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ARTICLE INFO ABSTRACT

Keywords: In view of the problems caused by chromium-containing wastewater, such as environmental
Fly ash pollution, biological toxicity, and human health risks. Based on fly ash adsorption and nano-FeS
Load

reduction characteristics, fly ash loaded nano-FeS composite (nFeS-FA) was synthesized using
mineral supported modification technology and ultrasonic precipitation method. The effect of
adsorbent dosage, initial pH, contact time, and initial concentration of the solution on the
adsorption of Cr(VI) and total Cr by nFeS-FA was investigated. The characteristics of Cr(VI) and
total Cr adsorption by nFeS-FA were studied using adsorption isotherms, adsorption kinetics
principles, as well as XRD, TEM, SEM-EDS, and BET analysis. The results demonstrated that under
the conditions of nFeS-FA of 8 g/L, initial pH of 4, contact time of 150 min, and initial con-
centration of the solution at 100 mg/L, nFeS-FA achieved removal efficiency of 87.85 % for Cr(VI)
and 71.77 % for total Cr. The adsorption of Cr(VI) and total Cr by nFeS-FA followed the Langmuir
model and pseudo-second-order kinetic model, indicating monolayer adsorption with chemical
adsorption as the dominant mechanism. XRD, TEM, SEM-EDS, and BET revealed that the flaky
nano-FeS was uniformly distributed on the surface of fly ash, exhibiting good dispersion and
thereby increasing the specific surface area. During the adsorption experiments, nFeS-FA reacted
with Cr(VD), and the generated Fe>* mainly existed as FeOOH precipitation, while S>~ reacted
with Cr(Ill) to produce CrSs precipitation. Therefore, nFeS-FA exhibited excellent adsorption
performance towards Cr(VI) and total Cr. It can serve as a technological reference for the
remediation of heavy metal chromium pollution in the field of water treatment.

Nano-FeS
Chromium-containing wastewater
Adsorption performance

1. Introduction

Currently, global industrialization continues to maintain a strong momentum, and the issue of chromium pollution is increasingly
prominent. The irrational discharge of chromium-containing wastewater will bring environmental pollution, biological toxicity,
human health risks and other issues [1-3]. Presently, the methods commonly employed for treatment include ion exchange [4],
microbial method [5,6], and adsorption method [7-9]. But these methods suffer from the problems of low treatment efficiency and
high process costs. Among them, the chemical precipitation method [10-12] mainly uses reducing substances to transform heavy

* Corresponding author. College of Science, Liaoning Technical University, Fuxin, 123000, Liaoning, China.
E-mail address: guoxuying@Intu.edu.cn (X. Guo).

https://doi.org/10.1016/j.heliyon.2024.e34661

Received 27 February 2024; Received in revised form 21 June 2024; Accepted 15 July 2024

Available online 16 July 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:guoxuying@lntu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34661
https://doi.org/10.1016/j.heliyon.2024.e34661
https://doi.org/10.1016/j.heliyon.2024.e34661
http://creativecommons.org/licenses/by-nc/4.0/

X. Guo et al. Heliyon 10 (2024) e34661

metal ions in wastewater into precipitation compounds. It is widely used in the field of chromium pollution remediation because of its
easy operation and fast reaction rate. Common reducing agents include nano zero-valent iron, nano-FeS, NazS20s, and so on [13-15].

The research group’s previous study [16,17] showed that nano-FeS, as an effective water treatment material, possessed wide
adaptability, strong reduction capability, and a large specific surface area, and can efficiently remove a variety of pollutants. Hu et al.
[18] utilized in-situ synthesized nano-FeS by sulfate-reducing bacteria to treat wastewater containing Cr(VI). Under optimal condi-
tions, the adsorption capacity for Cr(VI) was found to be 18.6 mg/L. Li et al. [19] prepared nano-FeS particles by homogeneous
precipitation method and treated Cr(VI) in soil. Under optimal conditions, and the removal efficiency of Cr(VI) was up to 98 %.
However, nano-FeS possesses a high surface energy, making it prone to oxidation and aggregation, which greatly affects their
adsorption performance. Therefore, the modification of nanoparticles using the mineral loading technique has been proposed. Lu et al.
[20] prepared modified diatomite-loaded FeS composite material to remove Cr(VI) by hydrothermal synthesis method, and the
adsorption capacity for Cr(VI) can reach up to 141.6 mg/g under optimal conditions. Li [21] prepared kaolinite loaded nano-FeS
composite material to remove Cr(VI). Under optimal conditions, the maximum adsorption capacity reached 399 mg/g, showing
significant improvement compared to single FeS. The research group [22] synthesized a composite material by combining the mineral
material lignite as a carrier with nano-FeS. This composite material effectively remediated chromium wastewater under acidic con-
ditions. However, these mineral materials are expensive and difficult to apply on a large scale. Therefore, there is a need for further
screening of inexpensive carrier materials.

Fly ash, as an industrial solid waste, possesses favorable physicochemical properties such as high strength, large specific surface
area, and low bulk density. Currently, it is widely utilized as an adsorbent in the field of water treatment [23,24]. Wang et al. [25]
performed mechanical and chemical treatment on fly ash to make zeolite for Cr(VI) adsorption. Under optimal conditions, the syn-
thesized zeolite exhibited a higher adsorption capacity for Cr(VI) at 1.549 mg/g, surpassing the raw fly ash (0.803 mg/g). Deng et al.
[26] carried out alkali modification on fly ash to adsorb Cr(VI), and the saturated adsorption capacity was only 5.9762 mg/g according
to Langmuir isothermal equation. Since these modification measures did not significantly improve the adsorption activity of fly ash, an
exploration into the resource utilization of fly ash was considered [27]. Relevant studies have shown that using composite materials
prepared by using fly ash as a carrier to load other substances can effectively overcome the drawback of poor adsorption performance
of fly ash alone. Hosseini Asl et al. [28] prepared a novel composite material by combining hydrous iron oxide/aluminum hydroxide
and fly ash for Cr(VI) adsorption. Under optimal conditions, the maximum removal efficiency of Cr(VI) was 84.9 %. Therefore, cheap
and stable fly ash can be considered as a carrier material loaded with nano-FeS to improve the remediation efficiency on
chromium-containing wastewater.

This study proposed the use of mineral supported modification technology, as well as ultrasonic precipitation method, to prepare a
composite adsorption material called fly ash loaded on nano-FeS (nFeS-FA). It was applied in the experimental research for the
remediation of chromium-containing wastewater. The nFeS-FA effectively improved the removal capacity and removal efficiency of fly
ash for chromium, and also provided surface carriers for nano-FeS, improving the mechanical strength and stability of nanomaterials
while addressing the issue of nanoparticle agglomeration. Combined with adsorption isotherm, adsorption kinetics, XRD, TEM, SEM-
EDS, and BET analyses, the excellent adsorption properties of nFeS-FA for chromium were demonstrated, offering a novel approach for
the remediation of chromium-contaminated wastewater.

2. Materials and methods
2.1. Materials and reagents

Fly ash: Sourced from Fuxin City, Liaoning Province, China. It was subjected to sieving and then washed three times with deionized
water. After drying at 378.15 K, it was set aside for further use. Table 1 shows its main chemical components. The reagents required for
the experiments were as follows: Diphenylcarbonyldihydrazide, Acetone, HSO4, HsPO4, HNO3, NaOH, K5CrOy4, NagS, FeSO4(AR,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). The entire experimental process was conducted using deionized water.

Acidic chromium-containing wastewater: The water sample used in this experiment was a simulated acidic mine wastewater with
pH = 4. The pH of the solution was adjusted using a concentration of 0.1 mol/L HNOs3 or 0.1 mol/L NaOH. When preparing the water
sample, an appropriate amount of KCrO4 was dissolved in deionized water to prepare a solution containing Cr(VI) with a concen-
tration of 100 mg/L.

2.2. Experimental method
2.2.1. Preparation of nFeS-FA

4 g of pre-treated fly ash were weighed and added to 200 mL of NayS solution of a certain concentration, stirred with Magnetic
stirrer (84-1, Suzhou Guohua Instrument Co., Ltd.) for 8 h, stood for 3-5 min, slowly poured out the Na5S solution, fly ash particles

Table 1
The main chemical composition of fly ash.

Constituent SiO, TiO4 Al,03 Fe,03 MnO MgO CaO Na,O K,O P,0s5

Content (%) 67.10 0.12 19.74 3.35 0.34 2.87 4.00 1.08 1.30 0.10
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were left to be used. At room temperature(298.15 K), the conical bottle was placed in the ultrasonic environment, and FeSO4 solution
was dripped with peristaltic pump (FO1A-STP, KAMOER Fluid Tech (Shanghai) Co., Ltd.) and mechanical agitator (LC-OES-150FR,
Shanghai Lichen Instrument Technology Co., Ltd.) at the speed of 350 rpm. Then the frequency of ultrasonic cleaner (YM-031S,
Shandong Jiajing Medical Technology Co., Ltd.) was controlled to 40 kHz and processed for 10 min. The suspension was removed and
placed in a benchtop centrifuge (TD5A-WS, Shanghai Jinghe Analytical Instrument Co., Ltd.) under the conditions of 4000 rpm for 15
min, then washed three times, dried, and stored in a sealed refrigerator.

2.2.2. Performance evaluation test method

The performance evaluation tests were conducted to investigate the effects of different factors, including adsorbent dosage, initial
PH, contact time, and initial concentration, on the removal of chromium by nFeS-FA. The removal efficiency and adsorption capacity
of Cr(VI) and total Cr were used as evaluation indicators to assess the impact of these factors. The control group was set by adding fly
ash with a particle size of 120-150 mesh corresponding to the same weight to the wastewater. Three replicate experiments were
performed for each group, the mean values were taken. The schematic representation of performance evaluation test is shown in Fig. 1.

2.2.2.1. The effect of adsorbent dosage. At 298.15 K, five portions of pre-prepared 200 mL wastewater containing 100 mg/L of Cr(VI)
(pH = 4) were taken and treated with 2, 4, 6, 8, and 10 g/L of nFeS-FA, respectively. The mixture was stirred at 400 rpm for 150 min.
After the completion of the experiment, samples were taken to measure the concentrations of Cr(VI) and total Cr. The calculation
formula are as follows (1)(2).

:C"C'Ct x 100% 1)
0

Co-C;) x V
g= GV m) @

where: 7 is the removal efficiency, %; q is the adsorption capacity, mg/g; Cp is the initial concentration, mg/L; C; is the remaining
concentration, mg/L; V is the volume of the solution, L; m is the mass of the nFeS-FA, g.

2.2.2.2. The effect of initial pH. At 298.15 K, five portions of pre-prepared 200 mL wastewater containing 100 mg/L of Cr(VI) were
taken and treated with 8 g/L of nFeS-FA after adjusting their pH to 3, 4, 5, 6, and 7, respectively. The mixture was stirred at 400 rpm for
150 min. After the completion of the experiment, samples were taken to measure the concentrations of Cr(VI) and total Cr.

2.2.2.3. The effect of contact time. At 298.15 K, a pre-prepared 200 mL wastewater containing 100 mg/L of Cr(VI) (pH = 4) was taken
and treated with 8 g/L of nFeS-FA. The mixture was stirred at 400 rpm for different contact times: 5, 10, 20, 30, 40, 50, 60, 90, 120,
150, and 180 min. After each specified contact time, samples were taken to measure the concentrations of Cr(VI) and total Cr.

2.2.2.4. The effect of initial concentration. At 298.15K, five portions of pre-prepared 200 mL wastewater containing 60, 100, 140, 180,
and 200 mg/L of Cr(VI) (pH = 4) were taken and treated with 8 g/L of nFeS-FA, respectively. The mixture was stirred at 400 rpm for
150 min. After the completion of the experiment, samples were taken to measure the concentrations of Cr(VI) and total Cr.

2.2.3. Adsorption isotherm and adsorption kinetics test method

Adsorption isotherm test: Solution with pH = 4, 200 mL, and different concentrations of Cr(VI) (initial concentrations were 60, 100,
140, 180, and 200 mg/L, respectively) were added into 250 mL conical flask. The solution was treated with 8 g/L of nFeS-FA. Stirring
was conducted for 150 min at 298.15 K and 400 rpm. After the completion of the experiment, samples were taken to measure the
remaining concentrations of Cr(VI) and total Cr in the solution. The experiment was conducted under optimal conditions. Three
replicate experiments were performed for each group, the mean value was taken.

nFeS-FA

~ b

Stir Take samples Test samples

P e _ | _ ;

wastewater
|

Fig. 1. Schematic representation of performance evaluation test.
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Fig. 2. The effect of adsorbent dosage, initial pH, contact time, and initial concentration on removal of Cr(VI) and total Cr.



X. Guo et al. Heliyon 10 (2024) e34661

Adsorption kinetics test: A solution with pH = 4 and Cr(VI) concentration of 100 mg/L was prepared, and 200 mL of the solution
was added in a 250 mL conical flask. The solution was treated with 8 g/L of nFeS-FA. Stirring was conducted for 5, 10, 20, 30, 50, 60,
90, 120, and 150 min at 298.15 K and 400 rpm. After the completion of the experiment, samples were taken to measure the remaining
concentrations of Cr(VI) and total Cr in the solution The experiment was conducted under optimal conditions. Three replicate ex-
periments were performed for each group, the mean values were taken.

2.2.4. Water quality detection and material characterization method

Cr(VI) can be determined using the diphenylcarbazide spectrophotometric method (GB/T 7467-87). Total Cr can be measured
using the potassium permanganate oxidation-diphenylcarbazide spectrophotometric method (GB/T 7466-87). pH can be measured
using the glass electrode method (GB/T 6920-86).

X-ray diffraction (XRD, D8 ADVANCE, Bruker, Germany) was employed for the analysis of the mineralogical composition of the
materials; Scanning electron microscopy and energy dispersive spectroscopy (SEM, SIGMA 500, Zeiss, Germany) was used to analyze
the changes in the microscopic morphology and distribution of elements on the surface of materials; Transmission electron microscopy
(TEM, Themis Z, FEI, USA) was used to analyze the morphological size. The specific surface area and pore size of the materials can be
measured using the Brunauer, Emmett, and Teller (BET) method with Mack ASAP 2460 (Micromeritics Instrument Ltd., USA).

3. Results and analysis
3.1. The effect of adsorbent dosage

According to Fig. 2a, as the dosage of nFeS-FA increased, the removal efficiency of Cr(VI) gradually increased and then reached a
stable level. Specifically, with an increase in dosage from 2.0 g/L to 8.0 g/L, the removal efficiency of Cr(VI) rapidly increased from
80.69 % to 91.75 %. Subsequently, as the dosage further increased from 8.0 g/L to 10.0 g/L, the removal efficiency of Cr(VI) reached a
stable level. Similarly, according to Fig. 2b, the total Cr removal efficiency also exhibited a similar trend with increasing nFeS-FA
dosage. The removal efficiency increased rapidly from 41.82 % to 83.97 % as the dosage increased from 2.0 g/L to 8.0 g/L, and
then it tended to stabilize. However, as the dosage increased from 8.0 g/L to 10.0 g/L, the removal efficiency exhibited a slower
increase and approached a relatively stable level. The removal of Cr(VI) and total Cr by nFeS-FA was much higher than that by fly ash,
indicating that the loading nano-FeS effectively improved the reduction and immobilization of Cr(VI) and total Cr by fly ash. According
to the above experiments, the removal efficiency of Cr(VI) and total Cr increased gradually. This is because with the increasing amount
of adsorption materials, more adsorption sites for the adsorption of heavy metal ions are provided [29], and the removal efficiency of
Cr(VI) and total Cr is greatly increased, and then tends to be stable because the adsorption has reached the equilibrium state. Therefore,
in order to ensure the efficient removal of Cr(VI) and total Cr and save the amount of adsorbent, the amount of adsorbent was set to 8
g/L in subsequent experiments.

3.2. The effect of initial pH

According to Fig. 2c and d, with the increase of solution pH, the removal efficiency of Cr(VI) from nFeS-FA decreased gradually.
When the solution pH increased from 3 to 7, the removal efficiency decreased from 92.20 % to 80.87 %. The removal efficiency of total
Cr from nFeS-FA decreased rapidly with the increase of pH and decreased from 82.29 % to 41.25 % when the pH of the solution
increased from 3 to 7. This is due to the higher solubility of FeS under acidic conditions, which can release more Fe?>* for rapid
reduction of Cr(VI) [30]. At the same time, under acidic conditions, Cr(VI) mostly exists in HCrO4 and CrO3~ states which are
conducive to electrostatic adsorption, and are more conducive to rapid reduction by Fe?* [31]. With the consumption of H* during the
reaction, the solution pH gradually rose to neutral, and the Fe>* generated by Fe?* oxidation will generate hydroxide precipitation
with Cr(Ill), so the removal capacity of nFeS-FA for Cr(VI) and total Cr will show a substantial increase compared with that of fly ash.
Taking all factors into consideration, to ensure the efficient removal of Cr(VI) and total Cr, the initial pH for the subsequent experi-
ments was set at 4.

3.3. The effect of contact time

According to Fig. 2e, when the contact time was from 5 min to 60 min, the removal efficiency of Cr(VI) increased rapidly, from
41.89 % to 80.64 %. When the contact time was from 60 min to 150 min, the removal efficiency increased from 80.64 % to 87.85 %,
and the growth was slow, and tended to be stable. Fig. 2f showed that when the contact time was from 5 min to 60 min, the removal
efficiency increased rapidly from 24.48 % to 71.31 %. When the contact time was from 60 min to 150 min, the removal efficiency
increased from 71.31 % to 77.17 %, which increased slowly and tended to be stable. It can be seen from the above experiments that the
removal efficiency of Cr(VI) and total Cr gradually increase and then tend to be stable. This is because a significant amount of FeS in the
pores of nFeS-FA is involved in the adsorption process. As the contact time increases, the previously adsorbed heavy metal ions block
the pores of nFeS-FA, hindering the adsorption process. Therefore, with an increase in contact time, there is no significant
improvement in the removal efficiency of Cr(VI) and total Cr. Taking all these factors into consideration, to ensure the adsorption
equilibrium, the contact time was set at 150 min for the subsequent experiments.
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3.4. The effect of initial concentration

Fig. 2g and h, illustrated the relationship between the initial concentration of Cr(VI) and the corresponding removal efficiency and
unit adsorption capacity. As the initial concentration of Cr(VI) varied, noticeable trends were observed. For the range of 60 mg/g to
100 mg/g, the removal efficiency of Cr(VI) exhibited negligible changes, with values decreasing from 94.92 % to 91.69 %. In contrast,
the unit adsorption capacity experienced a significant increase, rising from 7.12 mg/g to 11.46 mg/g. Subsequently, as the initial
concentration increased from 100 mg/g to 200 mg/g, a sharp decline in the removal efficiency was observed, dropping from 91.69 %
to 48.83 %. However, the increase in unit adsorption capacity was relatively modest. Similarly, with an increase in the initial con-
centration of Cr(VI) from 60 mg/g to 140 mg/g, a substantial decrease in the removal efficiency of total Cr was observed, declining
from 82.29 % to 58.58 %. Correspondingly, the unit adsorption capacity exhibited a significant increase from 6.17 mg/g to 9.95 mg/g.
When the initial concentration further increased from 140 mg/g to 200 mg/g, the removal efficiency of total Cr experienced a rapid
decline from 58.58 % to 40.09 %. In contrast, the increase in unit adsorption capacity was relatively small. It can be seen from the
above experiments that at the beginning of the adsorption, nano-FeS can fully react with Cr(VI). With the increase of heavy metal ion
concentration, the adsorption site of nFeS-FA was not enough to provide sufficient reaction site, so the removal efficiency decreased. In
addition, the attachment of partial precipitation on the surface of nFeS-FA after the adsorption was not conducive to the reaction. Fly
ash mainly relied on its porosity and large specific surface area to treat heavy metal wastewater, so its saturated adsorption capacity for
pollutants was low [32]. Therefore, the initial concentration in the subsequent experiment was set to 100 mg/L.

3.5. Adsorption isotherms

The Langmuir, Freundlich adsorption isotherm model [33,34] were used to analyze the adsorption isotherms of nFeS-FA for Cr(VI)
and total Cr. The linear expressions are as follows (3)-(4):

3.0
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Fig. 3. The fitting diagram of isotherm model for adsorption of Cr(VI), total Cr by nFeS-FA. a: Langmuir model for Cr(VI), b: Freundlich model for Cr

(VID), c: Langmuir model for total Cr, d: Freundlich model for total Cr.
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where, C, is the pollutant concentration at solution equilibrium, mg/L; q. is the adsorption capacity of adsorbent for pollutants at
equilibrium, mg/g; g, is the saturated adsorption capacity of the adsorbent for pollutants, mg/g; Kj, is the Langmuir model adsorption
constant; Ky is the Freundlich model adsorption constant; n is the Freundlich model adsorption strength correlation constant.

From Fig. 3a-d and Table 2, it was evident that the Langmuir isotherm model exhibited a higher linear correlation for the
adsorption of Cr(VI) and total Cr by nFeS-FA. The fitted equations for the Langmuir curves were as follows: For Cr(VI): C./q. =
0.14088C, + 0.08129; For total Cr: C./q, = 0.67815C, + 0.09285. Therefore, nFeS-FA exhibited a monolayer adsorption mechanism
for the adsorption of Cr(VI) and total Cr in the solution, which was found to be more fitting with the Langmuir model [35]. The
correlation coefficients of adsorption strength, n, were all greater than 1, indicating that the adsorption was spontaneous [36]. As the
adsorption sites became saturated gradually, the adsorption efficiency decreased gradually until it reached equilibrium. Compared
with the saturated adsorption capacity gy, it can be seen that nFeS-FA has a stronger adsorption capacity for Cr(VI) in solution. The
Freundlich constants of Cr(VI) and total Cr were 0.04983 and 0.20964, respectively, and both were less than 0.5. This indicated that
the adsorption process was relatively easy to occur. The magnitude of the Freundlich constant (Kp) is directly correlated and pro-
portional to the adsorption capacity and intensity. The K values for Cr(VI) adsorption by fly ash and nFeS-FA were 3.8727 and 9.7872,
respectively, while the Kp values for total Cr were 0.2083 and 3.8586, respectively. It showed that fly ash loaded nano-FeS can
effectively improve the ability of fly ash to remediate wastewater containing Cr(VI). As shown in Table 3, when compared to several
previously reported adsorbents, nFeS-FA exhibited superior adsorption performance.

3.6. Adsorption kinetics

The adsorption kinetics of Cr(VI) and total Cr by nFeS-FA were analyzed by using the pseudo-first order (PFO) kinetic model, the
pseudo-second order (PSO) kinetic model, and intra-particle diffusion model [44,45]. The expressions used are as follows (5)—(7).

In(q. — q;) =Ing, — kit (5)
t 1 t
- 4+ (6)
q kg2 q.
@ =kt +c )

where: g, is the adsorption capacity at the moment of adsorption t, mg/g; q. is the equilibrium adsorption capacity, mg/g; k; is the
adsorption rate constants for the PFO model, min; k is the adsorption rate constants for the PSO model, mg/(g-min); k; is the
intraparticle diffusion rate constant, mg/(g-min'/2); c is the boundary layer related parameter, mg/g.

Table 4 and Fig. 4a—d demonstrated that the PSO model exhibited a higher correlation coefficient compared to the PFO kinetic
model for the adsorption of Cr(VI) by nFeS-FA. This suggests that the adsorption process for Cr(VI) by nFeS-FA predominantly followed
the PSO model: t/q; = 0.0941t+1.0000, R? = 0.99872, indicating chemisorption as the main mechanism. Similarly, the PSO model
showed a higher correlation coefficient compared to the PFO model for the adsorption of total Cr by nFeS-FA. Consequently, the
adsorption of total Cr by nFeS-FA was better described by the PSO model: t/q, = 0.0859t+0.9999, R? = 0.99763, supporting chem-
isorption as the primary adsorption mechanism. The fitted curves of the intraparticle diffusion model for Cr(VI) and total Cr in Fig. 4e
and f were not passed through the origin, indicating that the adsorption process was controlled by both adsorption mechanisms of film
diffusion and intraparticle diffusion. nFeS-FA is a porous medium, and the adsorption of Cr(VI), total Cr from the liquid phase into
nFeS-FA included three stages, indicating that the adsorption was a continuous segmentation process [46]. The first stage was mainly
surface adsorption, where the diffusion of Cr(VI), total Cr from the solution to the outer surface of nFeS-FA occurred mainly in
microvoids. The second stage was intraparticle diffusion, where Cr(VI) and total Cr were adsorbed onto the surface of nFeS-FA and then
entered into the internal void. The third stage was the dynamic equilibrium stage of adsorption and desorption, and the diffusion rate

Table 2
Adsorption isotherm parameters of Cr(VI), total Cr by nFeS-FA and fly ash.
isotherm models parameters nFeS-FA fly ash
Cr(VD) total Cr Cr(VI) total Cr
Langmuir model qm 7.0982 1.4746 0.2851 0.0577
Ky, 1.7331 7.3037 21.5849 126.7773
R? 0.9998 0.9954 0.9750 0.98065
Freundlich model n 21.07 4.77 15.71 1.70
Ky 9.7872 3.8586 3.8727 0.2083
R? 0.9653 0.9894 0.9714 0.9731




X. Guo et al. Heliyon 10 (2024) e34661

Table 3
Comparison of adsorption properties of nFeS-FA with other adsorbents.
Adsorbents pH Dosage (g/L) Equilibrium time (h) Maximum adsorption capacity (mg/g) References
modified zeolite supported zero-valent iron 7 20 2.5 2.49 [37]
humic acid coated magnetite nanoparticles 4 0.8 2 3.37 [38]
Fe@Fe,03 core—shell nanowires 6.28 0.15 5 7.8 [39]
Nano-sized FeS-coated limestone 6.5 0.62 24 1.16 [40]
FeS-coated sand 4.7 100 72 2.75 [41]
Ball-milled Fe’-biochar 5.5 2 72 14.6 [42]
Fe304@SiO5/CTA-Br 3 12.5 1 3.38 [43]
nFeS-FA 4 8 2.5 12.21 This study
Table 4
Adsorption kinetics parameters of Cr(VI), total Cr by nFeS-FA and fly ash.
kinetic models parameters nFeS-FA fly ash
Cr(VI) total Cr Cr(VD) total Cr
PFO model k1 0.08114 0.04368 0.17155 0.05668
qe 10.1855 9.57685 4.88463 2.93626
R? 0.80564 0.95737 0.75816 0.97464
PSO model ko 8.8586 x 103 7.3754 x 1073 9.4901 x 102 3.4670 x 102
qe 10.6247 11.6442 3.2461 5.3706
R2? 0.99872 0.99763 0.99894 0.99816
intraparticle diffusion model kp1 0.7769 0.8073 0.1627 0.4113
R? 0.98724 0.9968 0.9487 0.9912
C 3.5469 1.2796 2.9771 0.0476
kp2 1.0183 1.2616 0.3566 0.2992
R? 0.9795 0.9451 0.9712 0.8989
Cy 2.6175 —0.4475 2.1284 0.6368
kps 0.11093 0.1405 0.0673 0.0513
R? 0.91557 0.9337 0.8845 0.8741
C3 9.5618 7.8997 4.3181 2.3556

in this stage decreased and gradually reached the equilibrium state.

3.7. Characterization results

3.7.1. XRD analysis

The X-ray diffraction patterns of nFeS-FA before and after treating chromium-containing wastewater were shown in Fig. 5. Before
the treatment, the characteristic diffraction peaks of quartz (PDF: #86-2237) appeared at 20 = 26.64°, 50.14°, and 59.96°, and the
characteristic diffraction peaks of mullite (PDF: #83-2465) appeared at 20 = 20.67° and 39.32° [47]. It indicated that the original
characteristic diffraction peaks of fly ash loaded with FeS existed, and the crystal structure of fly ash had not been changed. The
appearance of characteristic diffraction peaks of FeS (PDF:#76-0965) at 20 = 34.12° and 41.98° indicated the successful preparation
of nFeS-FA, demonstrating the combination of nano-FeS with fly ash. The weak characteristic diffraction peaks of Fe;O3 (PDF:
#85-0987) appeared at 26 = 20.70° and 33.34°, indicating that the prepared material has a small amount of oxidation. From the
diffraction pattern of nFeS-FA after the treatment, it could be observed that the relative intensity of the characteristic diffraction peaks
of mullite and quartz was weakened, which was due to the strong acid resistance of mullite, quartz, and other crystal phases, making
them not easily dissolved [48]. Simultaneously, the characteristic peaks of nano-FeS disappeared, and a new diffraction peak appeared
at 20 = 44.40°, corresponding to the characteristic diffraction peak of FeOOH (PDF:#01-1223). New diffraction peaks appeared at 20
=27.47°, 34.18°, and 53.47°, corresponding to the characteristic diffraction peaks of CryS3 (PDF:#72-1224). It indicated that nFeS-FA
reacted with Cr(VI) during the adsorption experiment, and the generated Fe®' mostly precipitated in the form of FeOOH, while 2~
reacted with Cr(IIl) to produce CryS3 precipitation.

3.7.2. TEM analysis

From Fig. 6a and b, it can be observed that the flaky nano-FeS with a length distribution between 40 and 80 nm loaded on the
surface of fly ash, which was nanoscale FeS. The nano-FeS on the nFeS-FA composite material shared similarities with the nano-FeS on
FeS/Co3S4 synthesized by Deng et al. [49] (as shown in Fig. 6¢), confirming the effective loading of nano-sized FeS onto fly ash using
the ultrasonic precipitation method. Additionally, the nanoparticles exhibited good dispersion among themselves, confirming that
using fly ash as a carrier material for the preparation of the composite material effectively addressed the aggregation of nano-sized FeS.

3.7.3. SEM-EDS analysis
To understand the surface microstructure of fly ash and nFeS-FA, scanning electron microscopy was used to observe the sample
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Fig. 4. The PFO model, the PSO model, and the intra-particle diffusion model for the adsorption of Cr(VI), total Cr by nFeS-FA. a: PFO fitting model

of Cr(VI), b: PFO fitting model of total Cr, c: PSO fitting model of Cr(VI), d: PSO fitting model of total Cr, e: intra-particle diffusion model of Cr(VI), f:
intra-particle diffusion model of total Cr.

surface, and the results were shown in Fig. 7 and Table 5. From Fig. 7a and b, the fly ash was spherical particles with smooth surface
before the treatment, and these particles were mainly high-temperature silica-alumina droplets generated from the fly ash combustion
process. After the treatment, the original smooth spherical shape of fly ash was broken, and the surface became rough and uneven.
From Fig. 7c and d, it can be observed that the surface of nFeS-FA exhibited uniformly distributed flake-like nano-FeS crystals, with an
overall fluffy appearance. This indicated that through ultrasonic precipitation treatment, nano-FeS has been efficiently loaded onto the
surface of fly ash and exhibited good dispersion. After the treatment, the surface of nFeS-FA became concave, showing a loose cracked
morphology and crystal precipitation appeared in the surface voids. The EDS spectra showed that the surface elements of fly ash and
nFeS-FA were mainly Si, Al, and O. Combined with XRD analysis, these elements corresponded to the main crystalline phases of quartz
and mullite in fly ash. Additionally, there was a small amount of C element, indicating the presence of incompletely combusted carbon
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Fig. .5. X-ray diffraction patterns before and after treating chromium-containing wastewater by nFeS-FA.

Fig. .6. TEM images. a-b: nFeS-FA, c: FeS/Co3S4 sample.

particles in fly ash. From Table 5, compared to fly ash, the mass percentage of Fe and S elements in nFeS-FA increased to 4.75 % and
2.73 % respectively, showing a significant increase. Combined with XRD and TEM analysis, it was further demonstrated that the
successful preparation of nFeS-FA. Furthermore, after the treatment, the mass percentages of Cr element in fly ash and nFeS-FA were
0.12 % and 0.86 % respectively, indicating that both had a certain chromium fixation ability, and the adsorption performance of fly ash
for chromium was enhanced after loading nano-FeS. Moreover, there was little change in the proportion of Fe element in nFeS-FA after
treatment. This was because Fe?* reacted with Cr(VI) to form Fe>" through hydrolysis, resulting in the precipitation of FeOOH, and a
small portion of Fe?* oxidized to form Fe,03, which adhered to the surface of nFeS-FA. However, the mass percentage of S element
decreased, indicating that some $%~ combined with H* to form Hs,S, which was released in gaseous form, while the remaining s%-
reacted with Cr(IIl) to produce CryS3 precipitation.

3.7.4. BET analysis

The specific surface area was related to the adsorption capacity of an adsorbent material. The results obtained from the calculations
were shown in Table 6. Fig. 8 showed the N5 adsorption-desorption isothermal curve of nFeS-FA, with the inset showing the BJH pore
size distribution curve. The BET surface area and average pore volume of nFeS-FA were measured to be 12.16 m?/g and 0.006266 cm®/
g, respectively, while those of fly ash were measured to be 4.38 m?/g and 0.005140 cm®/g, respectively. This could be attributed to the
substantial removal of inorganic impurities from the fly ash during the synthesis of the material, which also led to the creation of a
significant number of heterogeneous pores [50]. From Fig. 8, there were no noticeable differences observed in nFeS-FA at P/Py < 0.5,
but distinct adsorption was observed in the range of 0.65-0.9. According to the classification of isotherm curves by Brunauer et al.
[51], these curves belonged to Type IV. The hysteresis loop of H1-type in the pressure range of 0.65-1.0 indicated a uniform pore size
and a relatively narrow pore size distribution. The pore size distribution graph revealed that the pores of the sample were primarily
distributed around 3-8 nm, with an average pore size of 6.1788 nm, indicating that the prepared nFeS-FA was a mesoporous material.
These results indicated that nFeS-FA synthesized by combining fly ash with nano-FeS effectively suppressed the aggregation of
nano-FeS particles, resulting in the formation of thinner, more loosely dispersed nano-FeS, and increased its specific surface area.
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Fig. 7. SEM images and EDS spectra. a: Fly ash before the treatment, b: Fly ash after the treatment, c: nFeS-FA before the treatment, d: nFeS-FA after
the treatment.
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Table 5
The elemental composition before and after the treatment of fly ash and nFeS-FA.
Type Element proportion/%
Si Al C (¢} Fe S Cr
Fly ash before the treatment 25.05 10.65 1.11 63.19 0 0 0.00
Fly ash after the treatment 25.39 10.61 1.03 62.85 0 0 0.12
nFeS-FA before the treatment 23.30 10.02 1.06 58.50 4.75 2.73 0.00
nFeS-FA after the treatment 23.13 10.27 1.01 58.84 4.51 1.38 0.86
Table 6
Specific surface area and pore size of fly ash and nFeS-FA.
Type Specific surface area (m?/g) Pore volume (cm®/g) Pore diameter (nm)
Fly ash 4.38 0.005140 5.2346
nFeS-FA 12.16 0.006266 6.1788
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Fig. 8. The N, adsorption—desorption isotherm and Pore-aperture differential distribution curve of nFeS-FA.

Consequently, this was advantageous for the treatment of chromium-containing wastewater.
4. Conclusion

This study was based on the adsorption properties of fly ash and the reduction characteristics of nano-FeS. The nFeS-FA was
prepared using mineral loading technology and ultrasonic precipitation method. It improved the mechanical strength and stability of
nano-FeS, addressing the issue of nanoparticle aggregation, while also compensating for the low adsorption efficiency of fly ash alone,
thereby enhancing the adsorption performance for chromium. Performance evaluation experiments showed that under optimal
conditions, nFeS-FA achieved removal efficiency of 87.85 % for Cr(VI) and 71.77 % for total Cr, which were significantly higher than
those of fly ash. The adsorption isotherm and adsorption kinetics fitting results showed that the adsorption of Cr(VI) and total Cr by
nFeS-FA followed the Langmuir model and the pseudo-second-order kinetic model, indicating that the adsorption process was
monolayer adsorption, mainly involved chemical adsorption. XRD, TEM, SEM-EDS, and BET revealed that the flaky nano-FeS with a
length distribution between 40 and 80 nm was uniformly distributed on the surface of fly ash, exhibiting good dispersion and thereby
increasing the specific surface area. During the adsorption experiments, nFeS-FA reacted with Cr(VI), and the generated Fe" mainly
existed as FeOOH precipitation, while S*~ reacted with Cr(IIT) to produce Cr,S3 precipitation. This study demonstrated the potential
application of nFeS-FA in treating acidic chromium-containing wastewater and also provided insights into the reuse of solid waste such
as fly ash.
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