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Synthesis and characterization of polymetallic Fe-Co-Ni-S nanocomposite
displaying high adsorption capacity for Rhodamine B dye
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ABSTRACT

Fe-Co-Ni-S (FCNS) nanocomposite is prepared through a hydrothermal method as a new efficient
adsorbent to remove organic dyes in wastewater. The morphology, elemental composition and crys-
talline structure of the adsorbents have been studied by scanning electron microscopy, energy-dis-
persive X-ray spectroscopy and X-ray diffraction. The influence of the dosage of adsorbent and
the pH value on the adsorption performance, the reusability of the nanocomposite, and effects of
different anions are studied, which show that the adsorption rate of FCNS towards Rhodamine B
(RhB) is as high as 99.63%. The adsorption kinetics of RhB on FCNS is described to pseudo-sec-
ond-order model. At 318 K, the saturated adsorption capacity is 581.4 mg/g, which is consistent
with the Langmuir isotherm. The kinetic results indicate that the adsorption process involves three
steps, among which chemical adsorption and intraparticle diffusion play important roles. In addi-
tion, through the thermodynamic fitting of the adsorption process, it indicates that the adsorption of
RhB by FCNS is spontaneous and accompanied by endothermic reaction. The FCNS nanocompos-
ites has good adsorption performance under pH values ranging from 3 to 11. The FCNS has good
reusability and adsorption performance after being reused 5 times. The Fourier-transform infrared
spectrum indicates that hydrogen bonding is one of the main factors for influencing the adsorp-
tion. Compared with monometallic or bimetallic sulfides, the composite presented here has better
adsorption performance and higher adsorption capacity, which will inspire some other emerging
trimetallic sulfide composites for various advanced applications.
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1. Introduction of commercial dyes, producing more than 7 x 10° tons/y [2].
More than 15% of these basic dyes enter wastewater during
the coloring process [3]. Dye wastewater has the charac-
teristics of complex composition, high concentration, large
changes in water quality and quantity, strong pH value,

The textile industry generates a large amount of dye
wastewater, which is almost half of the globally available
dye wastewater [1]. There are over 100,000 different types
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high organic matter content, high color, and high toxic-
ity [4]. Dyes are mutagenic, sensitizing, carcinogenic and
non-degradable in water, and also have important effects
on ecosystems and human health [5]. Rhodamine B (RhB)
is a cationic artificial xanthine dye commonly used in the
textile, paper, and food industries [6]. Therefore, consid-
ering the harmful and harmful effects of RhB, wastewater
contaminated with RhB should be treated before being
released into the environment.

The common methods for removing dyes in water
include coagulation [7], electrolysis [8], biodegradation
[9], membrane separation [10], advanced oxidation [11]
and adsorption [12], etc. Compared with other treatments,
adsorption is a non-destructive method, which is widely
used in wastewater treatment because of its high efficiency
and low cost. However, how to find a low-cost, high-effi-
ciency and recyclable adsorbent has become a problem
attracting researchers’ attention [13]. With the research of
nanomaterials, nanomaterials have been proved to be good
adsorbents due to their unique morphology and struc-
tural characteristics, and can be widely used to remove
Rhodamine B from water [14]. Adsorption is easy to handle,
non-toxic, and a cost-effective physicochemical method for
removing contaminants (e.g., dyes) from industrial waste-
water [15-17]. At present, the most commonly used adsor-
bents are activated carbon [18], clay [19], polymer materials
[20] and metal-organic framework [21]. From the perspec-
tive of economy and practicality, many researchers need to
study a kind of adsorbent with low cost, simple production
method and high adsorption efficiency [22]. Fat’hi et al. [23]
used almond shell (AS) to remove and recover Acid blue 129
(AB129). When the optimal pH value is 2 and the initial dye
concentration is 40 mg/L, the removal rate exceeds 98%
within 14 min, and the adsorbent dosage is 0.4 g. Sharifpour
et al. [24] used a simple method to prepare CuO-NPs-AC
adsorbents doped with cobalt ions. The adsorption iso-
therms of CuO-NPs-AC doped with minimum for MO and
MG can be well clarified through the Langmuir model. The
maximum adsorption capacity of a single solution is 320.69
and 290.11 mg/g, and the maximum adsorption capacity
in a binary solution is 233.02 and 205.53 mg/g. Arabkhani
et al. [25] prepared a new graphite oxide (GO)/sodium
montmorillonite (NaMMT) polymer nanocomposite with
three-dimensional structure, which has good adsorption
performance for malachite green (MG) dye in real waste-
water, and the pseudo-second-order kinetic model fits the
adsorption process well. Because of its high adsorption
activity, Ni-Co-S has become the most optimistic class of
efficient sorbents in recent years [26]. The introduction of
other non-noble metal elements into Ni-Co-S can further
improve its performance [27]. Iron-based nanoparticles
are considered a promising candidate because of their
strong chemical stability [28]. Bimetallic (Fe and Co) sul-
fides have been widely studied in the field of wastewater
treatment due to their excellent catalytic properties and
electron transport capabilities, and have shown broad pros-
pects [29]. Bimetallic (Fe and Ni) sulfides have been widely
reported due to their good catalytic properties [30]. Fe-Co-
Ni-S (FCNS) nanocomposite exhibits a unique porous net-
work and high synergy [31]. Therefore, it is a good choice

to synthesize related composite to achieve an economical
and efficient adsorbent for removing RhB in water.

Herein, FCNS nanocomposite is synthesized by a sim-
ple hydrothermal method. RhB, which is widely available in
industrial wastewater, was chosen to model xanthine conta-
mination. The adsorption characteristics during RhB removal
have been analyzed by adsorption kinetics, isotherms and
thermodynamic models. Scanning electron microscopy
(SEM), X-ray diffraction (XRD) and energy-dispersive X-ray
spectroscopy (EDS) are used to study the morphology and
elemental composition of the adsorbent. Compared with
monometallic or bimetallic sulfides, the results show that
FCNS nanocomposite has better adsorption performance and
higher adsorption capacity than previous adsorption exper-
iments, which will inspire some other emerging trimetallic
sulfide composites for various advanced applications. The
adsorption mechanism has also been analyzed by Fourier-
transform infrared spectroscopy (FTIR). The influence of
pH, and dosage of adsorbent on the adsorption perfor-
mance are studied to get the best experimental conditions.

2. Experimental set-up
2.1. Reagents and instruments

The reagents used in the experiment mainly include
sodium chloride (NaCl, 99.7%), sodium nitrate (NaNO,,
99.7%), sodium sulfate (Na,SO,, 99.7%), sodium dihydro-
gen phosphate (NaH,PO,, 99.7%), nickel chloride hexahy-
drate (NiCl,-6H,O, 98.0%), cobalt dichloride tetrahydrate
(CoCl,-4H,0, 99.7%), urea (CO(NH,),, 99.0%), ferrous sulfate
heptahydrate (FeSO,'7H,O, 98.0%) and sodium thiosulfate
pentahydrate (Na,5,0,-5H,O, 99.0%) were purchased from
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China)
and used as received without further purification. Anhydrous
ethanol (C,H,O, 99.7%), analytical purity, Xilong Scientific
Co., Ltd., (Guangdong, China). Deionized water is prepared
by FST-TOP-A24 super pure water equipment by Shanghai
Fushite Instrument Equipment Co., Ltd., (Shanghai, China).

The instruments used in the experiment mainly include:
DHG-9023A air drying box, Shanghai Yiheng Scientific
Instrument Co., Ltd., (Shanghai, China). PHS-3C digital
pH meter, Shanghai Yidian Scientific Instrument Co., Ltd.,
(Shanghai, China). PTFE reaction kettle, Shanghai Jinghong
Experimental Equipment Co., Ltd., (Shanghai, China).
FA2204N electronic balance, Shanghai Jinghai instrument
Co., Ltd., (Shanghai, China). TG16K-II Table high-speed
centrifuge, Shanghai ZhaoDi bio-technology Co., Ltd.,
(Shanghai, China).

2.2. Preparation of adsorbent

FCNS nanocomposite was synthesized by using a hydro-
thermal method. The preparation process was as follows:
FeSO,-7H,O (0.28 g, 1 mM), CoCl,-4H,O (0.20 g 1 mM) and
NiCL,-6H,0O (0.24 g, 1 mM) were dissolved in 20 mL deion-
ized water, and stirred for 30 min until completely dissolved.
Then Na,5,0,-5H,0 (0.25 g, 1 mM) was added to the above
solution and kept stirring for 1 h until evenly mixed. The
homogeneous solution was transferred to a Teflon-lined

stainless-steel autoclave and heated in an oven at 180°C for
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12 h. After cooling to room temperature, the obtained solid
products were centrifuged and washed three times with
deionized water and ethanol, respectively, and then vacuum
dried at 60°C for 12 h to prepare FCNS sample. For com-
parison, Fe-Co-S (FCS) nanocomposite and Fe-Ni-S (FNS)
nanocomposite were synthesized via the same procedure
without the addition of Ni(Cl),6H,0 and Co(Cl),-4H,0O,
denoted as FCS nanocomposite and FNS nanocomposite,
respectively.

2.3. Characterization

The surface morphology and structure of FCNS nano-
composite was characterized by field emission scanning
electron microscopy (SEM, AURIGA, ZEISS Company,
Germany) coupled with an energy dispersive spectrome-
ter (EDS, INCA X-Max 50, ZEISS Company, Germany). The
X-ray diffractometer (XRD, PANalytical, Netherlands) with
a Cu Ka source was used to analyze the crystalline structure.
Fourier-transform infrared spectroscopy (FTIR, Nexus-870,
Thermo Nicolet, USA) was used to determine the change
of surface properties. The wavelength change of the adsor-
bent was recorded by UV-2600i UV-Vis spectrophotometer
(UV-2600i, UV-Vis, Shimadzu, China).

2.4. Batch adsorption experiments

Batch experiments were conducted in 250 mL cones.
Briefly, the particles were dispersed in an aqueous solution
(100 mL, 10 mg/L, temperature =298 K, pH =7) and oscillated
in the dark for 12 h. At predetermined time intervals, an ali-
quot (2 mL) of the reaction solution was removed quickly to
filter through a 0.22 pum syringe filter into a tube to measure
the absorbance. By comparing the removal rate, the excellent
adsorption performance of RhB by FCNS nanocomposite
was characterized. Batch experiments to explore initial pH,
adsorption dose and regeneration performance were car-
ried out under the same conditions. All experiments were
performed in duplicates and average values with standard
deviations were reported.

2.4.1. Preparation of RhB standard solution

25 mg of RhB was dissolved in 100 mL of deionized
water, sonicated for 15 min, and transferred to a 250 mL vol-
umetric flask to complete constant volume, that is, 100 mg/L
of RhB standard solution. RhB solution in all adsorption
experiments was obtained by diluting the standard solu-
tion with deionized water. Prepared RhB solution with con-
centration gradient of 5, 10, 20, 30, 40, 50 and 60 mg/L, and
measured its absorbance at 554 nm wavelength by ultravi-
olet spectrophotometer. Then the RhB standard curve was
obtained by linear regression analysis of the concentration
and absorbance of RhB.

2.4.2. Calculation of adsorption capacity and removal rate

Untreated dye wastewater was simulated by employing
different concentrations of RhB solution. The 20 mg FCNS
nanocomposite was added to 100 mL, 10 mg/L RhB solution
for batch adsorption experiments. The whole experiment

was carried out in a constant temperature oscillation cham-
ber with shading, with the room temperature set at 298 K
and the rotation speed at 160 rpm. After waiting for the
adsorption equilibrium, the absorption value at 554 nm
absorption wavelength was measured by UV-Vis. The
effect of adsorbent dose and initial pH on experiment was
studied by the same experimental method, and its isother-
mal line and kinetics were analyzed. The dye removal rate
(%) and the amount of dye adsorption were calculated by
Egs. (1) and (2), respectively.
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where C, (mg/L) and C, (mg/L) were the initial concentra-
tion before adding the adsorbent and the equilibrium con-
centration after adding the adsorbent, respectively; g, (mg/g)
was the adsorption capacity at the adsorption equilib-
rium; V (L) was the volume of RhB solution; m (g) was the
dosage of adsorbent; 1) is the removal rate of the adsorbent.

2.4.3. Study on adsorption isotherms

In the study of adsorption isotherm of FCNS on RhB,
take 100 mL of RhB solution with concentration of 10, 20, 30,
40, 50, 60, 70 and 80 mg/L, 20 mg of FCNS was added to it
respectively, and then put 250 mL conical flask filled with
RhB solution and adsorbent into a constant temperature
shaker for shading and shaking for 12 h (298 K, 160 rpm).
After the end of oscillation, conduct high-speed centrifu-
gation, take an appropriate amount of supernatant, and
pass through 0.22 uM inorganic filter membrane, and the
absorbance value was measured by UV-Vis.

2.4.4. Study on adsorption thermodynamics

In the study of adsorption thermodynamics, at 298, 308
and 318 K, respectively, the vibration frequency of 160 rpm
was oscillated in a constant temperature shaker for 12 h.
After the oscillation, centrifuge and filter, measure the
absorbance value of RhB solution at the absorption wave-
length of 554 nm, and finally analyze the data to obtain the
entropy change, enthalpy change and Gibbs free energy
change of the adsorption experiment.

2.4.5. Study on adsorption kinetics

20 mg of adsorbent was added to 100 mL of RhB solu-
tion with a concentration of 10 mg/L, and the solution was
shielded from light and stirred. First, take samples at 2, 4, 6,
8, 10, 15 and 30 min, respectively.

2.4.6. Effect of adsorbent dosage

5, 10, 15, 20, 25, 30 and 35 mg of adsorbents were added
to 100 mL of RhB solution with a concentration of 10 mg/L,
respectively. Then, shaking them for 12 h under shading.
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Taking samples for measurement to explore the effect of
the amount of adsorbent on the adsorption performance.

2.4.7. Effect of pH

0.1 mol/L HCl and 1 mol/L NaOH solution were used to
adjust the pH value of 100 mL RhB solution with a concen-
tration of 10 mg/L. The pH value range of the solution was
set to 3-11. Then, 20 mg of adsorbent was added, respec-
tively, and the effect of pH on the adsorption performance
was investigated by shading and shaking for 12 h.

2.4.8. Study on regeneration capacity of adsorbent

In order to evaluate the regeneration ability of the adsor-
bent, pour a certain amount of saturated adsorbent into
0.1 mol/L NaOH solution for desorption and reuse. Repeat
the five cycle regeneration experiments to explore the
regeneration performance of FCNS.

2.4.9. Effect of coexisting anions

Four inorganic salts (NaCl, NaNO,, NaSO, and
NaH,PO,) with concentrations ranging from 0 to 10 mmol
were selected to investigate the effect of coexisting ions on
the adsorption and removal of RhB by the adsorbent. The
experiment used a series of 100 mL RhB solutions with
an initial concentration of 10 mg/L. Adjust pH = 7 and
add 20 mg of adsorbent. It was put in a constant tempera-
ture oscillator to avoid light oscillation and absorb for 12 h
(298 K, 160 rpm). The absorbance of the supernatant was
measured after filtering with the membrane, and the RhB
concentration was calculated based on the standard curve.
Three parallel experiments were conducted to explore
the effect of coexisting ions on adsorption performance.

3. Results and discussion
3.1. Sample characterization

Fig. 1la—d display the SEM images of FCNS before and
after adsorption of RhB. It can be seen from Fig. 1a and b
that FCNS sample presents some small spherical morphol-
ogy structures. The particles are aggregated and distrib-
uted evenly, and there are large gaps between the particles.
From Fig. 1c and d it can be seen that obvious aggregates
on the surface of the material, which shows that RhB dye
is adsorbed in the gaps and surfaces of adsorbent particles,
indicating that the material has adsorption for RhB. The
RhB solution adheres to the surface of the material after
adsorption, and the shape of the material becomes irreg-
ular. Therefore, the surface of the adsorbent changes after
the adsorption of RhB. A similar phenomenon was reported
by Jia et al. who reported that the residue of RhB on the
surface has a significant effect on the morphology [32].

In order to investigate the elemental composition and
content of FCNS, the adsorbent was characterized by EDS.
Table 1 lists the contents of various elements adsorbent, of
which the sulfate element content accounts for the largest
proportion. In addition, it can be seen from the table that

Table 1
Elemental content of FCNS adsorbent

Element Atomic %
SK 55.04
FeK 4.25

CoK 11.11

Ni K 29.6

Total 100

Fig. 1. (a,b) Scanning electron microscopy images before FCNS adsorption and (c,d) SEM images after FCNS adsorbs RhB solution.
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Fig. 2. Energy-dispersive X-ray spectrum of FCNS adsorbent.
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Fig. 3. X-ray diffraction pattern of FCNS.

the composite contains sulfate, nickel, cobalt and iron. The
EDS spectrum of FCNS nanocomposites is shown in Fig. 2.
The result shows that the composite contains iron, cobalt,
nickel and sulfur.

To investigate the crystal structure and phase purity of
the adsorbent, XRD analysis of the adsorbent was performed.
As shown in Fig. 3, it can be seen that the crystallinity of the
FCNS nanocomposite is good. The characteristic diffraction
peaks of the adsorbent at 20 = 27.64°, 32.02°, 35.93°, 39.49°,
45.92°, 54.44°, 59.64° and 62.13° correspond to (111), (200),
(210), (211), (220), (311), (023), (321) crystal planes of the
NiS, (NO.80-0376), respectively. The remaining characteris-
tic peaks located at 20 = 37.41° and 50.21° correspond to the
(220) and (410) crystal planes of the NiS (NO.86-2280). The
results of the XRD pattern are consistent with the results in
Table 1 for the higher elemental content of Ni and S, and the
lower elemental content of EDS for Fe and Co. Combined
with the XRD analysis it is clear that no fixed crystalline
form was produced for either element. The sample con-
tains less iron and cobalt, indicating that the compounds
of iron and cobalt do not form a fixed crystalline form.

3.2. Study on adsorption isotherms and adsorption
thermodynamics

Freundlich and Langmuir models were used to investi-
gate the mechanism of the adsorption and to calculate the
adsorption capacity [33]. Freundlich and Langmuir mod-
els and linear equations were used to study the adsorption
performance of FCNS. Egs. (3) and (4) are usually used to
fit experimental results [34]. The corresponding parameters
of the two models are shown in Table 2. Thermodynamic
parameters can be obtained from Egs. (5) and (6) [35].

&:&4. 1 (3)
9. 9. K.+q,
1
Ing,=—InC, +Ink, 4)
n
AG=-RTInK ®)
lmK:—£+A—S (6)
RT R

where C, (mg/L) is the concentration after equilibrium
adsorption; g, (mg/g) is the adsorption capacity after equi-
librium; g, (mg/g) and K, (L/mg) are the maximum adsorp-
tion capacity and constants calculated by Langmuir equa-
tion. K, (mg/g), n is the adsorption constant of Freundlich
equation. R is the general gas constant (8.314 J/(mol-K)), T is
the temperature (K); K is the Langmuir adsorption constant
of; AS is the entropy change; AG is the Gibbs free energy
change; AH is the enthalpy change.

Adsorption isotherm can reflect the distribution char-
acteristics of the adsorbent. It can be seen from Fig. 4a
and c that the adsorption effect of FCNS on RhB increases
with the increase of temperature. The parameters of the
corresponding isotherm model are listed in Table 2. The
correlation coefficient indicates that the maximum R? of
Langmuir model at different temperatures is 0.997, which
is greater than the determined coefficient R* of Freundlich
isotherm model, indicating that Langmuir model can better
describe the adsorption process. It is well known that the
Langmuir model assumes that the surface of the adsorbent
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Table 2

Different adsorption isotherm model parameters for RhB adsorption at different temperatures

Isotherm model Langmuir {Cf = G + 1] Freundlich (ln q,= l1r1 C,+InK F]
9. 4. Kg4, "
Parameters K, (L/mg) q, (mg/g) R? 1/n K, (mg/g) R?
298 K 0.0247 526 0.992 0.913 9.79 0.990
308 K 0.0471 546 0.995 0.776 21.0 0.991
318 K 0.157 581 0.997 0.554 59.9 0.987
W00 4 s 0.18 : k|7
350 ” 3 0 210 = 208K
250 4 _— — Wla ~— Fitting line of 298K
= i — 44 — Finting line of 308K
=0 200 - r - y 010 = | — Fitting line of 318K
g = £
= 150 // SR 3
100 / 0061 = 208K
o] 1/ e 208K o0 g 21
Ld 308K 0.02 1 Fitting line of 298K A
04 +— 318K —— Fitting line of 308K 14
50 0.00 —— Fitting line of 318K
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C, (mg/L) Ce (mg/L) InC,

Fig. 4. Adsorption thermodynamics of (a) RhB at different temperatures; the fitting plot of (b) Langmuir model and (c) Freundlich
model at different temperatures. Reaction conditions: [FCNS], = 20 mg, volume = 100 mL, pH =7, time = 12 h.

is monolayer and homogeneous, whereas the Freundlich
model deduces that the surface is heterogeneous [36]. The
results indicate that FCNS nanocomposite carry out mono-
layer adsorption and the adsorption sites on the adsorbent
are evenly distributed. The Langmuir model shows that
the saturation adsorption capacity of FCNS nanocomposite
can reach 581.4 mg/g. In addition, it can be observed from
Table 2 that all values of 1/n were between 0 and 1, which
again proves that chemisorption occurs for RhB [37]. And it
further shows that the adsorption was monolayer adsorp-
tion on a homogenous surface. By comparing the adsorption
capacity of different adsorbents in Table 3, it can be con-
cluded that FCNS nanocomposite have higher adsorption
capacity for RhB compared with other adsorbents.
Thermodynamic analysis of adsorption is essential to
understand the adsorption mechanism. Fig. 4a shows that at
the same temperature, the equilibrium adsorption capacity
of RhB increases depending on the increase of equilibrium
concentration. According to Table 2, at the same equilibrium
concentration, the increase in temperature will promote the
adsorption process to a certain extent, indicating that the
adsorption performance of FCNS improves with the increase
of temperature. According to Table 4, the negative value
of AG show that the adsorption process was spontaneous.
The value of AH was positive, indicating that the adsorp-
tion process was endothermic. Similar findings have been
reported in the literature [45]. In addition, AH > 0 indicates
the typical endothermic property of the adsorption process.
At the same time AS > 0, it means that the chaos and ran-
domness at the interface between adsorbent and adsorbent
increase, and the reaction is irreversible, which is conducive

Table 3
Comparison of adsorption capacity of different adsorbents

Adsorbents Efficiency = References
(mg/g)
Ni, ,Co,,Zn  Fe,O, nanocomposite  131.573 [38]
Graphene oxide-silica composite 333.33 [39]
NiCo,0, 366 [40]
C/MnCuAl-LDOs 317.2 [41]
1ZO 171 [42]
Fe,0,@C 262.72 [43]
Fe Co, O, 128.6 [44]
FeCoNiS 581.4 This work

to the stability of adsorption [46]. In conclusion, increasing
the temperature is conducive to the adsorption.

3.3. Adsorption kinetic study

In order to further understand the relationship between
the structure of the adsorbent and the adsorption form,
the adsorption rate and adsorption efficiency of the adsor-
bent to the adsorbate molecules are described by using two
pseudo-first-order and pseudo-second-order kinetic models
to explore the adsorption kinetics of the whole adsorption
process [47]. Pseudo-first-order kinetic model, pseudo-
second-order kinetic model, and particle intima diffusion
model were fitted and calculated by Egs. (7)—(9), respectively:
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where g, and g, (mg/g) are the amount of TC adsorbed at
equilibrium and at a certain time, respectively; ¢ (min) is
the adsorption time; k;, (min™) and k, (g/(mgmin)) are the
rate constants of pseudo-first-order and pseudo-second-
order reactions, respectively; K, (mg/g-min'?) is the intra-
particle diffusion model constant, and C (mg/g) is a con-
stant to describe the boundary layer thickness.

Fig. 5a and c show the kinetic model fitting the
adsorption process of FCNS for RhB in a certain time. The
adsorption is divided into three stages: Firstly, during the

Table 4
Thermodynamic parameters of FCNS adsorbing RhB

B. Sun et al. / Desalination and Water Treatment 303 (2023) 200-211

shaking process, the adsorption sites on the surface of the
FCNS nanocomposite contact RhB, and the reaction speed
increases. Secondly, the adsorption leads to the gradual
saturation of the adsorption sites on the adsorbent sur-
face, which further reduces the adsorption rate. Finally, the
adsorption amount reaches saturation. To investigate the
adsorption mechanism, the adsorption kinetics of RhB dye
on FCNS nanocomposite was studied by pseudo-first-order
and pseudo-second-order kinetic models [48]. The data were
processed by Egs. (7) and (8) and linearly fitted to obtain
the pseudo-first-order and pseudo-second-order models, as
shown in Fig. 4b and ¢, respectively. The parameters of the
two dynamic models obtained by nonlinear regression on
the experimental data are shown in Table 5. The fit results
showed a pseudo-second-order kinetic model. The coef-
ficient R* = 0.999 was greater than that of the pseudo-first-
order kinetic model R* = 0.992. The pseudo-second-order
kinetic model can better describe the adsorption process,
which is mainly consistent with chemisorption [49].

In order to obtain more detailed information on the
adsorption mechanism and describe the rate influencing
steps of RhB adsorption on FCNS, the intraparticle diffu-
sion model was applied, as shown in Eq. (9). The diffusion
model fitted in Fig. 5d shows that the color undergoes sig-

Parameters T (K) K AG AS AH e . . . .
d nificant changes over a certain period of time during the
(kJ/mol)  (kJ/(mol'K)) (kJ/mol)  4qsorption process, exhibiting a continuous stage compos-
208 978 -5.65 ing of rapid adsorption, medium adsorption, and equilib-
FCNS 308 131 —6.59 23 19.0 Fiur.n adsprpt}on [50]. The sharp increa§e in the first stage
318 243 -843 is film diffusion, where the adsorbate diffuses towards the
i i surface of the adsorbent (film diffusion) [51]. The second
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Fig. 5. (a) Kinetic experimental data of RhB adsorption by FCNS nanocomposite, (b) plot for the pseudo-first-order, (c) plot

for the pseudo-second-order, and (d) diffusion model of RhB

adsorbed by FCNS. Reaction conditions: [FCNS] = 20 mg,

[RhB], =10 mg/L, volume = 100 mL, temperature = 298 K, pH =7, time =12 h.
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Table 5
Pseudo-first-order and pseudo-second-order kinetic fitting parameters of FCNS adsorbing RhB

This work Pseudo-first-order kinetics Pseudo-second-order kinetics

q, (mg/g) k, (1/min) q, (mg/g) R k, (g/(mg-min)) q, (mg/g) R
271 0.0157 14.2 0.992 0.00210 278 0.999
stage is a slow process, where the adsorbate diffuses on .

the adsorbent (particle diffusion) [52]. The final stage is 1004 - - - F":ggsi e el
the equilibrium stage, where RhB is adsorbed onto the FNS

inner surface of the adsorbent [53]. In contrast, the adsorp- 90 - ”

tion rate is fast within 36 min, and the adsorption process 2 Y

is mainly controlled by the first and second stages, as a s /

large number of RhB molecules occupy a large amount 7 = ‘

of surface area [50]. Therefore, it can be concluded that = [

the adsorption of RhB on FCNS is controlled by physical é 70 'y

adsorption and chemical interactions. S /_-'/

60 ‘
3.4. Effect of adsorbent dosage
50
It is essential to obtain the optimal dose of sorbent to
reduce the waste of resources, so that the optimal absorption 5 10 15 20 25 30 35

capacity can be obtained on a resource efficient basis [54].
When the amount of adsorbent is less than 20 mg, the removal
efficiency of RhB by the adsorbent increases quickly, as
shown in Fig. 6, because the removal rate increases with
the increase of adsorbent, which is due to more adsorption
sites. The optimal removal rate can reach 99.63%, while the
dosage of FCNS nanocomposite is 20 mg. When the amount
of adsorbent continues to increase, the removal rate almost
remains unchanged that means that the adsorption reaction
reaches an equilibrium state. Because the initial RhB con-
centration is constant, and the RhB concentration decreases
as increasing removal rate. Therefore, increasing the dos-
age of adsorbent will reduce the RhB adsorption capacity
per unit mass of adsorbent [55]. Meanwhile, although the
efficiency of RhB removal of FCS nanocomposite and FNS
nanocomposite increased with the increase of catalyst dos-
age, the growth efficiency was far less than that of FCNS
nanocomposite, which also indicated that the RhB removal
activity of FCS nanocomposite and FNS nanocomposite was
not as excellent as that of FCNS nanocomposite. When the
adsorbent dose was increased to 35 mg, the reaction still
did not reach equilibrium. Combined with the removal rate
and economy, it shows that 20 mg of FCNS can basically
remove RhB in the solution.

3.5. Effect of pH

The pH value is an important parameter affecting the
adsorption of dyes on adsorbents, because the structure of
dyes and the chemical properties of adsorbents are highly
dependent on the pH value of the solution [56]. It can be
seen from Fig. 7 the removal efficiency of the adsorbent
for RhB is good and stable under neutral and acidic envi-
ronmental conditions, which can be maintained at about
96.00%, and can reach 97.56% when pH = 7. However, even
in an alkaline atmosphere, compared with FCS nanocom-
posite and FNS nanocomposite, the removal rate of RhB by

Amount of adsorbent (mg)

Fig. 6. Effect of FCNS dosage on RhB removal efficiency. Reac-
tion conditions: [RhB] =10 mg/L, volume =100 mL, pH =7, tem-
perature =298 K, time =12 h.
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Fig. 7. Effect of pH on removal of RhB by FCNS adsorbent.
Reaction conditions: [FCNS]; = 20 mg, [RhB], = 10 mg/L, vol-
ume =100 mL, temperature =298 K, time =12 h.

FCNS nanocomposite can still reach 87.76%. When pH = 3,
the adsorption performance of FCS and FNS nanoparti-
cles decreased significantly, which was speculated to be
because they could not exist stably in acidity. However, the
stability of FCNS adsorbent composed of polymetal is fur-
ther enhanced due to the strong interaction between ions.
Regarding the effect of pH on the efficiency, there have
been studies reported RhB exists as cations and zwitterions
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in polar solvents [57]. Li et al. [32] found that when the
pH value of the solution was less than 3.0, RhB molecules
mainly existed in cationic form (RhB*). With the further
increase of pH value, the RhB component of cationic (RhB*)
decreased, while the RhB component of zwitter ion (RhB*)
increased, resulting in the increased adsorption of RhB by
FCNS nanocomposite in the range of pH 4~7. At higher pH
(pH = 11), the adsorption capacity is significantly reduced
due to electrostatic repulsion of negatively charged RhB
and negatively charged FCNS nanocomposite. So FCNS
nanocomposite has strong practical application potential
in adsorption and removal of RhB.

3.6. Study on regeneration capacity of adsorbent

In order to better reduce the cost of applications, the
recovery performance of the absorbent is particularly
important [58]. When the adsorption equilibrium is reached,
the solution was first desorbed with 0.1 mol/L NaOH. The
adsorbent was collected by centrifugation, cleaned with
deionized water, and the adsorption experiment was
repeated for 5 cycles. In Fig. 8, the removal rate of RhB by
the adsorbent FCNS nanocomposite can reach 99.63%. Even
after 5 cycles, the removal rate can still be maintained at
88.33%. While FCS nanocomposite and FNS nanocompos-
ite show different degrees of reduced adsorption activity,
the adsorption rate of FCS nanocomposite and FNS nano-
composite decrease to 78.82% and 71.67%, respectively,
indicating that the adsorbent has good reusability and
practical application prospect.

3.7. Effect of coexisting anions

In addition, the coexistence of anions (Cl;, SO, NO;,
and H,PO;) on FCNS adsorption was explored [59], as
shown in Fig. 9. The removal rate of RhB decreases with
increasing ion concentration, which is due to the competi-
tive effect of the ions added to the solution on the adsorp-
tion sites, reducing the binding between the adsorbent and

FCNS
FCS
100 {rgrrrmr=========-eeccccmemem=— oo iy
é 80 4
2
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= 60
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20+
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Fig. 8. Regeneration performance of FCNS adsorbent. Reaction
conditions: [FCNS], =20 mg, [RhB], =10 mg/L, volume =100 mL,
pH =7, temperature = 298 K, time =12 h.
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RhB. At the same time, the positive charge on the surface
of FCNS is neutralized due to an increase in ion concentra-
tion. In addition, the adsorbent has weak ion exchange abil-
ity and can exchange ions with strong acids such as SOZ,
H,PO,, CI, NO;. Among the four coexisting ions, SO? ion
has a stronger ability to bind to the basic group of the adsor-
bent because of its higher negative charge, so SO}~ has the
largest impact on RhB adsorption at the same molar con-
centration. CI-, H,PO;, and NO; show no significant effect
on the adsorption of RhB. Therefore, the adsorption of RhB
remains at a high level under the influence of coexisting
ions with good selectivity.

3.8. FTIR analysis

Infrared spectroscopy is widely used to study the
structural characteristics of materials. As can be seen from
Fig. 10, the wavenumber of the characteristic peaks changed
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100

=N -]
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204
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NO;, cr
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Fig. 9. Effect of coexisting anions and ionic strength on removal
of RhB by FCNS. Reaction conditions: [FCNS]; = 20 mg,
[RhB], =10 mg/L, volume = 100 mL, pH =7, temperature =298 K,
time =12 h.
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Fig. 10. Fourier-transform infrared spectra of FCNS adsorbent.
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before and after adsorption by the adsorbent. Due to water
absorption, the low frequency change at 1,597 cm™ can be
considered as the bending vibration between H,O layers
[60]. The change from 1,389-1,353 cm™ adsorption is due to
O-H bending, especially the O-H and carboxyl groups [61],
which indicates an H-bonding interaction between the -OH
group on the nanocomposite and the -NH, or R,N group of
the dye [62]. The 1,164-1,152 cm™ band is attributed to the
C=0 stretching vibration [63] and presumably due to the
skeletal stretching of the aromatic structure [64]. Peaks 1,032
and 989 cm™ almost disappeared after adsorption due to the
reduction of C-O bonds [65]. The peak at 896 cm™ became
smaller due to the stretching vibration of C-N bonds [66].
The peak change at 773 cm™ may be due to the presence of
a C-C bond in the benzene ring after adsorption [67]. Peak
at 669 cm™ becomes smaller, presumably due to the stretch-
ing vibration of C-H during the adsorption [68]. The Ni-S
bond peak at 624 cm™ proves the presence of a sulphide
compound [67].

4. Conclusion

In summary, FCNS nanocomposite was synthesized by
a simple hydrothermal method, which has good adsorption
performance for RhB. The effects of adsorbent dosage, pH
value, and different anions on RhB adsorption were stud-
ied. The adsorption mechanism of RhB on FCNS Shows that
the RhB molecules can freely diffuse between the particle
structures of FCNS and bind to functional groups on the
surface through hydrogen bonds. At 318 K, the saturated
adsorption capacity is as high as 581.4 mg/g. In addition,
it is found that the trimetallic sulfides have better adsorp-
tion performance than monometallic or bimetallic sulfides.
The results of adsorption kinetics and isotherm show that
the adsorption conforms to the pseudo-second-order kinet-
ics and Langmuir model, and the adsorption of RhB by the
FCNS nanocomposite is dominated by chemical adsorp-
tion. The adsorption thermodynamic results show that the
adsorption capacity of the adsorbent for RhB increased with
the increase of temperature. The thermodynamic parame-
ters AG < 0, and both AH and AS are greater than 0, indi-
cating that the adsorption is endothermic and spontaneous.
The FCNS nanocomposite has excellent adsorption capacity
for RhB adsorption over a wide range of pH from 3 to 11.
From the cyclic adsorption experiment, it shows that after
five cycles of use, the removal rate of RhB decreased from
99.63% to 88.33%, and the efficiency decreased by 11.30%.
Moreover, FCNS nanocomposite can still maintain high RhB
removal efficiency after repeated regeneration with NaOH,
and has excellent reusability, which indicates its potential
for applications.
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