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The treatment of Sb (III) wastewater produced from mining activities is uniquely challenging and has therefore garnered
increasing attention. Here, an amino-modified zirconium-based metal-organic framework material (UiO-66-NH2) and its
composites were loaded onto graphene oxide (GO@UiO-66-NH2) via the hydrothermal method, after which these materials
were used to adsorb Sb (III) in mine wastewater. The effects of adsorption time, pH, initial Sb (III) concentration, temperature,
and adsorbent dosage on the removal performance of Sb (III) were then investigated. The adsorption processes of Sb (III) were
examined via adsorption kinetic, isotherm, and thermodynamic analyses. XRD, SEM, and FTIR analyses demonstrated the
presence of a porous structure and high levels of oxygen-containing functional groups on the UiO-66-NH2 and GO@UiO-66-
NH2 surfaces. During the Sb (III) adsorption process, the adsorption rates of UiO-66-NH2 and GO@UiO-66-NH2 were very
fast in the first 10 minutes, and the adsorption equilibrium was achieved in 12 h, with the adsorption efficiencies of 91.76%
and 93.79%, respectively. At a pH of 7.0, 25°C, an initial Sb (III) concentration of 100mg/L, and an adsorbent dosage of 0.04 g/
L, the maximum Sb (III) adsorption capacities of UiO-66-NH2 and GO@UiO-66-NH2 reached 39.23mg/g and 61.07mg/g,
respectively. The adsorption process was accurately described by the Langmuir model, meaning that the Sb (III) was adsorbed
through single-layer uniform adsorption. Moreover, the adsorption process was highly consistent with the pseudo-second-
order model, which was indicative of spontaneous and endothermic chemical adsorption. Additionally, the Sb (III) removal
efficiency could be maintained approximately 70% after sorption-desorption recycling four times. Therefore, our study
provides an economical and effective method for the removal of Sb (III) in wastewater treatment.

1. Introduction

Mineral resources play an important role in industrial pro-
duction and energy utilisation [1, 2]. However, the water
pollution caused by the exploitation and utilisation of min-
eral resources has recently attracted widespread attention
[3]. According to comprehensive statistics from relevant
industries, mine wastewater has a low pH and high sulphate
concentrations and contains a variety of heavy metal ions
such as Cu2+, Pb2+, Zn2+, Cd2+, As3+, Sb3+, and Ni2+ [3–6].
Among these, the physical acidity of antimony (Sb) directly
oxidises and destroys various stable trace metal elements and
sulphides in mine soil, which in turn facilitates the dissolu-
tion of various heavy metal elements (e.g., Fe, Zn, Cu, Cd,

and Mg) into mine wastewater [7]. Although Sb is not con-
sidered a class I and its toxicity is lower than that of class I
pollutants such as Cr6+ and Ni2+ under the same conditions,
previous studies have reported that the trivalent antimony
[Sb (III)] is more toxic than pentavalent antimony [Sb
(V)]. Additionally, this pollutant readily causes acid-base
imbalances in aquatic environments and salinisation in ter-
restrial environments [8]. Inhalation of Sb (III) may also
cause adverse health effects such as acute liver and kidney
dysfunction, pneumonia, and mucosal oedema [9, 10].
Therefore, effective measures must be taken swiftly to solve
Sb (III) pollution.

Currently, the main methods to remove heavy metal
contaminants from aqueous solutions are adsorption,
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coagulation precipitation, ion exchange, and membrane sep-
aration [11–16]. Among these methods, coagulation sedi-
mentation produces large amounts of Sb-containing sludge,
which can potentially result in serious secondary pollution
[16]. Membrane separation is widely used due to its high
treatment efficiency, but associated costs and membrane
fouling limit the widespread adoption of this technology
[13]. Ion exchange has a high removal efficiency and good
selectivity, but its treatment performance can be easily
affected by other coexisting ions [17]. In contrast, adsorption
is a cost-efficient method that can be easily implemented and
allows for the recycling of adsorbents [14, 15, 18]. Therefore,
this strategy is still among the most widely used and effective
methods to remove Sb from wastewater. Previous studies
have demonstrated that montmorillonite can effectively
adsorb antimony acetate with an equilibrium adsorption
capacity of 0.0997mg/g, under the conditions at 120°C,
and reaching adsorption equilibrium at 2 h [19]. Xi et al.
reported that the Sb (III) and Sb (V) adsorption capacities
of bentonite at 5–50°C and a pH of 6 were 0.036mg/g and
0.032mg/g, respectively [20]. These findings indicated that
the adsorption performance of adsorbents for Sb needs to
be improved.

Metal-organic frameworks (MOFs) are a new type of
organic-inorganic metal hybrid porous composites that are
characterised by their high porosity, large specific surface
area, and easily manipulated structure [21, 22]. These mate-
rials have been widely used in the field of water treatment to
adsorb dyes and heavy metal ions, as well as for the photode-
gradation of organic pollutants. Wang et al. reported that a
zirconium-based MOF (UiO-66) exhibited a very high As
(V) removal performance, with adsorption capacity reaching
303.4mg/g [23]. Shao et al. found that the introduction of
-NH2 into MOFs increased the adsorption capacity of the
materials to up to 93.69mg/g based on the adsorption of
Hg2+ ions, which constituted a 500-fold improvement com-
pared to the parent MOF material [24]. Additionally, UiO-
66 and UiO-66-NH2 have good stability under acidic condi-
tions, as well as excellent Sb and As removal performance
[25]. These findings demonstrate that UiO-66 and UiO-66-
NH2 are good candidates for the removal of Sb from acid
mine wastewater. However, the UiO-66 and UiO-66-NH2
cannot be easily recovered from aqueous solutions due to
their powder form. To address this limitation, these
zirconium-based MOFs could be fixed on a simple and
cost-effective carrier.

Graphene oxide (GO) is a porous nanomaterial that is
characterised by its low price, large specific surface area,
good dispersion properties, and abundance of oxygen-
containing functional groups [26, 27]. GO has proven to
be a good carrier because the properties of its surface can
be modified through chemical functionalisation, in addition
to being cost-efficient and highly stable [28]. For example,
GO-iminodiacetic acid and GO-glycine were successfully
synthesised and used as a carrier for novel drugs by Violetta
et al. [28]. Furthermore, Wu et al. prepared a composite by
loading cetylpyridinium bromide onto a GO carrier and
reported that the composite had good antibacterial activity
and reduced the cytotoxicity of cetylpyridinium bromide

[29]. Additionally, the adsorbent could efficiently remove a
variety of water pollutants such as herbicides, pesticides,
phenols, dyes, heavy metals, and sulphonamides [30–33].
Therefore, Sb could be efficiently and cost-effectively
removed from acid mine wastewater using a novel compos-
ite adsorbent material synthesised through the modification
of GO and zirconium-based MOFs. GO and MOFs are con-
sidered promising heavy metal adsorbents due to their excel-
lent physical and chemical properties [21]. However, the
removal performances and mechanisms of GO and MOF
composites for Sb adsorption need to be further explored.

Therefore, this study prepared two novel adsorption
materials, namely, an amino-modified zirconium-based
metal-organic framework material (UiO-66-NH2) and its
composites loaded with graphene oxide (GO@UiO-66-
NH2), after which their performance for the treatment of
simulated Sb-containing wastewater was evaluated. The Sb
(III) adsorption properties and mechanisms of the prepared
materials were comprehensively explored through material
characterisation analysis and adsorption equilibrium iso-
therm fitting, as well as thermodynamic and kinetic analyses.
The outcomes of this study could thus provide an economi-
cal and effective method for the treatment of Sb-containing
mine wastewater.

2. Materials and Methods

2.1. Chemicals. Analytical grade graphite powder and ter-
ephthalic acid (PTA) were purchased from McLean. Analyt-
ical grade zirconium chloride (ZrCl4), 2-aminoterephthalic
acid (2-HN2-HBDC), and N,N-dimethylformamide (DMF)
were procured from Aladdin, and analytical grade sulfuric
acid (H2SO4), hydrochloric acid (HCl), sodium hydroxide
(NaOH), potassium permanganate (KMnO4), antimony
potassium tartrate (C8H4K2O12Sb2), hydrogen peroxide
(H2O2), and methanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All experi-
ments were conducted using ultrapure water.

2.2. Synthesis of the Adsorbents

2.2.1. Preparation of GO. In an ice bath at 20°C, 500mg of
graphite powder was added to a flask, followed by 65mL of
H2SO4. Next, 3 g KMnO4 was weighed and ground in a mor-
tar, after which it was gradually and slowly added to the
above-described solution. The preparation was continuously
stirred for three days with a magnetic stirrer until complete
graphite oxidation [34]. Ultrasonic treatment was conducted
when the colour of the solution changed from dark purple to
green and finally black-brown. Afterwards, an appropriate
amount of H2O2 solution (30%) was added drop by drop
until the solution turned bright yellow, indicating that the
graphene was sufficiently oxidised. Next, the product was
centrifuged and washed with 1mol/L HCl and abundant
deionised water until the pH of the obtained product was
4–5. The product was then redispersed in deionised water
for 2 h, after which a GO gel was obtained. The gel was dia-
lysed for one week, then freeze-dried to obtain GO.
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2.2.2. Synthesis of UiO-66 and UiO-66-HN2. 0.2332 g of
ZrCl4 and 0.1664 g of PTA were added into a 100mL conical
flask and evenly dissolved in 50mL of DMF solution. Ultra-
sonic treatment was then performed until the solution was
completely dispersed, at which point it was transferred to
an autoclave and allowed to react at 120°C for 48h. Once
the autoclave was naturally cooled to room temperature,
the obtained product was washed with DMF solution and
methanol, centrifuged for five times, and vacuum dried at
90°C for 12 h to obtain UiO-66 [35]. UiO-66-NH2 was pre-
pared in the same way as UiO-66, except that PTA
(0.1664 g) was replaced with 2-NH2-HBDC (0.1802 g).

2.2.3. Preparation of GO@UiO-66-NH2 Composites. 10mg of
GO and 50mL of DMF solution were added into a 100mL
conical flask, and ultrasonic dispersion treatment was con-
ducted for 1 h. Next, 0.2332 g ZrCl4 and 0.1802 g NH2-
HBDC were added when the solution was completely trans-
parent, followed by ultrasonic treatment for 10min when the
solution had completely dissolved. The mixed solution was
then transferred to an autoclave and allowed to react at
120°C for 48h. Once the autoclave cooled to room tempera-
ture, the product was washed with DMF and methanol and
centrifuged five times, sealed and soaked in a methanol solu-
tion at room temperature for 3 days, and dried in a vacuum
chamber at 90°C for 12 h, after which the GO@UiO-66-NH2
composites were obtained [21].

2.3. Adsorption Experiments

2.3.1. Single-Factor Experiment. Batch experiments were
conducted with simulated Sb-containing wastewater. A 1 g/
L Sb (III) stock solution was prepared using C8H4K2O12Sb2,
after which this solution was diluted to the desired concen-
trations according to the experimental requirements. The
effects of single factors such as adsorption time, temperature,
adsorbent dosage, initial Sb (III) concentration, and the pH
value of the solution on the adsorption properties of the
materials were then investigated. The adsorption reaction
system consisted of 100mL of Sb (III) solution. The pH
value was adjusted using 1.0mol/L HCl and 1.0mol/L
NaOH. A certain amount of adsorbent was accurately
weighed and added to the solution, after which the adsorp-
tion experiment was conducted in a constant temperature
oscillator at a certain temperature. A small number of water
samples were regularly extracted and filtered using a 0.22μm
microporous filter, and the supernatant was used to deter-
mine the concentration of Sb (III). Batch experiments were
conducted at various initial concentrations of Sb (5–
100mg/L), adsorbent dosages (0.01–0.08 g/L), adsorption
times (10–1440min), initial pH values (2.5–9.5), and tem-
peratures (15–35°C). Three parallel experiments were con-
ducted for each group. The adsorption performance of the
prepared adsorbents was evaluated in terms of their Sb
(III) removal efficiency [Equation (1)] and adsorption capac-
ity [Equation (2)] [36]:

η = C0 − Ct

C0
× 100%, ð1Þ

qt =
C0 − Ctð ÞV

m
, ð2Þ

where η (%) is the removal efficiency, C0 (mg/L) is the initial
concentration of Sb (III), Ct (mg/L) is the concentration of
Sb (III) after adsorption for tmin, qt (mg/g) is the adsorp-
tion capacity after adsorption for tmin, V (L) is the volume
of the reaction solution, and m (g) is the dosage of the
adsorbents.

2.3.2. Adsorption Kinetics, Thermodynamics, and Adsorption
Equilibrium Isotherms. Adsorption kinetic analyses were
performed to better understand the Sb (III) adsorption pro-
cesses and mechanisms of the prepared materials. The
obtained data were fitted and analysed using the pseudo-
first-order model [Equation (3)], pseudo-second-order
model [Equation (4)], W-M internal diffusion model [Equa-
tion (5)], and Elovich kinetic model [Equation (6)] [23]:

ln qe − qtð Þ = ln qe − k1t, ð3Þ

t
qt

= 1
k2qe

2 + t
qe
, ð4Þ

qt = kpt
1/2 + c, ð5Þ

qt = a + b ln t, ð6Þ
where qe (mg/g) is the equilibrium sorption amount of Sb
(III) on the sorbents; t (min) is the adsorption time; K1
(min-1), K2 (g·mg-1·min-1), and KP are the rate constants
of the adsorption reaction in the pseudo-first-order,
pseudo-second-order, and W-M internal diffusion models,
respectively; and a, b, and c are constants.

To obtain the maximum saturated adsorption capacity
of the adsorbents, the adsorption equilibrium experiments
were conducted and the experimental results were fitted
and analysed using the Freundlich adsorption isotherm
[Equation (7)], Langmuir adsorption isotherm [Equation
(8)], Temkin adsorption isotherm [Equation (9)], and
Dubinin-Radushkevich adsorption isotherm models [Equa-
tion (10)] [20].

ln q = ln K + 1
n
ln Ct ð7Þ

1
q
= 1
qe

+ 1
bqect

ð8Þ

q = B1 ln Kt + B1 ln Ct ð9Þ
ln q = ln qe − Bε2, ð10Þ

where q (mg/g) is the adsorption amount of Sb (III) on
the adsorbents, Ct (mg/L) is the concentration of Sb (III)
in the solution at adsorption equilibrium, and K , 1/n, and
B are adsorption constants.

To better clarify the Sb (III) adsorption and removal pro-
cess of the adsorbent, thermodynamic analyses were con-
ducted when studying the effect of temperature on Sb (III)
removal. The coefficient Kd related to temperature and
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adsorption thermodynamic parameters (ΔG0, ΔS0, ΔH0) was
calculated through the following equations [19, 20].

Kd =
q
Ct

,

ln Kd =
ΔS0
R

−
ΔH0
RT

,

ΔG0 = ΔH0 − TΔS0,

ð11Þ

where R [8.314 J/(mol·K)] is the gas constant and T (K) is
the absolute temperature of the solution.

2.3.3. Influence of Coexisting Ions. Although relatively
friendly to the environment, the large number of anions in
acid mine wastewater may compete with Sb (III) for specific
adsorption sites on the adsorption materials [36]. The most
common impurity ions in acid mine wastewater include
SO4

2-, Cl-, NO3
-, HPO4

2-, and H2PO4
-. Therefore, our study

sought to characterise the effects of these ions on Sb (III)
adsorption. Based on the results of our single factor experi-
ments, the interaction and influence of coexisting ions on
Sb (III) were studied under optimal conditions when the
concentrations of SO4

2-, Cl-, NO3
-, HPO4

2-, and H2PO4
-

were 0.1mol/L.

2.3.4. Recycling Experiment. Regeneration and reusability are
critical parameters to determine the industrial application of
adsorbents, and therefore, these parameters were investi-
gated in this study. 100mL NaOH solution with a concen-
tration of 1.0mol/L was used to desorb the saturated
adsorbents, after which the adsorbents were washed with
ultrapure water until neutral. The adsorbents were then
dried and reused for Sb (III) adsorption to evaluate their
potential practical application.

2.4. Analytical Methods and Characterisation. The concen-
tration of Sb (III) was determined using an atomic absorp-
tion spectrophotometer (AA6000, Shimadzu Corporation).
The structures of UiO-66, UiO-66-NH2, and GO@UiO-66-
NH2 were characterised by X-ray diffraction (XRD-6100,
Shimadzu Corporation) at a scanning rate of 4°/min and a
scanning range of 5–80° [37]. The FTIR spectra of the pre-
pared adsorbents were obtained with a Fourier-transform
infrared spectrometer (ALPHA, Bruker, Germany) using the
KBr pellet method. Additionally, the morphology of the pre-
pared adsorbents was determined by scanning electron
microscopy (SEM) (FESEM, Hitachi SU8220, Japan) [38].

3. Results and Discussion

3.1. Characterisation Analysis of the Prepared Adsorbents.
XRD characterisation of UiO-66, UiO-66-NH2, and
GO@UiO-66-NH2 was conducted to understand the crystal
structure of zirconium-based MOF materials and their mod-
ified composites. As shown in Figure 1(a), a characteristic
linear diffraction peak of UiO-66-NH2 was observed at a
5–10° range and the XRD pattern was very similar to that
of UiO-66, indicating that the structure of UiO-66 was not
affected by the modification of coordination crystals with

the introduction of an amino acid [39]. A typical linear dif-
fraction peak of GO was observed at the diffraction position
of 5–10° at 2θ. GO@UiO-66-NH2 exhibited a clearly similar
XRD pattern with UiO-66 and UiO-66-NH2, and a higher
diffraction intensity at the 5–10° position [35]. These find-
ings suggested that the structure of UiO-66-NH2 in
GO@UiO-66-NH2 was also not damaged or altered, which
was consistent with previous studies.

Moreover, SEM analysis was performed on UiO-66,
UiO-66-NH2, GO, and GO@UiO-66-NH2 to characterise
the microstructure of the prepared materials before and after
modification and the generation of composites (Figure S1).
The UiO-66 crystals were randomly aggregated and had an
octahedral nanostructure (Figure S1a), which was in good
agreement with the findings of Lu et al. [40]. Moreover,
UiO-66 also exhibited a porous structure. UiO-66-NH2
was prepared after the ligand was replaced by the amino
group. It still had the same structure as UiO-66, but the
crystal arrangement was closer, and the surface was coarser
than that of UiO-66 (Figure S1b). This might be because
the amino group on the ligand did not coordinate with the
metal ion cluster in the MOF structures [41]. The SEM
image of GO showed that GO had an interconnected
porous network structure (Figure S1c). As the main basal
chain of the composite, the porous network structure of
GO can provide a larger specific surface area, abundant
open active sites, and good ductility, all of which can
facilitate the binding of functional materials such as UiO-
66-NH2 crystal particles and compounds to form
GO@UiO-66-NH2 composite materials. A SEM image of
GO@UiO-66-NH2 is shown in Figure S1d. As observed in
the image, the UiO-66-NH2 crystals were randomly
dispersed on the surface of GO and the porous network
structure of GO could also be seen, indicating that UiO-
66-NH2 crystals successfully grew on GO [21], and the
composite material (GO@UiO-66-NH2) was successfully
prepared.

Moreover, to further study the surface characteristics of
the prepared adsorbents, UiO-66, UiO-66-NH2, GO, and
GO@UiO-66-NH2 were analysed by FTIR (Figure 1(b)).
The bending height stretching waveform vibration peaks of
UiO-66 and UiO-66-NH2 were similar. However, there was
a C-N waveform stretching bending waveform vibration
peak at 1256 cm-1 from the FTRIR curve of UiO-66-NH2
[35]. Additionally, the bending vibration peaks located at
1577 cm-1 and 1401 cm-1 were the characteristic peaks of
N-H [39, 42], whereas the stretching vibration peak at
3446 cm-1 was attributed to -NH2. The appearance of these
vibration peaks indicated the occurrence of -NH2 in the
structure of UiO-66-NH2, and the introduced -NH2 did
not coordinate with metal ions but extended into the struc-
tural micropores. As for the FTIR spectrum of GO, the char-
acteristic peak at 1097 cm-1 was ascribed to the stretching
vibration peak of C-O, the characteristic peak at 1224 cm-1

was attributed to the epoxy absorption peak on the GO sur-
face, the peaks at 1629 cm-1 and 1740 cm-1 represented the
stretching vibration peaks of C=O, and the peak at
3419 cm-1 was ascribed to the stretching vibration peak of
OH [21, 43]. Based on these peak patterns, we inferred that
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the newly introduced -NH2 might form a hydrogen bond
with -OH groups on the surface of GO. Additionally, it is
worth noting that the FTIR spectrum of GO@UiO-66-NH2
was similar to that of UiO-66-NH2, suggesting that the com-
posites of GO and UiO-66-NH2 did not affect the structure
and surface functional groups of UiO-66-NH2. The variety
of functional groups on the surface of the prepared compos-
ites could thus provide more active sites for pollutants [36].

3.2. Effect of Reaction Conditions on Sb (III) Adsorption

3.2.1. Determination of Adsorption Equilibrium Time. First,
the effect of adsorption time on Sb (III) removal perfor-
mance was investigated to determine the adsorption equilib-
rium time of UiO-66-NH2 and GO@UiO-66-NH2
composites for Sb (III). As illustrated in Figures 2(a) and
2(b), both UiO-66-NH2 (a MOF-modified material) and
GO@UiO-66-NH2 (a MOF-composited material) had good
adsorption capacity for Sb (III) and exhibited fast adsorption
rates. When the initial concentration of Sb (III) was 10mg/L,
the removal efficiency of Sb (III) by UiO-66-NH2 and
GO@UiO-66-NH2 reached 81.62% and 85.14% in 10min,
respectively. Afterwards, the adsorption removal efficiency
and adsorption capacity increased gradually with adsorption
time. Finally, the adsorption reactions of the two prepared
materials reached equilibrium in 12h. The removal effi-
ciency and adsorption capacity of Sb (III) by UiO-66-NH2
were 91.76% and 19.39mg/g, respectively, whereas the
removal efficiency and adsorption capacity of Sb (III) by
GO@UiO-66-NH2 were 93.79% and 19.82mg/g, respec-
tively. These values were orders of magnitude higher than
those achieved by montmorillonite (0.0997mg/g) and ben-
tonite (0.036mg/g), as reported by Zhao et al. and Xi et al.,
respectively (Table S1).

As indicated by our experimental results, GO@UiO-66-
NH2 had better adsorption capacity than UiO-66-NH2,
which was attributed to the large amounts of functional
groups on the surface of GO, as well as its porous structure
with a large specific surface area. Therefore, GO improved
the Sb (III) adsorption performance of the adsorbent. More-

over, in the initial adsorption stage, Sb (III) was quickly
transferred from the liquid phase to the surface of the
adsorption material. This was because the Zr-O bond in
UiO-66-NH2 has a certain specificity for the adsorption of
Sb (III) [23, 44]. Afterwards, the adsorption rate of Sb (III)
slowed down after 2 h of adsorption. In this stage, the func-
tional groups on the surface of GO and its rich layered struc-
ture reacted with Sb (III) [45], and Sb (III) also slowly
diffused to the internal pores of GO@UiO-66-NH2. Finally,
the adsorption reached equilibrium at 12h.

3.2.2. Effect of Adsorbent Dosage on Sb (III) Adsorption. Gen-
erally, a higher adsorbent dosage translates to more adsorp-
tion active sites for pollutants to bind [46]. However,
excessive adsorbent input can not only increase treatment
costs but also make the retrieval of the adsorbents more
challenging and even lead to secondary pollution. In con-
trast, if the adsorbent dosage is too low, the pollutants in
the wastewater cannot be efficiently removed. Therefore, it
is very important to select an optimal dosage of adsorbents
in practical application to minimise costs while maximising
effectiveness. This study thus explored the effect of the dos-
ages of adsorption materials on their adsorption perfor-
mance, and the results are shown in Figures 2(c) and 2(d).

As shown in Figures 2(c) and 2(d), the adsorption capac-
ity of Sb (III) decreased gradually with increasing adsorbent
dosage, with the Sb (III) adsorption capacity of UiO-66-NH2
and GO@UiO-66-NH2 decreasing from 49.59 to 9.59mg/g
and from 60.27 to 10.48mg/g, respectively. This may result
from the overlapping or aggregation of adsorption sites,
which resulted in a decrease in the total adsorbent surface
area available to metal ions and an increase in the diffusion
path length [46]. However, the removal efficiency of Sb
(III) increased at higher adsorbent dosages. For the adsorp-
tion of Sb (III) by UiO-66-NH2, the removal efficiency was
stable when the dosage was 0.08 g/L and the removal effi-
ciency was 89.26%. For GO@UiO-66-NH2, the removal effi-
ciency was stable when the dosage was 0.04 g/L and the
removal efficiency reached 93.47%. This was because the
prepared materials had octahedral cubic structures
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Figure 1: (a) XRD pattern of the prepared materials; (b) FTIR spectra of the prepared materials.
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composed of Zr-O bonds. When the concentration of Sb
(III) was constant, increasing the input of adsorbents could
increase the number of unsaturated adsorption sites on the
surface of the adsorbents, and more Zr-O bonds could com-
bine with Sb (III) to improve the removal efficiency of Sb

(III). Additionally, for the GO@UiO-66-NH2 composites,
due to the uniform growth of UiO-66-NH2 on GO,
GO@UiO-66-NH2 had a higher specific surface area and
porous structure, which provided more active sites and mass
transfer. Therefore, the removal efficiency of Sb (III) by
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Figure 2: The effect of contact time on the adsorption removal efficiency (a) and adsorption capacity (b); the effect of adsorbent dosage on
the adsorption of Sb (III) by UiO-66-NH2 (c) and GO@UiO-66-NH2 (d); the effect of initial Sb (III) concentration on the adsorption of Sb
(III) by UiO-66-NH2 (e) and GO@UiO-66-NH2 (f).
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GO@UiO-66-NH2 was higher than that of UiO-66-NH2.
When the dosage of adsorption materials continued to
increase, the Sb (III) in the solution decreased gradually
and the removal rate increased slowly until stable.

3.2.3. Effect of Initial Concentration on Sb (III) Adsorption.
In practice, due to the leaching of rainwater and the large
variations in Sb content in different mines, the effect of the
initial concentration of Sb (III) at 5–100mg/L on the adsorp-
tion performance of the adsorbents was investigated in this
study. The experimental results are shown in Figures 2(e)
and 2(f).

As illustrated in Figures 2(e) and 2(f), as the initial Sb
(III) concentration increased, the removal efficiency of Sb
(III) by UiO-66-NH2 decreased from 89.93% to 18.58%,
whereas the adsorption capacity increased from 9.79 to
39.23mg/g. For GO@UiO-66-NH2, the removal efficiency
decreased from 96.23% to 28.30% under the same condi-
tions, whereas the adsorption capacity increased from 9.79
to 61.07mg/g. This was because the number of active sites
on the material’s surface was much higher than that on Sb
(III) when the initial concentration of Sb (III) was low
[47], which made the adsorbents reach a higher removal effi-
ciency. With higher Sb (III) concentrations, the active sites
(Zr-O bond) on the material’s surface were gradually occu-
pied and combined with H2SbO3

- to achieve adsorption
equilibrium, and the adsorption capacity gradually increased
to the corresponding equilibrium adsorption capacity [35].

We thus concluded that both UiO-66-NH2 and
GO@UiO-66-NH2 had good Sb (III) adsorption perfor-
mance and the Zr-O bond in the materials played a major
role in the adsorption of Sb (III). The Sb (III) adsorption
performance of GO@UiO-66-NH2 was more stable than
that of UiO-66-NH2, and the adsorption effect of
GO@UiO-66-NH2 on Sb (III) exceeded 93.79% at low con-
centrations (5mg/L, 10mg/L). Therefore, we concluded that
the optimal initial concentration of Sb (III) was 5–10mg/L.

3.2.4. Effect of pH on Sb (III) Adsorption. pH, a physical qual-
ity of water, has an important impact on the morphology of
coexisting ions. H+ or OH- might occupy a certain adsorp-
tion site in the process of adsorption reaction. This changes
the surface charge of adsorbents, which in turn affects their
adsorption performance. Therefore, a pH range of 2.5–9.5
was selected to explore the effect of pH on UiO-66-NH2
and GO@UiO-66-NH2, and the results are shown in
Figure 3(a).

As shown in Figure 3(a), both UiO-66-NH2 and
GO@UiO-66-NH2 could effectively remove Sb (III) in a
wide pH range. pH had little effect on the adsorption of Sb
(III) in the selected pH range, and the two materials showed
a good Sb (III) adsorption effect under acidic conditions.
When the pH was 2.5–9.5, Sb (III) mainly existed in the
form of Sb(OH)3 and Sb(OH)4

- with very high solubility.
Through electrostatic adsorption, the surfaces of UiO-66-
NH2 and GO@UiO-66-NH2 were positively charged due to
surface protonation and by combining with anions contain-
ing Sb (III) [45].The charge on the surface of the materials
changed with the pH value in the solution, and the attraction

to anions containing Sb (III) increased with the increase of
positively charged sites. When the pH was higher than 7,
hydroxide ions (OH-) occupied some active sites of the
adsorption materials. The negative charge on the surface of
the adsorption materials increased and the electrostatic
repulsion force with anions containing Sb (III) also
increased, resulting in a gradual decrease in adsorption
capacity. The maximum adsorption capacities of UiO-66-
NH2 and GO@UiO-66-NH2 were 5.58mg/g (at pH6.5)
and 6.07mg/g (at pH4.5), respectively. When the pH value
was 8.5 or 9.5, the Sb (III) adsorption capacity of UiO-66-
NH2 was 5.05mg/g and 5.07mg/g, respectively. Similarly,
the Sb (III) adsorption capacity of GO@UiO-66-NH2 was
5.58mg/g and 5.60mg/g, respectively. This was because the
Zr-O bond in the two prepared materials was stable in both
acidic and alkaline environments, and therefore, increasing
the pH value had little effect on adsorption [44]. This result
was also consistent with the findings of Qi et al. [39].

Additionally, the zero-charge value pHpzc of UiO-66-
NH2 was 8.5. When pH < pHpzc, the surface of UiO-66-
NH2 was positively charged due to the protonation reaction.
In contrast, OH- would be adsorbed through hydrogen
bonding at high pH conditions, and the surface charge
would become negative. Due to the electrostatic repulsion
under strong alkalinity, the adsorption capacity of the mate-
rials for Sb (III) was relatively low. Therefore, the prepared
materials adsorbed Sb (III) more effectively under acidic
conditions.

Compared with the adsorption of Sb (III) by Fe3O4@-
TA@UiO-66 studied by Qi et al. [39], the removal efficiency
of Sb (III) in acidic and neutral solutions was approximately
80% at an absorbent dosage of 0.2 g/L and initial concentra-
tion of 10mg/L. In this experiment, the maximum removal
efficiency of Sb (III) by the prepared materials reached
99.10% at an absorbent dosage of 0.04 g/L and an initial con-
centration of 10mg/L. As summarised in Table S2, our
analyses of the adsorption capacity of Sb (III) by the
prepared materials at different pH values indicated that
there was no significant difference between the
experimental conditions (P > 0:05), meaning that the
adsorption materials developed in this study could
effectively remove Sb (III) in acid mine wastewater.

3.2.5. Effect of Temperature on Sb (III) Adsorption. Temper-
ature is not only an important parameter affecting the Brow-
nian motion of pollutant molecules but also an important
physical parameter that affects the adsorption and desorp-
tion of pollutant molecules on the adsorbent surface [43,
48]. Therefore, this study explored the effects of different
temperatures on the adsorption performance of the adsor-
bents for Sb (III), and the results are shown in Figure 3(b).

At higher adsorption temperatures, the removal effi-
ciency of Sb (III) by UiO-66-NH2 and GO@UiO-66-NH2
increased gradually. When the temperature was 15–30°C,
the removal efficiency of Sb (III) by UiO-66-NH2 and
GO@UiO-66-NH2 gradually increased from 91.6% to
98.3% and from 97.5% to 99.5%, respectively, indicating that
this temperature range favoured the adsorption reaction,
and the adsorption reaction was endothermic.
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When the temperature increased to 35°C, the adsorption
removal efficiency of the two materials decreased to 96.6%.
The removal efficiency of GO@UiO-66-NH2 was reduced
by approximately 2.9% compared with that at 25°C. Based
on these results, we inferred that the oxygen-containing
functional groups on the GO surface and the Zr-O bond
on MOFs were more likely to combine with H2SbO3

- when
the temperature increased due to the endothermic nature
of the reaction. Moreover, the increase in temperature can
improve the solubility of metals [36, 48], reduce the adsorp-
tion sites on the adsorption materials, and degrade the orig-
inal structure of the materials [49], thus affecting the
adsorption of Sb (III) by GO@UiO-66-NH2. Overall, tem-
perature changes had little effect on the removal of Sb (III)
by UiO-66-NH2 and GO@UiO-66-NH2. Therefore, the two
adsorbents prepared in this study have good application
prospects because they can maintain good adsorption per-
formance even at low temperatures (15–25°C), especially
GO@UiO-66-NH2, which has an Sb (III) removal efficiency
of 97.5% at 15°C. Given that temperature did not affect sorp-
tion, all subsequent experiments were conducted at room
temperature (25°C).

Based on our findings, the optimal operating parameters
for the adsorption and removal of Sb (III) from acid mine
wastewater were as follows: Sb (III) initial concentration of
5–10mg/L, adsorbent dosage of 0.04 g/L, 25°C temperature,
natural pH, and the adsorption equilibrium time was 12 h.

3.3. Influence of Coexisting Ions and Adsorption
Regeneration Experiment

3.3.1. Influence of Coexisting Ions on Sb (III) Adsorption.
Under the optimum operating conditions, this study
explored the effects of five anions (SO4

2-, Cl-, NO3
-,

HPO4
2-, and H2PO4

-) that commonly occur in acid mine
wastewater on the adsorption performance of the adsorbents
(Figure 4). Our findings indicated that the occurrence of
coexisting anions had no significant effect on the removal

of Sb (III) by the materials. When there were no coexisting
anions, the maximum adsorption capacities of UiO-66-
NH2 and GO@UiO-66-NH2 were 14.93 and 17.87mg/g,
respectively. In the presence of NO3

-, the Sb (III) adsorption
capacity of UiO-66-NH2 and GO@UiO-66-NH2 decreased
by 19.59% and 14.39%, respectively. However, in the pres-
ence of the other four anions, Sb (III) removal performance
remained largely unaffected because these anions had no sig-
nificant competition with Sb (III) on the surface adsorption
sites of UiO-66-NH2 and GO@UiO-66-NH2 [39], and the
adsorption of Sb (III) by UiO-66-NH2 and GO@UiO-66-
NH2 was highly specific. UiO-66-NH2 can effectively
remove Sb (III) by relying on the action of the Zr-O bond,
and the adsorption performance of Sb (III) was significantly
enhanced after the combination of UiO-66-NH2 and GO
[21, 44].

3.3.2. Adsorption Regeneration Experiment. Adsorption
regeneration experiments were conducted to study the regen-
eration stability and reusability of the prepared materials,
which would provide insights into their potential practical
applications. The results are shown in Figures 5(a) and 5(b).

After four adsorption-desorption cycles, the adsorption
removal efficiency of UiO-66-NH2 was 67.16%, which con-
stituted 70.34% of its initial removal efficiency. Similarly,
the removal efficiency of GO@UiO-66-NH2 was 70.38%,
representing 71.08% of the initial removal efficiency. These
findings were consistent with those of He et al., who
explored the As adsorption performance of UiO-66-NH2
[50]. Moreover, our findings also indicated that graphene
materials and zirconium-based MOFs possess good regener-
ation ability.

3.4. Adsorption Kinetics, Isotherm, and
Thermodynamic Analyses

3.4.1. Analysis of Adsorption Kinetics. To gain further
insights into the Sb (III) adsorption performance and
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Figure 3: The effect of pH (a) and temperature (b) on the adsorption of Sb (III) by UiO-66-NH2 and GO@UiO-66-NH2.
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mechanisms of UiO-66-NH2 and GO@UiO-66-NH2, the
experimental data were fitted and analysed using the
pseudo-first-order, pseudo-second-order, W-M internal dif-
fusion, and Elovich kinetic models. The fitting results of Sb
(III) adsorbed by UiO-66-NH2 and GO@UiO-66-NH2 are
shown in Figure S2, and the relevant adsorption kinetic
parameters are summarised in Table S3.

The adsorption of Sb (III) by UiO-66-NH2 and
GO@UiO-66-NH2 was more accurately described by the
pseudo-second-order model equation [39], and the correla-
tion coefficients reached 0.9999. In the pseudo-second-
order kinetics, the theoretical equilibrium adsorption capac-
ities of the two materials were 19.43 and 19.85mg/g, respec-
tively, whereas the equilibrium adsorption capacities
obtained in experiment 3.2.1 were 19.39 and 19.82mg/g,
respectively, indicating that the theoretical equilibrium
adsorption capacity of Sb (III) by UiO-66-NH2 and
GO@UiO-66-NH2 was highly consistent with the actual
experimental results.

Moreover, the R2 values of the Elovich kinetic model
fitted for UiO-66-NH2 and GO@UiO-66-NH2 were 0.9786
and 0.9718, respectively. Although the Elovich kinetic model
did not make clear mechanism assumptions, it can be used
to demonstrate that the surface adsorption of heterogeneous
solids occurred mainly through chemical adsorption [36]. In
turn, these results provided insights into the involvement of
the surface structure of GO and UiO-66-NH2 in the sorption
process. When a large number of adsorption binding sites
reacted with Sb (III), the activation energy changed greatly.
Additionally, the R2 values of the W-M internal diffusion
model fitted for UiO-66-NH2 and GO@UiO-66-NH2 were
0.7549 and 0.7111, respectively (Figure S2, Table S3). This
suggested that the relationship between qt and t during the
adsorption process was not linear, indicating that the
adsorption process was not controlled by internal diffusion
only (Moghimi et., [51]). Therefore, Sb (III) was removed

from the aqueous solution through a chemical adsorption
mechanism, as indicated by the pseudo-second-order
models [36].

3.4.2. Adsorption Isotherms of Sb (III) by the Prepared
Materials. Adsorption equilibrium experiments were con-
ducted to obtain the removal efficiency and maximum satu-
rated adsorption capacity of the adsorption materials. The
experimental results were fitted and analysed via the Freun-
dlich, Langmuir, Temkin, and Dubinin-Radushkevich
adsorption isotherm models. The results and corresponding
fitting parameters are shown in Figure 3, Figure 6, and
Table S4, respectively.

The R2 coefficients of UiO-66-NH2 and GO@UiO-66-
NH2 based on the Freundlich isothermal equation were
0.87624 and 0.8342, respectively (Figure S3). In contrast,
the R2

fitting coefficients of UiO-66-NH2 and GO@UiO-
66-NH2 according to the Langmuir isothermal equation
were 0.9808 and 0.9270, respectively (Figure 6). Therefore,
the adsorption of Sb (III) by UiO-66-NH2 and GO@UiO-
66-NH2 was more consistent with the Langmuir
adsorption isotherm, suggesting that the adsorption of Sb
(III) in this study occurred mainly through monolayer
adsorption [19].

The theoretical equilibrium adsorption capacities of the
two materials calculated from the Langmuir isothermal
equation were 16.32 and 19.19mg/g, respectively, which
were also close to the equilibrium adsorption capacities
obtained in the experiment. Additionally, the value of b
could be used to judge the stability of the binding between
the adsorbents and Sb (III). The larger the value of b, the
more stable the binding between them [52]. Furthermore,
both UiO-66-NH2 and GO@UiO-66-NH2 had good adsorp-
tion performance for Sb (III). However, the adsorption of Sb
(III) by GO@UiO-66-NH2 was more stable during the
adsorption process.

3.4.3. Adsorption Thermodynamics of Sb (III) by the Prepared
Materials. To better clarify the adsorption process of the
adsorbents on Sb (III), the adsorption thermodynamics were
analysed when studying the effect of temperature on the
adsorption performance of the adsorbents, and the results
are shown in Figure S4 and Table S5.

According to the results in Figure S4 and the
thermodynamic parameters in Table S5, the calculated
values of ΔH0 on UiO-66-NH2 and GO@UiO-66-NH2 for
Sb (III) were 81.82 and 79.47 kJ/mol, respectively,
indicating that the adsorption process between 15 and
30°C was an endothermic reaction. The calculated values of
ΔS0 were 304.08 and 308.16 J/(mol·K), respectively,
suggesting that the degree of freedom of Sb (III)
adsorption decreased. The calculated values of ΔG0 were
negative between 15 and 30°C, and ΔG0 decreased with
increasing adsorption temperature, indicating that the two
materials spontaneously carried out adsorption reactions in
the process of Sb (III) adsorption [20]. Within the studied
temperature range (15–30°C), the reaction was more likely
to proceed spontaneously at higher temperatures.
Moreover, the adsorption process of UiO-66-NH2 and
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GO@UiO-66-NH2 exhibited a similar trend, which was
consistent with the conclusion obtained in the experiment
described in Section 3.2.5. Therefore, our thermodynamic
analyses suggested that the adsorption process of Sb (III)
by the two materials was endothermic and spontaneous.

4. Conclusion

In this study, UiO-66-NH2 and GO@UiO-66-NH2 were suc-
cessfully prepared and characterised. Next, we evaluated the
capacity of the prepared materials to adsorb Sb (III), includ-
ing their adsorption equilibrium isotherm, adsorption kinet-
ics, and thermodynamics. The following are the main
conclusions of this study:

(1) The introduction of -NH2 did not change the basic
structure and morphology of the zirconium-based
MOF materials. Combining the materials with GO
provided an abundance of functional groups and a
porous structure with more active sites for the
adsorption of Sb (III), thereby improving their Sb
(III) adsorption performance

(2) The optimal operating parameters of the adsorbents
prepared in this study for the removal of Sb (III)
were as follows: initial Sb (III) concentration of
10mg/L, natural pH, 25°C temperature, adsorption
equilibrium time of 12h, and adsorbent dosage of
0.04 g/L. The removal efficiencies of Sb (III) by
UiO-66-NH2 and GO@UiO-66-NH2 were 91.93%
and 94.13%, respectively, and the adsorption capaci-
ties reached 19.43 and 19.89mg/g, respectively

(3) The adsorption mechanisms of Sb (III) by UiO-66-
NH2 and GO@UiO-66-NH2 were more consistent
with the Langmuir model, which was indicative of
single-layer uniform adsorption. Both UiO-66-NH2
and GO@UiO-66-NH2 had good adsorption perfor-
mance for Sb (III). However, GO@UiO-66-NH2
exhibited higher stability and stronger adsorption
properties

(4) The adsorption of the two materials for Sb (III) was
in good agreement with the pseudo-second-order
model, which aligned with a spontaneous and endo-
thermic chemical adsorption mechanism. Addition-
ally, the two adsorbent materials had good
regeneration ability and reusability

The findings demonstrated that the materials prepared
in this study are suitable for the treatment of Sb (III) from
acid mine wastewater, thus providing an economical and
effective method for the removal of Sb (III) from aquatic
media.
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