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a b s t r a c t
This paper describes the removal of toxic ammonium ions from model and real water samples using 
nanographene sheets (NGs). NGs were characterized by using a scanning electron microscope, a 
transmission electron microscope, X-ray diffraction, and surface area analysis. The results showed that 
NGs exist as plate-like overlapped transparent wrinkled sheets of graphene with different dimensions 
and characterized with high Brunauer–Emmett–Teller specific surface area. The effect of different 
experimental conditions, NGs mass, removal time, solution temperature, and ionic strength, affect-
ing the removal efficiency of NH4

+ by NGs from synthetic water sample, was studied and optimized. 
The adsorption experiments showed that NGs could remove most of the ammonium ions within few 
minutes, with adsorption capacity of 11.6 mg of NH4

+/g of NGs at ambient conditions. The removal of 
ammonium ions on NGs was explored kinetically and thermodynamically, and the results revealed the 
suitability of the pseudo-second-order kinetic model for describing the adsorption process. Also, the 
adsorption process was spontaneous, exothermic in nature, and negative entropy change indicated 
the decrease in the degree of freedom at the solid–liquid interface. The applicability of the NGs for the 
adsorption of ammonium ions was explored using different real environmental water samples, and the 
results indicated that the NGs have great potential to remove ammonium ions from aqueous solution.
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1. Introduction

Pollution is one of the most serious problems that affect 
our environment and endanger all living organisms on the 
earth. Inorganic pollutants are considered among the most 
important class of pollutants which greatly affects the envi-
ronment. For example, wastewaters produced from different 
industries greatly participate in the contamination of the 
groundwater. These redundant chemicals cause many health 
and environmental problems, when they exceed tolerance 
limit in water. Ammonia/ammonium is among the different 
forms of nitrogen, which are characterized with their solu-
bility in water and can end up in soil, drinking waters, and 
groundwaters. The presence of ammonium ions (NH4

+) in the 
environment could lead to toxicity of various living organ-
isms [1,2] if their concentration exceeds certain limits, as well 

as eutrophication [3,4]. In accordance with the European leg-
islation, the total nitrogen concentration in municipal sewage 
plants discharges should be lower than 15 mg N/L in Spain, 
whereas in Romania, the N-NH4+ content in wastewater dis-
charged into water resources should not exceed 2 mg/L, and 
15 mg/L in water to be used in irrigation [5], whereas accord-
ing to Canadian Water Quality Guidelines for the Protection 
of Aquatic Life, the total ammonia should not exceed 
2.77 mg/L total ammonia-N at 25°C and neutral pH [6].

Currently, there are different treatment methods used 
for removal of toxic ammonium ions from water supplies; 
including osmosis [7], struvite precipitation process [8], 
ultrafiltration [9], and adsorption [10–13]. Generally, removal 
of pollutants such NH4

+ by adsorption is considered as one of 
the most effective processes for wastewater treatment with-
out producing any harmful by-products with the possibility 
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of regenerating both pollutants and adsorbent. Nowadays, 
one of the great challenges in the adsorption technologies is 
exploring new potential adsorbents which could be used suc-
cessfully for the removal of different pollutants from aqueous 
solution [14–17]. Nanoadsorbents are a new class of adsor-
bents which are used successfully for the removal of differ-
ent class of pollutants from polluted aquatic environments 
For example, multi-walled carbon nanotubes (MWCNTs) 
were used for the removal of different organic compounds 
[18] and heavy metals [19] from water. Nanographene sheets 
(NGs) are also another nanoadsorbent which are used for the 
removal of different pollutants such as organic pollutants, 
heavy metals, and pathogenic bacteria [20–24] from aqueous 
solution. NGs are characterized with the high surface area, 
high adsorption ability due to the presence of the negatively 
charged π electrons which greatly attract different organic 
pollutants, and positively charged pollutants such as NH4+.

Although there are many research studies that have 
reported the removal of NH4+ by adsorption process using 
different adsorption techniques, unfortunately, the applica-
tion of nanoadsorbent such as NGs has not yet been explored. 
It is highly expected that NGs will be characterized with high 
selectivity and efficiency toward the removal of NH4+ from 
solution.

In this research work, NGs were used for the removal of 
NH4+ from aqueous solutions, and real water samples. The 
NGs were characterized with different chemical and physical 
techniques, and then different experimental conditions affect-
ing the removal efficiency of NH4+ from synthetic water sam-
ple were studied and optimized. In addition, the adsorption 
process will be studied kinetically and thermodynamically 
to understand the mechanism of removal and spontaneity in 
order to enhance the efficiency of the removal process.

2. Experimental procedures

2.1. Reagents and materials

All chemicals and solvents used were of analytical 
reagent-grade quality and were used without further purifica-
tion. NGs were obtained from XG Science (xGnP® 300, USA) 
and were used as received. A stock of standard ammo-
nia solution, 1,000 mg/L, was prepared from ammonium 
chloride (Fluka A G) by dissolving appropriate amount of 
ammonium chloride in deionized water. A diluted standard 
ammonia sample solution, 10 mg/L, was prepared by dilut-
ing the stock solution with deionized water. Solution (1) was 
prepared by dissolving phenol (25 g) and sodium nitroprus-
side (125 mg) (BDH chemicals, Poole, England) in 500 mL of 
deionized water, and Solution (2) was prepared by dissolving 
sodium hydroxide (12 g) and sodium hypochlorite (1.05 g) 
(Fluka A G) in 500 mL of deionized water.

2.2. Characterization techniques

Scanning electron microscopy (SEM) image for the 
NGs was obtained using a Quanta 600 FEG SEM from FEI 
Company, USA. Nanostructure morphology of the NGs was 
measured using JEOL-JEM-1230 (Japan) transmission elec-
tron microscopy (TEM). The sample was suspended in eth-
anol and ultrasonicated for 30 min. A small amount of the 

NGs was then dried on a carbon-coated copper grid and 
loaded into the TEM. The X-ray diffraction (XRD) pattern of 
the NGs was collected on a Bruker (Germany) DMAX 2500 
X-ray diffractometer equipped with a Cu Kα radiation source 
(λ = 0.154 nm). The N2 adsorption/desorption isotherms for 
the NGs were conducted using a Micrometrics (USA) ASAP 
2420 to determine the Brunauer–Emmett–Teller (BET) surface 
area. The zeta potential measurement of the NGs in an aque-
ous dispersion was performed on Malvern, Zetasizer Nano, 
ZS90. 5.0 mg of the NGs were ultrasonicated and suspended 
for 30 min in 100 mL of water, then the pH of the suspension 
was then adjusted between 2 and 11 using 0.1 M HCl or 0.1 M 
NaOH solution. The pH value where the zeta potential was 
zero was taken as the point of zero charge.

2.3. Adsorption experiment

A defined mass of the NGs was equilibrated with an 
aqueous solution (10 mL) containing NH4

+ (10 mg/L), and 
the solution was then shaken for 1 h using a JULABO SW23 
shaking water bath with thermostatic control. The aqueous 
phase was then separated out using Millipore® (Germany) 
filtration system with membrane filter of 10.0 μm, and the 
amount of NH4

+ remaining in the aqueous phase was deter-
mined spectrophotometrically using indophenol method at 
wavelength 630 nm using Solution 1 and Solution 2 [25]. The 
percentage of adsorption expressed as % (Eq. (1)), and the 
amount of ammonium ions adsorbed (qt) per unit mass of 
NGs (mg of NH4

+/g) (Eq. (2)), were finally calculated accord-
ing to the following:

Adsorption % %( ) = −
×

C C
C

t0

0

100( )  (1)

q
C C V
mt

t=
−( )0  (2)

where C0 and Ct are the initial and final concentrations of 
NH4

+ in solution (mg/L), respectively, V is the volume of the 
solution (L), and m is the mass of the NGs used (g). It is note-
worthy to mention that all the experiments were repeated 
three times, and the reported values represent the averages.

2.4. Environmental applications and sample collection

Three real water samples were collected to evaluate the 
efficiency of NGs for the removal of ammonium ions, tap 
water, waste water, and sea water samples. The tap water 
sample was collected from the laboratories of Chemistry 
Department, King Abdulaziz University, Jeddah city (Latitude 
deg. North 21.497192, Longitude deg. East 39.249140), the 
wastewater sample was collected from the Membrane Bio-
Reactor Technology Waste Water Treatment Plant (MBR 6000 
STP) at King Abdulaziz University, Jeddah city (Latitude deg. 
North 21.487954, Longitude deg. East 39.236748), and the 
sea water sample was collected from the Red Sea in front of 
Jeddah city (Latitude deg. North 21.518333, Longitude deg. 
East 39.150677), and the samples were filtered through 0.45 μm 
membrane and kept in Teflon bottles in the dark at 5°C.
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3. Results and discussions

3.1. Characterization of the nanographene

The surface morphology of the NGs was investigated 
using SEM imaging, and as it is clear from Fig. 1, NGs exists 
as plate-like overlapped layered microstructure with different 
dimensions. Also; as shown in Fig. 2, TEM image of the NGs 
showed the transparent wrinkled overlapped sheets of NGs 
with different length and width. The crystallinity and verifi-
cation of the NGs was determined using XRD. The diffraction 
peaks at 2θ angles of 26.3°–54.1° in the XRD pattern of NGs 
confirm their identity as nanosheets of graphene same as that 
of native graphite (JCPDS No. 08-0415), as it is presented in 
Fig. 3. Moreover, the reflection peaks of the NGs could be 
attributed to the hexagonal phase carbon with space group of 

P63/mmc. Fig. 4 shows the N2 adsorption/desorption isotherms 
of the NGs at 77 K. The specific surface area for the NGs was 
estimated using the BET equation and was 279 m2/g. Moreover, 
it is noteworthy to mention that the adsorption/desorption 
isotherm of the NGs could be classified as a Type II isotherm 
with an H3-type hysteresis loop confirming the presence of the 
NGs in the form of non-rigid aggregates of plate-like industrial 
adsorbents, according to the recent IUPAC classification [26].

3.2. Adsorption study

Adsorption of pollutants from water by solid adsorbent 
depends on different factors, such as adsorbent mass, con-
tact time, solution temperature, and ionic strength [27,28]. 
Therefore, the effect of these parameters on the removal of 
NH4

+ by NGs from an aqueous solution was investigated in 
order to achieve better understanding of the removal process 
and accomplished the highest efficacy.

The adsorbent mass is one of the crucial parameters in 
the adsorption process, as it determines the adsorbent capac-
ity for a given initial concentration of pollutant in a solution. 
Accordingly, the adsorption profile of the aqueous solution 
containing NH4

+ with concentration 10 mg/L at different mass 
of NGs was studied after shaking for 60 min at room tempera-
ture, and the results are shown in Fig. 5. The experimental 

Fig. 1. Representative scanning electron microscope image 
for NGs.

Fig. 2. Transmission electron microscope image of NGs.

Fig. 3. XRD pattern of NGs.

Fig. 4. Adsorption/desorption isotherms for NGs using nitrogen 
at 77 K.
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results indicated that the percentage of NH4
+ removed from 

the aqueous solution gradually increased from 58.0% to 99.0% 
as the NGs mass increased from 5 to 20 mg, which attributed 
to the presence of larger number of active sites accessible for 
adsorption due to the greater amount of NGs present. Hence, 
in this research work, 5 mg NGs, which corresponded to 58%, 
is to be able to observe the effect of other parameters on the 
adsorption process.

The contact time between the adsorbate and the solid 
adsorbent is another key factor affecting the removal of any 
pollutants from the environment via adsorption process. 
Consequently, the effect of the contact time on the removal 
of NH4

+ by NGs was studied, and the results are shown in 
Fig. 6. The figure shows that increasing the contact time led 
to a gradual increase of the adsorption percentage within 
the first 15 min. At contact time longer than 15 min, a slow 
increase in the adsorption of NH4

+ by NGs was observed, 
and equilibrium was attained within 30 min. This indicates 
the adsorption of NH4

+ by NGs occurred in two consecutive 
steps, the first one, was the fastest, which could be attributed 
to the transfer of NH4

+ from aqueous phase to the external 
surface of NGs, followed by a slower step, attributed to the 
diffusion of NH4

+ between the NGs sheets.

The solution temperature is another factor which greatly 
affect the removal of pollutants from aqueous solution by 
solid adsorbent, as it greatly affects the diffusion/transfer of 
the adsorbate ions/molecules in solution, thus, the effect of 
solution temperature on the adsorption of NH4

+ by NGs was 
investigated at four different temperatures, 293, 303, 313 and 
323 K, and the solution temperature was adjusted and pre-
served to the desired temperature using the shaking water 
bath with thermostatic control. It was observed that raising 
the solution temperature from 293 to 323 K was significantly 
associated with a significant decrease in the percentage of 
NH4

+ adsorbed by the NGs as it is presented in Fig. 7. These 
results suggest an exothermic nature of the adsorption of 
NH4

+ by the NGs, which will be discussed thoroughly at the 
thermodynamics study section.

Influence of the ionic strength on the adsorption of pollut-
ants in aqueous solution by solid adsorbent is very important 
as it can create different adsorption situations by which elec-
trostatic interactions between the solid adsorbent surface and 
pollutant are either attractive or repulsive in nature. The ionic 
strength of the solution of the NH4

+ solution was adjusted 
using different concentrations of KNO3, 0.005, 0.01, 0.5, and 
0.1 M, and their effect on the adsorption process by NGs was 
explored, and presented in Fig. 8. The results showed that 
the adsorption percentage was gradually increased with the 
increase of the ionic strength of the solution. The observed 

Fig. 5. Effect of NGs mass on the adsorption percentage of 
ammonium ions from aqueous solution onto NGs.

Fig. 6. Effect of shaking time on the adsorption percentage of 
ammonium ions from aqueous solution onto NGs.

Fig. 7. Effect of temperature on the adsorption percentage of 
ammonium ions from aqueous solution onto NGs.

Fig. 8. Effect of KNO3 concentration on the adsorption of 
ammonium ions from aqueous solution by NGs.
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increases in the percentage adsorption could be explained by 
the attractive nature of the electrostatic interactions between 
the NH4

+ and the NGs surface, as the surface of the NGs were 
negatively charged (point of zero charge equals 3.4), and as 
the experiments were conducted at neutral pH value of 7.0. 
Also, it is noteworthy to mention that a double layer around 
the NGs surface formed upon the addition of the KNO3, 
where the positive potassium ions (K+) attracted first to the 
surface of the negatively charged NGs forming the first layer, 
followed by the formation of the second layer of the nega-
tively charged nitrate ions (NO3

–), which make the surface of 
the NGs by the addition of the KNO3 more negative, which 
greatly enhanced the attractive nature of the electrostatic 
interactions between the NH4

+ and the NGs surface.
Accordingly, 99.0% of the ammonium ions could be effi-

ciently removed, at a 10 mg/L ammonium ions concentration, 
using 2.0 mg NGs per mL within 60 min shacking time, 
pH 7.0.0, and temperature at 293 K.

3.3. Kinetic study

The study of the adsorption kinetic of pollutants such as 
NH4

+ in water using solid adsorbent such as NGs is of great 
importance to understand the interaction mechanism and 
pathways. Fig. 9(a) shows that the adsorption experimental 
data represent the variation of the amount NH4

+ adsorbed 
from aqueous solution by NGs (qt) with time, and results 
showed that the equilibrium was attained within 30 min with 
maximum adsorption capacity of 11.64 mg NH4

+/g NGs. The 
adsorption experimental data were treated kinetically using 
the most common and well-known kinetic models in order to 
understand the nature of the adsorption process, fractional 
power function model [29], Lagergren pseudo-first-order 
kinetic model [30], and pseudo-second-order kinetic 
model [31].

Eq. (3) shows the linearized form of the fractional power 
function kinetic model:

ln ln  ln q a b tt = +  (3)

where qt (mg/g) is the amount of NH4
+ adsorbed per unit mass 

of NGs at any time t, while a and b are coefficients with b < 1. 
Applying the fractional power function kinetic model equa-
tion to the experimental data in Fig. 9(b) did not converge 
well and low correlation coefficient (R2) value of 0.914 was 
obtained, as it is presented in Table 1, indicating the inappro-
priateness of the fractional power function kinetic model for 
description of NH4

+ adsorption by the NGs.
Lagergren pseudo-first-order kinetic model is a very 

common model used to describe the adsorption of different 
adsorbates from an aqueous solution by solid adsorbent:

ln( ) lnq q q k te t e− = − 1  (4)

where k1 (min–1) is the pseudo-first-order adsorption rate coef-
ficient, and qe and qt are the values of the amount adsorbed 
per unit mass at equilibrium and at any time t, respectively. 
Applying Eq. (4) to the experimental adsorption data in 
Fig. 9(a) and by plotting ln (qe–qt) vs. t did not converge 
well, and low R2 value of 0.925 was obtained, as it is shown 

in Fig. 9(c) and Table 1, showing clearly the unsuitability of 
Lagergren pseudo-first-order kinetic model for describing 
the removal of the NH4

+ from aqueous solution onto NGs.
The linearized equation of the pseudo-second-order 

kinetic model equation is given as follows:

t
q k q

t
qt e e

= +
1

2
2  (5)

where k2 (g/(mg·min)) is the pseudo-second-order rate coeffi-
cient. Applying the pseudo-second-order kinetic model equa-
tion to the data in Fig. 9(a), and by plotting of t/qt and t of 
Eq. (5), a straight line was obtained, with excellent R2 value of 
0.999 was obtained as it is presented in Fig. 9(d) and Table 1, 
validating the applicability of the pseudo-second-order kinetic 
model for the description of the NH4

+ removal from aque-
ous solution by NGs indicating that each adsorbed NH4

+ is 
attached to two active negative sites at the NGs surface, the 
adsorption may involve valency forces through sharing or 
exchange of electrons between NGs and NH4

+ ions, which is 
not the case with the pseudo-second-order kinetic model [32]. 
The suitability of the pseudo-second-order kinetic model was 
examined by performing the Chi-square test [33]:

χ2
2

=
−

∑
( )expq q

q
e e

e

,calc ,

,calc

 (6)

where qe,exp and qe,calc are the calculated and experimental 
amount of NH4

+ adsorbed per unit mass of NGs at equi-
librium, respectively. Accordingly, the χ2 values for the 
pseudo-first and pseudo-second-order kinetic models were 
137.9 and 0.0001, respectively, confirming the suitableness of 
the pseudo-second-order kinetic model for the description of 
NH4

+ adsorption by NGs.
The removal of adsorbate such as NH4

+ by solid adsor-
bent such as NGs from aqueous solution takes place in four 
sequential steps. Firstly, the transport of NH4

+ from the bulk 
solution to the external surface of the NGs, which is followed 
by their diffusion through the liquid film surrounding the 
external surface of NGs, then adsorption of the NH4

+ at an 
active site on the NGs surface, and at the end, diffusion of 
the ions through the NGs aggregates, intra-particle diffusion. 
Accordingly, liquid film [34] and intra-particle [35] diffusion 
models for the adsorption of NH4

+ onto NGs from aqueous 
solution were explored mechanistically.

The liquid film diffusion model could be expressed as the 
following:

ln 1   fd −( ) = − ×F k t  (7)

where F is the fractional attainment of equilibrium (F = qt/qe) 
and kfd (min–1) is the film diffusion rate coefficient. Applying 
the liquid film diffusion model to all the experimental 
adsorption data in Fig. 9(a), by plotting of ln(1–F) vs. t with 
zero intercept, did not converge well as it is presented in 
Fig. 9(e), suggesting that the adsorption process was not con-
trolled by the diffusion of the NH4

+ through the liquid film 
around the NGs.
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Intra-particle diffusion model could be expressed as the 
following:

q k t Ct = +id
1 2/  (8)

where kid is the intra-particle diffusion rate constant 
(mg/g min1/2) and C (mg/g) is a constant proportional to the 
thickness of the boundary layer. Applying the intra-particle 

diffusion model to all the adsorption experimental data in 
Fig. 9(a) with zero intercept did not converge well and did 
not have straight lines pass through the origin as well as it is 
presented in Fig. 9(f), which repudiate the suitability of the 
intra-particle diffusion model for all the experimental data. As 
it was explained earlier, the last step of the adsorption process 
is the intra-particle diffusion through the pores and aggre-
gates of the NGs, therefore, the intra-particle diffusion equa-
tion was applied to the last 35 min of experimental adsorption 

Fig. 9. (a) Variation of the amount of ammonium ions adsorbed per unit mass of NGs (qt) with time, (b) the application of fractional 
power function model, (c) Lagergren pseudo-first-order kinetic model, (d) pseudo-second-order kinetic model, (e) liquid film diffusion 
model, and (f) intra-particle diffusion model for the ammonium ions removed from an aqueous solution by NGs.
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data. Surprisingly, the intra-particle diffusion equation fitted 
well and converged with the last adsorption data in the time 
range between 25 and 60 min as predicted, with good R2 value 
of 0.971, as it is presented in Fig. 9(f) and Table 1.

A comparison of the adsorption capacities of different 
solid adsorbents used in previous studies and the NGs used 
in this work was performed and represented in Table 2. It is 
clear from the table that NGs are a potential and competitive 
adsorbent for the removal of ammonium ions from aqueous 
solution.

3.4. Thermodynamic studies

The removal of NH4
+ by NGs was studied thermody-

namically at different temperature, and the enthalpy change 
(ΔH°), entropy change (ΔS°), and Gibbs free energy change 
(ΔG°), were calculated to evaluate the thermodynamic 
feasibility and the spontaneity of the adsorption process. 
Thermodynamic parameters were calculated using the 
following equations [36]:

K
C
C
e

c
A

e

=  (9)

∆G RT Kc° = − ln  (10)

∆ ∆ ∆G H T S° ° °= −  (11)

lnK S
R

H
RTc =

°
−

°∆ ∆
 (12)

where Ce is the equilibrium concentration of NH4
+ in solution 

(mg/L), CAe is the amount of NH4
+ adsorbed on the NGs per 

liter of solution at equilibrium (mg/L), R is the gas constant 
(8.314 J/mol K), T is the temperature (K), and Kc is the equi-
librium constant. The values of ∆H° and ∆S° were calculated 
from the slope and the intercept of the plot of ln Kc vs. 1/T as 
it is presented in Fig. 10.

Thermodynamic parameters for the adsorption of NH4
+ 

adsorbed by the NGs were calculated, and ∆H°, ∆S°, and ∆G° 
values were –16.8 kJ/mol, –53.8 J/mol K, and –0.744 kJ/mol, 
respectively. The negative value of the ∆H° indicated the exo-
thermic nature of the NH4

+ at the NGs surface, and the neg-
ative value of the ΔS° indicated the decrease in the degree of 
freedom at the solid–liquid interface due to the immobiliza-
tion of NH4

+ on the NGs surface, and apparently the negative 
value of the ∆G°, at 298 K, as would be expected for a product 
favored and spontaneous adsorption process. Accordingly, 
the negative values of ∆G°, ∆H°, and ∆S° suggested that 

Table 1
The parameters of different kinetic models used for the 
description of ammonium ions removal onto NGs from an 
aqueous solution

Fractional power kinetic model
A b ab R2

10.26 0.0345 0.354 0.914

Pseudo-first-order kinetic model
k1 qe, exp (mg/g) qe, calc (mg/g) R2

0.078 11.65 0.846 0.925

Pseudo-second-order kinetic model
k2 (g/mg.min) qe, exp (mg/g) qe, calc (mg/g) R2

0.326 11.65 11.68 0.999

Liquid film diffusion model
kfd (min–1) R2

2.03 0.833

Intra-particle diffusion model
kd (mg/g min1/2) C (mg/g) R2

0.020 11.48 0.971

Table 2
A comparison of the adsorption capacities of different solid 
adsorbents for the removal of ammonium ions from an aqueous 
solution

Adsorbent Adsorption 
capacity (mg/g)

Reference

Current work 11.6 This work
SDS modification of AC 1.75 [38]
Natural Chinese zeolite 2.89 [39]
Coconut shell-AC 2.48 [40]
Composite 24.8 [41]
Zeolite 16.0 [41]
Activated carbon 6.89 [41]
Graphene laminate electrodes 15.3 [42]
MWCNTs 9.31 [43]
Posidonia oceanica fibers 1.73 [44]
Zeolite 13X 8.61 [45]
Natural bentonite 26.63 [46]
Vermiculite clay mineral 50.1 [47]
Halloysite clay mineral 9.97 [47]

SDS, Sodium dodecyl sulfate; AC, modified activated carbon.

Fig. 10. Plot of ln Kc vs. 1,000/T for the thermodynamic study of 
ammonium ions adsorption from an aqueous solution by NGs.
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the removal of NH4
+ by the NGs from aqueous solution is 

a spontaneous enthalpy-driven process. Also, the ∆H° value 
indicating that the adsorption process is physical in nature as 
the value is less than 40 kJ/mole [37].

3.5. Environmental applications

To study the applicability of NGs for the removal of NH4
+ 

from real environmental samples were used. The concentra-
tion of NH4

+ was measured for three samples and was found 
to be lower than the detection limit of the UV–Vis spectro-
photometer. Therefore, the three samples were spiked with 
ammonium ions to obtain a final concentration of 10 mg/L. 
The percentages of NH4

+ removed from the real samples were 
found to be 98.2% for tap water, 95.2% for the waste water, 
and 89.9% for the sea water, as it is presented in Fig. 11. Then, 
the NGs were collected, washed with acetone, dried, and 
reused for the removal of NH4

+, and almost the same percent-
age of removal was obtained for four consecutive cycles. This 
validates the ability to recycle and reuse NGs for a number of 
removal cycles without losing its efficiency.

4. Conclusions

The removal of the toxic ammonium ions from an aque-
ous solution was explored using NGs. The solid adsorbent 
NGs was characterized using SEM, TEM, XRD, and surface 
area analyzer, and the results showed that NGs exist as plate-
like overlapped transparent wrinkled sheets of graphene 
with different dimensions, and characterized with BET spe-
cific surface area of 279 m2/g. The effect of different experi-
mental conditions on the removal of ammonium ions from 
an aqueous solution by NGs was explored, and the results 
revealed that at a 10 mg/L ammonium ions concentration, 
99.0% of the ammonium ions could be efficiently removed 
using 2.0 mg NGs per mL within 60 min shacking time, pH 
7.0.0, and temperature at 293 K. Also, the results showed also 
that the interaction of the ammonium ions with the NGs was 
physical and electrostatic in-nature. The removal of NH4

+ by 
NGs was studied kinetically using different kinetic models 
and the pseudo-second-order model was the most suitable 
model as it is characterized by the highest correlation coef-
ficient, as well as the lowest Chi-square value. The removal 

process was studied thermodynamically, and the results 
revealed that the removal was spontaneous, exothermic in 
nature, and associated with negative entropy value. Finally, 
the NGs was used for the removal of ammonium ions from 
three different real environmental water samples collected, 
and the results showed the high efficiency of the NGs for 
the removal of ammonium ions for four consecutive cycles. 
These results showed that NGs could be used efficiently for 
the removal of pollutants from an aqueous solution.
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