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In this article, a rhamnolipid-functionalized graphene oxide (RL-GO) hybrid was prepared by
one-step ultrasonication and adsorptive removal of methylene blue (MB) from both artificial
and real wastewater by the RL-GO was investigated. The Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM), Fourier transform infrared spectrum (FT-IR), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Brunauer—Emmett—Teller (BET)
area and Zeta potential analysis were used to characterize the adsorbent. The results showed
that RL-GO had abundant functional groups and a mesopores feature. MB adsorption by the
RL-GO increased with increase in adsorbent dose, pH, temperature and initial MB concen-
tration, while it was insensitive to ionic strength variation. The adsorption kinetics fitted well
to the pseudo-second-order model with correlation coefficients greater than 0.999. The Intra-
particle diffusion and Boyd's film-diffusion models showed that the rate-controlled step was
dominated by film-diffusion in the beginning and then followed by intra-particle diffusion.
The adsorption isotherm was fitted by adsorption models with the suitability in order of
BET > Freundlich > Langmuir > Temkin, based on comparison between correlation co-
efficients. Thermodynamic analysis of equilibriums suggested that the adsorption MB on RL-
GO was spontaneous and endothermic. The adsorption mechanism was also proposed to be
electrostatic attraction, t—m interaction and hydrogen bond. In addition, the real wastewater
experiment, the regeneration study and the comparative cost analysis showed that the RL-GO
composites could be a cost-effective and promising sorbent for MB wastewater treatment
owing to its high efficiency and excellent reusability.
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1. Introduction

Dyes and pigments are widely used in the leather and textile
dyeing, food technology, pharmaceutical, and cosmetic in-
dustries (Gusmao et al., 2013; Liu et al., 2011). It is reported that
over 100,000 different commercial dyes and pigments exist,
and each year over 7 x 10° tons of dyestuffs are produced.
Release of the dyes to the environment have aroused serious
concerns all over the world for the toxic effects of dyeing ef-
fluents, such as mutagenic and carcinogenic action to aquatic
biota and humans (Anbia and Salehi, 2012; Nethaji et al., 2010).
Therefore, removing the dyes from wastewater to an accept-
able level before discharging into the natural environment is a
challenge for industries.

At present, several physicochemical and biological
methods, including catalytic degradation (Ghosh et al., 2013),
photo-catalytic degradation (Dong et al., 2010), biodegradation
(Ong et al., 2005), membrane filtration (Wu et al., 1998) and
adsorption (Luo et al., 2010) have been developed to lessen
dye's pollution and hazards. Among these methods, adsorp-
tion is considered as an attractive and favorable technique
because its low costs, easy operation and high efficiency.
Heretofore, numerous carbon-based materials have been used
for dyes adsorption applications, such as rice husk
(Chowdhury et al., 2011), sawdust (Khattri and Singh, 2009),
activated carbon (Yener et al.,, 2008) and carbon nanotubes
(Yao et al., 2010). Last several years, much attention focused
on emerging material graphene.

Graphene, a novel one-atom-thick two-dimensional
graphitic carbon system with sp?-bonded carbon localized on
a honeycomb lattice (Chang et al., 2012; Tang et al., 2013; Yan
et al,, 2012), has been under intense multidisciplinary study
attributed to its extraordinary electrical and mechanical
properties, large surface area, excellent mobility of charge
carriers, and good thermal conductivity (Wanget al., 2013a; Xu
et al., 2012; Zhao et al., 2012). Following this trend, graphene
oxide (GO) has attracted more and more attention owing to its
role as a precursor for the cost-effective mass production of
graphene-based materials.

GO is referred to a strongly oxygenated, highly hydrophilic
layered material that can be readily exfoliated in water to yield
stable dispersions consisting mostly of single layer sheet
(Paredes et al., 2008). Recent researches have proved that GO
could be a promising material to adsorb pollutants from
water, due to its large surface area and surface oxygen-
containing groups (Wang et al., 2013b; Zhao et al., 2011a). For
examples, graphene oxide was used as an adsorbent for heavy
metal removal in our previous study and it was found that the
adsorption capacity of GO for Zn(Il) could reach up to 246 mg/g
(Wang et al., 2013b). G.K. Ramesha et al. demonstrated that
exfoliated graphene oxide (EGO) can act as good adsorbents
and it showed removal efficiency of up to 95% for cationic dyes
(Ramesha et al., 2011). The adsorption of methylene blue (MB)
onto GO from aqueous solution was investigated in many
studies (Li et al., 2013a; Yang et al., 2011; Zhang et al., 2011).
Although quite a few functionalized GO have been developed,
the adsorption capacity for MB of these functionalized GO is
still low (Fan et al., 2012; Li et al., 2013b). Some limitations for
use of GO are the high water absorption and the poor

performance of the solid—liquid separation. It will cause a risk
of exposure to humans, animals and aquatic organisms if GO
remains in the filtered water (Bianco, 2013; Chen et al., 2012;
Wang et al., 2011). Thus, it remains as a challenge to develop
the high adsorption capacity, good chemical stability and easy
solid—liquid separation graphene-based materials for MB
wastewater treatment.

Recently, chemical surfactants have been employed in
improving the adsorption ability, enhancing the biocompati-
bility and reinforcing the photo-catalytic performance of
graphene based materials owing to the capability of surfac-
tants to prevent aggregation (Lin et al,, 2011; Qu et al., 2013;
Zhao et al.,, 2014; Zhu et al., 2013). In our previous studies,
cetyltrimethylammonium bromide (CTAB) was selected to
modify graphene (GN), and the results showed that the CTAB
groups together with —OH and —COOH groups on the GN
surface can make CTAB-GN be a good adsorbent for removal
of Cr(VI) in aqueous solutions (Wu et al., 2013). Rhamnolipid
(RL), a glycolipid-type biosurfactant, is produced primarily by
Pseudomonas aeruginosa with high interfacial activity and
environmental compatibility (Asci et al., 2008). To our best
knowledge, the report about assistance of rhamnolipid in
improving dyes adsorption by graphene oxide remains scarce.
In this study, the rhamnolipid modified graphene oxide (RL-
GO) was prepared and characterized. The adsorption behavior
of methylene blue (MB) to RL-GO, including the adsorption
kinetics, isotherms, thermodynamics, mechanisms and the
factors potentially affecting the adsorption were investigated.
Finally, the application of RL-GO hybrid to real MB wastewater
and the cost analysis on the fabrication of RL-GO were also
performed.

2. Materials and methods
2.1. Materials

Rhamnolipid (>90%) was purchased from Zijin biological
technology Co, Ltd (Huzhou, China). MB (methylene blue tri-
hydrate, C16H15CIN3S.3H,0, 99% in purity) was produced by
Tianjin Hengxing Chemical Reagent Co, Ltd (Tianjin, China)
and it's molecular structure and pKa value were shown in
Fig. 1. The 1-ethyl-3-(3-dimethylaminoprophy) carbondiimide
hydrochloride (EDC), 4-(dimethylamino) pyridine (DMAP) and
N,N-Dimethylformamide (DMF) were supplied by Aladdin In-
dustrial Corporation (Shanghai, China). River water was taken
from Xiangjiang River located in Changsha, Hunan province,
China. Dye wastewater with COD between 400 and 600 mg/L
was obtained from a textile mill in Dongguan, Guangdong
province, China. All other chemicals were analytical grade
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Fig. 1 — Molecular structures of methylene blue (MB).
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Scheme 1 — Schematic depiction of the formation of RL-GO and application for removal of MB.

and used as received. All solutions were diluted preparation
using ultra-pure water.

2.2. Preparation of graphene oxide

Graphene oxide was prepared from graphite powder (particle
size < 30 um, Tianjin Kermel Chemical Regent Ltd, China) by a
modified Hummers method (Hummers and Offeman, 1958).
Briefly, graphite (2.0 g) and NaNOs (1 g) were placed in a 250 mL
beaker. Then, 46 mL of sulfuric acid (98%) was added with
stirring in ice bath. While maintaining the temperature below
283 K, 6 g KMnO,4 and 1 g NaNO; were slowly added to the
suspension with vigorous stirring. After stirred for 2 h in ice-
bath, the mixture was stirred at 303 K for 30 min. As the re-
action proceeded, the color of the mixture gradually changed
to brownish paste. Next, the paste was diluted with 92 mL
ultra-pure water under vigorous agitation, heated to 368 K and
then maintained for 30 min. By then the color of the suspen-
sion changed to bright yellow. When the suspension was
allowed to cooled to 333 K, 10 mL H,0, (30 wt.%) solution was
added to the mixture to terminate the reaction and the
mixture was stirred for 2 h at room temperature. After
centrifugation, the precipitate was washed repeatedly with 5%
HCI to remove residual metal ions, and then with de-ionized
water to remove the sulfate ion. Finally, the precipitate
(graphite oxide) was bath sonicated and dried under vacuum
at 338 K.

2.3. Synthesis of RL-GO composites

The RL-GO hybrid was prepared by one-step ultrasonication
as shown in Scheme 1A. In brief, 200 mg GO was dissolved into
100 mL DMF and bath sonicated for 1 h. Then 600 mg rham-
nolipid was added into the GO suspension and sonicated with
stirring until rhamnolipid completely dissolved. Next, N-(3-
dimethylaminopropyl-N-ethylcarbodiimide) = hydrochloride

(1 g) and 4-(dimethylamino) pyridine (200 mg) were added. The
reaction was allowed to progress under stirring and ultra-
sonication for over 3 h. After that, the suspension was
precipitated with methanol under vigorous stirring. The black
solid precipitate (RL-GO) was centrifuged and washed with
anhydrous ethanol five times, and then with ultrapure water
twice. Finally, rhamnolipid-functionalized graphene oxide
composite was freeze-dried under vacuum and used for
adsorption.

2.4. Characterization methods

The surface morphologies of adsorption materials were
observed by the field emission scanning electron microscope
(SEM, JSM-6700F, Japan) and transmission electron micro-
scopy (TEM, JEM-3010, Japan). Fourier transform infrared
spectrum (FT-IR) measurements were carried out by using
Nicolet 5700 Spectrometer in KBr pellet at room temperature.
The X-ray diffraction (XRD) patterns were recorded with
Bruker AXS D8 Advance diffractometer using Cu-Ka source
(A = 1.541 A). The Brunauer—Emmett—Teller (BET) specific
surface area and pore size were measured by using automatic
surface analyzer (Quantachrome, USA). The surface elemental
composition analyses were conducted based on the XPS
spectra (Thermo Fisher Scientific-K-Alpha 1063, UK) with a
resolution of 0.5 eV. The zeta potentials analysis of adsorbent
in water solutions at pH 3.0—11.0 (adjust by NaOH or HCl) was
determined with a zeta potential meter (Zetasizer Nano-ZS90,
Malvern).

2.5.  The adsorption of methylene blue (MB)

The schematic diagram of RL-GO for MB adsorption was
shown in Scheme 1B. All batch experiments of MB adsorption
were carried out in 50 mL Erlenmeyer flask with a temperature
controlled water bath shaker at an agitation speed of 170 rpm.
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Fig. 2 — The SEM images of GO (a) and RL-GO (b); The TEM images of GO (c) and RL-GO (d).

The desired pH value of solutions was adjusted with 0.1 M
NaOH or 0.1 M HCl using a pH meter (PHSJ-5, China).

To investigate the effect of adsorbent dosage on the
adsorption of MB, various adsorbent dosages from 5 mg to
25 mg were added to 25 mL of solution with MB initial con-
centration of 200 mg/L, and then the flasks were shaken under
298 K for 24 h. The effect of pH on adsorption of MB was
studied in a pH range of 3.0—11.0 by agitating 25 mL of 200 mg/
L MB solutions with RL-GO of 400 mg/L at 298 K for 24 h. For
kinetics studies, 200 mg of RL-GO was added to 500 mL
methylene blue solutions of concentrations 100—200 mg/L in
flask at pH 7.0. The agitation speed and the temperature were
controlled at 170 rpm and 298 K, respectively. The samples
were taken from the flasks using pipette at predetermined
time intervals (from 5 min to 24 h).

The adsorption isotherms experiments were performed at
different temperatures. 25 mL of MB solution with concen-
tration varying from 50 to 400 mg/L was adjusted on pH to 7.0
and then added with 10 mg RL-GO adsorbent for shaking 24 h.
In order to investigate the effect of ionic strength on the
adsorption of MB, 10 mg of RL-GO was added to 25 mL of MB
(100 mg/L or 200 mg/L) solution containing 0—0.12 mol/L NaCL
The pH of the MB solution was adjusted to 7.0 and the sus-
pension was shaken at 298 K for 24 h. The study on application
of RL-GO to real water samples was carried out by adding
10 mg of RL-GO to 25 ml of MB (100 mg/L or 200 mg/L) in real
wastewater and shaking the mixture at 298 k for 24 h. The
regeneration of RL-GO was conducted by adding MB-loaded
RL-GO solids to the mixture of methanol and acetic acid (a
mass ratio of 10:1) to a final concentration of 400 mg/1 and the
mixture was stirred at 298 K and 170 rpm for 30 min. After
desorption, the suspension liquid was to undergo

centrifugation. The same step was repeated for three times
and the final precipitant was dried at 353 K for reuse. In each
cycle of adsorption test, suspension containing 400 mg/L of
RL-GO and 200 mg/L of MB was shaken at 298 K for 24 h with
no pH adjustment.

2.6. Measurement of MB concentration

All adsorption experiments were performed in triplicates and
the results were reproducible within 5%. After reaction, the
samples were subjected to solid—liquid separation. The liquid
samples after separation were analyzed to determine the re-
sidual MB concentration by UV spectrophotometer (UV-2550,
SHIMADZU, Japan) at 665 nm. The amount of MB adsorbed
onto RL-GO at equilibrium was calculated using the following
equation:
C0 - Ce

g === (1)
where g, is the adsorption quantity (mg/g); Co and C, is the
initial and equilibrium concentrations of MB in solution (mg/
L), respectively; V is the volume of solution (L), and m is the
weight of RL-GO (g).

3. Result and discussion
3.1.  Characterization of RL-GO composite
Fig. 2 shows the SEM and TEM images of GO and RL-GO. It is

apparently that there are many crumplings on the surface of
GO which come from the scrolling of GO sheets (Fig. 2a). This is
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Fig. 3 — (a) The XRD patterns of GO and RL-GO; (b) N, adsorption—desorption isotherms of RL-GO at 77 K and (c) pore-size-
distribution curve of RL-GO; (d) The FT-IR spectrums of GO and RL-GO.

similar to what was observed by Li et al. (Li et al., 2013a). In
contrast, the RL-GO (Fig. 2b) has a relative smooth surface.
This indicates that the existence of biosurfactant rhamnolipid
can effectively inhabit the agglomeration of graphene oxide
which may make GO layer easier to peel off by ultrasonication.
The further proof is supported by TEM images of GO and GO-
RL in Fig. 2c and d, respectively. It can be observed that there
are much more small crimple regions on GO than on sheet-
like RL-GO.

The internal structures of both GO and RL-GO nano-
platelets were also examined by XRD and the results are
shown in Fig. 3a. A typical sharp diffraction peak of GO is
observed at 26 = 10.9°, corresponding to the interlayer spacing
0f 0.81 nm (Wang et al., 2013b). For the XRD patterns of RL-GO,
the relatively broad diffraction peak centers at 26 = 8.45° with
1.05 nm d-spacing. The layer distance increases from 0.81 nm
to 1.05 nm after GO composited with rhamnolipid, which may
be ascribed to the introduction of more oxygen-containing
functional group on the surface of RL-GO. Besides, a new
wide peak at 20 = 24.5, which corresponds to the normal
graphene diffraction peak with 0.363 nm d-spacing, is
observed in the XRD pattern of RL-GO (Liu et al., 2013). This
may be due to the partial reduction of GO after modified.

As shown in Fig. 3b, the N, adsorption—desorption
isotherm of RL-GO can be categorized as type IV with a hys-
teresis loop at relative pressure (P/Po) between 0.4 and 1.0,
indicating a mesoporous structure of RL-GO (Ai and Jiang,
2012). The corresponding porosity distribution of RL-GO is
shown in Fig. 3c. The average pore diameter is calculated to be
3.069 nm by the Barret—Joyner—Halenda (BJH) model, with

which the pore size distributions concentrates in the meso-
pores (2—50 nm in size). A specific surface area of 42.46 m%/g
for RL-GO is obtained using Brunauer—Emmett—Teller (BET)
equation.

In order to verify above viewpoints, the element charac-
terization of sample was analyzed by FT-IR and XPS. The FT-IR
spectrums of GO and RL-GO are shown in Fig. 3d. Several
characteristic FT-IR peaks of GO are observed, for examples,
O—H (3408 cm ™), C=0 (1728 and 1402 cm ™), C=C (1624 cm ),
C—OH (1225 cm™?), C—0—C (1053 cm™%) and C—O (472 cm™).
Similarly, in the FT-IR spectrum of RL-GO, the same functional
groups above mentioned are found around the corresponding
wavenumber. However, the peak of C—OH (1225 cm™) dis-
appeared for RL-GO, the C—H vibration of rhamnolipid hy-
drocarbon (1456 cm™?) and the peak of C=0 (1541 and
1691 cm ™) for ester or —COOH emerged, indicating successful
binding of rhamnolipid to GO.

The full scan XPS spectrums shows the presence of C and O
element at the binding energy of 284.67 eV and 532.88 eV for
GO (Fig. 4a), and 284.66 eV and 532.60 eV for RL-GO (Fig. 4c),
respectively. The ratio of carbon content to oxygen content (C/
O) for GO is 5.88 and for RL-GO is 5.15, which implies that more
oxygen-containing functional groups, such as C—OH, C=0 are
introduced. This result is consistent with the XRD and FT-IR
analysis. Additionally, a computational multi peak resolu-
tion method for XPS has been applied to the Cls band of GO
and RL-GO. As shown in Fig. 4b, the Cl1s band of GO can be
deconvoluted into four peaks centered at 284.67, 286.39,
288.11, and 289.01 eV, corresponding to the C=C/C—C, C-0,
carbonyl and carboxyl groups, respectively (Tiwari et al.,
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Fig. 4 — (a) XPS survey spectra and (b) C1s core level spectra of GO, (c) XPS survey spectra and (d) C1s core level spectra of RL-

GO.

2013). The Cls band of RL-GO (Fig. 4d) also can be deconvo-
luted into four peaks, corresponding to C=C/C—C (284.66 €V),
C—0 (286.36 eV), C=0 (287.66 eV) and COOH (289.42 eV). These
results are agreed with characterization by FT-IR.

3.2.  The effect of adsorbent dosage on adsorption of MB

Fig. 5 shows the effects of the RL-GO (or GO) dosage on the
adsorption of MB. The removal percentage of MB increases
with the RL-GO (or GO) dosage increasing. But further increase
the adsorbent dose, the removal percentage increases slightly.
It also can be seen that, with the increasing adsorbent dose,
the adsorption capacity of MB decreases. This is mainly
because a higher adsorbent dosage provides a large excess of
the active sites leading to a lower utility of the sites at a certain
concentration of MB solution (Li et al., 2013b). In addition, it is
apparently that RL-GO is superior to GO in MB adsorption
capacity under the experiment conditions. This can be
explained by the results, characterized by XRD and XPS, that
RL-GO has a larger layer spacing and more oxygen containing
functional groups than GO for MB adsorption.

3.3.  The effect of pH on MB adsorption

The pH influences dye adsorption by changing the surface
charge of the adsorbent and also the speciation distribution of
dye in solution phase (Zhang et al., 2011). As shown in Fig. 6,
the MB adsorption to RL-GO is sensitive to the pH of the so-
lution. The amount of MB adsorbed onto RL-GO at equilibrium

(9¢) increases from 287.98 mg/g to 499.64 mg/g with the pH
increasing from 3 to 11. In particular, the adsorption capacity
of the RL-GO for MB increased rapidly in the pH range of 6—8.
These results agree with the zeta potential of RL-GO shown in
Fig. 6. The pH of point of zero charge (pHzpc) of RL-GO esti-
mated by zeta potential is about 3.4, and the zeta potential of
RL-GO is negative and decreases with increasing pH from 4 to
11 due to dissociation of carxylic group (-COOH) on RL-GO
surface. Electrostatic attraction of between the MB cations
and the negatively charged sites on surface of RL-GO is
considered to be the major driving force for the adsorption. As

700
1100
600
g 500 80 e
g —+—RL-GO g
% ——GO =
e 400-< {60 §
300{ '\’
— {40
200{ \,
5 10 15 20 25
Dosage (mg)

Fig. 5 — Effect of adsorbent dosage on adsorption capacity
of MB.
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a result, increasing pH of the solution enhanced the
adsorption.

3.4.  The effect of ionic strength on the adsorption
capacity

As a high concentration of salts may be included in industrial
MB wastewater, and such salts may affect the MB adsorption.
Therefore, the influence of salt ionic strength on the removal
of MB by RL-GO was studied with the sodium chloride con-
centration varying from 0 to 0.12 mol/L. The results are shown
in Fig. 7. It is found that the adsorption capacity for MB re-
mains almost at the same level with increasing concentration
of NaCl. This can be explained by two evenly matched effects
of NaCl. On one hand, the salt may cause the adsorption ca-
pacity for MB to decrease with increasing NaCl concentration
by screening the electrostatic interaction between the MB
cations and RL-GO groups. But, on the other hand, the salt has
a positive effect for the dissociation of MB molecules to MB* by
promoting the protonation, and thus resulting in enhance-
ment of the electrostatic interaction between the MB cations
and RL-GO groups (Wang et al., 2010).
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Fig. 7 — The effect of ionic strength on the MB adsorption
capacity of RL-GO.

3.5.  The effect of temperature and initial MB
concentration on adsorption

Fig. 8 shows the relationships between the equilibrium
adsorption capacity (q.) and equilibrium MB concentration (C,)
in solution at different temperatures (298 K, 308 K and 318 K).
It can be observed that the temperature remarkably influences
the adsorption of MB. The adsorption capacity increases with
increasing temperature, which indicates that the adsorption
is an endothermic process and high temperature favors the
adsorption. Increasing temperature may cause a swelling ef-
fect on the porosity and the pore volume of the adsorbent,
which enables MB molecules to rapidly diffuse across the
external boundary layer and within the internal pores of the
RL-GO particle (Chowdhury et al.,, 2011; Rahchamani et al,,
2011). It is also clear that the adsorption capacity increases
from 124.96 to 581.56 mg/g with initial MB concentration in-
creases in the range of 50—400 mg/L. The higher initial MB
concentration will provide more powerful driving force to
overcome the mass transfer resistances between the aqueous
and solid phases.

3.6. Adsorption kinetics

To analyze the kinetics of MB adsorption onto RL-GO, the
pseudo-first-order, pseudo-second-order, intra-particle diffu-
sion and Boyd's film-diffusion models were examined at three
different initial MB concentrations in this study. The pseudo-
first-order model was widely used for adsorption process, and
its linearized-integral form is as follows (Lagergren, 1898):

log(q. — q:) = log q. — k1/2.303t 2

where ¢, and q; is the adsorption capacity of RL-GO for MB at
equilibrium and any instant of time t (h), respectively. k, is the
rate constant of pseudo-firs-order adsorption (h ). k; and q. is
calculated from the slope and intercept of the plots of log
(ge — qi) versus t, respectively. The related parameters are
presented in Table 1. There is a significant difference between
the calculated g, and the experimental g.. The low correlation
coefficient R? also shows that the adsorption of MB onto RL-GO
poorly fit with the pseudo first-order kinetic model.

600

500

400

300

q (mg/g)

200

100 +

0 50 100 150 200

C (mg/L)
Fig. 8 — Effect of temperature on the adsorption of MB to RL-
GO.
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Table 1 — Adsorption kinetics parameters of MB onto RL-GO (RL-GO dosage, 400 mg/L; pH value, 7.0; temperature, 298 K).

Concentration Pseudo-first-order kinetic Pseudo-second-order kinetic
(me/h Qoep MYD K (D) Goca g®) K Goep (Mg K2 (@/mgh)  deca(mgl) R
100 242 0.19 55.31 0.688 242 0.0208 241.55 0.999
150 305 0.28 152.56 0.985 305 0.0068 309.60 0.999
200 365 0.25 127.13 0.926 365 0.0093 364.96 0.999
Pseudo-second-order equation can be expressed by the
following equation after integration (Onal et al., 2006): 0.104
2 ' a
t/q. = 1/kaq; +t/qe (3)
where k; (g/mg.h) is the rate constant of pseudo-second-order 0.0%
adsorption determined by plotting t/q, versus t. The plots of t/ 0.064
g against t at different initial MB concentrations are shown in :
Fig. 9a and the values of parameters are summarized in Table =
1. The data shows an excellent fit to pseudo-second-order = 0.04+
model with high R® (>0.999). A good fit can be further —=— 200mg/L
confirmed by the fact that the calculated q. value is very close 0.02 —— 150mg/L
to the measured one. —— 100mg/L
As the above kinetic models were not able to determine the 0.00
diffusion mechanisms and identify the possible rate control- — 77—
ling procedure that affected the kinetics of adsorption, Intra- 0 5 10 15 20 25
particle diffusion and Boyd's film-diffusion model were t (h)
further examined. Common to the most adsorption processes, 400
intra-particle diffusion model was an empirically functional
relationship of adsorption amount at interval t (q;) with t¥2. 3504
The rate parameter for intra-particle diffusion was deter-
mined by the following equation (Mi et al., 2012): 300 4
qe = kuat? + C; 4) =)
. . . e B 2501
Where ki, is the intra-particle diffusion rate constant (mg/gh?/ g
?), and C; is the intercept related to the thickness of the ::200 |
boundary layer, that is, the larger the intercept, the greater the —=— 200mg/L
contribution of the surface sorption in the rate controlling. 1504 —— 150mg/L
According to this model, if the value of C; was zero, it means
g » 1 the i €10, : —+— 100mg/L
that the rate of adsorption is controlled by intra-particle
diffusion for the entire adsorption period. Also, q; versus t¥2 100 " T " T " ! " J " )
. s . er . . 0 1 2 3 4 5
should be linear if intra-particle diffusion was involved in the G (hl/z)
adsorption process.
For a solid/liquid sorption process, the solute transfer may 3.5
include the step of either external mass transfer (film diffu- 1 A
sion) or intra-particle diffusion, or both. A multi-step process 3.01 &
is usually involved in the diffusion mechanism of dye removal ]
from aqueous phase by adsorption (Dawood and Sen, 2012). As 2]
shown in Fig. 9b, the plots of q; against t*? are multi-linear 5 0_.
including three linear sections, which indicates that multi- |
ple steps take place during adsorption process. The first sec- M 1.54

tion of the curve with a large slope corresponds to transport of
MB from the bulk solution to the external surface of RL-GO by
film diffusion. The second section describes the gradual
adsorption stage, corresponding to the diffusion of the MB
molecules from the external surface into the pores of the RL-
GO (intra-particle diffusion). The third section with a small
slope indicates the final equilibrium stage where the intra-
particle diffusion starts to slow down. The model parame-
ters obtained from the sections of plots are listed in Table 2.
For all the tested MB concentrations, the values of C; for each
linear portion are not zero, indicating that intra-particle

1.0+ —=— 200mg/L

0.5 ] —— 150mg/L

~] —— 100mg/L

0.0 b T A T b4 T * T ¥ T ¥ T
0 1 2 3 4 5 6

t(h)

Fig. 9 — (a) Pseudo-second-order plots for MB adsorption,
(b) Intra-particle diffusion plots for MB adsorption, (c) Boyd
plots for MB adsorption.
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Table 2 — Intra-particle diffusion parameters for different initial MB concentrations.

Co (mg/L) K14 (mg/g.h'?) Kzq (mg/gh'?) Ksq (mg/g.h?) @ @ € (Ry)? (Ro)? (Rs)?
100 97.46 30.61 1.91 97.53 162.69 231.41 0.970 0.979 0.871
150 113.96 36.48 5.43 102.04 180.17 279.44 0.969 0.972 0.806
200 94.25 32.31 6.82 192.45 258.71 331.12 0.929 0.994 0.949

diffusion was present as a part of diffusion process, but it is
not the sole rate-controlling step in all the stages (Tang et al.,
2012). At earlier stages, the adsorption of MB onto RL-GO is
controlled due to film diffusion. As the adsorbent particles are
loaded with MB ions, the sorption process is controlled due to
intra-particle diffusion (Dawood and Sen, 2012).

To gain insights into the actual rate-controlling step
involved in the overall MB sorption process, the experimental
data was further analyzed using the Boyd model (Boyd et al.,
1947):

F=1- (%) exp(—B) (5)

Where F is the fractional attainment of equilibrium at
different time t, and B; is a mathematical function of F.

qt
F=2 6
h 0
where q; and q. is the MB adsorption quantity (mg/g) at time t
and at equilibrium, respectively.
Eq. (5) can be rearranged to:

B, = —0.4977 — In(1 — F) @)

Thus the value of B, can be calculated from Eq. (7) according
to each value of F. The linearity of this plot provides a reliable
information to identify that the rates of adsorption is
controlled by external mass transfer (film diffusion) or intra-
particle diffusion. As shown in Fig. 9c, the calculated B,
values are plotted against time t for the first 6 h of MB
adsorption onto RL-GO. All the plots show linear relation be-
tween Bt and t in the initial phase of adsorption and the
regression lines do not pass through the origin, which in-
dicates that film-diffusion controlled the rate of adsorption in
the beginning of adsorption, and other mechanisms such as
intra-particle diffusion take over and control the rate of
adsorption subsequently.

3.7.  Adsorption isotherms

For better understanding the thermodynamics of MB adsorp-
tion to RL-GO, four adsorption isotherm equations of Lang-
muir, Freundlich, Temkin and BET were examined based on
the adsorption equilibrium data. The linear form of Langmuir
equation is (Farghali et al., 2013).

[ 1
qE qmax QmaxKL

Where C. is the equilibrium concentration of the solution (mg/
L), g. is the amount of dye adsorbed at equilibrium (mg/g), Gmax
is the maximum adsorption capacity corresponding to com-
plete monolayer coverage (mg/g), k. is a Langmuir constant

8)

related to the affinity of the binding sites and energy of
adsorption (L/mg).

A linear relation is obtained between C./q. and C, (Fig. 10a),
and the Langmuir isotherm constants k;, and gmax are shown
in Table 3. Langmuir equation can be used to roughly fit the
experimental data with the correlation coefficients R? > 0.975.
The gmax and k; increases with increase in temperature due to
the endothermic nature of the adsorption process
(Chowdhury et al., 2011). Another parameter R;, a dimen-
sionless constant separation parameter, is given by the
following equation (Weber and Chakravorti, 1974):

1

RL = 1+kLCO (9)

where Cy is the highest initial concentration of MB (mg/L). This
parameter indicates that the isotherm is unfavorable (R, > 1),
favorable (R. < 1), linear (Ry = 1), or irreversible (R, = 0)
(Hameed, 2008; Wu et al., 2013). In this study, R, values
calculated between 0.016 and 0.055, which proves that the
adsorption is a favorable process.

The Freundlich isotherm was an empirical equation which
based on that the adsorption process took place on hetero-
geneous surfaces. The equation is (Liu et al., 2012a):

In g — InKs + %m C (10)

where Kr is a Freundlich constant related to adsorption ca-
pacity (L/mg), 1/n is the heterogeneity factor indicating how
favorable the adsorption process is. A linearity between Ing,
and InC, is obtained, which is shown in Fig. 10b. From the slope
and intercept of the regression, the values of Freundlich pa-
rameters Kr and n are calculated and listed in Table 3.

The high correlation coefficients (R? > 0.991) for all temper-
atures tested indicate that the adsorption of methylene blue
onto the RL-GO is in compliance with the Freundlich isotherm.
The high values of Kr indicate that RL-GO has a high adsorption
capacity and affinity for MB. The 1/n values are far less than 1,
implying that favorable adsorption is for MB onto RL-GO at all
temperatures studied. The increase of Freundlich constants (Kg)
with increase of temperature suggests that high temperature
favors adsorption and the adsorption is endothermic in nature.

The Temkin isotherm was based on an assumption that
there is indirect adsorbate—adsorbate interaction for adsorp-
tion. The heat of adsorption decreases linearly with coverage
due to this interaction. The linearized form of this isotherm is
(Njoku et al., 2014):

9. = Br In Kr + Br In Ce (11)

where Br = RT/br and br (J/mol) is the Temkin constant related
to the heat of adsorption, R is the universal gas constant
(8.314 J/mol.K) and T is the temperature (K); Kr (L/mg) is the
maximum binding energy constant; g, (mg/g) and C. (mg/L) is
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Table 3 — Isotherm parameters for the adsorption of MB
onto RL-GO.
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Isotherms Parameters Temperature (K)
298 308 318
Langmuir Omax (Mg/g) 529.10 568.18 581.40
K; (L/mg) 0.04 0.14 0.16
R? 0.975 0.986 0.987
RL 0.055 0.018 0.016
Freundich 1/n 0.17 0.18 0.16
Kr (L/mg) 188.96 233,53 244.84
R? 0.991 0.996 0.995
Tempkin K7 (L/mg) 96.62 150.30 348.03
Br 45.44 51.35 48.77
R? 0.928 0.931 0.925
Br (J/mol) 54.52 49.86 54.21
BET Ky —414.81 1148.75 171,84.23
Gm (Mg/g) 309.17 392.11 406.82
R? 0.995 0.999 0.996
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the amount of adsorbate adsorbed onto adsorbent and the
adsorbate concentration at equilibrium, respectively. A linear
regression plot of g, versus InC, is shown in Fig. 10c, and the
calculated values of Br, br and Kr are included in Table 3. It is
found that the plots of Tempkin are deviate from linearity at
all the temperatures. The correlation coefficients (R?) esti-
mated by related plots are ranged from 0.925 to 0.931. The
lower value of by indicates that the interaction between MB
and RL-GO is weak.

As an improvement on the Langmuir model, the BET
adsorption model was based on the assumption that adsorbate
could be adsorbed onto the adsorbent surface forming multi-
layer in a random distribution of adsorbed particle (Hussain
et al., 2013). It also presumed that adsorption energy and
condensation energy were responsible for the first monolayer
and for the adsorption of successive layers, respectively. The
linear form of the BET equation is (Arami et al., 2006):

Ce 1

G 1 GEK-1
(Cs - Ce)‘le a Kqu

Kqucs (12)

Where C, is the equilibrium concentration of adsorbate in solu-
tion (mg/L), C; is saturation concentration of solute (mg/L), q. is
the final amount of adsorbate adsorbed onto adsorbent (mg/g),
am is the amount of solute adsorbed in forming a complete
monolayer (mg/g), Kpis the BET constant. The plots of Co/(Cs—C)-
ge versus C, at different temperature are shown in Fig. 10d, and
allrelevant parameters are listed in Table 3. The high correlation
coefficients (R*> > 0.995) indicate that the BET model fits MB
adsorption on RL-GO ideally. The results also provide an infor-
mation that the adsorption of MB onto the surface of RL-GO may
be in multilayer formation (Jahangiri-Rad et al., 2013).

3.8.  Thermodynamic study

To further estimate the effect of temperature on the adsorp-
tion of MB onto RL-GO, the thermodynamic parameters

Fig. 10 — The equilibrium isotherms for MB adsorbed by
RL-GO: (a) the Langmuir model; (b) the Freundlich model; (c)
The Temkin model; (d) The BET model.
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involving Gibbs free energy (AG®), enthalpy (AH®), and entropy
(AS®) were determined by following equations (Wang et al.,
2013b):

AG® = —-RTInb (13)
AHO = RTle/TQ — T11n(b2/b1) (14)
AS°® = AH — AG°/T (15)

Where R (8.314 J/mol K) is the universal gas constant. T (K) is
the absolute temperature, and b is Langmuir constant (the
unit of k; should be transformed into milligrams per gram for
the calculation of AG®) at a temperature T. From Table 4, the
negative values of AG® are found to decrease from —26.345 to
—31.504 kJ/mol with the temperature increase in the range of
298-318 K. This once again indicates that the MB adsorption
process is spontaneous and becomes more favorable at higher
temperatures (Luo et al., 2010). In general, the value of energy
AG? in between 0 and -20 kJ/mol suggests that the adsorption
process is physisorption, while the value in between —80 and
—400 kJ/mol corresponds to chemisorptions (Wu et al., 2013).
Thus, based on the values of AG?, the adsorption of MB onto
RL-GO may involve both physisorption and chemisorption.
The positive AH® value implies that the adsorption is endo-
thermic, which is also supported by the study for effect of
temperature. The positive value of AS° indicates that
randomness at the solid/solution interface increased during
the adsorption process, which reflects some structural
changes of dyes and RL-GO (Zhao et al., 2011b).

3.9.  Adsorption mechanisms

As discussed in the effect of pH on MB adsorption, the elec-
trostatic attraction is regarded as the main adsorption force.
However, the adsorption process often includes a complex
adsorption mechanism and various types of interactions may
be involved in MB adsorption onto the RL-GO. To verify the
adsorption mechanism, the FT-IR spectrums (Fig. 11a) of RL-
GO, MB and MB loaded RL-GO (RL-GO/MB) were investigated.
After the adsorption of MB onto RL-GO, the FT-IR spectrum
exhibits many changes. The adsorption band of RL-GO at 1691
and 1740 cm ! corresponding to C=0 for —COOH slightly shift
to 1687 and 1734 cm™?, respectively, indicating that carboxyl
of RL-GO plays an important role in the adsorption process
ascribed to its ionization which makes the surface of RL-GO
negatively charged. It also can be seen that the adsorption
peaks (at 1645 and 3427 cm ) belonged to C=C and O—H for
RL-GO migrate to wavenumbers 1652 and 3420 cm ™}, respec-
tively, which suggests that other adsorption mechanisms

Table 4 — Thermodynamic parameters for MB adsorption
on RL-GO.

T (K) AG® (kJ/mol) AS° (J/(K mol)) AH® (kJ/mol)

298 —26.35 255.17 49.44
308 —30.16 259.30
318 -31.50 258.61

The value of AH® listed is an average value.

such as m—m interaction and hydrogen bond, could be involved
in MB adsorption (Fu et al., 2015; Wu et al., 2014). Furthermore,
the characteristic adsorption peaks of MB at 826, 880 and
1589 cm ™" ascribed to the aromatic rings shift to 831, 883 and
1598 cm™?, respectively. This result confirms the presence of
m—m interaction as each carbon atom in GO of RL-GO sheet has
a 7 electron orbit which is perpendicular to the surface, and
MB molecules containing C=C double bonds and benzene
rings with = electrons could form w—m bond with RL-GO
(Wang et al.,, 2013c). Besides, for MB, the C—N stretching vi-
bration at 1319 and 1389 cm ™! shifts to 1334 and 1392 cm™?,
respectively. The information testifies the existence of
hydrogen bond between hydroxyl of RL-GO and nitrogen of MB
(Liu et al., 2012b). The molecule interactions between RL-GO
and MB discussed above during the adsorption process are
schematically represented in Fig. 11b.

3.10. Comparison with other adsorbents

The comparisons of maximum adsorption capacities of the
RL-GO composite obtained in this work with various adsor-
bents previously studied for the adsorption of MB are listed in
Table 5. As can be seen, the MB adsorption capacity of RL-GO
composite is 529.10 mg/g at 298 K, which is higher than that of
GO studied in this paper. Furthermore, this value is also much
higher than other adsorbents such as cotton stalk (Denget al.,
2011), carbon nanotube (Yao et al., 2010), graphene (Liu et al.,
2012a), graphene coated biochar (Zhang et al., 2012), gra-
phene oxide (Li et al., 2013a) and magnetic chitosan/graphene
oxide (Fan et al., 2012). Such comparison suggests that RL-GO
may be an effective adsorbent for MB removal from contam-
inated water.

3.11. Application of RL-GO to real water samples

To test the effect of RL-GO in MB removal from real water
subjected to MB contamination, tap water, river water and dye
wastewater were used as the matrices of the adsorption so-
lution, and the results are shown in Table 6. It is observed that
the adsorption capacity for MB in tap water, river water and
dye wastewater are higher than that in lab ultrapure water
when initial MB concentration is 100 or 200 mg/L. Particularly,
in river water and dye wastewater with 200 mg/L MB, the
adsorption capacity of RL-GO is 476.05 and 497.8 mg/g,
respectively, and the corresponding removal percentage rea-
ches up to0 95.21% and 99.56%. This high MB removal efficiency
of RL-GO in dye wastewater may result from a higher pH, and
it indicates the great application potential of RL-GO in
removing MB from dye wastewater.

3.12. The cost analysis and renewability evaluation

As rhamnolipid is a microbial metabolite, the wholesale price
of rhamnolipid with high purity is approximately US$ 24 x 10*
per ton. The graphene oxide used in the experiment was
prepared from graphite powder (US$ 1.7 x 10° per ton) and
other raw materials can be cheaply obtained from industrial
supplies. Thus, the cost of RL-GO prepared in this work is
dramatically affected by the biosurfactant rhamnolipid
consumed. The corresponding price of consumed
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Fig. 11 — (a) FT-IR spectra of RL-GO, MB and RL-GO/MB; (b) Schematic illustration of adsorption mechanisms by RL-GO.

rhamnolipid would be approximately US$ 60 x 10* for pro-
ducing one metric ton of RL-GO. Comparison with single-
walled carbon nanotubes (US$441.85 x 10%/t) (Shawky et al.,
2012), multi-walled carbon nanotubes (US$2.5 x 10%/t) (Wang
et al, 2014), carboxyl multi-walled carbon nanotubes
(US$70 x 10%/t) (Shawky et al, 2012) and C18 silica (US$
400 x 10%t) (El-Sheikh et al., 2008), the cost of our prepared
adsorbents is much lower. Furthermore, the recyclability is an
important factor for evaluating the economy and applicability

Table 5 — Maximum adsorption capacities for MB onto
various adsorbents.

Adsorbent PH Temp Gmax References
(K) (mg/g)

Cotton stalk 7.0 308 147.06 (Deng et al, 2011)

Powdered activated 7.0 293 91.00 (Yener et al., 2008)
carbon

Carbon nanotube 7.0 298 46.20 (Yao et al., 2010)

Graphene 3.0 293 153.85 (Liuetal., 2012)

Graphene oxide 6.0 298 243.90 (Lietal, 2013a)

Graphene coated biochar 295 174 (zhang et al., 2012)

Magnetic chitosan/ 53 303 95.16 (Fan et al., 2012)
graphene oxide

Graphene/carbon 81.97 (Ai and Jiang, 2012)
nanotube

Graphene oxide/calcium 5.4 298 181.81 (Liet al., 2013b)
alginate

GO 7.0 298 377.63 In this study

RL-GO 7.0 298 529.10 In this study

Table 6 — Efficiency of MB removal by RL-GO fromreal

watersamples (RL-GO, 400 mg/L; contact time, 24 h;
temperature, 298 K).

Initial MB concentration 100 200
in solution (mg/L)

de Removal ¢, Removal
(mg/g) (%) (mg/g) (%)
Ultrapure water (pH 6.0) 23440 9376 33121 66.24
Tap water (pH 7.2) 24848 9939 46855  93.71
River water (pH 7.4) 248.82  99.53  476.05  95.21
Dye wastewater (pH 8.3)  249.36  99.75  497.80  99.56

of adsorbents (Dawood and Sen, 2012). The regeneration and
reusability of RL-GO is investigated and the RL-GO should be
able to be reused through a large number of water treatment
and regeneration cycles, and then, it can possibly be cost-
effective adsorbents. From Fig. 12, it can be informed that
the adsorbed amount of MB onto the as prepared RL-GO is
321.56 mg/L at the natural pH (5.87). After five adsorption/
desorption cycles, the adsorbed amount of MB onto the recy-
cled RL-GO sheets still remains at 313.47 mg/L, which only
reduces by 2.52% compared to that of the first cycle. The re-
sults indicate that the RL-GO could be a cost-effective, effi-
cient and potential adsorbent for MB removal due to the
excellent regeneration performance.

4, Conclusions

A novel adsorbent of RL-GO with super adsorption capacity is
synthesized by one-step ultrasonication for the removal of MB
from aqueous solution. The as-prepared RL-GO has a meso-
pores structure, negative charged surface in pH range between
4.0—-11.0 and rich oxygen-containing functional groups. The
adsorption process of MB fits the pseudo-second-order kinetic
model very well, and the diffusion mechanism involves a

350+
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0 . . . .
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Fig. 12 — Reusability of the RL-GO for MB removal.
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multi-step process. The BET isotherm model as well as
Freundlich isotherm model yields a much better fit than that
of Langmuir isotherm model and Temkin isotherm in
describing MB adsorption. The MB maximum adsorption ca-
pacity of RL-GO calculated from the Langmuir model is 529.10,
568.18 and 581.40 mg/g at 298 K, 308 and 318 K, respectively,
and it is strongly dependent on adsorbent dosage, pH, tem-
perature and initial concentration. The adsorption of MB is a
spontaneous and endothermic of physisorption and chemi-
sorptions process ascribing to the electrostatic attraction, t—m
interaction and hydrogen band between RL-GO and MB. The
RL-GO could be a cost-effective, efficient and potential
adsorbent due to its excellent reusability and outstanding
performance in MB removal from real wastewater.
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