI) by ferrihydrite and fulvic acid
independently; however, the sorption-reduction capacity of Cr(VI) by the ferrihydrite-fulvic acid complex, which is
ubiquitously present in soils, has been less explored. In this study, ferrihydrite-fulvic acid complexes (Fh-FA) with varying C/
Fe mole ratios were synthesized, and the adsorption-reduction behaviors of Cr(VI) on Fh-FA were examined using batch
experiments, FTIR, BET, XRD, SEM-EDS, and XPS. The results demonstrate that the pseudo-second-order kinetic model can
accurately describe the adsorption process of Fh-FA on Cr(VI), which can be delineated into three stages: rapid adsorption (0-
30min), slow adsorption (30-120min), and reaction equilibrium (>120min). The adsorption of Cr(VI) on Fh-FA primarily
occurs through chemisorption. FTIR and XPS analyses revealed that Cr(VI) is initially adsorbed by Fe-OH on the Fh-FA
surface. However, as the C/Fe mole ratio of Fh-FA increases, more Fe-OH is complexed by -COOH from FA, resulting in a
decrease in the adsorption capacity of Cr(VI) by Fh-FA. The number of phenolic hydroxyl groups from FA also increases,
providing additional electrons to reduce Cr(VI) to Cr(III) with increasing C/Fe mole ratio. This study not only emphasizes the
adsorption-reduction behavior of Cr(VI) by ferrihydrite-fulvic acid complexes but also uncovers the interplay between C/Fe
mole ratios and Cr(VI) adsorption-reduction, contributing to a more comprehensive understanding of the relative roles of Fe
hydroxides and natural organic matter in soil environments. These findings have significant implications for Cr(VI)
management in soils, enhancing our capability to protect and sustain the environmental quality.

1. Introduction

China is the world’s foremost producer of chromium
chemicals, with annual chromium production accounting
for over 50% of global output. This leads to the accompany-
ing issue of significant chromium soil pollution, a challenge
that is increasingly prominent in environmental protection
efforts within the nation [1, 2]. As China continues to
strengthen its environmental protection requirements,
numerous chromium-related enterprises have closed, leav-
ing chromium-containing waste dumps as the country’s pri-
mary chromium pollution sites [3, 4]. These sites, with high
concentrations of Cr(VI) in their soils, pose a severe threat

to surrounding ecological environments and urgently neces-
sitate soil remediation [5].

The chemical reduction method [6] is commonly
employed to remediate Cr(VI)-contaminated soil, with the
critical process involving the conversion of highly toxic
Cr(VI) to Cr(III) precipitate via reduction reactions using
reducing agents such as FeSO4 [6, 7], Fe

0 [8–10], and CaS4
[11–13]. This method effectively diminishes the migration
ability and bioavailability of Cr(VI). However, this approach
has sparked concerns over the potential secondary pollution
caused by the excessive reductants added to the soil. In
response, researchers have begun to examine essential natu-
ral minerals [11, 14–16] and organic matter [17–20] that can
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adsorb-reduce Cr(VI), offering a potentially more sustain-
able and less polluting remediation method.

Ferrihydrite (Fh) is a typical weakly crystalline trivalent
iron hydroxide abundant in soil environments and serves
as an important precursor to other secondary iron oxides
with superior crystalline structures [21]. Due to its large spe-
cific surface area and high surface activity, Fh influences the
migration and transformation of pollutants in the environ-
ment through adsorption and coprecipitation, making it a
key soil mineral for heavy metal interaction. The adsorption
of Cr(VI) on Fh has been extensively investigated [22, 23].
Zhu et al. [24] discovered that under acidic conditions, Fh
could adsorb Cr(VI) at levels reaching 40-50mg/g. Mamun
et al. [25] found that the removal of Cr(VI) by artificially
prepared Fh occurred through co-precipitation. Fh rarely
exists as a pure mineral in natural environments and typi-
cally coprecipitates with organic matter at interfaces with
soil, sediment, and aqueous solutions, forming Fh-organic
matter complexes [26, 27].

Most current research on Fh-organic matter complexes
focuses on Fh-humic acid complexes [28–31]. Wang et al.
[32] determined that under weakly acidic conditions, the
equilibrium adsorption of Cr(VI) by Fe(III)-HA coprecipita-
tion was lower than that of the pure iron oxide. Yu et al.
studied the reaction of Fe3O4-HA complex with Cr(VI) fol-
lowing the “adsorption-reduction-complexation” mecha-
nism [28]. Fulvic acid (FA) is another common soluble
organic matter found in terrestrial and aquatic environ-
ments. Owing to its abundant reactive functional groups,
such as carboxyl, phenolic hydroxyl, and hydroxyl groups,
it can act as an electron shuttle to promote metal ion reduc-
tion and can complex with metals, playing a crucial role in
limiting heavy metal migration [33–35]. As another vital
component of humus, FA has a lower molecular weight
and more functional groups than humic acid. However, the
impact of its complex with Fh on the migration and trans-
formation of Cr(VI) is seldom reported, and the adsorption
mechanism remains unexplored.

Given this background, the present study is aimed at fill-
ing this critical void in our understanding. Specifically, our
objectives are threefold: To determine the structure and
microstructure of Fh-FA complexes as their C/Fe mole ratio
increases. To ascertain the adsorption-reduction characteris-
tics of Cr(VI) on Fh-FA complexes. To illustrate the removal
mechanism of Cr(VI) by Fh-FA complexes. Through labora-
tory batch sorption experiments, characterization, and ana-
lytical tools, we compare the Cr(VI) removal efficiencies of
Fh and Fh-FA complexes under various conditions. This
investigation stands to provide theoretical support for devel-
oping efficient remediation methods for Cr(VI)-contami-
nated soils with minimal secondary contamination, thus
offering a crucial step forward in addressing the global chal-
lenge of chromium soil pollution.

2. Materials and Methods

2.1. Preparation of Fh and Fh-FA Complexes. Ferrihydrite
(Fh) was prepared using the method described by Schwet-
mann and Cornell for the synthesis of 2-line Fh [36]. A total

of 40.40 g of Fe(NO3)3·9H2O was weighed and dissolved in
500mL of deionized water in a beaker. Under vigorous stir-
ring, 1mol/L NaOH was slowly added until the pH reached
approximately 7.0. The resulting suspension was then centri-
fuged at 6,000 rpm for 10 minutes. The precipitate was
repeatedly washed with deionized water (3-5 times) to
remove excess salt ions and then freeze-dried.

The Fh-FA complex preparation was adapted from
Wang et al. [32] and Chen [37] et al. with minor modifica-
tions. Initial C/Fe mole ratios were set to 0.5, 1.0, and 1.5
(Fh-FA0.5, Fh-FA1.0, and Fh-FA1.5); these C/Fe molar
ratios were set to represent the typical conditions in natural
environments [38–40]. Differences in C/Fe mole ratios were
achieved by adjusting the mass of fulvic acid (FA). The pH
of the solution was maintained at 5:0 ± 0:1 during the com-
plexation process to simulate the weak acidic environment
commonly found in contaminated soils. A specific amount
of FA (Sinopharm Chemical Reagent Co., Ltd.) was dis-
solved in a beaker using 1mol/L NaOH under vigorous stir-
ring. Subsequently, 4.04 g of Fe(NO3)3·9H2O was dissolved
in 50mL of deionized water and mixed with the target FA
concentration solution. The pH was adjusted to 6:0 ± 0:1
using 1mol/L NaOH under vigorous stirring and stirred
continuously in the dark for 1 hour, followed by shaking
for 24 hours. Finally, the suspensions were centrifuged at
3,500 rpm for 5 minutes, and the solid was washed with
deionized water three times. The precipitate was freeze-
dried, gently ground to pass through a 100-mesh sieve, and
stored in sealed brown glass bottles before use.

2.2. Characterization of Fh and Fh-FA Complexes. The sur-
face area of each sample was determined using the
Brunauer-Emmett-Teller (BET) method (Quantachrome-
EVO). Scanning electron microscopy-energy dispersive
energy dispersive spectroscopy X-ray spectroscopy (SEM-
EDX, ZEISS Sigma 300) was employed to observe the mor-
phology and surface element distribution of Fh-FA com-
plexes with different C/Fe mole ratios. X-ray diffraction
(XRD, Rigaku Ultima IV) in the range of 15-70° was used
to confirm the crystal structures of the prepared materials
with different C/Fe mole ratios of Fh-FA complexes.
Fourier-transform infrared (FT-IR) spectroscopy (Thermo
Scientific Nicolet iS20) in the range of 4,000-400 cm-1 was
used to characterize the surface functional groups of the
Fh-FA complexes. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) was employed to study the ele-
mental content and chemical states of the Fh-FA complexes,
with X-ray excitation provided by a monochromatic Al Kα
source (excitation energy 1486.6 eV). The binding energies
of the spectra were corrected using the hydrocarbon compo-
nent of adventitious carbon at 284.8 eV. XPS data fitting was
performed using XPSPEAK 41. The carbon content of the
Fh-FA samples was ascertained using a Vario Micro Cube
CHNS analyzer. To determine the Fe content, approximately
2mg of Fh-FA samples were dissolved in 5mL of 36% HCl.
This solution was then diluted to a final volume of 30mL
with 1% (v/v) HCl. The concentrations of Fe were measured
using ICP-OES. Data processing and plotting were carried
out using Excel 2020 and Origin 2023.
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2.3. Batch Experiments. Batch sorption studies were con-
ducted at varying pH, reaction times (3-180min), and adsor-
bate concentrations (10-180mg/L) to determine the kinetics
and obtain equilibrium isotherms. All batch experiments
were carried out in 20mL glass vials, with 20mg of Fh or
Fh-FA added to each vial, followed by the addition of
20mL of 50mg/L Cr(VI) solution. For the thermodynamics
study, the Cr(VI) concentrations were systematically varied,
including values of 10, 30, 50, 70, 90, 120, 150, and 180mg/L.
NaNO3 (10mM) was used as the background electrolyte
because Na+ is one of the most abundant cations in soil
[41]. In the experiment investigating the impact of pH on
adsorption, three distinct pH levels were employed, specifi-
cally 3, 5, and 7. During the kinetic and thermodynamic
studies, a pH of 5 was utilized, reflecting its status as a com-
mon pH level found in soil. The pH of the Cr(VI) solutions
was adjusted using 0.01M HNO3 and NaOH. To ensure
complete mixing, each sample was shaken at 20°C using an
incubator shaker with an agitation speed of 200 rpm, with
all experiments performed in triplicate. At predetermined
time intervals, a batch of flasks was removed, followed by
vacuum filtration using a 0.45μm membrane. The concen-
tration of Cr(VI) in the filtrate was determined using a
UV/Vis spectrophotometer at 540 nm after reacting with
diphenylcarbazide.

To differentiate between Cr(VI) and Cr(III) on Fh-FA, a
0.1M (NaOH+Na2SO4) solution was used as a desorption
solution to desorb Cr(VI) from Fh-FA for 24 hours. Due
to the competitive adsorption of OH- to HCrO4

-, it was
inferred that a high concentration of OH- could replace
nearly all adsorbed Cr(VI) on Fh-FA. The content of Cr(III)
on Fh-FA was calculated from the difference between the
total Cr and Cr(VI) content on Fh-FA.

2.4. Data Analysis. The total removal (QT), total adsorption
(Qad), and total reduction (Qre) of Cr(VI) on the complex
were calculated as follows:

The total removal of Cr(VI) by the complex (QT) was
determined using the equation:

QT = C0 − Ctð Þ · V
m
, ð1Þ

where QT represents the Cr content on Fh-FA (mg/g), C0 is
the initial concentration of Cr(VI) in solution (mg/L), Ct is
the residual concentration of Cr(VI) in solution at time t
(mg/L), V is the volume of the Cr(VI) solution (20mL),
and m is the mass of Fh-FA (20mg).

Two forms of Cr were present on magnetite: adsorbed
Cr(VI) (Qad) and reduced Cr(III) (Qre). The content of
reduced Cr(III) was calculated from the difference between
QT and Qad.

Qre =QT −Qad, ð2Þ

where Qad represents the content of adsorbed Cr(VI) on Fh-
FA (mg/g) and Qre is the content of reduced Cr(III) on Fh-
FA (mg/g).

3. Results and Discussion

3.1. Characterization of Fh-FA Complexes. The BET analysis
revealed that the specific surface areas of Fh, Fh-FA0.5,
Fh-FA1.0, and Fh-FA1.5 were 36.97, 3.40, 2.08, and
1.03m2/g, respectively. The specific surface area of the
Fh-FA complex decreased gradually as the amount of
FA increased. This could be attributed to FA coating a
portion of the mineral surface, leading to a reduced spe-
cific surface area of the Fh-FA complex. Alternatively, it
could result from the coprecipitation of Fh and FA,
where the addition of FA causes the complex to form a
denser agglomerate, leading to a decrease in the specific
surface area.

A similar observation has been reported in the study
by Du et al. [42] regarding Fh-OM coprecipitates. Their
research found that coprecipitation results in substantial
coverage or occlusion of the Fh surface. The significant
decrease in specific surface area also implies reduced N2
sorption, indicating the blockage of pores and the forma-
tion of aggregates inaccessible to N2. Due to the solubility
of FA, not all FA coprecipitates with Fh. We have ana-
lyzed the C and Fe content of the Fh-FA complex. The
results show that the actual C/Fe molar ratios in Fh-FA
0.5, Fh-FA 1.0, and Fh-FA 1.5 are 0.49, 0.98, and 1.45,
respectively.

XRD results (Figure 1(a)) indicated that Fh does not dis-
play very sharp peaks, with only two relatively broad, weak-
intensity peaks appearing at 2θ of 35° and 62°. When com-
paring the Fh-FA complexes with different C/Fe mole ratios,
the shape and position of the diffraction peaks before and
after FA and Fh combination are similar to those of Fh,
and no new diffraction peaks emerge. This suggests that no
new crystal structure forms after the combination of FA
and Fh, and the addition of FA does not damage the original
crystal structure of Fh.

In the FT-IR spectrum of FA (Figure 1(b)), absorption
peaks corresponding to -OH vibration (3400 cm-1), C-H
vibration (2926 cm-1), -COOH (1628 cm-1) vibration,
phenolic-OH bending vibration (1384 cm-1), and hydroxyl
C-O vibration (1046 cm-1) were found [43–45]. In the FTIR
spectrum of Fh, Fe-OH bending vibration (837 cm-1) and
hydrogen bond-OH stretching vibration (3400 cm-1) peaks
were identified [46]. The Fh-FA complex displayed peaks
at 837, 1035, 1230, 1384, 1600, and 3400 cm-1, all of which
originate from Fh and FA. It is worth noting that the pheno-
lic hydroxyl O-H bending vibration (1380 cm-1) peaks grad-
ually increase with the C/Fe mole ratio, and the increasing
FA content in Fh-FA complexes raises their surface phenolic
hydroxyl concentration. However, the peak intensity of the
-COOH vibration (~1628 cm-1) of the three Fh-FA com-
plexes did not exhibit significant changes, likely because
the surface binding of FA to Fh is mainly achieved through
the complexation of -COOH from FA with -OH from Fh.
SEM images (Figures 1(c)–1(f)) showed that the Fh surface
is rough, cracked, and furrowed, without a consistent mor-
phology. As FA is added and the C/Fe mole ratio changes,
the complex surface becomes increasingly rough, with more
irregular flake-like particles.
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3.2. Effect of pH on Adsorption of Cr(VI) by Fh-FA
Complexes. The efficiency of Cr(VI) adsorption is signifi-
cantly affected by the pH level. We established three distinct
pH conditions: 3, 5, and 7, to examine the influence of exter-
nal environmental changes on the adsorption behavior of
Cr(VI). As depicted in Figure 2(a), the adsorption capacity
of all complexes for Cr(VI) diminishes with an increase in
pH. Under the acidic condition of pH3, all Fh-FA com-
plexes exhibit the highest adsorption capacity for Cr(VI),
with the corresponding adsorption capacities of Fh, Fh-FA
0.5, Fh-FA 1.0, and Fh-FA 1.5 being 6.74mg/g, 5.81mg/g,
4.68mg/g, and 4.24mg/g, respectively. Conversely, under
the mildly acidic and neutral conditions of pH5 and 7, the
change in the adsorption capacity of the Fh-FA complexes
for Cr(VI) is not significant, but the adsorption capacity in
the neutral environment of pH7 is relatively lower, with cor-
responding adsorption capacities of 3.94mg/g, 3.52mg/g,
3.19mg/g, and 2.97mg/g. In summary, acidic environments

are more favorable for the adsorption and removal of Cr(VI)
by Fh-FA complexes. The primary reason is that within the
pH range of 3-7, Cr(VI) predominantly exists as HCrO4

-

and CrO4
2-. From the zeta potential results (Figure 2(b)), it

is evident that the zeta potential of the Fh-FA complexes
decreases with an increase in both pH and the C/Fe ratio.
This decrease can be attributed to the electrostatic repulsion,
which in turn reduces the adsorption capacity of the Fh-FA
complexes for Cr(VI) as the pH increases. Under the same
pH conditions, it was observed that as the FA content in
the Fh-FA complex increased, the adsorption capacity for
Cr consistently decreased. This phenomenon closely aligns
with the concomitant reduction in the BET surface area of
the Fh-FA complex in relation to the escalation in FA con-
tent. Generally, a larger specific surface area is conducive
to the physical adsorption of metal ions by soil minerals or
soil organic matter. As such, this research posits that the
physical adsorption of Cr(VI) may be present on the
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Figure 1: XRD (a), FTIR (b) of Fh and Fh-FA samples, SEM of Fh (c), Fh-FA0.5 (d), Fh-FA1.0 (e), and Fh-FA1.5 (f).
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complex surface, with BET serving as one of the main gov-
erning factors in the control of adsorption quantity.

3.3. Kinetics of Cr(VI) Adsorption and Reduction by Fh-FA.
The adsorption and reduction process of Cr(VI) by Fh-FA
complexes with varying C/Fe mole ratios can be categorized
into three stages: rapid adsorption stage, slow adsorption
stage, and reaction equilibrium stage (Figure 3). The adsorp-
tion of Cr(VI) by Fh-FA complexes with different C/Fe mole
ratios is relatively quick within the first 30 minutes, reaching
approximately 80% of the maximum adsorption capacity.
Between 30 and 120 minutes, the adsorption rate of Cr(VI)
progressively declines, and the equilibrium adsorption quan-
tity of Cr(VI) increases marginally, with the adsorption pro-
cess eventually stabilizing after 120 minutes. This suggests
that the adsorption of Cr(VI) by the Fh-FA complex primar-
ily occurs during the initial two stages of the reaction.

As shown in Figures 3(b) and 3(c), the equilibrium
adsorption amount of Fh in the reaction with Cr(VI) was
4.5mg/g; however, Fh did not reduce Cr(VI). This indicates
that Fh removes Cr(VI) via adsorption, potentially due to its
high specific surface area of 36.97m2/g and numerous posi-
tively charged adsorption sites. As the C/Fe mole ratio
increases, the adsorption of Fh-FA on Cr(VI) gradually
decreases for three reasons: (1) an increase in the C/Fe mole
ratio causes FA to reduce the specific surface area and pore
capacity of the complex, rendering it less favorable for
Cr(VI) adsorption through physical effects such as electro-
static attraction; (2) FTIR results demonstrate that the
-COOH group complexes with Fh-OH, reducing adsorption
sites on the Fh surface, which is unfavorable for Cr(VI)
adsorption via chemical interactions like ligand exchange;
and (3) the presence of numerous acidic functional groups,
such as carboxyl groups, in FA renders it prone to negative

charging under acidic conditions and creates strong electro-
static repulsion against Cr anions. Consequently, greater FA
content in Fh-FA results in lower Cr(VI) adsorption
capacity.

With an increasing C/Fe mole ratio, the reduction of
Cr(VI) by Fh-FA gradually rises (Figure 3(c)). FA contains
a significant number of reducing functional groups, such as
phenolic hydroxyl and hydroxyl groups (Figure 1(b)), which
can serve as electron donors to facilitate Cr(VI) reduction
[21]. As a result, the reduction capability of Fh-FA for
Cr(VI) is positively correlated with the FA amount in the
Fh-FA complex. These findings imply that both Fh and FA
contribute to the adsorption and reduction of Cr(VI), with
Fh providing surface sites for Cr(VI) adsorption and FA
supplying electrons for Cr(VI) reduction.

Figure 3(d) presents the percentage ratio of the adsorbed
and reduced Cr(VI) under different reaction time condi-
tions. It can be observed that at equilibrium, 34.8%, 39.9%,
and 46.1% of Cr(VI) on the surfaces of Fh-FA 0.5, Fh-FA
1.0, and Fh-FA 1.5, respectively, have been reduced, with
the reduction amounts being 1.30mg/g, 1.39mg/g, and
1.50mg/g, respectively. Fh-FA 0.5 and Fh-FA 1.0 essentially
completed the reduction of Cr(VI) on their surfaces at the
initial stages of the reaction, and the percentage of Cr(VI)
reduction did not change significantly with the extension
of reaction time. However, the reduction percentage of
Cr(VI) by Fh-FA 1.5 was 61.6% at 3 minutes of reaction,
which decreased to 46.1% as the reaction proceeded to 240
minutes. This could be because Fh-FA 1.5, compared to
Fh-FA 0.5 and Fh-FA 1.0, contains a higher amount of FA
and more phenolic hydroxyl groups on its surface. There-
fore, at the beginning of the reaction, it can reduce the
adsorbed Cr(VI) on its surface to Cr(III). However, as the
reaction proceeds, the number of phenolic hydroxyl groups
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Figure 2: (a) Effect of pH on adsorption of Cr(VI) by Fh-FA complexes and (b) zeta potential of Fh and Fh-FA complexes. Experimental
condition: CrðVIÞ concentration = 50mg/L, T = 25°C, pH = 3, 5, and 7, dose = 0:8 g/L, reaction time = 240min, and I = 10mM NaNO3.
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that can provide electrons decreases, weakening its reduction
ability, and the already reduced Cr(III) may be partially oxi-
dized back to Cr(VI).

To quantitatively describe the kinetic processes of Cr(VI)
adsorption and reduction by complexes with varying C/Fe
mole ratios, the experimental results were fitted using

pseudo-first-order and pseudo-second-order kinetic models.
The fitted outcomes are displayed in Table 1. Comparing the
fitted effect plots and parameters reveals that the correlation
coefficient R2 for the pseudo-second-order kinetic model is
greater than that for the pseudo-first-order kinetic model,
indicating that the pseudo-second-order kinetic model is
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better suited to describe the adsorption and reduction pro-
cesses of Cr(VI) by the complex. This suggests that Cr(VI)
adsorption on Fh-FA is predominantly controlled by chem-
ical processes [47–49].

3.4. Thermodynamics of Cr(VI) Adsorption by Fh-FA.
Figure 4 demonstrates that the adsorption of Cr(VI) is
enhanced by varying C/Fe mole ratios of Fh-FA complexes

as the initial concentration of Cr(VI) increases. As the C/
Fe mole ratio increases, the equilibrium adsorption of
Cr(VI) by Fh-FA 0.5, Fh-FA 1.0, and Fh-FA 1.5 progres-
sively decreases to 10.92, 5.87, and 2.47mg/g, respectively.
The isothermal adsorption behavior of Cr(VI) on Fh-FA
complexes was analyzed using Freundlich and Langmuir
models, with the fitted results displayed in Table 2. The
results indicate that both Langmuir and Freundlich models

Table 1: Calculated kinetics parameters for total Cr(VI) removal, total Cr(VI) adsorption and total Cr(VI) reduction by Fh-FA complexes.

C/Fe mole ratio
Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qm/(mg/g) K1/min−1 R2 qm/(mg/g) K2/(g/(mg-min)) R2

QT

Fh 4.4003 0.1450 0.76097 4.4538 0.0734 0.9551

Fh-FA0.5 3.7729 0.1987 0.79632 3.8161 0.1171 0.9799

Fh-FA1.0 3.3755 0.1556 0.61231 3.4309 0.1038 0.8670

Fh-FA1.5 3.1312 0.0716 0.53659 3.1494 0.0745 0.9147

Qad

Fh 4.3625 0.2889 0.8410 4.4915 0.1394 0.9731

Fh-FA0.5 2.3486 0.3249 0.5392 2.4594 0.1984 0.8244

Fh-FA1.0 1.9914 0.1615 0.6617 2.0803 0.1338 0.8550

Fh-FA1.5 1.6647 0.0694 0.8864 1.7643 0.0651 0.9139

Qre

Fh — — — — — —

Fh-FA0.5 1.3173 0.3417 0.9545 1.3719 0.3968 0.9879

Fh-FA1.0 1.2645 0.2116 0.9905 1.3206 0.2536 0.9932

Fh-FA1.5 0.8968 0.1098 0.925 0.9514 0.1787 0.9743

0
0

2

4

6

q
e (

m
g/

g)

8

10

12

20

Fh
Fh-FA 0.5
Fh-FA 1.0

Fh-FA 1.5
Langmuir model fitting

40 60 80 100

Ce (mg/L)

120 140 160 180 200

(a)

0
0

2

4

6

q
e (

m
g/

g)

8

10

12

20

Fh
Fh-FA 0.5
Fh-FA 1.0

Fh-FA 1.5
Freundlich model fitting

40 60 80 100

Ce (mg/L)

120 140 160 180 200

(b)

Figure 4: Langmuir isothermal model (a) and Freundlich isothermal model (b) for Cr(VI) adsorption by Fh-FA complexes. Experimental
condition: CrðVIÞ concentration = 10, 30, 50, 70, 90, 120, 150, and 180mg/L, T = 25°C, pH = 5, dose = 0:8 g/L, reaction time = 240min, and
I = 10mM NaNO3.
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Table 2: Langmuir and Freundlich adsorption isotherm model parameters.

Adsorbent
Langmuir model Freundlich model

qm/(mg/g) KL/(L/mg) R2 n KF/(mg/g) R2

Fh 30.39 0.0032 0.99 1.31 0.21 0.99

Fh-FA0.5 9.49 0.0136 0.96 1.86 0.45 0.99

Fh-FA1.0 5.95 0.0207 0.96 2.42 0.58 0.99

Fh-FA1.5 3.56 0.0482 0.88 3.59 0.80 0.95

C K𝛼1,2

C O Fe Cr

O K𝛼1 Fe K𝛼1 Cr K𝛼1

5 𝜇m 5 𝜇m 5 𝜇m 5 𝜇m
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Figure 5: EDS-mapping of Fh (a), Fh-FA0.5 (b), Fh-FA1.0 (c), and Fh-FA1.5 (d) after reaction with Cr(VI).
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effectively describe the isotherm data. The Langmuir maxi-
mum adsorption capacities of Fh, Fh-FA 0.5, Fh-FA 1.0,
and Fh-FA 1.5 for Cr(VI) were 30.39, 9.49, 5.95, and
3.56mg/g, respectively. These findings are consistent with
those obtained from the kinetic analysis, suggesting that
the initial concentration of Cr(VI) is positively correlated
with the adsorption capacity of the Fh-FA complex on
Cr(VI). Additionally, the available adsorption sites on the
surface of Fh-FA are the primary factors governing the
adsorption capacity.

3.5. Adsorption and Reduction Mechanism of Cr(VI) by Fh-
FA Complexes. The EDS mapping (Figure 5) revealed the
uniform distribution of C, Fe, and O on the surface of Fh-
FA complexes, indicating that FA was loaded onto the Fh
surface. The distribution of the Cr signal on the Fh-FA com-
plex surface gradually decreased with increasing C/Fe mole
ratio, consistent with the adsorption experiment results.

FTIR spectroscopy of the Fh-FA complexes before and
after Cr(VI) adsorption is shown in Figure 6(a). Before
Cr(VI) adsorption, Fh-FA complexes displayed absorption
peaks at approximately 3400, 1628, 1348, 1046, and
837 cm-1. The peak at 837 cm-1 weakened after Cr(VI)
adsorption, suggesting the involvement of Fe-OH on the
complex surface in Cr(VI) adsorption. The significant weak-
ening of the 1384 cm-1 absorption peak indicates the partic-
ipation of surface phenolic-OH in the reaction. According to
other researchers, phenolic-OH is the primary electron
donors and participates in Cr(VI) reduction [50–52].

As mentioned earlier, after the complexation of Fh with
FA of different concentrations, the intensity of the -COOH
vibration peak (~1628 cm-1) of the complex does not show
significant changes. This could be attributed to the abundant
-COOH present on the surface of FA. The binding of FA to
the surface of Fh is primarily achieved through the complex-
ation of -COOH from FA with -OH from Fh. As the concen-
tration of FA in the complex increases, the Fe-OH exposed

on the surface of the complex gradually decreases, while
the concentration of phenolic hydroxyl groups increases.
After the reaction with Cr(VI) is complete, the peak inten-
sity of Fe-OH significantly weakens, and the -COOH peak
intensity does not show significant changes. This suggests
that Fe-OH is the main functional group adsorbing Cr(VI).
The peak intensity of phenolic hydroxyl groups also signifi-
cantly weakens, indicating that they provide the electrons
needed to reduce Cr(VI). The reduction of Cr(VI) increases
with the increase in the C/Fe ratio (Figure 3). However, it is
noteworthy that the reductive effect produced by the pheno-
lic hydroxyl groups on Cr(VI) is not permanent. As can be
discerned from Figure 3(d), although Fh-FA 1.5 can signifi-
cantly reduce Cr(VI) in the early stages of the reaction, some
Cr(III) is reoxidized to Cr(VI) upon exposure to oxygen in
the air as the reaction proceeds. Consequently, the identifi-
cation of a consistent and stable electron donor to maintain
the reduced state of Cr(III) is of paramount importance for
the remediation of Cr(VI)-contaminated soil.

To further elucidate the Cr(VI) removal mechanism by
Fh-FA complexes, X-ray photoelectron spectroscopy (XPS)
was performed on complex samples after the reaction to
investigate the Cr valence presence on Fh-FA complex sur-
faces. As shown in Figure 6(b), new peaks corresponding
to Cr 2p appeared in the reacted materials when comparing
the XPS full spectra of complexes before and after Cr(VI)
removal. The XPS spectra of Fh and Fh-FA complexes dis-
played an insignificant Cr peak at a binding energy of
576.3 eV [53], likely due to the low amount of Cr(VI)
adsorbed on the Fh and Fh-FA complex surfaces.

O 1s spectra are shown in Figure 7(a). The O 1s spectra
of Fh-FA1.0 before and after Cr(VI) adsorption exhibit -OH
(532.67 eV) and Fe-O (530.70 eV) peaks [54, 55]. After
adsorption, the Fe-O peak narrowed and its intensity
decreased, suggesting the existence of Fe-O-Cr complexation
on the Fh-FA complex surface and the crucial role of Fe-O
in Cr(VI) adsorption, consistent with the FTIR results. The
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Figure 6: The FT-IR spectra (a) and full XPS spectra (b) of Fh-FA complexes before and after Cr(VI)adsorption. Soild line: before
adsorption; dot line: after adsorption.
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peak intensity at 532.67 eV in the O1s region increased after
adsorption, which according to previous studies [35], can be
attributed to the existence of hydroxyl groups in metal
hydroxides, such as Cr(OH)3, on the surface of Fh-FA com-
plexes. Other researches [56, 57] also suggest that after
Cr(VI) is reduced to Cr(III), Cr(III) predominantly precipi-
tates in the form of Cr(OH)3. Therefore, it is reasonable to
believe that, in this study, Cr(III) likely precipitates as
Cr(OH)3 on the surface of Fh-FA complexes.

Figure 7(b) shows the C 1s spectra of Fh-FA1.0 before
and after Cr(VI) adsorption at 284, 285.8, and 287.6 eV, cor-

responding to C-C, C-O-C/C-OH, and C=O, respectively
[58]. No peak shifts were observed after Cr(VI) removal,
and changes in peak proportion were negligible, indicating
that Fh-FA complex carbon does not participate in Cr(VI)
removal.

Fe 2p spectra before and after Cr(VI) adsorption by Fh-
FA1.0 are presented in Figure 7(c). The Fe 2p3/2 peak at
725.7 eV and the Fe 2p1/2 peak at 713.0 eV were ascribed
to Fe(III), accompanied by a satellite peak at approximately
720.0 eV [58]. Following adsorption, changes in peak pro-
portion were negligible, signifying that Fe(III) in Fh-FA1.0
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Figure 7: The O 1s (a), C 1s (b), Fe 2p (c), and Cr 2p3/2 (d). XPS spectra of Fh-FA1.0 before and after absorption.
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was not involved in the Cr(VI) adsorption process.
Figure 7(d) displays the Cr 2p3/2 spectrum, with Cr 2p
peaks after adsorption at 578.1 and 577.0 eV corresponding
to Cr(VI) and Cr(III), respectively. This suggests that a por-
tion of Cr(VI) was reduced by phenolic-OH on the surface
of Fh-FA1.0.

4. Conclusion

This study has systematically explored the adsorption-
reduction behaviors and mechanisms of Cr(VI) by
ferrihydrite-fulvic acid (Fh-FA) complexes. The key findings
can be summarized as follows: (1) The Cr(VI) adsorption
process by Fh-FA complexes is aptly described by the
pseudo-second-order kinetic model, encompassing three
stages: rapid adsorption, slow adsorption, and reaction equi-
librium. (2) Both Langmuir and Freundlich models fit the
isothermal adsorption data, with the Langmuir maximum
adsorption capacities decreasing with an increase in the C/
Fe ratio. (3) Fe-OH and phenolic-OH played central roles
in the Cr(VI) adsorption and reduction, with FTIR and
XPS results highlighting the critical mechanism involving
Fe-OH, -COOH from FA, and phenolic-OH.

The implications of this research extend beyond the spe-
cific parameters investigated, contributing valuable insights
into Cr(VI) interactions with iron hydroxides and natural
organic matter in soil environments. The observed adsorp-
tion and reduction patterns present novel insights that can
be leveraged for informed soil remediation strategies, partic-
ularly regarding Cr(VI)-contaminated soil. While this study
offers a robust analysis of the Cr(VI) behavior on Fh-FA
complex surfaces, it also opens avenues for further research.
Specifically, the impact of diverse iron hydroxides and the
influence of environmental changes on crystal transforma-
tion should be explored to provide a more comprehensive
understanding of Cr(VI) migration and fate in contaminated
soil. In conclusion, this study serves as a significant step for-
ward in understanding Cr(VI) behavior and its implications
for soil remediation, enhancing the existing body of knowl-
edge, and offering guidance for future research and practical
applications.
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