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Abstract

Carbonaceous materials are considered as potential adsorbents for organic dyes due to their unique structures which provide
high aspect ratios, hydrophobic property, large efficient surface area, and easy surface modification. In this work, graphene
nanoribbons (GNRs) were prepared by atomic hydrogen-induced treatment of single-walled carbon nanotube (SWCNTs),
which inspire the idea of cutting and unzipping the SWCNTSs carpets with the modified in molecules prevent because of
the unfolding of the side-walls. The unfolded spaces and uniform vertical arrangement not only enhance the active surface
area, but also promote the electrostatic and z— interactions between dyes and GNRs. The improved adsorption capacity of
GNRs beyond original SWCNTSs can be determined by the adsorption kinetics and isotherm, which are evaluated through
adsorption batch experiments of the typical cationic methylene blue (MB) and anionic orange II (OII) dye, respectively. It is
shown that the adsorption kinetics follow a pseudo second-order model while the adsorption isotherm could be determined by
Langmuir model. The results reveal that the maximum adsorption capacities of GNRs for MB and OII are 280 and 265 mg/g,
respectively. The GNRs present the highly efficient, cost effective, and environmental friendly properties for the commercial
applications of wastewater treatment.
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1 Introduction

Pollution of ground and surface water with composite
dyes has become one of the serious global environmental
problems due to rapidly developing industries, which have
endangered all living on the earth [1, 2]. Organic dyes, as
one of the most important contaminants of wastewater,
are mainly derived from the textile, printing, gasoline,
leather tanning, food industries and so on [3]. It is known
that more than hundreds of dyes are discharged in sew-
age water. Most of dyes possibly constitute the aromatic
molecular structures, such as toluene, benzene, xylene,
anthracene, naphthalene, etc. [4]. These structures lead
them stable to the heat, photodegradation, oxidizing and
biodegradation [5, 6].

In the past decade, the effective applications of the
carbon nanotubes for the removal of individual cationic
or anionic dyes have been investigated [7-22]. Yao et al.
[23] reported the high adsorption capacity of typical
cationic methylene blue (MB) onto single-walls carbon
nanotube (SWCNTs). Konick et al. [24] proved that the
magnetic multi-walled carbon nanotube nanocomposite
can be considered as a high-efficient adsorber for anionic
orange II (OII), which was treated as a typical anionic
dye. Furthermore, other abundant carbonic materials such
as activated carbon [25-28], graphene [29] and graphene
oxide [30-32] have been used worldwide for commercial
applications of dye adsorption. Ramesha et al. have shown
that both graphene and graphene oxide can act as effec-
tive adsorbents toward anionic and cationic dyes from
aqueous solutions, respectively. Rodriguez et al. [33] use
multi-walled carbon nanotubes (MWCNTSs) to product
the carbon nanofibers (CNF) as adsorbents to investigate
the adsorption of cationic MB and anionic OII simulta-
neously. Functionalized CNTs are naturally hydrophilic,
which lead to the increased adsorption capacities for both
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Fig. 1 Schematic representation of the reaction involved in the atomic
hydrogen treatment of a vertically arranged single-walled carbon
nanotubes (VA-SWCNTSs) carpet. a VA-SWCNTs are first grown on
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cationic and anionic dyes from the wastewater due to the
existence of corresponding electrostatic property for suit-
able functional groups on the surface. Robati et al. [34]
performed the functionalized MWCNTSs with a higher sur-
face area and then reported a higher MB adsorption activ-
ity. Mishra et al. [35] used functionalized MWCNTs for
removing three different types of organic dyes effectively
[36]. However, the potential toxicity of functional groups
may pollute and damage the water bodies.

Herein we demonstrate the high efficiency adsorption
for both cationic and anionic dyes simultaneously using the
atomic hydrogen treatment of vertically arranged single-
walled carbon nanotubes (VA-SWCNTs). The produced gra-
phene nanoribbons (VA-GNRs), which retain uniform verti-
cal arrangement structure based on the completely unzipped
VA-SWCNTs, can act as a novel adsorbent. Our study
inspires the idea of cutting and unzipping the VA-SWCNT
carpet which the modified in molecules prevent because of
the unfolding of the side-walls. The large unfolded spaces
and the vertically uniform structure both increase the active
surface area as well as promote the z—z and electrostatic
interaction between dyes and VA-GNRs.

2 Experimental section
2.1 Preparation of VA-GNR

Figure 1 demonstrates the diagrammatic cutting and unzip-
ping process of the VA-SWCNTSs carpet. First, according to
the previous literature [37, 38], VA-SWCNTs were grown
on a clean silicon substrate. Second, atomic hydrogen treat-
ment, which used a mixture of H,, H,O and CH, at 25 Torr
and 850 °C upon the samples, was carried out for certain
time. The details of this treatment can be found in support-
ing information and the previous work [39]. As displayed
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a silicon substrate. b Teepee structure which formed by transverse cut
and longitudinally unzip VA-SWCNTs. ¢ Formed vertically arranged
graphene nanoribbons (VA-GNRs) by atomic hydrogen treatment
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in Fig. 1b, with atomic hydrogen treatment for 2 h, the top
structure of the sample becomes open due to surface etch-
ing. Finally, the VA-GNRs were obtained with 4 h atomic
hydrogen treatment to prepare VA-SWCNTs, as shown in
Fig. lc. Thus, VA-SWCNTs are laterally cut and vertically
unzipped to form GNRs successfully.

2.2 Sample characterization

The scanning electron microscope (SEM) images of our
sample are shown in Fig. 2. The as-grown VA-SWCNTs
carpet demonstrates a large density on the flat surfaces and
orderly occupied spread the whole substrate, as shown in
Fig. 2a. Figure 2b presents the SEM image of the sample
after treatment with atomic hydrogen for 2 h. The shorter
fragments flock together to present a Native American
“teepee” structure [40]. This phenomenon proves that the
VA-SWCNTs are successfully laterally cut and vertically
unzipped. Figure lc presents the SEM image of VA-GNRs
after treatment for 4 h, which reveals that VA-SWCNTSs have
been etched layer by layer, starting from top to the bottom
of the carpet. The side view shows that the samples became
cruder with some uniformly distributed stomas, which is
more beneficial for wastewater adsorption and filtration
accessibility. The middle space between each produced
GNRs keeps growing as the increasing of treatment time.
Meanwhile, the top bundle structures are formed on the rib-
bon layer.

Transmission electron microscope (TEM) images of
SWCNTs and GNRs are shown in Fig. 3. The originally
cylindrical nanotubes are demonstrated in Fig. 3a. Due to

Fig.2 The SEM micrograph
of a pristine VA-SWCNTS; b (a)
atomic hydrogen treatment for
2 h and c for 4 h, respectively

Fig.3 TEM image of a pristine
VA-SWCNTs; b atomic hydro-
gen treatment for 2 h and ¢ for
4 h, respectively

the atomic etching effects, Fig. 3b shows the open edge on
the SWCNTSs after the atomic hydrogen treatment for 2 h,
where the effectively increased surface area clearly displays
in unzipped layer of SWCNTs. For extending the hydrogen
treatment time as well as contrasting to the traditional cylin-
drical nanotubes, the GNRs are expanded and flattened, as
shown in Fig. 3c. The graphene nanoribbons with collapse
and fission process show higher aspect ratio ribbons.

Atomic force microscope (AFM) characterization was
also carried out to demonstrate the structural changes in the
SWCNTs, as shown in Fig. 4. The height is about 2.1 nm,
which indicates the typical height of SWCNTs. Figure 4c
shows typical AFM image of GNRs prepared from VA-
SWCNTSs carpet with atomic hydrogen treatment. A long
carbon nanotube bundle is connected to a graphene nanorib-
bon, which reveals bilayer GNRs with the thickness ranging
from 3 to 5 nm (shown in Fig. 4d). This is also suggesting
a complete transformation of 1.5-3 nm diameter SWCNTs
to two-layer GNRs, strikingly similar to the dimensions of
high-quality graphene prepared by chemical vapor deposi-
tion (CVD) methods [41].

The quantized characterizations for VA-SWCNTs and
VA-GNRs are also demonstrated. Figure 5a presents the
Raman spectra of the samples before and after treatment,
which indicates that the resonance peaks of Raman remain
unchanged. X-ray diffraction (XRD) patterns of the VA-
SWCNTs and VA-GNRs samples are shown in Fig. 5b,
which indicates that there is no other impurity in the sam-
ples. The (002) peak becomes narrow and shifts slightly
to higher 26. The (101) peak is sharpened and changed to
the main peak after atomic hydrogen treatment, which is
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Fig.4 AFM characterization of
a, b an individual nanostructure
from the VA-SWCNTs and ¢, d
after atomic hydrogen treatment

Fig. 5 a Raman spectra, b XRD
patterns and ¢, d XPS spectra
of as-prepared VA-SWCNTs
carpets before and after atomic
hydrogen treatment
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attributed to the removal of graphitic carbon impurities by
atomic hydrogen [42, 43]. Figure 5c, d depicts the X-ray
photoelectron spectroscopy (XPS) of VA-SWCNTs and
VA-GNRs carpet, and the main parameters are presented
in the insert table. The deconvolution of C1s spectra is split
into four peaks: C—C, C=C, C-0 and C=0. As exhibited
in Fig. 5c, the atomic percentage in the Cls spectra of gra-
phitic carbon (C-C) on the VA-SWCNT surface is 34.3%.
After atomic hydrogen treatment for 4 h, the percentage of
C-C increases to 49.1%. The longer the treatment time, the
stronger the etching effect of atomic hydrogen, because of
the formation of more graphitic carbon (C—C bond). Besides,
Fig. 5d shows the slight increase in oxygen signal after the
atomic hydrogen treatment, which could be attributed to
physis-orbed oxygen [44].

3 Results and discussion
3.1 Adsorption kinetics

The adsorption capacities of cationic dye MB and ani-
onic dye OII on VA-SWCNTs and VA-GNRs have been
investigated, respectively. The concentrations of MB and
OII were measured by UV—Vis spectrophotometer (Ocean
Optics May2000Pro), determining their maximum absorb-
ance at the wavelengths of 510 and 662 nm, respectively.
On account of Lambert—Beer’s law, we established the cal-
ibration plots of dye concentrations. The detailed adsorbed
process were performed by mixing 2 mg VA-SWCNTs
or VA-GNRs with 20 mL samples of MB or OII solution
with different initial concentrations in the sealed bottles,
which were shaken for 5 h in a thermostatic water bath
at 20 °C. The adsorption capacity is calculated using the
following equation:

CO_Ce
g, = <—> XV, 1)

m

where C, and C, are initial and equilibrium concentrations
(24 h) of MB or OII (mg/L), respectively, m is the mass of
adsorbent (g) and V is volume of the solution (L).

On account of investigating the kinetic process of the
adsorption, the adsorption capacities are demonstrated as a
function with the equilibrium time of dye adsorption. The
residual concentration of dye solution C, is determined
with the treatment time of 5, 10, 15, 20, 40, 90, 180, 330,
450, 570, 750, 1440, 1800 and 2880 min, respectively.
The adsorption capacities g, for adsorbed dyes onto VA-
SWCNTs or VA-GNRs are determined according the fol-
lowing equation:

CO_Ct
q,= <—> XV, 2)

m

where C, is the concentration of residual dye solution.

Figure 6 presents the adsorption capacities of MB
(Fig. 6a—c) and OII (Fig. 6d—f) changing with the adsorbed
time from 5 to 2880 min for VA-SWCNTs and VA-GNRs,
respectively. As expected, the results reveal that both the
adsorption capacities of MB and OII on VA-GNRs are
much higher than that of VA-SWCNTs. Furthermore, the
adsorption capacity is rapidly increased in the first 5 min of
both MB and OII dyes onto VA-GNRs, which achieves the
equilibrium condition under 30 min. The higher adsorption
capacity and faster adsorption rate are caused by the 7—x
electron donor—acceptor interaction and electrostatic attrac-
tion. These characteristics make both anionic and cationic
dyes interact immediately contacting with the surface of VA-
GNRs, unlike the VA-SWCNTs.

To investigate the processes and parameters of adsorp-
tion kinetic, two different kinetic models: (1) pseudo-second
order model and (2) intraparticle diffusion model were used
to fit the experimental data, respectively.

The pseudo-second order model is usually carried out for
describing the chemisorption process with a rate-limiting
step [45], represented as follows:

f_t, 1
4 g kg )
where g, and g, show the adsorption amount of dyes at equi-
librium condition and time ¢, respectively. The parameter k,
in g/(mg min) reveals the rate constant of the pseudo-second
order kinetic model. Specifically, the value V|, expresses the
initial adsorption rate [3, 46], where

Vo = kg2 “

Table 1 shows the linearly fitting parameters of #/q,
against time ¢. The linear correlation coefficients, R%>0.99,
suggest that both MB and OII absorbed onto VA-GNRs and
VA-SWCNTs follow the pseudo-second order model. Note
that the equilibrium adsorption capacities of MB and OII
on VA-GNRs are 2.5- and 4.2-fold higher than that on VA-
SWCNTs, respectively.

The intraparticle model is commonly applied to dem-
onstrate the conceivable diffusion mechanism [47], which
depicts the consecutive diffusion processes of dyes pass the
periphery layer of VA-SWCNTs and VA-GNRs. The follow-
ing equation expresses the diffusion process:

g, =k, +C, ©)

where k; in mg/(g min'”?) and C in mg/g is the intraparti-
cle diffusion rate constant and the intercept, respectively. It
reveals that the kinetics process is affected by the thickness
of the periphery layer, which means that the C is increased
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as the larger periphery-layer effect. Figure 6c, f presents the
plots of g, vs. 1" and their fitting lines corresponding to MB
and OII, respectively. The calculated parameters have been
presented in Table 2. Although the correlation coefficients
are briefly lower than that of pseudo-second order model;
however, as presented in Table 2, both kp and C correspond-
ing to VA-GNRs are much higher than VA-SWCNTs, either
MB or OIL.

3.2 Adsorption isotherm

Herein the adsorption isotherm reveals the relationship
between the residual dyes concentrations and adsorption
capacity at equilibrium condition (C,). It provides the
detailed information about surface properties, adsorption
mechanisms, and appetency of adsorbent for the dyes. We
investigate the adsorption capacity of different initial con-
centrations of both MB and OII dyes onto VA-SWCNTSs
and VA-GNRs. Figure 7 demonstrates the adsorption capaci-
ties varying as the residual concentrations of equilibrium
condition, which were performed after shaking the solution
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Fig. 6 Adsorption kinetics of a MB and d OII on VA-SWCNTs and VA-GNRs, respectively. b, e and ¢, f are the plots of pseudo-second order
and intraparticle diffusion models for the MB and OII adsorption on VA-SWCNTs and VA-GNRs, respectively

Table 1 Parameters of pseudo-

eter: Pseudo-second MB SWCNT GNR oIl SWCNT GNR
second order kinetic models order
9. 35.7 86.4 e 23.1 96.8
1A 0.13 1.49 Vo 0.01 0.75
k, 1.05x 107 2.0x107 k, 03x107* 0.8x107
R’ 0.96 0.99 R? 0.81 0.99
Table2 Parametersof Interparticle diffusion ~ MB SWCNT GNR ol SWCNT GNR
interparticle diffusion kinetic Kinetic model
model
ko1 2107 1.0x10° Koy 3x107" 5x107"
C, 22 39.4 C 42 65.7
R? 0.85 0.93 R? 0.92 0.89
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of mixture for 24 h at room temperature. Note that VA-
GNRs display much large adsorption capacity than that of
VA-SWCNTs.

To investigate the maximum adsorption capacity and
the relative mechanism, Langmuir and Freundlich isotherm
models are used to analyze the experimental data. It reveals
no interaction between the dye molecules and adsorbent by
Langmuir model, which performed the adsorption process on
a tidily flat surface [8, 48]. It can be represented as follows:

Ce_Ce+11

_< K_L’

6
qe qmax ( )

('Imax
where ¢,,,, is the maximum adsorption capacity in mg/g,
in accordance with the whole monolayer coverage; K in
L/mg is the Langmuir constant, relative to the energy of
adsorption and affinity of the binding sites. Table 3 shows
all the parameters of Langmuir model, which are deter-
mined by linearly fitting the plots of C./g, against C,, as
shown in Fig. 7b, e. For both MB and OII, the correlation

coefficients R? are greater than 0.9 for VA-SWCNTs and VA-
GNRs, which present great agreement with the Langmuir
model with the experimental data. The maximum adsorp-
tion capacities of MB and OII on VA-GNRs are 280 and
265 mg/g, respectively, which is about three- and twofold
larger than VA-SWCNTs with the adsorption capacities of
91.1 and 125 mg/g, respectively. These results confirm that
the adsorption capacity of VA-GNRs is much better than
VA-SWCNTs.

Separation factor R, is another fundamentally parametric
characteristic of Langmuir model, which is expressed by:

1
Ro= —0
LT 14K, G, )

where C is the highest initial concentration of dye used in
the study. R; indicates the adsorption process likely to be
among irreversible (R =0), favorable (0 <R; < 1), linear
(R_=1), or unfavorable (R, >1). The smaller R; values in
the Table 3 indicate that the adsorption of MB and OII dyes
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Fig.7 Adsorption isotherms of a MB and d OII on VA-SWCNTs and VA-GNRs, respectively. b, e and ¢, f are plots of Langmuir and Freundlich
models for the MB and OII adsorption on VA-SWCNTs and VA-GNRs, respectively

Table 3 Parameters of the

; Langmuir MB SWCNT GNR oIl SWCNT GNR
Langmuir models
G 91.1 280 Fmax 125 265
k. 6.02 3.13 k. 0.56 0.62
R, 0.28 0.43 R, 0.55 0.59
R? 0.92 0.95 R? 0.99 0.99
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;‘:':l';ghgfr;f:ggs of the Freundlich MB SWCNT GNR oI SWCNT GNR
1/n 0.81 0.48 1/n 0.36 0.20
K: 2.57 9.65 Ky 1.23 11.41
R? 0.90 0.98 R? 0.85 0.93

onto both VA-SWCNTs and VA-GNRs are the favorable
processes.

The Freundlich model is based upon the simulation of
adsorption occurred on multilayer, expressed as:

Ing, = L InC, + Ink,, ®)
n

where Ky is a key factor for the adsorption capacity, while
1/n is another empirical anisotropic factor, which presents
an important information of the offset from linearity fitting
for the adsorption data. 1/n quantifies the appropriable of
adsorption as well as the anisotropic degree of the surface.
When 1/n <1, it reveals that appropriate adsorption process
and also indicates a common Langmuir isotherm model. The
relative parameters are demonstrated in Table 4 by fitting the
experimental data, as shown in Fig. 7c, f. In our experiment,
the quantitative values of 1/a are lower than 1 which pro-
vides that the adsorption capacity for both MB and OII on
VA-SWCNTs and VA-GNRs benefited adsorption processes
of the Langmuir model.

4 Conclusion

We have provided the VA-GNRs as a high-efficiency adsorp-
tion both valuable for anionic and cationic dyes, which
resoundingly cut and unzipped with the atomic hydrogen
treatment from VA-SWCNTs. SEM, TEM and AFM analy-
ses have demonstrated that the VA-GNRs formed vertically
arranged structures, indicating not only larger active area but
also stronger z—x interaction. Besides, it avoids the poten-
tial virulence from the extra chemical elements as well as
modified and damaged structure of the functional groups.
The kinetic studies reveal that the adsorbent experimental
data could be fitted by the pseudo second-order rate equa-
tion very well. The adsorption capacities of VA-GNRs for
MB and OII are 280 and 265 mg/g, respectively, which are
much higher than that of initial VA-SWCNTSs as well as the
literature [23]. The significant improved adsorption capacity
strongly suggests that VA-GNRs emerges as great poten-
tially commercial application in engineering for the high
efficiency adsorption of both cationic and anionic dyes in
the sewage disposal simultaneously. These results indicate
that VA-GNRs are a new kind of nano-adsorption materials
with the advantages of being cost effective, higher efficient
and environmental friendly.
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