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ABSTRACT

This study determined the nitrate removal efficiency of graphene oxide (GO), activated GO (AGO),
dendrimer-graphene oxide (PAMAM-GO) and activated PAMAM-GO (A PAMAM-GO) for the first
time in the world. Field emission scanning electron microscopy (FESEM) with EDS and Fourier
transform infrared spectroscopy (FTIR) were used to characterize the nanostructures. Experiments
were performed in a batch reactor. Results showed that GO, PAMAM and PAMAM-GO could not
serve as effective materials for nitrate removal. The efficiency of GO and PAMAM was developed by
activation and composition so that 0.4 g/1 AGO removed 80% of the nitrate in 40 min at a pH of 7.5.
The highest removal efficiency was obtained with A PAMAM-GO. By some characterizations using
EDS and FTIR as well as according to the functionalized using hydrochloric acid, we understand that
the ion exchange between nitrate and chloride is the main mechanism of nitrate removal by AGO

and A PAMAM-GO.
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1. Introduction

In recent years, nitrate contamination in surface and
groundwaters has been a serious ecological problem world-
wide. Nitrate has been found in water contaminated by
sanitary, industrial, and agricultural wastewater. Methe-
moglobinemia (baby blue syndrome) and eutrophication of
surface water resources are examples of the adverse effects
of nitrates [1,2]. Metals reduction, enzymes, ion exchange,
reverse osmosis (RO), electrodialysis (ED) and absorp-
tion are proper physical and chemical methods for nitrate
removal. The high energy costs and the high volume of
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brine waste produced are problems relating to RO and ED
[3]. Biological denitrification is more practical and economi-
cal than chemical and physical methods but has limitations.
These include the need for an additional carbon source for
microorganisms, production of pollutants (bacterial prod-
ucts, sludge), and the need for special treatment methods
[34].

Nanomaterials are currently considered to treat and
remove pollutants from the environment. Nanoparticles
have a much wider surface area than larger particles and
can interact with various chemical groups to enhance their
affinity to a particular compound. Research has focused
on the use of nanotechnology to purify and remove con-
taminants from the environment [5,6]. Carbon-based
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nanomaterials have been shown to be an important class
of materials for environmental applications. Graphene
(G) and its oxidized derivatives, graphene oxide (GO), as
new allotropes of carbon, have been proposed as adequate
and effective solution to solve environmental problems.
Graphene is a two-dimensional sheet of carbon atoms in a
hexagonal configuration with a large specific surface area
of over 2600 m? g™ [7,8].

Carbon atoms in graphene bond with SP? hybrids.
A carbon atom in a graphene layer has an outside orbital. This
orbital is a good place to bond with certain functional groups
and hydrogen atoms. The bond between carbon atoms on a
sheet is a very strong covalent bond [8-10]. It appears that the
small size and other features of graphene have the potential
for in situ treatment of contaminated water [9,11]. Removal
mechanisms of graphene include redox reactions, adsorp-
tion, nano-catalysis, and nano-photo catalysis [12].

Kumar et al. developed an amine-treated GO adsor-
bent for removal of chromium (VI) [13]. The absorption
of Cu(Il) by sulfonated magnetic GO composites has also
been studied [14]. Similar research has shown that GO is
a highly effective absorbent for Zn(II) removal from aque-
ous solutions [15], decontamination of wastewater and
waste gas and hydrogen storage/generation [16], oil spill
cleanup in water [17] energy storage and conversion to an
electrochemical sensor [18]. The use of graphene for nitrate
removal has not been successful thus far. Motamedi showed
that only 7% of the nitrate could be removed after 48 h by
raw GO. It is necessary to use other nanomaterials such as
iron nanoparticles to enhance the efficiency of GO [19].

Nowadays, dendrimer nanostructures are considered in
many areas of biomedical and environmental fields. Den-
drimers are capable of locking different molecules in their
branches. They carry a variety of molecules by the existence
of multiple functional groups on their surface. Non-toxic,
eco-friendliness and biodegrability are among important
features of these compounds. Polyamidoamine (PAMAM)
and polypropylenimine (PPI) are the most important den-
drimers that are available commercially. The most import-
ant application of PAMAM and PPI is their biocompatibility
[20-22]. The study on the removal of organic contaminants
and dyes from textile wastewater using PPI dendrimers
showed that it could be used for dye removal from textile
wastewater [20]. Hayati et al. have shown that pH and
maximum adsorption capacity for DB78 and DR80 of den-
drimer-Titania nanocomposite are 4.6, 990 mg/g and 1250
mg/g, respectively [20]. Moses Sadeghi et al. have reached
97-99% removal efficiency for color removal and stated that
kinetics adsorption isotherm followed the Languir model
[21]. In addition, Ilaiyaraja et al. obtained 0.355 g adsorption
capacity of cobalt in pH = 4.5 [23].

With regard to the carried out investigations, no studies
have been developed concerning the possibility of nitrate
removal from aquatic environments by composition mate-
rials such as dendrimers and graphene. Due to severity
of nitrate contamination and its dangers, such studies are
extremely important.

The current study determined the effectiveness of
GO, AGO, PAMAM, PAMAM-GO nanocomposite and
A PAMAM-GO nanocomposite (novel structures of GO
and PAMAM) for nitrate removal from aquatic environ-
ments. Lack of prior research on activation of GO and A

PAMAM-GO prompted this study on the development and
modification of the new structure of GO and PAMAM-GO
nanocomposite. These materials have been produced for
the first time in the world and used for nitrate removal from
aqueous solutions in this research.

2. Experimental
2.1. Materials and chemicals

GO was synthesized using the modified Hummers
method [24,25] from natural graphite powder. Fig. 1 pres-
ents images and characteristics of the GO synthesis.

Polyamide amine dendrimer, the second generation
(PAMAM-G2) was synthesized according to the methods
mentioned in the previous studies [26].

Sodium nitrate, sodium hydroxide, and hydrochlo-
ric acid were purchased from Merck (Germany) and used
without pre-treatment.

2.2. Instrumentation

The pH was measured using a Jenway pH meter (model
3510). A UV-visible spectrophotometer (UV mini 1240; Shi-
madzu) at wavelengths of 220 and 275 nm was used to
measure the nitrate concentration. A digital scale (Sartorius
Xpert Pro) with an accuracy of 4 x 10 g was used to weigh
the substances. A magnetic stirrer (MR Hei-Standard; Hei-
dolph) at set speed was used for mixing. Nano-composites
were synthesized by ultrasonic (model up400s), memmert
oven and stoves devices. FE-SEM images of the AGO and
A PAMAM-GO samples were prepared using a field-emis-
sion scanning electron microscope (Sigma; Zeiss; Germany)
and using an EDS and map detector (Oxford Instruments).
Morphology of AGO and A PAMAM-GO was evaluated at
magnifications of kX 00.1 to kX 00.50.

2.3. Activation of Graphene Oxide (GO)

Hydrochloric acid was used to activate the GO. 5 g of
synthesized graphene oxide mixed with 20% hydrochloric
acid for 20 min at 500 rpm (Fig. 2). It was dried for 12 + 2 h

200 nm

Fig. 1. TEM image of GO (before activation).



102 A. Alighardashi et al. / Desalination and Water Treatment 100 (2017) 100-115

Fig. 2. Image of functionalized graphene oxide (GO) and den-
drimer-graphene oxide (PAMAM-GO).

in an oven at a temperature of 140 + 10°C and then placed in
the furnace for 6 h at 450 + 50°C.

2.4. Synthesis and activation of dendrimer-graphene oxide
(PAMAM-GO) nanocomposite

10cc of PAMAM-G2 (10% weight by volume) with 0.02
g of GO was ultrasonic for 12 min to produce PAMAM-GO
nanocomposite. It was functionalized using 20% hydrochlo-
ric acid for 25 min at 500 rpm speed (Fig. 2). It was dried for
12 + 2 h in an oven at a temperature of 140 + 10°C and then
activated in the furnace for 6 h at 450 + 50°C.

2.5. Batch experiments

A stock solution of nitrate was prepared by dissolving
potassium nitrate in distilled water. All experiments were
conducted in a batch reactor at an ambient air and at room
temperature. The effective factors investigated were pH (4,
7.5, 9), contact time (5-65 min), nitrate concentration (45,
75,110 mg/1), GO and AGO concentrations, (0.27, 0.4, 0.75
and 1 g/1), PAMAM-GO concentration (3, 5 and 10 ml/I)
and A PAMAM-GO concentration (0.008, 0.017, 0.025,
0.033 g/1). Testing varied the values for one factor, while
the other factors were held constant to evaluate the effec-
tiveness and efficiency of each factor. NO, was determined
according to standard methods No0.4500B [27]. To increase
the reliability, accuracy and precision testing, sampling,

and analysis of samples at each stage, the operation was
repeated three times.

Removal efficiency at different stages was calculated
using the results and initial concentrations as:

C,-C,

E= %100 (1)

where C,and C, are the initial and final concentrations of
NO,, respective{ .

The optimum values of each variable were selected, and
performance of GO, AGO, PAMAM, PAMAM-GO nano-
composite and A PAMAM-GO nanocomposite was evalu-
ated by using SPSS-16 software.

2.6. Isotherms and modelling of nitrate absorption kinetics

The linear form of the Langmuir, Freundlich, Temkin,
and Elovich models and the equations of the pseudo-first,
pseudo-second order and intraparticle diffusion kinetic
models were used to analyse nitrate absorption by A GO/
PAMAMSs nanocomposite. The amount of adsorbed ions at
equilibrium time (mg/g) is denoted as g, and is defined as:

=C0_Ce X

9e "

v @
where C is the initial concentration of contaminant (mg/1),
m is the adsorbent weight (g), v is the volume of solution (1),
and C, is adsorbing material equilibrium concentration in
the solution phase after absorption (mg/1).

3. Results and discussion
3.1. Characterization of AGO

Fig. 3 and Fig. 4 show the AGO images. Fig. 4 shows
that synthesized GO was multiple layers. New species
are observed on the surface of AGO that are related to the
chloride ions. EDS spectrum analysis of the AGO samples
revealed that the oxygen and chloride contents were 45.8%
and 1.2% in mass, respectively. Furthermore, covalent
bonding is further proved by FTIR spectroscopy (Fig. 9).

3.2. Characterization of A PAMAM-GO

The FE-SEM images in Fig. 5 and TEM images in Fig. 6
show the A PAMAM-GO nanocomposite. Compared to the
relatively smooth surface of AGO and GO, new species are
observed on the surface of A PAMAM-GO nanocomposite
that are related to the PAMAM. Images in Fig. 5 and Fig.
6 show that PAMAM branches are well dispersed on the
surface of GO nanosheets with an average particle size of
20 nm. Its covalent bonding is further proved by FTIR spec-
troscopy (Fig. 10).

EDS spectrum analysis of the A PAMAM-GO sam-
ples revealed that the oxygen and chloride contents were
approximately 20% and 0.4% in mass, respectively (Fig. 10).

This amount of oxygen-containing indicates that dif-
ferent functional groups on the surface of A PAMAM-GO
exist. Identification of chloride ion confirms the activation
of PAMAM-GO by HCI. These are also confirmed by FT-IR
analysis [28].
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Fig. 4. TEM images of AGO.
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Fig. 6. TEM images of A PAMAM-GO nanocomposite.

3.3. The surface area of GO, AGO and A PAMAM-GO

Table 1 shows the results of the BET specific surface area
and total pore volume as well as average pore size of absor-
bents. N, adsorption-desorption analyses showed that GO
had the highest surface area and pore volume of 33 m?/g
and 0.14 cm®/g respectively, being similar to the previous
reported values [29]. Increasing in nitrate removal efficiency
by chemical modification of adsorbents surface is related to:
firstly, an enhancement in surface positive charges; and/or
secondly, providing new surface functional groups having
a higher affinity for nitrate [30-33]. Therefore, AGO and A
PAMAM-GO with the small specific surface area had high
absorption capacity, indicating that these absorbents had
a good affinity for nitrate. Moreover, enhancement in sur-
face positive charges of AGO and A PAMAM-GO has been
improved by FT-IR analysis (Fig. 11).

Table 1
BET specific surface area, total pore volume and average pore
size of absorbents

Adsorbent Sppr (M?/8) Vp (cm?/g) L (nm)
GO 33 0.14 175
AGO 713 0.0083 46.66
A PAMAM-GO 8.76 0.0076 34.77

3.4. XRD pattern

Fig. 7 shows the XRD patterns of GO, AGO, PAMA-
MA-GO nanocomposite and A PAMAM-GO nanocomposite.
XRD patterns of graphite and graphene oxide have
showed peaks at 20 = 26.49°, 37.3° and 49.7° [28,34,35].
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Fig. 7. XRD analysis of AGO, PAMAM-GO nanocomposite and
A PAMAM-GO nanocomposite.

We observed the main peaks at 20 = 14.93°, 26.56°, 27.52°,
54.68° for GO, at 20 = 13.57°, 26.56°, 27.51°, 54.69° for AGO,
at 20 = 11.34°,11.44°, 26.55° for PAMAM-GO and at 20 =
13.66°, 26.59°, 27.53°and 54.71 for A PAMAM-GO.

The pointed sharp peak reflects certain amount of crys-
tallinity of AGO and A PAMAM-GO nanocomposite. In
addition, diffraction peaks at 20 = 9.71, 11.34°, 11.44°, 18.99°,
20.63°, 21.53°, 22.98°, 25.06°, 26.55°, 34.76°indicated the semi
crystalline nature of PAMAM-GO nanocomposite. After-
composition of GO with PAMAM dendrimer, XRD pattern
(Fig. 7) showed diffraction peak to be broader implied that
the crystallinity was reduced. It increased again after acti-
vation process.

3.5. Thermal gravity analysis for the stability of A GO/PAMA-
Ms nanocomposite (TGA studies)

As Fig. 8 shows, thermal stability of GO (not shown
here), AGO and A PAMAM-GO nanocomposite have been
studied by thermal gravity analysis. The results showed
that stability of AGO and A PAMAM-GO nanocomposite
was very good in comparison with GO. At a temperature
of approximately 550°C, the thermal stability of AGO and
A PAMAM-GO nanocomposite was found to decrease. GO
has less thermal stability than AGO and A PAMAM-GO
nanocomposite. Usually GO decomposition is started from
200°C [36,37].

3.6. Examination of the chemical bonds of GO, AGO and
A PAMAM-GO nanocomposite

FT-IR infrared spectroscopy tests were carried out to
determine the chemical bonds in the samples of GO, AGO,
A PAMAM-GO nanocomposite (Fig. 11). FTIR spectra of
AGO and A PAMAM-GO samples differ from those of GO
as evidenced by the intensity of the peaks in A PAMAM-
GO and AGO. Comparing images clearly confirms intensity
peaks in AGO and A PAMAM-GO.

IR analysis suggests that peaks 550-750 cm™ and 1800
cm™ indicate the presence of the C-Cl and H-CI bonds
respectively [38,39] and the peak in the region between
3100 and 3600 cm™ indicates the presence of exchangeable
protons, typically from alcohol, amine, amide or carboxylic
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Fig. 8. Thermal stability analysis (TGA) of the AGO and A
PAMAM-GO nanocomposite.

acid groups. Additionally, the peak in the region between
bending 1580 and 1650 cm™ vibration indicates the presence
of N-H bonds of secondary amine groups, which are favor-
able absorption for anions e.g. nitrate [30,40]. Moreover,
oxygen atoms must be in the form of COOH/_OH and C
=0 groups with a peak of approximately 3400 cm™ and
1700 + 100 cm™, respectively [41]. So it seems characteris-
tics band of quaternary ammonium groups have overlap by
other bands [42].

In our study, FTIR analysis of GO, AGO and A
PAMAM-GO samples showed that the peaks observed in
1638 cm™ wavelengths (for AGO); 1622 cm™ wavelengths
(for A PAMAM-GO) have been related to both quaternary
ammonium groups [42] and C = O [41] bonds. Moreover,
the peaks observed in 2526.79 cm™, 2355.14 cm™ wave-
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Fig. 10. EDS spectrum analysis of activated dendrimer-graphene oxide (A PAMAM-GO) nanocomposite.

lengths (for AGO) and 2342.97 cm™, 2362.19 cm™, 2358.85
cm™, 2356.04 cm™ wavelengths (for A PAMAM-GO) have
been related to quaternary ammonium groups [42].

In addition, FTIR analysis of GO, AGO and A
PAMAM-GO samples showed that the peaks observed in
3452 cm™ (for GO); 3425 cm™ (for AGO); 3418 cm™ (for A
PAMAM-GO) wavelength were related to COOH/_OH
bonds. The bands at around 1087 cm™ (for AGO), 1088
cm! (for A PAMAM-GO), and 1048 cm™ (for GO) are
ascribed to the vibration of C-O; the bands at about 1622
cm™! (for A PAMAM-GO) and 1638 cm™ (for AGO), are
ascribed to the vibration of C=C that could be assigned
to the skeletal vibration of the original graphitic domain.
These different functional groups on the surface of AGO
and A PAMAM-GO indicate that large amount of oxy-
gen-containing functional groups exist on AGO and A
PAMAM-GO [28].

In addition, the peaks observed in 544.88 cm™'and 603.92
cm™ confirm the presence of chloride in the AGO sample
and the peak observed in 1867 cm™ confirms the presence

of hydrochloric acid in the A PAMAM-GO. Functionaliza-
tion of GO and PAMAM-GO by HCL and their activation
are further confirmed with FI-IR coupled with EDS find-
ings. Obvious changes are notable before and after GO and
PAMAM composition and their activation.

Furthermore, A peak at around 1550 cm™ in GO sample
can be related to the existence of amine groups. It presents
that why GO cannot serve as effective materials for nitrate
removal from aquatic environment. However, after activa-
tion with HCI, this peak disappears significantly.

3.7. Effect of contact time on removal efficiency

As Fig. 12 shows, the effect of contact time was eval-
uated by varying the time in the range of 5-60 min while
holding the other factors constant; (pH = 7.5 + 0.2, Go
and AGO concentration = 0.27 g-I"!, PAMAM concentra-
tion = 5ml1"', A PAMAM-GO & PAMAM-GO concen-
tration = 0.025 g1, nitrate concentration = 45 mg-17").
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Fig. 11. FT-IR infrared spectroscopy tests; GO (a), AGO (b) and A PAMAM-GO nanocomposite (c).

These results show that removal efficiency is negative for
PAMAM. PAMAM is a polyamidoamine compound and
has N bonds, which may be formed to nitrate ions in the
presence of oxygen molecules of water. In fact, PAMAM
is a nitrogen source that can produce nitrate ions in the
presence of water and oxygen.

107

One-way ANOVA showed a significant effect for con-
tact time on the removal efficiency of nitrate by AGO and A
PAMAM-GO (p < 0.05). Changing the contact time changed
nitrate removal efficiency. Ait Haki et al. [43] and Wu et
al. [44] reached same results in their study. With increase
in contact time, the absorption of nitrate also increased;
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it increased up to the optimal retention time (GO = 60
min; AGO = 40 min; A PAMAM-GO = 15 min; PAMAM
& PAMAM-GO = 25 min) and decreased thereafter. It can
be seen that NO, removal efficiency decreased as the con-
tact time increased past 40 min for AGO, 60 min for GO,
25 min for PAMAM & PAMAM-GO and 15 min for A
PAMAM- GO. Fig. 12 shows that optimum nitrate removal
was 2% at 60 min for GO, 59.2% at 40 min for AGO, 1%
at 25 min for PAMAM, 3.5% at 25 min for PAMAM-GO,
and 86% at 15 min for A PAMAM-GO. The best and opti-
mal nitrate removal efficiency was 90% in 15 min at 0.025
g/l A PAMAM-GO. Increasing the contact time to 25 min
decreased removal efficiency to 82%; a further increase to
40 min increased efficiency to 94% for A PAMAM-GO. The
increase in nitrate removal by A PAMAM-GO after 25 min
and 55 min is related to changes in the nitrate concentration
and ion exchange between the nitrate and chloride caused
by activation with hydrochloric acid.

The presence of chloride ions on the surface of the A
PAMAM-GO and AGO was confirmed by EDS and FT-IR
analysis. As a result, ion exchange of nitrate with chloride
occurs as:

(AGO + CI) + NO, - (AGO + NO,) + CI 3)

(A PAMAM-GO + CI) + NO,
(A PAMAM-GO + NO;") + CI )

In this regard, chloride ion concentration was 39.37 and
32.31 mg/1 with a standard deviation of 5.7 and 3.2 for AGO
and A PAMAM-GO, respectively, which is in the standard
range according to a desirable maximum of 200 mg/1.
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Fig. 12. Effect of contact time variations on the removal effi-
ciency of nitrate (T =23 + 1°C, pH = 7.5 + 0.2, GO & AGO con-
centration = 0.27 g I/, PAMAM & PAMAM-GO concentration
=5ml I), A PAMAM-GO concentration = 0.025 g 17, nitrate
concentration = 45 mg 17).

Monaco et al. also showed that 70% of emissions
reduced within 30 min by a first-generation dendrimer [45].

3.8. Effect of pH on removal efficiency

The effect of pH on removal efficiency was evaluated
by holding the other factors constant (GO and AGO con-
centration = 0.27 g I/, PAMAM & PAMAM-GO concentra-
tion = 5 mL/L, A PAMAM-GO concentration = 0.025 g/1,
contact time_, = 60 min, contact time,_, = 40 min, contact
time, L. anvco = 15 min, contact time,,, 1« pavianico = 20 Min,
nitrate concentration = 45 mg I!). The results of one-way
ANOVA test show a significant difference for pH level (p
< 0.05). Changes in pH altered removal efficiency by AGO
and A PAMAM-GO; removal efficiency increased as pH
increased to 7.5 and decreased from 7.5 to 9. Fig. 13 shows
that nitrate removal efficiency for GO, AGO, PAMAM,
PAMAM-GO and A PAMAM-GO was 1.1%, 55.4%, 3%, 6%
and 70% at a pH of 4, respectively. This increased across the
neutral range of pH so that the highest removal was obtained
at a pH of 7.5 (2%, 59.2%, 1%, 3.5% and 86% for GO, AGO,
PAMAM, PAMAM-GO and A PAMAM-GO respectively).
Nitrate removal efficiency was considerably reduced at a pH
of 9 (0%, 30%, 0.5%, 1% and 76% for GO, AGO, PAMAM,
PAMAM-GO and A PAMAM-GO respectively).

The pH value plays an important role in the absorption
of atomic ions by carbon-based nanomaterials by affecting
the interaction between the sorbent and sorbing material.
When the pH is higher than the pH,,,, the negative charge
on the surface causes electrostatic interactions attract-

ing cationic species. When the pH is lower than pH,,., a

100 4 —¢—GO

80 4

removal efficiency(%)
H 2]
o o
1 1

N
o
1

N S——

4+0.5 7+0.5 9+0.5

-20 -
pH

Fig. 13. Effect of pH variations on the removal efficiency of
nitrate (T = 23 + 1°C, GO & AGO concentration = 0.27 g 17,
PAMAM & PAMAM-GO concentration = 5 mL/L, A PAMAM-
GO concentration = 0.025 g/1, contact time_, = 60 min, contact
time, ., = 40 min, contact time, ,,\.... .= 15 min, contact time

- Lo o n
PAMAM & PAMAM.GO = 2D Min, nitrate concentration = 45 mg 17).
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positive charge is created on the surface of nanomaterials
sorbing anionic species. In other words, the positive surface
charge of the sorbent increases absorbance of anions, and an
electro-static attraction develops.

It can be concluded that nitrate with a negative charge is
well removed in these conditions [11,46,47].

It seems that there have been most electrostatic inter-
actions between positive sites of sorbent and nitrate ion.
However, electrostatic interactions are not effective factors
alone, and it is one of the factors that can contribute to this
field. If the electrostatic forces are effective alone, removal
rate should be higher at pH = 4 = 0.5, which absorbent
charge is more positive, while absorbent surface removal
rate has increased at pH = 7.5 that there is a little negative
charge. Functional groups on the surface of sorbent and
competition between nitrate and other anions are some of
these factors.

Therefore, according to the results of the EDAX analysis
and functional groups on the surface of AGO, the reaction
of nitrate removal can be as:

AGO-H,0 + NO, - AGO-NO,  +H,0 (5)
And at high pH as:
AGO-OH™+ NO,” - AGO-NO,” + H,O (6)

In addition, the reaction of nitrate removal by A
PAMAM-GO can be as:

APAMAM-GO-H,0 + NO,” -

APAMAM-GO-NO,; + HO (7)
And at high pH as:
APAMAM-GO-OH + NO, -

APAMAM-GO-NO, + HO (8)

In that case, defects and decrease in absorption at high
pH can be explained.

As mentioned earlier, efficiency of nitrate removal at pH
=9 was reduced from 86% to 78% in the duration of 15 min.

It should be noted that in the solution with pH =9,
another anion e.g. chloride may be presented with high
concentrations. Therefore, the competition between the
other anion(s) and nitrate for absorption can also be effec-
tive in reducing the absorption rate.

In addition, the main reason for decrease in absorp-
tion at high levels of pH is the ionization between the
sorbent and sorbate creating a repulsive forces and
decreasing absorption [48]. Increasing the pH of solution
increased the nitrate concentration and separation of the
functional groups [49]. The solubility of the nitrate also
increased at high pH value, therefore decreasing in the
absorption is possible [50].

The results were in agreement with those of similar
research studies. Zheng et al. reported that increasing
the pH to above 8 decreased arsenate removal efficiency
using GO-Fe sorbent [51]. Lead ion absorption onto
GO decreased the absorption rate when the pH value
dropped to less than 6. According to Huang et al., maxi-
mum absorption of lead ions occurs at a neutral range of
pH [52].

Eslami et al. achieved the highest removal efficiency at
a pH of 8 for removal of chlorophenol from an aquatic envi-
ronment using GO [50].

3.9 Effect of GO, AGO, PAMAM, PAMAM-GO and
A PAMAM-GO concentration

The effect of the concentration of GO, AGO (0.27,
0.4, 0.75, and 1 g/1) PAMAM, PAMAM-GO (3, 5 and 10
mL/L) and A PAMAM-GO (0.008, 0.017, 0.025 and 0.033
g/1) on performance was investigated while holding the
other factors constant (T = 23 = 1°C, pH
4+ 0.5, pH

- PAMAM-GO&PAMAM
=75+ 0.2, contact time_., = 60 min, con-
others GO

tact time, ., = 40 min, contact time, ,,\;,.\;c0o = 15 min,
contact time = 25 min, nitrate concentration = 45
mg I7). One-way ANOVA test showed a significant effect
for AGO and A PAMAM-GO concentration for nitrate
removal (p < 0.05). This means that an increase in concen-
tration increased nitrate removal efficiency.

Fig. 14 shows that the nitrate removal efficiency
increased as the GO, AGO and A PAMAM-GO concen-
trations increased. The optimum concentration was 0.025
g/l for A PAMAM-GO and 0.4 g/1 for AGO; the removal
concentration decreased above and below this value. The
reasons for the increase in efficiency of A PAMAM-GO and
AGO is likely related to an increase in the active surface
sites, increasing contact of the nitrate with A PAMAM-GO
and AGO, and the redox reactions. It is important to note
that increasing the GO and AGO concentrations from 0.4 to
1g/1, APAMAM-GO concentration from 0.025 to 0.0033 g /1
and the PAMAM and A PAMAM-GO concentration from
5 to 10 mL/L decreased nitrate removal efficiency. This
indicates that excess ions from the GO, AGO, PAMAM,
AMAM-GO or A PAMAM-GO can cause turbidity in the
treated solution and interference in the treatment, reducing
its effectiveness.

The concentration of 0.025 g/1 of A PAMAM-GO (for a
45 mg/1 nitrate concentration) was highly efficient due to
its large effective area.

The minimum required sorbent in previous studies has
been 1 g/1 (for 5 mg/I nitrate concentration). Similar stud-
ies using GO found that only 7% of the nitrate (with 5 mg/1
concentration) was removed after 48 h. They also showed
that 1 g/1 of nZVI-GO (GO coated with iron nanoparticles)
removed 82% of the nitrate (with 5 mg/] concentration)
after about 2.5 h [19].

3.9..1 Effect of nitrate concentration

Fig. 15 shows the effect of initial nitrate concentra-
tion. Maximum nitrate removal efficiency of about 90%
was achieved using 0.025 g A PAMAM-GO at an initial
concentration of 45 mg/1 of nitrate. This was 80%, 4.5%,
3%, and 3.5% for 0.4 g AGO, 1 g GO, 5 mL PAMAM and
5 mL PAMAM-GO, respectively. Removal efficiency
decreased as the nitrate concentration increased from 45
to 110 mg/1. Removal efficiency of 110 mg/l nitrate was
60% for A PAMAM-GO, 55% for AGO, 0% for PAMAM,
0% for PAMAM-GO and 0.2% for GO. These results are in
agreement with those of other studies. A decrease in nitrate
removal has been reported due to lack of sufficient active
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Fig. 14. Effect of GO, AGO, PAMAM-GO & A PAMAM-GO con-
centration variations on the removal efficiency of nitrate (T =
23 + 1°C, pH,,, , amcoeramam = 2 0.5, pH =75 + 0.2, contact
time_, = 60 min, contact time, = 40 min, contact time, ,, ...

=15 min, contact time,,,, .\, o= 25 min, nitrate concentration
=45mgl7).

sites for high concentrations of nitrates [3]; the sorption
capacity decreases as the concentration increases [53].

3.9.2. Absorption isotherms of AGO and A PAMAM-GO

Determination of sorption isotherms and sorbent capac-
ity are the most important characteristics considered in stud-
ies of the absorption of pollutants onto different sorbents.
In this study, equilibrium sorption was modelled using the
Langmuir, Freundlich, Elovich and Temkin models. Fig. 9
and Table 1 present summary results of these studies.

Langmuir isotherm

The homogeneous monolayer coverage governs the

Langmuir isotherm model [20] with equivalency of the sites.

The linear form of the Langmuir model can be
expressed as:

1_1 .1 9)
g, abC, b

where g, is the amount of ions adsorbed at equilibrium
time (mg/g), b is the maximum absorption capacity and a
is the Langmuir constant related to the sites and energy of
sorption [54]. A straight line curve with a slope of 1/ab and
intercept of 1/b will be achieved by plotting 1/4, against 1/
C.. Sorption equilibrium constant K, (1/g) depends on the
value of a and b and is calculated as K, = a x b. The main
parameter of the Langmuir isotherm is a constant dimen-
sionless parameter called the equilibrium parameter (R))
that is determined as:

120 o
—t— AGO
—&— PAMAM
100 —— PAMAM-GO
—4— A PAMAM-GO 0.025g/L
80
>
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&
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Fig. 15. Effect of nitrate concentration variations on the removal
efficiency of nitrate (T = 23 + 1°C, pH,, ;. vcoeraman = 4 = 0.5,
pH,,...= 7.5 £ 0.2, contact time_, = 60 min, contact time, = 40

others

min, contact time, ,.\.\\.co= 15 min, contact time,,, .\, .o = 25
min, GO =1g/1, AGO =04 g/1).
1
R =—— 10
" 1+K,C, (10)

The desirability of sorption in the Langmuir model
can be specified using the R, dimensionless factor. R, > 1
denotes negative sorption, R, = 1 denotes linear sorption,
R, = 0 denotes irreversible sorption, and 0 < R, < 1 denotes

optimal sorption [46,52,54,55].

Freundlich isotherm

The linear form of the Freundlich equation can be
expressed as:

logg, =logKf +%(logCE) (11)
where g_is equilibrium sorption capacity (mg/1), C_is equi-
librium concentration of the sorbing material (mg/1), and k
and 7 are the Freundlich constants obtained from plotting
(on the Y axis) against , making the slope 1/7 and the inter-
cept log k, [46,52,54,55]. It is assumed that heterogeneous
surface with different energy sites is available for absorp-
tion in Freundlich model. In general, absorption capacity
increases by increasing value. Additionally, values of n in
Freundlich isotherm model is a measure of the absorption
rate. If the 7 is less than 1 indicates a weak absorption, n
between 2 and 1 represents the average absorption and n
between 2 to 10 represents optimal absorption. Further-
more, n represents the distribution of absorbate particles
to the absorbent surfaces so that 1/n with values 0 and 1
indicates the heterogeneity of the surface. The heterogene-
ity of surface increases when it closes to zero. If it is less



A. Alighardashi et al. / Desalination and Water Treatment 100 (2017) 100-115 111

than one, it would indicate absorption Freundlich isotherm
[46,52,54,55].

Temkin isotherm

It is assumed that the drop in heat absorption is linear in
the Temkin model as:

q.=BInA . +BLnC, (12)
where g, is the amount of adsorbate adsorbed at equilib-
rium (mg/g); C, is concentration of adsorbate in solu-
tion at equilibrium (mg/L). B is a constant related to the
heat of absorption, and it is defined by the expression
B = RT/b,, b, is the Temkin constant (J/mol), T is the
absolute temperature (K), R is the gas constant (8.314 J/
mol K), and A, is the Temkin isotherm constant (L/g)
from the plot of g, vs. Ln C, B and A, can be calculated

5 .
45 ./H—J
4 1 y=0.276x+4.011
2=
3.5 A R2=0.952
3 -
825 -
en
Q 2 4
1
15 | y=0.778x + 1.051
' R2=0.907
1 i
0.5
0 : : ‘ ‘
0 0.5 fogce 15 2 25
b)Freundlich isotherm plot for AGO and A PAMAM-GO
71 18.5
y=0.005x + 500
6.9 R2=0.747 - 18
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6.3 L 165
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d) Elovich isotherm plot for AGO and A PAMAM-GO

from the slopes (B) and intercepts (B InA,) respectively
[56].

Elovich isotherm

The Elovich equation [13] is expressed as:

Ln (%) =In(Kyq,) - Z—

m

where K and g, represent the equilibrium constant and
the Elovichsorption capacity, respectively. The slope and
intercept of the Ln (q,/c,) versus g, give the parameters
[13].

Table 1 and Fig. 16 present the summary results of these
studies.

The correlation coefficient (R?) for nitrate sorption
onto AGO and A PAMAM-GO for Freundlich models

0.012 ~
0.01 - y=0.155x+0.001
R2=0.899
0.008 ~
0.006 -
z
- 0.004 -
0.002 ~ y =0.000x + 3E-05
R?>=10.852
——H———+—t ———
-0.10 0.00 0.10 0.20 0.30
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Fig. 16. Langmuir, Freundlich, Elovich and Temkin models plot for AGO and A PAMAM-GO sorption.
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Table 2
Parameters of Langmuir and Freundlich isotherm models for nitrate removal on AGO and A PAMAM-GO nanocomposite for
nitrate removal on AGO and A PAMAM-GO nanocomposite

Langmuir Freundlich Model

R, K, R? a b R? 1/n K, n Parameter

0.003 6.42 0.8998 0.00642 1000 0.9073 0.7784 11.26 1.2846 AGO

222 9999.9 0.8529 0.466 3333.33 0.9523 0.2767 1025.88 3.6140 A PAMAM-GO

Table 3
Maximum sorption capacity comparison with some similar sorbents of nitrate

No. Adsorbent Amount adsorbed Concentration range Contact time Temperature Adsorbentdose  Reference

1 Powdered activated 10 mmol/g - 60 min 25C [29]
carbon

2 Carbon nanotubes 25 mmol/g - 60 min 25C [58]

3 ZnCl, treated coconut ~ 10.2 mg/g 5-200 mg/L 2h 25C [14]
granule activated
carbon

5 Chitosan coated zeolite 0.6-0.74 mmol/g  10-3100 mg/L 72h 4Cand 20C  4g/200ml [5]

6 Chitosan hydrobeads ~ 92.1 mg/g 1-1000 mg/L 1440 min 30C 1g/50 ml [5]

7 Conditioned cross- 104.0 mg/g 25-1000 mg/L 24 h 30C [11]
linked chitosan beads
Sugarcane bagasse 1.41 mmol/g 1-30 mg/L 48 h 30C 1g/50 ml [47]
Original and activated ~ 1.859 and 5.858 5-250 mg/1 60 min Room [59]
redmud mmol/g temperature

10 Cross-linked and 755 mg/g 10-40 mg/dm? 10 min 25C 2g/50ml(0-1  [5]
quaternized chinese g)
reed

11 Pure alkaline lignin 1.8 mmol/g 1-30 mg/1 48 h 30C 1 g/50 ml [47]

12 Sepiolite activated by 38.16 mg/g 100 mg/1 5 min - [13]
HCI

13 Chemically modified  9.14-27.55 mg/g 10-200 mg/L - 25C-45C 1g/50 ml [60]
sugar beet bagasse
Unmodified sepiolite ~ 408 mmol/kg - - - [11]

14 Surfactant-modified 453 mmol/kg - - - [11]
sepiolite

15 Ammonium- 46.0mg/g 100-700 mg/L 60min 5C 5g/1-(1-10 g/1) [59]
functionalized
mesostructured silica

16  Carbon nanotubes 25 mmol/g - 60 min 25C [58]

17 Nano-Alomina 4mg/g 1-100 mg/1 24h 25C 1g/1 [5]

18  AGO 1000 mg/g 45-110 mg/1 40 min ROOM 0.27g/L This study

temperature

19  APAMAM-GO 1025.88 mg/g 45-200 mg/1 15 min ROOM 0.025¢g/1 This study

nanocomposite temperature

were 0.9073 and 0.9523, respectively. The results show
that Freundlich model has been fairly fitted with nitrate
sorption data.

Since values of obtained # in nitrate sorption by AGO
and A PAMAM-GO nanocomposite were 1.2846 and 3.6140,
respectively, the Freundlich isotherm model is optimal for A
PAMAM-GO and average for AGO.

In this study, 1/n were 0.7784 and 0.2767 for AGO and
A PAMAM-, respectively, therefore we can mention that the

absorbent surface is extremely in heterogeneous mode. This
is also confirmed by FE-SEM images. The values obtained
from the Langmuir isotherm indicate that this isotherm is
not an appropriate model [57] for AGO or A PAMAM-GO.
The maximum absorption capacity of 1025.88 mg/g was
obtained with A PAMAM-GO nanocomposite that is much
higher than the amounts reported by other studies.

In this study, the Freundlich model was selected as the
most appropriate model.
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Fig. 17. Effect of regeneration.

The value in this study shows that A PAMAM-GO nano-
composite is more effective than other absorbents used for
nitrate removal until now (Table 1).

3.9.3. Regeneration

After nitrate removal process, regeneration study of
AGO and A GO/PAMAMSs nanocomposite was performed
with 0.1 M NaCl solution and 5-60 min contact time. The
optimum contact time for regeneration of A PAMAM-GO
and AGO was 20 min and 50 min, respectively. This regen-
eration mechanism is based on ion exchange reaction. As
Fig. 17 shows, nitrate removal in the first cycle has only 3%
decreases for APAMAM-GO, while it was 6% for GO. In the
fifth cycle, it decreases up to 30% and 45% for APAMAM-GO
and AGO, respectively. It seems that A PAMAM-GO has
higher efficiency in regeneration than AGO.

3.10. Sorption mechanism of nitrate ion on AGO and A GO/
PAMAMs nanocomposite

FTIR analyses show that the main mechanism of nitrate
ion removal by AGO and A GO/PAMAMSs nanocomposite
is the ion exchange between nitrate and chloride ions. The
reports of Chauhan et al. and Banu et al. approved these
results [61]. In addition, Mohan et al., Banu et al. and Wu et
al. reported that hydrogen bonding with m system of nitrate
and hydroxyl groups was possible (NO,™- HO) [44,61,62].

4. Conclusion

Nanotechnology has attracted considerable attention
for removal of environmental pollutants. The present study
tested nitrate removal by GO, AGO, PAMAM, PAMAM-GO
and A PAMAM-GO for the first time in the world by exam-
ining the effects of pH, contact time, nitrate concentration,
and the concentration of GO, AGO, PAMAM, PAMAM-GO
and APAMAM-GO on nitrate removal. GO is a new nano-
structure of carbon nanomaterials that was not capable of
removing nitrate alone. PAMAM is also considered today in
many biomedical and environmental areas, but the results
of this study showed that it was not capable of removing
nitrate. In this study, we have developed GO and PAMAM

efficiency by activating and composing them. Therefore,
it led to increase the removal efficiency in the AGO and A
PAMAM-GO, as the results showed that 0.4 g/1 AGO could
remove 80% of the nitrate in 40 min at a pH of 7.5. The high-
est removal efficiency was obtained with A PAMAM-GO
(90% at 0.025 g/1 A PAMAM-GO, pH of 7.5, 15 min con-
tact time). We also investigated the mechanism involved
in the enhancement. By some characterizations using EDS
and FTIR, we found that the ion exchange between nitrate
and chloride was the main mechanism of nitrate removal by
AGO and A PAMAM-GO according to the functionalized A
PAMAM-GO and AGO using hydrochloric acid.

The literature review clarified that the minimum effective
time and minimum amount of required sorbent for nitrate
removal were at least 1 h and 1 g/1, respectively. Thus, it can
be concluded that the AGO and A PAMAM-GO have more
functionality for nitrate removal from aqueous solutions.
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G —  Graphene

GO —  Graphene Oxide

AGO —  Activated GO

PAMAM —  Polyamidoamine;

PAMAM-GO —  Dendrimer-graphene oxide nanocomposite

APAMAM-GO —  Activated PAMAM-GO nanocomposite

PAMAM-G, —  The second generation of Polyamide amine
dendrimer

FE-SEM —  Field-emission scanning electron micro-
scope

EDS —  Energy-dispersive X-ray spectroscopy

FTIR —  Fourier Transform Infrared Spectroscopy.
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