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Preparation of NH -SH-GO/MWCNTs composite for simultaneous removal
of Pb(Il), Zn(II) and phenol from aqueous solution
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ABSTRACT

In the present work, NH,-SH-GO/MWCNTs that graphene oxide (GO) and multiwalled carbon nano-
tubes (MWCNTs) were chemically modified with amino and sulfydryl groups, were synthesized by
a simple process for simultaneous adsorption of pollutants, such as Pb*, Zn* and phenol in water
solution. The structure of composite (NH,-SH-GO/MWCNTs) was analyzed by transmission electron
microscopy, scanning electron microscopy, Fourier transform infrared spectroscopy, thermogravimet-
ric analysis, Raman spectrum, X-ray diffraction and X-ray photoelectron spectroscopy. Brunauer—
Emmett-Teller surface areas and pore diameter were studied by nitrogen adsorption—-desorption iso-
therms. Experimental conditions affecting adsorption process, such as pH, initial ion concentrations
and adsorbent dosages, were studied. Adsorption process of metal ions and phenol was evaluated
by Langmuir and Freundlich isotherm models. Pseudo-first-order and pseudo-second-order kinetic
models were tested for fitting the adsorption data. The optimum conditions, specified as 25 mg/L
of adsorbent, 10 mg/L of adsorbate at pH 5 and time of 60 min, led to the achievement of a high
adsorption capacity. The maximum adsorption capacity of NH,-SH-GO/MWCNTs was 125.8, 98.6
and 23.8 mg/g for Pb*, Zn* and phenol, respectively. The results of adsorption isotherm and kinetics
showed a good fit to Freundlich isotherm model and pseudo-second-order kinetic model, respectively.
Thermodynamic parameters, such as AG?, AH? and AS°, were calculated. The thermodynamics results
indicated the adsorption process was spontaneous and endothermic. The adsorption performance of
adsorbent indicated the feasibility of applying for industrial purposes.
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1. Introduction

Since the industrial revolution, water pollution has
become a critical environmental and economic issue in the
world [1]. Industrial sewage contains many pollutants, such
as lead, zinc ions and phenol. Among these pollutants, lead
and zinc ions can enter into the environment and cause
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anemia and peripheral neuritis to the body because of their
toxicity and bioaccumulation in the bodies [2]. Moreover,
phenol is also found to be highly poisonous to human bod-
ies. For instance, phenol can damage the function of liver and
kidney in fauna [3].

Several methods have been applied for the removal of
metal ions and phenol from aqueous solution. Totally speak-
ing, traditional methods, such as sulfide precipitation [4],
ion exchange [5], alum treatment [6], membrane separation,
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reverse osmosis, ion coagulation [7] and so on, were applied.
However, these traditional techniques are wasting time and
separation becomes a difficult issue due to small size of ions.
Furthermore, these disadvantages, such as procedural com-
plexity and high operating cost, must be solved [8]. Among
these methods, adsorption is one of the most popular and
widely used techniques for cleansing of pollution, and shows
a high availability and economic superiority [9].

Graphene was discovered by Geim and Novoselov [10]
and carbon nanotubes (CNTs) were found by Lijima [11].
Since the finding, graphene and CNTs play an important role
in many domains. In recent years, graphene oxide (GO) and
CNTs have been developed to remove metal ions from aque-
ous solutions and they are also promising materials because of
their unique electrical, mechanical, thermal, optical and chem-
ical properties [12,13]. There are various functional groups
on the GO sheets and CNTs, such as hydroxyl and carboxyl
groups, which allow GO and CNTs to be functionalized or be
hybridized with other materials to form composite. It is well
known that GO and CNTs have large surface areas which can
adsorb pollutants from water solution [14-18]. The adsorp-
tion capability of GO and multiwalled carbon nanotubes
(MWCNTs5) relates to functional groups, which attach to sur-
faces and provide strongly active sites [19,20]. Many research-
ers had reported a lot of surface modification strategies, such
as magnetic graphene nanomaterials [21], amino-modified
[22] and sulfydryl-modified [23] MWCNTs. Zhang et al. [24]
developed a novel method for amine functionalized CNTs
via combination of mussel inspired chemistry and Michael
addition reaction. The results indicated that the adsorption
capacity was much improved as compared with pristine
CNTs [24]. Zhang et al. [25] synthesized water-soluble mag-
netic graphene nanocomposites via a copper catalyzed azide—
alkyne cycloaddition reaction and used them as nanoad-
sorbents for recyclable removal of Cu*, Cd* and Pb* from
aqueous solution. Wang et al. [26] synthesized a magnetic
graphene-CNT composite material to adsorb methylene blue
from aqueous solution. The results showed that the maximum
adsorption capacity of the samples was up to 65.79 mg/g,
which was almost equal to the sum of magnetic graphene
and magnetic MWCNTs [26]. To authors” knowledge, there
are few reports that applying amino and sulfydryl groups
to modify GO/MWCNTs composite, and they have not been
used as adsorbent to removal of metal ions and phenol.

The main objective of the present study was to synthe-
size NH -SH-GO/MWCNTs composite and investigate their
adsorption capacity for metal ions and phenol from aqueous
solution. In this study, synthesized adsorbents were studied
by Fourier transform infrared spectroscopy (FTIR), Fourier
transform Raman spectrometry, thermogravimetric analysis
(TGA), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and nitrogen adsorption—
desorption isotherm. Adsorption experiments with Pb*,
Zn* and phenol from aqueous solution were performed.
The effects of pH value, contact time, initial concentrations
and temperature on adsorption capacity of NH,-SH-GO/
MWCNTs were investigated. The adsorption data were fit-
ted with Langmuir and Freundlich isotherm models. The
enthalpy, entropy and Gibbs free energy was also deter-
mined from the experimental data.

2. Experimental methods
2.1. Materials and chemicals

MWCNTs were purchased from Shenzhen Nanotech Port
Co., Ltd. (China). According to the manufacturer, the physico-
chemical properties of MWCNTs were listed in Table 1. Natural
flaky graphite (1,500 mesh) was purchased from Qingdao
Tianshengda Graphite Co., Ltd. (China). Ultrapure water was
used for preparation of solution. H,SO,, HNO, and acetone
(purity > 99.5%) were purchased from Big Alum Chemical
Reagent Factory (China). 3-Mercaptopropyl trimethoxysilane
(MPTS, purity > 98%) was purchased from Shanghai Yuanye
Biological Technology Co., Ltd. (China). KMnO,, NaNO,
Pb(NQ,),, Zn(NQO,), and phenol were purchased from Tianjin
Fu Rui Technology Co., Ltd. (China). All the chemicals were of
analytical grade without further purification.

2.2. Characterization instrument

The microstructures of samples were observed with TEM
(JEM-2010, operating at 200 kV) and SEM (JSM-6700F, oper-
ating at 0.5-30 kV). The adsorbent was determined by FTIR
analysis (Nexus-870). All the samples were prepared by mix-
ing spectroscopic grade KBr with NH,-SH-GO/MWCNTs or
GO/MWCNTs and they were analyzed in the 4,000-400 cm™
range with a resolution of 2 cm™. Fourier transform Raman
spectroscopy (RFS100/S), TGA analysis (temperature range of
100°C -800°C and heating rate of 10°C/min), XRD (Rigaku D/
max-2400, operating at 60 kV), XPS (Escalab 250Xi with a max-
imum resolution of 400,000 cps, Al Ka radiation) were applied
to analyze these materials. The results of XPS were analyzed
with XPS peak software and surface atomic percentages
were calculated from the corresponding peak areas. Specific
surface area and porosity were measured using ASAP-2010
(Micromeritics Co., USA). Metal ion concentrations were
analyzed with an atomic absorption spectrophotometer
(HITACHI Z-5000), and phenol concentrations were deter-
mined by ultraviolet and visible spectrophotometer (Shanghai
Precision Scientific Instrument Co., Ltd., UV-1000). A tempera-
ture controlled shaker was used for shaking aqueous solution
containing metal ions and phenol. Water bath kettle (HHS2)
was used for maintaining temperature of the aqueous solu-
tion. All the experimental water was produced by the ultra-
pure water system (Ulupure, UPD-I-20T). The pH value of the
solution was measured by pH meter (PHSJ-3F).

2.3. Preparation of oxidized MWCNTs

Original MWCNTs (2 g) were placed in a three-necked
bottle with 60 mL concentrated sulfuric acid and 20 mL

Table 1
Physicochemical properties of MWCNTs

Physicochemical properties Value
Diameter, nm 10-20
Length, um <2
Purity, % >97
Ash, % <3
Special surface area, m*/g 100-160
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concentrated nitric acid to remove impurities and hemi-
spherical caps. Then, the mixture was ultrasonically stirred
in a water bath kettle for 3 h at 60°C. The suspensions
were filtrated, rinsed with deionized water until pH value
reached 7, followed by drying in a vacuum oven at 80°C
for 12 h. The obtained product was oxidized MWCNTs
(o-MWCNTs).

2.4. Preparation of GO

GO was prepared with the modified Hummers
method [27]. Natural flaky graphite (4 g) was dispersed
in a three-necked bottle containing 92 mL sulfuric acid
below 5°C. Stirred the mixture below 10°C until complete
dissolution, followed by slow addition of 2 g sodium nitrate
and 12 g potassium permanganate, then stirred for 2.5 h. The
three-necked bottle was taken out, and placed it into a water
bath kettle at 35°C, then 184 mL ultrapure water was added
and stirred for 30 min. Again the three-necked bottle was
taken out, then allowed by placing it into the water bath ket-
tle at 85°C, stirred for 24 min and diluted to 560 mL. Then,
40 mL hydrogen peroxides (30 wt%) was added and kept
warm for 5 min where the color of the mixture changed to
bright yellow. Centrifuged the product and washed with
3% hydrochloric acid for several times to remove residual
metal ions until pH value of product reached 7. Finally, the
product was treated by ultrasonication for 1 h, centrifuged
and dried in a vacuum oven for 24 h at 60°C. The obtained
products were GO.

2.5. Preparation of GO/IMWCNTs

Weighted GO of 0.2 g and o-MWCNTs of 0.4 g, respec-
tively. Then, dispersed them in 100 mL absolute alcohol and
treated for 2 h with ultrasound. Place the mixture into a three-
necked bottle and treated with ultrasound for 2 h. Finally,
pumped and filtered with 0.45 pm filter membrane, washed
with absolute alcohol for several times and the product was
dried in a vacuum oven for 12 h at 60°C.

2.6. Preparation of NH,-SH-GO/MWCNTs

GO/MWCNTs of 400 mg were dispersed into 80 mL
absolute alcohol at 25°C. Then, 4 mL acetic acid and 8 mL
MPTS were added to the mixture. The entire experimental
process was protected under nitrogen gas while continu-
ally stirred. The reaction time was 24 h at 25°C. After the
reaction, 100 mL acetone was slowly added to the reaction
solution. The product was passed through filter paper and
washed with ethanol and ultrapure water. The product was
dried in a vacuum drying oven at 60°C for 8 h. The products
were SH-GO/MWCNTs. SH-GO/MWCNTs (200 mg) were
suspended into 50 mL absolute alcohol. The mixture was
stirred vigorously, and then slowly reacted for 5 min after
adding 10 mL hydrazine hydrate (80 wt%). Then, the solu-
tion was placed in a water bath kettle and stirred for 6 h.
Subsequently, the composite was filtered and washed with
ultrapure water for several times. Finally, the product was
dried in a vacuum oven for 8 h at 60°C. The obtained com-
posite was NH,-SH-GO/MWCNTs.

2.7. Adsorption experiment

The adsorption behavior of as-prepared composite
was carried out by a batch adsorption experiment, which
was performed by adsorbing lead, zinc ions and phenol
from aqueous solution. The effect of pH on the adsorption
performance was studied at initial pH value which ranged
from 2 to 9. The pH values of solution were adjusted by
adding aqueous solutions of HCl or NaOH. The initial con-
centration of Pb*, Zn*" and phenol in solution was 10 mg/L,
respectively, and 2.5 mg adsorbents was in every 100 mL
solution. The effect of time was studied at the time intervals
of 15, 30, 60, 120, 240, 480, 720, 1,440 and 2,160 min with an
initial concentration of 10 mg/L for Pb*, Zn* and phenol,
respectively. Adsorbents (2.5 mg) were dispersed into 100 mL
solution at pH 5. To investigate the adsorption isotherm, the
initial concentration was ranged from 5 to 30 mg/L at 25°C
at pH 5. The effect of temperature on the adsorption process
was investigated by controlling temperature at 288, 293, 298,
303 and 308 K at pH 5 for 8 h. The liquid after adsorption
was filtered with 0.45 pm filter membrane. The exact con-
centrations of Pb* and Zn* were determined with an atomic
absorption spectrophotometer and phenol concentration was
measured by ultraviolet and visible spectrophotometer.

Adsorption capacity is calculated with the following
equation [28]:

g, == (1)

m

where g is the adsorption capacity of adsorbent at equilibrium
(mg/g), C, is the initial concentration of adsorbate in solution
(mg/L), C, is the concentration of adsorbate at equilibrium
(mg/L), Vis the volume of solution (L) and m is the weight of
adsorbent (g).

The kinetics of Pb*, Zn* and phenol removed from
aqueous solution by NH,-SH-GO/MWCNTs was studied
by applying pseudo-first-order and pseudo-second-order
models. The equations describing the two studied models are
presented as follows [29,30]:

In(q, —q,)=Ing, -kt )
q, kg 4, ©)
h=k,q: )

where g, (mg/g) and g, (mg/g) are the adsorption capacity
of adsorbent at equilibrium and at time of t, respectively;
k, is the pseudo-first-order rate constant and k, is the
pseudo-second-order rate constant; /1 is the initial rate of
adsorption (mg/g min), when ¢ is nearly to zero.

Langmuir isotherm model was valid for monolayer
adsorption onto the surface. Freundlich isotherm model
was based on an exponential distribution of adsorption sites
and energies. It was derived from multilayer adsorption
and heterogeneous surface. The adsorption isotherm, such
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as Langmuir and Freundlich isothermal model, is shown as
follows [31,32]:

C, _C . 1 .

qe qmax qmax ( )
1

logg, =—logC, +1ogK, 6)
n

where g, and C, represent adsorption capacity at equilibrium
(mg/g) and the concentration of adsorbate at equilibrium
(mg/L), respectively; q_ is considered the maximum adsorp-
tion capacity related to the total surface and b is associated
with sorption energy. In the Freundlich model, K, represents
the sorption capacity and 1/n is related to the energy distri-
bution of sorption sites.

3. Results and discussion
3.1. Characterization results

Fig. 1 shows that the flow charts of preparation and
adsorption experiment of NH,-SH-GO/MWCNTs. We pre-
pare the o-MWCNTs and GO and synthesize the composite of
GO/MWCNTs. GO and MWCNTs form the composite attribut-
ing to m—m interaction in the synthetic process. To improve the
adsorption capacity, we add amino and sulfydryl groups on
the surface. But after adding amino groups, oxygenous func-
tional groups of composite gradually decrease, which leads to
the regional hydrophobicity [33]. And we apply the prepared
adsorbent to adsorb metal ions and phenol in the solution.

TEM images of MWCNTs, o-MWCNTs, GO and NH.-
SH-GO/MWCNTs are shown in Fig. 2. Fig. 2(a) shows that
MWCNTs are cylindrical. The average diameter is 20-30 nm
with lot of catalyst impurities on the surface and exist obvious
aggregation. Fig. 2(b) shows that o-MWCNTs have no impu-
rity. The surface is rough with lot of grooves and the ends are
opened. Due to the oxidation, the average diameter of CNTs

M

I MWCNTs

‘ -COOH
@ covonyt

‘ MPTs ((CHy-0)s-Si-(CHy)s-SH)

NH;

Fig. 1. Flow charts of NH,-SH-GO/MWCNTs preparation and
adsorption experiment.

increases to 40-50 nm. Fig. 2(c) shows that GO has big lamellas
and some drapes. Fig. 2(d) shows that NH -SH-GO/MWCNTs
consists of graphene nanosheets and CNTs. Fig. 2(d) indicates
that MWCNTs connect GO layers and some MWCNTs are
closely attached to the surfaces of GO.

Fig. 3 shows SEM images of MWCNTs, o-MWCNTs, GO
and NH,-SH-GO/MWCNTs. Figs. 3(a) and (b) show that
MWCNTs and o-MWCNTs are tubular, curved and tangled.
Fig. 3(a) presents that MWCNTs are tortuous, randomly
align with average diameter of 10-20 nm and length of 2 pm.
Fig. 3(b) shows that after oxidation treatment, MWCNTs
would be broken, length is shortened and there are some
slight fragmentations to appear with length of 100 nm.
Fig. 3(c) clearly reveals the folded, thin and layered structure
of GO and the size is about 2 pm. Fig. 3(d) shows there are lot
of MWCNTs and GO to interweave together. And there are
some MWCNTs to adhere to the surface of GO [34]. Moreover,

Fig. 2. TEM images of (a) MWCNTS, (b) o-MWCNTS, (c) GO and
(d) NH,-SH-GO/MWCNTs.

Fig. 3. SEM images of (a) MWCNTs, (b) o-MWCNTs, (c) GO and
(d) NH,-SH-GO/MWCNTs.
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the rough surface of GO/MWCNTs is benefit for adsorption
because it can provide more adsorption sites for pollutants.

3.2. FTIR spectra analysis

FTIR spectra were used to analyze functional groups
of adsorbents. Fig. 4 shows FTIR spectra of NH_ -SH-GO/
MWCNTs and GO/MWCNTs. The peak at 1,562 cm™ is
related to C=C stretching vibration (Fig. 4(a)). Fig. 4(b) shows
some new peaks at 606 and 692 cm™ are assigned to swing
vibration of -NH, and wagging vibration of N-H, respec-
tively [35,36]. The peak at 2,359 cm™ is associated with -NH,
stretching vibration [37]. The appearance of -NH, and N-H
vibration peak indicates that amino groups appear on the sur-
face of GO/MWCNTs. The results indicate that amino groups
are present in the composites. Peaks at 721 and 805 cm™ cor-
respond to Si-C and Si-N stretching vibration, respectively.
The results reveal that MPTS connect with MWCNTs or GO.
And N,H, and MPTS are also successfully connected. The
peaks at 1,036 and 3,433 cm™ are ascribed to stretching vibra-
tion of O-H and C-OH, respectively [38]. Peaks at 1,230 and
1,718 cm™ are attributed to C-O and C=O stretching vibra-
tion in carboxylic acid, respectively. After oxidation of graph-
ite and MWCNTs, a large number of oxygen-containing
functional groups are introduced on the surface. Bands at
2,800-3,000 cm™ are associated with symmetric and asym-
metric stretching vibration of —CH,. The enhanced intensity
of —CH, stretching vibration indicates that additional meth-
ylene groups from MPTS are attached to the surface of GO/
MWCNTs. Fig. 4(b) shows that a weak peak at 2,560 cm™
may be assigned to S-H groups [39]. The peak at 1,106 cm™
is attributed to Si-O stretching vibration. The appearance of
Si—C and Si-O confirms that MPTS are grafted successfully
on the surface of GO/MWCNTs. The new peak appearing at
1,445 cm™ may be C-H stretching vibration [40]. These new
peaks” appearance proves that MPTS and hydrazine are suc-
cessfully coated on the GO/MWCNTs by connecting with
these groups on the external surface of GO/MWCNTs.

3.3. Raman spectra analysis

Raman spectroscopy was used to detect structural modi-
fication of carbon materials after functionalization [41]. Fig. 5
shows Raman spectra of GO, GO/MWCNTs and NH,-SH-GO/
MWCNTs. Fig. 5(a) shows there are two strong peaks of GO.
D peak at 1,301 cm™ assigns to oxidizing defects. G band at
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Fig. 4. FTIR spectra of (a) GO/MWCNTs and (b) NH,-SH-GO/
MWCNTs.

1,583 cm™ relates to C-C stretching in the GO structure [42].
Fig. 5(b) shows Raman spectra of GO/MWCNTs and NH,-
SH-GO/MWCNTs. For GO/MWCNTs, D peak is at 1,365 cm™
and G peak is presented at 1,660 cm™. The results indicate
that peak positions shift to the lower frequency (blue shift).
These changes should be the introduction of MWCNTs. For
NH,-SH-GO/MWCNTs, D peak at 1,355 cm™ assigns to oxi-
dizing defects or edge. Compared with that of GO/MWCNTs,
G peak at 1,665 cm™ that relates to C—-C stretching vibration in
the graphitic structure, are also shifted. There are new peaks
in Fig. 5(b). The peak at 2,584 cm™ may be —SH stretching
vibration [43]. The peak at 1,024 cm™ belongs to -NH, rock-
ing vibration, which fits with FTIR spectra [44]. The bands at
714, 931, 1,118 and 2,937 cm™ may be Si-O, Si-C, Si-N and
—CH, stretching vibration, respectively. The intensity ratio
between D and G peak is commonly used to evaluate the
defective nature of sp? material, and relates with the degree
of functionalization [45]. Fig. 5(a) shows that I /I ratio of
GOis 1.113. I /I ratio of GO/MWCNTs is 1.098 and the ratio
of NH,-SH-GO/MWCNTs is 1.382 in Fig. 5(b), respectively.
Comparing with GO/MWCNTs, I /I ratio of NH -SH-GO/
MWCNTs increases. The results can evidence effective
groups to associate with defects of composite.

3.4. TGA analysis

TGA is used to quantify quality of functional groups that
presented on the surface of composite. Fig. 6 shows the TGA
curves of GO/MWCNTs, SH-GO/MWCNTs and NH_-SH-GO/
MWCNTs. Fig. 6(a) presents the weight loss at the first stage
is 3.8 wt% from 58.82°C to 102.13°C, which maybe the inter-
layer water to disappear. Weight loss at the second stage is
about 17.81 wt% from 102.13°C to 225.14°C, where appears
exothermic peak. The change can contribute to the ther-
mal decomposition of vestigial hydrogen peroxide, nitrate
ions and sulfate ions. Weight loss at the third stage is from
225.14°C to 1,098.36°C, which attribute to decomposition of
groups, such as -COOH and —OH, on the surface of compos-
ite [46]. Fig. 6(b) shows that the weight loss of 8.09 wt% from
61.13°C to 356.24°C is consistent with the result in Fig. 6(a),
and may also be the decomposition of acetic acid. The second
weight loss is from 356.24°C to 631.72°C in Fig. 6(b) and the
weight loss is up to 12.01 wt%. Based on the thermogravimet-
ric result, it may be concluded that 12.01 wt% of sulfydryl is
grafted onto the surface of GO/MWCNTs. Fig. 6(c) illustrates
that the weight loss of 2.84 wt% is from 23.01°C to 178.36°C
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Fig. 5. Raman spectra of (a) GO and (b) GO/MWCNTs and
NH,-SH-GO/MWCNTs.
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and there is also an obvious weight loss from 178.36°C to
356.24°C, where the weight loss is 6.1 wt%. The third weight
loss is 21.91 wt% from 356.24°C to 623.63°C, which are the
total weight of -SH and -NH, groups. And the content
of amino groups is 10.75 wt%. All the results indicate that
functional groups are successfully coated on the surfaces of
composite, and NH_ -SH-GO/MWCNTs have a good thermal
stability.

3.5. XRD pattern analysis

XRD pattern of graphite, GO, GO/MWCNTs and
NH_-SH-GO/MWCNTs are shown in Fig. 7. XRD pattern
of graphite showed a very strong peak of (002) at 26.8° in
Fig. 7(a) with interlayer distance of 0.332 nm. There was also
a strong peak at 12.6°, which was according to (001) of GO
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Fig. 7. XRD pattern of (a) graphite, (b) GO, (c) GO/MWCNTs and
(d) NH,-SH-GO/MWCNTs.

in Fig. 7(b) and the interlayer distance was 0.702 nm. The
increase of interlayer distance was attributed to extensive
oxidation of faces and edges [47]. Fig. 7(c) shows (001) of GO
shifted to 11.8°, which corresponded to an interlayer distance
of 0.749 nm. The increase of interlayer distance revealed
MWCNTs successfully interweaved with GO together. And
there were new peaks to appear in Fig. 7(c), which corre-
sponded to (002) and (100) of MWCNTs to appear. The result
may be caused by introducing CNTs [48]. There was also a
peak at 12.56° to appear, which attributed to (001) of GO. But
it can be seen that the peak was very weak, and characteristic
peak of GO was very sharp in Fig. 7(b). Besides characteristic
peak of MWCNTs that was at 26.4° and 42.8°, corresponded
to (002) and (100), respectively. Compared with the peaks of
MWCNTs, the peak intensity of GO/MWCNTs was weak.
XRD pattern of GO/MWCNTs is not a simple super position
that diffraction peak of MWCNTs and GO. The material is not
mixture. Fig. 7(d) shows a shift of (001) to 11.9°, which corre-
sponds to an interlayer distance of 0.743 nm. And (002) and
(100) also changed to 26.3° and 43.4°, respectively. Compared
with that of GO/MWCNTs, a decrease of interlayer distance
may be caused by reduction of GO as some amino groups are
introduced [49].

3.6. XPS analysis

XPS is typically considered to be helpful for identifying
groups and surface elements of composites. Table 2 shows
the energy, peak area and atomic percentage of NH,-SH-GO/
MWCNTs. The data reveal the presence of carbon, oxy-
gen, nitrogen, sulfur and silicon elements in NH,-SH-GO/
MWCNTs. The atomic percentage of C, O, N, S and Si can
reach 80.58%, 12.61%, 2.39%, 1.99% and 2.43%, respectively.
These data indicated that the functional groups, such as
amino and sulfydryl groups, were successfully grafted on the
surface of GO/MWCNTs. The experimental data were fitted
with Gaussian components soft and the best fits are plotted in
the figure. Cls, Ols, N1s, S2p and Si2p peaks of NH,-SH-GO/
MWCNTs are clearly observed in Fig. 8(a). The strong Cls
peak at 284.39 eV corresponds to MWCNTs and GO. The
binding energy at 530.66 eV is attributed to Ols. Peaks at
164.51 and 101.32 eV are corresponding to S2p and Si2p,
respectively, which appear in MPTS. N1s peak is from hydra-
zine at 400.25 eV. Fig. 8(b) shows that Cls spectrum of NH,-
SH-GO/MWCNTs can be deconvoluted into three Gaussian
peaks which centered at 284.77, 285.13 and 285.06 eV [50]
(corresponding to C=C, C=O and C-OH, respectively). Fig.
8(c) indicates the Gaussian peaks are assigned to C-O, C-OH
and C=0-OH (530.62, 532.56 and 533.08 eV [51], respectively).

Table 2
The energy, peak area and atomic percentage of NH,-SH-GO/
MWCNTs

Name Energy (eV) Peak area (%) Atomic percentage (%)
Cls 284.39 64.84 80.58
Ols 530.66 26.96 12.61
N1s 400.25 3.40 2.39
S2p 164.51 2.64 1.99
Si2p 101.32 2.16 243
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The results of Ols spectra are consistent with Cls spectra.
Figs. 8(d) and (e) show that Gaussian peaks assigning to N-H
and S-H are detected at 400.42 and 163.85 eV, respectively
[52]. In addition, Gaussian peaks of Si-N and Si-O appear at
102.53 and 101.98 eV in Fig. 8(f). The appearance of Si-O peak
can prove that MPTS is coated on the surface of composite,
and the results are consistent with the FTIR spectra result.
According to the results of XPS and FTIR, NH,-SH-GO/
MWCNTs were successfully prepared using the experimen-
tal method.

3.7. Nitrogen adsorption—desorption isotherm

Textural parameters such as Brunauer-Emmett-Teller
(BET) surface area, Barrett-Joyner-Halenda pore size dis-
tribution of NH,-SH-GO/MWCNTs, were obtained from
nitrogen adsorption—desorption isotherms and are shown
in Fig. 9. The isotherms of NH,-SH-GO/MWCNTs display a
slow rise under low relative pressure, indicating these com-
posites are mesoporous or macropore materials. A second
rise at high relative pressure reveals the existence of macrop-
ore. This type belongs to type V with hysteresis loops at rel-
ative pressure (P/P ) between 0.4 and 1.0, which confirms the
mesoporous feature. Type V indicates the existence of weaker
interaction forces between adsorbate and adsorbent. In addi-
tion, according to the pore size distribution curve, the major
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Fig. 9. Nitrogen adsorption—-desorption isotherm and pore size
distribution curve (the inset pattern) of NH,-SH-GO/MWCNTs.

pore diameter is less than 20 nm but more than 2 nm. The
average pore diameter is about 12.29 nm, which suggests
that NH -SH-GO/MWCNTs belong to mesoporous material.
The BET analysis indicates that specific surface areas of NH,-
SH-GO/MWCNTs are 109.68 m?/g. But the obtained value is
much lower, which may be the incomplete exfoliation and
the nonporous GO as well as the coacervate of CNTs [53].

3.8. Effects of pH on adsorption

The pH values affecting on the adsorbate adsorption on
NH,-SH-GO/MWCNTs can be attributed to ion exchange,
surface complexation and electrostatic interactions with its
oxygen-containing groups [54]. In the present study, pH
values varied between 2 and 9 to avoid forming hydroxide
precipitation of lead and zinc ions. At high pH over 9, lead
hydroxide became predominant and subsequently the pre-
cipitation of zinc hydroxide occurred. And at pH lower than
9, the predominant zinc species was always Zn*. Thus, the
adsorption experiments were conducted by varying the solu-
tion pH over the range of 2.0-9.0 to avoid the contribution
from lead and zinc hydroxide precipitation. Other experi-
mental factors were kept for 8 h at room temperature. The
adsorbent dosage was 25 mg/L and the adsorbate concentra-
tion was 10 mg/L.

Fig. 10 shows that the maximum adsorption capacity at
equilibrium is 125.8, 98.6 and 23.8 mg/g for Pb*, Zn* and
phenol, respectively. Fig. 10 illustrates that the equilibrium
adsorption capacity of NH,-SH-GO/MWCNTs for Pb* and
Zn* increases rapidly as pH increases from 2.0 to 5.0. There is
electrostatic attraction between the negative charged sites of
adsorbents and the positive charges of metal ions. Moreover,
although the adsorption capacity at equilibrium for phenol
also increases as pH value changes from 2.0 to 5.0. Sun et al.
[55] demonstrated that GO and MWCNTs presented the neg-
ative charges at pH > 2.0. Therefore, the increasing adsorp-
tion capacity of NH,-SH-GO/MWCNTs could be attributed
to the strong electrostatic attraction between adsorbent with
negative charges and metal ions with positive charges.
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The adsorption capacity at equilibrium is low as pH
value is below 5.0, which attributes to the competition of H"
that can compete with Pb*, Zn* and phenol for the adsorp-
tion sites. These hydrogen ions prevent the target ions from
adsorbing on the surface of the composite. This conclusion
was the same with the surface complex formation theory,
which proved that as the hydrogen ions increased, competi-
tion for the adsorption sites between proton and metal spe-
cies was increased [56]. More metal ions are adsorbed with
the decrease of positive charges. As pH increased to be more
than 5.0, the adsorption capacity at equilibrium decreased
because of the combined roles of adsorption and precipita-
tion of Pb* and Zn* as Pb(OH), and Zn(OH),, respectively.
The hydrolysis pH of Zn*" and Pb*" was 6.54 and 7.04, respec-
tively. At the beginning of adsorption, the surface is empty
and more phenol adsorbed on the surface of NH,-SH-GO/
MWCNTs by electrostatic attraction and van der Waals force.
With the further increase of pH value, increasing hydroxyl
ions make phenol with negative charges. And the surface of
adsorbent with negative charges, make the adsorption capac-
ity for phenol decrease [57].

3.9. Effects of contact time and adsorption kinetics

The effects of contact time on Pb*, Zn* and phenol
adsorption on the NH,-SH-GO/MWCNTs were studied
at room temperature. Fig. 11 shows that the adsorption
capacity of NH,-SH-GO/MWCNTs for Pb*, Zn** and phe-
nol adsorption increased gradually until equilibrium was
reached after 60 min, which could be due to the rapid dif-
fusion of adsorbates towards NH,-SH-GO/MWCNTs. The
adsorption capacity of NH,-SH-GO/MWCNTs at 60 min
was 125.8, 98.6 and 23.8 mg/g for Pb*, Zn*" and phenol,
respectively. Then, adsorption capacity kept stable from
60 min to 36 h. The subsequent slow adsorption capacity
was attributed to long diffusion of adsorbates into the inner
layers sites of GO [58]. Therefore, the long contact time
(8 h) was selected in the following adsorption experiments
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Fig. 11. Effects of contact time on Pb*, Zn* and phenol adsorption
(initial condition: 2.5 mg NH,-SH-GO/MWCNTs, 10 mg/L Pb*,
Zn** and phenol at pH 5).

in order to reach complete adsorption equilibrium. To com-
pare adsorption capacity between NH,-SH-GO/MWCNTs
and GO/MWCNTs, the curves are shown in Fig. 11. Fig. 11
indicates the adsorption capacity of NH,-SH-GO/MWCNTs
for Pb*, Zn*" and phenol adsorption is better than that of
GO/MWCNTs. The adsorption capacity of NH,-SH-GO/
MWCNTs for Pb* adsorption was 125.8 mg/g, however,
adsorption capacity of GO/MWCNTs was 75 mg/g. The
phenomenon is similar for Zn* and phenol adsorption.
The results indicated that the performance of our prepared
adsorbent is superior to nonfunctionalization material.
The adsorption kinetics data of Pb*, Zn** and phenol onto
NH,-SH-GO/MWCNTs were analyzed with two different
kinetics models: pseudo-first-order model and pseudo-
second-order model, respectively. The kinetics studies were
carried out by investigating the possible adsorption mech-
anism, equilibrium time, adsorption rates and interaction
between adsorbent and pollutants. The linear plots of kinet-
ics model for different concentrations of lead ions (or zinc
and phenol) are shown in Figs. 12 and 13. The obtained val-
ues of k, calculated g, values and coefficients of R* for Pb*
(or Zn** and phenol) in NH,-SH-GO/MWCNTs were given
in Table 3.

Figs. 12 and 13 show pseudo-first-order and
pseudo-second-order kinetics models for Pb*, Zn* and
phenol adsorption. Table 3 indicates the parameters of
pseudo-first-order and pseudo-second-order equation
which calculates from the slope and intercept. Table 3 clearly
indicates that the experimental data fit well with pseudo-
second-order kinetics model with higher R And there are
strong chemical forces between adsorbent and adsorbates,
whichis caused by strong surface complexation of metalions
with the functional groups on the surface of GO/MWCNTs,
especially amino and sulfydryl groups. The R? values of
pseudo-second-order model are higher than that of pseudo-
first-order model. In addition, the calculated values of
adsorption capacity at equilibrium (g_) from the pseu-
do-second-order kinetics are 125.6, 98.4 and 23.8 mg/g
for Pb*, Zn*" and phenol, respectively. The data are better
fitted to the experimental data (125.8, 98.6 and 23.8 mg/g,
respectively) than that of pseudo-first-order model.
The initial adsorption rate (k) which calculated from
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pseudo-second-order rate equation for Pb*, Zn*" and phe-
nol are 549.45, 135.55 and 38.01 mg/g min, respectively. The
result indicates that adsorption rate for Pb* is faster than
that of Zn*" and phenol.
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Fig. 12. Pseudo-first-order kinetic model for (a) Pb*, (b) Zn*" and
(c) phenol adsorption.
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3.10. Isotherm models

Analysis of isotherm data by fitting them to different
models is an important step to investigate how adsorp-
tion molecules distribute between the liquid phase and the
solid phase as the adsorption process reaches an equilib-
rium state [59]. The original adsorption data of Langmuir
and Freundlich isotherm models for Pb*, Zn* and phe-
nol adsorption are shown in Table 4. In the present study,
Langmuir and Freundlich isotherm models are used to fit the
original adsorption data of Pb*, Zn** and phenol. Langmuir
and Freundlich isotherm models are presented in Figs. 11
and 12 and their parameters are summarized in Table 5.

Figs. 14 and 15 show isotherm models for Pb*, Zn*
and phenol adsorption on the surface of NH,-SH-GO/
MWCNTs. Table 4 shows that Pb*, Zn*" and phenol adsorp-
tion fits Freundlich isotherm model with higher R? values.
The data reveal that Pb*, Zn* and phenol adsorption may
be occurred as a multilayer adsorption [60]. NH,-SH-GO/
MWCNTs can provide and form specific binding capabil-
ity by strong bidentate ligand in the solution due to their
groups which grafted on the GO/MWCNTs surface. The
binding capability results in the formation of binding sites
[61]. So these structures can provide varieties of adsorption
sites for Pb*, Zn*" and phenol. The R? of Freundlich iso-
therm model for Pb*, Zn*" and phenol is 0.98, 0.97 and 0.97,
respectively, which are higher than that of Langmuir iso-
therm model. Therefore, Freundlich isotherm model can fit
data better than Langmuir isotherm model. The n values of
Pb*" and Zn?** adsorption are more than 1 and phenol is less
than 1, which indicates that a favorable condition for Pb?*
and Zn?*" adsorption but for phenol is disadvantageous. The
results also explain the reason that the adsorption capacity
of NH -SH-GO/MWCNTs for phenol is lower than that of
Pb* and Zn*".

0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
t(min) (min) Table 4
100 The original adsorption data of Langmuir and Freundlich
(O] isotherm models for Pb*, Zn?" and phenol adsorption
80
e Pb* Zn* Phenol
2 C q, C q, C q,
g6 (mg/l) (mg/g) (mg/L) (mg/g) (mg/l) (mg/g)
» 3.01 79.7 3.26 69.6 4.52 19.1
0 e 7.11 115.6 7.54 98.6 9.41 23.8
T ™" 10.9 1617 1124 1504 1371 51.5
Fio. 13, Pseud deorder Kinet del £ P 14.0 238.7 14.84 206.3 17.6 96.2
ig: 13. Pseudo-second-order kinetic model for (a) Pb¥, (b) Zn 1737 3053 1842 2632 2229 1083
and (c) phenol adsorption.
Table 3
The parameters of pseudo-first-order and pseudo-second-order models for Pb*, Zn* and phenol adsorption
Adsorbate  Pseudo-first-order Pseudo-second-order
9. (mg/g)  q,(mg/g) kR (1/min) 1., (mg/8) 9., (Mg/g) k,R? (g/mg/min)
Pb* 125.8 7.17 0.00215 0.94 125.8 125.78 0.035 0.999
Zn* 98.6 2.19 0.00087 0.79 98.6 98.14 0.014 0.999
Phenol 23.8 2.63 0.00087 0.88 23.8 23.82 0.067 0.999
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Table 5

The parameters of Langmuir and Freundlich isotherm models for Pb*, Zn** and phenol adsorption on the NH,-SH-GO/MWCNTs

Adsorbate Langmuir isotherm model Freundlich isotherm model
q,,(mg/g) b (L/mg) R? K (mmol'"-L"/kg) n R?
Pb* 1.065 0.00034 0.87 4.582 1.336 0.98
Zn* 1.074 0.00023 0.93 4.212 1.34 0.97
Phenol 1.277 0.00191 0.83 1.737 0.938 0.97
0063 m 3.11. Adsorption thermodynamics
(a)—-Pb (b)—-Zn
oo . Thermodynamics parameters explained the interactions
0061 : between adsorbent and solute, as well as the resulting energy
& s . - o _ changes in the adsorption process. The Gibbs free energy,
3‘_9 ' 8 enthalpy and entropy were determined by the following
0059 g * . . .
v @ ol equations [62]:
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Fig. 14. Langmuir isotherm model for (a) Pb*, (b) Zn* and

(c) phenol adsorption on the NH,-SH-GO/MWCNTs.
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Fig. 15. Freundlich isotherm model for (a) Pb*, (b) Zn* and
(c) phenol adsorption on the NH,-SH-GO/MWCNTs.

where K, represents the distribution ratio (L/g); C,and C, rep-
resent initial concentration and concentration at equilibrium
(mg/L), respectively; V is the volume of adsorbate solution
(L) and m is the weight of adsorbent (g); AG®, AH® and AS°
are the change of standard free energy (kJ/mol), enthalpy
(J/mol) and entropy (J/mol-K™), respectively; R is the uni-
versal gas constant of 8.314 J/mol-‘K and T is the absolute
temperature (K).

Fig. 16 shows that the relationship between InK, and 1/T.
Table 6 shows that the distribution ratio of K, increase with
rising temperatures, indicating the endothermic nature of
adsorption. The values of AH® and AS° are obtained from the
slope and intercept of the plots. The thermodynamic param-
eters of Gibbs free energy change (AG®) are shown in Table 6.
Generally speaking, change of AG® for physisorption occurs
between 20 and 0 kJ/mol, while chemisorption occurs in the
range of —80 to —400 kJ/mol [63]. The negative values of AG®
at various temperatures indicate the adsorption of adsorbates
on NH-SH-GO/MWCNTs is favorably spontaneous process
and attributed to physisorption. The positive values of AS°
indicate that adsorption process is random in the solid and
solution interface. The positive values of AH® indicate that
the adsorption process is endothermic [64].

3.12. The recycle times of NH,-SH-GO/MWCNTs

In order to research the regeneration and recycle times
of composite, adsorption experiments are performed. The
steps of recycle experiment are as follows: first, take 100 mL
Pb*, Zn*"ions and phenol solution (10 mg/L), adjusts pH
value of the solution to be 5, then the concentration of
NH,-SH-GO/MWCNTs is set to 25 mg/L at 25°C for 12 h.
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Table 6

Thermodynamic parameters for Pb*, Zn* and phenol
adsorption on the surface of NH,-SH-GO/MWCNTs at different
temperatures

T (K) Ink, AG? AH° AS°
(KJ/mol)  (KJ/mol)  (J/mol K)
Pb* 288 2658  —6.319 14.849 73.499
293 2741  —6.686
298 2826  -7.054
303 2937 7421
308 3052  -7.789
Zn* 288 2514  —6.038 2.618 30.055
293 2544 6188
298 2569  -6.338
303 2575 —6.489
308 2585  —6.639
Phenol 288 0901  -2.148 1.992 14.375
293 0912 -2.220
298 0919 2292
303 0937 2364
308 0955 2436

After adsorption experiment, the concentration of Pb*, Zn*
and phenol is measured. After immersing NH,-SH-GO/
MWCNTs with 1% HCI solution for 2 h, and then washed
several times with deionized water. The same adsorption
experiment is carried out again. Then, the wash-adsorp-
tion experiment is carried out for six cycles. After each
cycle, the adsorption capacities of adsorbent are calculated.
Fig. 17 shows the recycle times of NH,-SH-GO/MWCNTs
for Pb*, Zn*" and phenol. It can be obtained that with the
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Fig. 17. The recycle times of NH,-SH-GO/MWCNTs for Pb*, Zn**
and phenol adsorption.

increase of recycle times, adsorption capacities of NH,-
SH-GO/MWCNTs reduce for Pb*, Zn* and phenol. The
adsorption capacities of adsorbent for Pb*, Zn? ions and
phenol are 127.2,97.2 and 23.4 mg/g at the first time, respec-
tively. Comparing with adsorption capacity at the first time,
adsorption capacity reduces by 5.19% for Pb* at the second
time. The phenomenon is similar for Zn* ions and phe-
nol adsorption. The adsorption capacities of adsorbent for
Pb*, Zn* and phenol reduce by 36.55%, 30.86% and 25.64%
after six times. Although adsorption capacities of adsor-
bent reduce, NH -SH-GO/MWCNTs remain high adsorp-
tion capacity. The above results show that NH,-SH-GO/
MWCNTs can be used for several times to reduce the costs
of wastewater treatment.

4. Conclusion

We have successfully prepared NH,-SH-GO/MWCNTs
with a simple and high-yield way. TEM and SEM images
proved that some MWCNTs closely attached to the surface
of the GO nanosheets and some inserted into GO nanosheets.
The results of FTIR revealed that GO/MWCNTs were func-
tionalized by sulfydryl and amino groups. The nitrogen
adsorption—-desorption isotherm showed that composite
was mesoporous. The present investigation showed that
NH,-SH-GO/MWCNTs was an effective adsorbent for the
removal of Pb*, Zn* and phenol from aqueous solution. The
optimum conditions for the adsorption process were found
to be 480 min for contact time, at pH 5 and adsorbent doses
of 25 mg/L. Pseudo-second-order kinetic model can well
describe the adsorption process. The equilibrium adsorp-
tion data fit better with Freundlich isotherm model than
Langmuir model. Based on Freundlich isotherm model, the
maximum adsorption capacity of NH,-SH-GO/MWCNTs
was 125.8, 98.6 and 23.8 mg/g for Pb*, Zn* and phenol,
respectively. Thermodynamic results showed that adsorp-
tion process was spontaneous and endothermic. AG® val-
ues indicated that interactions belong to physisorption. In a
word, it can be concluded that NH,-SH-GO/MWCNTs offer
a new, potential and highly efficient adsorbent which can be
applied for wastewater treatment systems.
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Symbols

b - Energy of adsorption, L/mg

c, - Initial concentration of adsorbate in solution,
mg/L

c, - Concentration of adsorbate at equilibrium, mg/L

h - Initial rate of adsorption, as time is nearly to
zero, mg/g-min

k= Pseudo-first-order rate constant, 1/min

k, — Pseudo-second-order rate constant, g/mg/min

K, — Distribution ratio, L/g

K - Freundlich constants related to the adsorption
capacity, mmol*"L"/kg

m - Weight of adsorbent, g

no - Freundlich constants related to adsorption inten-
sity, dimensionless

q9, — Adsorption capacity of adsorbent at equilibrium,
mg/g

Toe — Maximum adsorption capacity, mg/g

q9, — Adsorption capacity of adsorbent at equilibrium
at time of t, mg/g

R - Universal gas constant of 8.314 J/mol-K

T — Absolute temperature, K

t — Time, min

vV - Volume of solution, L

AG® — Standard Gibb free energy change, kJ/mol

AH® — Standard enthalpy, J/mol

ASY — Standard entropy, J/mol-K™
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