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Abstract
The presence of pharmaceutical compounds in the environment threatens human health. The introduction of these substances 
into organic sources causes pollution of plants and soil and creates problems for public health. In this research, the removal 
of metronidazole and ibuprofen from aqueous solutions was investigated using clay nanocomposites as adsorbents. First, 
zero-valent iron nanoparticles (nZVIs) were synthesized, and then nZVI-clay and activated carbon-nZVI-clay nanocomposites 
were prepared. The characteristics of primary materials and synthesized nanocomposites were confirmed by XRD, FT-IR, 
and SEM techniques. Next, a certain amount of adsorbent was added to different concentrations of drugs separately, and 
the absorption of the solutions was detected by UV–Vis spectrophotometry at specific times. Afterward, the effects of pH 
(3–11), adsorbate concentration (10–50 ppm), adsorbent amount (4–12  gL−1), and contact time (15–240 min) were evaluated 
for the removal of Metronidazole and Ibuprofen. Eventually, the adsorption isotherm and the kinetic behavior of adsorption 
in an aqueous solution were investigated. The results show that the nanocomposite-activated carbon-nZVI-clay with 20% 
activated carbon removes 87.11% metronidazole and 87.1% ibuprofen from an aqueous solution at 150 min. The adsorption 
of drugs on nanocomposites well followed Langmuir adsorption isotherm and pseudo-second-order kinetic model. Overall, it 
can be concluded that nanotechnology, with the help of natural adsorbents, can offer new solutions in wastewater treatment.
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Abbreviations
MNZ  Metronidazole
IBP  Ibuprofen
XRD  X-ray diffraction
SEM  Scanning electron microscope
IR  Infrared
NZVI  Nanoscale zero-valent iron
AC  Activated carbon
10-AC-nZVI-clay  The synthesized nanocomposites with 

10%of AC loaded onto clay
20-AC-nZVI-clay  The synthesized nanocomposites with 

20% of AC loaded onto clay

Introduction

Clay is a natural material containing several fine-grained 
minerals (Olive et al. 1989). Since clays have two-dimen-
sional sheets and a size range of 100–1000 nm, they can be 
named nanoclay. Clay minerals contain silicon (Si) and alu-
minum (Al) ions that coordinate to oxygen ions and hydroxyl 
and external ions of structure, which bind to the tetrahedral 
sheet by one hydroxyl and two oxygen ions (Barton 2002). 
Nanoclays have various applications regarding their avail-
ability, low cost, and low impact on the environment (Guo 
et al. 2018). The highly available surface area of nanoclay 
is due to its small size and layered structure (Bergaya et al. 
2006). Also, the negative charge of the clay’s layered struc-
ture is compensated by exchanging cations (Shrivastava et al. 
1985). It is expected that the clay surface interacts well with 
pharmaceutical compounds that possess a positive charge. 
As these interactions are negligible, clay can be modified 
and used as a base phase of the nanocomposite. Nanocom-
posites are multiphase solid materials in which nanoparti-
cles are dispersed into their based phase (Kamigaito et al. 
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1991). As clay is the oldest ceramic material (Scarre 2005), 
it can be used as a bulk matrix in the nanocomposite. Clay-
based nanocomposites have been used as an adsorbent in 
many studies (Irandoost et al. 2019; Zhang et al. 2010; Crane 
et al. 2012; Zhang et al. 2012; Du et al. 2017; Vallet-Regí 
et al. 1998). Among physical and chemical methods used 
for contaminants removal, the adsorption technique plays 
an efficient role because of its convenient efficiency, low 
cost, and easy operation (Campos et al. 2018; Doğan et al. 
2004; Alkan et al. 2007; Kuang et al. 2020). The adsorp-
tion phenomenon can also be a good choice for removing 
pharmaceutical and personal care products from solutions. 
Pharmaceutical and personal care products are discharged 
into the environment through wastewater. The pollutants of 
water resources pose a serious threat to human health and 
the environment due to the presence of organic matter. Anti-
biotics and painkillers are organic compounds that are used a 
lot on a daily basis. (Loos et al. 2013; Cartinella et al. 2006; 
Nasseh et al. 2019).

Metronidazole (MNZ) is an antibiotic with anti-inflam-
matory and antibacterial properties. With the commercial 
name of metronidazole, this antibiotic is 2‐methyl‐5‐nitro‐
imidazole‐1‐ethanol, and is used in poultry and fish feed as 
an additive to get rid of parasites (Nasseh et al. 2019; Fang 
et al. 2011; Momoh et al. 2016). Metronidazole is known as 
a carcinogen and mutagen substance regarding its chemical 
composition; therefore, it must be removed from water and 
wastewater in some way. According to its chemical com-
position, metronidazole is known as a carcinogenic and 
mutagenic substance; therefore, it must be removed from 
water and sewage sources in a way. (Malakootian et al. 2019; 
Farzadkia et al. 2014; Belhassen et al. 2017).

Ibuprofen (IBP), with the commercial name of ibuprofen, 
is α-methyl-4-(2-methyl propyl)-benzene acetic acid (Behera 
et al. 2012; Żółtowska-Aksamitowska et al. 2018; Oba et al. 
2021; Nourmoradi et al. 2018; Mondal et al. 2016), is a 
nonsteroidal and anti-inflammatory drug that is used in the 
treatment of the rheumatic disorder, fever, and pain (Behera 
et al. 2012; Żółtowska-Aksamitowska et al. 2018; Oba et al. 
2021). Due to Ibuprofen’s low metabolism in the body, it is 
extracted through urine and feces, from where it enters the 
environment. Previous studies have indicated that ibuprofen 
and its degraded products can affect the central nervous sys-
tem and endocrine (Nourmoradi et al. 2018; Mondal et al. 
2016; Banerjee et al. 2016).

The release of pharmaceutical compounds into the envi-
ronment may cause drug resistance in living organisms. 
Research has shown that MNZ can be removed using vari-
ous adsorbents like titanium dioxide nanoparticles, biosor-
bents, nanoscale zero-valent iron nanoparticles, clay, Fe/
charcoal, nanocomposites, activated carbon, grapheme, and 
else adsorbents (Farzadkia et al. 2014; Ighalo et al. 2020; 
Balarak et al. 2016; Fang et al. 2011; Momoh et al. 2016; 

Shrivastava et al. 1985; Malakootian et al. 2019; Nasseh 
et al. 2019; Belhassen et al. 2017; Carrales-Alvarado et al. 
2014; Bunmahotama et al. 2020; Carrales-Alvarado et al. 
2020; Asgari et al. 2020; Akhtar et al.2016; Ding et al. 2015; 
Ahmed et al. 2013; Wang et al. 2015; Liu et al. 2017; Hua 
et al.2018; Nasiri et al. 2022; Ghiasi et al. 2022; Yurtay et al. 
2023). Also, chitosan, activated carbon, graphene oxide nan-
oplatelets, soil mineral, carbon nanotubes, and else adsor-
bents can be used for IBP removal (Belhassen et al. 2017; 
Behera et al. 2012; Nourmoradi et al. 2018; Bahamon et al. 
2017; Bhadra et al. 2017; Mansouri et al.2015; Guedidi et al. 
2017; Banerjee et al. 2016; Cho et al. 2011; Krajišnik et al. 
2015; Akhtar et al.2016; de Andrade et al. 2018; Saeid et al. 
2018; Oba et al. 2021; Show et al. 2021; Naima et al. 2022; 
Priyan et al. 2022; Njaramba et al. 2023).

In this research, removal of MNZ and IPB was inves-
tigated by clay-based nanocomposites to evaluate adsorp-
tion capacity, kinetics behaviors, and the kind of adsorption 
isotherm. It is worth to say this is the first time that the 
synthesized nanocomposites with AC loaded onto nZVI-
clay were studied to remove metronidazole and ibuprofen 
from aqueous solution. Furthermore, the effects of adsorp-
tion parameters such as initial drug concentration, contact 
time, adsorbent dose, and solution pH were investigated. 
The main goal of this work is to provide a method to remove 
pharmaceutical pollution from the water environment using 
available adsorbents. In fact, the use of available and afford-
able absorbents and their good performance can express the 
importance of this work.

Experimental

Materials

Clay was prepared from the west south of Lorestan prov-
ince, Iran. Ferric chloride hexahydrate, sodium borohy-
dride, hydrochloric acid, ethanol, sodium hydroxide, and 
activated carbon were from Merck Company, all of the 
analytical grades. Metronidazole (Alpha) and Ibuprofen 
(Sigma-Aldrich) were used as adsorbate. Table 1 shows the 
structure of used pharmaceutical compounds. All solutions 
were prepared in distilled water.

Preparation of clay‑nanoscale zero‑valent iron 
nanocomposite

Clay-nanoscale zero-valent iron (nZVI) nanocomposite 
was prepared by synthesizing the nZVI particles. These 
nanoparticles are produced by various methods, including 
pulsed laser ablation, chemical vapor deposition, thermal 
reduction of oxide compounds, thermal decomposition, 
and aqueous reduction of metallic salts (Crane et al. 2012). 
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Chemical reduction of ferrous salt is a common method for 
synthesizing nZVI nanoparticles (Sun et al. 2006). In the 
present work, Ferric chloride hexahydrate can be reduced 
by sodium borohydride to produce nZVI. About 50 mL 
0.35 M of Fe (III) ion solution was prepared by ferric 
chloride hexahydrate and ethanol–water mix (30%, v/v). 
The solution was added to a two-necked flask and stirred 
under nitrogen gas. Next, 100 mL 1.61 M sodium borohy-
dride was added slowly into the mixture by syringe with 
a rate of 20–30 drops per minute. The mixture was stirred 
for 40 min after the addition of all sodium borohydride. 
Obtaining a black mix can confirm the formation of nZVI 
nanoparticles. The black solid was separated from the mix-
ture using a strong magnet. Then, the separated solid was 
washed three times with 5% ethanol to remove rust. The 
produced solid was vacuum dried overnight (Crane et al. 
2012; Sun et al. 2006; Ponder et al. 2000). This synthe-
sis was performed according to Eq. (1) (Sun et al. 2006; 
Pasinszki et al. 2020):

In the next step, nZVI nanoparticles were loaded on clay. 
Before preparing clay-nZVI, any impurity of nanoclay was 
removed. The nanoclay was sieved and washed with dis-
tilled water and then oven-dried in at 90 ℃ for 12 h. The 
clay-nZVI nanocomposite was synthesized with two mass 
contents of nZVI loaded onto the clay. For preparing a 20% 
mass content of nZVI loaded onto clay, 2 g of clay and 0.5 g 
nZVI nanoparticles were added to 100 mL ethanol–water 
(20%, v/v) in a balloon. This balloon was subjected to an 
ultrasonic (Sonica, Italy) and kept at 80 ℃ for 5 h. Then, 
the solution was filtered, and the resulting solid was placed 
in an oven at 80 ℃ for 20 h. The 30% mass content of nZVI 
loaded onto clay was prepared with the same method and 
using 0.857 g of nZVI nanoparticles. The synthesized nano-
composites with 20% and 30% nZVI mass contents loaded 

(1)
4Fe3+ + 3BH−

4
+ 9H

2
O → 4Fe0 ↓ +3H

2
BO−

3
+ 12H+

+ 6H
2
↑

onto clay were named 20-nZVI-clay and 30-nZVI-clay, 
respectively.

Preparation of Clay‑nZVI‑activated Carbon 
nanocomposite

The 20% mass content of nZVI and 20% mass content of 
activated carbon loaded onto clay were prepared by add-
ing a certain amount of clay, 3.33 g nZVI nanoparticles, 
and 3.33 g activated carbon (AC) to 100 mL ethanol–water 
(20%, v/v) in a round balloon. This balloon was placed into 
an ultrasonic and kept at 80 ℃ for 5 h. Next, the obtained 
solid was separated from the liquid phase by filtration and 
placed in an oven at 80 ℃ for 20 h. The nanocomposite con-
taining 20% mass content of nZVI and 10% mass content of 
AC loaded onto clay was prepared with the same procedure. 
The synthesized nanocomposites with 10% and 20% mass 
contents of AC loaded onto clay were named 10-AC-nZVI-
clay and 20-AC-nZVI-clay, respectively.

Preparation of pharmaceutical solutions

A stock solution of 200 mg/L metronidazole and ibuprofen 
was prepared by dissolving 200 mg of metronidazole in 1 L 
distilled water (Okhovat et al. 2015; Ramavandi et al. 2015) 
and ibuprofen in 10% methanol and 90% distilled water in 1 
L solution [30–31]. Ibuprofen is soluble in several organic 
solvents and is less soluble in water (Baccar et al. 2012; 
Manrique et al. 2007). Several concentrations of metronida-
zole and ibuprofen solutions were prepared by diluting the 
stock solution with 10, 20, 30, 40, and 50 ppm for metroni-
dazole, and 10, 20, 30, 40, and 50 ppm for ibuprofen. The 
wavelengths of maximum absorption of metronidazole and 
ibuprofen were determined as 320 and 221 nm, respectively, 
by a UV–Vis spectrophotometer (Perkin-Elmer Lambda 
25, USA). A UV–Vis spectrophotometer was used to read 
absorptions for the wavelengths of maximum absorption and 

Table 1  Specifications of metronidazole and ibuprofen

Compound Chemical formula Chemical structure Molecular weight 
 (gmol−1)

λmax (nm)

Metronidazole C6H9N3O3

 

171.15 320

Ibuprofen C13H17O2H

 

206.00 221
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different concentrations of pharmaceutical solutions. Finally, 
the concentration calibration curve was drawn for later appli-
cation (Fig. S1).

Removal of pharmaceutical compounds 
from aqueous solution

The removal of pharmaceutical compound experiments in 
contact with the adsorbents was carried out at room tempera-
ture (25 ± 1 ℃) on a shaker at 150 rpm (Behsan, Iran). For 
this purpose, 50-mL Erlenmeyer flasks containing 25 mL of 
different concentrations of pharmaceutical solutions were 
used. Optimal conditions of dose of the adsorbents, pH, 
the concentration of pharmaceutical solutions, and contact 
time were determined. Residual pharmaceutical compounds 
concentration in solution after adding a certain amount of 
adsorbent was measured by taking a sample from the Erlen-
meyer flask every 30 min and then centrifuging it for 10 min 
at 5000 rpm. The absorption of the supernatant was spec-
trophotometrically read to determine pharmaceutical com-
pounds’ concentration in solution. The solution was sam-
pled for 240 min. Eventually, the amount of pharmaceutical 
compounds adsorbed at equilibrium condition (qe) and the 
adsorption capacity of adsorbents at time t (qt) were calcu-
lated using Eq. (2) and Eq. (3) (Żółtowska-Aksamitowska 
et al. 2018; Nourmoradi et al. 2018; Pap et al. 2020).

where Ci is initial pharmaceutical compounds concentra-
tion  (mgL−1), Ce is equilibrium pharmaceutical compounds 
concentration  (mgL−1), m is the weight of the adsorbent (g), 
and V is solution volume (L). The removal percentage (R%) 
of pharmaceutical compounds on desired adsorbents was 

(2)qe =

(

Ci − Ce

)

m
V
(

in mg g−1
)

(3)qt =

(

Ci − Ct

)

m
V
(

in mg g−1
)

calculated using Eq. (4) (Mondal et al. 2016; Banerjee et al. 
2016; Pouretedal et al. 2014).

The first experiment was to investigate the effect of 
concentration at different contact times. For this purpose, 
the samples were taken out from flasks containing differ-
ent concentrations (10–50 ppm) every 30 min to 240 min. 
The adsorption almost reached equilibrium condition after 
around 240 min for all adsorbents. The equilibrium time is 
the time that the concentration of the pharmaceutical com-
pounds is almost constant. The pharmaceutical compounds’ 
adsorption behavior on the adsorbents’ type at the differ-
ent doses (4–12  gL−1) was studied to evaluate the optimum 
amount of adsorbent. The effects of pH were investigated 
using 0.1 M HCl and 0.1 M NaOH for adjusting the desired 
pH ranges from 3 to 11. All experiments were performed at 
least in triplicate to ensure the accuracy of the reported data.

Models of adsorption isotherms and kinetics

The adsorption isotherms describe the adsorption process 
when the amount of adsorbate molecules adsorb on adsor-
bent at a constant temperature (Foo et al. 2010). The type 
of isotherm can give helpful information about the nature 
of adsorption and adsorbents. Equilibrium was reached by 
evaluating the adsorption through adsorption kinetics exper-
iments (Irandoost et al. 2019). Isotherms like Langmuir and 
Freundlich were used to describe the adsorption equilibrium 
process. These experiments were performed using 8  gL−1 of 
synthesized adsorbents in 25 mL drug solution and pH = 7 
by different initial concentrations of pharmaceutical com-
pounds: 10, 20, 30, 40, and 50 ppm for 150 min at a constant 
temperature of 25 ± 1 ℃. Table 2 presents the Langmuir iso-
therm equation for monolayer adsorption on the adsorbent 
surface (Langmuir 1918; Baccar et al. 2012). In Table 2, 
the  qmax and  KL were calculated from 1/  qe versus 1/  Ce 

(4)R% =

(

Ci − Ce

)

Ci

× 100

Table 2  Linear equations of 
some of adsorption isotherm 
models

Isotherm models Linear equation Parameters

Langmuir isotherm 1

qe
=

(

1

qmaxKL

)

1

Ce

+
1

qmax

qe ∶ the amount of drug 
adsorbed at equilibrium (mg 
 g−1)

qmax ∶ the maximum amount of 
drug adsorbed (mg  g−1)

KL ∶ adsorption equilibrium 
constant (L  mg−1)

Ce ∶ the equilibrium concentra-
tion of drugs in solution (mg 
 L−1)

Freundlich isotherm Ln qe = Ln KF +

(

1

n

)

LnCe
KF ∶ adsorption capacity
n: adsorption intensity
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plot. Langmuir adsorption isotherm can be assessed by  RL, 
which is a dimensionless constant. Also, Eq. (5) was used 
to estimate the  RL, as follows:

where C0 is the initial adsorbate concentration (mg  L−1). 
The RL indicates the nature of the adsorption isotherm. If 
0 < RL < 1, then Langmuir isotherm is favorable. On the 
other hand, when RL = 1, this isotherm is unfavorable (Mon-
dal et al. 2016).

Table 2 presents Freundlich’s empirical isotherm, which 
is a valid equation for a low concentration of adsorbate solu-
tion (Baccar et al. 2012; Walsh et al. 2020). The values of 
KF and n are estimated from the diagram of Ln qe versus Ln 
Ce (Banerjee et al. 2016).

Linear kinetic models can be used well in the adsorption 
study, despite their errors. Adsorption kinetics can be used to 
determine the rate of the compound’s removal. The adsorp-
tion kinetics is a function of the adsorbent surface, adsorbate 
concentration, and flow (Pouretedal et al. 2014; Lima et al. 
2021). In this study, pseudo-first-order (Lagergren), pseudo-
second-order, Elovich, and intra-particle diffusion models 
(Manjuladevi et al. 2018; Largitte et al. 2016; Edet et al. 
2020; Guo et al. 2015; Srivastava et al. 2011; Awad et al. 
2020; Hongsawat et al. 2022) were used to investigate the 
type of adsorption kinetics. The equations of these models 
are shown in Table 3.

The adsorption kinetics was investigated in specific inter-
vals considering optimal adsorbent dose and pH.

Regeneration of adsorbent

In adsorption process, regeneration of adsorbents is an 
important item from the economic point of view (Miceli 
et  al. 2021; Gopal et  al. 2020). In fact the regenera-
tion process enables the adsorbent surface for reuse. The 

(5)RL =
1

1 + KLC0

regeneration functional depends on adsorbent structure, 
adsorption mechanism, and functional groups (Alsawy 
et al. 2022). This section was focused on the regeneration 
of 20-AC-nZVI-clay nanocomposite adsorbent as optimum 
adsorbent and MNZ drug. The experiments were carried out 
under optimum conditions of MNZ removal. After the initial 
adsorption process, the adsorbent was removed by filtration 
from aqueous solution. The separated adsorbent was washed 
with deionized water several times and then was dried at 
60 °C (Istadi et al. 2016). The 20-AC-nZVI-clay nanocom-
posite was recycled for three adsorption runs.

Result and discussion

Characterization of synthesis adsorbents

In this research, the synthesized nanocomposites were sup-
ported by nanoclay. The XRD pattern of nanoclay samples 
is presented in Fig. 1a. Using an XRD instrument (Bruker, 
Germany), this pattern was taken with a Cu-Kα source 
(λ = 0.154 nm). Soils contain various clay minerals. The 
nanoclay used in this study contains a large amount of quartz 
and calcite, and a small amount of montmorillonite, clino-
chlorite, and illite. The XRD data correspond to the Joint 
Committee on Powder Diffraction Standards (JCDPS) refer-
ence (Zhang et al. 2010; Jiang et al. 2015). The XRD pattern 
of synthesized nanocomposites is illustrated in Fig. 1b and 
c. As can be seen, the peak of these nanocomposites is not 
sharp because they contain a small percentage of activated 
carbon and nZVI. According to Fig. 1b and c, the peaks 
corresponding to quartz, calcite, and other minerals are still 
visible.

Moreover, the diffraction peak at 2θ = 44.9° in Fig. 1b 
corresponds to the formation of nZVI  (Fe0 state 110) (Zhang 
et al. 2010; Sun et al. 2006). This result suggests that nZVIs 
were supported on the clay surface. The broad diffraction 
peak of carbon (002) can be attributed to the amorphous 

Table 3  Linear equations of 
some of adsorption kinetic 
models

Kinetic models Linear equation Parameters

Pseudo-first-order Ln
(

qe − qt
)

= Ln qe − k
1
t qe ∶ equilibrium adsorption capacity

qt ∶ adsorption capacity at time t
k
1
∶ rate constant

Pseudo-second-order t

qt
=

t

qe
+

1

k
2
q2
e

qe ∶ equilibrium adsorption capacity
qt ∶ adsorption capacity at time t
k
2
∶ rate constant

Elovich qt =
1

�
Ln (��) +

1

�
Ln (t) qt ∶ adsorption capacity at time t

� ∶ initial adsorption rate
� ∶ Elovich constant

Intra-particle diffusion qt = kdif t
0.5 + C qt ∶ adsorption capacity at time t

C: a constant that gives about the 
thickness of the boundary layer

kdif ∶ diffusion constant
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carbon structure. Therefore, a peak seen about 2θ = 15–25° 
in Fig. 1c can confirm the presence of activated carbon 
(Liu et al. 2010; Singh et al. 2014). From Fig. 1, it can be 
understood that the distance between the plates in the clay 
structure as a nanocomposite base has not changed because 
the location of the main peak in the XRD pattern has not 
changed much. Therefore, it is predicted that nZVI and AC 
may be adsorbed on the clay surface.

The adsorbents’ structures were studied at room tem-
perature by FT-IR spectroscopy. Adsorbents were scanned 
using Perkin-Elmer Spectrum RXI FT-IR spectropho-
tometer (USA) through using a KBr pellet in the range 
of 4000–400  cm−1. Figure 2 shows the FT-IR spectra of 
clay, nZVI-Clay, and AC-nZVI-Clay. As can be seen from 
Fig. 2, the FT-IR bands corresponding to clay as the base 
of nanocomposites have not changed. In other words, after 

Fig. 1  XRD pattern of a Clay, 
b nZVI-Clay nanocomposite, 
and c AC-nZVI-Clay nanocom-
posite

Fig. 2  FT-IR spectra of a Clay, 
b AC-nZVI-Clay, and c nZVI-
Clay
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nanocomposites synthesis, the clay structure has been pre-
served. The bands at about 3300–3650  cm−1 correspond to 
OH stretching vibration elongation. The peaks at 3618  cm−1 
can be indexed to Al‒O‒H band in Fig. 2a. Additionally, 
the band at around 3400  cm−1 is slightly broad in Fig. 2c, 
which can be attributed to  Fe0 (Chen et al. 2011; Castro 
et al. 2009). The band at 1652 is due to the OH bending 
vibration of surface-adsorbed  H2O molecule in the clay 
structure (Zhang et al. 2010; Singh et al. 2011). In addition, 
the band at around 2358  cm−1 can be attributed to atmos-
pheric  CO2 (Rezende et al. 2018). The peaks in the range 
of 1436–1440  cm−1 are due to the stretching vibration of 
carbonate ions in the clay and nanocomposites spectra. Also, 
the peak at around 873  cm−1 is because of the out-of-plane 
vibration of carbonate ions (Rodriguez-Blanco et al. 2011; 
Chen et al. 2005; Frost et al. 2013). Additionally, the band 
at around 550–700  cm−1 suggests the presence of  Fe0 in 
the nanocomposites spectra. When  Fe0 is added to clay, the 
peaks of nanocomposites are expected to change relative to 
the clay. In other words, Si–O and Al–O bonds are partially 

destroyed by the reaction of  NaBH4 and  H2O (Zhang et al. 
2010; Abdullah et al. 2018; Xiong et al. 2015; Devi et al. 
2016; Mosaleheh et al. 2020). The broad peak at around 
1030  cm−1 can be indexed to Si–O vibration (Rezende et al. 
2018).

The SEM images of adsorbents (i.e., clay, nZVI-clay, 
and AC-nZVI-clay) in Fig. 3 were used to investigate their 
morphology. Figure 3a displays clay structure as sheets and 
glossy layers containing calcite, quartz, and montmorillonite 
minerals in its structure (Guo et al. 2018; Chen et al. 2011). 
Similarly, the clay XRD pattern corresponds to the results 
of its morphology. The nZVI morphology shown in Fig. 3b 
appears as chain-like and spherical (Chen et al. 2011; Devi 
et al. 2016). After synthesizing nZVI-clay nanocompos-
ite,  Fe0 nanoparticles were dispersed in clay and were less 
chain-like (Sun et al. 2006; Chen et al. 2011; Wang et al. 
2018). Figure 3c depicts the image of AC-nZVI-clay, which 
is another nanocomposite used as an adsorbent in this study. 
As can be seen from this figure, the composite texture has 
changed compared to previous adsorbents.

Fig. 3  The SEM images at 
500 nm magnification for a 
Clay, b nZVI, c nZVI-Clay, and 
d AC-nZVI-Clay
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Investigating the adsorption of metronidazole 
and ibuprofen

Effect of the adsorbent type on adsorption

Various experiments indicated that the clay adsorbent was 
not able to remove metronidazole and ibuprofen. Also, 
among nZVI-clay nanocomposites, only 20-nZVI-clay 
could adsorb metronidazole partially, but it did not remove 
ibuprofen. The absorbent 30-nZVI-clay was not even able 
to remove these compounds. The clay plates often have a 
negative electrical charge.

(Das et al. 2016; Moyo et al. 2012), which may repel 
metronidazole in solution. Table1 shows the specifications 
of the drugs. Ibuprofen is an organic acid. In this respect, the 
studies have shown that the clay particles are flocculated in 
an acidic environment (Shrivastava et al 1985; Rowe et al. 
2009). Since the nZVI-clay adsorbent could not remove the 
pharmaceutical compounds well, a new experiment was per-
formed to ensure that the nZVI adsorbent had removed phar-
maceutical compounds. This experiment showed that nZVI 
could adsorb large amounts of desired pharmaceutical com-
pounds. Therefore, a promising way to solve the problem of 
low adsorption of nZVI-clay was to add a certain amount of 
activated carbon to increase the efficiency of the adsorbent. 
Previous studies (Table 4) have indicated the capability of 
AC in adsorbing MNZ and IBP from their solutions (Belhas-
sen et al. 2017; Behera et al. 2012; Nourmoradi et al. 2018; 
Manjunath et al. 2018). The results of the modified nZVI-
clay adsorbents with activated carbon indicate an increase 
in the removal efficiency of the pharmaceutical compounds 
due to having porosity in the structure of activated carbon 
(Yuchoong et al. 2013). The results of these experiments 
and ibuprofen removal efficiency are summarized in Fig. 4. 

The present work evaluated the effect of initial concen-
tration and contact time for all adsorbents, including nZVI, 
nZVI-clay, and AC-nZVI-clay. The main purpose of this 
research was to study clay-based adsorbents. However, the 
experiments showed that nZVI-clay nanocomposites do not 
have good performance in the removal of desired pharma-
ceutical compounds. Therefore, the adsorbent dose effect, 
pH effect, evaluation of thermodynamics isotherms, and the 
kinetic studies were performed only for two AC-nZVI-clay 

adsorbents. In fact, adsorbent-type experiments in this work 
revealed that the best adsorbents are 10-AC-nZVI-clay and 
20-AC-nZVI-clay.

Effect of initial concentration and contact time

After determining the maximum wavelengths and draw-
ing calibration curves, the experiments were performed to 
show the optimum initial concentration for the maximum 
removal of pharmaceutical compounds and identify opti-
mum contact time when pharmaceutical solutions reach 
equilibrium. Figure 5 and the data of Table 5 show the effect 
of initial concentration and contact time metronidazole solu-
tions on nZVI, nZVI-clay and, AC-nZVI-clay adsorbents. 
According to Table 5, maximum removal of metronida-
zole and ibuprofen was performed by nZVI adsorbent and 
20-AC-nZVI-clay, respectively. The adsorption of ibuprofen 
on nZVI adsorbent underperformed compared to metroni-
dazole, probably due to the increased accumulation of ibu-
profen molecules on the adsorbent (Fang et al. 2011). As 
displayed in Fig. 5, the removal amounts of pharmaceutical 
compounds have increased with increase in concentration. 
Generally, it can be stated that concentration can influence 
the driving force (Ramavandi et al. 2015). Also, the drugs 
were removed better by 20-AC-nZVI-clay adsorbent, prob-
ably due to the porosity increase in the adsorbent (Pouretedal 

Table 4  The conditions of MNZ 
and IBP removal by activated 
carbon in the literature

Compound %Remove Concentration 
(ppm)

Contact time 
(min)

Adsorbent dose 
 (gL−1)

Reference

MNZ 64 50 20 0.5 Belhassen et al. 2017
MNZ 33.8 1 60 1 Manjunath et al. 2018
IBP 100 100 120 5 Nourmoradi et al. 2018
IBP 48 60 360 1 Żółtowska-

Aksamitowska et al. 
2018

Fig. 4  Effect of different adsorbents on removal percentage of MNZ
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et al. 2014). According to Fig. 5, the trend of adsorption in 
about the first 60–90 min of the process was rapid, exceeding 
which the adsorption efficiency decreased over time until 
reaching the equilibrium time.

Effect of adsorbent dose

The effect of the adsorbent dose on adsorption of phar-
maceutical compounds was studied by different masses of 
10-AC-nZVI-clay and 20-AC-nZVI-clay adsorbents. As 

shown in Fig. 6, first, the removal of pharmaceutical com-
pounds increased with increase in adsorbents doses. This 
trend can be attributed to an increase in surface area and 
access to more adsorbent sites. Also, after a dose of 10  gL−1 
for MNZ and of 8  gL−1 for IBP, the removal efficiency of 
the pharmaceutical compounds was almost constant, and 
it seems that active sites of adsorbent are no longer avail-
able. The decrease in the removal efficiency after adsorp-
tion equilibrium may suggest that the drug molecules have 
aggregated on adsorbent sites (Pouretedal et  al. 2014; 

Fig. 5  Influence of contact time and concentration on the removal of MNZ and IBP using a nZVI, b 20-nZVI-clay, c 10-AC-nZVI-clay, and d 
20-AC-nZVI-clay (adsorbent dose = 8 gL.−1, aqueous medium, and temperature = 25 ℃)

Table 5  Comparative results 
regarding the effect of initial 
concentration and contact 
time for different adsorbents 
(adsorbent dose = 8  gL−1, 
aqueous medium, and 
temperature = 25 ℃)

a  this work. b ref: Fang et al. 2011

Compound → Metronidazole Ibuprofen

Adsorbent ↓ %Remove Concentra-
tion (ppm)

Contact 
time (min)

%Remove Concentra-
tion (ppm)

Contact 
time 
(min)

nZVI (90.09)a (50)a (180)a 44.00 30 180
(99.00)b (80)b (49)b

20-nZVI-clay 13.51 30 240 0 10–50 240
10-AC-nZVI-clay 60.39 50 150 34.78 50 150
20-AC-nZVI-clay 86.63 50 150 87.11 50 150
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Derikvand et al. 2019). The removal efficiency of MNZ and 
IBP increased from 40.67 to 60.39% and 22.7% to 34.78% on 
10-AC-nZVI-clay adsorbent, respectively. In addition, they 
increased from 71.13% to 87.11% and 66.01% to 87.1% on 
20-AC-nZVI-clay adsorbent, respectively.

Effect of pH

The pH is an important parameter that can affect the prop-
erties of adsorbents and adsorbates (Tezcanli-Güyer et al. 
2004; Bernal et al. 2020). The optimum pH for the removal 
of MNZ and IBP from their aqueous solution was predicted 
by investigating different solution pHs ranging from 3 to 
11. The removal percentage of MNZ is depicted in Fig. 7. 

These results represent an increase from 53.36 to 79.14% on 
20-AC-nZVI-clay adsorbent when increasing the solution 
pH from 3 to 5. A further increase in pH leads to a reduction 
in MNZ removal percentage and an increase in the solu-
tion’s turbidity. According to previous studies, the  pKa of 
MNZ is 2.55 (Nasseh et al. 2019; Malakootian et al. 2019). 
The pH variations can change the charge of the adsorbent 
surface and MNZ (Nasseh et al. 2019; Carrales et al. 2014). 
The clay used in this study seems to carry a negative charge 
on its surface, and cation exchange takes place between the 
clay interlayers (Du et al. 2017; Nazir et al. 2016). It is note-
worthy that clay is flocculated at acidic pH, and it may form 
a barrier to keep drug diffusion on adsorbent (Shrivastava 
et al.1985). The clay surface may contain silanol groups, 

Fig. 6  Effect of adsorbent dose on pharmaceutical compounds removal by a 10-AC-nZVI-clay and b 20-AC-nZVI-clay adsorbents (drug con-
centration = 50 ppm, contact time = 150 min, aqueous medium, and temperature = 25 ℃)

Fig. 7  Effect pH on removal of MNZ and IBP by a 10-AC-nZVI-clay and b 20-AC-nZVI-clay adsorbents (drug concentration = 50 ppm, contact 
time = 150 min, pH = 3–11, and temperature = 25 ℃)
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which become deprotonated with raising pH solution. There-
fore, the number of negative charge sites on nanocomposite 
increases (Chagas et al. 2014) such that it cannot be favora-
ble for MNZ adsorption in this condition.

MNZ has a positive charge (MNZ-H+) at acidic condi-
tions (Nasseh et al. 2019; Malakootian et al. 2019; Rama-
vandi et al. 2015) and seems to be adsorbed on the adsor-
bent surface at low pHs. In higher pHs, MNZ can possess 
a negative charge (MNZ-OH−) (Nasseh et al. 2019). Thus, 
adsorbent and pharmaceutical compounds repel each other. 
According to Fig. 7, when pH increases from 5 to 11, MNZ 
removal decreases from 79.14% to 71.35% on 20-AC-nZVI-
clay adsorbent. The obtained results show that the solution 
contains adsorbent, and MNZ has turbidity at high pH. Any 
change in pH level affects the adsorbent surface. Similar 
results were observed for MNZ adsorption on 10-AC-nZVI-
clay adsorbent. In this study, nZVI and AC were supported 
by clay, which is confirmed by the XRD images. At high pH, 
it seems that the edge charge of clay is neutralized, and its 
net particle charge is increased. Therefore, clay particles are 
separated and dispersed (Shrivastava et al.1985; Shah et al. 
2009; Chorom et al. 1996), leading to the solution’s turbid-
ity. According to obtained results, the optimum necessary 
pH for the MNZ removal occurs in an aqueous medium. 
Other studies also indicate that an aqueous medium is an 
optimum condition for the MNZ removal process (Nasseh 
et al. 2019; Malakootian et al. 2019; Carrales-Alvarado et al. 
2014). In an aqueous medium, nanocomposites (as adsor-
bent) and MNZ have no repulsion.

The IBP removal was investigated using the AC-nZVI-
clay adsorbents. According to previous studies, the  pKa of 
IBP is 4.9 (Behera et al. 2012; Salim Wahab et al. 2020; 
Kolawole 2017). When pH increases from 3 to 5, the IBP 
removal percentage decreases from 13.89% to 4.057%. In 
higher pHs, IBP is not adsorbed by adsorbents used. Elec-
trostatic interactions are significant in solution, where IBP 
acidity becomes weak with increasing pH (Behera et al. 
2012; Salim Wahab et al. 2020). When pH < pKa, the IBP 
structure has a molecular state. In addition, if pH > pKa, a 
carboxylic group in the IBP structure is ionized such that 
IBP carries a negative charge (Nourmoradi et al. 2018; 
Méndez-Arriaga et al. 2008). As the number of negative 
charge sites on nanocomposite increases with raising pH, 

IBP and used adsorbents repel each other. Therefore, the 
experiments of IBP adsorption were performed in an aque-
ous medium. Similar results were observed for IPB adsorp-
tion on 10-AC-nZVI-clay adsorbent. Table 6 summarizes 
the achieved optimum conditions for adsorption of MNZ 
and IBP on AC-nZVI-clay adsorbents.

By finding out the optimum conditions of adsorption 
and the removal percentage of desired pharmaceutical com-
pounds in the recent work, the results of this work can be 
compared with some researches. These results were sum-
marized in Tables 7 and 8.  

Adsorption isotherms

Adsorption isotherms were studied using equations shown 
in Table 2. Figures 8 and 9 present the plot of Langmuir and 
Freundlich isotherms for adsorption of pharmaceutical com-
pounds on 10-AC-nZVI-clay and 20-AC-nZVI-clay adsor-
bents, respectively. Tables 9 and 10 display Langmuir and 
Freundlich’s parameters taken from the slope and intercept 
of the plots. Comparing the value of correlation coefficients 
revealed that experimental data are in good agreement with 
Langmuir and Freundlich isotherms equations, although data 
fitted the Langmuir model more. The Langmuir adsorption 
model implies monolayer formation and indicates that the 
active sites on the surface are the same. In contrast, the Fre-
undlich adsorption model indicates that surface site effects 
are different and related to interactions between functional 
groups of adsorbent and absorbate molecules (Irandoost 
et al. 2019). The value of qmax in the Langmuir model shows 
the maximum capacity of adsorption. At MNZ adsorption, 
by increasing the AC percentage in adsorbent, the available 
sites and  qmax increase (Alamgir et al. 2020). However, RL 
also rises, suggesting that the adsorption process based on 
the Langmuir model is not much favorable.   

According to Table 10 and comparing the correlation 
coefficients, IBP experimental data were fitted to the Lang-
muir model better than the Freundlich model. At IBP adsorp-
tion, by enhancing the AC percentage in adsorbent, both 
 qmax and  RL decline. It can be assumed that the interaction 
between adsorbent and drug molecules may be influenced 
the adsorption process. In the Freundlich equation, param-
eter n indicates the favorability of the adsorption process. 

Table 6  The resulted optimum 
conditions for pharmaceutical 
compounds removal on 
AC-nZVI-clay adsorbents

a  for MNZ and IBP

Experiment Contact 
time 
(min)

pH Adsorbent 
dose (g/L)

MNZ concen-
tration (mg/L)

IBP con-
centration 
(mg/L)

Temperature (◦C)

Effect of contact time 0–240 7 8 10–50 10–50 25 ± 1
Effect of adsorbent dose (150)a 7 4–12 50 50 25 ± 1
Effect of pH (150)a 3–11 8 50 50 25 ± 1
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When the value of n is larger than 1, the adsorption process 
is favorable (Buburuzan Haleta et al. 2009). According to 
Table 9, MNZ removal by 20-AC-nZVI-clay adsorbent has 
a high favorable correlation with Freundlich equation.

Adsorption kinetics

In this step, the kinetic models of pseudo-first-order, pseudo-
second-order, Elovich, and intra-particle diffusion were stud-
ied. The adsorption capacity and adsorption condition can 
be evaluated using adsorption kinetics (Arab et al. 2020; 
Liu et al. 2021). Tables 11 and 12 show the calculated data 
in the adsorption of pharmaceutical compounds at differ-
ent contact times on AC-nZVI-clay adsorbents. Comparing 
the correlation coefficients of three kinetic models (pseudo-
first-order, pseudo-second-order, and Elovich) indicates that 
adsorption kinetics has a high level of conformity with the 
pseudo-second-order kinetic model. According to assump-
tions of adsorption kinetics (Largitte et al. 2016), it seems 
that pharmaceutical compounds have been adsorbed by the 
monolayer on the adsorbents, suggesting that the adsorption 

may be chemisorption. This assumption corresponds to the 
results of their adsorption thermodynamics. Comparing 
the correlation coefficients of pseudo-second-order model 
for two adsorbents (10-AC-nZVI-clay and 20-AC-nZVI-
clay) indicates that MNZ was removed by 10-AC-nZVI-
clay adsorbent better than other adsorbents. However, for 
IBP, this trend is the inverse. Figure 10 displays the plots 
of these three kinetic models. As can be seen, the distance 
between experimental adsorption capacity (qe,exp) and cal-
culated adsorption capacity (qe) is close to each other in 
kinetic models for MNZ removal by 10-AC-nZVI-clay and 
IBP removal by 20-AC-nZVI-clay.

The intra-particle diffusion model was used to evaluate 
the migration of pharmaceutical compounds from solution 
to adsorbents surface. The adsorption process involves two 
steps involving the migration of adsorbates from solution 
to the adsorbent surface and then intra-particle diffusion of 
adsorbates into the adsorbent pores [14, 17, 93, 96] (Cam-
pos et al. 2018; Kuang et al. 2020; Buburuzan Haleta et al. 
2009; Dogan et al. 2006). Figure 11 presents the concentra-
tion variation of pharmaceutical compounds as a function 

Table 7  Comparison of MNZ adsorption capacity of this work with other reported

Drug Adsorbent Maximum adsorption capacity or 
removal percentage

References

MNZ nZVI 90.1% This work
20-nZVI-clay 13.51% This work
10-Ac-nZVI-clay 60.39% This work
20-Ac-nZVI-clay 87.11% This work
Biomass-based activated carbon 833 mg/g Yurtay et al. (2023)
MIL101-OH/chitosan 600 mg/g Ghiasi et al. (2022)
CoFe2O4 @CMC/HZSM-5 nanocomposite 206.6 mg/g Nasiri et al. (2022)
MgO coated clay 84.5 mg/g Awad et al. (2020)
Conjugated microporous polymers Ighalo et al. (2020)
Fe3O4-chitosan 97.06 mg/g Asgari et al. (2020)
Graphene oxide 190 mg/g Carrales-Alvarado et al. (2020)
Fe/charcoal 90% Malakootian et al. (2019)
FeNi3/SiO2/CuS magnetic nanocomposite 65.15% Nasseh et al. (2019)
Biomass carbon foam (BCF- P123) 67.52 mg/g Hua et al. (2018)
Granular activated carbon 110.64 Liu et al. (2017)
Commercial activated carbon (CAC) 328 mg/g Akhtar et al. (2016)
Procedure CAC 287 mg/g Akhtar et al. (2016)
Activated carbon 144.9 mg/g Akhtar et al. (2016)
Carbon spheres-supported nanoscale zero-valent iron 96.79% Wang et al. (2016)
FeCl3- induced crude extract 89.3% Ramavandi et al. (2015)
Modified sepiolite 36.5% Ding et al. (2015)
TiO2 nanoparticles 99.55% Okhovat et al. (2015)
Commercial activated carbon 248.6 mg/g Carrales-Alvarado et al. (2014)
Nano-ZnO 96.55% Farzadkia et al. (2014)
Activated carbon Siris seed 196.31 mg/g Ahmed et al. (2013)
Nanoscale zero-valent iron particles 96.4% Fang et al. (2011)
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of time (Żółtowska-Aksamitowska et al. 2018; Pouretedal 
et al. 2014). The plot slope is sharp in the first step, and 
then it becomes slow and flat until reaching the equilibrium 
condition. In the first step, the adsorption capacity increases, 
and it seems that adsorbate molecules transfer from solu-
tion toward adsorbent surface well. When the plot of the 
intra-particle diffusion model passes through the origin, the 
adsorption process only controls by the diffusion step. Oth-
erwise, it can be controlled with two or three steps (Campos 
et al. 2018).

In this work, the adsorption process can control by two 
steps. It seems that the intra-particle diffusion model can pre-
dict the adsorption mechanism for MNZ and IBP. According 
to Fig. 11, the adsorption rate of MNZ increases from the 
initial time until 60 min on 10-AC-nZVI-clay adsorbent and 

then becomes slower until reaching equilibrium conditions. 
In comparison, the adsorption rate of MNZ on 20-AC-nZVI-
clay adsorbent increases until 90 min and declines after this 
time. Evaluating the first step data indicates that the plot 
of adsorption capacity versus  t0.5 has a negative intercept, 
which is the constant C. This constant represents a lag time 
for the mass transfer migration toward the adsorbent surface 
(Obradović 2020). Also, it is defined as a constant that gives 
the thickness of the boundary layer or the boundary layer 
resistance. With decrease in the boundary layer resistance, 
the mobility of pharmaceutical compounds increases during 
the adsorption process (Doğan et al. 2006). The lag times of 
MNZ molecules for migration toward 10-AC-nZVI-clay and 
20-AC-nZVI-clay adsorbents were calculated to be 13 min 
and 4  min, respectively, indicating that the adsorption 

Table 8  Comparison of IBP 
adsorption capacity of this work 
with other reported

(*) Chemically modified N-biochar (N-biochar engineered from precursor Parthenium hysterophorus)

Drug Adsorbent Maximum adsorption capacity 
or removal percentage

References

IBP nZVI 43.95% This work
20-nZVI-clay – This work
10-Ac-nZVI-clay 34.78% This work
20-Ac-nZVI-clay 87.1% This work
Gelatin/zirconium-based metal–

organic framework
10.23 mg/g Njaramba et al. (2023)

Biochar from pepper stems 569.6 mg/g Naima et al. (2022)
Corn starch nanoparticles 65.48 mg/g Priyan et al. (2022)
Bamboo waste 278.55 mg/g Show et al. (2021)
Rice husk 239.8 mg/g Show et al. (2021)
Kola nut husk 39.22 mg/g Show et al. (2021)
Mesoporous carbon 120 mg/g Oba et al. (2021)
Magnetized AC 261.4 mg/g Oba et al. (2021)
Microporous activated carbon 495 mg/g Oba et al. (2021)
Physically activated coal 430.4 mg/g Oba et al. (2021)
bentonite 16.41 mg/g de Andrade et al. (2018)
Natural Clay 3.52 mg/g de Andrade et al. (2018)
Activated carbon 96.15 mg/g Nourmoradi et al. (2018)
Fe-beta zeolite 93% Saeid et al. (2018)
Chitin modified with kraft lignin 94.2% Żółtowska-

Aksamitowska et al. 
(2018)

Activated carbon 273.87 mg/g Bahamon et al. 2017
Metal–organic framework 320 mg/g Bhadra et al. (2017)
Activated carbon cloth 491.9 mg/g Guedidi et al. (2017)
Activated carbon 145.2 mg/g Akhtar et al. (2016)
Graphene oxide nanoplatelets 98.17% Banerjee et al. (2016)
Biosorbent (*) 99% Mondal et al. (2016)
Modified natural zeolite 19.27 mg/g Krajišnik et al. (2015)
Activated carbon 0.29 mg/g Mansouri et al.(2015)
Montmorillonite 6.1 mg/g Behera et al. (2012)
Activated carbon 10.83 mg/g Baccar et al. (2012)
Carbon nanotube 231.5 mg/g Cho et al. (2011)
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Fig. 8  Plot of Langmuir isotherms for adsorption of a MNZ and b IBP on 10-AC-nZVI-clay and 20-AC-nZVI-clay adsorbents

Fig. 9  Plot of Freundlich isotherms for adsorption of a MNZ and b IBP on 10-AC-nZVI-clay and 20-AC-nZVI-clay adsorbents (drug concentra-
tion = 20–50 ppm, contact time = 150 min, aqueous medium, and temperature = 25 ℃)

Table 9  Evaluated parameters for MNZ adsorption isotherms (initial 
concentration = 20–50  ppm, aqueous medium, temperature = 25  ℃, 
and contact time = 150 min)

Isotherm models Parameters 10-Ac-nZVI-clay 20-Ac-nZVI-clay

Langmuir qm(mg  g−1) 3.32 54.35
KL(L  mg−1) 0.019 2.082×10–3

RL 0.69 0.95
R2 0.998 0.999

Freundlich KF 0.027 0.121
n 0.709 1.04
R2 0.846 0.999

Table 10  Evaluated parameters for IBP adsorption isotherms (initial 
concentration = 20–50  ppm, aqueous medium, temperature = 25  ℃, 
and contact time = 150 min)

Isotherm models Parameters 10-Ac-nZVI-clay 20-Ac-nZVI-clay

Langmuir qm(mg  g−1) 7.479 9.737
KL(L  mg−1) 1.78×10–3 0.0159
RL 0.93 0.65
R2 0.981 0.983

Freundlich KF 0.0123 0.349
n 0. 991 1.55
R2 0.983 0.959
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process is somewhat delayed. The parameters values of the 
intra-particle diffusion equation for MNZ are represented 
in Table 11.

According to Fig. 11, the adsorption rate of IBP during 
90 min is fast on 10-AC-nZVI-clay adsorbent then slightly 
decreases. The adsorption rate of IBP on 20-AC-nZVI-clay 
adsorbent during 60 min is fast, then declines, and becomes 

roughly constant. These results indicate that the type of drug 
interaction with adsorbents and the type of adsorbent play 
a significant role in estimating the adsorption mechanism 
(Żółtowska-Aksamitowska et al. 2018). Based on the calcu-
lations for the first step, the lag time of IBP molecules for 
migration toward 10-AC-nZVI-clay and 20-AC-nZVI-clay 
adsorbents was 9.4 min and 7.4 min, respectively. The values 

Table 11  Parameters evaluated 
for MNZ adsorption with 
various kinetic models (initial 
concentration = 50 ppm, 
aqueous medium, 
temperature = 25 ℃, and contact 
time = 15–150 min)

Kinetic model Parameters 10-Ac-nZVI-clay 20-Ac-nZVI-clay

Pseudo-first-order k1(min−1) 0.0265 0.022
R2 0.93 0.88
qe,1 *(mg/g) 1.66 2.43
qe,exp

* (mg/g) 2.44 2.90
Equation y = − 0.0265x + 0.5051 y = − 0.022x + 0.8872

Pseudo-second-order k2(M−1  min−1) 0.0143 0.0092
R2 0.99 0.97
qe,2 *(mg/g) 1.84 3.45
qe,exp

* (mg/g) 2.44 2.90
Equation y = 0.5425x + 20.639 y = 0.2895x + 9.0759

Elovich β 1.77 1.58
α 0.34 0.38
R2 0.87 0.85

Intra-particle diffusion kdif1 0.2717 0.2347
C1 − 0.9794 − 0.4675
R2 0.96 0.97
kdif2 0.0817 0.079
C2 0.492 1.122
R2 0.98 0.99

Table 12  Parameters evaluated 
for IBP adsorption with 
various kinetic models (initial 
concentration = 50 ppm, 
aqueous medium, 
temperature = 25 ℃, and contact 
time = 15–150 min)

Kinetic model Parameters 10-Ac-nZVI-clay 20-Ac-nZVI-clay

Pseudo-first-order k1(min−1) 0.0215 0.0631
R2 0.85 0.96
qe,1 *(mg/g) 2.41 6.91
qe,exp *(mg/g) 2.14 4.11
Equation y = − 0.0215x + 0.8792 y =− 0.0631x + 1.9326

Pseudo-second-order k2(M−1  min−1) 0.0073 0.0207
R2 0.97 0.99
qe,2 *(mg/g) 2.76 4.53
qe,exp

* (mg/g) 2.14 4.11
Equation y = 0.3628x + 17.919 y = 0.2211x + 2.363

Elovich β 1.03 1.41
α 0.061 2.46
R2 0.96 0.82

Intra-particle diffusion kdif1 0.1844 0.8618
C1 − 0.5644 − 2.3432
R2 0.97 0.86
kdif2 0.0771 0.0119
C2 0.3794 3.9587
R2 0.98 0.99
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of the parameters based on intra-particle diffusion equation 
for IBP are represented in Table 12. As the diffusion param-
eters change with time, it can conclude that the intra-particle 
diffusion equation is an approximation for estimation of ini-
tial adsorption times (Obradović 2020).

Regeneration and reusability of adsorbent

In order to investigate the regeneration and the reusability 
of optimum adsorbent, the adsorption process was repeated 
three runs for adsorption optimum condition of MNZ drug 
and each time the used adsorbent was regenerated. Accord-
ing to Table 13, the removal efficiency of MNZ after three 
cycles was decreased from 87.11% to 82.91%. Based on this 
result, it can state that drug molecules may react with active 
sites or precipitate on the adsorbent surface and block these 
sites (Nasiri et al. 2022; Alsawy et al. 2022). After washing 
and heating adsorbent, some active sites can be nearly regen-
erated. Next, the stability of the 20-AC-nZVI-clay nanocom-
posite was investigated with FT-IR spectroscopy study and 
it showed that the adsorbent was without any notable change 

(Fig. 12). Therefore, the 20-AC-nZVI-clay nanocomposite 
can be a suitable adsorbent for the pharmaceutical com-
pounds removal.

Conclusion

The removal of MNZ and IBP is a new application of syn-
thesized clay-based nanocomposites. In this study, the ini-
tial adsorption of pharmaceutical compounds was performed 
using nZVI, nZVI-clay, and AC-nZVI-clay adsorbents. The 

Fig. 10  Plot of kinetic models of MNZ and IBP adsorption on 
10-AC-nZVI-clay and 20-AC-nZVI-clay adsorbents: a pseudo-first-
order, b pseudo-second-order, and c Elovich models (drug concen-

tration = 50  ppm, contact time = 15–150  min, aqueous medium, and 
temperature = 25 ℃)

Fig. 11  The plot of the intra-
particle diffusion model for 
MNZ (solid line) and IBP 
adsorption (dashed line) 
on 10-AC-nZVI-clay and 
20-AC-nZVI-clay adsorbents 
(drug concentration = 50 ppm, 
contact time = 15–150 min, 
aqueous medium, and tempera-
ture = 25 ℃)

Table 13  Removal functional of the MNZ drug from aqueous solu-
tion after three recycling cycles at 25 °C and optimum condition

Conditions Cycle %Removal

Contact time: 150 min 1 87.11
pH: 7 2 85.65
MNZ Concentration: 50 ppm
Adsorbent dose: 10 g/L

3 82.91
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experiment results showed that AC-nZVI-clay nanocom-
posites have a higher ability than other adsorbents clay-
based for MNZ and IBP adsorption. Therefore, subsequent 
experiments were performed by different percentages of 
AC-nZVI-clay (10-AC-nZVI-clay and 20-AC-nZVI-clay). 
The optimum conditions for pharmaceutical compounds 
removal were reported by different experiments, includ-
ing drug concentration of 50 ppm, contact time of 150 min, 
and aqueous medium. The results showed that the removal 
efficiency increases with increase in initial concentration. 
The optimum dose of adsorbents was 10  gL−1 and 8  gL−1 
AC-nZVI-clay adsorbents for MNZ and IBP, respectively. 
In these conditions, the removal efficiency of MNZ and IBP 
was 60.39% and 34.78% on 10-AC-nZVI-clay adsorbent, 
respectively. Also, it is 87.11% and 87.1% on 20-AC-nZVI-
clay adsorbent, respectively. Overall, it can be concluded that 
IBP is adsorbed with a smaller amount of 20-AC-nZVI-clay 
adsorbent than MNZ. As a result of evaluations of concen-
tration, pH and adsorbent dose effects and characterization 
of adsorbents, two factors of π-interactions and electrostatic 
interaction may be reason for MNZ and IBP adsorption. The 
adsorption isotherm study showed that desired pharmaceu-
tical compounds’ data fit well with the Langmuir isotherm 
model. A study of the intra-particle diffusion model revealed 
that adsorption occurred in two steps. The adsorption rate 
increases until about 60–90 min and declines thereafter. The 
adsorption process follows the pseudo-second-order kinetic 
model. Based on the results of this work, it can be claimed 
that 10-AC-nZVI-clay and 20-AC-nZVI-clay nanocompos-
ites can remove MNZ and IBP from aqueous solution effi-
ciently. It can be concluded that adsorption of MNZ and 
IBP by the synthesized adsorbents is an effective way to 
remove pollution. Of course it is predicted that these adsor-
bents remove other pharmaceutical compounds and organic 
materials. There are still more good facets of research for 
this subject.
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