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Abstract Methodologies for generating carbon materials
from unusual natural sources like Limonea acidissima and
Calotropis gigantea are reported. The carbon materials
thus obtained have been characterized using a variety of
tools. The possibility of modulating the textural properties
of these materials has been examined. The carbon materials
synthesized have been exploited for specific applications,
such as support for noble metals for use in Direct Methanol
Fuel Cells and as support for heteropoly acid for the pro-
duction of gasoline additive. In addition, the utility of some
of the activated carbon materials (from commercial sour-
ces) for the removal of sulphur from crude petroleum
sources is also examined.
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1 Introduction

Materials based on carbon have been evolving all the time.
In recent times these materials have given rise to a variety
of intriguing possibilities in terms of structure, morphol-
ogy, texture, properties and applications. However, one of
the challenging and desired aspects for carbon materials is
to find ways of producing these materials from alternate
(natural) sources and to tune the textural, structural and
surface properties in accordance with the application. This
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review reports the work carried out by the authors on the
preparation of carbon materials from plant sources and the
use of different carbons (natural and commercial) in
catalysis and adsorption.

2 Carbon Material from Limonea acidissima Shells
for Electrocatalytic Applications

Activated carbon materials from natural sources (ligno-
cellulosic materials) have been widely exploited for sorp-
tion and catalytic applications. Such materials have
remained unexplored for energy conversion device appli-
cations. Activated carbon material was synthesized from
Limonea acidissima (wood apple) shells using KOH as
activating agent. The carbon material (Cyw,, Carbon from
wood apple shell) obtained was used as support for Pt. The
electrocatalyst Pt/Cy was employed for the fabrication of
anode for the electroxidation of MeOH [1].

3 Fuel Cells as Clean Energy Sources

In a fuel cell, the chemical energy of the fuel is directly
converted to the electrical energy through a chemical
reaction [2]. Electric current can be generated by the direct
electrochemical oxidation of MeOH. The electroxidation
reaction of methanol at the anode can be represented as
follows [3]:

CH;0H + H,0 — CO, + 6H" +6e~ E° =0.02V

The reaction of MeOH electrooxidation bears tech-
nological significance in the operation and exploitation of
Direct Methanol Fuel Cells. DMFCs hold promise as a
clean energy source for future transportation demands.
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Typical stationary and mobile applications of fuel cells
include electrification of residences, providing power to
mobile phones, lap top computers and other portable
electronic devices [4].

4 Challenges in the Development of Fuel Cell
Anode Electrocatalyts

Platinum group metals (PGM’s) are most widely used for
electrode applications. There are two major problems
associated with the development of DMFC. The first is
poisoning of the electrode by CO [5]. Phosphoric acid fuel
cells can withstand upto 2% CO in the fuel stream. But
Proton exchange membrane fuel cells can only withstand
ppm levels of CO. The second problem is the high cost of
the catalyst restricting the rapid and wide spread com-
mercialization of fuel cells. There are two approaches by
which one can solve the above two problems. One
approach is to find suitable alternatives (partial or com-
plete) to the active component i.e., Pt and the second
approach is to find suitable alternative to Vulcan XC 72 R
carbon black which is the best carbon support material
commercially used till date [6]. For example, Samant et al.
[7] have generated a catalyst more active than 10 wt% Pt/
Vulcan XC 72 R just by changing the support i.e., by
replacing Vulcan XC 72 R with mesoporous carbon pro-
duced by a sol-gel method.

In general, high specific surface area carbon material is
employed as support for Pt for fuel cell electrode applica-
tions. The carbon support facilitates the dispersion of the
stable metal crystallites with favourable electronic and
metal support interaction [8]. The carbon support influences
the electrochemical properties and in turn the performance
of Pt-based electrocatalysts. The nature of carbon material
(oxygen surface functional groups, electronic conductivity,
pore structure, morphology, electrochemically accessible
surface area) determine the electrochemical performance of
electrode catalysts. Electronic conductivity, surface area
(electro active as well as BET), porosity, micro structure,
macro morphology, corrosion resistance and cost are some
of the important properties that determine the suitability of a
carbon material for electrode applications.

Any breakthrough in the commercialization of DMFC’s
is possible only by significant improvements either in the
replacement of active Pt metal or the support carbon material.

5 Carbon Material from Limonea acidissima
Shell by KOH Activation

Limonea acidissima (Wood Apple) shells were conceived
for the first time as a source for activated carbon. The fruit,

Fig. 1 Wood apple (Limonea acidissima) fruits

Limonea acidissima (Fig. 1) is native to India and
other Asian countries. Limonea acidissima is also called
as Feronia elephantum, Feronia limonia, Hesperethusa
crenulata, Schinus limonia, Wood apple, Elephant apple
and Curd fruit. The shells of Limonea acidissima (wood
apple) have features bearing close resemblance to that of
coconut shells. Activated carbon from Limonea acidissima
is produced by the chemical activation method using KOH
as activating agent.

5.1 Method of Synthesis of Carbon Material

Typical method of synthesis of carbon material involves
the soaking of a known amount (50 g) of dried shells of
Limonea acidissima in 100 mL of 50 wt% KOH solution
for 2 h. Excess KOH solution is then decanted. The shells
soaked in KOH solution are then dried in an air oven at
150 °C followed by subjecting the same to thermochemical
activation in a N, atmosphere at 800 °C for 2 h. The char
thus obtained is subsequently treated with conc. HNOj.
The char to conc. HNOj ratio (wt/wt%) is 1:5.

5.2 Characterization of Carbon Material from Limonea
acidissima

5.2.1 BET Sorptometry—Textural properties of Carbon
Material

N, adsorption—desorption isotherms obtained for the acti-
vated carbon from Limonea acidissima are shown in Fig. 2.
The corresponding pore size distribution curve (BJH) is
also shown in the insert of the figure. The isotherm in
Fig. 2 is of type I, characteristic of a microporous material.
The pore size distribution reveals the pore dimensions to be
less than 2 nm suggesting that the activated carbon mate-
rial is micorporous in nature.
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Fig. 2 N, adsorption-desorption isotherm of carbon material pre-
pared from Limonea acidissima; the corresponding pore size distri-
bution of the activated carbon material is shown in the insert;
SgeT = 698 m2/g; Pore volume (V) = 0.35 cm3/g; and Mean pore
diameter = 2.0 nm
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Fig. 3 XRD pattern of carbon material prepared from Limonea
acidissima shells by KOH activation method

5.2.2 XRD Studies—Structural (Crystal) Details
of Carbon Materials

The X-ray diffraction pattern obtained for the activated
carbon material from Limonea acidissima shells is shown
in Fig. 3. Two broad diffraction peaks centered around 26
values of 24 and 43° which are, respectively, attributed to
the reflections from the (002) and (10) planes (the (hk) line
is because of intra layer scattering) of the carbon material.
The values of average crystallite sizes along the c-axis
(stacking axis) and the a-axis were determined using the
Debye—Scherrer equation. Shape factor, k, values of 0.89
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and 1.84 were employed for the calculation of values of L.
and L, respectively. The diffraction angles as well as the
value of full width at half maximum corresponding to the
diffraction planes of (002) and (10) were employed for
the calculation of values of L. and L, respectively. The
values of L. and L, were found to be of the order of 1.1 and
3.656 nm respectively. The values of L. and L, for typical
graphitic carbon structure are 0.0670 and 0.2461 nm
respectively [9, 10]. The magnitude of the values of L. and
L, of the activated carbon materials from Limonea aci-
dissima (obtained by KOH activation) indicate that the
carbon material contained roughly about 16 cell lengths
along the c-direction and nearly 15 cell lengths along the
a-direction.

5.2.3 Confocal Raman Spectroscopic Studies—Structural
(Crystal, Order, Disorder, Defect) Details
of Carbon Materials

Details of structural disorder as well as the crystallographic
parameter of the activated carbon material produced by
KOH activation of the shells of Limonea acidissima were
obtained from the Confocal Raman spectrum shown in
Fig. 4. Two characteristic Raman peaks centered around
1,348 and 1,591 cm ™! were observed in the confocal Raman
spectrum. These two bands were designated as D (disor-
dered) and G (graphitic) bands and were attributed to the
A, and E;, Raman active C—C vibration modes with in the
graphitic layer. The Raman peaks at 1,348 and 1,591 cm™"
are called the first order Raman peaks. The other details
deduced from the Raman spectrum are: R(Ip/lg) = 1.408;
L, =4.4/R = 3.125 nm. This value is comparable to the
value of L, deduced from XRD pattern (3.656 nm).

1348 cm”’
1591 cm’

Intensity (Counts)

1000 ' 1500 ' 2000
Raman Shift, cm™

Fig. 4 Confocal Raman spectrum of activated carbon produced from
Limonea acidissima by KOH activation
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The Raman intensity ratio (the ratio of the integrated
intensities of the D and G bands) (Ip/Ig) is a measure of the
extent of disorder with in a carbon layer. The R value for
the activated carbon material from Limonea acidissima was
found to be 1.408 which is typical of disordered carbon
materials like glassy carbon. The slight variation (x5 A)
in the L, value obtained between Confocal Raman spec-
trum and X-ray diffraction pattern is attributed to the 7%
error involved in the calculation of the integrated intensity
values under the D band and G band. Since line width from
XRD is more accurately determined compared to the
integrated intensity values under the D and G bands in the
confocal Raman spectrum, the L, value obtained from wide
angle X-ray studies is more reliable.

5.2.4 Electron Paramagnetic Resonance Spectroscopic
Studies—Dangling Bond Concentration

The electron paramagnetic resonance (EPR) spectrum of
activated carbon from Limonea acidissima is shown in
Fig. 5. The EPR spectrum was recorded on a X-band
EPR spectrometer operating at a microwave frequency of
9.2 GHz at room temperature using diphenyl picryl
hydrazyl radical as the external reference. The g value of
the resonance signal for the activated carbon is 2.03095
which is close to the free electron g-value.

The origin of the EPR signal is attributed to the presence
of dangling bonds in the carbon structure. The concentra-
tion of unpaired spins was found to be 1.3 x 10'® spins/g
of the carbon material. The spin concentration value of
activated carbon from the stems of Limonea acidissima
(Cwa) is an order of magnitude lower than that of the spin
concentration values reported for commercial acetylene
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Fig. 5 EPR spectrum of activated carbon from a Limonea acidissima
by KOH activation and b DPPH (reference)

based carbon (3.8 x 1019) and graphon (1.1 x 1019) [30].
The lower spin concentration in our sample is because of
the saturation of the dangling bonds with potassium,
formed during the carbothermal reduction of K,COj,
resulting in the formation of surface C-K bonds which
subsequently transform (partially) to C—H bonds upon final
treatment with conc. HNOj;. The formation of C-K type
bonds is also confirmed from the presence of 0.45 wt% K
in the activated carbon material even after treatment with
conc. HNOj (Fig. 6). The transformation is also confirmed
from the appearance of C-H bonds in the FT-IR spectrum
shown in Fig. 7.

5.2.5 Scanning Electron Microscopy and Energy
Dispersive X-ray Analysis—Morphology
and Elemental Composition

Details of the surface morphology as well as the elemental
composition of the activated carbon material were obtained
using High resolution scanning electron microscopy (HR
SEM, FEL, Model: Quanta 200) equipped with Energy
dispersive X-ray analysis facility. Scanning electron
microscope images are obtained at a magnification of
4,000x and 10,000x and at a scanning voltage of 30 kV.
A highly heterogeneous and rough surface with a contin-
uous porous net work is viewed on the surface of the
activated carbon produced from Limonea acidissima. The
porous network is clearly viewed at the higher magnifica-
tion (10,000x) (Fig. 6a, b).

The chemical composition of the activated carbon
material was determined using energy dispersive X-ray
analysis. A high carbon content of 74.84 wt% was found.
In spite of treatment with HNO3, 0.45 wt% K was inevi-
tably present in the activated carbon. The oxygen content
was found to be 24.7 wt% (19.83 atomic %).

5.2.6 FT-IR Spectroscopic Studies—Surface Functional
Groups

Fourier transform infrared (FT-IR) spectroscopy provides
evidence for the presence of specific functional groups on
the surface. The FT-IR spectrum of activated carbon from
Limonea acidissima, Cyw,, was recorded on Shimadzu
spectrophotometer. The spectral range of analysis is 450—
4,000 cm™" with a resolution of 4 cm™". The spectrum was
obtained in transmission mode at 20 scans. Pressed KBr
pellets were prepared by grinding 200 mg of carbon sam-
ples with 0.5 g of KBr. Several characteristic bands were
observed in the FT-IR spectrum shown in Fig. 7 and each
of the bands has been assigned to specific functional group
based on the assignments reported in literature.

Even though a cluster of functional groups are present
on the carbon surface, the prominent among them are: a
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Fig. 6 SEM images and EDAX
spectrum from the activated
carbon material from Limonea
acidissima using KOH
activation; at a magnification of
a4,000x, b 10,000x, ¢ selected
region for elemental analysis
and d energy dispersive X-ray
analysis spectrum
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Fig. 7 FT-IR spectrum of activated carbon produced from Limonea
acidissima shells using KOH activation

sharp and intense band centered around 1,637, which is
attributed to the carbonyl (C=0) stretching vibration of
quinone. The carbon surface is oxidized by treatment with
conc. HNOj; leading to the generation of such quinone type
carbon functional groups, which bear significance in the
redox chemistry of carbon materials. Such carbonyl func-
tional groups are known to be pronounced in the case of
oxidized carbon materials rather than the original parent
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carbon material. In addition, a broad and intense band is
observed in the range of 3,200-3,600 cm_l, centered at
3,450 cm™ ! attributable to the O—H stretching vibration of
surface hydroxylic groups as well as to the adsorbed water.
The asymmetry of this band (a shoulder at a lower wave
number, 3,237 cm_l) indicates the presence of strong
hydrogen bonding interactions.

6 Fabrication of Anode Electrocatalyst for DMFC
Application with the Carbon Material Obtained
from Limonea ascidissima Shell

Lack of efficient and inexpensive electrocatalysts for
MeOH oxidation is a challenge for the large scale utility of
direct methanol fuel cells. The objective of this work is to
design a cost effective and highly active electrocatalyst by
developing new porous carbon material as support for Pt,
as alternative to Vulcan XC 72 R.

6.1 Preparation of Pt/C Catalysts

Pt supported carbon catalysts have been prepared by
impregnating hexachloroplatinic acid in carbon material
followed by reduction of Pt (44) to Pt (0) in hydrogen
atmosphere at 450 °C for 2 h. Catalysts with different wt%
loadings, namely, 5, 10 and 20 wt%, of active component
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(Pt) on the carbon support (Cywa) were prepared by adding
the requisite amounts of a H,PtClg solution to the carbon
support (Cwa) and drying at 110 °C. A 20 wt% Pt/Vulcan
XC 72 R prepared under identical conditions was
employed as a reference for comparing the performance of
Cwa carbon material relative to that of Vulcan XC 72 R
carbon black.

6.1.1 XRD Analysis of Pt/C Catalysts

The X-ray diffractograms of 5, 10, and 20 wt% Pt on
carbon material obtained from the shells of Limonea
acidissima (wood apple) are shown in Fig. 8. For com-
parison the XRD pattern of 20 wt% Pt/Vulcan XC 72 R is
also shown in Fig. 8. Diffraction peaks characteristic of Pt
metal with a face centered cubic lattice are observed and
the peaks are all indexed as (111), (200), (220), (311) and
(222) (JCPDS file No. 87-0647). The crystallite size of Pt
calculated using Debye-Scherrer equation [11] and the
lattice parameter values of Pt metal in the case of each of
the catalysts (Pt/Cwa and Pt/Vulcan XC 72 R) was cal-
culated. The broad diffraction peak centered around a 20
value of 24° corresponds to the (002) reflection of the
carbon support with a turbostratic graphitic structure. The
lattice constant value of ~0.39 nm correlates well with
the FCC lattice of Pt metal supported on carbon materials
[JCPDS file No. 87-0647]. The lattice constant value of Pt
metal is (0.3923 nm) [12].

Reflection from the (220) plane of Pt metal was used for
the calculation of the crystallite size as it is away from the
region of the broad diffraction peak (from (002) plane) of

JCPDS file no. 87 - 0647

(111)
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a (220)

Intensity (a.u.)
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Fig. 8 X-ray diffraction patterns of a 5 wt% Pt/CWA (crystallite size
~5.0 nm) b 10 wt% Pt/CWA (crystallite size ~10.2 nm) ¢ 20 wt%
Pt/CWA) (crystallite size ~10.4 nm) and d 20 wt% Pt/Vulcan XC 72
R (crystallite size ~13.1 nm)

the carbon support. The crystallite size of Pt is found to be
dependent on the Pt loading and also on the nature of the
carbon support. With the same amount of Pt loading
(20 wt%), the crystallite size of Pt on carbon produced
from Limonea acidissima shell is smaller (10.4 nm) than
on Vulcan XC 72 R (13.1 nm) indicating better dispersion
of Pt on the Cyw,a support due to the enhanced surface
oxygen functional groups as well as the higher value of
specific surface area. Also, the Pt crystallite size was found
to be the least (5 nm) in the case of 5 wt% Pt/Cya.

6.1.2 BET Sorptometric Studies—Textural Properties
of the Pt/C Catalysts

The textural properties of the Pt/Cy 4 catalysts were inves-
tigated by BET sorptometry. At all loadings the Pt/Cwa
catalysts exhibited typical type I isotherms (not shown)
characteristic of microporous solids. An important obser-
vation was that the surface area and the volume of N,
(adsorbate) adsorbed decreased drastically as the wt% load-
ing of Pt increased (5 wt% Pt/Cw [Sger = 505 rnz/g, Vo =
0.289 cm/g], 10 wt% Pt/Cwa [Sper = 526 m?/g, Ve =
0.288 cm’/g] and 20 wt% Pt/Cwa [Sger = 195 m%/g,
Vp, = 0.115 cm?/g]. For comparison the textural properties
of 20 wt% Pt/Vulcan XC 72 R catalyst are: (Sggr =
123 m*/g, V, = 0.294 cm’/g).

7 Evaluation of Electrocatalytic Activity
of Pt/C Catalysts

7.1 Electroxodiation of MeOH—Cyclic Voltammetry

Cyclic voltammetric studies were carried out on a BAS
Epsilon potentiostat using modified glassy carbon (Bioan-
alytical system, USA) as the working electrode, Ag/AgCl
(saturated KCI) as the reference electrode and a platinum
foil (1.5 sz) as an auxiliary electrode. 0.5 M H,SO, was
employed as supporting electrolyte. The electrochemical
measurements were carried out in a conventional three-
electrode glass cell. The MeOH oxidation reaction was
carried out with 1 M CH;OH in acid medium.

The cyclic voltammograms recorded with electrodes
fabricated using 5, 10 and 20 wt% Pt supported on carbon
material Cyw,a are shown in Fig. 9. For comparison, the
cyclic voltammetric response from the electrode fabricated
with 20 wt% Pt supported on Vulcan XC 72 R is also
shown in Fig. 9. The feature common to all the cyclic
voltammograms is that one anodic peak is observed in the
forward scan and another in the reverse scan. The anodic
peak in the forward scan is attributed to oxidation of
MeOH [13-18]. The anodic peak in the reverse scan is
attributed to the removal of the incompletely oxidized

@ Springer



170

B. Viswanathan et al.

Current density (mA/cm®)

0.0

0.2

T T
0.4 0.6 0.8

E\V Vs Ag/AgCl

-0.2

Fig. 9 Cyclic voltammetric response of a GC/Cwa—5 wt% Pt-Nafion
electrode; b GC/Cywa—10 wt% Pt-Nafion electrode; ¢ GC/Cya—20
wt% Pt-Nafion electrode; and d GC/Vulcan XC 72 R—20 wt%
Pt-Nafion electrode in 0.5 M H,SO,4 and 1 M MeOH, at a scan rate of
25 mV/s between —0.2 and 1.2 V versus Ag/AgCl

carbonaceous species (mostly in the form of linearly bon-
ded Pt=C=0) formed in the forward scan [13].

The critical parameter that determines the usefulness of
an electrode is the onset potential. A less positive value of
the onset potential is preferred. A lower onset (less positive
potential) potential value implies the requirement of lower
energy of the MeOH oxidation reaction to take place [19].
The onset potential value is related to the breaking of the
C-H bond of MeOH which is the primary step involved in
the mechanism of electroxidation of MeOH [20]. The onset
potential values for the electroxidation of MeOH deduced
from the cyclic voltammograms obtained over different
electrodes, along with peak potential and current values
corresponding to the MeOH oxidation (anodic peak in the
forward sweep) as well as the oxidation of the intermediate
species formed during the oxidation of MeOH (anodic peak
in the reverse sweep) are summarized in Table 1. Zhaoling
Liu et al. [21] have reported the onset potential vaues of

0.27 and 0.28 V, respectively, on Pt/Vulcan XC 72 R and
Pt/CNT’s for the electrooxidation of MeOH in 1 M H,SO,4
and 2 M MeOH at a scan rate of 50 mV/s.

The onset potential being a little lower (0.21 V) than
the commercial vulcan carbon (0.25 V), 5 wt% Pt/Cwa
showed a higher current density which is an indication of
higher electrochemical catalytic activity. Such high current
values derivable from the modest wt% loadings of Pt is an
indication of the effective utilization of Pt over the Cya
support. The improved performance of the electrocatalyst,
5 wt% Pt/Cwa, is attributed to the high electro catalytic
activity of the Pt nano crystallites (5.0 nm) finely dispersed
over the carbon support.

The ratio of the anodic peak current densities in the
forward (i) and reverse (i,) scans too gives a measure of
the catalytic performance. A higher igi, ratio indicates
superior oxidation activity of methanol during the anodic
scan and less accumulation of carbonaceous species on the
nanocatalyst surface and thus an indication of better CO
tolerance. The ig/i, value in the case of 5 wt% Pt/Cya
catalyst is 14.4 which is an order of magnitude higher than
that of either 20 wt% Pt/Cywa or 20 wt% Pt/Vulcan XC 72.
The if/i, value of the electrocatalyst produced from com-
mercial fuel cell grade Vulcan XC 72 carbon was found to
be 0.96. At all the loadings of Pt, the electrodes fabricated
using Cywa carbon materials showed an i/i;, value greater
than 0.96 (value obtained for Vulcan XC 72 R based
catalyst). For comparison, the igi, value for 20 wt%
PtRu/C catalyst of commercial Johnson Matthey sample is
1.33 [22].

7.2 MeOH Electrooxidation—Evaluation of Stability
of the Electrode-Chronoamperometry

The long term stability of the fabricated electrodes was
evaluated by chronoamperometric studies carried out for a
duration of 3 h with the electrode being polarized at
+0.6 V versus Ag/AgCl in 0.5 M H,SO,4 and 1 M MeOH.
The initial and final (after 3 h) current density values

Table 1 Effect of Pt loading and the nature of the carbon support on the electro catalytic activity of MeOH Electrooxidation of Pt/Cyw, and

Pt/Vulcan XC 72 R

S. no. Electrode Onset il iy Activity®
potential, V

Forward sweep Reverse sweep

I (mA/cm?®) E (V) I (mA/cm?®) E (V)
1 GC/Cwa-5% Pt-Nafion 0.21 14.4 69.0 0.92 497 0.37
2 GC/Cwa-10% Pt-Nafion 0.18 1.45 55.0 0.86 37.6 0.52
3 GC/Cwa-20% Pt-Nafion 0.18 1.60 589 0.82 37.28 0.51
4 GC/Vulcan XC 72 R-20% 0.25 0.96 40.9 0.75 42.6 0.56

Pt-Nafion

% Activity evaluated in 0.5 M H,SO, and 1 M MeOH, at a scan rate of 25 mV/s between —0.2 to 1.2 V versus Ag/AgCl
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Table 2 Evaluation of the stability of Cya based electrodes for the electrooxidation of MeOH in half cell mode

S. no. Electrode Activity® % Decrease in activity
— ) - - after 3 h at +0.6 V
Initial (I), [mAcm™ 7] Final (I), [mAcm™ ]
1 GC/Cwa-5% Pt-Nafion 252 19.1 24
2 GC/Cwa-10% Pt-Nafion 29.7 19.0 36
3 GC/Cwa-20% Pt-Nafion 36.1 3.7 89

# Activity evaluated in 0.5 M H,SO,4 and 1 M CH;0H for 3 h with the electrode being polarized at +0.6 V versus Ag/AgCl

derivable from the electrodes fabricated from 5, 10 and 20
wt% Pt/Cywa electocatalysts are summarized in Table 2.
The percentage decrease of the activity of the aforemen-
tioned electrodes after 3 h is also shown in Table 2.
Among the electrodes studied, the 20 wt% Pt/Cy 4 catalyst
based electrode showed least stability with a 89 percentage
decrease of initial activity at the end of 3 h. In sharp
contrast, as expected, the electrode fabricated using 5 wt%
Pt/Cwa possessing the smallest Pt crystallites (5.0 nm) as
well as high i/iy, ratio showed highest stability. Only 24%
loss in the initial activity is observed at the end of 3 h in the
case of the GC/Cywa—5% Pt-Nafion electrode. Thus, it is
clear that the stability of the electrode is based on the
smaller crystallite size of Pt as well as the high CO toler-
ance (high i/iy, ratio value).

The activated carbon material produced from Limonea
acidissima by KOH activation is a promising support for Pt
for the electroxidation of MeOH. The excellent perfor-
mance of 5 wt% Pt/Cyw, is attributed to the increase in the
extent of utilization of Pt metal. Thus the use of carbon
material from Limonea acidissima as support for Pt offers
the promise of effective utilization of Pt, high electrooxi-
dation (MeOH) activity, high CO tolerance and long term
stability. A strong correlation was found between the Pt
crystallite size and the electooxidation activity and stability
of the carbon supported Pt catalysts.

8 Carbon Material from Calotropis gigantea
stems for Catalytic Applications

Microporous activated carbon with a large surface area and
a narrow pore size distribution has been prepared from
the dried stems of Calotropis gigantea [23]. Calotropis
gigantea (Fig. 10) is a waste land weed native of India.
Many activating agents, such as ZnCl,, alkali and alkaline
earth carbonates, organic acids and their salts have been
used activation purposes. The characteristics (textural) of
the prepared carbon materials were dependent on the
activating agents used and the methodology used. A brief
review of the preparation and the characteristics of the
carbon materials prepared from the stems of Calotropis
gigantea is now reported in the following section.

Fig. 10 Stems, leaves and flowers of Calotropis gigantea

9 Preparation of Activated Carbon Using ZnCl,
as the Activating Agent

Activated carbon material was produced from Calotropis
gigantea stems using ZnCl, as activating agent. Char (as
synthesized) was obtained from Calotropis gigantea by
heating the dried stems of the plant in a muffle furnace at
300 °C [23]. The coal obtained was ground, sieved and
treated with Conc. HCI to remove alkali and alkaline metal
impurities. The char was further treated with a base
(NaOH) to remove siliceous materials The process of
activation with ZnCl, was carried out at 800 °C in N,
atmosphere for 8 h with varying amounts of activating
agent to char (wt/wt%) ratios, namely, 1, 2, 3, 4 and 5.
ZnCl, was added to the char in the solid state by
mechanical grinding.

9.1 Characterization of Activated Carbon Produced
from ZnCl, Activation

Textural and structural parameters and properties of the
activated carbon materials were found to be influenced by
the amount of the activating agent (ZnCl,) as revealed from
the Sorptometric, XRD and Confocal Raman studies.
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Table 3 Effect of amount of

activating agent (ZnCl,) on the S. no. Sample (Z\;/lt(/j\izzt‘;i ) f;%}g) 22;13 /e) z/ilzglr;tl;?‘fe(nm)
textural properties of carbon
materlals.pro.duced from 1 Char 0 97 0.08 33
Calotropis gigantea
2 ACl1 1 356 0.21 2.36
AC activated carbon 3 AC2 2 493 0.25 2.03
4 Mean pore diameter, 4 AC3 3 564 0.30 2.13
d =4 VI/A (in nm), where 5 AC4 4 573 0.29 2.02
V is the total pore volume and 6 ACS 5 553 0.29 21

A is the specific surface area

9.1.1 BET Sorptometry—Textural Properties

Irrespective of the amount of the activating agent, all the
activated carbon materials presented type I adsorption
isotherms for N, adsorption at 77 K typical of microporous
materials. The specific surface area values, total pore vol-
ume as well as the average pore diameter details deduced
from the isotherms are summarized in Table 3. The specific
surface area values of the carbon materials produced
gradually increase (Table 3) with ZnCl, to char (wt/wt%)
ratio upto 4 and beyond which no increase in the Sggr
value is observed indicating that the optimum value of
ZnCl,:Char ratio is 4.

9.1.2 XRD Studies—Crystallographic Structure

The crystallographic parameters of the activated carbon
materials produced by ZnCl, activation of Calotropis
gigantea were obtained from X-ray diffraction studies.

Three typical broad diffraction peaks centered around 20
values of 25, 44 and 80° are visible in the activated carbons
generated with the activating agent to char impregnation
ratios of 1, 2, 3, 4 and 5. The two broad peaks centered
around the 20 values of 25 and 44 are attributed (002) and
(10) diffraction peaks of turbostratic carbon structure [24].
The origin of the broad peak around 26 value of 80° is not
yet clearly known. The (00 1) line is because of interlayer
scattering where as the (hk) line is because of intra layer
scattering. Thus the extent of graphitization is revealed by
the appearance of general (hkl) reflections [25-27]. The
occurrence of broad diffraction bands centered around 20
values of 25 and 44 indicates better layer alignment as well
as an increased regularity in the crystal structure [28].

The interlayer spacing values, dygy, and the crystallite
size values along the c (L.) and a (L,) axis of the turbost-
ratic graphitic carbon deduced from the X-ray diffracto-
grams are summarized in Table 4. Using the Scherrer
equation, the crystallite size along the c-axis, L. and the
size of the large planes, L,, were determined from the
diffraction peaks centered at 260 values of 25 and 44°.

The interlayer spacing values, dyop, almost remained
unchanged with impregnation ratio of ZnCl, to char. The
interlayer spacing values, dqo, summarized in Table 4 are in
the range of 0.35-0.356 nm. These values are greater than
0.335 nm, which is the typical value of the interlayer spacing
for pure graphitic carbon. L. values for different activated
carbon materials, summarized in Table 4, are of the order of
1 nm. A decreasing trend in the L. value is observed with an
increase in the amount of the activating agent. The L. value is
the smallest for the activated carbon with the highest Sggt
value. The L, values varied in the range of 3.5-3.96 nm. For
typical graphitic carbon, the L. and L, values are respectively
0.06708 and 0.2461 nm. The magnitude of L. and L, values
of the activated carbon materials from Calotropis gigantea
(obtained by ZnCl, activation) indicate that the carbon
material was made up of crystallites with dimensions of (on
the average) about 15 cell lengths along the c-direction and
about 14-16 cell lengths along the a-direction.

9.1.3 Raman Scattering Studies—Order and Disorder
in Carbon Structure

The microstructural changes and the extent of crystallo-
graphic disorder (concentration of lattice defects in the
graphitic structure) in the activated carbon materials pro-
duced from Calotropis gigantia by employing ZnCl, as

Table 4 Effect of amount of

activating agent (ZnCl,) on the S. no. Sample (Z‘;lg\kt; ) ooz (nm) Le (nm) La (nm)
structural properties of carbon
materials produced from 1 ACI 1 0.356 1.04 3.04
Calotropis gigantea ' ’ N

2 AC2 2 0.356 1.02 3.50

3 AC3 3 0.353 1.03 3.96

4 AC4 4 0.356 0.91 3.72

5 ACS5 5 0.350 0.94 3.80

AC activated carbon
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Fig. 11 Confocal Raman spectra of activated carbon materials
prepared from Calotropis gigantea with a Char to ZnCl, ratio
(wt/wt%) of a 1:1, b 1:2, ¢ 1:3,d 1:4 and e 1:5

activating agent were analysed using confocal Raman
Spectroscopic studies. The Raman spectra, shown in
Fig. 11, resulting from activated carbon materials produced
by varying the ratios of the activating agent (ZnCl,) to the
char (wt/wt%), namely, 1, 2, 3, 4 and 5, were recorded on a
Confocal Raman instrument (CRM 200) using Ar ion laser
(514.5 nm) as irradiation source.

Irrespective of the amount of the activating agent, all
the carbon materials, showed both first order (1,200—
1,600 cm_l) and second order (2,400-3,300 cm_l) Raman
lines. The information derived from the features of the first
and second order Raman lines are important to assess the
structural order or disorder in the carbon structure and to
find out whether it is amorphous or graphitic. First order
Raman lines speak only about the structural order or dis-
order with in the carbon sheet or layer, ie, carbon plane
along ag-axis. They are silent about the stacking order or
disorder in carbon structure. On the contrary, second order
lines hold information about the structural (stacking) dis-
order along the crystallographic c-axis [29].

The two first order lines centered around 1,590 (D-band)
and 1,348 (G-band) cm ™" are attributed to the graphitic and
disordered carbon structure. Here the term “graphitic”

means carbon atoms which are three coordinated and are
bound by sp” type bonding orbitals and has nothing to do
with the stacking of layers along c-direction. The disorder
in the carbon sheet may be because of the non-planar
microstructure distortions or because of the disorganized
regions near the crystal edges. Lattice defects such as edge
dislocation and lattice vacancies too contribute to the band
at 1,348 cm™ !, Important information extracted from the
Raman spectra in Fig. 11 is summarized in Table 5.

The Raman intensity ratio (R) which is a measure of the
extent of disorder (quantity of defects and vacancies and
dislocations) is found to decrease initially upto the activating
agent to char impregnation ratio of 3 beyond which it
(R, disorder) increases. An inverse relation is observed
between the value of R and the stack width L, (crystallite size
along a-axis). The position of the D band (peak intensity
position) and the relative intensity of the D band are found to
be structure sensitive. An increase in the frequency value of
the D band is correlated with a decrease in the crystallite size
(L, and vice-versa. A strong correlation between the
structural parameters deduced from XRD studies (Table 4)
as well as Raman studies (Table 5) is observed as the two
afore mentioned techniques are mutually complimentary to
each other. Interestingly, the L, values (L, = 44/R in A)
deduced from the relative intensity of the D band of the
activated carbon materials correlates well with the L, values
obtained from XRD studies using the Scherrer equation
(Table 4). But, it should be noted that the measurement of
line width from the XRD is more accurate than the mea-
surement of the integrated peak intensity values deduced
from the Raman spectra. As a result, the L, values derived
from XRD are more reliable than those deduced from the
Raman spectra. In addition, the integrated intensity values
from Raman spectra are sensitive to the choice of the base
line. As a result, the Raman intensity ratio’s (R) shown in
Table 5 are uncertain upto £ 7%.

9.1.4 Scanning Electron Microscopic Analysis—Details
of Surface Morphology

The SEM image reveals that the carbon material is com-
posed of sheets with well aligned uniform cylindrical pores
of diameter (size) 2.4 pm (Fig. 12).

Table 5 Structural parameters

(from Raman spectra) of the S.mo. Sample  ZnCl:

Peak intensity frequency,

R =1Ip/lg L, (nm)=44/R L, (nm)

, —1

activated carbon materials from C (Wwt%) - vs cm ) (from Raman) [from XRD]
Calotropis gignatea activated G band D band
with ZnCl,

1 AC1 1 1,591 1,348 1.40 3.14 3.94

2 AC2 2 1,591 1,355 1.42 3.09 3.50

3 AC3 3 1,591 1,331 1.33 3.30 3.96

4 AC4 4 1,587 1,348 1.48 2.97 3.72

5 AC5 5 1,606 1,348 1.53 2.87 3.80

AC activated carbon
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Fig. 12 SEM image of activated carbon from Calotropis gigantia
activated with ZnCl, (wt/wt% ratio of Char:ZnCl, is 1:3; from ref.
[23D

10 Preparation of Carbon Materials from Calotropis
gigantea Stems Using Alkali Metal Carbonates as
Activating Agent

The maximum values of specific surface area and pore vol-
ume values from ZnCl, activation of the stems of Calotropis
gigantea are only 573 m*/g and 0.29 cc/g. To attain further
improvements in the textural parameters, the usefulness of
alkali metal carbonates (Li,CO3, Na,CO5; and K,COs) as
chemical activating agents was examined. The char
obtained by heating the dried stems of plant in a muffle
furnace at 300 °C for 30 min was ground and sieved through
a 200 mesh sieve to obtained fine carbon particles. It was
next ground with the alkali carbonates in the desired pro-
portion and activated at a temperature of 800 °C for 8 h in
N, temperature.

10.1 Characterization of Carbon Materials Produced
Using Alkali Metal Carbonates as Activating
Agent

10.1.1 XRD Studies—Phase Structure of Carbon Material

XRD patterns of carbon materials were recorded using
Shimadzu XD-D1 X-ray diffractometer operated at a scan
range of 0.05° with CuKux radiation (4 = 1.5418 A) and a
Ni filter. The XRD pattern of the char comprises two broad
diffraction peaks centered at 20 values of 10 and 22°. The
broad diffraction peak at a 20 value of 22° is characteristic
of the presence of lignin component [30, 31].

@ Springer

Above a 20 value of 27° several sharp and intense dif-
fraction peaks are observed in the XRD profile from the
char and they are a result of silica and other typical mineral
matter present in the plant tissues which remain intimately
bound with carbon material in the char. Treatment of the
char with NaOH (10 wt% solution) followed by HCI
treatment (conc.) removed significant amount of mineral
matter. The sharp diffraction peaks characteristic of such
mineral matter were completely absent in the char sample
produced after NaOH and HCIl treatment. Significant
changes in the XRD profiles were observed upon activation
of the char with K,COj3. Upon activation, in addition to the
retention of the inherent lignin structure, as evident from
the retention of two broad peaks centered around 26 values
of 12 and 22°, a new diffraction peak originated at a 20
value of 43.5 which is attributable to (10) diffraction of
turbostratic carbon containing small hexagonal layer units
of carbon. Similar observations are known in the literature
[32, 33]. Beyond a char to K,COj ratio of 1:3, the intensity
of the peak centered at 20 value of 43.5 decreased steadily
indicating the partial collapse of the turbostratic graphitic
structure leading to a disordered carbon structure with
hexagonal carbon layers misoriented to one another.

10.1.2 BET Sorptometry—Textural Properties of Carbon
Materials

The sorptometric analysis on the char (as-synthesized
material from Calotropis gigantea) as well as the activated
carbon materials were carried out on Sorptometic 1990
Carbo Erba sorptometer using N, as adsorbent at 77 K
(—196 °C). Prior to the analysis, the carbon samples were
out gassed at 250 °C for 12 h. Details of the textural
properties of the carbon materials are presented in Table 6.
The specific surface area (SSA) is found to be maximum
(1,296 mz/g) at a K,CO3 to char ratio (wt/wt%) of 3
(Table 6). Thus, the optimum ratio of the activating agent
to char is 3 (wt/wt%). At higher ratios, the SSA and the
pore volume decreased.

The specific surface area of the activated carbon pro-
duced depends on the nature of the alkali cation, an
increase in surface area of the carbon material is noticed
with the radius of the cation of the activating agent
(Table 7).

10.1.3 Effect of K;COj Activation on the Chemical
Environment and the Concentration of Unpaired
Electrons in Carbon from Calotropis gigantea

The EPR spectra of the char, char treated with base
(NaOH) and acid (HCI) and the char activated with K,CO;
[char : K,CO3 = 1:3 (wt/wt)], shown in Fig. 13, were
recorded on a Varian E-112, X band spectrometer at room
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Taple 6 Effect of amount of S. no. Sample K,CO;:C Specific surface Specific pore
activating agent (K,CO3) on the (W/wt%) area (m? /2) volume (cm’ /2)
specific surface area and pore
Volume values of carbon 1 Char (as synthesised) 0 97 0.08
materials produced from .
Calotropis gigantea 2 Activated Carbonl 1 892 0.50

3 Activated Carbon2 2 1,083 0.59

4 Activated Carbon3 3 1,296 0.73

5 Activated Carbon4 4 765 0.45

6 Activated Carbon5 5 922 0.53

Table 7 Effect of nature of cation of the activating agent (char to carbonate ratio = 1:1 wt) on the textural properties of activated carbon

S. no. Activating Tonic radii of E° (V)P Textural properties of carbon materials
agent the cation (A)* - -
Specific surface Specific pore
area (mzlg) volume (cc/g)
1 Li,CO3 0.60 -3.0 480 0.263
2 Na,CO; 0.96 -2.7 811 0.395
3 K,CO; 1.33 -29 892 0.497

*> From ref. [34, p. 197]
P M+ (aq) + e = M(s)
¢ The standard redox potential of activated carbon is +0.24 V [35]

temperature using DPPH (diphenyl picryl hydrazyl) as the
external reference to evaluate the g factor value and the
spin concentrations.

The g-factor values, peak to peak separation, AH in
Gauss, and the spin concentration values were evaluated and
are summarized in Table 8. The spin concentration values
were determined by following the procedure described in
reference [36].

Important details from the data derived from the EPR
spectra shown in Fig. 13 and summarized in Table 8 are:

1. the g factor values of the original char, char treated
with base and acid as well as the char activated with
K,CO; are close to the g value of the free electron
(2.002312) with in the error of our experiments
(£0.002). Manivannan et al. [37], Vilas Ganpat Pol
et al. [25], Singer and Wagoner [38], Chauvert et al.
[39], Zhuo et al. [40] have made similar observations
in the case of carbon materials produced from a variety

T T T
3360 3380 3400

H (Gauss)

T
3340

Fig. 13 EPR spectra of a char from Calotropis gigantea, b char
treated with NaOH followed by HCI, ¢ char activated with K2CO3
(char:K2CO3 (wt/wt%) = 1:3) and d DPPH

of precursors.

the peak to peak separation was found to be higher in
the case of the original char (AH = 11.0 Gauss)
compared to either the char treated with base and acid
or the char activated with K,COj3. Such a broadness in
the EPR signal is attributed to the presence of SiO, in
the original char which was confirmed from XRD
analysis. The decrease in AH value upon treatment
with base and acid indicates the removal of the silica.
As early as 1968, Singer and Wagoner [38] have made
similar observation of broadening of the EPR signal

resulting from graphite because of the presence of
impurities like silica. Mrozowski has attributed the
peak broadening to some changes in the structure of
the carbon material [41]. Also from the data in
Table 8, it is observed that upon activation with
K,CO; the AH value increased from 6.0 to 9.5 G
indicating the presence of traces of K in the carbon
material after activation leading to the slight broaden-
ing in the EPR signal.
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Table 8 The g-factor, peak-to-
peak separation (AH in Gauss)
and concentration of unpaired

electrons in the carbon materials
produced from Calotropis
gigantea

Carbon material g-Value AH (in Gauss) peak Spin concentration/
to peak separation g of carbon

Char (as synthesized) 2.00092 11.0 0.73 x 10"

Char (base and acid treated) 1.99980 6.0 0.33 x 10"

Char activated with K,CO5 2.00058 9.5 0.15 x 10"

(char:K,CO5 = 1:3, wt/wt%)

Table 9 Chemical composition

Carbon materials from Calotropis gigantea

Base and acid treated
(NaOH and HCI) treated

Activated with K,CO;
(Char:K,CO5; = 1:3)

N Element
of carbon materials from
e (Wt%)
Calotropis gigantea Char (as
synthesized)

Carbon 73.13
Hydrogen 2.61
Nitrogen 0.81
Sulphur 0.36
Total 76.91
Ash content 12.7

* By difference from the total Oxygen® 10.39

amount of other constituents

77.62 80.04
2.63 3.50
0.82 0.67
0.33 0.36

81.40 84.57
4.0 1.8

14.6 13.63

3. The concentration of unpaired electrons in the char
was found to be of the order of 0.74 x 10'°/g. The
origin of such spins is attributed to the generation of
dangling bonds formed as a result of the extensive
devolatilization from the defragmentation of the
hemicellulose, cellulose and lignin structure during
the preparation of the char in the muffle furnace at
300 °C. Paramagnetic centers were found to be
associated with the dangling bonds formed during the
carbonization of carbon materials [42]. The spin
concentration of the graphon black and acetylene
black [43] were 1.1 x 10" and 3.8 and 10" spin/g,
respectively which are of the same order of magnitude
as that of the spin concentration value observed in the
case of the unactivated char shown in Table 8.

Upon treatment of the char with base and acid, the spin
concentration decreased from 0.74 x 10" to 0.34 x 10"
spin/g. Nearly a three orders of magnitude reduction in the
spin concentration is observed upon activation of char with
K,CO; (0.15 x 10'° spins/g). Such a drastic decrease in
spin concentration upon activation with K,CO; is because
of the saturation of the dangling bonds with K metal,
formed during the carbothermal reduction of K,COg,
resulting in the formation of surface C-K bonds which
subsequently transform to C—H bonds upon final treatment
with conc. HCI. Such a transformation is also confirmed
from the increase in the hydrogen content (2.63-3.5 wt%)
of the carbon sample activated with K,CO;3; and subse-
quently treated with conc. HCl (Table 7). Manivannan
et al. [37] have found the spin concentration values of
activated carbon materials, namely, GX203 (from coconut
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Table 10 Influence of the chemical activator on the textural prop-
erties of carbon materials

S. no.  Chemical activator SBET (mzlg) Pore volume
(V,) [em¥/g]
1 Li,CO5 478 0.26
2 Na,CO; 811 0.40
3 K,CO; 892 0.50
4 Ca(COs3), 524 0.33
5 Ba(COs3), 170 0.10
6 Zn(CO3), 626 0.30
7 NaCl 400 0.20
8 NaBr 319 0.16
9 KBr 275 0.10
10 Nal 58 0.04
11 CaO 521 0.25
12 Ca(OH), 189 0.11
13 CaCl, 156 0.09
14 Ba(OH), 152 0.08
15 Al(NO); 253 0.19
16 Urea 439 0.21
17 Sodium acetate 548 0.26
18 Sodium oxalate 707 0.33
19 Sodium potassium tartarate 394 0.20
20 Sodium citrate 419 0.20
21 Sodium tartarate 394 0.20
22 Citric acid 127 0.07
23 Tartaric acid 42 0.04
24 Oxalic acid 317 0.14

The activation conditions are: carbon precursor:chemical activator
(wt/wt%) ratio of 1:1, activation temperature of 800 °C, duration of
activation is for 2 h
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shell precursor), P1400 (from wood precursor) and Med50
(from coconut shell precursor) to be 1.8 x 10", 5.8 x 10"
and 1.8 x 10'® spins/g, respectively.

10.1.4 Elemental Analysis—Chemical Constitution
of Carbon Materials

The elemental analysis of the char, char treated with NaOH
followed by HCl and char activated with K,COj
(char:K,CO5 (Wt/wt%) = 1:3) was carried out in a CHNS/O
analyzer (Perkin Elmer Instrument, Series II) and the
results are presented in Table 9.

A simple treatment of the char with NaOH (10 wt%
solution) and HCI in succession has improved the carbon
content (wt%) from 73.13 to 77.62 which is attributed to
the elimination of mineral matter. Activation with K,CO;
has further increased the carbon content from 77.62 to
80.04% and also the oxygen content decreased from 14.6
to 13.6% as expected. The increase in hydrogen (2.63-3.5
wt%) upon activation with K,CO; is not because of
activation step (reaction), but because of the subsequent
treatment of the activated carbon composite (carbon
material with the decomposed products of activated car-
bon, mainly K) with HCI and further washing with water.
During the K,COj activation process surface species such
as C-O-K are formed, which upon treatment with
HCI and subsequent washing with water get transformed
to C-O-H groups contributing to an increase in the
hydrogen content in the case of activated carbon sample
relative to either original char or the base and acid treated
char.

11 Effect of the Nature of Activating Reagent
on the Textural Properties of Activated
Carbon Materials

The potential of various chemical compounds in tuning the
textrual properties of carbon materials is summarized in
Table 10. All the carbon materials exhibited Type I iso-
therms characteristic of microporous materials. It is
observed that alkali salts of some carboxylic acids are as
effective as alkali metal carbonates in improving the tex-
tural properties of carbon materials.

12 Catalytic Application of Carbon Materials
for the Synthesis of Tert-Amyl
Methyl Ether (TAME)

In the condensation reaction of tert-amyl alcohol (TAA)
and methanol to form TAME, water is formed as a

byproduct. The catalyst needs to be hydrophobic to resist
the leaching of the active component. Carbon materials are
sufficiently hydrophobic owing to the presence of graphite
like chemical properties and can form an integral compo-
nent of the catalyst. Acid function is the catalytic compo-
nent needed to drive the etherification reaction. Heteropoly
acids, particularly, dodeca tungstophosphoric (HPW) acid
is a strong super acid with a H, value of —13.4 (more
acidic than 100% sulphuric acid, Hy = —11.94).

Four different carbon materials, namely, activated car-
bon from Calotropis gigantea (ACCG from K,COj acti-
vation), Black Pearl, Vulcan XC 72 R and CDX 975 with
varying textural properties (Table 11) were employed as
support material for HPW to evaluate the effect of the
nature of carbon support on the activity of the supported
solid acid catalyst. The HPW/C catalysts were prepared by
impregnation-drying method using aqueous solutions of
HPW. The carbon material and the HPW solutions were
stirred at room temperature for 6 h followed by drying at
80 °C in a water bath to obtain 10 wt% HPW/C.

CHs
H+
CH; CH, c—oH + CH;0H
CHs
CHs
CH3 CHZ CcC—O CH3 +H20

CHa

The catalytic activity of carbon supported heteropoly
acids was investigated in the vapour phase synthesis of
TAME as a test reaction. The reaction was carried out in
a down flow fixed bed reactor at atmospheric pressure at a
temperature of 373 K. The liquid feed containing tert-
amyl alcohol (TAA) and methanol (in the mole ratio of
1:10) was fed onto the catalyst bed through a peristaltic
pump (Miclins, SPO1) at a flow rate of 10 mL/h. N, was
used as a carrier gas (flow rate, 30 mL/min). In a typical
run, 0.5 g of the catalyst was charged in the reactor. The
catalyst was stacked between glass beads and ceramic
wool. The reactor was maintained under isothermal con-
ditions during all runs. The reaction products were
condensed at the bottom of the reactor and analyzed for
the chemical composition using a gas chromatograph
equipped with an OV 101 (packed) column and a FID
detector.

The condensation reaction between tert-amyl alcohol
and methanol over HPW/C catalysts was monitored for 3 h
(Fig. 14). Reaction products were collected and analyzed
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Table 11 Textural properties of the carbon materials and their catalytic activity after loading HPW (10 wt%) in the synthesis of TAME

Carbon material SBET Density Vp (cclg) Conversion Selectivity (%)
2 a

m-/. /cc wt%

(m/e) (g/cc) (wt%) Olefins TAME
CDX 975 215 0.23 0.28 75 35 65
Vulcan XC 72 R 224 0.33 0.46 54 13 87
Black Pearl 2000 1,012 0.15 1.15 7 47 53
Activated carbon—Calotropis 1,291 0.28 0.73 32 37 73

gigantea (ACCG)

Reaction conditions: time on stream = 3 h; tert-amyl alcohol/methanol (mole) = 1:5; flow rate of the feed = 10 mL/h; flow rate of the carrier

gas = 30 mL/min; amount of catalyst = 0.5 g
? Qlefins: 2-methyl-2-butene (2MB2), 2-methyl-1-butene (2MB1)

by GC at intervals of 30 min. The catalytic activity was
evaluated by monitoring the conversion of TAA with time.
In situ generation of iso-amylenes (2-methyl-1-butene,
2MB1, and 2-methyl-2-butene, 2MB2) was observed dur-
ing the course of the reaction. The formation of iso-
amylenes is a result of the dehydration of the tert-amyl
alcohol. The iso-amylenes formed subsequently react with
MeOH to form TAME. Details of conversion (wt%) of
TAA and selectivity towards olefins and TAME over dif-
ferent HPW/C catalyst are summarized in Table 11. The
results reveal that the activity and selectivity are not
apparently related to the surface areas of the carbon sup-
ports. Activity for the etherification could be related to
many factors, such as the dispersion of HPW, the distri-
bution of HPW in the pores, the accessibility of the active
sites (through diffusion) to the reactants and the presence/
absence of poisons on the surface of the support. All the
catalysts tend to deactivate slowly with duration of run, the
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Fig. 14 Plot of conversion of TAA (wt%) versus reaction time
(in minutes)

@ Springer

more active catalyst (CDX 975) deactivating faster than the
other (Fig. 14).

13 Carbon Materials (as Adsorbents) for Adsorptive
Desulphurization

13.1 Studies on Neat Carbon Samples

Removal of organo-sulphur compounds from diesel is an
issue of interest from scientific, social, economic and
environmental view points. Production of clean fuel is the
goal of petroleum refining industry. The reduction of S
below certain levels in diesel fuels becomes difficult due to
the presence of sterically hindered S-compounds (such as
the 4,6-dialkydibenzothiophenes) that are difficult to
desulfurize over conventional supported mixed sulfide
catalysts. Hence, newer technologies based on novel routes
like adsorption, oxidation and chelation are being devel-
oped to remove these refractory S-compounds. We now
summarize in the following section our work on the use of
carbon materials for the adsorptive desulfurization of a
medium S-containing straight run diesel fraction with a
S content of 737 ppm, from Cauvery Basin Refinery
(CBR), India.

The physicochemical properties of the CBR diesel are
summarized in Table 12. Several commercially available
activated carbon materials of varying physical and chem-
ical properties were tested as adsorbents for the removal of
organo sulphur compounds from CBR diesel. The carbon
materials used were adsorbent carbon (A) from Adsorbent
Carbons Pvt. Ltd., India. Calgon carbon (B) from Calgon
Carbon (Tianjin) Co. Ltd., Activated carbons, IG 18 x 40,
IG 12 x 40 and IG 8 x 30 from Indo-German Carbon
Ltd., India and the Activated carbons, AC 4 x 8, AC
6 x 12, AC 12 x 30 from Active Carbon Pvt. Ltd., India.

In a typical adsorption experiment, a glass column of
length 50 cm and internal diameter 1.5 cm was packed
with 5.0 g of carbon sorbent with glass beads on either
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Table 12 Properties of SR diesel from CBR distillation unit used in
the studies

Property Value
Total sulphur content (in ppm) 737
Flash point (°C) 93
Aniline point (°C) 81
Viscosity (at 40°C in cSt) 4.04
Pour point (°C) +6
Density (g/cc) 0.8553
Diesel index 60
Cetane index 53

side. Diesel was fed on top of the sorbent bed. The first
20 mL product collected at the out let was analyzed for S.
From the S content remaining in the product and sub-
tracting the same from the S content in the feed diesel
(737 ppm), the S removed by the carbon was obtained. The
S content in the product was analyzed by using an Oxford
XRF analyzer. The feed and the product diesel were also
analyzed (in some experiments) for individual sulphur
compounds using a GC-PFPD (Gas Chromatography—
Pulsed Flame Photometric Detector).

Different commercially available activated carbons,
namely, IG 18 x 40, IG 12 x 10, IG 8 x 30, AC 4 x 8,
AC 6 x 12, Ac 12 x 30, calgon carbon as received and
adsorbent carbon as received were used as adsorbents for S
containing compounds present in SR diesel. The results
obtained on the studies with the afore mentioned adsor-
bents are given in Table 13. The amount of S removed (in
ppm) from 20 mL deisel by 5.0 g of sorbent is shown in
extreme right column of Table 13. Among the eight car-
bons studied adsorbent carbon as received and calgon
carbon as received were superior to the others for the
adsorption of S-compounds in diesel. Hence, adsorbent
carbon (A) and calgon carbon (B) were selected for sub-
sequent studies.

Table 13 S removal capacity of different commercial activated
carbon materials

Activated carbon mL-diesel treated/g S removed
as sorbent of adsorbent® (ppm)

IG 18 x 40 4 134

IG 12 x 10 4 81

IG 8 x 30 4 76

AC4 x 8 4 12

AC 6 x 12 4 73

AC 12 x 30 4 92
Calgon carbon as received 4 181
Adsorbent carbon 4 229

* A 20 mL initial product collected from the column packed with
5.0 g activated carbon and analyzed for S

13.2 Studies on Activated Carbon Samples [Adsorbent
Carbon (A) and Calgon Carbon (B)]

13.2.1 Activation with Conc. HNO;

HNO; treatment changes the surface chemistry of carbon
materials. Such oxidative treatment results in the formation
of oxygen containing surface functional groups (carbonyl
and carboxyl). The presence of such surface functional
groups, in most cases, enhances the adsorption capacity of
carbon materials [44, 45]. Two commercial activated car-
bon materials, namely, the adsorbent carbon (A) and the
calgon carbon (B) were treated with conc. HNO;. The
wt/wt% ratio of carbon to conc. HNO;3 was 1:5. The oxi-
dative treatment of carbon with conc. HNOs; was carried
out at 60 °C for 2 h under refluxing conditions in a 2-L. RB
flask. The contents were then cooled to room temperature,
washed with water and dried at 110 °C for 2 h.

13.2.2 Activation Under Ar Atmosphere

Ar activation involved the thermal activation of nitric acid
treated carbon materials A and B at a temperature of
800 °C under Ar atmosphere for 2 h in a quartz tube. The
carbon samples after activation were termed as nitric acid
treated Ar activated carbon materials.

13.3 Characterization of Adsorbents
for Desulphurization Application

13.3.1 XRD Analysis

X-ray diffraction patterns of adsorbent carbon as received,
adsorbent carbon treated with conc. HNO;s and adsorbent
carbon treated with HNOj; followed by subsequent acti-
vation in Ar atmosphere are shown in Fig. 15A(a—c),
respectively. Two broad diffraction peaks centered at 20
values of 25.4 and 43.4 are observed in all the patterns.
These peaks can be indexed, respectively, to (002) and
(101) planes of crystalline hexagonal graphite lattice
[(JCPDS-41-1487), 46].

The phase structure of adsorbent carbon remained
unaltered upon nitric acid treatment [Fig. 15A(a, b)]. But in
the case of adsorbent carbon treated with nitric acid fol-
lowed by activation in Ar atmosphere an additional intense
and narrow diffraction peak is seen at 20 = 26.7
[Fig. 15A(c)]. This is attributed to (002) reflection from
highly crystalline graphitic carbon [47]. Nitric acid treated
Ar activated adsorbent carbon [Fig. 15A(c)] is more crys-
talline than either adsorbent carbon as received or adsor-
bent carbon treated with nitric acid alone. Thus Ar
activation improved the crystallinity of nitric acid treated
adsorbent carbon.
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Fig. 15 XRD patterns of A:

a adsorbent carbon as received,
b adsorbent carbon treated with
HNO; and ¢ adsorbent carbon
treated with HNO; and
activated with Ar; B: a calgon
carbon as received, b calgon
carbon treated with HNO; and
¢ calgon carbon treated with
HNO; followed by Ar activation

Intensity (cps)

10 20 30 40

20 (degree)

X-ray diffraction patterns of calgon carbon as received,
calgon carbon treated with HNO5 and calgon carbon trea-
ted with HNO; followed by Ar activation are shown in
Fig. 15B(a—c), respectively. The diffraction peaks arising
from each of these carbon samples were indexed and
are typical of graphitic carbon structure [47]. Neither
HNOj; treatment [Fig. 15B(b)] nor HNO; treatment
with subsequent Ar activation [Fig. 15B(c)] significantly
altered the structure of the original calgon carbon sample
[Fig. 15B(a)]. Thus, neither HNOj treatment nor Ar acti-
vation has much influence on the phase structure of calgon
carbon.

There is a marked difference in the structural order
between adsorbent carbon and calgon carbon. No diffrac-
tion peaks resulted from adsorbent carbon or its modified
forms beyond 20 = 50° (Fig. 15A) in sharp contrast to the
characteristic diffraction peaks resulting from Calgon and
modified calgon carbon above 20 = 50° (Fig. 15B) Thus,
calgon carbon appears to be structurally more ordered than
adsorbent carbon.

13.3.2 BET Sorptometric Studies

The N, adsorption-desorption isotherms (not shown) of the
different treated adsorbent carbons were typically of the
type I (characteristic of microporous materials) while those
of the Calgon based samples were slightly different in that
some multilayer adsorption was also noticed suggesting the
presence of larger (meso) pores. The surface area and pore
volumes of the different samples are presented in Table 14.

13.3.3 FT-IR Studies

The FT-IR spectra of adsorbent carbon and calgon carbon,
as received, treated with HNO5 and treated with HNO;
followed by Ar activation are presented in Fig. 16A, B.
The main distinguishing feature observed in the Acti-
vated carbon samples after nitric acid treatment is the
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Table 14 Surface area and pores volumes of adsorbent carbon, cal-
gon carbon and their modified forms

Carbon Specific surface  Total pore
area (m2/g) volume (cm3/g)

Adsorbent carbon as received 950 0.451

Adsorbent carbon treated 882 0.398
with Conc. HNO;3

Adsorbent carbon treated 1,048 0.523
with Conc. HNO; followed
by Ar activation

Calgon carbon as received 1,014 0.587

Calgon carbon treated 649 0.387
with Conc. HNO;3

Calgon carbon treated 996 0.598

with Conc. HNO; followed
by Ar activation

generation of a shoulder at 1,749 cm™' [Fig. 16A(b)]
attributed to the stretching vibration of C=0O bond (alde-
hydes, ketones, lactones or carboxyl groups). This shoulder
at 1,749 cm™' becomes intense and develops into a sharp
peak upon activation in Ar atmosphere [Fig. 16A(c); 48,
49]. But for this difference all the three samples showed
similar but rich surface chemistry with a variety of oxygen
containing functional groups. A number of functional
groups are common to adsorbent carbon and its modified
forms [Fig. 16A(a—c)]. These are: a sharp band at
3,738 cm ™! is ascribed to isolated OH groups, a broad,
intense band in the range of 3,200-3,600 cm™! with a
maximum at about 3,440 cm”! assigned to the O-H
stretching mode of hydroxyl groups and adsorbed water
[50], two sharp, narrow and intense bands at 2,922 and
2,855 cm ™! as a result of, respectively, the asymmetric and
symmetric C-H stretching vibrations of the methylene
group [51-53], a sharp intense peak at 1,640 cm™" attrib-
uted to the carbonyl groups in quinone, broad bands
observed in the range of 1,300-1,000 cm™ ! attributed
to C-O stretching in acids, alcohols, phenols, ethers
and esters and lastly, broad bands in the range of
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Fig. 16 FT-IR spectra of A: 100

a adsorbent carbon as received,
b adsorbent carbon treated with
HNO; and ¢ adsorbent carbon
treated with HNO; and
activated with Ar; B: a calgon 60
carbon as received, b calgon
carbon treated with HNO; and 40 |
¢ calgon carbon treated with

HNO; followed by Ar activation
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Table 15 S sorption capacity of the different carbon samples

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wave number, cm’’

Carbon S removed®
(in ppm)
Adsorbent carbon as received 410
Adsorbent carbon treated with HNO; 577
Adsorbent carbon treated with HNO; 586
followed by Ar activation
Calgon carbon as received 451
Calgon carbon treated with HNO; 488
Calgon carbon treated with HNO; 619

followed by Ar activation

* S removed from the first 20 mL diesel after passing through the
sorbent bed; S content in the diesel feed—737 ppm; Carbon loading:
15¢g

Table 16 Type and amount of the S compounds in the feed and the
product diesel (after passing through the carbon bed) as analyzed by
GC-PFPD [55]

Sulphur S content (in ppm)

species®
CBR Adsorbent carbon Calgon carbon,
diesel HNO; followed HNO; followed
(feed) by Ar treatment, by Ar treatment,

150 g 150 ¢g

C,BT 4.6 Nil Nil

C,BT 119.6 Nil Nil

C;BT 137.5 75.2 67.2

C;™BT 79.6 68.9 47.4

DBT 91.5 2.6 1.3

C,DBT 157.7 Nil Nil

C,DBT 116.7 Nil Nil

C;DBT 29.5 43 2.1

Total S 737 151 118

* Cy, Cy, C;3, C37 BT and DBT—mono, di, tri and multi alkyl
substituted benzothiophene and dibenzothiophenes

600-800 cm ™" as a result of the out of plane deformation
mode of C-H in various substituted benzene rings [50, 51].

In the case of the calgon carbon samples (Fig. 16B),
activation with conc. HNOj; creates new bands at 3,790,

Wave number, cm”

2,305 and 1,387 cm ™! attributable to isolated O—H groups,
ketone surface groups [54] and the in-plane bending
vibration of C-H in methyl group [28], respectively
[Fig. 16B(b)]. In addition to the generation of —-OH, C=0
and —CHj groups, a broad featureless shoulder is observed
in the range 2,910-2,990 cm™ !, due to aliphatic C-H
stretching in methylene and methyl groups.

Ar activation of Conc. HNOj treated calgon carbon
induces certain specific changes into the spectral features.
The first and foremost change is the appearance of a broad
shoulder at 1,753 cm™" attributable to the C=O group of
carboxylic acid groups Fig. 16B(c). Also, the broad fea-
tureless shoulder present in the HNOj; treated calgon carbon
(in the range 2,910-2,990 cmfl) develops into two clear
sharp peaks centered at 2,956 and 2,918 cm™ !, which are
attributed to the asymmetric and symmetric stretching
vibrations of C-H in methylene groups indicating the gen-
eration of hydrophobic methylene C—H groups on the surface
of calgon carbon on activation with Ar. In spite of the several
striking changes brought about, as discussed above, into the
surface functionality of calgon carbon upon treatment with
conc. HNOj3 and subsequent Ar activation, some inherent
functional groups of parent calgon carbon remained unal-
tered even after modification. The spectral features common
to all the three samples [Fig. 16B(a—c)] are as follows: a
broad intense transmission peak centered at 3,450 cm ™'
corresponding to OH stretching mode of hydroxyl groups
and adsorbed water and a broad intense peak centered at
1,075 cmfl, which can be attributed to C-O stretching in
acids, alcohols, phenols, ethers and esters [52].

13.4 Evaluation of the Adsorptive Desulphurization
Potential of Adsorbent and Calgon Based
Carbon Materials

The results of the adsorptive desulphurization experiments
are presented in Table 15. Both nitric acid treatment and
subsequent Ar activation enhanced the S adsorption ability
of the carbon samples, the Ar activated samples being more
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and activation procedures to create characteristics neces-
600 1 —=—Fresh sary to exploit them for various applications, including as
—e— Regenerated .

£ support for noble metals (used in electrodes and as cata-
g 500 4 lysts for organic transformations) and adsorption purposes.
5 We have reported the use of natural raw materials for
12 400 ~ developing carbon materials useful in fuel cell electrode
;5)- applications. We have also demonstrated the use of
£ 300 appropriate activation treatments to modify the textural and

c . e .
= surface functionalities at the surface of carbon materials.

S oo .
£ 200 4 The possibility of employing Fhese developed carbon
8 materials or carbon materials available from other sources
? 400 - Sorbent - 100 g Calgon as received in some applications as supports for electro-catalysts and
— for specific applications like adsorptive desulphurization
0.0 0.5 1.0 15 2.0 2.5 3.0

ml-diesel/g adsorbent

Fig. 17 Plot of S removal capacity of fresh versus toluene regener-
ated sorbent (100 g calgon carbon used as received)

active for adsorption. Combination of nitric acid treatment
and Ar activation induces suitable surface functionality,
polarity (surface hydrophilic and hydrophobic functional
groups), phase structure (discussed under XRD) and pore
structure into the carbon adsorbents facilitating enhanced
adsorption of the organo-sulphur compounds present in the
diesel feed stocks.

The nature of the S components present in the product
diesel was analyzed using GC-PFPD and the results
obtained over 15.0 g sorbent bed using modified adsorbent
carbon (A) and calgon carbon (B) are shown in Table 16. It
is observed that the most highly refractive compounds
(C,BT and C,DBT) present in the feed prior to desulphu-
rization process are absent in the product diesel after the
adsorption process exemplifying the utility and usefulness
of the process in selectively adsorbing the refractory
S-compounds that are difficult to desulfurize over con-
ventional hydrotreating catalysts.

The carbon samples after S-adsorption could be regen-
erated by washing with toluene (500 mL for 100 g spent
carbon) at room temperature followed by drying the sorbent
bed at 110 °C. The results of the adsorption experiments
over neat and solvent regenerated calgon carbon (without
modification) are shown in Fig. 17. It is evident from the
adsorption plots that the regenerated sorbents performance
is on a par with that of the fresh calgon carbon as received.
Thus an efficient and environmentally benign regeneration
method and a process for the adsorptive desulfurization
appear to be feasible based on carbon materials.

14 Conclusions

The development of carbon materials has always been a
challenging problem from the point of view of their source

@ Springer

has been investigated.
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