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Nanoscale Zero-Valent Iron Supported on Graphene
Novel Adsorbent for the Removal
of Diazo Direct Red 81 from Aqueous Solution:
Isotherm, Kinetics, and Thermodynamic Studies
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ABSTRACT: In this study, a nanoscale Zero-Valent Iron-Graphene (nZVI-G) composite
was synthesized and applied for the removal of diazo Direct Red 81 from an aqueous solution.
The prepared nanocomposite was characterized using Scanning Electron Microscopy (SEM), Energy-
Dispersive X-Ray Spectroscopy (EDS), X-Ray Diffraction (XRD)analysis, and Fourier-Transform
InfraRred (FT-IR) spectroscopy. The particle size was in the range of 20 to 35 nm. The effect of
influential experimental variables on dye removal such as contact time, pH, adsorbent dosage, initial
dye concentration, and the temperature was investigated. In optimum conditions, including contact
time of 10 min, pH = 3, the adsorbent dosage of 0.05 g, and initial dye concentration=10 mg/L,
dye removal was achieved 92%. Different adsorption isotherm models (Langmuir and Freundlich)
were used and adsorption followed Langmuir isotherm well (R?= 0.9773). The maximum Langmuir
adsorption capacity of nZVI-G was obtained 29.07 mg/g. The pseudo-first-order kinetic model with
R?=0.9838 fitted well with the experimental data. The thermodynamic parameters (AG,AH,AS)
were calculated and the results revealed that the adsorption of dye was spontaneous and exothermic.
The nZVI-G composite was found to be a low-cost potential candidate with high adsorption capability
to be applied as an adsorbent for the removal of Direct Red 81 from the aqueous media. Reduction
degradation reaction which rapidly produces radicals has a major effect on reaction time. This nano
adsorbent has the ability to adsorb, reduce, and degradation of pollutants, so the dye was removed
efficiently.
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INTRODUCTION

Contaminants in the water have become uncontrollable
due to the development of various factories. Diverse
contaminants such as dyes, heavy metal ions, drugs, and
organophosphorus pesticides have a serious influence

on the health of aquatic environments and humans [1].
The discharge of sewage, containing dye, which belongs
to the textile industries is a serious threat to the
environment [2]. Among various types of dyes, half
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Scheme 1: Chemical structure of Direct Red 18.

of the whole dyes used in the textile industry are Azo dyes.
—N=N-— is the usual structure of these dyes and carbon
bonding on both sides of them is with sp? hybrid [3]. These
dyes have high stability versus physical, chemical, and
biological factors due to their complex aromatic structure,
which leads to the impossibility of destruction [4]. One of
the sulfonated Azo dyes is Direct Red 81 with the chemical
name of disodium (3E)-7-benzamido-4-oxo-3-[[4-[(4-
sulfonatophenyl)diazenyl]  phenyl]  hydrazinylidene]
naphthalene-2-sulfonate  (Scheme 1). Carcinogenic
properties and toxicity of this dye can affect humans,
animals, and plants [5,6]. Therefore, preventing the
discharge of synthetic dyes from industrial wastewater
into the environment is the most important issue. Different
ways for removing dyes have been reported such as
ozonation [7], oxidation [8], coagulation [9],
electrocoagulation/flotation [10], coagulation/flocculation [11],
electrochemical [12], and adsorption [13]. Among the
aforementioned, the adsorption procedure has been further
recommended owing to its sludge-free, flexibility,
simplicity of operation, and low-cost [14-16].

Many adsorbents including activated carbon [17],
chitosan [18], zero-valent iron nanoparticles [19],
graphene oxide aerogel [20], magnesium oxide
nanoparticles loaded onto activated carbon [21],
magnesium oxide nanoparticles immobilized with
chitosan [22], etc. have been assessed to remove dye by
investigators. High reactivity and large surface area are
known as advantages of nanoscale zero-valent iron (nZV1)
particles, which has caused its widespread use. Oxidation
of nZVI into Fe?* or Fe®* can occur and donate electrons,
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which leads to adsorbing heavy metals, dyes, and so on.
Also, nZVI is known as a strong reducing agent and
provides a suitable reductive environment for the growth
of anaerobic microorganisms [23,24]. Due to the reduction
degradation reaction of Fe’ which rapidly produces
radicals, the reaction time will be reduced. However, high
van der Waals and magnetic attraction forces of nZV1 lead
to aggregation. Therefore, by reducing the reactivity surface
area, the efficiency of pollutant removal decreases [23,25].
Reducing the agglomeration of nzZVI particles with
supporting materials on the substrate has been reported
by researchers. Furthermore, improved dispersal ability
and specific surface area, as well as increasing its
reactivity are observed [26,27]. Iron is a compound that is
found in high amounts in nature and it is environmentally
compatible and low-cost. Recently, some materials like
zeolite [28], bentonite [29], chitosan [30], and graphene [31]
were applied to support nZVI1 particles. These materials
can prevent oxidation and aggregation by providing steady
sites for nZVI particle loading because of their excellent
surface area and porous structure [27].

Graphene (G) has been taken into consideration
as a superior supporter material for loading nanoparticles
due to its large surface area, high flexibility, 2D substrates,
pore volumes, and excellent conductivity despite its time-
consuming synthesis process [32,33]. Recently, a combination
of nZVI and graphene is a topic that has received special
attention. Their combination represents a remarkable
increase in their efficiency through their adsorption and
reduction of degradation features.

nZVI alone or along with the other materials have been
used to remove different dyes from agueous environments
in previous research. According to the literature, removal
efficiency has been increased by coupling nZVI with other
materials. There were no reports about nZVI coupled
with graphene for the removal of Direct Red 81. Hence,
in this study, nZVI-G composite was synthesized to remove
Direct Red 81 dye from aqueous media. The synthesized
composite was characterized using a Scanning Electron
Microscope (SEM), Energy-Dispersive X-ray Spectroscopy (EDS),
X-Ray Diffraction (XRD) analysis, and Fourier-Transform
InfraRed (FT-IR) spectroscopy. The effective experimental
parameters on the removal performance, including the contact
time, pH, the adsorbent dosage, and pollutant concentration
were optimized. Finally, isotherms and kinetics models,
as well as thermodynamic parameters were investigated.
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EXPERIMENTAL SECTION
Materials

Graphite, Sodium nitrate (NaNOs), Sulfuric acid (H2SOa),
Potassium permanganate (KMnOg4), Hydrogen peroxide
(H20), sodium borohydride (NaBH,), and iron (lI11) chloride
hexahydrate (FeCls6H,O) were purchased from Merck.
Direct Red 81 was provided by AlvanSabet Co.,
in an industrial purity. Distilled water was used as the solvent.

Apparatus

The morphology of the synthesized nanocomposite
was observed by the ZEISS SEM (SIGMA VP, Germany).
The elemental analysis was performed using EDS (Oxford
Instruments, England). For EDS analysis, the sample
should be an electrical conductor, so its surface is coated
before testing. This coating usually consists of gold (Au),
and the presence of Au in the EDS spectrum is due to this
coverage. XRD analysis of nZVI-G with a Cu-Ka radiation
source was studied by a Panalytical X-ray diffractometer.
The infrared spectrum of the adsorbent was obtained
by PerkinElmer FT-IR. Philler scientific double beam UV-Vis
spectrophotometer (SU-6100, Belgium) was used for
spectrophotometric measurements. Metrohm pH meter
(model 691, Switzerland) was utilized to adjust the pH
values.

Preparation of graphene

Hummers' method was used for graphene synthesis.
At first, 120 mL H,SO4 was placed in the ice bath for
5 min to reduce its temperature. Then, 5 g graphite plus
2.5 g of NaNOj3 was added while stirring. 15 g of KMnO,
was gradually added for 20 min. The obtained solution
was kept at room temperature for about 30 min. Afterward,
230 mL of distilled water was added and the temperature
was increased to 95 °C. Again 700 mL of distilled water
and 10 mL of H,O, were added to obtain a yellow mixture.
Graphene oxide (GO) was obtained by washing and filtering
the mixture. To prepare graphene, H,BNa was added
gradually as a reducing agent for 30 min. The obtained
precipitate was graphene, which was washed with water
and ethanol mixture 3 times, as well as with distilled water
for the last time, and placed in the oven at 50-60 °C for 24 h [34].

Preparation of nano zero-valent iron/graphene composite

200 mL of distilled water was deoxygenated for 5 min
under mechanical stirring with nitrogen gas. Then, 2 g
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FeCls-6H,0 was added. After 5 min, 0.3 g of graphene
was added and the mixture was stirred for 10 to 15 min
along with nitrogen gas using a mechanical stirrer. During
this period, 1 g NaBH4 was dissolved in distilled water and
was made to the mark in the 100 mL volumetric flask.
After 10-15 minutes, this solution was added dropwise
to the mixture using a burette. The mixture was finally
stirred for 15 min under nitrogen gas and filtered with
a vacuum pump. The obtained precipitate oxidizes rapidly,
so it was kept in acetone [35].

Adsorption experiments

Different experimental parameters such as contact time
(2—10 min), pH (3-8), adsorbent dosage (0.02—0.1 g/L),
initial concentration (5—15 mg/L), and temperature
(288—308 K) were investigated. The dye solution
was prepared at specific concentrations and a certain
amount of nano adsorbent was added, then stirred
at the specified temperature, pH, and time. Finally,
the residual concentration of dye was determined by
spectrophotometry at the wavelength (Amax = 512 nm). The
Direct Red 81 removal percentage was calculated as follows:

Removal(%) =

£ %100 Q)

0
Herein, Co (mg/L) and C; (mg/L) represent the initial and
the final concentration of the dye in the solution, respectively [36].

RESULTS AND DISCUSSION
Characterization

The XRD pattern of graphene is demonstrated
in Fig. 1(a), which corresponds to the reference sample
patterns. In this Fig, the peak at the position of 20° shows
the graphene index for the plane (002), which is related
to the C=C. The peak equal to 47° and 54° is related
to the (101) and (004), respectively. The peak observed
at 20 value equal to 54.23" is related to the (004) plane.
According to the XRD of the nanocomposite (Fig. 1b),
zero-valent iron nanoparticles are immobilized by
graphene. These connections are physical and have
no effect on the graphene structure. Peaks of 43.3" and
62.8° could be indexed to the (110) and (200) planes of Fe°
(JCPDS 65-4899), respectively. Small peaks related to
FesOq are visible at 35.7°, which is the result of oxidation
by O in water or air during the process of nzVI
preparation and preservation. [33,37].
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Fig. 1: XRD pattern of (a) graphene and (b) nZVI1-G composite.

Figs. 2(a) and (b) show the SEM images of the
synthesized nanocomposites at 2 different magnifications.
Zero iron particles were uniformly dispersed in the
graphene substrate. As can be seen, the graphene
was surrounded by iron nanoparticles and covered them.
Besides its uniformity by placing nZVI in the graphene
substrate, the oxygen access to Fe® was declined so
it was increased its stability. Fig. 2 (c) shows the porous
structure of graphene, which is a proper place for nZVI
particles. The particle size is in the range of 20 to 35 nm.

As shown in the EDS spectrum of the nZVI-G (Fig. 3),
the peaks corresponding to Fe are visible in the energy
ranges of 0.7, 6.4, and 7.1 keV. In addition, O and C peaks
are observed in the 0.5 and 0.3 keV ranges, respectively.
The figure shows that the percentages of Fe, O, and C
nanoparticles related to the nzZVI-G were 50.2, 35.8,
and 14, respectively. The presence of iron indicates the
composite formation [37,38].

In order to confirm the main functionalities on the
nZVI-G, FTIR spectral analysis was performed in the
range of 400—4000 cm™* as shown in Fig. 4. The OH group
appeared at 3422 cm™ due to the presence of water
molecules in the nanocomposite structure. The sharp peak
at 1631 cm corresponds to the C=C stretching. Moreover,
the presence of a peak at 1389 cm™ was assigned to
asymmetric stretching vibrations of —COOQ group. The peak
at 613 cm? is related to the stretching vibration of Fe—O
in the structure of FesO. magnetic nanoparticles [39,40].

Optimization of adsorption parameters
Effect of pH

pH is one of the most important and effective
parameters in controlling the adsorption process.
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Fig. 2: SEM image of nZVI-G with the magnification of (a) 200 nm

and (b) 1 um and (¢c) SEM image of graphene with the
magnification of 2 um.
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Fig. 3: EDS spectrum of nZVI1-G composite.

The effect of different pHs on dye removal efficiency
attimes of 2, 4, 6, 8, and 10 min is illustrated in Fig. 5 (a).
The results included that pH=3 at a time of 10 min had
the highest percentage of dye removal. At low pH,
hydrogen ions surround the adsorbent surface, where
simple electrostatic attraction occurs between the
positively charged adsorbent surface and the dye
molecules. On the other hand, there is a negatively charged
adsorbent surface at higher pH, which decreases the
adsorption of dye molecules [5,41]. In an acidic pH,
hydrogen was adsorbed to the surface and the rate of
hydrogen radical production was increased. So, the reduction
degradation process becomes more efficient [42].

Fe « Fe’" +2e” (2)
2H' +2e” © 2H,,, 3)
NH,4 <> NH' +ne” (4)
Dye(Ox.state)+ ne « dye(Red.state) (5)

Below the pHzc, the adsorbent is positive in terms of
electrostatically (Fig. 5 b).

Effect of adsorbent dosage

The adsorbent dosage of 0.02, 0.05, and 0.1 ¢
was evaluated for 2 to 10 min. The results are shown
in Fig. 5 (c). At high doses of the adsorbent, the number of
active sites of adsorption increases and leads to enhance
dye removal efficiency. It can be concluded that the
optimal dosage of adsorbent with a maximum adsorption
capacity (92%) was 0.05 g. As can be seen in Fig. 5(c),
there are no significant differences between 0.05 and 0.1
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Fig. 4: FT-IR spectrum of nZVI-G.

g, so 0.05 g of the adsorbent is more admissible. The use
of high doses of the adsorbent leads to accumulation,
which makes smaller adsorbent particles adhere together,
thereby reducing the effective surface area and the number
of active adsorption sites, which in turn diminishes dye
removal efficiency.

Effect of dye concentration

The concentrations between 5 to 15 mg/L at 2 to 10 min
were used to determine the optimum initial dye concentration.
As shown in Fig. 5 (d), the maximum removal efficiency
belongs to the initial concentration of 10 mg/L. There are
many empty sites on the surface of the adsorbent at low
concentrations, and many molecules are adsorbed
by the nanocomposite and the removal efficiency increased.
By increasing the initial dye concentration up to 15 mg/L,
the occupation of these adsorption sites has occurred
with the dye molecules, the adsorption of the remaining
molecules has become more difficult and adsorption decreased.

Effect of temperature

The dye removal efficiency was investigated at
3 different temperatures (288, 298, 308 K) and a constant
time of 10 min (Fig. 5 €). The temperature of 308 K with
a concentration of 15 mg/L showed the highest value
of dye removal. By increasing the temperature, the process
rate was enhanced.

Adsorption isotherm models

Langmuir and Freundlich adsorption isotherm models
as a powerful tools were used to determine the relationship
between the adsorbate concentration and adsorbent.
Langmuir equation can be represented as:
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Fig. 5: The effect of (a) pH, (b) pHzc, (¢) adsorbent dosage, (d) initial concentration, and
(e) the temperature on dye removal percentage.

1

e

(6)

at equilibrium and K (L/mg) is Langmuir's adsorption
constant corresponding to the energy of adsorption.

Herein ge (mg/g) and qm (Mg/g) are the amount of dye
adsorbed at equilibrium and the maximum adsorption
capacity, respectively. C. (mg/L) shows the dye concentration
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By plotting 1/qe versus 1/Ce (Fig. 6 a), the gm and K.
can be calculated from the intercept and slope of the straight
line, respectively [43,44].

The Freundlich isotherm is defined using Eq (7).
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Table 1: The obtained parameters of isotherm models for dye removal.

4 Langmuir Freundlich N
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Fig. 6: Langmuir and (b) Freundlich models for the adsorption of dye by nZVI-G composite.

1
loggq, = log kar;IogCe @)

Where ki and n indicate the adsorption capacity
and adsorption intensity, respectively. These parameters
can be calculated by plotting the log g. against log Ce
(Fig. 6 b) [45].

As shown in Fig. 6 (a) and (b), the coefficient of
determination (R?) related to the Langmuir is higher than
the Freundlich, which indicated that the adsorption of dye
fitted to this model. It can be concluded that the adsorption
process of Direct Red 81 is the monolayer. The isotherm
parameters are listed in Table 1.

Adsorption kinetics

In this study, with respect to time, the pseudo-first-
order and pseudo-second-order kinetic models were
investigated to determine the exchanges in dye molecule
adsorption. The pseudo-first-order kinetic model is expressed
by equation (8).

In(q, —a,)=1In(a,)- Kt (8)
Herein ge and g: (mg/g) represent the amount of dye
adsorbed on the adsorbent at equilibrium and time t,

respectively. Ki (min™) shows the rate constant at
equilibrium. By plotting linear In (g, — q;) versus time,
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the rate constant, slope, and intercept can be calculated
[46,47].

The pseudo-second-order kinetic model can be represented
by the Equation (9).

Lot v 9)

2
q, K,q, 4.

Where the rate constant of pseudo-second-order kinetic
is shown by K, (g/mg min™). The slope and intercept
related to the plot of t/q: versus t are considered
to calculate the K, and qe, respectively [48]. As shown
in Fig. 7 (a) and (b), the coefficient of determination (R?)
(0.9838) related to the pseudo-first-order is better than
the pseudo-second-order, which indicated that the adsorption
of dye fitted to this model. The obtained kinetic parameters
for the adsorption of dye are given in Table 2.

Thermodynamic parameters

Standard free energy change (AG®) (kJ/mol), standard
enthalpy change (AH®) (kJ/mol), and the standard entropy
change (AS°) (kJ/mol.K) as thermodynamic parameters
were evaluated using the following equations:

Lanzi—i (10)
R RT
AG = AH —TAS (11)
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Table 2: The obtained kinetic parameters for Direct Red 81 removal.

4 pseudo-first order Pseudo-second order N
Ki(min*) ge (mg/g) R? K (g.mg™ min) qe (Ma/g) R?
\ 0.6047 6.12 0.9838 0.97 11.74 0.9746/
@) b b) 1
as y= 0.0852x+ 0,081 54
: ‘ ot R=09m6 7
R y = 0.6047%+ 57873 0.7 2
¥, 3 R'=0,9831 06 4
- 05
E 2 . ;— 04 »
1 -
- 03 v
N 0.2 »
0 + 0.1
2 ) 6 [} 10 12 0
1
Time (min) 0 2 4 6 8 10 12
Time (min)

Fig. 7: (a) pseudo-first-order and (b) pseudo-second-order kinetics for the removal dye.

Herein T, R, and K. are the absolute temperature (K),

the universal gas constant (8.314 J/(mol.K)),
and adsorption distribution coefficient, respectively
[49,50].

According to Vant Hoff’s equation, Ln k versus 1/T
was plotted (Fig 8). Also, the results of thermodynamic
data for the adsorption of Direct Red 81 onto the nZVI-G
composite are summarized in Table 3. The negative value
of AG indicates the spontaneous reaction of Direct Red 81
adsorption onto nZVI-G. The negative values of AH and
AS demonstrated that the adsorption of this dye was
exothermic.

Comparison with the other adsorbents

The adsorption capacity of Direct Red 81 on nZVI-G
composite as an adsorbent compared with some other
adsorbents is shown in Table 4. As can be seen, the adsorption
capacity of this dye using nzZVI-G is higher than
the mentioned adsorbents in less time. Reduction
degradation reactions that rapidly produce hydrogen
radicals are the major reason for their short reaction times.
The reaction time is also very short compared to other
adsorbents. Hence, the synthesized adsorbent in the
present study showed a high capacity for the removal of
Direct Red 81 from aqueous media.
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Fig. 8: LnK versus 1/T for Direct Red 81 removal.

CONCLUSIONS

The novel rapid and efficient nZVI-G composite
was successfully prepared using the facile method for
the removal of Direct Red 81 dye. The reduction degradation
property of nZV1 was increased by graphene as a supporter
material. The obtained nanocomposite exhibited a high
dye removal percentage (>92%). Both components are
environmentally compatible and their combination helps
increase higher efficiency of the adsorbent due to their
adsorption and reduction degradation features. The
experimental variables were optimized and the results
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Table 3: Thermodynamic parameters for removal of Direct Red 81.

/ AH? (kJ/mol) AS° (J/ mol K) AG° (kJ/mol) \
Temperature (K)
-46.5 -140 288 298 308
5.7 5.5 2.8 )
Table 4: Comparison of nZVI-G adsorbent with the other adsorbents.

é Adsorbent Adsorption capacity (mg/g) References Time (min) Dye A

NaOH-modified rice husk Pumice 14.77 [6] Direct Red 81

Pumice 1.83 [51] 120 Direct Red 81

Neutral soil containing copper 41.84 [52] 60 Direct Red 81

Treated bamboo sawdust 13.83 [53] 60 Direct Red 81
\ Nano-scale zero-valent iron-Graphene 29.07 This study 10 Direct Red 81 )
indicated that the removal of this dye increased with [3] Sohrabi M.R., Amiri S., Fard Masoumi H.R.

increasing adsorbent dosage. It was found that the
maximum removal and reduction degradation happened
at acidic pH. Also, the removal efficiency was increased
with the increasing initial concentration up to 15 mg/L.
The study of R? of Langmuir and Freundlich isotherm
models represented that the adsorption data fitted well with
the Langmuir model. The pseudo-first-order kinetic model
was appropriate for the adsorption of the mentioned dye.
The calculated thermodynamic parameters indicated that
the Direct Red 81 adsorption on nZVI-G is a spontaneous
and exothermic process. The proposed adsorbent can be a
promising solution for dye removal from aqueous
solutions.
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