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Wastewaters are contaminated with both biological and chemical pollutants that must be eliminated before reuse
and/or disposal to surface waters. This paper proposes a new magnetic CuO-doped silver/polyacrylonitrile/
zeolitic imidazolate framework-67 nanocomposite (M-CuO@Ag/PAN/ZIF-67) that has multifunctional behavior
for removing acetaminophen (ACT) and paraquat (PQ) residuals from contaminated water while also acting as an
antibacterial agent. The antibacterial agent of as-prepared nanocomposite on Gram-positive bacteria, Staphylo
coccus-aureus (S. aureus), and Bacillus subtilis (B. subtilis), and also Gram-negative bacteria Escherichia coli (E. coli)
were studied. To minimize the use of harmful chemicals and solvents, Fe3O4, Ag, and CuO nanoparticles were
prepared through plant-mediated green synthesis by renewable, and non-toxic aqueous extracts of aloe vera
plant, mulberry leaves, and Gundelia tournefortii L, respectively. The adsorption results showed that the nano
composite could remove 99.41 ± 2.21 % of the ACT and 99.23 ± 1.83 % of the PQ from the contaminated water.
The Langmuir maximum adsorption capacity of ACT and PQ by nanocomposite was calculated as 971.6 and
1143.7 mg g− 1, respectively, which surpasses that of most nanocomposite-based adsorbents. Also, the adsorption
kinetic data were well described with the pseudo-second-order model and the adsorption thermodynamic results
showed the adsorption process was endothermic and spontaneous in nature. The antibacterial properties of
nanocomposite were studied by pour plate and disk diffusion methods. It was concluded that bacterial sup
pression by the nanocomposite was higher in the Gram-positive bacteria than in the Gram-negative bacterium.
The antibacterial results also showed that the collective antibacterial effects of the nanocomposite are stronger
than its components and copper oxide-doped has also strengthened the antibacterial properties. In addition, the
nanocomposite could be easily regenerated by washing with methanol, and chlorination method. Finally, the
adsorption efficiency and antibacterial behavior of nanocomposite remained above 80 % and 90 % after six reuse
cycles, respectively.

1. Introduction
Currently, the growth of the presence of various types of emerging
pollutants in water such as pharmacological, pesticide, and bacterial
pollutions have become a serious problem that greatly threatens the
environment and millions of humans’ health worldwide. Many of these
pollutants in the environment, even in low concentrations, cause
mutagenicity, biological responses, and adverse effects on human health
and other living organisms [1,2]. Therefore, the elimination of these
pollutants and preventing their release into the environment is of

particular importance. Acetaminophen (ACT), most known as paracet
amol, is widely used as a painkiller and antipyretic worldwide [3].
Continuous exposure to ACT can lead to serious illness and injuries due
to its toxic effects and must be removed from the effluents before being
released into the environment [4]. Pesticides are often agrochemical
compounds that are used to kill, repel, or control pests, and also increase
productivity. Herbicides are a broad class of pesticides that are used to
remove or inhibiting the growth of nuisance plants. Herbicides are of
particular importance due to high solubility in water, toxicity, carci
nogenicity, and mutagenic effects [5]. Paraquat (PQ), is one of the most
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toxic pesticides that is widely used as an herbicide in agriculture and its
residues have been reported in water sources [6]. It is known that this
PQ can cause fatal or severe physiological damage if deliberately or
accidentally ingested. Therefore, its removal from water resources is
very important [7]. On the other hand, bacteria are one of the most
common types of microorganisms and bacterial contamination of
drinking water is led to the spread of dangerous diseases and has become
a major concern around the world, with thousands of people around the
world dying each year related to the use of unsafe water. Gram-positive
bacteria, Bacillus subtilis (B. subtilis), and Staphylococcus-aureus
(S. aureus), and Gram-negative bacteria Escherichia coli (E. coli) are
among the bacteria commonly associated with the human environment.
Water contaminated with these bacteria can cause a wide range of
clinical diseases and in some cases even mortality [8]. The various
methods including physical, chemical, membrane, biological treatment,
and adsorption have been used for the treatment of unwanted pollutants
from contaminated water [9]. Adsorption is considered a feasible,
flexible, effective, simple operation, and economical technique to
remove the wide range of pollution from water [10]. Over the past few
years, researchers explored various adsorbents for ACT and PQcontaminated waters treatment. However, there are still multiple chal
lenges in the adsorption process, such as low adsorption capacity and
regeneration of adsorbents. Therefore, choice of an efficient adsorbent is
very important. In the last decades, the use of composites to remove
pollutants from contaminated water has received much attention from
researchers, and has been recognized that the nanocomposites fabri
cated by dispersing nanoparticles in polymer melts have a much better
performance than traditional composites and may exhibit multifunc
tional behaviors [11]. The development of multifunctional nano
composites by combining different nanomaterials and benefiting from
their physical, chemical, and biological properties, can create more
potential applications in the form of a cohesive structure [12]. Zeolitic
imidazole framework-67 (ZIF-67) is one of the water stable metalorganic frameworks (MOFs) which have attractive properties

containing high surface area, high porosity, chemical stability, and
simple synthesis and has been used in the treatment of many kinds of
polluted water. Besides, some work demonstrated that the ZIF-67 show
considerable bactericidal activity toward S. aureus and E. coli [13]. On
the other hand, it is accepted that some metal and metal oxide nano
particles show antibacterial behaviors. Among these materials, silver
(Ag) and copper oxide (CuO) nanoparticles have attracted much atten
tion and have been used in a variety of antibacterial activities [14]. The
potent antibacterial properties of silver have led to its widespread use in
medical applications. Nowadays, silver nanoparticles are used as effec
tive nanomaterials against a wide range of bacteria [15]. The CuO
structures have attracted a lot of attention in recent years due to their
unique properties such as cheapness, very low toxicity, high antibacte
rial properties, high adsorption performance, and narrow bandwidth
[16,17]. In recent years, researchers reported that the antibacterial ac
tivity of silver nanoparticles could be enhanced by combining with CuO
nanoparticles [18].
In this paper, a magnetic CuO-doped silver/polyacrylonitrile/zeolitic
imidazolate framework-67 nanocomposite (M-CuO@Ag/PAN/ZIF-67)
was successfully synthesized by plant-mediated green synthesis meth
odology by renewable, and non-toxic aqueous extracts of aloe vera plant,
mulberry leaves, and Gundelia tournefortii L. The overall schematic of the
preparation steps has been illustrated in Fig. 1. Then, the application of
as-prepared M-CuO@Ag/PAN/ZIF-67 in the adsorptive removal of PQ
and ACT residues as well as the antibacterial effects on Gram-positive
S. aureus and B. subtilis bacteria, and also Gram-negative E. coli bacte
ria were evaluated. In the adsorption process, the effects of independent
variables including initial concentrations of ACT/PQ, solution pH,
adsorbent mass, contact time, and solution temperature on ACT/PQ
adsorption efficiency from aqueous solutions were determined and
optimized. In addition, the antibacterial properties of M-CuO@Ag/PAN/
ZIF-67 were studied by pour plate (Standard Method 9215B) and disk
diffusion methods.

Fig. 1. Schematic illustration of the M-CuO@Ag/PAN/ZIF-67 preparation process.
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2. Experimental

3. Result and discussion

The chemicals, instruments, and preparation methods were all
specified in the “Electronic Supplementary Information.”

3.1. Characterization
3.1.1. Crystallographic analysis
The phase purity and crystallinity of the prepared samples were
studied by the XRD patterns and results are presented in Fig. 2. The
characteristic diffraction peaks of ZIF-67 MOFs (Fig. 2a) showed that the
resulted pattern was consistent with the reported pattern of ZIF-67
MOFs [26] and no extra peaks were observed. Also, the sharp peaks
reveal the good crystallinity of ZIF-67 MOFs. The XRD pattern of assynthesized Fe3O4 nanoparticles (Fig. 2b) shows good agreement with
the data of cubic spinel Fe3O4 structure (JCPDS card no. 19–0629) [27].
The XRD pattern of the as-synthesized Ag nanoparticles (Fig. 2c) shows
the characteristics peaks around 38.1◦ (111) and 44.2◦ (200), which is in
good agreement with the face-centered-cubic form of metallic silver
(JCPDS card no. 04–0783) [28]. The XRD pattern of pure PAN (Fig. 2d)
shows a sharp crystalline peak at 17.1◦ (110), corresponding to ortho
rhombic PAN reflection. The XRD pattern of the M-Ag/PAN/ZIF-67
(Fig. 2e) well-matched with the naked ZIF-67 MOFs, Fe3O4 NPs, Ag NPs,
and PAN polymer patterns. No extra peaks were observed due to the
purity of the synthesized nanocomposite, and all the peaks were at the
right place despite a slight shifting due to interactions between each
other. In the XRD pattern of M-CuO@Ag/PAN/ZIF-67 (Fig. 2f), the new
diffraction peaks have appeared at 36◦ (002) and 39.7◦ (200) along with
other peaks related to M-Ag/PAN/ZIF-67. The appeared new peaks can
be indexed to cubic crystalline phase of CuO (JCPDS card no. 78–0428)
[29], which confirm the successful dopping of CuO NPs on M-Ag/PAN/
ZIF-67. In addition, the average crystallite size of nanocomposite was
calculated using Scherrer’s equation [30] and was determined to be

2.1. Adsorption experiments
All the experiments were conducted in a lab-scale batch reactor, and
the residual concentrations of ACT and PQ were analyzed using
UV–Visible spectrophotometer at their maximum absorption wave
length of λmax = 243 and λ = 257 nm, respectively. The adsorption ca
pacity at equilibrium (qe), each time (qt), and the removal percentage (R
%) of the ACT and PQ were determined by the following equations
[19,20]:
qe =

(C0 -Ce )V
m

(1)

qt =

(C0 -Ct )V
m

(2)

MG removal (R%) =

(C0 -Ce )
× 100%
C0

(3)

where qe (mg g− 1) shows the ACT/PQ adsorption amounts, qt (mg g− 1)
adsorption amounts at any time, C0 (mg L− 1) and Ce (mg L− 1) the initial
and equilibrium ACT/PQ concentrations, respectively, and Ct (mg L− 1)
ACT/PQ concentrations at any time (t), V (L) volume of the ACT/PQ
solutions, and m (g) denotes the mass of the adsorbent. In this study, the
adsorption of ACT and PQ by nanocomposite was optimized using the
CCD-RSM (Table S1) by Design Expert 7.0 software. In the optimization
process, the responses were chosen based on a quadratic model. Also,
the adsorption data were processed by analysis of variance (ANOVA)
and the interaction between the independent variables and their re
sponses were studied [21,22]. The independent variables affecting
adsorption efficiency such as initial ACT/PQ concentrations, solution
pH, adsorbent mass, sonication time (frequency: 20 kHz; power: 50 W),
and solution temperature were investigated systematically with con
ducted 25 optimal number of experiments. The isotherm, kinetic, and
thermodynamic studies were contended by the equilibrium
experiments.
2.2. Antibacterial experiments
In this study, two different methods of pour plate (Standard Method
9215B) [23] and disk diffusion [18,24] methods were followed for the
evaluation of the antibacterial activities of the as-prepared nano
composite by applied the different concentrations (50–500 μg mL− 1).
For antibacterial experiments, the three bacterial strains; gram-negative
Escherichia-coli (E. coli, ATCC-25922), gram-positive Bacillus subtilis
(B. subtilis, ATCC-21332), and Staphylococcus-aureus (S. aureus, ATCC29213) were tested. In summary, in the pour plate method, a certain
concentration of nanocomposite was mixed with sterilized warm
(40–45 ◦ C) Mueller Hinton agar (MHA). Also, 1 mL of diluted specimen
bacterial suspension (1.0 × 109 CFU/mL) were poured into the sterile
plate. Then, the warm agar was poured into the bacterial-containing
plate and after the mixing, was allowed to solidify. Finally, plates
were incubated for 24 h at 37 ◦ C until bacterial colonies grow. Also, a
control plate was also incubated for each bacterial strain without the
addition of nanocomposite. In the disk diffusion method, the fresh
bacteria cultures were prepared onto MHA plates. The antibiotic test
discs (6 mm) impregnated with nanomaterials are then placed on the
agar surface. Then, plates were incubated and the bacteria were allowed
to grow completely for 24 h at 37 ◦ C. Finally, the clear inhibition zones
formed around the test discs were measured [25].

Fig. 2. XRD patterns of (a) ZIF-67 MOFs, (b) Fe3O4 NPs, (c) Ag NPs, (d) pure
PAN polymer, (e) M-Ag/PAN/ZIF-67, and (f) M-CuO@Ag/PAN/ZIF-67.
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emu g− 1, respectively. The decrease in the Ms. value of the nano
composite compared to naked Fe3O4 nanoparticles was attributed
mainly to the low Fe3O4 content in the nanocomposite structure. How
ever, this small Ms. value was also quite suitable for easy magnetic
separation. Also, the close to zero magnetic remanence and negligible
coercivity in the absence of an external magnetic field indicated that the
M-CuO@Ag/PAN/ZIF-67 was superparamagnetic [34].

35.5 nm.
3.1.2. Surface functional groups analysis
The surface functional groups of prepared samples were identified by
FTIR analysis, and results are shown in Fig. S1. For ZIF-67 MOFs
(Fig. S1a), the vibrational bands in the range of 600–1300 cm− 1, and
1355 cm− 1 correspond to the characteristic stretching and bending
– N in 2-methylimidazole (Hmim),
modes of the imidazole ring, and C–
respectively [31]. For Fe3O4 NPs (Fig. S1b), the sharp absorption band
around 582 cm− 1 was attributed to the stretching vibration of Fe–O
bonds of Fe3O4 NPs. The weak absorption band around 1050 cm− 1 is due
to the C–O stretching vibration that may be related to the remnants of
using aloe vera leaves extract. In the case of Ag NPs (Fig. S1c), the FTIR
spectra consist of absorption bands correspond to the stretching vibra
– O bonds attributed to the presence of various
tion of C–H, C–O, and C–
phytochemicals in the used extract [32]. In the FTIR spectrum of the
PAN polymer (Fig. S1d), the absorption peaks attributed to the vibration
– O, and C–
–
of C–H, O–H, C–
– N bonds were appeared in the range of
− 1
400–2300 cm . In the M-Ag/PAN/ZIF-67 spectrum (Fig. S1e), all the
main absorption bands of ZIF-67 MOFs, Fe3O4 NPs, Ag NPs, and PAN
polymer are cumulatively visible with a slight shift, which confirms the
presence of all their surface functional groups in the nanocomposite
structure. Compared to the FTIR spectrum of the M-Ag/PAN/ZIF-67, the
FTIR spectrum of M-CuO@Ag/PAN/ZIF-67 (Fig. S1f) show the addi
tional absorption bands at 516 and 620 cm− 1, which can be attributed to
the CuO stretching vibrations [33], and confirmed that the CuO nano
particles has successfully doped on nanocomposite structure.

3.1.6. Zeta potential measurement
The surface charge characteristics of the adsorbent plays a key role in
the adsorption process. The surface charge characteristic and zero-point
charge (pHzpc) of the M-CuO@Ag/PAN/ZIF-67 was calculated by the
zeta potential measurement within the pH range from 2 to 12 (Fig. S2d).
As can be seen, the zeta potential of the nanocomposite decreased from
+15.9 to − 27.6 mV with increasing the pH value from 2.0 to 12, indi
cating that the negative surface charges of the nanocomposite increased
within the more alkaline conditions. Also, the pHzpc of nanocomposite
was about 6.1 and shows that the adsorbent was positively charged at
pH < 6.1 and negatively charged at pH > 6.1. The positive and negative
surface charges of the adsorbent will play a very effective role in the
formation of repulsion or electrostatic attraction with ACT and PQ at
different solution pH and make the role of solution pH in the adsorption
process very significant.
3.2. CCD-RSM statistical analysis
The adsorption process was optimized by CCD-RSM statistical anal
ysis along with desirability index, and the adequacy of the model was
studied by ANOVA result. In the optimization process, the ANOVA re
sults based on the quadratic model are presented in Table S2. The results
showed that the p-values were <0.05, and p-values lack of fit were
>0.05, which indicated the predicted model was significant and is able
to predict the response for adsorption of ACT and PQ by M-CuO@Ag/
PAN/ZIF-67 [35,36]. A summary of the statistical model for the pre
diction of removal efficiency of ACT and PQ was listed in Table S3. The
lower standard deviation mean (SD) values and the closer to 1 of RSquared (R2) values indicated that the predicted values are very close to
the actual values (response), which is also clearly shown in Fig. S3a-b.
Also, the difference between predicted R-Squared and Adjusted RSquared are <0.2 for both ACT and PQ adsorption and shows that the
predicted data are in good agreement with the obtained data [37]. The
Adequate Precision (AP) values were above 4 % and Indicated that noise
did not cause a response error [38]. The statistical significance of the
factors affecting adsorption and determining their importance was
shown by considering the line on the Pareto charts in Fig. S3c-d.
As can be seen in the Pareto charts, the most influential factors for
the adsorption of ACT and PQ were shown with a longer line and all
factors above p = 0.05 have been effective in the adsorption process. The
simultaneous effects of pH-contact time and pH-adsorbent mass on the
removal efficiency of ACT and PQ by M-CuO@Ag/PAN/ZIF-67 were
studied by three-dimensional (3D) response surface plots as shown in
Fig. 4. The results revealed that the R% ACT (Fig. 4a) was more desirable
at higher solution pH and contact times. Also, in general, the R% PQ
(Fig. 4b) has increased with increasing of adsorbent mass and solution
pH, although the R% PQ decreased slightly with an excessive increase of
solution pH value from 8.0 to 11. The simultaneous effects of other
experimental conditions on the removal efficiency of ACT and PQ by MCuO@Ag/PAN/ZIF-67 are shown in Fig. 5. The simultaneous effects of
contact time & solution pH (Fig. 5a), and solution temperature & solu
tion pH (Fig. 5b) on R% of ACT are shown and indicated that with
increasing solution pH along with increasing contact time and solution
temperature, the R% of ACT has increased. This means that the ACT
adsorption process was more favorable in alkaline conditions and the
increase in contact time and temperature caused more saturation of the
empty active sites of the nanocomposite, which results in an increase in
the adsorption rate and capacity. Also, the simultaneous effects of the

3.1.3. Morphological and elemental composition analysis
The surface morphology and elemental composition of M-CuO@Ag/
PAN/ZIF-67 were studied by FESEM-EDX analysis as shown in Fig. 3.
The FESEM image (Fig. 3a) show that the M-CuO@Ag/PAN/ZIF-67
structure consisting of nanoparticles with different morphologies and
sizes.
The elemental composition of the M-CuO@Ag/PAN/ZIF-67 was
investigated as weight percentage by EDX analysis (Fig. 3b). The EDX
spectrum reported that the M-CuO@Ag/PAN/ZIF-67 rendered the ele
ments of silver (Ag), carbon (C), cobalt (Co), oxygen (O), copper (Cu),
iron (Fe), nitrogen (N), and, which indicates the presence of ZIF-67
MOFs, Fe3O4, Ag, and CuO nanoparticles in the nanocomposite struc
ture. Also, the distribution of the elements on the surface of the MCuO@Ag/PAN/ZIF-67 is presented by the EDX mapping analysis
(Fig. 3c). As can be seen, the distribution of elements was almost uni
form and elements regions were clearly observed on the nanocomposite
surface.
3.1.4. Porosity and textural analysis
The nitrogen adsorption/desorption isotherm (Fig. S2a) of the MCuO@Ag/PAN/ZIF-67 exhibited a type III isotherm with a type H3 loop,
suggesting the presence of the agglomerated solids particles with the
non-uniform size and shape [34]. Also, the H3 hysteresis loop is often
associated with solids with a very wide distribution of pore size. The
pore size distribution (Fig. S2b) was manifested by the BJH method. The
result revealed that the prepared sample has a wide range of pore sizes
<60 nm, and the BET specific surface area and total pore volume were
about 271.8 m2 g− 1 and 1.0 cm3 g− 1, respectively.
3.1.5. Magnetic measurement
The easy separation capability of used adsorbent from the reaction
medium is essential for its practical applications. Magnetic separation
using a magnet is one of the most accessible methods in this field. The
VSM study was used to evaluate the magnetic property of the synthe
sized M-CuO@Ag/PAN/ZIF-67 at room temperature in the applied field
ranging from +10,000 to − 10,000 Oe. From the VSM measurement
(Fig. S2c), the saturation magnetization (Ms) of M-CuO@Ag/PAN/ZIF67 and naked Fe3O4 nanoparticles were determined 6.20, and 76.73
4
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Fig. 3. (a) FESEM image, (b) EDX spectrum, and (c) and elemental mapping of M-CuO@Ag/PAN/ZIF-67.
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Fig. 4. The 3D response surface and 2D contour plots of the effects the (a) pH and contact time on ACT removal efficiency (R% ACT), and (b) pH and adsorbent mass
on PQ removal efficiency (R% PQ) by M-CuO@Ag/PAN/ZIF-67.

initial ACT concentration and the adsorbent mass (Fig. 5c) indicated that
the R% of ACT was increased with decreases of ACT initial concentration
and increases of adsorbent mass, which can be due to the more avail
ability of active adsorption sites as well as less competition in the uptake
of ACT molecules in adsorption process. Also, the simultaneous effects of
adsorbent mass & solution pH (Fig. 5c), and contact time & initial PQ
concentration (Fig. 5d) on R% of PQ are shown and revealed that
generally have similar adsorption behaviors to the ACT adsorption
process, which can be due to the approximate proximity of the ACT and
PQ chemical structures. Also, the predicted optimal conditions with
experimental responses (R%) for adsorptive removal of PQ and ACT by
M-CuO@Ag/PAN/ZIF-67 are shown in Table 1. As can be seen, the
adsorptive removal optimal conditions are predicted based on 100 %
removal efficiency. The obtained average experimental responses (with

5 replications) of removal efficiency for PQ and ACT were 99.23 ± 1.83
and 99.41 ± 2.21, respectively. The proximity of the experimental data
obtained with the predicted values showed the accuracy of the experi
ment design.
3.3. Adsorption isotherms studies
The equilibrium removal data of ACT and PQ from contaminated
water were analyzed using four isotherm models, and their corre
sponding parameters are given in Table 2. According to the higher
correlation coefficients (R2), the Langmuir isotherm model better
described the adsorption process in both PQ (R2 = 0.999) and ACT (R2 =
0.999), which suggesting that the adsorption process was monolayer
(chemisorption) and occurred homogeneously [39,40]. Also, the
6

P. Arabkhani et al.

Journal of Water Process Engineering 49 (2022) 103025

Fig. 5. The 3D response surface plots of the experiment variables on ACT and PQ removal efficiency by M-CuO@Ag/PAN/ZIF-67.

maximum Langmuir monolayer adsorption capacities (Qm) of PQ and
ACT were 1143.7, and 971.6 mg g− 1, respectively (Table 3).
The essential characteristics of the Langmuir model can be described
by the separation factor (RL) and indicated that both adsorption of PQ
(0.013–0.115) and ACT (0.012–0.111) were favorable (0 < RL < 1). In
addition, the energy of adsorption (E) obtained from the D-R isotherm
models (2.16, and 2.41 kJ mol− 1) were below 8 kJ mol− 1, which sug
gests the physical adsorption process [41]. Therefore, the results of
isotherm models showed the participation of both physical and chemical
interactions in the adsorptive removal of PQ and ACT by M-CuO@Ag/
PAN/ZIF-67.

Table 1
Predicted optimal conditions with experimental responses (R%) for adsorptive
removal of PQ and ACT.
Variable

Optimum value
− 1

Initial concentration (mg L )
pH
Adsorbent mass (mg)
Sonication time (min)
Temperature (◦ C)
Predicted responses (R%)
Experimental responses (R%) (N = 5)

PQ

ACT

110
8.0
7.0
25
35
100.0
99.23 ± 1.83

110
8.0
9.0
25
25
100.0
99.41 ± 2.21
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decreasing ΔG ◦ values with increasing temperature showed that heat
promoted the adsorption amount. Furthermore, the positive values of
ΔS◦ exhibited increased randomness along the adsorption process.
Therefore, the results of thermodynamic studies showed the cooperation
of both physical and chemical interactions in the adsorption process,
which was consistent with the results of kinetic studies.

Table 2
Parameters of adsorption isotherm models for adsorptive removal of PQ and ACT
by M-CuO@Ag/PAN/ZIF-67.
Isotherm
Langmuir
Ce
1
=
+
Qm k L
qe
Ce
Qm
Freundlich
lnqe = lnKF +
1
lnCe
n
Temkin
qe = B1 ln KT +
B1 ln Ce
DubininRadushkevich
ln qe = lnQs - kε2

Plot

Ce/qe
vs. Ce
ln qe vs.
ln Ce
qe vs. ln
Ce
ln qe vs.

ε2

Parameters

PQ

ACT

Qm (mg g− 1)
KL (L mg− 1)
R2
RL = 1/(1 + (KL
× C0))
1/n
KF (L mg− 1)

1143.7
0.386
0.999

971.6
0.401
0.999

0.013–0.115
0.396
12.19

0.012–0.111
0.417
11.38

R2
B1
KT(L mg− 1)
R2
Qs (mg g− 1)
β
E (kJ mol− 1)
R2

0.893
205.3
1.000
0.946
752.2
− 1.1*10−
2.161
0.697

0.945
173.3
1.000
0.972
614.8
− 8.6E-08
2.406
0.736

7

3.5. Identify the adsorption process
The FTIR, UV–Vis, and EDX analysis before and after the adsorption
process were used to confirm the adsorptive removal of PQ and ACT by
M-CuO@Ag/PAN/ZIF-67. The FTIR and UV–Vis results are shown in
Fig. 6. The FTIR analysis of M-CuO@Ag/PAN/ZIF-67 before and after
adsorption of PQ (Fig. 6a) and ACT (Fig. 6b) showed that some ab
sorption bands of nanocomposite were shifted to higher/lower wave
lengths after the adsorption process. Also, the some new absorption
peaks related to ACT and PQ have appeared in the nanocomposite
spectrum, which suggesting the involvement of chemical interaction in
the adsorption process [55,56]. On the other hand, the ACT and PQ
removal from contaminated solutions were justified using UV–Vis
measurements before and after the adsorption process. The results
showed the absorption intensity of PQ (Fig. 6c), and ACT (Fig. 6d) were
decreased significantly, which indicates their very low secondary con
centrations in solution after the adsorption process and confirms their
effective removal. Also, traces of ACT and PQ absorbed in the MCuO@Ag/PAN/ZIF-67 were clearly identified by the EDX analysis and
are shown in Fig. 7. The EDX analysis after adsorption of ACT (Fig. 7a)
shows only an increase in the wt% of nitrogen element and doesn’t show
any additional element after adsorption.
The EDX result after adsorption of PQ (Fig. 7b) revealed the wt% of
nitrogen element (N) has increased and new PQ-related chlorine
element (Cl) has appeared, which confirmed the adsorption of PQ on the
surface of the nanocomposite. In addition, the element Cl was clearly
visible throughout the nanocomposite’s surface on the EDX mapping,
suggesting that all components of the nanocomposite have been
involved in the adsorption process.

Table 3
Comparison of maximum adsorption capacity (Qmax), and contact time reported
for PQ and ACT adsorption for different adsorbents.
Adsorbent

PQ

Graphene oxide/ mesoporous silica
EDTA-induced self-assembly of 3D
graphene
Zeolite Y
NaY zeolite
Carbon-coated cross-linked PAN
fibers
M-CuO@Ag/PAN/ZIF-67
Amine functionalized
superparamagnetic silica NC
AC synthesized from spent tea leaves
Silica microspheres
Chitosan-coated MWCNT
AC derived from Quercus Brantii
(Oak) acorn

ACT

M-CuO@Ag/PAN/ZIF-67

Qmax
(mg
g− 1)

Contact
time
(min)

Ref.

31.34
119.0

2
1440

[42]
[43]

26.38
234.4

1140
60

[44]
[45]

437.6

1440

1143.7

25

[46]
This
work

58.00
59.2
89.0
205

30
10
30
60

[47]
[48]
[49]
[50]

45.45

150

[51]
This
work

971.6

25

3.6. Possible adsorption mechanisms
The possible adsorption mechanisms were explained by isotherm,
kinetic and thermodynamic studies. Also, the effects of solution pH on
the adsorption efficiency as well as FTIR studies before and after the
adsorption process were used to more accurate identification of the
existing molecular interactions. In this regard, the monolayer adsorption
process, better fit of the pseudo-second-order kinetic model, as well as
ΔH◦ values above 40 kJ mol− 1, provides clear evidence of the involve
ment of chemical interactions in the adsorption process. Also, the
appearance of ACT and PQ-related absorption peaks in the adsorbent
FTIR spectrum after the adsorption process was another evidence of the
occurrence of chemical adsorption. Reciprocally, the energy of adsorp
tion (E) values obtained from the D-R isotherm models were below 8 kJ
mol− 1, and ΔG◦ values were in the range of 0 to − 20 kJ mol− 1 suggested
the physical adsorption process. Therefore, the possible adsorption
mechanisms of ACT and PQ by M-CuO@Ag/PAN/ZIF-67 can be
considered as the combination of physical and chemical interactions. On
the other hand, the significant effect of solution pH on the adsorption
efficiency of ACT and PQ, which is attributed to the surface charge of the
adsorbent showed that the electrostatic interactions had a major role in
the adsorption process. Also, the molecular structures of ACT and PQ
showed that their aromatic rings have the ability to interact π-π in
teractions with the ZIF-67 MOFs aromatic rings in the adsorbent struc
ture. In addition, the presence of oxygen-containing surface functional
groups in the nanocomposite and ACT/PQ structures, and their ab
sorption peak shifts in the FTIR after the adsorption process also evi
dence the possibility of adsorption through hydrogen bonds. In this
regard, hydrogen bonds, electrostatic attractions, and π-π interactions

3.4. Adsorption kinetics and thermodynamics studies
The adsorption kinetics were analyzed by four kinetic models, and
their corresponding results were summarized in Table S4. Based on R2
values, the pseudo-second-order model was most appropriate with
experimental data and theoretically adsorbed amounts (qe) at equilib
rium in the pseudo-second-order kinetics model were also close to the
adsorbed amount at equilibrium obtained from the experiment. Hence,
the results indicated that the chemical adsorption process plays an
important role in the adsorptive removal of PQ and ACT by M-CuO@Ag/
PAN/ZIF-67 [49]. The adsorption thermodynamic parameters include
the standard Gibbs free energy (ΔG◦ ), enthalpy (ΔH◦ ), and entropy
change (ΔS◦ ) were calculated by Van’t Hoffs plot at different tempera
tures (278, 288, 298, 308, and 318 K) and results are depicted in
Table S5. As can be seen, the positive values of ΔH◦ were observed for
PQ (64.49 kj mol− 1), and ACT (71.91 kj mol− 1) and revealed the
endothermic nature of the adsorption process, which means that the
adsorption is more desirable at higher temperatures [52]. Also, ΔH◦
values above 40 kJ mol− 1 indicated the presence of chemical in
teractions in the adsorption process. The negative ΔG◦ values showed
the spontaneous nature of the adsorption process [53], and ΔG◦ values
in the range of 0 to − 20 kJ mol− 1, revealed that the adsorptions process
of PQ and ACT occurred more by physical adsorption [54]. In addition,
8

P. Arabkhani et al.

Journal of Water Process Engineering 49 (2022) 103025

Fig. 6. FTIR spectra of M-CuO@Ag/PAN/ZIF-67 before and after adsorptive removal of (a) PQ, and (b) ACT. The UV–Vis spectra of (c) PQ-contaminated solution,
and (d) ACT-contaminated solution before and after adsorption process.

may be major mechanisms of ACT and PQ adsorption by the MCuO@Ag/PAN/ZIF-67.

studies of the M-CuO@Ag/PAN/ZIF-67 and their raw materials by disc
diffusion method were also evaluated based on the amount of inhibitory
zone (created shadow) formed around the paper disks impregnated with
them. The related digital images are shown in Fig. 9a, and the results are
summarized in Fig. 9b. The results showed that the M-CuO@Ag/PAN/
ZIF-67 has a more effective antibacterial effect than its components
based on their inhibitory zone (E. coli: 2 mm, S. aureus: 5 mm, and
B. subtilis: 6 mm), which may be due to the synergy and intensification of
antibacterial properties of the components together. Also, it is shown
that using CuO nanoparticles in the nanocomposite structure has
enhanced the antibacterial effect of the composite. Escherichia coli’s
greater resistance to the antibacterial properties of the composite may
be due to the presence of that outer lipid membrane, which positive
bacteria lack [2,57]. On the other hand, the surface of bacteria such as
Staphylococcus aureus contains surface functional groups such as amines
and carboxyl. These functional groups cause these bacteria to show a
higher affinity for CuO and other metal oxide nanoparticles [58]. In
addition, the antibacterial activity of the nanocomposite may be
accredited to the generation of enhanced stages of reactive oxygen
species (ROS) and the deposition of nanocomposite on the surface of the
bacteria [59,60].

3.7. Antibacterial activity
The antibacterial activity of M-CuO@Ag/PAN/ZIF-67 on E. coli,
S. aureus, and B. subtilis bacteria was examined by pour plate (Fig. 8) and
disc diffusion (Fig. 9) methods. As can be seen in digital images of the
pour plate method (Fig. 8a-c), the Petri dishes with untreated bacteria
(as the control group) were seen as cloudy. In these images, cloudy the
agar medium indicates the massive growth of bacteria. The relevant
FESEM images (Fig. 8d-i) also clearly show the untreated bacteria
morphologies, indicating that the bacteria are without any damage in
their morphology.
The digital images of the bacteria after co-culture with M-CuO@Ag/
PAN/ZIF-67 for 24 h (Fig. 8j-l) show that the agar culture medium
remained transparent and they are not cloudy. The transparency of the
agar culture medium indicated the lack of mass growth of bacteria and
showed that the bacteria have not been grown in the presence of the
nanocomposite. Also, the relevant FESEM images (Fig. 8m-r) clearly
shows the deposition of nanocomposite in bacteria and some of the
bacteria have suffered destruction in their structure. The antibacterial
9
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Fig. 7. EDX spectrum and elemental mapping of the M-CuO@Ag/PAN/ZIF-67 after adsorptive removal of (a) ACT, and (b) PQ from contaminated water.

3.8. Recycling of the adsorbent

economical candidate as an antibacterial adsorbent that can be used for
water treatment purposes.

The reusability and stability of an antibacterial adsorbent are
necessary factors for its cost-effectiveness. For this purpose, after each
experiment, the spent adsorbent was easily collected from the reaction
medium by a small magnet and regenerated by washing with methanol
and chlorination method. The effectiveness of methanol in desorption of
PQ and ACT is consistent with the results of other reports [61,62]. Then,
the regenerated adsorbent was washed with ultrapure water and was
dried at 50 ◦ C for subsequent cycle reuse. The reusability test results are
given in Fig. S4. As can be seen in Fig. S4a, the M-CuO@Ag/PAN/ZIF-67
was able to remove about 90 % of ACT and 80 % of PQ from contami
nated waters in the 7th reuse cycle, and the reduction in adsorption
efficiency may have been due to incomplete adsorbent regeneration and
also saturation of some active adsorption sites. In addition, the reus
ability test result for antibacterial properties of M-CuO@Ag/PAN/ZIF67 was shown in Fig. S4b. The result showed that the bacterial reduction
efficiency has remained above 90 % until the 7th reuse cycle. Therefore,
the results showed that the M-CuO@Ag/PAN/ZIF-67 is an effective and

3.9. Practical efficiency of adsorbent
The practical efficiency of adsorbent was explored for the removal of
PQ and ACT from the real water samples including tap water, and river
water. Initially, the water samples were filtered through the Whatman
no. 42 filter paper and then the initial concentrations of PQ and ACT in
these waters were measured and adjusted to 110 mg L− 1. After that, the
adsorption process was taken under optimum conditions and the resid
ual concentrations of PQ and ACT were measured. The results showed
that the removal efficiency of adsorbent in tap water for PQ and ACT was
91 % and 95 %, respectively. Also, the removal efficiency of PQ and ACT
in river water was 82 % and 86 %, respectively. The result indicated that
the adsorbent showed excellent performance in real water samples.
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Fig. 8. The antibacterial efficiency study of the M-CuO@Ag/PAN/ZIF-67 for E. coli, B. subtilis, and S. aureus bacteria (1.0 × 109 CFU/mL) by pour plate method: (a-c)
Digital images of Petri dishes with untreated bacteria cultivated on MHA agar as the control sample, (d-i) FESEM images of the untreated bacteria, (j-l) Digital images
of Petri dishes of treated bacteria by the co-cultured with M-CuO@Ag/PAN/ZIF-67, (m-r) FESEM images of the treated bacteria.

Fig. 9. (a) The antibacterial efficiency study of (1) blank, (2) Fe3O4 NPs, (3) ZIF-67 MOFs, (4) Ag NPs, (5) M-ZIF-67/PAN/Ag, and (6) M-CuO@Ag/PAN/ZIF-67 for
E. coli, B. subtilis, and S. aureus bacteria by disc diffusion method. (b) Inhibition zone results of disc diffusion method for prepared samples against E. coli, B. subtilis,
and S. aureus bacteria.

4. Conclusion

2.21 % of ACT and 99.23 ± 1.83 % of PQ from contaminated water
under optimal conditions and the maximum Langmuir monolayer
adsorption capacities for ACT and PQ were 971.6 and 1143.7 mg g− 1,
respectively. The absorption of ACT and PQ by M-CuO@Ag/PAN/ZIF-67
was well confirmed by FTIR, EDX mapping and UV–Vis analysis. The
antibacterial properties of M-CuO@Ag/PAN/ZIF-67 was studied by pour
plate and disk diffusion methods on Gram-positive S. aureus and
B. subtilis bacteria, and Gram-negative E. coli bacterium. The results
showed that the bacterial suppression by nanocomposite was effective in
both Gram-positive and Gram-negative bacteria; nevertheless, showed
more effectiveness in Gram-positive bacteria. Also, it concluded that the
collective antibacterial effects of the nanocomposite are stronger than its
components and copper-doped has also strengthened the antibacterial
properties.

In this work, a multifunctional M-CuO@Ag/PAN/ZIF-67 was syn
thesized in the presence of herbal aqueous extracts and was character
ized in detail by XRD, FTIR, FESEM-EDX, BET-BJH, VSM, and zeta
potential analysis. The ability of the synthesized nanocomposite to
adsorptive removal of acetaminophen and paraquat from contaminated
water as well as its antibacterial properties on S. aureus, B. subtilis, and
E. coli bacteria were evaluated. The model and optimize the adsorption
process were performed based on maximizing removal efficiency of ACT
and PQ from aqueous solutions. According to this, CCD-RSM was used
and the significance of independent variables and their interactions
were tested by the analysis of variance (ANOVA). The adsorption results
showed that the M-CuO@Ag/PAN/ZIF-67 was able to remove 99.41 ±
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