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ABSTRACT: This paper describes a green method for the
synthesis of graphenic material from cane sugar, a common
disaccharide. A suitable methodology was introduced to
immobilize this material on sand without the need of any
binder, resulting in a composite, referred to as graphene sand
composite (GSC). Raman spectroscopy confirmed that the
material is indeed graphenic in nature, having G and D bands at
1597 and 1338 cm™', respectively. It effectively removes
contaminants from water. Here, we use rhodamine 6G (R6G)
as a model dye and chloropyrifos (CP) as a model pesticide to
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demonstrate this application. The spectroscopic and microscopic analyses coupled with adsorption experiments revealed that
physical adsorption plays a dominant role in the adsorption process. Isotherm data in batch experiments show an adsorption
capacity of 55 mg/g for R6G and 48 mg/g for CP, which are superior to that of activated carbon. The adsorbent can be easily
regenerated using a suitable eluent. This quick and cost-effective technique for the into a commercial water filter with appropriate

engineering.
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B INTRODUCTION

One of the most socially relevant aspects of nanotechnology is in
the field of environmental remediation. Diverse applications of
nanomaterials in decontamination of air, water and soil are
intensely pursued in the recent past.' The availability of large
surface area and unusual electronic structure imparts new
properties to nanomaterials. One of the early applications of such
materials is the halocarbon decomposition and the use of this
technology in pesticide removal.” Numerous other applications
of noble metal nanoparticles have been reported in the
literature.> Chemical interaction at noble metal nanoparticle
surfaces often led to charge transfer and subsequent cleavage of
chemical bonds, the most often encountered is reductive
dehalogenation.* Enhanced surface chemistry leading to faster
kinetics is reported on noble metal nanoparticles.”

Carbon has been the most versatile material used for water
purification in history.%” Very early account of the use of charcoal
in water purification is found in the Vedic literature.® It is believed
that people of Indus valley civilization used carbon and porous
materials, such as earthen vessels, for filtering and storing
drinking water. The most widely used material for water
purification today is activated carbon (AC)°~" derived from
plant sources. It has the best possible surface area and could be
produced at low cost, making it the most affordable adsorption
medium in diverse applications. A number of other forms of
carbon have appeared with very large adsorption capacities."*
Advanced techniques such as membrane filtration, reverse
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osmosis and ion-exchange can be used in treatment and removal
of contaminants from water.">'® However, higher cost limits the
large scale application of such treatment techniques in
developing countries.

One of the fascinating new additions into the carbon family is
graphene,17 the one-atom thick sheets of carbon. Carbon
materials, such as activated carbon,'® charcoal, carbon nano-
tubes,'”” have been used extensively in water purification’' and,
hence, are indisgensible components of all commercial water
technologies.”>>> It is natural to look at the application of
graphene in various aspects of environmental remediation.
Several aspects, such as high thermal and electrical conductivity,
electronic properties, quantum hall effect, and application in drug
delivery”* and DNA sensing,”>* have been investigated in the
recent past. We and others’”*® have shown that chemically
synthesized graphene, as well as graphene oxide, can be anchored
onto the surfaces of river sand to make effective adsorbents that
remove heavy metal ions,>>* pesticides,> and natural
dyes.**™* Such materials show higher adsorption capacity in
comparison to activated carbon when equal masses of carbon are
compared. When used as a stationary adsorbent material in a
flowing water stream, it is necessary to anchor the nanoscale
adsorbent onto inexpensive and reliable substrates.*>*" This is to
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Scheme 1. Upper Frame Shows a Schematic Diagram of the Preparation of Graphene—Sand Composite®
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“Lower frame shows photographs of pristine sand and GSC.

overcome englneermg issues like solid—liquid separation and
pressure drop.*”** There have been other approaches to attach
graphene on sand surfaces with the help of suitable binder such as
chitosan®® or by functionalizing the sand surface.””

Utilization of such technologies in people-oriented applica-
tions requires the materials to be affordable. In this regard,
biologically derived carbon is perhaps the most affordable and
chemically most versatile. Materials derived from plant sources
may even be more eco-friendly than those from fossil source™
such as petroleum Among the simplest of natural sources of
carbon are sugars,* which upon dehydrogenation get converted
completely to elemental carbon, leaving only water to escape. For
example,

A
C,,Hy,0,, = 12C + 11H,0 (1)

Similar reactions are applicable to decomposition of sugars of
various kinds. This transformation is simple and effective. The
carbon so obtained could be anchored on inorganic surfaces, and
a subsequent chemical treatment could transform it to graphenic
carbon (GC). Activation of newly formed surfaces may produce
highly effective adsorbents.

In this paper, we report in situ creation of graphenic material
anchored onto the surfaces of river sand without the need of any
additional binder. We also report the application of this material
in water purification. The material shows strong adsorption
capability. It could completely decolorize, for example, some of
the colored commercial soft drinks. The extension of this
chemistry to diverse sugars and carbohydrates in general could
contribute to the creation of inexpensive and efficient adsorbents.

B MATERIAL AND METHODS

The raw materials used for the synthesis were common sugar, river sand,
and sulfuric acid. River sand (~0.2 mm particle size) and sugar were
obtained from the local market. Sulfuric acid and acetone were procured
from local suppliers, thodamine 6G chloride (C,,H,yCIN,O;) and
chlorpyrifos (CP) (HPLC assay 99.9%) were from Sigma Aldrich and
soft drink (Coca Cola) was from Hindustan coca-cola beverages Pvt.
Ltd. No additional purification was done and the solvent generally used
was water unless otherwise mentioned.

Instrumentation. UV—vis spectra were recorded using a Perkin-
Elmer Lambda 25 spectrophotometer. Raman spectra were collected
using a confocal Raman spectrometer (WiTec GmbH CRM 200) with a
532 nm Nd:YAG laser as the light source. XPS measurements were done
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with Omicron ESCA Probe spectrometer with unmonochromatized Mg
K, X-rays (hv = 1253.6 eV). Most of the spectra were deconvoluted to
their component peaks using the software CasaXPS. The energy
resolution of the spectrometer was set at 0.1 eV at a pass energy of 20 eV.
Binding energy was corrected with respect to C 1s at 284.5 eV. Surface
morphology, elemental analysis, and elemental mapping studies were
carried out using a scanning electron microscope (SEM) equipped with
an energy dispersive analysis of X-rays (EDAX) facility (FEI Quanta
200, Czechoslovakia). High-resolution transmission electron micros-
copy (HRTEM) of the samples was carried out using a JEOL 3010
instrument with a UHR pole piece. For mass analyses, an Applied
Biosystems Voyager DE Pro LDI MS instrument was used. A pulsed
nitrogen laser of 337 nm was used for desorption/ionization.

Preparation of the Composite. Common sugar (sucrose crystals)
was used as the carbon source. At first, the sugar was dissolved in water
and then, the solution was mixed with requisite amount of sand (river
sand). Calculated amounts of sugar and sand were taken to make
different loading ratios. In each case, the mixture was dried at ~95 °C in
ahot air oven for about 6 h with constant stirring. The sugar-coated sand
was then placed in a silica crucible and heated in a furnace in N,
atmosphere. The furnace temperature was programmed as follows: (a)
from room temperature to 100 °C in 30 min, (b) 100—200 °C in 30 min
(c), held at 200 °C for 1 h (to melt sugar to form a uniform coating;
melting point of sucrose is around 186 °C), (d) ramped to 750 °Cin 1h,
and (e) held for 3 h at 750 °C (to ensure complete graphitization of
sugar). The furnace was switched off and the material was cooled to
room temperature. The temperature of 750 + 5 °C was chosen as the
final temperature after optimization through several experiments. No
special care was taken in controlling the cooling rate. The black sample
was named graphene sand composite (GSC). For activation, S g of the
composite was treated with 10 mL of concentrated sulfuric acid and kept
undisturbed at room temperature for 30 min. The mixture was then
filtered and dried at 120 °C. The activated GSC is labeled as GSC..
The lower frame of Scheme 1 shows the photographs of sand (before
coating) and GSC.

Adsorption Experiments. Time-dependent adsorption capacity of
the as-synthesized composite was investigated in a batch reactor of 25
mL capacity. The working volume and the adsorbent dose were
maintained as 10 mL and 100 mg, respectively. Water was spiked with
the required concentration of rhodamine 6G (R6G) and kept with GSC
for stirring at room temperature (30 + 2 °C). The solid—liquid
separation was done by filtration. The filtrate was analyzed for R6G
using UV—vis spectrophotometer. The target molecules in the aqueous
phase were quantified using the absorbance at 527 nm. All the
experiments were conducted in duplicate and the samples were analyzed
immediately. Similar experiments were done with CP, which has an
absorbance peak at 297 nm.
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Figure 1. (A) Raman spectra of composites prepared under different conditions: (i) 250 °C in O, atmosphere, (ii) 450 °C in N, atmosphere, (iii) 600 °C
in N, atmosphere, (iv) 750 °C in N, atmosphere. (B) XPS survey spectrum of GSC. (C) SEM images of graphene sand composite and (D) TEM image

of extracted graphenic sheets.

To measure the adsorption capacity, a fixed-bed column was operated
under down flow mode at a feed flow rate of 2.19 cm?®/cm?/min and feed
(R6G) concentration of 1 mg/L. The column was made by packing
GSCy to different depth in a transparent glass tube with a length of 50
cm and an internal diameter of 8 mm. The performance of the column
was evaluated as a function of time at room temperature. Residual
concentration of the pollutant in the effluent samples was determined
using UV—vis spectrophotometry. Similar column was packed for
decolorizing colored matters from soft drinks. The column bed after
exhaustion with pollutant was regenerated using acetone as eluent and
was reused for three cycles.

Bl RESULTS AND DISCUSSION

The experimental protocol is outlined in Scheme 1. After the
sugar solution was dried on sand and slow carbonization at 200
°C, the material was rapidly heated to 750 °C, to ensure complete
graphitization. This results in the formation of a strongly
adhering char deposit on the sand surface. Washing with
concentrated sulphuric acid produces the composite with higher
adsorption sites. In Figure 1, we show the Raman spectrum of the
1 wt % GC loaded composite. We see the evolution of D and G
bands as a function of carbonization temperature. The increase in
peak intensity with increase in temperature suggests that the
formation of graphenic material is better at higher temperatures.
The occurrence of sharp G band at 1597 cm™" suggests complete
graphitization of the material. The D band at 1338 cm ™" suggests
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the presence of defect sites needed for adsorption. No 2D feature
was observed as typical of such chemically synthesized analogues
of graphene.”®* The optimum temperature is around 750 °C
(N, atmosphere), where maximum peak intensity is observed.
Upon heating the same material at 800 °C, adhesion to the
surface becomes poor and the adsorption capacity decreases (see
Figure S1A in Supporting Information). The optimum heating
time was found to be 6 h. On increasing the heating time beyond
6 h, there was no further improvement in adsorption capacity
(Supporting Information: Figure S1B). The peak at 470 cm ™" is
due to sand (SiO,) present in the material, validating the name
given (GSC). The peak corresponding to silica is completely
masked at higher weight percent of carbon loading, as expected.
Raman spectra of sand and sugar-coated sand are shown in
Figure S2 of the Supporting Information.

The graphenic morphology is evident in the SEM images: thin
sheets of carbon are protruding outward, as seen in Figure 1C.
Thicknesses of these sheets are in nanometer regime. After
sonicating GSC for 2 h in ethanol, the TEM images of the
supernatant solution was taken. Now the images show the
presence of nanometer-sized thin sheets (Figure 1D). Also seen
are a few wrinkles at the edges which are characteristic of
graphene-like material.>>** An AFM image shows few layered
graphenic material (Supporting Information, Figure S3A), the
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Figure 2. A, shows the SEM image of a single GSC particle. A,. A; and A, are carbon, oxygen, and silicon maps of GSC. B;, B,, and B3 show the

deconvoluted XPS of carbon, oxygen and silicon, respectively.
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Figure 3. UV—vis spectra showing, (A) the extent of removal of R6G by

different composites that were prepared by heating at different temperatures,

(B) removal capacity, when different amounts of GSC;5, composite were added, (C) comparison of removal capacity among GSCs, and AC, and (D)

removal capacity of GSC,5, when CP was used as the contaminant.

height profile shows that the average thickness of the layers is 0.8
nm (Supporting Information, Figure S3B).

The physical appearance of the sand changes completely upon
carbon loading (Scheme 1). The deposition of GC and its growth
is visible in SEM images. The growth of carbon on SiO, surface is

evident on the elemental mapping. The elemental maps of GSC
(Figure 2, A, to A,) confirm the presence of C, O and Si. XPS is
especially useful in understanding the chemical functionality of
the material. For GSC, it shows all the expected elements:
carbon, oxygen and silicon, as shown in the survey spectrum of
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Figure 4. (A) SEM image of CP adsorbed on GSCjg,. The inset shows the image of a single particle. (B) Elemental mappings of CP-adsorbed GSCos,.

the composite (Figure 1B). The existence of various
functionalities is evident in the XPS spectrum. Figure 2 (B, to
B;) shows the deconvoluted peaks corresponding to carbon,
oxygen and silicon in the spectrum. The presence of high
percentage of nonoxygenated C 1s (peak centered at 284.5 eV) is
a sign of extended carbon backbone. Oxygenated C as C—O
(peak at 286.8 €V) is due to the presence of oxygen functionality.
The presence of functional oxygen group is responsible for
adsorption.**™* Deconvolution of the O 1s spectrum gives three
components: the first component centered around 531.1 eV, the
second around 530.6 eV and the third around 529.1 eV,
corresponding to C—0O, C=0 and O—-C=O entities,
respectively. The Si 2p peak is weak, as expected in view of the
surface coverage. The peak is centered at 101.3 eV, expected for
SiO,. Similar features are observed at varying coverages (Figure
S4 of the Supporting Information).

Batch experiment was conducted to assess the adsorption
capacity of the material. As discussed earlier, the main focus of
this work is effective and economically feasible removal of
contaminants present in water. GSC turned out to be an excellent
adsorbent for removal of such contaminants. To demonstrate
this, we took R6G as the model dye and CP as the model
pesticide. Figure 3A shows the removal capacity of composites
prepared at different temperatures. Four different preparations
were taken: Composites heated at (i) 250 °C in O, atmosphere,
(ii) 450 °C, (iii) 600 °C, and (iv) 750 °C (all three in N,
atmospheres). It was noticed that with equal amount of
composite (500 mg) and GC loading (1 wt %), the sample
prepared at 750 °C in N, atmosphere turned out to be the best
adsorbent. So, we took this sample for further activation using
sulphuric acid treatment to get GSC,5,. The SEM image and
elemental mapping of GSC,s, are shown in Figure S5 in
Supporting Information. Previous studies have reported that the
mechanism of dye adsorption on graphene is mainly z—x
interaction.* The pollutant-removal capacity of the composite
increases after activation. This conclusion was drawn after
performing batch experiments with equal amounts of samples to
remove R6G (S ppm) (Figure S6 in Supporting Information).
Figure 3B shows the adsorption capacity when different amounts
of GSC,5, were used. It was seen that, for S00 mg, the sample
completely removes R6G (S mg/L) from 10 mL of solution in 2
h. A blank test was performed with river sand (500 mg) alone
heated at 750 °C in nitrogen atmosphere which showed
negligible removal capacity. Upon quantitative analysis (depicted
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in Figure 3C), the adsorption capacity of GSCos, for R6G was
measured to be 55 mg/g, which is superior to that of activated
carbon (32 mg/g). As AC cannot bind to the sand surface by
itself, we used chitosan as a binder. The maximum adsorption
capacity for R6G for AC was 44.7 mg/g under optimized
condition, as found in the literature.® Figure 3D shows the
removal capacity of GSCsy, when CP is used as the contaminant.
100 mg of the composite removes CP (3 ppm) completely from
10 mL of the solution in 12 h. CP has a characteristic absorption
peak at 297 nm. The gradual decrease of intensity with time
indicates that CP is being removed from water.

Adsorption of pollutant is evident from SEM results.
Experiments were conducted with CP. SEM images (Figure
4A) show that the morphology of the substances does not change
significantly after adsorption. Inset in Figure 4A shows a single
particle on which elemental mapping was performed. From the
mappings (Figure 4B), in CP-adsorbed composite, we see the
presence of P and Cl, besides those present in original GSC-s,
(shown in Supporting Information in Figure SS). This
observation confirms that adsorption on GSC had indeed
taken place. The P and CI images overlap with Si and C images
due to GSCo.

The retention of the adsorbed species in the molecular form
on the surface of GSC,s, is supported by laser desorption
ionization mass spectrometry (LDI MS). The spectrum suggests
the existence of the adsorbate in an integral form. No chemical
transformation is observed. There was no prominent peak
originating from the GSC,s, either in positive or negative mode
(Figure 5(i)). In Figure 5(ii), the peak at m/z 444, observed for
R6G adsorbed on GSC,5, represents the integral molecular ion,
C,3H;N,O;*. The other peak at m/z 415 corresponds to a
fragmented product formed during LDI analysis by elimination
of an ethyl group from R6G. The spectrum in the negative mode
of LDI MS of CP adsorbed on GSC,s, has some characteristic
peak at m/z 196 and 95 corresponding to C;HCL,NO™ and
(O,PS)7, respectively. The peak at m/z 324 is the fragmented
product due to the elimination of C,H, from the molecular ion
peak at m/z 352. The peaks at m/z 587 and 613 are due to some
fragmented dimers of CP. The structures of these most common
fragments are shown in Figure S. The XPS analysis of sample
after adsorption of R6G is shown in Supporting Information in
Figure S7, which shows that nitrogen due to R6G is present on
the material. The N 1s features observed around 397.9 and 399.9
eV are due to two different chemical environments, under-
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Figure 5. LDI MS spectra of (i) GSCs, (ii) R6G-adsorbed GSC,s, and

(iii) CP-adsorbed GSC,s,. The structures of some of the ions detected
are shown.

standable from the structure of R6G. The nitrogen peak for R6G
adsorbed on GSC,5, was masked by the intense carbon peak in
EDAX.

Performance of the material was tested in the column
experiment as well. Figure 6 shows the photographs of two

Figure 6. Photographs of adsorption columns using GSC,s, for
separating (A) R6G from an aqueous solution and (B) coca cola.

columns packed with GSCy5, (1 wt % GC loading). The columns
had a diameter of 2 cm and the bed height was 6 cm. Complete
removal of the colored matter is evident from decolorization of
the filtrate when the column was run with R6G and coca cola.
Analysis of mass spectrum of the filtrate was carried out to
confirm the presence/absence of R6G. No characteristic peaks of
R6G fragments were seen. This observation ensures the
complete removal of R6G.

The interaction between R6G and the adsorbent composite
was investigated as a function of time using 100 mg of the
adsorbent and 10 mL of 1 ppm R6G solution. The data are
shown in Figure 7. From the results, it is apparent that the
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Figure 7. Kinetic study of the adsorption of R6G by GSCys, in a batch
experiment, time interval was 30 min. Inset shows the pseudofirst and
pseudosecond order model fits (secondary axis); the primary axis of the
inset figure shows the kinetic data obtained from the experiment.

composite could remove R6G completely in 8 h of contact time
starting from the commencement of the adsorption process.
During time-dependent study, the characteristic absorption peak
at 527 nm corresponding to R6G was monitored. As a function of
time, the intensity of the peak for the treated solution initially
decreases rapidly and then the change in intensity slows down.
This is because of the decreasing number of unoccupied
adsorption sites with increasing time. After 8 h, the characteristic
peak is absent, which emphasizes the complete removal of R6G
from the solution. Thus, the equilibrium time was fixed at 8 h.
The kinetic data were described by Lagergren pseudo-first-
order’"** and Ho’s pseudo-second-order kinetic models.>* The
mathematical representations of these models are given
elsewhere.’* A nonlinear method was used to find the best-
fitting model and kinetic parameters, which were found by trial
and error method by means of Microsoft’s spreadsheet, Excel
software package using solver add-in option. The plots of model
equation along with the experimental data are given in the inset
of Figure 7. The suitability of the models to describe the data was
examined using the chi square (y?) value. Smaller y* value
indicates better curve fitting. The analysis showed that a pseudo
second-order equation is more appropriate in describing the
experimental data.

Continuous Flow Experiments. Continuous flow experi-
ments were conducted as a function of adsorbent bed depth to
test the adsorption capacity and service time of the bed in
removing R6G from water. The performance of the bed was
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evaluated using the breakthrough curves (Figure 8A). The data
obtained from the study are summarized in Table 1. As evident
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Figure 8. (A) Break through curve and (B) bed depth service time plots
for the adsorption of R6G by GSC,s, in columns.

Table 1. Performance of Columns Packed with Graphene-
Sand Composites at Different Bed Depths

bed empty bed throughput adsorption
depth,Z  contact time,  breakthrough  volume, Vi  capacity (mg/g
&m) tgs (min) time, t; (min) (mL) of carbon%
3 137 450 860 23.45
6 2.74 960 1950 24.55
9 4.11 1452 2706 26.63

from the figures, adsorption was affected by change in bed depth.
Increase in bed depth increases the volume of treated water
because of higher contact time and availability of more
adsorption sites. At lower bed depths, the curve became steeper
showing the quicker exhaustion of the fixed bed. A Bed Depth
Service Time model (BDST) model, a successful method of
analyzing data from column tests,> is generally used for
predicting the performance of the adsorbent columns. The
model gives a linear relationship between the time required to
reach the desired breakthrough concentration (¢3) and the bed

depth (Z), represented as
C
Inf =% — 1
Cy

tg =

N 1
0 7

Coly KypCo (2)
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Here, Nj is the saturation concentration per unit volume of bed
(mg/L), C, is influent solute concentration (mg/L), Cy is the
desired concentration of solute at breakthrough (mg/L), U, is
the linear flow velocity (cm/min), and Kgp, is the adsorption rate
constant L/(mg min).

Figure 8B shows the plots of service time versus bed height for
the adsorbent packed in column. From the results, it is clear that
variation of service time with bed depth is linear, suggesting that
this model is valid for predicting column performance at
breakthrough point. The BDST parameters, namely, Ky and N,
are 144.62 mg/ cm? and 0.33 cm®/ mg/min, respectively (Cp/Co
= 0.005). The corresponding N, value for 50% saturation points
(Cy/Cy = 0.5) is 0.43 cm®/mg/min. It is also evident that the
calculated adsorption capacity at 50% saturation is greater than
that at 0.5% saturation.

Regeneration and Reuse. Any adsorption process is
economically more viable if the adsorbent can be regenerated
and reused many times. Regeneration study will also give an
insight into whether the material after use is safe for disposal or
not. The present study focuses on developing a proper
regeneration protocol for exhausted composite as well. For
this, adsorption study was carried out with the as-synthesized
adsorbent using 1 mg/L of R6G solution at neural pH. The R6G-
loaded GSC,5, was regenerated in situ in the columns using
acetone as the eluent. The regenerant (acetone) was passed
through the column at a flow rate of 1 mL/min. Nearly 30 bed
volumes of acetone were passed through the column in down-
flow mode. Samples of eluted acetone-R6G solution and the
aqueous wash liquid were collected and analyzed for determining
the concentrations of R6G as function of time. After complete
desorption, the bed was purged with hot air (hair dryer was used
for this purpose) to remove residual acetone in the bed. In order
to test the feasibility of repeated use of the adsorbent bed, three
consecutive adsorption/desorption cycles were performed. For a
3 cm column, the adsorption capacity was 23.45 mg/g (Table 1)
for the first run, 22.78 mg/g for the second run and 22.07 mg/g
for the third run. Note that the capacity given is from the column
data which are generally lower than the equilibrium adsorption
capacities derived from batch data. These results indicate that the
material could be reused for several cycles without the
performance of the material being adversely affected. SEM
images of bare sand and the regenerated GSCs after first cycle
are given in Supporting Information (Figure S8), which show
that the morphology of GSC,s, does not change after
regeneration.

H CONCLUSION

We have established the synthesis of sugar-derived graphenic
material supported on sand. Complete conversion of sugar to
graphenic carbon suggests a green methodology for the creation
of an active adsorbent material. We used R6G as the model dye
and CP as the model pesticide, to show the adsorption capacity of
the material. The batch experiment shows an adsorption capacity
of 50—55 mg/g for R6G. The best capacity determined for R6G
for AC under optimized condition was 44.7 mg/ g.so The
performance validates the use of this material as an active
medium for commercial applications. The utilization of this
material for water purification is evident from the data presented.
The large adsorption capacity, green methodology and the
availability of the materials across the world enables it to be used
in different parts of the world. Materials of this kind are expected
to contribute to developing affordable solutions for drinking
water.
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