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Paraquat is the most important herbicide of the bipyridyl group. )e aim of the present study was to compare the removal of
paraquat herbicide from aqueous solutions using nanoscale zero-valent iron-pumice/diatomite composites. In this study, nZVI
was supported with diatomite and pumice. Scanning electron microscopy (SEM) analysis, X-ray diffraction spectroscopy (XRD),
Fourier transform infrared spectrometry (FTIR), and specific surface area tests (BET) were used to evaluate the properties of
nanoadsorbents. )e residual concentration of paraquat in aqueous solution was detected by high-performance liquid chro-
matography (HPLC). )en, the effects of different variables including the pollutant concentration, contact time, temperature,
adsorbents (D-nZVI and P-nZVI) dose, and pH, were investigated in a lab scale batch system.)e results showed that the optimal
pH for both processes was 3.74. In optimal conditions, the efficiencies of D-nZVI and P-nZVI were 92.76% and 85.28%, re-
spectively. In addition, isotherm and adsorption kinetics studies indicated that P-nZVI follows the Langmuir and Freundlich
isotherm models, and D-nZVI follows the Langmuir isotherm model, and both processes follow pseudo-second-order kinetics.
)e results indicated that the synthesized nanoparticles were suitable for removing paraquat from aqueous solutions. Both
adsorbents were found to be very effective in removing similar compounds at ambient temperature in a short time.

1. Introduction

Currently, in many countries, it is observed that the use of
pesticides for agriculture causes problems such as water, soil,
and air pollution [1]. Among pesticides, herbicides are
widely used in agriculture. )eir excessive persistence can
state serious risks to human health, aquatic life, and animals
[2]. Paraquat is one of the most common herbicides, es-
pecially in developing countries. Paraquat is a nonselective
herbicide that belongs to the category of bipyridines and is
used as a moisture absorber in products such as potatoes,
sugarcane, rice, coffee, beans, and to kill weeds [3]. )e
characteristics of paraquat are listed in Table S1.

)e use of this compound may present potential
environmental hazards such as respiratory poisoning,
hypersensitivity, gastrointestinal obstruction, neurolog-
ical problems, pulmonary fibrosis, and Parkinson’s dis-
ease for humans and animals [4–6]. )e severity of
paraquat poisoning depends on many factors and con-
ditions, such as the duration of exposure, the route, and
the amount of poison [7]. To protect human health and
the environment from the harmful effects of paraquat
herbicide, advanced and practical treatment processes are
necessary to remove it from the water [8]. Common
purification processes for removing paraquat generally
include reductive processes such as adsorption on porous
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solids, membrane filtration, a combination of adsorption
and membrane filtration [9], and advanced oxidation
processes (AOPs) [10, 11].

Adsorption is the simplest, most economical and most
effective method for wastewater treatment among all of the
processes [12]. However, more effective materials develop-
ment is very important to eliminate the effects of paraquat
from aqueous solutions. Nanotechnology is one of the fastest
growing sectors of the global economy. Based on the the-
oretical and empirical evidence and studies, zero-valent iron
nanoparticles (nZVI) are widely used to remove pesticides,
heavy metals, antibiotics, paints, and other contaminants
from water due to their specific surface area, environmental
safety, catalytic reduction capability, low cost, and easy to
use [13, 14].

Zero-valent iron nanoparticles, due to their magnetic
interaction and high surface energy, they tend to accumulate
in their particles alone, which reduces the specific surface
area of nZVI secondary iron contamination, separation and
recovery problems after use, and its removal effects are
restricted [15, 16]. To prevent the accumulation of nZVI, a
variety of materials are produced and used as carriers such as
clay, grapheme, carbon, bentonite, and silica [17, 18]. In
addition, the porous structure of these compounds leads to
high hydraulic conductivity which increases the rate of
degradation in aqueous systems [17, 19, 20].

Diatomite is a white, soft, light stone that has a unique
natural crystalline structure and is composed of a fossilized
diatom skeleton [21]. )e highly porous structure of diat-
omite, low density, high permeability, small particle size,
high adsorption capacity, high specific surface area, and its
thermal and mechanical stability and hydraulic conductivity
have led to its use as a filter, catalyst carrier, and effluent
treatment [22]. Diatomite may be used as a carrier for nZVI
due to its macroporous structure and excellent thermal and
mechanical resistance [23].

Pumice is a porous volcanic rock that has a skeletal
structure and a large surface. Pumice has open channels that
allow water and ions to travel inside and outside the crystal
structure. In addition, pumice can be easily processed.
Pumice has been used in water treatment as an inexpensive
adsorbent and filter. Pumice can stabilize more nZVI, so it is
a better alternative than other supporters [24].

In this context, the present work aimed to prepare,
characterize, and apply nZVI-pumice and nZVI-diatomite
composites for removing paraquat from aqueous solutions.
Furthermore, adsorption kinetics and adsorption isotherms
were investigated. To the best of our knowledge, this is the
first study that used nZVI-pumice and nZVI-diatomite
composites for paraquat adsorption.

2. Materials and Methods

2.1. Materials and Supplies. In this study, iron (II) chloride
tetrahydrate (≥99%), sodium borohydride (99%), acetoni-
trile (98%), and ethanol (99.8%) were purchased fromMerck
Company (Germany). Paraquat (≥99%), diatomite (99%),
and pumice (99%) were purchased from Sigma-Aldrich
Company (USA).

2.2. Preparation of nZVI andDiatomite (D-nZVI). 5 g of iron
(II) chloride tetrahydrate (FeCl2·4H2O) was added to a
mixture of ethanol and deionized water (75mL of ethanol
plus 25mL of water).)en, 5 g of diatomite was added to this
solution. )en, sodium borohydride (NaBH4) was added
dropwise under a hood with continuous stirring. After
adding all of the borohydride solution, the mixture was left
stirring for an additional 10min. )e reduction of iron ions
by borohydride ions can be represented according to
equation (1).

Fe+
2 + 2BH−

4 + 6H2O⟶ Fe0 + 2B(OH)3 + 7H2↑ (1)

After the color change of the solution, the solids were
separated from the solution by vacuum filtration, washed
with ethanol, and dried in an oven at 50°C [25].

2.3. Preparation of nZVI and Pumice (P-nZVI). 1.5 g of
pumice was used as a support material. )en, 5 g of
FeCl2·4H2O was added to a mixture of ethanol and water
(75mL of ethanol plus 25mL of water). )ereafter, NaBH4
was added dropwise to the solution under a hood with
constant stirring. After the color change of the solution, the
solids were separated from the solution by vacuum filtration,
washed with ethanol, and dried in an oven at 50°C [26].

2.4. Nanoparticle Characterization. An X-ray diffraction
(XRD, PMD Philips X’Pert) analysis was used to identify the
crystal structure of the synthesized nanosorbents. )e
existing functional groups on the prepared nanostructures
were evaluated by Fourier transform analysis (FTIR, Bruker,
Germany). Adsorbent surface morphology with a field
emission scanning electron microscope (FESEM, ZEISS,
model Sigma, Germany), elemental analysis of adsorbents by
BET analysis (JW-BK132F) was used to measure the surface
area of the produced materials.

2.5. Batch Studies. Batch experiments were performed in the
Erlenmeyer with 250mL of aqueous solution. )e effects of
pH (2–8), adsorbent dose (0.5–2 g·L− 1), reaction time
(10–100min), paraquat concentration (0.5–4mg·L− 1), and
temperature (15–45°C) on paraquat removal using D-nZVI
and P-n-ZVI were investigated.)e solutions were shaken in
a temperature-controlled shaker (OS-300). Sampling was
made at a certain time interval (10–100min) and then, the
samples were filtered with a syringe filter (0.02 μm pore size,
Whatman Anotop 10), and stored at 4°C when needed, and
analyzed within 48 h of collection [26]. All experiments were
performed in triplicates.

2.6. Analytical Methods. Paraquat concentration in the
sample was measured by reverse phase high-performance
liquid chromatography (HPLC Agilent 1200) using a C-18
column (ODS HYPERSIL, 5 μm, 4.6× 250mm, Agilent
Technologies) with a mobile phase of water and acetonitrile
(ACN: water 75 : 25 for paraquat analysis; HPLC method
details: injection volume, V� 10 μL; paraquat
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RT�1.63min). Standard calibrationmethods were followed.
In equation (2), C0 and Ct are the initial and final con-
centrations of the contaminant in mg L− 1; before and after
batch experiments, respectively [27, 28].

removal efficiency % �
C0 − Ct( 

C0
  × 100. (2)

2.7. Experimental Design. One of the response surface
methodology (RSM) approaches, that is widely usedþ þin
research, is the central composite design (CCD) [29]. In this
study, RSM based on the CCD was used to evaluate the
interaction effect on the response function (paraquat re-
moval efficiency) and predict the best response rate. In order
to design experiments with a CCD, minimal and maximum
levels were given to design expert software, and the other
levels were determined between the maximum and mini-
mum points by the software. Including three repetitions, 150
experiments were performed for each method (D-nZVI and
P-n-ZVI). A total of 300 experiments were performed.

3. Results and Discussion

3.1.NanoparticleCharacterization. According to Figure 1(a)
in the D-nZVI sample, there are particles with a spherical
morphology throughout the material, the size of which is
about 80 to 100 nanometers. It is also known that the
structure of this material is relatively dense and has fewer
pores than the P-nZVI sample. Figure 1(b) shows that the
morphology of the particles is pseudospherical, but this time
the particle size is slightly smaller (between 60 and 80 nm),
and the particles are chained together to form strands in
microscopic images.

To investigate the particle size distribution of these two
samples, Image J software was used, and the sizes of 100
different particles in microscopic images were measured at
the highest magnification, and the histogram related to this
measurement is shown in Figure 2. As seen, about 40% of the
visible particles in the D-nZVI sample have a size in the
range of 80 to 100 nm and about 65% of the visible particles
in the P-nZVI sample have a size in the range of 60 to 90 nm,
which indicates a smaller particle size than the first sample.
)e statistical parameters obtained from this particle size
distribution are reported in Table S2.

SD �


100
i�1 Xi − €x(  

99
. (3)

)e values of the standard deviation in Table S2 were
obtained from equation (3). In equation (3), Xi is the size of
each particle, and €x is the average value for all of the particle
sizes.

According to Table S2, the average particle size in the
P-nZVI sample was about 78 nm which was much smaller
than the D-nZVI sample which had an average particle size
of about 92 nm. Also, the amount of the smallest and largest
particles for the P-nZVI sample compared to the D-nZVI
sample indicates that the p-nZVI composite is finer than the

other sample. Figure 3 also shows the amount of porosity in
the structure of these two materials.

According to Figure 3, the percentage of porosity in the
D-nZVI sample was 11.69%, while this percentage was
14.37% in the P-nZVI sample, which indicates a higher
density of the D-nZVI than the P-nZVI sample. FT-IR and
XRD tests were used to investigate the chemical nature and
crystal structure of these two composites. )e results of the
FT-IR test are shown in Figure 4.

Figure 4(a) shows the peaks visible at 473 cm− 1,
793 cm− 1, and 1088 cm− 1 in similar articles as characteristic
carbonate ion (CaCO2−

3 ) peaks in the molecular structure of
calcium carbonate [30, 31]. )e peaks observed at 1088 cm− 1

and 793 cm− 1 are related to the symmetrical tensile vibration
of carbonate ion bonds and the inplane flexural vibration of
CaCO2−

3 ions [30, 32], and the tensile vibration of Ca-O
bonds in the wave − 473 cm3 showed absorption peaks [31].
In addition, the absorption peak visible at 1384 cm− 1 is
related to the flexural vibration of C-H bonds, and the
absorption peaks visible at the wave numbers of 2852 cm− 1

and 2923 cm− 1, respectively, are symmetric and asymmetric
tensile vibrations of the same bonds in the structure of
organic compounds [33]. Also, the flexural vibration and
tensile vibration of the adsorbed water-related bonds in this
composite have shown the absorption peak in the wave
numbers of 1630 cm− 1 and 3425 cm− 1, respectively [34].
)erefore, based on the results, it is clear that the pre-
dominant chemical structure in this sample is calcium
carbonate, and there are some organic compounds in this
sample.

In the spectrum of the P-nZVI sample (Figure 4(b)), the
peaks related to the symmetric and asymmetric tensile vi-
brations of the O-Si-O bonds are shown in the wave
numbers of 873 cm− 1 and 1020 cm− 1, respectively [35, 36]. In
addition, the absorption peak appearing at 1450 cm− 1 is
related to the flexural vibration of N-H bonds, and the
absorption peaks visible in the wave numbers of 2853 cm− 1

and 2923 cm− 1, respectively, are the symmetric and asym-
metric tensile vibrations of C-H bonds in the structure of
existing organic compounds [33]. Also, the flexural vibration
and the tensile vibration of the bonds related to the adsorbed
water in this composite have shown the absorption peak in
the wave numbers of 1629 cm− 1 and 3423 cm− 1, respectively
[34]. )erefore, it is clear that the predominant chemical
structure in this sample is silicon oxide, and some organic
compounds are also present in this sample. It should be
noted that due to the fact that only chemical bonds can be
detected in FT-IR spectra and zero-valent iron has no bond
with other elements in the composite, the absence of this
element in the FT-IR test results can be justified.

An XRD test was used to evaluate the crystal structure of
the samples. In this test, by irradiating X-ray onto the crystal
structure of a monocrystalline or polycrystalline material,
while entering the X-ray into the crystalline structure of this
material, after colliding with different crystal plates and
reflecting at a certain angle of reflection, the courier shows.
By putting these peaks together and drawing the X-ray
diffraction pattern, we can understand the crystalline phases
in the material under study [37]. X-ray diffraction patterns
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are shown in Figure 5. According to the diffraction pattern
shown in Figure 5(a) and by adapting this diffraction pattern
to the reference patterns by X’Pert software, two calcium
carbonate materials (with rhombohedral crystal structure
and reference code: JCPDS No: 01-085-0849) and zero-
valent iron (with cubic crystal structure and reference code:

JCPDS No: 00-001-1267) have been identified. )e presence
of calcium carbonate in this sample confirms the results of
the FT-IR test. )e diffraction plate corresponding to each
peak is marked on the same peak. In order to obtain the
crystal size of each of these phases, equation (4), which is
called the Debbie–Scherer relationship, has been used.

Figure 1: Fe-SEM images for (a) D-nZVI and (b) P-nZVI (mag 60,000×120,000 x).
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Figure 2: Particle size distribution histogram. (a) D-nZVI and (b) P-nZVI.
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D �
Kλ
B

cos(θ). (4)

In this equation, λ is the X-ray wavelength used (here
1.54 Å), K is the shape factor (approximately equal to 0.9), B
is the peak width at half the height, and θ is the peak location.
According to the equation, the crystal sizes for the calcium
carbonate and zero-valent iron phases are 37.3 and 6.3 nm,
respectively. According to the diffraction pattern shown in
Figure 5(b) and by adapting this diffraction pattern to the
reference patterns, two silicon oxide materials (with te-
tragonal crystal structure and reference code: JCPDS No: 01-
076-0935) and zero-valent iron (with cubic crystal structure
and reference code: JCPDS No: 00-001-1267) have been
identified. )e presence of silicon oxide in this sample
confirms the results of the FT-IR test. In the diffraction
pattern, the diffraction plate of each peak is specified on the
same peak. Also, the values of crystal size obtained by the
equation (4) for the phase of silicon oxide and zero-valent
iron are 20.7 and 6.5 nm, respectively.

)e specific surface area was measured following the
Brunauer–Emmett–Teller (BET) N2 method. )e BET for

D-nZVI and P-nZVI were 59.682 and 40.189m2g− 1,
respectively.

3.2. pH Effect. )e results of the effect of pH on the removal
efficiency of paraquat on adsorbents in Figure 6 indicate that
the maximum removal rate was obtained at an acidic pH of
3.74. )e highest removal rates for D-nZVI and P-nZVI
were 95.14% and 92.07%, respectively. )e optimum pH in
both processes is 3.74. )e pH solution is one of the im-
portant factors in controlling the degradation effect on
chlorinated pollutants (equation (5)) [38].

Fe0(s) + H+
+ R − Cl⟶ R − H + Fe2+

+ Cl− 1 (5)

)e reaction between iron and chlorinated organic
compounds occurs according to the equation [39]. As the
pH of the solution decreased, the shell of nZVI particles
(oxide and hydroxide coatings) separated under acidic
conditions, and paraquat access to Fe0 was increased. Under
higher pH values, the activity of iron oxide and hydroxide
coating on the surface undoubtedly prevents access to the
Fe0 level. However, with a further decrease in the pH of the
solution, the removal efficiency decreases rapidly, which
may be due to greater Fe0 ionization under strong acid
conditions [39]. Also, at acidic pH, the soluble part of the
iron ion and the hydroxyl radical oxidation power are
higher. In a study carried out by Liu et al. to remove heavy
metals by pumice with zero-valent iron nanoparticles with
pumice, the removal efficiency increased with increasing pH
[24]. In a study conducted by Zhang et al. to remove
chromium (VI) by diatomite with iron nanoparticles, the
best removal efficiency occurred at pH� 2–5 and pH� 3 was
selected as the optimum [40].

3.3. Absorbent Effect. )e effect of the adsorbent on the
removal efficiency of two processes D-nZVI and P-nZVI in 4
concentrations is shown in Figure 7. As shown in D-nZVI,
the removal efficiency increases with increasing concen-
tration first and then decreases, in fact, the optimal ad-
sorbent concentration for D-nZVI was 1.42 g·L− 1. However,
in P-nZVI, the removal rate increased with increasing

11.69% 14.37%

Figure 3: Percentage porosity of (a) D-nZVI and (b) P-nZVI composites using the ImageJ processing software.
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adsorbent concentration, so that at a concentration of
2 g·L− 1, it reached 95.75% efficiency.

)e amount of adsorbent is another important factor in
the removal process. Based on our results, the removal rate
for P-nZVI adsorbent concentration was 95.75% at a con-
centration of 2 g·L− 1 and for D-nZVI, 96.25% at a con-
centration of 1.42 g·L− 1. )e results suggest that possible
mechanisms for the removal of paraquat from aqueous
solutions include the uptake of paraquat by P-nZVI and the
reduction of paraquat through the oxidation of Fe0 to Fe3. As
well as, the results show that the higher amount of adsorbent
and consequently the higher specific surface area lead to the
higher removal efficiency. However, for D-nZVI, due to the
higher number of available and active sites of the adsorbents,
the removal efficiency was higher at first, and then it

gradually decreased. It may be related to the occupation of
the pores with adsorbate molecules [41]. )e presented
results are consistent with the results of the Gluer study to
remove tetracycline by zero-valent iron nanoparticles with
pumice [26]. Also, a similar study carried out by Harman
and Genisoglu in 2016 on copper removal by P-nZVI yielded
similar results [41]. In a study conducted by Dehestaniathar
et al. on the uptake of fluoride by iron oxide nanoparticles
stabilized on diatomite, the uptake increased with increasing
adsorption [42].

3.4. Effect of Initial Paraquat Concentration. )e effect of
initial paraquat concentration on the removal efficiency of
the two processes is shown in Figure 8. As observed, the
highest removal efficiencies (93.27% for P-nZVI and 96.94%
for D-nZVI) are related to the concentration of 0.58mg·L− 1
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Figure 5: XRD spectrums of (a) D-nZVI and (b) P-nZVI.
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paraquat. In both processes, the removal rate decreased as
the initial paraquat concentration increased.

Increasing the paraquat concentration slightly reduces
the adsorption efficiency because with increasing the toxin
concentration, the amount of paraquat molecules in aqueous
media increases and the interference of the intermediate
compounds resulting from the initial decomposition in-
creases as a result of competition betweenmolecules over the
adsorbent. Find and decrease removal efficiency, in most
studies, the initial concentration of the contaminant is
constant. In a study conducted by Shokoohi et al. to in-
vestigate the removal of phenol by pumice-coated iron from
aqueous solutions, the efficiency first increased and then
decreased with increasing contaminant concentration due to
a decrease in adsorption capacity by the adsorbent [43].
Also, in another study conducted by Dehestaniathar et al. to
adsorb fluoride by iron oxide nanoparticles stabilized on
diatomite, the removal efficiency decreased with increasing
fluoride concentration [42].

3.5. TimeEffect. Figure 9 shows the effect of the contact time
on the paraquat removal. In the P-nZVI process at the
optimal contact time of 100min, the removal efficiency was
95.27%. But in the D-nZVI process, after 74min, the re-
moval efficiency is almost constant.

One of the influential factors in the elimination process
is reaction time. According to the results, the highest re-
moval percentage (95.25%) was observed for P-nZVI at
100min. )e reason can be attributed to the increase in the
amount of OH radical produced as a result of increasing the
contact time. Also, the highest removal percentage for
D-nZVI was 95.91%. In the D-nZVI process, diatomite
prevents the accumulation of iron particles, resulting in
increased efficiency, but after a while, due to the saturation of
the adsorbent surface, the removal efficiency is almost
constant [38, 44].

)e study by Dhaouadi and Adhoum investigated the
removal of paraquat herbicide by an advanced oxidation

process. )eir findings showed that the removal efficiency
was increased by increasing the contact time [45]. In the
study of Babaeifar et al. on the removal of arsenic by pumice-
coated iron, except for the first 20min, the removal efficiency
remained constant [46]. In a study conducted by Liu et al. for
the catalytic degradation of orange II from aqueous solutions
using diatomite/nickel-reinforced iron-reinforced iron, the
removal efficiency was increased first over time (by adding
diatomite from the aggregation of Fe/Ni nanoparticles) and
then remained constant [24]. In the study conducted by Zha
et al. to catalytically reduce methyl blue by combining di-
atomite with ZVI, the removal rate was increased by in-
creasing the contact time [47].

3.6. Temperature Effect. In present study, the effect of
paraquat removal efficiency was investigated for both the
P-nZVI and D-nZVI processes. According to Figure 10, at
23.69°C, the removal efficiencies were 91.96% and 95.02% for
P-nZVI and D-nZVI, respectively.

According to the obtained results, the removal efficiency
decreases with increasing temperature. )ere may be two
possible explanations for this phenomenon: (1) paraquat
mobility decreases with higher temperatures and (2) as the
temperature increases, the activation energy of the de-
composition reaction decreases [22, 47]. In a study con-
ducted by Liu et al. to remove heavy metals by nanoparticles
with pumice, the removal efficiency was increased with
increasing temperature due to the structure of Hg [24]. In a
study conducted by Zhang and Wang on the decomposition
of methyl orange dye from aqueous solution using carbon
nanoparticles with carbon, the efficiency was increased with
temperature [48].

3.7. Adsorption Isotherms. In this study, two adsorption
models of Langmuir and Freundlich were investigated. )e
results of the adsorption isotherms are listed in Figure 11
and the relative parameters calculated from the two models
are listed in Table 1. For D-nZVI, the higher correlation
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coefficient of the Langmuir model indicates that the ad-
sorption data are better fitted by the Langmuir model
(R2> 0.99) than the Ferundlich model (R2> 0.93). )is
means that the adsorption involved the formation of a

monolayer on a homogeneous surface. For the P-nZVI
adsorbent, as shown in Figure 11, experimental data ex-
cellently fits both the Langmuir and Freundlich isotherm
models. )us, the adsorption process occurred both on
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Figure 10: )e effect of temperature on the paraquat removal by adsorption onto D-nZVI and P-nZVI (paraquat herbicide: 0.5mg·L− 1,
time: 100min, pH: 3, and adsorbent dose: 1.42 g·L− 1 for D-nZVI, 2 g·L− 1 for P-nZVI).
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Figure 11: Paraquat adsorption isotherms on D-nZVI and P-nZVI adsorbents. (a, b) )e Langmuir isotherm model and (c, d) the
Freundlich isotherm model.
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homogeneous adsorbent surfaces and reversible heteroge-
neous surfaces in the adsorption sites. )e maximum ad-
sorption capacity (qm) of paraquat for D-nZVI and P-nZVI
was 161.3mg·g− 1 and 169.49mg·g− 1, respectively.)e results
of D-nZVI are consistent with a study conducted by Froutan
et al. [49]. )e results of P-nZVI are also consistent with the
results of a study conducted by Gular to remove tetracycline
[26].

3.8. Adsorption Kinetics. To investigate kinetic studies,
pseudo-first-order kinetics and pseudo-second-order ki-
netics were used. )e results showed that both processes
follow a pseudo-second-order model and show a correlation
coefficient above 0.9 (Figure 12 and Table 2). )ese results
showed that the velocity control phase in the adsorption
process may be chemical and that paraquat adsorption
probably occurs through Van der Waals forces or ion

Table 1: Calculated parameters of the Langmuir–Freundlich model for D-nZVI and P-nZVI adsorbent.

Model Langmuir Freundlich

Equation (Ce/qe) � (1/qmke) + (Ce/qm) Lnqe � Lnkf + (1/n)LnCe

Parameter qmax (mg·g− 1) KL (L·mg− 1) 1/n Kf[(mg·g− 1) (L·mg− 1)1/n]

Absorbent D-nZVI P-nZVI D-nZVI P-nZVI D-nZVI P-nZVI D-nZVI P-nZVI
Amount 161.3 169.4915 0.99 0.02 0.3699 0.4225 22.75 15.04
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Figure 12: Adsorption kinetic study of D-nZVI and b P-nZVI. (a, b) )e pseudo-first-order model and (c, d) the pseudo-second-order
model.

International Journal of Chemical Engineering 9



exchange between the adsorbent and paraquat. )e results
are consistent with the studies of Zhang and Wang [40].

3.9. Comparison of Adsorption Capacity of D-nZVI and
P-nZVI Composites. )e adsorption capacity of the D-nZVI
and P-nZVI composites prepared in the present work was
compared with those of various sorbents for removal of
paraquat herbicide which are represented in Table 3. Gen-
erally, the comparison of the various adsorbents obtained
with the others was not simple due to various experimental
conditions. One of the important superiority of D-nZVI and
P-nZVI composites compared with other sorbents was their
high adsorption capacity, while some sorbents had a lower
absorption capacity.

4. Conclusion

In the present study, the determination of the optimal values
affecting the D-nZVI and P-nZVI processes in order to
remove the paraquat herbicide was investigated, and the
optimal process conditions were determined. Also, the
properties of each adsorbent were determined according to
SEM, FTIR, BET, and XDR analyses, which showed that
diatomite and pumice were well fixed on iron nanoparticles
and prevented their accumulation. )e optimal values ob-
tained in the P-nZVI process were 0.5mg·L− 1paraquat
herbicide with 2 g·L− 1 adsorbent and contact time was
100min, and the optimal values obtained in the D-nZVI
process were 0.5mg·L− 1paraquat herbicide with 1.42 g·L− 1

adsorbent at a contact time of 100min. )e optimum pH in
both processes was 3.74. Based on our results, it was found
that under optimal conditions, P-nZVI and D-nZVI pro-
cesses, paraquat herbicide can be removed 85.28% and
92.76%, respectively. )e contact time was effective in the
removal efficiency in both processes, so that as the contact
time increased, the removal efficiency also increased. )e
maximum adsorption capacities for D-nZVI and P-nZVI are
161.3mg·g− 1 and 169.49mg·g− 1, respectively. )e

mechanism of the adsorption process in D-nZVI follows the
Langmuir isotherm (R2 � 0.99) and in P-nZVI follows two
models of Langmuir (R2 � 0.97) and the Freundlich isotherm
(R2 � 0.98). Adsorption kinetics in both processes are
pseudo-second-order models. It can be concluded that the
D-nZVI process is more effective for paraquat removal due
to its higher removal efficiency. )ese processes can be used
to remove contaminants with similar structures due to their
low cost, high adsorption capacity, easy operation, and
workability in environmental conditions.
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and M. E. Rodŕıguez-Garćıa, “Characterization of calcium
carbonate, calcium oxide, and calcium hydroxide as starting
point to the improvement of lime for their use in construc-
tion,” Journal of Materials in Civil Engineering, vol. 21, no. 11,
pp. 694–698, 2009.

[32] B. Cheng, W. Cai, and J. Yu, “DNA-mediated morphosyn-
thesis of calcium carbonate particles,” Journal of Colloid and
Interface Science, vol. 352, no. 1, pp. 43–49, 2010.

[33] M. R. Jung, F. D. Horgen, S. V. Orski et al., “Validation of ATR
FT-IR to identify polymers of plastic marine debris, including
those ingested by marine organisms,” Marine Pollution
Bulletin, vol. 127, pp. 704–716, 2018.

[34] A. Shahmoradi, M. Ranjbarghanei, A. A. Javidparvar, L. Guo,
E. Berdimurodov, and B. Ramezanzadeh, “)eoretical and
surface/electrochemical investigations of walnut fruit green
husk extract as effective inhibitor for mild-steel corrosion in
1M HCl electrolyte,” Journal of Molecular Liquids, vol. 338,
Article ID 116550, 2021.

[35] X. Tai, J. H. Ma, Z. Du, W. Wang, and J. Wu, “A simple
method for synthesis of thermal responsive silica nano-
particle/PNIPAAm hybrids,” Powder Technology, vol. 233,
pp. 47–51, 2013.

[36] M. Liu, L. Gan, L. Chen et al., “A novel liposome-encapsulated
hemoglobin/silica nanoparticle as an oxygen carrier,” Inter-
national Journal of Pharmaceutics, vol. 427, no. 2, pp. 354–357,
2012.

[37] S. R. Purohit, L. E. Jayachandran, A. S. Raj, D. Nayak, and
P. S. Rao, “X-ray diffraction for food quality evaluation,” in
Evaluation Technologies for Food Quality, pp. 579–594,
Elsevier, Amsterdam, Netherlands, 2019.

[38] Y. Zhang, Y. Li, and X. Zheng, “Removal of atrazine by
nanoscale zero valent iron supported on organobentonite,”
Ee Science of the Total Environment, vol. 409, no. 3,
pp. 625–630, 2011.

[39] T. Dombek, D. Davis, J. Stine, and D. Klarup, “Degradation
of terbutylazine (2-chloro-4-ethylamino-6-terbutylamino-
1,3,5-triazine), deisopropyl atrazine (2-amino-4-chloro-6-
ethylamino-1,3,5-triazine), and chlorinated dimethoxy tri-
azine (2-chloro-4,6-dimethoxy-1,3,5-triazine) by zero valent
iron and electrochemical reduction,” Environmental Pollu-
tion, vol. 129, no. 2, pp. 267–275, 2004.

[40] Y. Zhang, Z. Tian, Q. Jing, Y. Chen, and X. Huang, “Removal
of Cr(VI) by modified diatomite supported NZVI from
aqueous solution: evaluating the effects of removal factors by
RSM and understanding the effects of pH,”Water Science and
Technology, vol. 80, no. 2, pp. 308–316, 2019.

[41] B. I. Harman and M. Genisoglu, “Synthesis and character-
ization of pumice-supported nZVI for removal of copper
from waters,” Advances in Materials Science and Engineering,
vol. 2016, Article ID 4372136, 10 pages, 2016.

[42] S. Dehestaniathar, S. H. Amini, A. Maleki, B. Shahmoradi,
N. Reshadmanesh, and P. Teymouri, “Adsorption of fluoride
using diatomite-supported ferric oxide nanoparticles: deter-
mination of optimum condition, kinetics, and adsorption
isotherms,” Iranian Journal of Health and Environment, vol. 9,
no. 2, pp. 185–196, 2016.

[43] R. Shokoohi, Z. Torkshavand, S. Bajalan, H. Zolghadnasab,
and Z. Khodayari, “Efficient phenol removal from aqueous
solution using iron-coated pumice and leca as an available
adsorbents: evalution of kinetics and isotherm studies,”
Global Nest Journal, vol. 21, no. 2, pp. 91–97, 2019.

[44] J. Shao, X. Yu, M. Zhou, X. Cai, and C. Yu, “Nanoscale zero-
valent iron decorated on bentonite/graphene oxide for

removal of copper ions from aqueous solution,” Materials,
vol. 11, no. 6, Article ID 945, 2018.

[45] A. Dhaouadi and N. Adhoum, “Degradation of paraquat
herbicide by electrochemical advanced oxidation methods,”
Journal of Electroanalytical Chemistry, vol. 637, no. 1-2,
pp. 33–42, 2009.

[46] L. B. L. Babaiefar, B. Souri, M. Heidari, and R. Khoshnavazi,
“Evaluation of iron and manganese-coated pumice applica-
tion for the removal of as (v) from aqueous solutions,” Iranian
Journal of Environmental Health Science & Engineering, vol. 9,
no. 1, pp. 21–29, 2012.

[47] Y. Zha, Z. Zhou, H. He, T. Wang, and L. Luo, “Nanoscale
zero-valent iron incorporated with nanomagnetic diatomite
for catalytic degradation of methylene blue in heterogeneous
Fenton system,”Water Science and Technology, vol. 73, no. 11,
pp. 2815–2823, 2016.

[48] B. Zhang and D. Wang, “Preparation of biomass activated
carbon supported nanoscale zero-valent iron (Nzvi) and its
application in decolorization of methyl Orange from aqueous
solution,” Water, vol. 11, no. 8, Article ID 1671, 2019.

[49] A. Foroutan, A. Khodadadi Darbaan, R. Sarraf Mamouri,
Y. Kiani Nia, and B. RahnamayeMoghadam, “Investigation of
surface adsorption properties of nickel metal using three
nZVI, nZVI-D and mineral diatom absorbers,” Iranian
Journal of Chemistry and Chemical Engineering (International
English Edition), vol. 34, no. 3, pp. 1–11, 2015.

[50] H. Li, H. Qi, M. Yin, Y. Chen, Q. Deng, and S. Wang, “Carbon
tubes from biomass with prominent adsorption performance
for paraquat,” Chemosphere, vol. 262, Article ID 127797, 2021.

[51] W. T. Tsai, C. W. Lai, and K. J. Hsien, “Effect of particle size of
activated clay on the adsorption of paraquat from aqueous
solution,” Journal of Colloid and Interface Science, vol. 263,
no. 1, pp. 29–34, 2003.

[52] Z. Dehgani, M. Sedghi asl, M. Ghaedi, M. M. Sabzehmeidani,
and E. Adhami, “Removal of paraquat from aqueous solutions
by a bentonite modified zero-valent iron adsorbent,” New
Journal of Chemistry, vol. 44, no. 31, pp. 13368–13376, 2020.

[53] M. Danish, O. Sulaiman, M. Rafatullah, R. Hashim, and
A. Ahmad, “Kinetics for the removal of paraquat dichloride
from aqueous solution by activated date (phoenix dactylifera)
stone carbon,” Journal of Dispersion Science and Technology,
vol. 31, no. 2, pp. 248–259, 2010.

[54] J. Junthip, N. Jumrernsuk, P. Klongklaw, W. Promma, and
S. Sonsupap, “Removal of paraquat herbicide from water by
textile coated with anionic cyclodextrin polymer,” SN Applied
Sciences, vol. 1, no. 1, pp. 1–12, 2019.

12 International Journal of Chemical Engineering


