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a b s t r a c t
This work describes the application of graphene nanosheets (GNS) as a solid adsorbent for the simul-
taneous removal of the toxic tungsten ions (W+6) and rhodamine B dye (RhB) from model and real 
water. Physical characterization of the GNS showed their presence as overlapped sheets of differ-
ent length and width, and with an average thickness of 20.0 nm and a high specific surface area of 
279 m2 g–1. The influence of different experimental conditions on removal efficiency such as pH of 
the solution, GNS mass, contact time, solution temperature, and ionic strength were investigated. 
The results from the experimental data showed GNS can remove most of W ions and RhB species 
from the aqueous solution in 30 min, at pH 1.0, with adsorption efficiency of 99.1% using 17.5 mg 
of GNS, and with adsorption capacity 93.5 mg of W g–1 of GNS and 41.8 mg of RhB g–1 of GNS. The 
removal process of W ions and RhB dye by GNS were studied kinetically using different kinetic mod-
els, and the results indicated the pseudo-second-order kinetic model suitability for the adsorption 
process description. The removal process was studied thermodynamically, and the results revealed 
that the removal was spontaneous, endothermic in nature, and associated with increase in random-
ness. Finally, the efficiency of GNS for the adsorption of tungsten ions and rhodamine B dye from real 
samples were explored using three different real environmental water samples. The data confirms 
that GNS has great efficiency in removing tungsten ions and rhodamine B dye from aqueous solution.
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1. Introduction

Recently, the interest in tungsten chemistry, occurrences, 
uses and environmental problems have increased due to its 
toxicological effects on humans, related to the natural residue 
of tungsten ore [1–3]. Tungsten, and its alloy and compounds, 
are important materials in industrial applications such as 

military, machining, chemical and electronic industry and 
other, due to its excellent chemical and physical properties 
[4]. Therefore, the chance for pollution of the environmen-
tal samples with this element is very probable. Trace element 
of tungsten is toxic for both people and animals as 5 µg kg–1 
tungsten could cause death in animal embryo [5]. The mote 
containing tungsten may lead to emphysema and pulmonary 
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fibrosis. 10–30 µg ml–1 of Na2WO4/2H2O could increase the 
probability of chromosomal reduplication during the lym-
phocytic culture. In addition, the toxicity of tungsten comes 
from its capability to interfere in molybdenum metabolism, 
therefore discouraging the enzymes biological activity con-
taining molybdenum, phosphatase and adenosine triphos-
phate enzymes. Usually, tungsten exists in environmental 
water and soil samples as hexavalent, as WO4

2– or all kinds of 
polyacid tungstate [5]. Due to the biological and toxic effects 
of this element on the people and animal, monitoring the 
concentration levels of tungsten in environmental samples 
becomes more important than ever before. The permissible 
concentration of tungsten in drinking water is 0.05 mg L–1 in 
Russia, and 15 mg L–1 in the USA, in the Commonwealth of 
Massachusetts [6]. However, most of the literature focuses on 
tungsten in alloys, minerals, rock, and ores [7–10], and little 
attention has been paid on tungsten in environmental water 
samples [11].

Nowadays, the removal of pollutants by adsorption is 
one of the most efficient techniques for environmental reme-
diation, due to their simplicity, stability, and rareness of 
harmful byproducts, as well as both the adsorbent and the 
adsorbate being easily recyclable using appropriate desorp-
tion process [12]. Many adsorbents were used for the removal 
of aqueous tungsten such as pyroaurite-like anion exchange-
able clay [13], novel Fe–Mg type hydrotalcite [14], synthetic 
zeolite [15], and Biopolymer coated clay particles [16], mean-
while the removal of rhodamine B dye was performed using 
different adsorbents such as MgO supported Fe–Co–Mn 
nanoparticles [17], Gel-like ZnO/Zr–MOF(bpy) nanocompos-
ite [18], and functionalized locust bean pod (Parkia biglobosa) 
activated carbon [19].

Graphene nanosheets (GNS) are considered to be a new 
nanoadsorbent which are able to remove different pollut-
ants including heavy metals, organic pollutants and patho-
genic bacteria from aqueous environmental samples [20–26]. 
GNS are distinguishable by the high surface area and high 
adsorption ability due to the presence of negatively charged 
π electrons.

Rhodamine B (RhB) is an organic dye; chemical formula 
of C28H31N2O3Cl, has been widely used as an extraction 
reagent for the determination and removal of some negatively 
charged species through the formation of ion – association or 
complexes [27]. Rhodamine B in strongly acidic media occurs 
in cationic form, however, tungsten ions in this media occur 
in polytungstate anion form [28–30]. Therefore, rhodamine B 
could form ion – association complexes with polytungstate 
ions in acidic media. The aim of the present work will be con-
centrated on the removal process of tungsten ions and RhB 
dye from aqueous solutions and real water samples by using 
GNS. The morphology of GNS will be characterized with 
different chemical and physical techniques, and then mod-
ifying different experimental conditions on the extracting of 
tungsten ions and RhB dye from aqueous solution by GNS 
will be studied and optimized. Furthermore, the kinetic and 
thermodynamic characteristics of the adsorption procedure 
will be studied to understand the possible adsorption mech-
anism for the removal and spontaneity in order to increase 
the efficiency of the removal process. Finally, the application 
of the removal of tungsten ions and RhB dye from real water 
samples will be studied.

2. Experimental

2.1. Reagents and materials

All chemicals used in the present study were of high 
purity and quality so they would be employed without further 
purification. GNS were obtained from XG Science (xGnP® 
300, USA) and were used as received. A stock of standard 
tungsten ions solution (1,000 mg L–1) was prepared from 
sodium tungstate Na2WO4·2H2O (Aldrich Chemical Co. Ltd., 
Milwaukee, WI, USA) by dissolving 0.1794 g of salt in 2% 
HNO3 (100 mL), while a diluted standard tungstate sample 
solution (10 µg mL–1) was prepared by diluting the stock 
solution with deionized water. The standard solution of 
rhodamine B (Sigma, St. Louis, MO, USA) with a concentra-
tion of 1 × 10–3 mol L–1 was prepared by dissolving an appro-
priate weight in deionized water (100 mL). A series solution 
of HCl/NaOH with pH (1–10) was applied on this method 
for removal of tungstate ions and rhodamine B dye by GNS.

2.2. Instruments

A Perkin-Elmer UV-visible spectrophotometer 190–
1,100 nm (model Lambda 25, USA) with quartz cell (10 mm 
path width) was used to record all spectrophotometric mea-
surements. Orion pH meter (model EA 940) was employed 
for recording pH measurements of the tested solutions. A 
digital micropipette (Volac, UK) and a digital sensitive bal-
ance (Citizen Scales Inc., USA) with four decimal numbers 
were used for preparing the standard solutions. The aqueous 
solutions were prepared by deionized water obtained from 
Milli-Q Plus system (Millipore, Bedford, MA, USA).

2.3. Characterization techniques

Scanning electron microscopy (SEM) image for the 
GNS was obtained using a Quanta 600 FEG SEM from FEI 
Company, USA. Nanostructure morphology of the GNS 
was measured using JEOL-JEM-1230 (USA) transmission 
electron microscopy (TEM). The GNS morphological struc-
ture and determining their thickness were characterized by 
scanning tunneling microscopy (STM), Agilent 5500 (USA). 
The X-ray diffraction (XRD) pattern of the GNS was col-
lected on a Bruker DMAX 2500 (USA) X-ray diffractome-
ter equipped with a Cu Kα radiation source (λ = 0.154 nm). 
The N2 adsorption–desorption isotherms for the GNS 
were conducted using a Micromeritics ASAP 2420 to 
determine the Brunauer–Emmett–Teller (BET) surface area.

2.4. Batch procedure used in the kinetic and thermodynamic 
studies

Aqueous solution (100 mL) containing tungsten ions 
(10 µg mL–1) and RhB reagent (10–5 mol L–1 which equal 
4.79 µg mL–1) in the presence of drops of HCl (0.1 mol L–1) to 
adjust pH at 1 was shaken with exactly weight (0.01 ± 0.001 g) 
from GNS for 1 h in a mechanical shaking water bath 
(JULABO SW23) with thermostatic control. Then, the aqueous 
phase was separated out by Millipore® filtration system with 
10.0 µm membrane filter, and the amount of tungstate ions 
remained in the aqueous phase was determined spectropho-
tometrically by measuring the absorbance of the complex ion 
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associate formed between tungstate ions and RhB at 590 nm 
and the aid of an appropriate calibration curve. Finally, the 
adsorption percentage (%E) expressed as (Eq. (1)), and the 
amount of tungstate ions adsorbed (qt) per unit mass of GNS 
(mg of WO4

–2 g–1) expressed as (Eq. (2)), were calculated using 
the following equations:

Adsorption % %E
C C
C

t( ) = −
× ( )0

0

100  (1)

q
C C V
mt =
−( )0 t  (2)

where C0 and Ct are the initial and final tungstate ions con-
centrations in solution (mg L−1), respectively, V is the volume 
of the aqueous solution (L), and m is the mass of the GNS 
used (g).

2.5. Application

Three real water samples (tap water, sea water, and 
wastewater) were collected to estimate the efficiency of GNS 
for the removal of tungstate ions from environmental water 
solutions. Collection of sea water sample comes from the 
Red Sea in Jeddah city, KSA (Latitude deg. North 21.518333, 
Longitude deg. East 39.150677), the wastewater sample taken 
from the Membrane Bioreactor Technology WasteWater 
Treatment Plant (MBR 6000 STP) at King Abdulaziz Uni-
versity, Jeddah City KSA (Latitude deg. North 21.487954, 
Longitude deg. East 39.236748), and the sample of tap water 
was obtained from the lab in Department of Chemistry, 
King Abdulaziz University, Jeddah City, KSA (Latitude deg. 
North 21.497192, Longitude deg. East 39.249140). Then, the 
0.45 µm cellulose membrane filter was used to filter the sam-
ples before being stored in 250 mL LDPE sample bottles in 
dark place at 5°C. A sample with volume 100 ml was treated 
as aforesaid in a batch step and the sample was shaken with 
GNS for 1 h time at 293 K temperature. The removal per-
centage of tungstate ions were determined spectrophoto-
metrically, and the data were calculated as mentioned in the 
extraction batch step.

3. Results and discussions

3.1. Characterization of the nanographene

The physical properties of the GNS were explored using 
different characterization techniques; SEM, TEM, STM, 
XRD, and BET specific surface area analysis. It is clear from 
Figs. 1–3, that GNS present as transparent wrinkled over-
lapped sheets of different length and width, and with an 
average thickness of 20.0 nm. Fig. 4 shows XRD pattern of 
the GNS and the characteristic diffraction peaks at 2θ angles 
of 26.3°–54.1° similar to native graphite (JCPDS No. 12-0212), 
with hexagonal phase carbon with a space group of P63/
mmc. The N2 adsorption/desorption isotherms of the GNS 
at 77 K is presented in Fig. 5, and the BET specific surface 
area for the GNS was estimated and equaled to 279 m2 g–1. 
In addition, the adsorption/desorption isotherm of the GNS 
confirmed the presence of non-rigid aggregates of sheet-like 

graphene. Moreover, the adsorption-desorption isotherm 
could be classified as a type II isotherm with an H3 type 
hysteresis loop [31].

Preliminary study has shown that rhodamine B dye 
(RhB+) in strongly acidic media exists in cationic form, 
while, tungsten (VI) ions in strongly acidic media exists 

Fig. 1. Scanning electron microscopy image for GNS.

Fig. 2. Transmission electron microscopy image of GNS at 
different magnification powers.
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in the form of polytungstate anion [28–30]. Therefore, 
rhodamine B can form ion – association complexes with 
polytungstate ions in acidic media. The formation of ion 
associate between tungsten (VI) ions and rhodamine B dye 
(RhB+) in aqueous acidic solution of HCl was confirmed 

by noticing of the color change of RhB dye from pink to 
purple colour after adding tungstate anion as shown in 
Fig. 6i, tube B. Also, the electronic spectrum of RhB dye 
(10–5 mol L–1) in the aqueous solution showed one sharp 
absorption peak at 554 nm (Fig. 6ii, a), while this peak 
shifted from 554 to 590 nm after the addition of tungsten 
(VI) as shown in (Fig. 6ii, b), another indication for the ion 
associate formation. Otherwise, the structure of the formed 
ion associated between WO4

2– ions and RhB in aqueous 
acidic (HCl) solution was confirmed by both of Job’s con-
tinuous variation and molar ratio methods at λmax of the ion 
associate (590 nm), and the result showed that the molar 
ratio was 1:2 (WO4

2–: RhB+). Subsequently, the proposed 
structure of the developed ion associated complex in 
aqueous acidic medium is [(RhB+)2·WO4

2].

3.2. Adsorption study

The influence of aqueous phase pH on the sorption of 
[RhB-W(VI)] complex onto GNS was tested at various pH 
ranges 1–11 employing a mixture of HCl/NaOH. The results 
revealed that the maximum adsorption percentage was 
achieved at pH range 1–3, and this percentage was decreased 
dramatically by increasing the solution pH as illustrated in 
Fig. 7. This behaviour is referred to the presence of various 
species of W(VI) in aqueous solution counting on the varia-
tion of pH values wherever at pH less than 2, the H2W10O6‒

40 
ion is in equilibrium state with H2W6O2‒

20 [32,33], so that, the 
strongly acidic media is suitable for both the formation and 
removal of the ion pair between RhB and W(VI) on GNS. 
In the following work, the pH of the aqueous solution was 
adjusted to pH 1 using a few drops of dilute HCl. Also, 
in low pH values, the surface of the GNS is mainly posi-
tive due to its coverage with the hydronium ions (H3O+), 
which greatly enhanced the electrostatic attraction with 
the negatively charged tungstate complex ions.

The effect of adsorbent mass is one of the important 
parameters in the removal and adsorption process, as it 
defines the adsorbent capacity for a specified initial concen-
tration of the pollutant in a solution. The effect of the dif-
ferent mass of GNS dosage on the adsorption of tungstate 
ions (10 mg L–1) from the aqueous solution was studied 

Fig. 3. Typical STM images of GNS (a) a topographic image, 
(b) 3-dimensional image, and (c) length-height scan image.

Fig. 5. Adsorption–desorption isotherms for GNS using nitrogen 
at 77 K.

Fig. 4. XRD pattern of GNS.
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after shaking for 60 min and the results are shown in Fig. 8. 
The data from the figure showed that the percentage of the 
complex adsorbed in GNS increased gradually from 60.7% 
to 99.1% as GNS dose increased from 0.05 to 17.5 g L–1, this 
is due to the higher doses providing more available surface 
areas of GNS and as a result, more active sites available for 
adsorption. In this work, we take a 10 g L–1 dosage of GNS, 
which agreed to 79% adsorption efficiency, to permit an 
evident observation of the other parameters influence.

The effect of shaking time between the adsorbate and 
the solid adsorbent played an important role in removing 
the pollutant species from aqueous solutions using adsorp-
tion process. Therefore, the effect of the shaking time on 
the removal process of tungstate complex ions by GNS 
was studied. The data in Fig. 9 shows as the shaking time 
increased, the adsorption process was gradually increased. 
This effect was chiefly observed in the first 20 min when 

most [(RhB+)2·WO4
2] species were adsorbed, while adsorp-

tion of tungstate complex reached equilibrium during 
50 min. This result refers to the adsorption of the complex 
ions on GNS occurring in two successive steps, the first and 
faster step, was the transfer of complex ions from the aque-
ous phase to the external surface of GNS. The second and 
slower step, was the diffusion of tungstate complex ions 
between the GNS bundles.

The solution temperature has a greater effect on the 
adsorption process as it greatly affects the diffusion/transfer 
of the adsorbate ions/molecules in solution. To determine 
the effect of the temperature solution on tungstate complex 
removal was studied at four various temperatures: 293, 303, 
313, and 323 K at constant time. This has been noted with 
the raising of temperature solution from 293 to 303, 313, 
and 323 K was related with the increase in the efficiency of 
tungstate complex removed by GNS, which transformed 
from 79.3% to 84.8%, 92.7%, and 97.5%, respectively (Fig. 10). 
This data proposes the endothermic nature of the adsorption 
process, which will be discussed thoroughly in the thermo-
dynamics study section.

Fig. 6. (i) Photograph of RhB in aqueous phase in the absence 
of tungstate ions (A), and after adding 10 mg L–1 of tungstate 
ions (B) and after adding 0.01 g of GNS and shaking 60 min (C). 
(ii) Electronic spectra of RhB in aqueous phase in the absence 
of tungstate ions (a), and after adding 10 mg L–1 of tungstate 
ions with RhB (b) and after adding 0.01 g of GNS and shaking 
60 min (c).

 

Fig. 8. Effect of GNS dosage on the adsorption of the tungstate 
complex from aquatic solutions by GNS. Experimental con-
ditions; RhB (10–5 M), tungstate ions concentration 10 mg L–1, 
pH = 1, volume solution 100 mL at 293 K.

Fig. 9. Influence of shaking time on the removal of tungstate 
complex ions from aquatic solutions on GNS. Experimental 
conditions; RhB (10–5 M = 4.79 mg L–1), tungstate concentration 
10 mg L–1, pH 1, GNS dosage 0.01 g L–1, volume solution 100 mL 
at 293 K).

 
Fig. 7. Effect of pH solution on the adsorption of tungstate 
complex from aquatic solutions. Experimental conditions; RhB 
(10–5 M), W concentration 10 mg L–1, graphene mass 0.01 g, 
shaking time 60 min, 100 mL solution volume, 293 K.
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The effect of ionic strength on the adsorption of metal 
ions in aqueous solution by solid adsorbent is critical 
because it can make various adsorption states by which elec-
trostatic interactions between the surfaces of solid phase and 
the metal ions are either attractive or repellent. This effect 
was investigated, and the adsorption experiments were tak-
ing place by changing the ionic strength using KNO3 con-
centrations of 0.025, 0.05, 0.075, and 0.1 mol L–1 (Fig. 11). 
The results showed that the percentage of adsorbed complex 
ions decreased gradually by increasing the ionic strength of 
the solution. This may be attributed to the fact that the pres-
ence of a cation such as K+ decreases the interaction of the 
complex ions with the adsorbent surface due to the accumu-
lation of charge about the adsorbent surface [33].

3.3. Kinetic behaviour for tungsten and rhodamine B dye 
adsorption onto nanographene

The kinetic adsorption of pollutants such as tungsten 
and rhodamine dye from aqueous solution by solid adsor-
bent such as GNS are important because it gives valuable 
insights on the reaction pathways and into the mechanism of 
sorption steps. From the effect of the shaking time, the result 
was corroborated by calculation of the half-life time (t1/2) of 
tungstate complex sorption from the aqueous onto the GNS 
as a solid sorbents phase. The values of t1/2 calculated from 
the plots of logC/C0 vs. time for tungstate complex sorption 
onto GNS and was found to be 1.6 ± 0.08 min in agreement 
with the values of t1/2 reported earlier [34]. Thus, the kinetic 
of W and RhB sorption onto the GNS sorbent depends on 
the film and/or intra-particle diffusion where the slower 
one controls the overall rate of transport. The intra-particle 
diffusion for tungstate complex ions onto GNS sorbent was 
expressed by Weber–Morris model as the following [35].

q K t Ct = ( ) +id

1 2/
 (3)

where qt is the capacity of adsorption at whatever time 
(t), Kid is the diffusion of the intra- particle rate constant 
(mg g–1 min–1/2), while C (mg g–1) is a proportion constant 
for the thickness of the boundary layer. Stratifying the 

diffusion of intra-particle model to all the adsorption exper-
imental data with zero intercept did not converge well and 
did not have straight lines pass through the origin and the 
value of Kid was equal 11.29 for tungsten and equal 5.42 for 
rhodamine B with the same correlation coefficient (R2) 0.918 
as is illustrated in Fig. 12a, which repudiate the suitability 
of the intra-particle diffusion model for all the experimental 
data. On the other hand, the plot of qt vs. time was found 
linear at the initial stage of tungstate complex uptake by 
GNS sorbents up to 20 min and deviating on increasing the 
shaking time. Thus, the rate of retention step is film diffu-
sion at the early stage of removal [36]. In this case the val-
ues of Kid can be studied from the two separate slopes of 
Weber–Morris curves (Fig. 12b), which were found equal to 
18.77 and 3.3 mg g−1 for W ions and were equal to 9.01 and 
1.58 mg g−1 for RhB, respectively with correlation coefficient 
R2 equal 0.992 and 0.974, respectively.

The liquid film diffusion model can be confirmed 
mechanistically by the following [37]:

ln  fd1− = − ×( )F k t  (4)

where F is the fractional attainment of equilibrium (F = qt/qe) 
and Kfd (min−1) is the film diffusion rate coefficient. By draw-
ing the plot between ln(1−F) and t with zero intercepts as 
presented in Fig. 13, the linear plot result proposes that the 
kinetics of this adsorption procedure was controlled by the 
diffusion of tungstate complex during the liquid film around 
the GNS.

Fractional power function kinetic model which is modi-
fied from Freundlich equation, and it can be illustrated by the 
following equation [38]:

ln  ln  ln q a b tt = +  (5)

where qt (mg g–1) is the adsorbed amount of tungstate com-
plex ions per unit mass of GNS at any time t, while a and b 
are coefficients with b < 1. Applying the equation of fractional 
power function onto the data of experimental adsorption 

Fig. 10. Effect of the temperature solutions on the adsorp-
tion of tungstate complex ions from aquatic solutions by 
GNS. Experimental conditions; RhB (10–5 M), W concentration 
10 mg L–1, pH 1, GNS dosage 0.01 g L–1, volume solution 100 mL).

Fig. 11. Effect of KNO3 concentration on the percentage of 
adsorption for tungstate complex from aquatic solutions onto 
GNS. Experimental conditions; RhB (10–5 M), W concentration 
10 mg L–1, pH 1, GNS dosage 0.01 g L–1, volume solution 100 mL 
at 293 K.
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process, the data did not come together well with low cor-
relation coefficient (R2) value of 0.923, as shown in Fig. 14. 
This shows the unsuitability of the fractional power function 
model for the description of tungstate complex ions adsorp-
tion by the GNS.

Lagergren pseudo-first-order model considered as one 
of the important equations that can be describe the rate of 
adsorption from an aqueous solution by the solid adsorbent. 
The Lagergren kinetic model can be illustrated by the follow-
ing equation [39]:

log log
.

q q q
K

te t e−( ) = − 1

2 303
 (6)

where qe and qt are the values of the amount of tung-
sten complex adsorbed per unit mass of adsorbent GNS 
at equilibrium and at any time t, respectively and k1 is the 
pseudo-first-order rate constant for the removal process. 
A linear plot between log(qe−qt) and time (t) was obtained 
as in (Fig. 15) and the calculated values of KLager and qe were 
found equal to 0.104 min−1 and 95.19 mg g−1 respectively 
for W ions and were found 0.097 min−1 and 43.75 mg g–1 
respectively for RhB species with correlation coefficient 
(R2 = 0.899) for both plots. Furthermore, the calculated value 
of qe was not nearly from the experimental value (qe,exp.). 
So that, the Lagergren pseudo-first-order kinetic model 
may not be appropriate to describe this process for removal 
of tungstate complex from aqueous solutions by GNS.

Pseudo-second-order model is another important equa-
tion in kinetics models because it is a special kind of Langmuir 
kinetics. A linearized model of pseudo-second-order can be 
illustrated by this equation [40]:

t t
q k q qt e e

= +
1 1

2
2  (7)

where qe and qt are the amounts tungsten complex adsorbed 
as mentioned above, and k2 (g mg–1 min–1) is the pseudo- 
second-order rate coefficient. By plotting of t/qt vs. t accord-
ing to Eq. (7), the straight line with excellent R2 value (0.992) 
was obtained as shown in (Fig. 16). Slope and intercept of 
the plot will be given values of (k2) and (qe) for tungstate 
complex which were found as 9.3 × 10–4 g mg–1 min–1 and 
88.49 mg g–1, respectively for W ions and were found equal 
to 2.2 × 10–3 g mg–1 min–1 and 41.84 mg g–1 for RhB species, 
respectively. This obtained data confirmed the suitability 
of the pseudo-second-order kinetic model to describe the 
adsorption of tungsten complex by GNS, which is consistent 
with previous studies [41,42].

Suitability of the pseudo-second-order kinetic model was 
tested by the equation of the Chi-square [43]:

χ2

2

=
−( )

∑
q q

q
e e

e

, ,exp

,

calc

calc
 (8)

where qe,calc and qe,exp are the experimental and calculated 
amount of tungstate complex ions adsorbed at equilibrium 
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Fig. 12. Weber–Morris curve of tungstate complex adsorbed on 
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per unit mass of GNS, respectively. According to the above 
results data comes from the kinetic models of the fractional 
power function model, the Lagergren pseudo-first-order 
model, the pseudo-second-order model and the Elovich 
model and depending on both the values of R2 and the χ2 
for the Lagergren pseudo-first order, and pseudo-second-or-
der kinetics models were (0.899, 2.46), and (0.992, 0.77), 
respectively for W ions and were found (0.899, 0.67), and 
(0.992, 0.29), respectively for RhB as shown in Table 1. This 
data confirms the suitability of the pseudo-second-order 
kinetic model for the description of tungstate complex ions 
adsorption by GNS.

Based on the above results, the mechanism of the removal 
of tungstate complex ions by GNS takes place in different 
steps, including the liquid film diffusion and the intra- 
particle diffusion, but they were not the rate determining 
steps. In addition, the removal process was best described 
by the pseudo-second-order kinetic model. Moreover, the 
removal process mainly is due to the π–π electron-donor 
acceptor interaction between the tungstate complex ions and 
the GNS surface.

A comparison of different adsorbents used for the removal 
of tungsten ions, and RhB was performed. According to the 
current proposed method, the maximum adsorption capac-
ity obtained were 79.9 mg W g–1 GNS, and 38.35 mg RhB g–1, 
whereas the maximum adsorption capacity obtained were 
69.9 mg W g–1 of Mg-Fe-NO3-LDH [13], 54.6 mg W g–1 of 
Fe-Mg type hydrotalcite [14], 44.90 mg W g–1 of synthetic 
zeolite [15], 23.9 mg W g–1 of biosorbent [16]. Meanwhile, 
in the case of RhB removal, the maximum adsorption 
capacity obtained were 2791mg RhB g–1 of MgO-FCM-
NPs [17], 918.9 mg RhB g–1 of ZnO/Zr-MOF(bpy) [18], and 
1111.1 mg RhB g–1 of activated carbon [19].

It is clear from the aforementioned comparison that 
the GNS is very competitive and promising adsorbent for 
the removal of tungsten ions, and RhB dye from aqueous 
solutions.

3.4. Thermodynamic studies

The sorption of tungstate complex onto GNS was import-
ant to study thermodynamically at different temperature 
(293–323 K). The thermodynamic parameters, Gibbs free 
energy change (ΔG°), the enthalpy change (ΔH°) and entropy 
change (ΔS°) were calculated using the following equations:
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Fig. 15. Lagergren pseudo-first-order kinetic model plot of tung-
state complex ions uptake on GNS.
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Fig. 16. Pseudo-second-order plot of tungstate complex ions 
removal by GNS.

Table 1
Different kinetic models parameters for the adsorption of W ions 
and RhB on GNS at 293 K

Intra-particle diffusion model

Kid (mg g–1 min–1/2) C (mg g–1) R2

W 11.29 4.599 0.918
RhB 5.42 2.21 0.918

Liquid film diffusion model

Kfd (min–1) R2

W 0.096 0.981
RhB 0.096 0.981

Fractional power kinetic model

a b ab R2

W 2.361 0.549 1.296 0.923
RhB 1.623 0.549 0.891 0.923

Pseudo-first-order kinetic (Lagergren) model

qe,exp (mg g–1) qe,calc (mg g–1) k1 R2

W 79.90 95.19 0.104 0.899
RhB 38.35 43.75 0.097 0.899

Pseudo-second-order kinetic model

qe,exp (mg g–1) qe,calc (mg g–1) k2 R2

W 79.90 88.49 9.3 × 10–4 0.992
RhB 38.35 41.84 2.2 × 10–3 0.992
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∆ ∆ ∆G H T S° ° − °=   (11)

∆G RT KC° = − ln  (12)

where Ce is the equilibrium concentration of tungstate 
complex in aqueous solution (mg L–1), CA

e is the amount of 
tungstate complex adsorbed onto the GNS per liter at equi-
librium (mg L–1). T is the solution temperature by Kelvin, R 
is the gas constant (≈8.314 J K–1 mol–1) and KC is the equilib-
rium constant. The linear plot of ln KC against 1,000/T for 
tungstate complex sorption onto GNS was shown in Fig. 17 
over all the tested range of temperatures (293–323 K). The 
value of KC increased as the solution temperature increases, 
and thus indicating that the adsorption of tungsten complex 
on GNS is an endothermic process. The values of ΔH°, ΔG°, 
and ΔS° were calculated from the plot to present in (Fig. 17) 
which found equal 61.13 ± 0.5 kJ mol–1, –2.75 kJ mol–1 and 
218 (J K–1 mol–1), respectively at 293 K temperature.

The ΔH° value confirms the endothermic nature of the 
adsorption process. Increasing the solution temperature led 
to maximizing the interaction between the available active 
sites on the GNS surface and the tungsten complex. Therefore, 
the adsorption of tungstate complex increases. The positive 
value of ΔS° suggested the increase in the degree of freedom 
at the solid-liquid interface, mostly encountered in tung-
state complex binding due to the release of water molecules 
of the hydration sphere during the adsorption processes. 
Generally, the negative value of ΔG°, and the positive values 
of ΔH° and ΔS°, indicated that the adsorption of tungsten 
complex on the GNS is a spontaneous entropy-driven pro-
cess, endothermic nature process and physical in nature as 
the value of ΔG° was less than 40 kJ mole–1 [44].

3.5. Environmental application

To study the applicability of GNS for removal of the 
tungsten complex from three real environmental samples 
(mentioned previously in the experimental section). The 
concentration of tungsten complex was studied for three 
samples, and the data were found to be under the detection 
limit of the UV–Vis measurement. So, the three samples were 

spiked with 10 mg L–1 concentration of tungsten ions, and 
were then shaken for 1 h at 293 K. The numerical percentages 
of tungsten complex removed from the real samples were 
found equal to 93.0% for Red Sea water, 94.8% for wastewater 
and 96.9% for tap water as shown in Fig. 18. Then, the GNS 
were collected and washed with acetone to remove the tung-
sten complex, dried, and reused for the removal tungsten 
complex again. Nearly the same percentage value of adsorp-
tion was gained for four cycles.

4. Conclusions

The removal of toxic tungsten ion (as tungstate) and 
rhodamine B dye from aqueous solutions by using GNS 
was studied. The SEM, TEM, STM, XRD, and BET specific 
surface area analyzer were used to characterize the GNS 
solid adsorbent, and the results displayed that GNS occur as 
plate-like overlapped transparent curling sheets of graphene 
with various dimensions, and characterized with BET spe-
cific surface area of 279 m2 g–1. The effects of varying experi-
mental parameters that influence the removal/adsorption of 
tungsten ions from aqueous solution by GNS (such as pH, 
the mass of the GNS, contact time, solution temperature, 
and ionic strength) were examined. The results indicate 
that the efficiency of removal of a 10 mg L–1 of tungsten ions 
concentration on 17.5 mg mass of GNS per 100 mL in pH 1 
within 60 min shaking time, and temperature at 293 K was 
equal to 99.1%. The kinetic of tungsten ions and rhodamine 
dye adsorption by GNS were carefully studied using vari-
ous kinetic models, and the results exposed that the pseu-
do-second-order model was the most suitable model, which 
is characterized by both the biggest values of the correlation 
coefficient, and the lowest values of Chi-square. The ther-
modynamics study of the removal process showed that 
the adsorption process was spontaneous by increasing the 
solution temperature, endothermic nature with a positive 
value of entropy, and the interaction of the tungstate com-
plex ions with the GNS was physical and electrostatic in 
nature. Finally, the efficiency of GNS was investigated by 
the removal of tungsten complex from three different real 
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Fig. 17. Plot of ln KC of tungstate complex removal on GNS 
against 1,000/T.

 

Fig. 18. Removal percentages of tungsten complex from three 
different real samples by GNS (Experimental conditions process: 
100 ml volume solution, the pH = 1, 60 min shaking time, GNS 
dosage 0.02 g L–1, 293 K temperature, and tungsten concentration 
10 mg L–1).
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environmental water samples. The results data displayed the 
excellent efficiency of the GNS for the removal of tungsten 
ions and rhodamine dye for four consecutive cycles.
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