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a b s t r a c t
Municipal, industrial, and agricultural wastewaters contain high concentrations of nitrogen in the 
form of ammonia and ammonium ions. This nitrogen has a range of polluting effects and must be 
removed before discharge. Multiple methods are currently under investigation for the removal or 
capture of total ammonia nitrogen (TAN). TAN in aqueous media shows unique behavior making it 
necessary to study its interactions with potential absorbents in detail. In this study, sodium function-
alized graphene oxide (GO-Na) was used for TAN removal from aqueous media by ion exchange. 
Batch adsorption experiments were performed to investigate the adsorption capacity of GO-Na 
and. The mechanism of adsorption was investigated using multiple models including Elovich and 
intra-particle diffusion models. The adsorption kinetics followed the pseudo-second-order model. 
Experimental data was well described by a Langmuir isotherm model with a maximum adsorp-
tion capacity of 32 mg/g. The adsorption energies and thermodynamic parameters indicated weak 
interactions were dominant with an overall exothermic and spontaneous process. The weak interac-
tions resulted from the ion-exchange of sodium cation on the surface of graphene oxide with ammo-
nium cations in the liquid phase, which also results in the easy regeneration of the adsorbent with 
NaCl which is a non-toxic, environmentally friendly and inexpensive salt in nature.
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1. Introduction

Ammonia (NH3) is the most abundant nitrogen-contain-
ing pollutant in the environment. It enters water resources 
through industrial, municipal, and agricultural discharges 
yearly. In aquatic chemistry, ammonia can be found in the 
form of ammonium cations (NH4

+) and molecular ammo-
nia (NH3); the sum of these two forms is expressed as total 
ammonia nitrogen (TAN). The range and average of TAN 
in municipal wastewaters is reported to be 12–50 mg/L and 
30 mg N/L, respectively [1]. The major environmental con-
cerns of ammonia include eutrophication [2], depletion of 

dissolved oxygen in water resources [3], and toxicity to fish 
and other aquatic species even at a concentration as NH3 low 
as 0.2 mg/L [4]. Also, TAN has several harmful effects on the 
human skin, eyes, and respiratory system [5,6].

With the rapid growth of environmental awareness over 
the past century, many environmental standard limits were 
set to control the release of ammonia into the water bodies. 
Total ammonia nitrogen (TAN) toxicity is mainly related to 
dissolved ammonia in water bodies and the distribution of 
dissolved ammonia to ammonium cation is a function of 
two important factors; pH and temperature [7]. US EPA has 
set two standard limits as acute and chronic limits to pro-
tect the aquatic life based on pH and temperature. At pH of 
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7 and temperature of 20°C, the US EPA acute criterion and 
the chronic levels are 17 and 1.9 mg TAN/L, respectively 
[4]. Methods proposed for TAN removal from wastewater 
include the biological nitrification–denitrification process [8], 
air stripping [9], chemical precipitation [10], ultra-sonication 
and microwave [11], ion exchange and adsorption [12–22]. 
Among these techniques, adsorption is the most frequently 
used technology due to its simple and economical operation, 
less sludge production resulting in fewer disposal problems, 
and the potential for recovery of ammonium cations [23,24]. 
The most widely used adsorbents and/or ion exchangers are 
zeolites [12–22], mesoporous silica materials [25,26], and 
resins [27,28]. Rat‐Valdambrini et al. [26] investigated the 
application of arene-sulfonic acid functionalized SBA-15 on 
ammonium cation removal from an aquatic solution. They 
reported the maximum adsorption capacity can be reached at 
5°C and it was estimated around 19 mg NH4

+/g of adsorbent. 
Ding and Sartaj [29] also optimized the operational condi-
tions for TAN removal by zeolite and resin [27] and com-
pared the performances of these two ion exchangers. They 
claimed the optimum TAN uptake by a natural zeolite was 
estimated as 22.9 mg/g [29], while for resins it was reported 
as 28.78 mg/g [30].

In the last decade, the appearance of graphene has pro-
vided researchers a newly emerging family of materials for 
contaminant removal from aquatic solutions by incorpora-
tion of these new materials into a variety of technologies 
[31]. Graphene is defined as one atomic layer of graphite 
in which a layer of carbon atoms bonded together in a hex-
agonal or honeycomb lattice [32] provides a light, highly 
functionalizable material with an extremely high surface 
area. Perhaps the easiest and more versatile way to function-
alize graphene is by oxidation, where oxygen-containing 
functional groups such as hydroxyl, carboxyl, and epoxy 
groups can be added to form graphene oxide (GO).

Previous studies reported on the performance of 
graphene-based material for removing various wastewater 
contaminants such as dyes [33–37], pharmaceuticals [38,39], 
and heavy metals [40–44]. In addition, recently many stud-
ies have investigated the application of graphene-based 
materials for ammonia gas adsorption [45–48]. However, the 
adsorption capacity of graphene-based materials for TAN 
removal in aquatic media has not been previously reported. 
TAN in aqueous media shows unique binding and equilib-
rium behavior making it necessary to study its interactions 
with the absorbent in detail. In this study, GO was synthesized 
and further sodium functionalized graphene oxide (GO-Na), 
and its capacity in adsorption of TAN from aqueous solution 
was investigated. The produced material was characterized 
and a full kinetic, isotherm and thermodynamic study was 
performed to reach a better understanding of the adsorption 
behavior of TAN on GO-Na.

2. Experimental setup

2.1. Chemicals and materials

Synthetic graphite powder, –20  +  80  mesh, 99.9% 
(metals basis) was obtained from Alfa Aesar (USA). Sulfuric 
acid (98%) and potassium permanganate were purchased 
from Anachemia (Canada). Phosphoric acid (85%) and 

hydrogen peroxide (30%) were purchased from Fisher Sci
entific (Cananda). Ammonia TNTplus Vials (HR 2–47 mg/L 
NH3–N) were purchased from HACH (Canada).

2.2. GO synthesis by improved Hummer’s method

GO was prepared according to an improved Hummer’s 
method at room temperature (24°C) [49]. In a beaker, 360 mL 
of H2SO4, 40 ml of H3PO4, 37 g of KMnO4, and 7 g of graphite 
powder were mixed and remained under stirring for a week 
at room temperature. Due to the exothermicity of the reac-
tion, the temperature of the suspension initially increased to 
40°C and then slowly dropped back to room temperature. 
During this step, the color of the suspension was initially 
purplish green and gradually turned to dark brown. After 
a week, the suspension became light brown, indicating 
that a high oxidation level had been achieved. Then, 2 L of 
de-ionized (DI) water and 80 mL of H2O2 30% were added to 
the mixture to end the oxidation process. For safety and to 
control the temperature, water was added drop by drop and 
gently. The resulting solution was centrifuged at 12,000 rpm 
for 15 min. Upon removal of the supernatant, the material 
was treated with 400 mL of HCl (1 M) and put under stir-
ring for 2 h to remove all impurities. The mixture was cen-
trifuged again at 12,000  rpm and the brown deposit was 
washed with DI water under filtration until the pH of the 
solution reached 4. The resulting washed material is hereby 
labeled as GO.

2.3. Sodium functionalized graphene oxide

1.5  g of GO was added to 150  mL of NaOH (1  M) at 
40°C and put under stirring for 30  min until the brownish 
GO completely turned to black. The suspension was centri-
fuged at 12,000  rpm and then mixed with 250 mL of NaCl 
(10% w) at room temperature and stirred for another 30 min 
to fully saturate all active sites with sodium. Finally, the mix-
ture was centrifuged and washed with DI water until pH 
9 was obtained. The resulting material was dried at room 
temperature and labeled GO-Na.

2.4. Material characterization

Samples were characterized during the preparation pro-
cess (GO and GO-Na) as well as after adsorption (GO-Na-N). 
Morphological structures of samples were examined by 
transmission electron microscopy (TEM) with a Tecnai Spirit 
TEM instrument. The Fourier transform infrared (FTIR) 
spectra were collected on a Nicolet 6700 FTIR spectrometer 
using an attenuated total reflection accessory. The spectra 
were recorded for suspended material in aqueous solution 
from 4,000 to 400 cm–1 (128 co-added scans). Raman spectros-
copy of three samples was collected with a Thermo Scientific 
Raman microscope (USA). X-ray photoelectron spectroscopy 
(XPS) measurements were obtained on a Kratos AXIS Ultra 
DLD 39-3061 (UK) using a monochromated Al source.

2.5. Adsorption studies

A stock solution of NH4Cl was used to study the 
adsorption properties of TAN by GO-Na. Batch-adsorption 
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experiments were performed in 100 mL beakers magnetically 
stirred. The adsorption isotherms were obtained using 
NH4Cl solutions with initial concentrations of 10–100 mg/L 
and adsorbent dosage of 1 g/L, with each test, replicated 3 
times. A kinetic analysis was performed with intermediate 
TAN concentration (50 mg/L) and an adsorbent loading of 
1 g/L, measuring TAN uptake as a function of time for 20 min 
at different time intervals. A thermodynamic investigation 
was performed by conducting adsorption tests with inter-
mediate TAN concentration (50 mg/L) and adsorbent dosage 
of 1 g/L, under three different temperatures (7°C, 24°C, and 
42°C), results of which were used to calculate enthalpy and 
entropy parameters. The pH of all batch adsorption exper-
iments was around neutral in which ammonia nitrogen is 
mostly in the form of ammonium cations. In all cases, after 
the adsorption experiments, all the solutions were filtered 
through a polytetrafluoroethylene (PTFE) membrane filter 
(0.2 micron) over the vacuum.

TAN concentration was measured using HACH ammo-
nia TNTplus Vials (HR 2–47 mg/L NH3–N) and a DR6000TM 
UV-VIS HACH Spectrophotometer with RFID technol-
ogy according to the salicylate method (Method: 10205). 
The removal percentage (R%) and solid phase concentration 
(qe in mg/g) were calculated as follows:
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where C0 and Ce (mg/L) are the initial and equilibrium 
concentration of TAN in solution, respectively, W (g) is the 
mass of adsorbent, and V (L) is the volume of solution.

To study the regeneration capacity, the used adsorbent 
for the kinetic part was added to sodium chloride solution 
(10% w) and remained under stirring for 4  h. Then, it was 
washed with DI water over the vacuum filter. Finally, it was 
dried at room temperature and used for a subsequent cycle 
of adsorption tests with an adsorbent dose of 1 g/L, the initial 
TAN concentration of 50 mg/L, around neutral pH.

3. Results and discussion

3.1. Adsorbent characterization

The nature of the adsorbent was determined using typi-
cal characterization features for GO as reference. Fig. 1 shows 
the Raman spectra for the synthesized GO, GO-Na and the 
used GO-Na after adsorption (GO-Na-N). The character-
istic graphite Raman spectrum is shown for comparison. 
The different forms of GO can be evaluated by the ratio of 
D to G bands in the spectra, which are related to the degree 
of disruption of the hexagonal network (D  =  defective,  
sp3 or disordered carbon; G = sp2 carbon). The as-produced 
GO shows a ratio of D to G bands at approximately 1 (ID/
IG  =  1.0). GO-Na shows an increase in the ratio (ID/IG  =  1.1) 
emphasizing the additional disruption to the graphene 
network, and upon exchange with ammonium ions, the 
ratio remains at approximately that value.

The actual functional groups present in the materials 
were explored by infrared absorption and photoelectron 
spectroscopy. Fig. 2 shows the XP spectra for the three mate-
rials. Besides the expected carbon and oxygen peaks, GO 
contains traces of nitrogen. In the case of GO-Na, the typical 
peaks of sodium are seen in the spectrum. Upon utilization 
of the GO-Na for adsorption of ammonium, the exchange can 
be easily identified by the reduction of the sodium peaks and 
the increase in the nitrogen signal.

Speciation of the functional groups using XPS was per-
formed by considering the C 1 s spectra for the three mate-
rials. The binding energy spectrum for GO shows two sharp 
peaks at 283.6 and 285.8 eV, characteristic of C bound to other 
carbons (as in the graphene backbone) and carbon bound to 
oxygen via ether like groups (labeled as C–C and C–O–C in 

Fig. 1. Raman spectra of (a) GO, (b) GO-Na, and (c) GO-Na-N. 
Characteristic D and G bands of graphene have been labeled. 
Dotted spectrum corresponds to graphite, for reference.

Fig. 2. XPS surveys for (a) GO, (b) GO-Na, and (c) GO-Na-N. 
Characteristic carbon and oxygen peaks around 285 and 532 eV 
are not labeled.
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Fig. 3). In addition, a broad high binding energy peak can 
be seen which includes the contributions of multiple other 
oxygen bound carbon species (acid, alcohol, and carbonyl). 
While fitting the spectrum to obtain quantitative identifica-
tion of potential carbon functional groups is possible, the 
width of the observed peak prevents an unbiased identifica-
tion. Thus, considering the qualitative trend is more suitable 
to understand the characteristics of the material at each step. 
Upon treatment with NaOH, a reduction of the GO can be 
observed by the increase in the C 1s peak at 283.6 eV (increase 
in C–C) and a decrease in the highly oxygenated species at 
higher binding energy. It is unclear how the sodium inter-
acts with the carbon framework. Interestingly, the adsorp-
tion of TAN shows an increase in the high binding energy 
peaks as well as a broadening of peaks corresponding to all 
the species. This is consistent with the appearance of new 
nitrogen-containing carbon species such as amide groups.

The presence of the C–O–C species as dominant in the 
GO materials was corroborated by FTIR (Fig. 4). The GO 
spectrum contains the characteristic peaks at 1,750; 1,616; 
1,214; and 972  cm–1 (with a shoulder at 1,050  cm–1). These 
peaks correspond to the C=O (in –COOH), C=C bend, pheno-
lic C–O and epoxy CO, respectively [50–52]. The OH region 
is broad, likely due to ambient water, but a shoulder is also 
observed at the characteristic 3,400 cm–1 for alcohol groups 
in GO. Upon NaOH treatment, the main change is the dis-
appearance of the peak at 1,750 cm–1 and a slight shift in the 
peak at 1,616 cm–1 consistent with a partial reduction of the 
material. The GO structure remains, but changes in the shape 
of the background are also observed. Adsorption of ammo-
nium ions produces a broadening and decrease in intensity 
of all peaks, and the appearance of the pairing at 1,577 cm–1 
with a shoulder at 1,660 cm–1 which can be attributed to the 
presence of N–H and C=O in amide groups [50].

The overall morphology of the GO materials was 
observed via electron microscopy (TEM). Fig. 5 shows the 
characteristic large, thin sheets of GO, which upon treatment 
with sodium shows folding and aggregation. The mate-
rial after adsorption (GO-Na-N) appears highly aggregated 
consistently with the chemical changes. This might be a rea-
son for the slight decrease in adsorption performance upon 
regeneration of the GO-Na, as discussed in section 3.6.

3.2. Adsorption isotherm

To study TAN adsorption patterns in the liquid/solid 
phase at equilibrium conditions, adsorption isotherm tests 
were carried out under different initial concentrations. The 
adsorption isotherm was fitted according to five common 
isotherm models, Langmuir, Freundlich, Sips, Redlich–
Peterson, and Langmuir-Freundlich (Table 1). The isotherm 
equations are defined below [26,53]:
Langmuir equation:
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Fig. 4. FTIR spectra for (a) GO, (b) GO-Na, and (c) GO-Na-N. 
Characteristic peaks have been labeled. Spectra are offset for 
clarity.

Fig. 3. C 1s XPS region for (a) GO, (b) GO-Na, and (c) GO-Na-N.
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where qe (mg/g) is the equilibrium solid phase concentration 
of GO-Na; Kad (L/mg) is the adsorption equilibrium con-
stant related to the affinity of the binding site and energy of 
adsorption; qmax (mg/g) is the maximum adsorption capac-
ity in Langmuir model; Ce (mg/L) is the equilibrium TAN 
concentration; KF (mg(n–1)/n/g L) is the Freundlich adsorption 
constants related to adsorption capacity; n is a constant 

related to surface heterogeneity, and a is the constant in the 
Redlich–Peterson equation (a = Kad qmax) [53].

The two most common and contrasting isotherms 
(Langmuir and Freundlich) are plotted in Fig. 6. The Langmuir 
adsorption isotherm is the most prevalent model for recog-
nizing the behavioral pattern of particles adsorbed on the 
surface of nano adsorbents in the liquid phase. This model 
applies to monolayer and homogeneous adsorption. This 
implies that all molecules have fixed positions in the adsor-
bent’s structure and just one layer participates in the adsorp-
tion process (monolayer) [28]. Additionally, in this model, 
there is no interaction between molecules adsorbed on 
adjacent sites. The maximum adsorbent capacity reaches 
a saturation point under equilibrium conditions where no 
more adsorption can occur [54]. An alternative widely used 
empirical equation to describe experimental adsorption data 
is the Freundlich isotherm model. This model is based on 
multilayer and heterogeneous adsorption with interaction 
between adsorbed molecules [55]. According to this isotherm, 

 

 

  

(a)

(c)

(b)

Fig. 5. TEM images for (a) GO, (b) GO-Na, and (c) GO-Na-N.

Table 1
Isotherm constants and regression correlations

Isotherm model qmax (mg/g) Kad or KF n a R2

Langmuir 32 0.09 – – 0.99
Freundlich – 4.73 2.29 – 0.98
Sips 40 0.04 0.74 – 0.99
Redlich–Peterson – 4.26 0.81 0.31 0.99
Langmuir-Freundlich 33.6 0.09 1.12 – 0.99
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the adsorption capacity will be boosted with an increase in 
pollutant concentration [54].

Sips, Redlich–Peterson, and Langmuir-Freundlich iso-
therms can be thought of as suitable combinations of the 
Langmuir and Freundlich isotherms applicable under 
different sets of conditions. The five isotherms provide a 
good fit to the experimental data (Table 1). However, the 
Langmuir model better describes the physical behavior of 
TAN adsorption on GO-Na. The Langmuir isotherm implies 
that the adsorption process titrates fairly similar sites on the 
GO-Na material, and therefore a single layer of adsorbent 
participates in the adsorption [28,54], in accordance with 
the physical characteristics of GO-Na. From the fit of the 
TAN removal data following a monolayer adsorption process 
as described in the Langmuir model, the maximum capacity 
of GO-Na was determined to be 32 mg/g.

The maximum capacity of GO-Na calculated from 
the Langmuir model was compared with the maximum 
Langmuir capacity of various adsorbents from literature, as 
determined under similar conditions. TAN absorption on 
natural and modified zeolites vary, but typical values are 
qmax < 20 mg/g [21,56–58], volcanic tuff has values in the same 
range [59], and resins can show values of qmax in the high 
twenties [60]. These typical values emphasize the potential 
of GO-Na synthesized in this study, which shows a higher 
maximum adsorption capacity (qmax  =  32). The compar-
ison with activated carbon (qmax  =  6.08) [61] is particularly 
significant because it indicates that the nanostructure of 
carbon base materials with accompanying increase in sur-
face area requires appropriate functionalization (as in the 
case of GO-based materials which can be considered as 
functionalized single carbon sheets) to produce a significant 
improvement of TAN adsorption capacity.

As a corollary of the applicability of the Langmuir iso-
therm for the adsorption of TAN on GO-Na, the separation 

factor (RL) can be further calculated according to the following 
equation [62–65].

R
K CL = +
1

1 0ad

	 (8)

where Kad (L/mg) is the Langmuir adsorption constant and 
C0 (mg/L) is the initial TAN concentration. RL is an indica-
tor to estimate the favorability of a reaction. Variation of RL 
between 0 to 1 means a favorable process. The RL approaches 
0 if the value of Kad is extremely large which indicates an 
irreversible reaction. Oppositely, when Kad is infinitely 
small, the RL value approaches 1 which means a linear pro-
cess. An RL value greater than 1 only occurs in the case that 
Kad appears to be negative. Because Kad is obtained from fit-
ting experimental data, this occurs when there is unfavor-
able adsorption or leaching of contaminants to the solution 
during the adsorption process [56,62,63,66]. In this study, 
the values of RL for increasing TAN concentrations in solu-
tion for a fixed dose of adsorbent GO-Na were calculated. 
The range of RL (0.1 to 0.55) verifies the favorable adsorption 
behavior of TAN on GO-Na.

3.3. Adsorption energy

The mean adsorption energy for TAN adsorption by 
GO-Na was first calculated according to the Dubinin–
Radushkevich equation (D–R), which is commonly used in 
the field and allows direct comparison with the literature 
[64,65]. The D–R approach uses a temperature-dependent 
isotherm and assumes a Gaussian distribution of adsorp-
tion energies on a heterogeneous surface. The model can be 
described by Eq. (9)

ln ln maxq qe = −βε2 	 (9)

where qmax and qe (mg/g) is the theoretical monolayer adsorp-
tion capacity and the solid phase concentration at equilib-
rium, respectively; β is the constant of the adsorption energy 
(mol2/J2), and ε is the Polanyi potential, which is expressed 
as [64]:

ε = +








RT

Ce
ln 1 1 	 (10)

where R (J/mol K) is the gas constant, T (K) is the tempera-
ture, and Ce (mg/L) is the equilibrium TAN concentration.

β depends on the average adsorption energy of the adsor-
bate per mole of adsorbent when the adsorbate molecules in 
the solution are transferred to the surface of the adsorbent 
from infinite distance. The value of β can be obtained from 
the slope of the D–R plot (ln(qe) vs. ε2). Finally, the adsorption 
energy can be reached by the following equation.

E =
1
2β

	 (11)

The adsorption processes with E values ranging from 1 to 
8 kJ/mol are typically considered as physisorption whereas 

Fig. 6. Empirical and theoretical TAN adsorption isotherms on 
GO-Na Conditions: at room temperature, pH = 7, and dose = 1 g 
GO-Na/L.
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9 to 16 kJ/mol are classified as chemisorption [67]. The E value 
determined for this study by the D–R method was 0.5 kJ/mol, 
which is a weak interaction.

3.4. Thermodynamic

A thermodynamic approach was used to analyze the 
temperature dependence of adsorption mechanisms in more 
detail. As the temperature increased from 7°C to 42°C, the 
solid phase concentration decreases from 22.7 to 20.4 mg/g 
and the removal percentage drops from 47% to 44%. This 
indicates that the process was exothermic.

The thermodynamic parameters including enthalpy 
changes (ΔH) and entropy changes (ΔS) were determined 
using the results at different temperatures of 7°C, 24°C, and 
42°C using the van’t Hoff equation shown below [62,67].

log
. .

K S
R

H
RTd = −

∆ ∆
2 303 2 303

	 (12)

where T is the temperature in Kelvin; R is the universal gas 
constant (8.314 J/mol K); ΔH (J/mol) is the enthalpy change; 
ΔS (J/mol K) is the entropy change; Kd is the equilibrium con-
stant determined as [62,68,69]:

K
q
Cd
e

e

= 1000 	 (13)

where qe (mg/g) and Ce (mg/L) are equilibrium solid phase con-
centration and equilibrium TAN concentration, respectively.

Thermodynamic parameters are summarized in Table 2. 
The negative value of ΔH (–2.35  kJ/mol) confirms that the 
adsorption process is exothermic, which is in agreement 
with the results above [70]. Additionally, some studies have 
reported that a ΔH value lower than 8  kJ/mol could be an 
indication of an ion exchange process [22,26]. This suggests 
that the adsorption process consisted of ion exchange of NH4

+ 
by Na+ on GO-Na [71]; because at neutral pH and room tem-
perature, TAN in solution is mainly ammonium cations. The 
observation of the process being dominated by ion exchange 
is in agreement with the results obtained from the D–R 
isotherm.

The positive value of ΔS (0.048 kJ/mol K) can be explained 
by the increasing randomness at the solid–liquid interface 
during the exothermic adsorption of TAN on the adsorbent 
surface which confirms the favorability of the process [26]. 
The results obtained and presented for ΔH and ΔS in this 
study (Table 2) are in agreement with results by various pre-
vious research (Rat‐Valdambrini et al. [26]; Saltalı et al. [22]; 

Boopathy et al. [72]; and Vassileva and Voikova [18]). Who 
also reported the low values of ΔH and ΔS for ammonium 
uptake by various adsorbent including zeolites and coconut 
shell-activated carbon indicates that the interaction between 
NH4

+ and the active site on the surface of adsorbent is weak. 
Furthermore, the process with ΔG ranging from –20 to 0 is 
generally considered as a physisorption process and the one 
with a ΔG ranging from –400 to –80 as a chemisorption pro-
cess. The negative value of ΔG demonstrates the spontaneity 
of a reaction, and the value obtained is consistent with the 
weak interaction nature of the process [73,74].

3.5. Adsorption kinetics

Four consecutive kinetic steps are usually considered 
in a sorption process, namely transport in the bulk solution 
(particle diffusion), diffusion across the film surrounding the 
sorbent particles (film diffusion), intra-particle mass transfer 
within the particle [75] (intra-particle diffusion), and finally 
sorption and desorption on the solid surface considered as 
a kind of chemical reaction [76]. The rate of adsorption is 
controlled by the slowest step which can usually be classi-
fied into two main categories. First, a diffusion-controlled 
process and second, the process controlled by the chemical 
reaction between adsorbate molecules in the solution and 
the molecules on the surface of the adsorbent [77]. To inves-
tigate if the diffusion steps control the adsorption kinetics, 
the intra-particle diffusion model was utilized to describe the 
effects of diffusion on the adsorption mechanism. Moreover, 
to study the role of the chemical reaction, the adsorption data 
were fitted using Elovich’s reaction model. The equations are 
expressed as follows:

Intra-particle diffusion:

q tkt = +id C
1
2 	 (14)

where qt (mg/g) is the solid phase concentration at time t; 
kid (mg/g min½) is the intra-particle rate constant; C (mg/g) 
represents the thickness of boundary layer and it can be 
obtained from the interception of the plot of qt vs. t½ [78]. 
If C is equal to zero, it can be interpreted that the intra-par-
ticle diffusion is the only controlling factor in the adsorption 
process. In this study, the nonzero value of C (19.03 mg/g) 
suggests that in this process more than one factor can play a 
role in the rate-controlling of the whole process [75].

Elovich’s reaction:

q tt = ( ) + ( )1 1
β

αβ
β

ln ln 	 (15)

where α (mg/g min) and β (g/mg) are the Elovich’s constant 
which represents the initial adsorption rate and the desorp-
tion coefficient, respectively [79,80].

To compare these two models, it is essential to have 
dimensionless parameters that better quantify the likeli-
hood of TAN adsorption on a particular adsorbent. In this 
regard, intra-particle and Elovich equations were modified. 
The dimensionless equations were obtained according to the 
method of Wu et al. [79].

Table 2
Thermodynamic parameters of TAN adsorption onto GO-Na. 
Conditions: pH = 7, C0 = 50 mg/L, and dose = 1 g GO-Na/L

T (°K) ΔH (kJ/mol) ΔS (kJ/mol K) ΔG (kJ/mol)

280

–2.346 0.048

–15.8

297 –16.62

315 –17.48
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Dimensionless intra-particle diffusion:

q
q

t
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ref
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Dimensionless Elovich equation:

q
q q

t
t

t

ref ref ref

ln=








 +

1 1
β

	 (17)

where tref is defined as the longest time in the adsorption pro-
cess and subsequently qref is the solid phase concentration at 
time t = tref. Rid is a dimensionless starting adsorption factor 

of the intra-particle diffusion model defined as R
t
q

kid id
ref

ref

=

1
2

.

Fig. 7 illustrates the best fit of experimental data using 
the dimensionless form of the intra-particle and Elovich 
equations. As it is depicted in Fig. 7, the Elovich model 
contains two linear portions indicating the adsorption 
of ammonium cations occurs in two stages. The first por-
tion, with a steep slope, can be explained by the instant 
diffusion of ammonium cations through the solution and 
exchange with sodium-containing ligands on the surface of 
GO (film diffusion). There are three theories to explain the 
second portion: (1) after a few minutes, the diffusion term 
decreases because many ammonium cations are already 
adsorbed to the surface of the adsorbent decreasing the 
concentration of ammonium ions in solution at the vicin-
ity of the adsorbent, (2) there are fewer sodium cations on 
the surface of the adsorbent to be exchanged by ammonium, 
because some of them are already exchanged [53,78], and 
(3) the reactivity of ammonium with the adsorbent transi-
tions from ion exchange to reaction with the oxygen of the 
GO backbone which leads to the saturation of the surface 
by chemisorbed species [71,81].

The Elovich equation is usually used to determine 
whether the chemical reaction on the heterogeneous surface 
of adsorbent is the rate-limiting step. A better fit of Elovich 
model (R2  =  0.960) compared to intra-particle diffusion 
(R2  =  0.838) suggests that chemical reaction is rate-limiting 
for this process.

A kinetic analysis was used to determine the optimum 
operating time to reach equilibrium for the full-scale batch 
adsorption process [19]. The kinetic parameters specify 
the effect of contact time on the removal percentage and 
solid-phase concentration of adsorbent. The adsorption 
mechanism of TAN on GO-Na has been examined by pseu-
do-first-order and pseudo-second-order models [34,53,80,82–
84] which were defined as follow:

Pseudo-first-order:

ln q t qq ke t e−( ) = − +1 ln 	 (18)

Pseudo-second-order:

t
q k q

t
qt e e

= +
1

2
2

	 (19)

where qt, qe (mg/g) are the solid phase concentration at time 
t and equilibrium, respectively. k1 (min–1) and k2 (g/mg min) 
are the rate constant for the pseudo-first and second-order-
model, respectively.

The experimental data were plotted according to pseudo-
first and second-order models shown in Fig. 8 and param-
eters for these models are calculated and summarized in 
Table 3. As could be expected by the typical adsorption 
behavior of exchange materials [33,40,75], the pseudo-
second-order model fits with a much higher regression cor-
relation (0.999) indicating that this is the best fitting model 
for the process. Further strong evidence that the experimen-
tal adsorption is best described by pseudo-second-order 
is the theoretical solid-phase concentration (qe) calculated 
according to the pseudo-second-order model matches the 
experimentally determined value. The initial adsorption 
rate V0 (mg/g min) for pseudo-second-order is equal to k2qe

2. 
The high value of V0 (118 mg/g min) verifies the fact that the 
adsorption process is very fast. Also, the batch adsorption 
experiments revealed that the final equilibrium condition is 
reached within a few minutes, making the process appealing 
from a practical point of view [85]. The fast kinetics would 
also allow a smaller and more economical flow reactor.

The pseudo-second-order model is typically indicative 
of chemical sorption rate-controlling processes [86]. The 
chemical sorption process includes valence forces created 
between adsorbent and adsorbate by sharing or exchanging 
electrons [40]. The pseudo-second-order model assumes that 
the rate-controlling step of the TAN adsorption process is a 
consequence of chemical sorption and more than one-step 
may be involved in sorption processes [80].

There is consistency between the Elovich model and the 
determined pseudo-second-order kinetics. That is, the low 
average value of the adsorption energy suggests a complex 
adsorption behavior where there is chemical interaction 
between ammonium ions and different absorption sites in 
GO-Na. Binding to each site may have a slightly different 
rate constant, leading to the overall pseudo-second-order 

Fig. 7. Fitting of experimental data with dimensionless form 
of intra-particle and Elovich equation. Conditions: at room 
temperature, pH = 7, C0 = 50 mg/L, and dose = 1 g GO-Na/L
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behavior, yet the binding shows a weak interaction expected 
for ion-exchange. This fact makes the adsorbent more prom-
ising because its regeneration will be more effective and 
practical.

3.6. Regeneration of adsorbent

As the range of adsorption energy and the results 
obtained from thermodynamic studies confirmed the adsorp-
tion process is due to weak interactions, the ion exchange of 
ammonium and sodium cations can be expected to be revers-
ible. Therefore, sodium chloride, a nontoxic and inexpensive 
salt in industry, is used for regeneration of the adsorbent to 
make this process more economical and environmentally 
friendly. The performance of reused adsorbent was studied 
for several regeneration cycles. Fig. 9 shows the removal per-
centage and incremental solid-phase concentration of regen-
erated GO-Na for 3 cycles. Fig. 9 shows 5% and 2 mg/g loss 
in removal percentage and incremental solid phase concen-
tration, respectively, in each cycle. It can be concluded that 
GO-Na can remain effective after several cycles.

4. Conclusion

Experimental results indicate that GO-Na is an efficient 
adsorbent to remove TAN from aqueous solution. The 
Langmuir model provided the best prediction for the TAN 
removal process with a maximum adsorption capacity of 
32 mg/g. The small values of the adsorption energy, enthalpy, 
entropy, and Gibb’s free energy suggest that the adsorption 
mainly consists of ion exchange processes with weak interac-
tion between adsorbate and adsorbent. A kinetic study shows 
that this process is very fast which makes GO-Na a promising 

adsorbent from the practical points of view. This adsorption 
process is best described by the pseudo-second-order model 
indicates that chemisorption is the rate-controlling step. The 
mechanism of adsorbent is well described by the Elovich 
model suggesting that the rate-controlling step in this pro-
cess is a chemical reaction, which occurs with a slower rate 
rather than ion exchange of NH4

+ with Na+ on the surface of 
the adsorbent. Thermodynamic studies indicate that adsorp-
tion of TAN on GO-Na is exothermic with increasing ran-
domness at the solid-liquid interface. The negative values 
of Gibb’s free energy indicate that this adsorption process is 
spontaneous. The weak interactions between adsorbate and 
adsorbent efficiently facilitate the regeneration of GO-Na.
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Table 3
Kinetic parameters of TAN adsorption on GO-Na

Kinetic model qe (mg/g) k R2

Pseudo-first-order 3.39 0.27 (min–1) 0.911
Pseudo-second-order 21.5 0.25 (min mg/g) 0.999
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Fig. 9. Regeneration cycle of GO-Na for TAN removal. 
Conditions: C0 = 50 mg/L, dose = 1 g GO-Na/L, neutral pH, and 
room temperature.
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