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Comparison of zero valent iron and zinc oxide green nanoparticles loaded
on activated carbon for efficient removal of Methylene blue
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ABSTRACT

In this study, iron nanoparticles (GnZVI) and zinc oxide nanoparticles (GnZnO) were synthesized
by Peganum harmala seeds extract using green method, and were loaded on activated carbon derived
from P. harmala seed (AC). TEM analysis showed that the nanoparticle size was smaller than 100
nm, while EDAX analysis confirmed that GnZVI and GnZnO were stabilized on AC. BET analysis
showed that GnZnO/AC and GnZVI/AC special surface areas were 208 and 107 m?*/g, respectively.
Moreover, the FTIR analysis showed the role of polyphenolic groups in the synthesis of nanoparti-
cles. It was generally found that GnZnO/AC showed higher efficiency in the adsorption of methylene

blue as compared with GnZVI/AC.
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1. Introduction

The rapid population growth and urbanization has
resulted in the deterioration of many water resources around
the world [1-3]. Many chemicals are extensively used in
numerous industries [4]. Among them, dyes and organic com-
pounds are vastly used in industry and every-day life [5-7].

*Corresponding author.

The annual production rate of commercial dyes and dyeing
materials has been estimated to be higher than 100000 and
700000 tons, respectively [8-10]. Dyeing materials are applied
in various industries such as textile, leather, paper, plastic etc
[11,12]. The discharge of dye containing effluents from these
industries creates serious problems such as increased toxins
and COD, reduced light penetration and disruption of photo-
synthesis process [5,13,14]. Moreover, dyes bring about allergy,
dermatitis, skin irritation, cancer and genetic mutations in
humans [15,16]. Methylene blue is used as base color in dye-

1944-3994 / 1944-3986 © 2019 Desalination Publications. All rights reserved.



M.R. Miri et al. / Desalination and Water Treatment 148 (2019) 312-323 313

ing paper, wool and cotton [17,18]. Inhalation of methylene
blue would impair respiration, and direct exposure to it may
cause permanent damages to the eyes of humans and animals,
local burns, nausea and vomiting, increased sweating, mental
disorders and methemoglobinemia [8,9,19]. Today, a variety of
technologies have been developed specially to remove organic
materials from sewages. Some of these methods include chem-
ical coagulation, electrocoagulation, ion exchange, membrane
filters, adsorption, ozonation, Fenton, photo-Fenton and other
chemical oxidation processes [9,15,19-26]. Adsorption is a
physical process [13,27] with broad application, which has
attracted the attention of many researchers [28,29]. It also has
advantages in wastewater treatment such as high efficiency
and ease of use [17,30,31]. Until recently, activated carbon has
been widely used to remove organic colors, but it also has
limitations such as high cost of production and purification
[13,32], low adsorption capacity [17,33] and limited degrad-
ability [34]. Significant efforts have been made to select a suit-
able replacement, with high adsorption capacity, low cost and
ability to rapidly remove color [8,35]. Nanoparticles with high
surface to volume ratio [36,37], in addition to metal and met-
alloid behavior, possess significant properties including large
number of active atoms and existence of empty active sites
on the surface of the adsorbent. As a result, in order to over-
come the limitations of activated carbon and increased rate of
adsorption, the structure of the nanomaterial should be loaded
on the surface of the activated carbon. The use of materials
such as zinc oxide nanoparticles as a strong adsorbent on other
adsorbents (e.g. activated carbon) has certain advantages. This
process could increase the number of active adsorption sites
inside the adsorbent and solve the problems related to the
separation of nanoparticles from solution [38,39]. It can also
significantly increase the percentage of contaminants removal
by increasing the adsorption capacity and number of active
adsorbent atoms [17]. Effective techniques have been applied
for synthesis of nanoparticles such as sol-gel, thermal decom-
position, hydrothermal synthesis, as well as spray pyrolysis
methods [5,40]. The green synthesis of nanoparticles is pre-
ferred to other known methods because it is economical and
environmentally friendly [41-43] fazlz Peganum harmala is a
wild plant that grows in Central Asia, Middle East, and Africa
and it’s seeds have active alkaloids called harmine and harma-
line that is useful for many proposes [44,45]. Considering the
above mentioned facts, we have used from P. harmala seed as
precursor for activated carbon and nanoparticles preparation
in this study. And then we investigate a comparative evalua-
tion of methylene blue removal from aqueous solutions with
activated carbon loaded with iron and zinc oxide nanoparti-
cles produced by green synthesis method.

2. Materials and methods
2.1. Preparation of activated carbon

Peganum harmala seeds were collected from their pods
and from the surrounding areas of Birjand city, Iran. They
were held under sunlight for three days after being iso-
lated and cleaned so that the moisture can be completely
removed. The granular pellets were then powdered using
a mill. The powders were isolated by mesh 60, completely
soaked in 50% phosphoric acid and kept at ambient tem-
perature for 48 h. Subsequently, they were transferred into

a cylindrical-shaped steel reactor with lid. The steel reactor
was moved inside an adjustable HL40P furnace, its tem-
perature reached 500°C at 5 rpm and remained at this tem-
perature for 2 h. After cooling the furnace, the reactor was
removed and for activation, the resulted carbon powder
was immersed into normal hydrochloric acid (3%) inside a
500 ml beaker. Thereafter, it was transferred into Elmasonic
E 20H ultrasonic with 37 KHz frequency and was kept for
one hour. The resulting activated carbon was washed with
distilled water twice, so that its pH reaches above 6. The
powdered activated carbon was placed in an oven for 2 h
at 110°C until it was completely dry. Carbon was stored in a
container away from moisture for further use.

2.2. Green synthesis of nanoparticles

An extract of the raw powder of P. harmala seed was used
to implement synthesis using the green method. In the pres-
ent study, 6 g of P. harmala powder was poured into 500 ml
Erlenmeyer flasks and 100 ml of distilled water was added
and then placed on a magnetic stirrer. The stirrer’s speed was
set at 300 rpm for mixing, and the temperature of the solu-
tion was controlled at 80°C. After one hour of the extraction
process, the solution was taken from the heating magnetic
stirrer and filtered using a vacuum pump after being cooled.
The extract, which comprised zinc nitrate or ferric chloride of
0.1 M was mixed in a ratio of 4 to 1. Afterward, the solution
was transferred into an ultrasonic bath and allowed to stay
for one hour. The synthesis of zinc oxide nanoparticles was
detected with a white clot and that of iron nanoparticles with
a brown-black color clot. After the ultrasonic time, the mix-
ture was poured into a measuring cylinder, washed with eth-
anol three times and then rinsed with distilled water again.
The remaining mixture was transferred into an oven at 50°C
until it was completely dry. After drying the nanoparticles, it
was powdered with mortar and stored for further use.

2.3. Loading nanoparticles on activated carbon

After the production of activated carbon and nanoparti-
cles synthesis, 0.05 g of nanoparticles was poured in 200 ml
of distilled water and was placed on a magnetic stirrer for
10 min in order to obtain a homogenous solution. Thereaf-
ter, 5 g of activated carbon was added to the solution and
placed on a magnetic stirrer at 500 rpm for 10 h in order
to load the nanoparticles on AC. The adsorbents were then
isolated with filter papers and rinsed with double distilled
water. It was then completely dried in an oven at 95°C for
10 h, and nanoparticles stabilization was conducted on AC.
The adsorbents were kept in polyethylene containers away
from moisture.

2.4. Materials and adsorption tests

This is an experimental batch study implemented in
100 cc Erlenmeyer flasks on shaker. To prepare different con-
centrations of methylene blue, 1000 mg/1 methylene blue
stock solution was used. To conduct the experiments, 50 cc
of samples with defined concentration was removed using
graduated cylinders and poured into an Erlenmeyer flask.
In cases where pH adjustment was necessary, the desirable
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pH solution was prepared using HCI and NaOH. Then a
definite dose of adsorbent was measured and added to the
sample in the Erlenmeyer flask. It was immediately placed
on a shaker and the stirrer speed was adjusted. After the
intended contact time, the samples were removed from
the shaker and passed through 0.45 micron Whatman filter
paper. The filtered samples were used for evaluation of the
remaining amount of dye. The most important variables
in the experiment included initial pH solution with 2-12
range, 0.5-6 g/L adsorbent dose, 2-80 min contact time,
25-300 mg/L initial concentration of dye and 0-300 rpm
stirring speed. To ensure repeatable results, each step of
the experiment was repeated twice and the average results
were reported. All materials used were of analytical grade
and were the products of Merck Company.

2.5. Characterization of adsorbents

To determine the size of the produced nanoparticles
the nanoparticle samples were dispersed in methanol for
20 min and a drop of it was spilled on grid and placed in
the Philips CM30 transmission electronic microscope (TEM;
120 KeV). To evaluate the morphology of the nanoparticles
and AC loaded with nanoparticles, the FESEM analysis was
applied. EDAX analysis was also used to confirm the load-
ing of nanoparticles on AC. These analyses were conducted
using FESEM/EDAX machine, Mira3-XMU model. The spe-
cific surface area and pore structure of adsorbents was mea-
sured by N2 (-250°C) adsorption using Belsorp mini II (Bel
Japanese Company). The surface area and pore size distribu-
tion were determines using Brunauer—Emmett-Teller (BET)
method. To identify the functional groups on the adsorbent,
Fourier transform infrared spectroscopy (FTIR) was con-
ducted using Spectrum RXI (PerkinElmer; US). Analysis of
samples: The present study used a colorimetric method by
UV/VIS Spectrometer T80+, at a wavelength of 665 nm, for
the measurement of color [46]. Data were analyzed using
Excel software.

The amount of MB adsorbed onto adsorbents, g, (mg g™)
was calculated as follows:
qez(Co—Ct)xV M)

m
where C, (mg/1) and C, (mg/]) are the initial and equilib-
rium concentration of MB, respectively. g, (mg/1) is amount
of MB adsorbed, M (g) is the mass of the adsorbent and V (1)
is the volume of the liquid phase.

Also the removal percentage (R%) of MB was calculated
for each run by using Eq. (2) [47] Q:

R(%)= (1— %J %100 ()

0

where C and C, (mg/1) were the initial and final concentra-
tion of MB in the solution, respectively.

3. Results and discussion
3.1. Adsorbent characterization

The TEM images related to GnZnO and GnZVI are
respectively shown in Figs. 1a and b. These images con-

(b)
Fig. 1. TEM images of the GnZVI (a) and GnZnO (b).

firmed the synthesis of nano-sized particles and showed
that the size of the produced nanoparticles is smaller than
100 nm. The comparison of zinc oxide and iron nanoparti-
cles shows that the size of GnZnO was smaller than GnZVI,
and GnZnO had an almost spherical shape, however it
was seen as multifaceted. The produced nanoparticles had
one shell, indicating that stabilization factors in P. harmala
seeds extract are wrapped around the core. EDAX analysis,
in addition to qualitative status, also defines the quality of
elements. Fig. 2 demonstrates the elements present on AC.
There is neither iron nor zinc in this figure. Figs. 2b and 2c
respectively show the profile of GnZVI/AC and GnZnO/
AC elements. As shown in this figures, it is clear that iron
and zinc are apparent on AC. This analysis confirms the
stabilization of nanoparticles on AC surface. The FESEM
analysis was used to examine the morphological proper-
ties, as well as the status of nanoparticles loaded on acti-
vated carbon. For this purpose, several images with 200
kx zoom were prepared for nanoparticle and 100 kx zoom
for activated carbon loaded with nanoparticles. Fig. 3a and
3b respectively show images of the GnZVI and GnZVI/
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Fig. 2. EDAX analysis of the AC (a), GnZVI/AC (b), and GnZnO/AC (c).

SEMHV: 150kV |  WD: 516 mm I

SEMMAG: 100 kx | Det:InBeamSE | 500 nm
View field: 2.08 pm | Date(m/dly): 11/28115

MIRA3 TESCAN|

FESEM - RMRC

MIRA3 TESCAN|

SEMHV: 150kV |  WD: 5.00 mm L

SEMMAG: 100 kx | Det:InBeamSE | 500 nm
View field: 2.08 ym | Date(m/dly): 11/28115

(©

FESEM - RMRC

SEMHV:15.0kV |  WD: 9.89 mm
SEM MAG: 100kx | Det: InBeam SE
View field: 2.08 ym | Date(m/dly): 11/28/15

MIRA3 TESCAN
500 nm
FESEM - RMRC

SEMHV: 15.0kV | WD: 9.68 mm MIRA3 TESCAN
SEM MAG: 100kx | Det: InBeam SE

View field: 2.08 ym |Date(m/dly): 11/28/15

(d)

500 nm
FESEM - RMRC

Fig. 3. FESEM images of the GnZVI (a), GnZVI/AC (b), GnZnO (c), and GnZnO/AC (d).

AC surface. Fig. 3c and 3d respectively show images of
the GnZnO and GnZnO/AC. In these images, similar to
TEM, the zinc nanoparticles are much smaller than iron,
while more agglomeration is visible in GnZVI. This caused
the loading of iron nanoparticles on AC not to be evenly
and uniformly conducted, as shown in Fig. 3b. This figure

shows that GnZVI accumulation on the surface of activated
carbon would reduce the surface area of adsorbent and
improve the function of adsorbents. The zinc nanoparti-
cles were stabilized on AC in smaller size and with higher
uniformity. Thus, this could improve the adsorbent func-
tion in the process of removal. BET analysis also confirmed
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Fig. 4. BET plots of GnZnO/AC (a) and GnZVI/AC(b).

the results of FESEM analysis. BET analysis was applied
to determine the surface area, mean pore diameter, as well
as total volume of adsorbent pores. As shown in Fig. 4, the
total volume of pores in activated carbon loaded with zinc
oxide and iron nanoparticles were 9.76 x 10 and 5.73 x 10~
cm?®/g, respectively. The mean pore diameter for GnZnO/
AC and GnZVI/AC were equal to 1.87 and 2.13 nm, respec-
tively. The specific surface area of GnZnO/AC and GnZVI/
AC were respectively 208 and 107 m?/g. The analysis indi-
cated that the special area of GnZnO/AC was almost dou-
ble that of GnZVI and as such, possess more accessible area
for contact between the adsorbent and absorbed material.
Overall the surface area of both adsorbents was relatively
high. Therefore, large area and porous structure increased
the transfer of pollutants toward adsorbents [48].

FTIR analysis was conducted on GnZnO (Fig. 5a) and
GnZVI (Fig. 5b) to identify the interaction between biomol-
ecules of P. harmala seeds extract and metal ions, which are
responsible for formation and stabilization of nanoparticles.

Avery intense and broad band appeared in region 3500—
3200 cm™ on both nanoparticles. Absorption in this region
indicated O-H stretch of the hydroxyl functional groups of
alcoholic and phenolic compounds. Although the mecha-
nism of formation of nanoparticles using synthesis is still
not clear, but in general, it has been shown that the presence
of phenolic compounds causes the reduction of nanoparti-
cles [49-51]. It is evident that the most effective functional
groups involved in the production of nanoparticles hold
the strongest and widest peak on both nanoparticles. These
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peaks show the dominance of phenolic groups in FTIR spec-
trum for both nanoparticles. The presence of conjugated
double bonds accompanied with abundant phenolic -OH
groups provide a favorable molecular configuration for the
effective delocalization of the unpaired electron and this
can be attributed to the free radical scavenging potential of
the P. harmala seed-extracts. It has been documented that the
antiradical activity of any molecule is stoichiometric with
the concentration of phenolic OH groups, and a positive
correlation exists between the antioxidant activity and the
abundance of OH group of the phenolic moiety [52].

3.2. Effect of pH

The results of tests to determine the optimum pH
is given in Fig. 6a. Accordingly, in 100 mg/l concentra-
tion, methylene blue color and amount of 2 g/1 adsorbent
along with increased pH from 2 to 12 for nanoGnZVI/AC,
increased the efficiency of methylene blue removal from
22.69 to 77.61%, while for nanoGnZnO/AC, it increased
from 43.68 to 97.04%. Previous studies have shown that
the pH of the solution could affect the adsorbent surface
load, degree of ionization in different pollutants, separa-
tion of functional groups on adsorbent active sites and dye
molecule structure [54]. Solution pH could affect environ-
mental chemistry and adsorbent surface bonding and as
such, it is an extremely important parameter in the process
of adsorption. Methylene blue is acationic dye existing
in aqueous environments as positive ions [55]. Increased
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Fig. 5. FTIR spectrum of the GnZnO (a), GnZVI (b), AC, GnZ-
nO/AC and GnZVI/AC (c).

adsorption along with increased amount of hydroxide in
the environment is as a result of change in the adsorbent
surface charge and the level of ionization of methylene blue
present in solution. On the other hand, the cationic mole-
cule of methylene blue possesses agent groups of S and H
ionized in water, which cause the molecule to be cationic
and therefore, the negative charges of the adsorbent surface
(adsorbents PHzpc are equal to 6.2) adsorb the cationic ions
of methylene blue [56]. The changes in the removal effi-
ciency is noticeable when the pH of the solution is higher
than 8. In fact, the high pH along with increased negative
charge of adsorbent area leads to improvement of electro
statistic forces of positive ions of cationic dye [19] and help
the binding of adsorbent with MB dye cations by two type
of interactions (electrostatic interaction as well as hydro-
gen bonding) [57]. On the other hand, it is evident that the
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adsorption of methylene blue dye decreases in acidic pH
and this decrease of adsorption in acidic environments may
be due to the presence of excessive H*and protonation of
adsorbent active sites [58] which compete with cationic dye
to be adsorbed on the adsorbent sites [55]. This finding is
consistent with the studies of Moussavi et al. [46] and Jain
etal. [19].

3.3. Effect of adsorbent dosage

Fig. 6b shows that by increasing the amount of adsor-
bent dosage from 0.5 to 6 g/l, the efficiency removal of
methylene blue increases. Besides, by increasing GnZVI/
AC and GnZnO/AC from 0.5 to 6 g/1, the dye removal
efficiency increased from 44.72 to 94.4% and from 53.20 to
99.81% respectively. In fact, the increased removal rate by
dosage increasing is the consequence of more active and
accessible adsorbent sites and their broader surface. The fig-
ure also shows that by increasing the adsorbent dosage, the
adsorption capacity for both adsorbents decreased, though
as the GnZnO/AC dose increased from 0.5 to 6 g/l, the
adsorption capacity decreased from 110.4 to 17.26 mg/g. It
also decreased from 92.8 to 16.32 mg/g in the GnZVI/AC
adsorbent. This result indicated that the adsorbed dyes may
either block access to the internal pores or cause particles to
aggregate, thereby resulting in unavailability of active sites
for adsorption [59,60]. The findings of the present study are
consistent with other studies [15,46,59].

The findings of this study also showed that the removal
efficiency of dye using GnZnO/AC nanoparticles was
much better than GnZVI/AC. This fact was less notice-
able in smaller dosages and is economically more signifi-
cant because smaller adsorbent dosages could render more
desirable results.

3.4. Effect of contact time

Contact time as one of the effective parameters was
applied to define the optimal performance of adsorption.
As shown in Fig. 6¢, the amount of removed dye increased
due to longer contact time, and the remaining dye in the
solution decreased. The removal efficiency at 2 min contact
time for GnZnO/AC and GnZVI/AC were 82.8 and 74.3%,
respectively. The removal efficiency increased to 98.83%
after 15 min for GnZnO/AC and increased for GnZVI/AC
to 98.68% after 40 min. After the time was specified for each
adsorbent, the efficiency did not change, therefore, it could
be considered as the equilibrium removal time. However,
after this time, the amount of removed dye did not change
and as such, it can be defined as the equilibrium removal
time which signifies the saturation time. The maximum
amount of dye removed at the equilibrium time is called the
equilibrium adsorption capacity [15]. The dye removal pro-
cess occurs very quickly and this may be due to the absence
of internal diffusion resistance. It is expected that the exter-
nal resistance to mass transfer is negligible in aqueous solu-
tion which is a reasonable condition in adsorption systems
with proper mixing. In addition, shorter contact time in
adsorption system will reduce the capital and operational
costs to a full-scale application [13]. Fig. 6¢c shows that the
equilibrium time for GnZnO/AC adsorbent is shorter than
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tact time (c) and initial dye concentration (d) on MB removal
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the GnZVI/AC adsorbent. Also, it shows the high efficiency
of GnZnO nanoparticles in the removal process.

3.5. Effect of initial dye concentration

Fig. 6d demonstrates the effect of initial dye concen-
tration of methylene blue on the two adsorbents, GnZV1/
AC and GnZnO/AC. The figure shows that, in GnZnO/AC
adsorbent, the increased initial concentration of methylene
blue from 25 to 300 mg/I at 15 min contact time caused the
removal efficiency to decrease from 99.34 to 77.89%. The
increased initial concentration of methylene blue from 25
to 300 mg/1 at 40 min contact time in the GnZVI/AC adsor-
bent decreased the removal efficiency from 99.62 to 76.63%.
The reduced percentage of methylene blue with increased
concentration could be justified in a way that since the
adsorbent mass for all concentrations is stable, methylene
blue molecules must compete for locations with higher
probability of adsorption. Notably, the removal percentage
decrease with increase in initial dye concentration [46]. On
the other hand, increased adsorption capacity occurred due
to the propulsion provided by the concentration to over-
come the resistance of dye mass transfer between aquatic
and solid phases. Therefore, a higher initial concentration of
the dye increases the adsorption capacity [61].

3.6. Adsorption kinetics

Methylene blue adsorption rate on the adsorbent solu-
tion quality is a significant factor to control water quality.
For this purpose, laboratory data of first-order and pseu-
do-second-order kinetic were used to determine the kinet-
ics followed by the adsorption process.

The linear form of first order kinetic model is as Eq. (3):

Kt

1 -q)=Ing, ——

n(g, -q)=Ing, -2 (3)
where g, (mg/g) is the amount of methylene blue adsorbed
per gram of adsorbent at equilibrium time, g is the amount
of methylene blue adsorbed per gram of adsorbent at time
t, and k, is the first-order kinetic constant (min™) which is

calculated by ln(qm - q) chart slope versus t.

The linear form of second-order kinetic model is
expressed as Eq. (4) [62]:

LA S @
q quﬁq q('q

t . . . . . .
The — chart in proportion to t is a straight line, with

i slope and

ng Kquq
values are respectively calculated according to slope and
intercept [63].

k,is the second-order kinetic constant (g/mg-min)

intercept. Accordingly, ey and K,

o . . . t
which is the intersection point of — chart vs. t.

e

According to the results presented in Table 1 and Figs. 7a
and 7b, it can be concluded that the pseudo second-order R?
kinetic for both adsorbents shows that the adsorption behav-
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Table 1

319
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Fig. 7. Pseudo-first order (a) and Pseudo-second order kinetic
(b) plots for the MB adsorption on GnZnO/AC and GnZVI/AC.

ior follows the second-order kinetic. The constant speed of
k, for GnZnO/AC is 7.9 x 10 and 1.38 x 10 for GnZV1/
AC, indicating that the methylene blue adsorption speed of
GnZnO/AC is 5.7 times more than that of GnZVI/AC.

3.7. Adsorption isotherm study

For evaluation of GnZVI/AC and GnZnO/AC perfor-
mance in the removal of MB, isotherm studies were con-
ducted. Isotherm models are important items for evaluation
of an adsorbent behavior. Thus the sorption isotherms were
investigated using two models namely Langmuir and Freun-
dlich isotherm models. Langmuir isotherm assumes that the
uptake of contaminant on to a solid adsorbent is a monolayer
adsorption with a finite number of biding site. Langmuir iso-
therm is commonly used to monolayer, and the Freundlich
isotherm to multilayer adsorption processes on heteroge-
neous surface and active sites with different energy. Lang-
muir model in linear form can be expressed as Eq. (5):

Langmuir : & = _r + ¢ 5)

qe KI X qmux qmux

where C, is final MB concentration (mg/1), q, is amount of
MB adsorbed on adsorbents (mg/1) and K, (L/mg) is Lang-
muir constants related to energy of adsorption. The fun-
damental characteristics of the Langmuir equation can be
described in term of the Langmuir dimensionless separa-
tion factor, R, defined as Eq. (6):

1

RL B 1 + (qmnx X KL)CO (6)

The R, values indicate the type of isotherm to be unfa-
vorable (R, > 1), linear (R, = 1), favorable (0 < R, < 1) and
irreversible (R, = 0). Linear form of Freundlich isotherm
model was used as Eq. (7):

Freundlich:In g, =In K, + lln C, 7)
n

where K, is maximum adsorption capacity (mg/1), and
1/n is the constant indicative of the intensity of the
adsorption, n values between 1 and 10 represents benefi-
cial adsorption [36].

Fig. 8a shows the plotted models with related regression
coefficients. Higher determination coefficients (R?) for Lang-
muir model in the figure suggest that the adsorption of MB
on both adsorbents best fitted with Langmuir model. Thus,
it can be concluded that adsorption of MB on GnZVI/AC
and GnZnO/AC occurs as a monolayer phase on a homog-
enous surface [41]. Considering the Langmuir constant,
adsorption energy of MB on GnZnO/AC and GnZVI/AC
were 0.375 and 0.395 1/mg, respectively. Furthermore, as
can be seen in Table 2, the values of K, and 7 in Freundlich
model were found to be 23.47 and 3.15f for GnZnO/AC and
26.57 and 3.98 for GnZVI/AC, respectively. The n values for
both of adsorbents, representing good adsorption potential
for both adsorbents and indicates that the MB adsorption is
favorable at studied condition [36]. The maximum adsorp-
tion capacity of GnZnO/AC and GnZVI/AC for MB were
78.74 and 74.62 mg/g which indicate adsorption capability
of GnZnO/AC is higher than GnZVI/AC.

As shown in Fig. 9, the values of RL for GnZVI/AC
and GnZnO/AC is between 0.008 and 0.09 since the value
of R, near to 0 in the Langmuir model demonstrates that
adsorption of MB on these adsorbents is favorable and irre-
versible [64].

3.8. Adsorption mechanisms

Generally, several factors, such as adsorbent structure,
physico-chemical properties of adsorbent, and interaction
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Table 2
Isotherm constant for MB adsorption on GnZVI/AC and GnZnO/AC
Langmuir Freundlich
qma)’ k[ RZ n kf RZ
GnZnO 78.74016 0.37574 0.9895 3.149606 23.47415 0.9118
GnzZVI 74.62687 0.39528 0.9738 3.976143 26.57577 0.8415
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1 OGnZnO/AC ¥y=0013x+0033 01
OGnZVUAC Ri=0973 = = B
08 oz 0.08 —&— GnZnO/AC
% 06 P - ® - GIZVIAC
= 06 0w g 0.06 '
704 o =
e ¥=0.012x+0.033 0.04
0.2 Pt R*=0.989
o 0.02
0
0 10 20 30 40 50 60 70 80 0
Ce (melL) 0 50 100 150 200 250 300 350
CO (mg/L)
(a)
5 b (a)
. y=0.251x+3.280 et Fig. 9. R, plots of GnZnO/AC and GnZVI/AC in Langmuir
RZ=0.841 e model.
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£ 7 5':(51:"(?8*831-155 tively charged and leads to electrostatic adsorption
1 B OGNZVIAC of cationic MB on the adsorbents surface and the
DGnZVIAC electrostatic adsorption mechanism becomes stron-
0 ger with increasing pH [70].
+ 3 B ! 0 ! - 3 4 > 3. Therole of pores on adsorbents in the removal of Mb
In e can be significant. The BET analysis showed that the
(b) pore volume of GnZnO/AC is approximately twice

Fig. 8. Langmuir (a), Freundlich (b) plots for MB adsorption on
GnZVI/AC and GnZnO/AC.

of adsorbent with pollutant, are very important in the for-
mation of adsorption activity [70]. MB adsorption mecha-
nism can be made to the following possible methods:

1. Due to the small size and high specific surface area
adsorbents, the removal of MB can occur in mono-
layer behavior by sedimentation and separation of
the adsorbents from solution [41]. The results of the
BET analysis indicate a high specific surface of adsor-
bents, and it can be stated that this mechanism plays
a major role in MB removal. The higher specific sur-
face of GZnO/AC is responsible for the higher MB
removal efficiency compared to GnZVI/AC .

2. The MB electrostatic adsorption mechanism occurs
on GnZnO and GnZVI with pH changes.
Investigating the effect of pH on MB adsorption
showed that increasing pH resulted in an increase
in MB adsorption capacity on GnZnO/AC and
GnzZVI/AC.

the pore volume of the GnZVI/AC. Therefore, it can
be concluded that the higher removal efficiency of
GnZnO is due to its greater pore volume compared
to the GnZVI [41].

4. Conclusions
The results obtained in this study are as follows:

1. P. harmala seeds extract could be applied for the syn-
thesis of GnZVI and GnZnO nanoparticles.

2. TEM analysis showed that the size of GnZnO and
GnZVlIis smaller than 100 nm.

3. EDAX analysis showed that GnZnO and GnZVI
were loaded on activated carbon.

4. FTIR showed that polyphenol functional groups had
important role in the synthesis and stabilization of
nanoparticles. The loading of nanoparticles on AC
changed in bonds existing on it.

5. FESEM images showed the loading of nanoparticles
on AC. It was observed that there was a more uni-
form loading of GnZnO as compared with GnZVI
located on AC.
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Table 3
The comparison of maximum MB adsorption capacities of various adsorbents based on the Langmuir isotherm model
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Adsorbents pH Time Dose ... (Mg/g) Reference
(min) (g/1)
Seaweed-zinc oxide—polyaniline (SW-ZnO-PANI) 7 10 0.5 20.55 [65]
Activated carbon nanofibers (ACNFs) - 60 0.01 72.46 [66]
Cork and paper waste-based activated carbon 11.5 5 2 333.33 [67]
Nano-zerovalent iron 9.5 1 0.5 208.33 [68]
Banana trunk waste as activated carbon - 20 1.5 166.51 [69]
Reed biochar supported hydroxyapatite nanocomposite 8 600 1 21.1 [70]
Activated carbon coated with zinc oxide (ZnO) nanoparticles 11 120 1.5 32.22 [71]
Glycerol based carbon materials 7 120 0.02 754 [72]
Activated carbon developed from Ficuscaricabast (FCBAC) 7.8 80 5 47.62 [73]
Walnut shells powder 6.8 40 0.5 1789 [74]
AFe,0,/activated montmorillonite (Fe,O,/Mt) nanocomposite 7.37 25 0.5 106.38 [75]
GnZnO/AC 11 15 3 78.74 This work
GnZVI/AC 11 40 3 74.63 This work

6. Adsorption analysis showed that by pH, contact
time, adsorbent dose, and mixing speed increasing,
the adsorption efficiency increased, while increasing
initial dye concentration reduced the removal effi-
ciency.

7. The efficiency of MB removal by GnZnO/AC was
higher than GnZVI/AC.

8. The laboratory data for both adsorbents follows the
second-order kinetic, while the adsorption speed
of methylene blue by GnZnO/AC was higher than
GnZVI/AC.

9. Adsorption of MB on both adsorbents best fitted with
Langmuir model as monolayer phase on a homoge-
nous surface. The maximum adsorption capacity of
GnZnO/AC and GnZVI/AC for MB were 78.74 and
74.62 mg/g that indicate adsorption capability of
GnZnO/AC is higher than GnZVI/AC.

10.The results showed that GnZnO/AC and GnZVI1/
AC could be effective and appropriate adsorbents to
remove methylene blue dye from aquatic solutions.
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