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a b s t r a c t
This novel method, called layer by layer, is composed of alternate layers of graphene oxide and 
bismuth telluride nanoparticles, and to enhance the adsorption capacity the surface of nanopar-
ticles was modified by 4-aminoantipyrine. A high-performance liquid chromatography with flu-
orescence detector technique was validated and used for analysis of nonylphenol extracted from 
environment water samples. Fourier-transform infrared spectroscopy, scanning electron micros-
copy, energy- dispersive X-ray, thermogravimetric analysis, and X-ray diffraction spectroscopy 
were applied to characterize the nanoadsorbent. Under the optimum conditions (pH = 5, con-
tact time = 15 min, temperature = 30°C, and initial nonylphenol concentration = 20 mg L–1), the 
developed technique shown the excellent reusability. Within the 5th cycle, the adsorption potential 
of recycled nanoadsorbent was restored by nearly 90% and this percentage decreased to 60% in 
the 8th cycle. The adsorption data fitted well with the Langmuir isotherm model (R2 = 0.9927) and 
pseudo- second-order kinetic model (R2 = 1). The obtained nanoadsorbent possess the highest sorp-
tion capacity (43.47 mg g–1). Recoveries, at 1 µg mL–1 concentration level, ranged from 89% to 98% 
with relative standard deviations lower than 5% (n = 3). The results of nonylphenol removal from the 
environment samples shown the great applicability of nanoadsorbent for the removal of nonylphenol.
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1. Introduction

Nonylphenol (NP), as one of the most important indus-
trial raw material, have been used for different commercial 
products such as paints and latex paints, textiles, plastics, 
washing agents, adhesives, paper, petroleum recovery 
chemicals, etc. Also, NP is used in lubricating oil additives 

and manufacturing antioxidants [1,2]. The disadvantages 
of NP are an estrogenic activity, low degradation rates 
and high hydrophobicity [3]. NP is well known as micro 
pollutants having a potential hazard to the human health, 
animal and environment. Thus, it is important to develop 
method for the detection NP in environmental samples. 
It is important to develop an accurate and ultrasensitive 
procedure for the detection of NP residue in aqueous 
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environment. NP is hazardous pollutants commonly found 
in aqueous solutions.

Their removal is a high selectivity for avoiding adverse 
effects on the environment [4]. To date, researchers have 
driven extensive research efforts concerning the removal 
of NP from water samples using nanoadsorbents. Zhou 
et al. [5] prepared magnetic nanoparticle as a nanoadsor-
bent for the removal of NP. Haciosmanoglu et al. [6] pre-
pared a nano zero-valent iron nanoparticles and used it for 
the removal of NP from an aqueous solution. Therefore, a 
variety of analytical techniques based on high-performance 
liquid chromatography (HPLC) [7,8], gas chromatogra-
phy coupled with mass spectroscopy (GC-MS) [9], liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 
[10,11] have been developed for identification of NP.

Also, numerous methods such as adsorption [12–14], 
membrane separation [15], catalytic oxidation [16], and 
biological method [17] have been applied to remove NP. 
Adsorption technology has a great potential in treating 
varieties of pollutants, due to its low cost and high removal 
efficiency [18].

Graphene oxide (GO) has a large surface area, thermal 
stability, adsorption capacity in the nanoscale, optical trans-
mission, high electrical conductivity and good mechanical. 
GO is an effective adsorbent in removing pollutant from 
the aqueous solution [19]. Owing to the abundant oxygen- 
containing groups such as hydroxyl, epoxy and carboxyl, 
GO is facile for functionalization by non-covalent or cova-
lent bonding interactions in removing contaminations 
from water samples [20]. Functionalization of GO is an 
effective process for the removal of some of the problems 
associated with using GO as a sorbent. Therefore, research-
ers have reported functionalized GO as the sorbent for the 
sorption of organic pollutants and heavy metals [21].

Bismuth telluride (Bi2Te3) as one of the most excellent 
thermoelectric materials, has high thermoelectric properties 
and low thermal conductivity [22]. Liang et al. [23] developed 
Bi2Te3/graphene bulk materials by a hydrothermal method. 
Agarwal et al. [24] developed Bi2Te3/graphene bulk materials 
by a cold pressing method. Also, Kumar et al. [25] prepared 
Bi2Te3/reduced GO nanocomposites by a refluxing process.

Layer-by-layer self-assembly is considered as a rela-
tively facile process which could consecutively deposit 
single molecular layers onto planar substrate and to form 
tunable multilayers of organic molecules at least in one 
dimension. Besides, layer-by-layer assembly can be applied 
to spherical particles, inside pores, planar surfaces, and 
surfaces with more complex geometries [26]. For example, 
Jiang et al. [27], developed facile synthesis of layer-by-
layer decorated GO based magnetic nanocomposites for 
β-agonists/dyes adsorption removal and bacterial inac-
tivation in wastewater. To-date, there are no reports on 
GO based layer-by-layer with Bi2Te3.

In the present work, the main objective of this work 
was to synthetize a facile layer-by-layer GO with Bi2Te3 
nanoparticles as a nanoadsorbent for NP removal from 
water and industrial wastewater samples for the first 
time. Certain analytical factors on the removal of NP 
such as pH, contact time, temperature, and initial NP 
concentration effects were studied. The resulting Bi2Te3/
GO@4-AA nanocomposites have the major advantages 

for high capacity, which were characterized by differ-
ent techniques. The adsorption isotherms, kinetics, and 
reusability of Bi2Te3/GO@4-AA were tested to explain the 
adsorption behavior of nanoparticles. These results sug-
gest the potential utilization of Bi2Te3/GO@4-AA for the 
removal of NP from environment water samples.

2. Experimental

2.1. Materials

Standard solution of NP (CAS: 84852-15-3) was pur-
chased from Sigma-Aldrich (Steinheim, Germany) which 
was analytic grade reagents without any further purifica-
tion. Tellurium dioxide (TeO2, purity > 97%), sodium tartrate 
(C4H4Na2O6, purity > 98%), bismuth(III) nitrate pentahy-
drate (Bi(NO3)3·5H2O, purity > 98%)), potassium borohydride 
(KBH4, purity > 98%), potassium hydroxide (KOH), 4-AA 
(purity > 99%), sodium metaperiodate (NaIO4, purity > 99%) 
were obtained from Merck Company (Darmstadt, Germany). 
GO (Multilayer, www.nanoshel.com, USA, United States) 
was supplied from nanoshel. All other reagents, including 
methanol (MeOH), ethanol (EtOH), acetone (ACE), and 
hydrochloric acid (HCl) were of HPLC grade and obtained 
from Sigma-Aldrich Chemical Company. The stock and 
internal solutions of NP at concentrations of 100 mg L–1 
were prepared in deionized (DI) water and kept in the 
dark at 4°C. Ultrapure water (18.2 MΩ) was obtained from 
a Milli-Q water ion-exchange system (Millipore, Bedford, 
MA, USA), and was used in all the experimental work.

2.2. Instrumentations

The shape and surface morphology of the as-prepared 
samples were observed by scanning electron microscopy 
equipped with an energy-dispersive X-ray spectrome-
ter (SEM/EDX, MIRA3, TE-SCAN, Czech Republic). The 
Fourier transform infrared spectrophotometer (FT-IR, 
NEXUS 870, American Thermo Nicolet Company) was 
used to measurement of functional groups. The thermal 
characteristics of the nanoparticles were determined by 
using a thermogravimetric analyzer (TGA, SETARAM Inc., 
Franc) in the air atmosphere (10oC min–1). The crystal struc-
ture of nanoparticles were recorded by X-ray diffraction 
(XRD, Seifert 3003TT, Berlin). The UV-Vis scanning spec-
trophotometer (UV- DR6000, HACH, Germany) was used 
for determining NP concentration onto nanoadsorbent in 
aqueous solution. The chromatographic separations were 
carried out by a high-performance liquid chromatogra-
phy (HPLC; Alignment Cary 100), column (C18 column, 
4.6 × 150 mm, Wilmington, DE, USA), fluorescence detector 
(λex: 222 nm, λem: 305 nm). Analyte separations were carried 
out by mobile phase consisting of water-methanol (10:90, 
v/v), injection volume of 20 µL, detection wavelength at 
280 nm, and flow rate at 2 mL min–1.

2.3. Synthesis of Bi2Te3/GO@4-AA

2.3.1. layer-by-layer of the GO with Bi2Te3

Layer-by-layer of GO with Bi2Te3 was synthesized as fol-
lows: Briefly: 1 g of GO was dispersed into 80 mL DI water 
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by ultra-sonication (KQ-100DE ultrasonic, Jiangsu, China) 
for 1 h. The mixture of 2 g sodium tartrate, 0.48 g TeO2, and 
4.5 g KOH was added into the above solution. The obtained 
solution was shaken for 30 min. This solution was mixed 
with 0.97 g of Bi (NO3)3·5H2O. After 2 h stirring reaction, 
1.2 g of KBH4 was added to the solution, and the mixture was 
stirred for 30 min at 25°C. The solution was transferred to 
teflon-lined stainless steel autoclave, then the autoclave was 
capped and heated for 24 h at 180°C to get the Bi2Te3/GO 
composite. Finally, the precipitated product was washed by 
using double DI water and ethanol.

2.3.2. Synthesis of the 4-AA-modified Bi2Te3/GO

At first, 4.28 g of NaIO4 was dissolved in 100 mL of DI 
water. Next, 3 g of Bi2Te3/GO was added into the above 
solution. This mixture was kept stirring for 4 h at 25°C. 
The obtained precipitate was washed with DI water to 
remove unreacted reagents and then dried in a vacuum 
for 24 h. Subsequently, 0.5 g of 4-AA and 3 g of Bi2Te3/
GO were added to the 150 mL of ethanol solution under 
vigorous stirring. Under nitrogen protection, the above 
solution was agitated at 25°C for 7 h. After the reaction, 
product was collected and washed three times with dou-
ble DI water: acetone (9:1, v/v) solution. The schematic 
representation of preparation of Bi2Te3/GO@4-AA is shown  
in Fig. 1.

2.4. Batch adsorption experiments

All batch adsorption tests were carried out in a micro-
tubes at room temperature (25°C) on a thermostat shaker 

with a shaking speed of 250 rpm. NP solution at ini-
tial concentration (20 mg L–1) were prepared by diluting 
the mixed stock standard solution with DI water. 0.01 g 
Bi2Te3/GO@4-AA was added to 25 mL of the above solu-
tion. The initial pH was adjusted to 5 using Magic buffer 
(1.43 mL of CH3COOH (0.05 M), 1.67 mL of H3PO4 (0.06 M), 
1.2 g of H3BO3 (0.04 M), and NaOH (2 M)). Agitation of these 
micro-tubes was conducted for 15 min. After that, the pre-
cipitate was centrifuged (EBA20, Tuttlingen, Germany) at 
5,000 rpm for 10 min. Finally, the concentration of NP in 
supernatant was determined by using UV-Vis spectropho-
tometry. The removal efficiency of Bi2Te3/GO@4-AA for 
NP was calculated by using the following equation:

%R
C C
C

e� �
�� �

100 0

0

 (1)

where R represents the removal efficiency of Bi2Te3/GO@4-AA 
for NP. C0 (mg L–1) and Ce (mg L–1) denote the initial and 
equilibrium concentration of NP, respectively.

2.5. Adsorption isotherm studies

To study the isotherm experiments, 0.01 g of Bi2Te3/
GO@4-AA was added to 25 mL solutions with different 
concentrations (2–40 mg L–1) in micro-tubes, and shaken 
using a rotary shaker. After 45 min, the samples were 
centrifuged at 5,000 rpm for 10 min, and finally the concen-
tration of the NP was measured by using a UV-Vis spectro-
photometry (λmax = 280 nm). The Langmuir [28], Freundlich 
[29], Temkin [30] and Dubinin–Radushkevich [31] models 

Fig. 1. Schematic illustration synthesis of Bi2Te3/GO@4-AA.
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were employed to investigate the adsorption isotherms. 
The linear form of the isotherm model equations can be 
represented as follows:

Langmuir isotherm equation: 
C
q K q
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Freundlich isotherm equation: 
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Temkin isotherm equation: 
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where Ce (mg L–1), qe (mg g–1), qmax (mg g–1) denote the NP 
concentration at equilibrium, the equilibrium sorption 
capacity, the maximum adsorption capacity, respectively. 
KL (L mg–1), Kf (mg g–1)(L mg–1)1/n, and KDR (mol2 kJ–2) repre-
sent the Langmuir, Freundlich, and Dubinin–Radushkevich 
isotherm constant, respectively. In the Temkin isotherm 
equation, b (J mol–1; B = RT/b) represents the constant 
related to the heat of NP sorption, R (8.314 J mol–1 K–1) rep-
resents the universal gas constant, and T (K) represents 
the temperature. Also, A (L g–1) is the Temkin constant. In 
the Dubinin–Radushkevich isotherm equation, ε (kJ mol–1) 
is the Polanyi potential.

2.6. Adsorption kinetic studies

To investigate the kinetic experiments, 0.01 g of 
nanoadsorbent was added to 25 mL solutions at concentra-
tion (20 mg L–1) in micro-tubes and shaken using a rotary 
shaker. The experiments were performed at different time 
intervals. After that, the solutions were centrifuged at 
5000 rpm for 10 min, and finally the concentration of the 
NP was measured by using a UV-Vis spectrophotometry 
(λmax = 280 nm). The pseudo-first-order (PFO), pseudo- 
second-order (PSO), and intraparticle diffusion (IPD) 
[32–34] models were employed to study the adsorption 
kinetics. The linear form of the kinetic model equations 
can be expressed as follows:

PFO kinetic equation: log log
.
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PSO kinetic equation: t
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IPD kinetic equation: q k t Ct p i� �1 2/  (8)

where qe and qt represent the adsorption amount of NP at 
equilibrium and at time, respectively (mg g–1). k1 (min–1), k2 
(g mg–1 min–1), and kp (g mg–1 min–0.5) represent the PFO, PSO 
and IPD rate constant, respectively. Also, Ci (mg g–1) rep-
resents the intercept.

2.7. Determination of NP in environment water samples

River water samples were collected from the Kan River 
(Tehran, Iran). Also, well water samples were collected from 
Tehran, Iran. Industrial wastewater samples were obtained 
from dying wastewater treatment plants (Karaj, Iran). All 
samples were kept in glass bottles in darkness and filtered 
through a 0.45 membrane before use. At first, 0.01 g of 
the Bi2Te3/GO@4-AA was added into 7 mL of NP solution 
(1 mg L–1) at pH 5, and agitated for 10 min. Then, the super-
natant was collected by centrifugation. Next, the sample was 
eluted with mobile phase (methanol: water; 90:10) by stirring 
for 5 min. The precipitate was centrifuged and the super-
natant of NP in water/methanol was determined by HPLC 
technique.

3. Results and discussion

3.1. Characterization of Bi2Te3/GO@4-AA

The Fourier-transform infrared spectroscopy (FTIR) 
spectra of GO, Bi2Te3/GO, and Bi2Te3/GO@4-AA are shown 
in Fig. 2a. For Go, Absorptions at 1,625; 1,387 and 1,061 cm–1 
were related to the C=C bond (resulting from skeletal vibra-
tions of un-oxidized graphite domains), C–OH stretching 
bond, and C–O stretching peak respectively, indicating that 
the graphite sheets were oxidized to form GO sheets. The 
characteristic absorption peak at 3,429 cm–1 can be related 
to –OH stretching vibration. Moreover, in comparison 
with GO, the FTIR spectra of Bi2Te3/GO presented charac-
teristic peaks at 2,829 and 1,383 cm–1, which related to the 
adsorption peaks of the aliphatic C–H stretching and CH2 
vibrations, respectively. The increase in the adsorption 
intensity of the above peaks of GO to Bi2Te3/GO shows that 
the Bi2Te3 nanoparticles were successfully fabricated at GO 
sheets. For Bi2Te3/GO@4-AA, the presence of the character-
istic adsorption peak at 1,564 cm–1 correspond to the C–N 
(amine groups) indicated the successful modification of 
4-AA to the Bi2Te3/GO.

XRD patterns were investigated to identify the crys-
talline structure of GO, Bi2Te3/GO and Bi2Te3/GO@4-AA 
(Fig. 2b). The sharp and broad peak in GO at 2θ = 11° can 
related to the creation of the oxygen-containing functional 
groups on the surfaces of GO. Fig. 2b indicates the XRD 
patterns of Bi2Te3/GO and Bi2Te3/GO@4-AA. As shown are 
XRD patterns, diffraction peaks at 2θ = 28°, 38° and 41° are 
confirmed by the presence of Bi2Te3 nanoparticles and mod-
ified of amine groups on Bi2Te3/GO surfaces. The adsorp-
tion intensity of the peaks decreased slightly after grafting 
of amine groups. This confirms that the grafting of 4-AA did 
not change the crystal structure.

Fig. 2c indicates the TGA curves of GO, Bi2Te3/GO, and 
Bi2Te3/GO@4-AA. As can be seen from Fig. 2c, GO remained 
about 5% residues after heated to 1,000°C under air atmo-
sphere. The weight loss below 150°C was attributed to the 
evaporation of adsorbed water. The mass loss (45%) observed 
between 400°C and 600°C was related to the degradation of 
GO skeleton. For Bi2Te3/GO, it began to decompose at about 
230°C due to the decomposition of organic compounds 
on GO surface. For Bi2Te3/GO@4-AA, the first weight loss 
occurred at 450°C; this can be related to the decomposition 
of the Bi2Te3/4-AA groups on the GO surface. The remaining 
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weight loss was related to the degradation of GO skeleton. 
Also, Bi2Te3/GO@4-AA only remained 53.18% residues.

The field-emission scanning electron microscopy (FE- 
SEM) images of GO, Bi2Te3/GO and Bi2Te3/GO@4-AA 
together with their respective EDX spectrum are shown in 
Figs. 3 and 4, respectively. As can be seen in Fig. 3a, the 
morphology of GO has a typical wrinkled sheet-like struc-
ture with the smooth surface. As shown in Fig. 3b, bulk par-
ticles of Bi2Te3 are well decorated onto the GO nanosheets 
with an average size of 25 nm. According to Fig. 3c, it 
reveals that the Bi2Te3/GO@4-AA particles have a spherical 
shape and highly mono dispersed with a relatively uniform 
size. The EDX spectrum of Bi2Te3/GO and Bi2Te3/GO@4-AA 
shown that the elements of carbon, oxygen, bismuth, tel-
lurium, potassium, sodium and boron were in Bi2Te3/GO 
and Bi2Te3/GO@4-AA (Fig. 4). The elements ratio of carbon, 
oxygen, bismuth, tellurium, potassium, sodium and boron 
is 53.88%, 10.13%, 15.94%, 13.54%, 3.59%, 0.27%, and 2.64% 
in Bi2Te3/GO, respectively. Otherwise, the respective ratios 
of these elements in Bi2Te3/GO@4-AA are 54.70%, 9.36%, 
10.09%, 5.92%, 0.47%, 0.19%, and 2.84%. Also, nitrogen ele-
ment was evenly distributed on the surface of Bi2Te3/GO, 

showing the presence of 4-AA. Then, due to the presence 
of nitrogen element on the Bi2Te3/GO, the percentage of 
bismuth and tellurium was decreased.

3.2. Optimization studies

3.2.1. Influence of pH, pHPZC, contact time, initial 
concentration, and temperature on the removal efficiency

The solution’s pH is one of the important parameters 
on the removal efficiency, because it affect the structure 
of nanoadsorbate and surface charges of nanoadsorbent. 
The pH of the solution was measured between at the pH 
range of 3 and 9 using magic buffer. The obtained results 
indicated the removal efficiency of NP was increased from 
60% to 91% at a range of pH 3 to pH 5. On the other hand, 
the removal efficiency of NP decreased dramatically as the 
pH was increased from 5 to 9. Accordingly, the optimum pH 
value for NP was 5 (Fig. 5a). To agreement the precision of 
evaluating optimum pH, the point of zero charge (pHPZC) 
was considered. The PZC of the Bi2Te3/GO@4-AA that con-
tains a negative charge at pH amounts of less than 5.4, but 

Fig. 2. (a) FTIR spectra, (b) XRD patterns and (c) thermograms of GO, Bi2Te3/GO and Bi2Te3/GO@4-AA.
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a positive charge at pH amounts higher than 5.4 at the 
area of the nanoadsorbent. Also, around pH 5.4, the num-
bers of negative and positive sites of the nanoadsorbent 
are equal. Accordingly, the pHPZC for Bi2Te3/GO@4-AA was 
found to be about 5.4 (Fig. 5b).

The influence of contact time on the removal of NP by 
Bi2Te3/GO@4-AA was investigated in different periods of 
time. The removal efficiency of NP was increased very fast 
within 15 min, slightly after 15 min and the removal effi-
ciency of NP was constant. This behavior is related to the 

accumulation of adsorbent particles and the overlap of their 
active sites. According to the results, the optimal contact 
time was observed at 15 min (Fig. 5c).

Fig. 5d displays removal efficiency at different con-
centrations (2–40 mg L–1) for NP. As shown in Fig. 5d, 
the removal efficiency of NP was increased rapidly when 
concentration ranged from 2 to 20 mg L–1. The removal 
efficiency decreased when the amount of initial con-
centration raised from 20 to 40 mg L–1. The optimum 
concentration was determined at 20 mg L–1.

Fig. 3. FE-SEM images of (a) GO, (b) Bi2Te3/GO and (c) Bi2Te3/GO@4-AA.
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The influence of different temperatures (20°C–40°C) on 
the NP removal was studies under optimized conditions 
(Fig. 5e). The removal efficiency decreased as the tempera-
ture increased from 20°C to 40°C. The highest removal effi-
ciency was observed at 30°C. Accordingly, temperature no 
obvious effects on the adsorption.

3.3. Adsorption isotherms and kinetics

Table 1 indicated the parameters of Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich isotherms for adsorp-
tion of NP onto the Bi2Te3/GO@4-AA at 25°C. As shown in 
Table 1, the correlation coefficient (R2) values for Langmuir 
equation were higher than those of Langmuir, Freundlich 
and Temkin isotherm models. The Langmuir adsorption 
capacity (qmax) was 43.47 mg g–1 which represents that Bi2Te3/
GO@4-AA shows important potential for the adsorption of 
NP. Also, the value of n, which is greater than 1, suggested 
that the adsorption of NP onto Bi2Te3/GO@4-AA was a favor-
able adsorption. Moreover, the adsorption intensity (RL) 
was 0.106 shown that the adsorption process is favorable. 
Also, if n > 1, showing the physical adsorption of NP on 
the Bi2Te3/GO@4-AA.

In this paper, the three adsorption kinetic models (PFO, 
PSO and IPD) were used to further analyze the sorption 
mechanism of NP. The kinetic parameters for the PFO, PSO 
and IPD models were calculated from the linear plots of ln 
(qe – qt) vs. t, (t/qe) vs. t, and qt vs. t1/2, respectively. The com-
parison of kinetic parameters were summarized in Table 2. 

From data in Table 2, the adsorption kinetics of NP were 
described better by PSO kinetic model compared to PFO 
and IPD. Moreover, the theoretical qe,cal values obtained 
from PSO model agreed more closely with the experimen-
tal values (qe,exp).

3.4. Reusability of Bi2Te3/GO@4-AA

Reusability is effective to recover the adsorbed NP 
and for the reuse of the Bi2Te3/GO@4-AA. The reusability 
of Bi2Te3/GO@4-AA was examined at the concentration of 
20 mg L–1 for each of NPs. To study the reusability of the 
Bi2Te3/GO@4-AA, ten consecutive adsorption–desorption 
cycles were carried out using methanol as a regenerating elu-
ent. The adsorption–desorption cycles of Bi2Te3/GO@4-AA 
are shown in Fig. 6. As can be seen in Fig. 6, the removal 
efficiency of Bi2Te3/GO@4-AA for NP was decreased about 
10% after regeneration at 5th cycle of reuse.

3.5. Application of Bi2Te3/GO@4-AA for real samples analysis

The Bi2Te3/GO@4-AA was applied to detect NP in var-
ious water samples and the results are listed in Table 3. 
To find relative removal and estimate accuracy of the 
procedure, spiking tests were performed. 0.98, 0.98, and 
0.89 µg mL–1 of NP were found in Kan River, well water, and 
industrial wastewater samples, respectively. The industrial 
wastewater samples were analyzed without dilution. The 
recoveries range from 89.29% to 98.97% with RSDs < 5.6% 

Fig. 4. EDX spectrum of (a) Bi2Te3/GO and (b) Bi2Te3/GO@4-AA.
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for the three water samples, which indicates that the pro-
cedure has good precision for the determination of NP in 
water samples. In comparison with removal efficiency of 
other reported adsorbents as listed in Table 4, the removal 
efficiency of NP by Bi2Te3/GO@4-AA are higher than most 
of the reported ones [35–38]. This data proposed that the 
suggested technique was accurate, suitable and selective for 
removal of NP from environmental samples.

3.6. Comparison with other procedures

The present technique based on high-performance liq-
uid chromatography with fluorescence detector (HPLC-FD) 
was compared with some other reported techniques in terms  

of RSD and removal efficiency (Table 5). The HPLC-FD 
technique has the advantages of good removal, and sat-
isfactory repeatability. The HPLC-FD technique that was 
utilized for the detection of NP is a well-known, robust, 
and comparatively inexpensive. Also, the synthesis of 
Bi2Te3/GO@4-AA is simple and doesn’t require special  
method.

4. Conclusions

In summary, Bi2Te3/GO@4-AA nanoadsorbent was syn-
thesized and evaluated for HPLC-FD of NP from water and 
industrial wastewater samples. The FTIR spectrum, SEM/
EDX images, TGA curves, and XRD patterns indicated that 

Fig. 5. Effect of (a) initial pH, (b) pHPZC, (c) contact time, (d) initial concentration and (e) temperature on the removal of NP on 
Bi2Te3/GO@4-AA.
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NP has been synthesized successfully. Also, the effect of 
different operational conditions like pH, initial concentra-
tion of NP, contact time, and temperature were evaluated. 
Batch tests proposed that Langmuir isotherm and pseudo- 
*second-order are well fitted to describe the isotherm and 
kinetic of adsorption, respectively. Also, the nanoadsorbent 
could be regenerated and recovered at optimum condition. 
The Bi2Te3/GO@4-AA is compared with other adsorbents and 
concluded that it is better than other adsorbents reported in 
previous literature. The prepared Bi2Te3/GO@4-AA nanoad-
sorbent was confirmed to possess good reusability, excellent 

adsorption efficiency, good adsorption capacity, and high 
removal for effective removal NP from aqueous media.
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Table 1
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich iso-
therm parameters for removal of NP onto the Bi2Te3/GO@4-AA

Model Parameter Value

Langmuir

qmax (mg g–1) 43.478
KL (L mg–1) 0.083
RL 0.106
R2 0.9927

Freundlich
n 1.206
Kf (mg g–1)(L mg–1)1/n 3.198
R2 0.8406

Temkin
A (L mg–1) 2.394
B 5.583
R2 0.9436

Dubinin–Radushkevich
KDR (mol2 kJ–2) 0.000001
qs (mg g–1) 18.234
R2 0.9664

Table 2
PFO, PSO, and IPD kinetic parameters for removal of NP onto 
the Bi2Te3/GO@4-AA

Model Parameter Value

PFO

qe (mg g–1) 1.454
k1 (min–1) 0.307

R2 0.953

PSO

qe (mg g–1) 13.679
k2 (g mg–1 min–1) 0.809

R2 1

IPD
kp (g mg–1 min–0.5) 0.526
Ci (mg g–1) 12.021
R2 0.8266

Table 3
Removal of NP in various environmental water samples (HPLC-FD)

Sample Added (µg mL–1) Found (µg mL–1)a RSD (%) Removal (%)

Kan River 1.00 0.98 5.58 98.29
Well water 1.00 0.98 1.93 98.97
Industrial wastewater 1.00 0.89 4.24 89.29

aFor three experiments.

Table 4
Comparison of the removal efficiency of NP onto various 
adsorbents

Adsorbent Removal (%) References

Pectin-Fe3O4 62 [35]
BT-Fe3O4 73.3 [36]
Fe3O4/AC 73.3 [37]
PAMAM-MNP 63–70 [38]
Bi2Te3/GO@4-AA 89–98.98 This work

Table 5
Comparison of present technique with reported techniques for 
the detection of NP

Analytical technique RSD (%) Removal (%) References
HPLC-VWD 2.12 96.0–96.5 [5]
HPLC-PDA 9.3 80.3–93.5 [39]
HPLC-UV 2.5 93.8–101.1 [7]
HPLC 2.5 93.4–96.2 [40]
HPLC-FD <5.6 89.2–98.2 This study

 

Fig. 6. Reusability of Bi2Te3/GO@4-AA for NP removal.
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Symbols

qe — Sorption capacity
Ce — Equilibrium concentration
C0 — Initial concentration
V — Volume of solution
M — Amount of nanoadsorbent
KL — Langmuir constant
qmax — Maximum adsorption capacity
1/n — Intensity of adsorption
Kf — Freundlich constant
b — Heat of NP sorption
R — Universal gas constant
A — Temkin constant
T — Temperature
KDR — Dubinin–Radushkevich constant
R2 — Correlation coefficient
ε — Polanyi potential
RL — Separation factor
qe — Adsorption amount of NP at equilibrium
qt — Adsorption amount of NP at time
kp — IPD rate constant
Ci — Intercept
k1 — PFO rate constant
k2 — PSO rate constant
t — Time
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