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Abstract The adsorption isotherms of pyridine have been
determined gravimetrically on different samples of granu-
lated, fibrous and spherical activated carbons. Several
chemical treatments such as oxidation, degassing and
impregnation have been carried out on as-received acti-
vated carbon cloth (ACC) so as to modify the surface
characteristics of the activated carbon. The porous and
chemical structure of modified and unmodified activated
carbons has been characterised by XRD, TGA-DTG, SEM
and pore size distribution techniques. The adsorption
increases on oxidation while decreases on degassing which
can be correlated to increase and decrease in the concen-
tration of surface oxygen groups. Loading with Ag* and
Cu”" increases the adsorption of pyridine compared with
the unloaded sample while loading with Cr®" decreases the
adsorption of these vapors. The adsorption—desorption
branches of pyridine vapors on metal impregnated do not
meet even at zero relative vapor pressure indicating the
chemisorption or other specific interactions. The adsorption
kinetics data has been examined using the linear driving
force and empirical diffusion models. The initial decrease
in isosteric enthalpy of adsorption for modified and
unmodified ACC indicates the effect of surface heteroge-
neity and later increase indicates the influence of lateral
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interactions between adsorbate molecules. The results
suggest that the adsorption of pyridine involves the phys-
isorption as well as specific interactions with carbon oxy-
gen functional groups and metal complexes present on the
carbon surface.

Keywords Activated carbon adsorption - Surface
functional groups - Metal impregnation - Adsorption
kinetics - Isosteric enthalpy of adsorption

1 Introduction

Pyridine is widely used as building blocks in many agro-
chemicals and pharmaceuticals (ATSDR 1992) and as solvent
and chemical intermediate in organic synthesis. Pyridine and
pyridine-containing compounds are present throughout the
environment at very low levels. Pyridine has been found in the
air inside and around factories that produce it or use it to make
other products. Pyridine is also released into the air from
burning cigarettes and from hot coffee. Effects of acute pyr-
idine intoxication include dizziness, headache, nausea and
anorexia. Further symptoms include abdominal pain, pul-
monary congestion, neurological and renal effects (ATSDR
1992; ATSDR 2008). Currently it is evaluated as a possible
carcinogenic agent (ATSDR 2008). The Occupational Safety
and Health Administration (OSHA) has set an average air
exposure level of 5 ppm for an 8-h day, 40-h work week while
the National Institute for Occupational Safety and Health
(NIOSH) has set 3,600 ppm in air as the level that is imme-
diately dangerous to life and health.

Adsorption of pyridine vapors has been studied by
various researchers on different types of adsorbents such as
silica, zeolites and activated carbons. The heat of adsorp-
tion studies (Muminov 2003) of pyridine vapors on
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dehydrated microporous clay with intercalated polyhy-
droxyaluminium cations showed that the transformation of
polyhydroxyaluminium cations upon thermal treatment of
intercalated clays diminishes the pore size and decreases
the adsorption enthalpy of pyridine. However, the heats of
adsorption of pyridine on silica were found to be decreased
with heterogeneity of the surface (Bakaev et al. 2007). The
influence of surface properties of activated carbons pre-
pared by gasification with different gases on adsorption of
pyridine showed that the adsorption of pyridine was related
to the chemistry of the carbon surface rather than the sur-
face area or the total pore volume (Attia 1997). Also, the
influence of changes in the surface properties and pore
structure was studied on the adsorption of pyridine vapors
by substituting the Na* ions of natural montmorillonite
clay. The sorption follows mechanism of pore volume
filling (Muminov et al. 2004; Muminov and Gulyamova
2004). The adsorption behavior of pyridine vapor on
WKI11 ion exchange resin indicated that pyridine could
disrupt weak H bonds of original WK11 to form a strong
pyridine-COOH hydrogen bond (Chen et al. 2004). While
the adsorption of pyridine on activated carbons involved
physisorption on the oxygen free surface and chemisorp-
tion on acidic carbon—oxygen groups (El-Nabarawy and
Petro 1997). Rate constants, activation energies and com-
pensation effects indicated that the adsorption involved
diffusion barrier at the pore entrance (Yuzak et al. 2001).

The above brief perusal of the literature shows that very
little work has been carried out for adsorption of pyridine
especially on metal impregnated carbons. Furthermore, no
integrated approach regarding the variation in surface area,
chemical structure and the polarity of the carbon surface as
well as the polarity of the adsorbate on the adsorption of
pyridine has been made. Very little information is available
on the kinetic and thermodynamic data which is essential to
design the adsorption systems for the removal of these
compounds. The present work discusses the mechanism of
the adsorption of pyridine based on the adsorption iso-
therms, adsorption kinetics and the isosteric enthalpies of
adsorption on unmodified and modified activated carbons.
In this paper, for the first time, we have calculated the %
contribution of polar—polar and dispersion interactions
involved in the adsorption of these compounds using the
empirical diffusion model.

2 Materials and methods
2.1 Materials
Two samples of granulated activated carbons GAC-1240

and GAC-R obtained from Norit N. V. Netherlands, a
sample of activated carbon fiber ACF-307 obtained from
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Ashland Petroleum Company of USA and a sample of
activated carbon cloth (ACC) and a sample of spherical
activated carbon (SAC) obtained from HEG Ltd., Bhopal,
India, have been used as adsorbents in these studies. These
samples are referred to as ‘as-received’ activated carbons
in the text. In order to modify the surface chemistry of the
carbon surface, two of the carbon samples were oxidized
with nitric acid, ammonium persulphate and hydrogen
peroxide in the solution phase. The nitric acid oxidized
samples were also degassed at 400, 650 and 950 °C to
obtain samples associated with varying amounts of carbon—
oxygen surface groups. The activated carbons have been
also impregnated with Ag, Cu and Cr ions.

2.2 Modification of carbon samples
2.2.1 Oxidation of the activated carbons

The activated carbon samples were oxidized with nitric
acid, ammonium persulphate and hydrogen peroxide. The
procedures were as follows: 5.0 g of carbon was heated
with 200 ml of 50 % nitric acid at 353 K until 10 ml of the
acid was left. The carbon sample was then washed
exhaustively with hot distilled water so as to remove the
remaining nitrates. The treatment with ammonium persul-
phate was carried out with 5.0 g carbon per 200 ml of a
saturated solution of this salt in sulphuric acid (1 M) at
298 K for 48 h. The contents were shaken in a mechanical
shaker for about 48 h and then filtered. The oxidized car-
bon sample was washed with distilled water until free of
sulphate ions. The oxidation with hydrogen peroxide was
done by shaking 5.0 g of carbon sample mixed with 200 ml
of concentrated H,O, (9.8 M) at 298 K in mechanical
shaker for 48 h. The oxidized samples were then dried in
an electric oven at 120 °C.

2.2.2 Degassing of the carbons

The oxidized carbons were degassed at temperatures of
400, 650 and 950 °C to eliminate varying amounts of the
carbon—oxygen surface groups. The degassing was carried
out by placing 5.0 g of the carbon sample in a temperature
controlled tube furnace. The tube furnace was then con-
nected to a Hyvac Cenco vacuum pump capable of giving
vacuum to the order of 3 x 107> mm of Hg. Temperature
of the tube furnace was set to the appropriate level by
applying a suitable voltage. After degassing at each tem-
perature, the sample was allowed to cool in vacuum to
avoid reformation of the carbon- oxygen surface groups.
The cooled sample was then transferred to a stoppered
bottle flushed with nitrogen. These samples are referred to
as ‘degassed samples’ in the text.
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2.2.3 Impregnation of activated carbon

Impregnation of Cr(VI), Cu(Il) and Ag(I) has been carried
out by placing dried 1.0 g ACC sample in contact with
100 ml of potassium dichromate solution, copper nitrate
solution, silver nitrate solution, each having concentration of
500 ppm. The suspensions were placed in a thermostat at
303 K for 48 h with occasional shaking and a blank was also
placed for this solution. Amount of Cu(Il) and Cr(VI)
impregnated into the carbon was estimated by titration
against standard sodium thiosulphate solution while amount
of Ag(I) impregnated in activated carbon was estimated by
titration against standard NaCl solution (0.01 M) using 5 %
potassium chromate (K,CrO,) as indicator. These samples
are referred to as ‘impregnated samples’ in the text.

2.3 Characterization of carbon samples
2.3.1 High temperature evacuation

The carbon—oxygen surface groups present on the as-
received, oxidized and degassed carbon samples were
determined by evacuating 1.0 g portion of each sample at
gradually increasing temperatures up to 950 °C. The carbon
sample contained in a platinum boat was placed in a tube
furnace. The temperature of the furnace was allowed to rise
gradually in steps of 50 °C to ensure complete elimination of
the gas at the previous temperature. The carbon—-oxygen
surface groups decompose into CO,, CO and water vapor
which were measured using usual analytical procedures.
(Bansal et al. 1978; Puri and Bansal, 1964).

2.3.2 Base neutralisation capacity (surface acidity)

Surface acidity of activated carbon was determined by
mixing 1.0 g of each carbon sample (oven dried at 120 °C)
with 100 ml of 0.1 N sodium hydroxide solution, shaking
the suspension for 48 h and titrating the aliquot of clear
supernatant liquid against a standard acid solution (0.1 N
HCI1) (Bansal et al. 1978; Puri and Sharma 1970).

2.3.3 Elemental analysis

C, H, N and O contents of the as-received carbon samples
were determined by using Perkin Elmer 2400 CHN ele-
mental analyzer. Nitrogen, carbon and hydrogen contents
were determined directly while the oxygen content was
calculated by difference.

2.3.4 BET surface area and pore size distribution

BET surface area, pore volume, pore size distribution and
pore radius have been determined by nitrogen adsorption—

desorption at 77 K in relative vapor pressure range
0.002-0.99 using quadrawin software provided with
Quatachrome Nova 2200e surface area analyser. The sur-
face area was calculated using the BET method while the
total pore volume was directly calculated from the volume
of nitrogen adsorbed at the highest relative vapor pressure
p/po = 0.99. Micropore volume was calculated using the
Dubinin—Radushkevich (DR) equation and the pore size by
Dubinin—Astakov (DA) method.

2.3.5 Powder XRD diffraction studies

Powder XRD patterns were obtained on a X’pert PRO dif-
fractometer equipped with a copper target (Cu K,, radiation,
A = 1.54060 A), a crystal graphite monochromator and a
scintillation detector. The instrument was run at 45 kV and
40 mA by step-scanning from 5° to 70° 20 in increments of
0.017° 20 with a counting time of 20 s for each step. The
operation was carried out at 25 °C and atmospheric pressure.

2.3.6 Scanning electron microscopy (SEM)

Scanning Electron Micrographs were measured using Hit-
achi S-4300 model at an accelerating voltage of 10 kV to
visualise the surface morphology and structure of com-
mercial and modified ACC. Before observation, the sam-
ples were dried and then metallized with a thin layer of Au
in a Fine Coat Ion Sputter (JFC 6100). Observations were
carried out at magnifications ranging from 500 to 10,000.

2.3.7 Thermogravimetric analysis (TGA)

The effect of temperature on as-received and metal
impregnated samples was studied by means of thermo-
gravimetry (TG) and differential thermogravimetry (DTG)
using a Perkin Elmer STA 6000 (Simultaneous thermal
analyzer) instrument. Known amount (30 mg) of the acti-
vated carbon samples was put in a crucible and was heated
at a ramping rate of 10 °C/min from 45 to 1,000 °C under
nitrogen flow of 19 ml/min. The change in the mass of the
sample with the rise in temperature was recorded by a
photocell. The output of the photocell was amplified and
measured continuously and precisely by recording the
current through an automatic recorder. From the TG
curves, DTG curves were derived.

2.4 Adsorption of pyridine vapors

Adsorption of pyridine vapors was measured using a quartz
spring balance (sensitivity 20.9 cm/g) obtained from M/S
Thermal Syndicate Ltd., England. The carbon sample
(~50 mg) was placed in a quartz boat (also obtained from
M/S Thermal Syndicate) which was suspended in a borosil
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reactor. The whole system was housed in an air thermostat
maintained at the required temperature. The reactor was
connected to a vacuum system and a manometer. The
carbon sample was evacuated under a vacuum of 10~ Torr
and a certain dose of the adsorbate vapors was introduced
into the reactor. Preliminary experiments showed that
30 min was sufficient to attain the adsorption equilibrium.
After this period, the extension of quartz spring was mea-
sured with the help of a cathetometer which could read up
to 0.01 mm and the equilibrium vapor pressure was noted
on the manometer. Similar more doses of the vapor were
introduced into the reactor and both the extension and the
equilibrium pressure were determined after each equilib-
rium. (Bansal et al. 1980).

3 Results and discussion
3.1 Adsorbent characterization
3.1.1 Pore characterization

The porous structural parameters such as surface area, total
pore volume, micropore volume and average pore radius
and DA pore radius of fibrous, granulated and SACs as
deduced from the nitrogen adsorption—desorption iso-
therms are presented in Table 1. The data shows that the
granulated carbons have higher surface area as compared
with fibrous activated carbons, the surface area being
maximum for SAC. It can be seen from Fig. 1 that the
region between r = 0.27 nm and r = 1 nm is the most
representative pore size interval of all the carbons except
for ACF-307 which mainly consists of pores ranging from
r = 0.6 nm to r = 1.5 nm. The location of peak maxima
for ACC, GAC-R, GAC-1240 and SAC indicates the
greatest proportion of pores with radius of around 0.5 nm
while for ACF-307, the peak maxima is around 0.8 nm.
The pore size distribution is in the range of pore radius
below 2 nm. A small proportion of pores, however, show
slightly large size. The ratio of the micropore volume to the
total pore volume (V.,/V,), which represents the degree of
microporosity, has been found to be appreciably higher,
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Fig. 1 Pore size distribution curves for as-received activated carbons
using nitrogen adsorption isotherms

ranging from 95 to 98 % for all the carbon samples. Thus,
pore size distribution curves (cf. Figure 1) and Table 1
shows that all activated carbon samples are microporous.

3.1.2 Surface chemistry

Some of the surface characteristics such as surface acidity,
elemental analysis and the gases evolved on degassing at
950 °C for the activated carbons used in these investiga-
tions are given in Table 2. It is evident from the Table that
the surface acidity is almost exactly equivalent to the
amount of CO, evolved on degassing when expressed in
similar units given in parentheses. This indicates that the
surface groups which are evolved as CO, on degassing are
the same as are neutralized by sodium hydroxide. It is seen
that the fibrous activated carbons are associated with larger
amounts of associated oxygen as compared to the granular
activated carbons, the surface acidity being maximum for
the ACC sample. Furthermore, the total amount of oxygen
evolved as CO,, CO and H,O on degassing by the
decomposition of carbon—oxygen surface groups is roughly

Table 1 Porous structural parameters of different as-received activated carbons

Carbon sample BET (N,) surface Total pore volume Micropore volume Vmic/ Vi Average pore DA pore
area (mzlg) V. (cmS/g) Vnic (cm3/g) radius (nm) radius (nm)

ACC 756 0.463 0.441 95.0 1.22 0.61

ACF-307 921 0.582 0.560 96.0 1.26 0.82

GAC-R 1,118 0.648 0.632 97.5 1.16 0.47

GAC-1240 1,163 0.670 0.647 96.5 1.15 0.49

SAC 1,182 0.685 0.656 95.7 1.16 0.43
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Table 2 Characteristics of different as-received activated carbons

Carbon sample Surface acidity

Oxygen evolved (g/100 g) on degassing at 950° as

Elemental analysis (wt%)

(mEq/100 g)

CO, CO H,O Total C H N O (by diff.)
ACC 125 1.92 (120)* 3.15 1.31 6.38 92.56 0.92 Traces 6.52
ACF-307 98 1.56 (96)* 3.30 1.30 6.16 9291 0.97 Traces 6.12
GAC-R 35 0.51 (32)* 1.52 1.32 3.35 95.28 0.53 Traces 4.19
GAC-1240 29 0.42 (26)* 1.32 1.24 2.98 96.31 0.46 Traces 3.23
SAC 16 0.31 (19)* 1.21 1.34 2.86 96.44 0.57 Traces 2.99
? The values in parenthesis are the milliequivalents of CO, evolved on degassing
of the same order as that obtained by elemental analysis. 600 -
The small differences between the two values can be ¢ ACC
attributed to the two entirely different methods used. Fur- o ACF-307
thermore, as the oxygen content was determined by dif- AGAC-R
ference in the elemental analysis, there can be small error X GAC-1240
due to presence of trace elements. 400 - O SAC

3.2 Adsorption isotherms

The adsorption isotherms of pyridine vapors on the two
samples of granulated activated carbons (GAC-1240 and
GAC-R), a sample of activated carbon fiber (ACF-307), a
sample of ACC and a sample of SAC are measured at
303 K and are presented in Fig. 2. All activated carbons
adsorb appreciable amounts of pyridine vapors. The
adsorption isotherms are Type I of the BET classification
showing a sharp rise in adsorption at lower relative vapor
pressures and tending to become more or less constant at
higher relative pressures. The amount adsorbed generally
increases with increase in surface area but there is no direct
relationship between the amount adsorbed and the surface
area. The adsorption data for these vapors has been ana-
lysed using Langmuir adsorption isotherm equation.

p 1 p

X Xk X

The adsorption for pyridine obeys Langmuir equation.
The monolayer capacity X, obtained from these linear
plots (Fig. 3) was used to calculate the surface area occu-
pied by these molecules using 0.38 nm” as the molecular
area for pyridine. The x,, values along with the BET sur-
face area are given in Table 3. It is interesting to note that
only a part of the carbon surface varying between 44 and
60 % is occupied by these molecules. This indicates that
the adsorption takes place on certain specific sites on the
carbon surface provided by carbon—oxygen surface groups.

3.3 Influence of surface functional groups

It is well known that almost all activated carbons are
associated with appreciable amounts of chemisorbed

Amount adsorbed (mg/g)

0 0.2 0.4 0.6 0.8
Relative vapor pressure (p/p°)

Fig. 2 Adsorption isotherms of pyridine vapors on as-received
activated carbons

oxygen and the amount of chemisorbed oxygen is varied
with the treatment, which the carbon was subjected to
during its preparation. The chemisorbed oxygen is present
on the carbon surface in the form of two types of surface
groups: one which are evolved on evacuation as CO, in the
temperature range 250-600 °C. These surface groups are
acidic in character and have been identified as carboxyls
and lactones. The other carbon—oxygen surface groups are
evolved as CO on degassing in the temperature range
600-950 °C. These surface groups are non-acidic and have
been postulated to be quinones and tend to make the carbon
surface hydrophobic (Bansal et al. 1978, 1988). The
amounts of both these types of surface groups are enhanced
by the oxidation of the carbon surface and decreases on
degassing at temperature range between 300 and 950 °C
(cf. Table 4).

The influence of carbon—oxygen surface functional
groups on the adsorption of pyridine was investigated by
studying the adsorption isotherms on the oxidized ACC and
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Fig. 3 Linear Langmuir plots for the adsorption of pyridine vapors
on as-received activated carbons

Table 3 Surface area occupied by pyridine molecules

Carbon sample BET (N,) Pyridine
surface area
(mz /) Xm (Mg/g) Surface area
occupied by
molecules (m2/ 2)
ACC 756 180 367
ACEF-307 921 206 418
GAC-R 1,118 241 492
GAC-1240 1,163 317 647
SAC 1,182 348 710

GAC-1240 carbon samples. In this paper, the curves for
ACC samples are shown only (Fig. 4). It is evident that
each oxidative treatment results in an appreciable increase
in the adsorption depending on the nature of oxidative
treatment. The increase in adsorption is maximum in case
of oxidation with HNOj3; which incidentally results in the
fixation of maximum amount of acidic oxygen groups that

are evolved as CO, on degassing (cf. Table 4). In order to
examine whether it is the total oxygen or the acidic carbon
oxygen surface groups which enhance the adsorption of
these molecules, the nitric acid oxidized samples were
degassed at gradually increasing temperatures of 400, 650
and 950 °C, to eliminate varying amounts of the carbon—
oxygen surface groups (Puri and Bansal 1964). The
adsorption isotherms on the degassed ACC samples are
presented in Fig. 5. It is seen that the adsorption of pyridine
decreases gradually as the temperature of degassing is
enhanced. It is interesting to note that the decrease in the
adsorption is only small in the case of the sample degassed
at 400 °C which has lost only a small amount of the acidic
surface groups retaining the non-acidic surface groups
almost completely. The decrease in adsorption, however, is
considerably large on the 650°-degassed carbon sample
which has lost a larger part (~85 %) of the acidic surface
groups although it has retained most of the non-acidic
surface groups intact (cf Table 4). In case of samples
outgassed at 950 °C, the adsorption of these vapors is even
smaller. These samples are almost completely free of any
oxygen groups and are completely hydrophobic. This
shows that the increase or decrease in adsorption is deter-
mined by the amount of acidic surface groups present on
the carbon surface. These acidic surface groups are polar in
character and are, therefore, involved in the polar interac-
tions with the polar adsorbate molecules. Their elimination
on degassing decreases these interactions. Furthermore,
increase in the amount of carbon —oxygen groups enhances
acidic centres of carbon and facilitates the Lewis acid—base
type interactions between the acidic sites and basic struc-
ture of pyridine molecules. On degassing, these acid—base
type interactions decrease due to decrease in the acidic
sites.

Since pyridine is an aromatic compound, their adsorp-
tion by activated carbons may also involve dispersive
interactions between the I electrons of the graphene layers
of the carbons and IT electrons of pyridine. Thus it appears
that the adsorption of pyridine on activated carbons takes
place partly by dispersive and partly by polar interactions.
The presence of oxygen in the carbons will reduce the

Table 4 Surface acidity and

Carbon sample
carbon—oxygen surface groups

Surface acidity
(mEq/100 g)

Oxygen evolved (g/100 g) as

evolved on degassing different CO, CcO H,O Total

oxidized ACC samples at

950 °C As-received 125 1.92 (120) 3.15 1.31 6.38
HNOs-oxidized 370 6.53 (393) 7.52 1.29 15.34
(NH,4),S,05-oxidized 208 3.29 (206) 6.91 1.34 11.54
H,0;-oxidized 172 2.82 (176) 6.41 1.23 10.46
400°-degassed 318 5.34 (331) 7.21 1.22 13.77
650°-degassed 75 1.39 (86) 6.04 1.23 8.66
950°-degassed Traces Traces Traces Traces Traces
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Fig. 4 Adsorption isotherms of pyridine vapors on ACC sample
before and after oxidation
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Fig. 5 Adsorption isotherms of pyridine vapors on HNO;-oxidised
ACC sample before and after degassing

dispersive interactions by decreasing the electron density
due to localization or withdrawal of electrons in the
graphene layers while it will enhance the polar interactions.
3.4 Influence of metal impregnants

3.4.1 Characterisation of metal impregnated carbons

ACC sample was impregnated with Cu (0.18 wt%), Cr
(0.36 wt%) and Ag (1.6 wt%). Metal impregnated carbons

were characterized by pore size distribution analysis,
scanning electron microscopy (SEM), powder X-ray dif-
fraction (XRD), TGA and DTG.

In SEM micrographs of as-received ACC samples
(Fig. 6a), several longitudinal grooves are observed on the
surface indicating that ACC is made up of bundles of
carbon fibres that are woven into a cloth. Internally each
fibre is further divided into numerous small microfibres.
SEM micrographs of metal impregnated ACC samples (cf.
Figs. 6 b, c, d) show that the metals have covered the
surface of the fibres as indicated by the white particles on
it. These metal particles are nonuniformly distributed on
the external surface of ACC fibres and these could not be
seen on the surface of non-impregnated ACC fibres.

The pore size distribution curves for impregnated ACC
samples are shown in Fig. 7. The curves for the as-received
ACC are reproduced in this figure for an easy comparison.
Average pore radius, the surface area, the total pore volume
and the micropore volume is decreased after impregnation
(cf. Table 5). This shows that the metal particles cause
partial blocking of the entrances of pores resulting in the
reduced surface area and volume of the accessible pores.

The XRD patterns for as-received and metal impreg-
nated ACC samples are presented in Fig. 8 and structural
parameters for the materials are given in Table 6. The
XRD patterns of activated carbons show almost no dif-
fraction lines but two broad peaks having diffraction
maxima at diffraction angles 20 ~ 23° and 20 ~ 43°
(Short and Walker 1963). Broad peak at 20 ~ 23° repre-
sents the (002) graphitic basal plane reflection and denotes
strong small angle scattering indicative of an amophorous
material with high porosity. The interlayer spacing of all
the carbon samples for dy, plane is higher than that of the
graphite (0.335 nm) and indicates that all the samples
contain disordered graphite microcrystallites with intra-
crystallite voids forming the pores. Furthermore, the
weaker broader peak at 43°, indicates that the (100) and
(101) peaks have merged to yield a single (10) reflection,
also demonstrating a relatively higher degree of random-
ness in these fibres. The interlayer spacing of the activated
carbon was slightly decreased with metal impregnation.

Estimates of the mean microcrystallite dimensions can
be obtained by application of the Debye—Scherrer equation
(Carrott and Nabais 2001).

K
~ Pcosf’

where B is the peak width at half height corrected for
instrumental broadening and k is the shape factor which
depends on the lattice dimension. The k values of 0.9 and
1.84 were employed for the calculation of L. and L, values
respectively. L, and L. are estimates for the stacking width
and stacking height of the microcrystallites. Also the mean
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Fig. 6 SEM micrographs of
a ACC (x1,200). b Ag-
impregnated ACC (x8,000).
¢ Cu-impregnated ACC
(x10,000) and d Cr-
impregnated ACC (x7,000)
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Fig. 7 Pore size distribution for as-received ACC before and after
impregnation from nitrogen adsorption isotherms
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number of layer planes in the microcrystallites (N,) can be
estimated using the ratio L./dgp,. The wavelength (L) of
CuKa radiation is 0.15405 nm. The stacking height and
stacking width increased slightly after impregnation. The
values of L. and L, for typical graphitic carbon structure
are 0.0670 nm and 0.2461 nm respectively.

The XRD patterns of the metal impregnated carbon
samples do not show any change after loading except that
the peak intensity is enhanced after each impregnation.
These can be attributed to the presence of these metals on
the carbon surface as amphorous material or to very small
amount of metal loading on the activated carbon surface to
show diffraction.

TG and DTG curves showing the thermal decomposition
pattern of as-received and metal impregnated ACC samples
are shown in Fig. 9a, b. TGA curves show that the weight
loss occurs in three stages. The stage I of weight loss starts
around 80 °C and ends around 180 °C. A gradual weight
loss takes place between 200 and 600 °C and then a sudden
weight loss occurs above 600 °C with a total weight loss of
33 % in case of as-received, 34 % in Cr-impregnated
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Table 5 Porous structural Carbon sample

BET(N,) surface

Total pore volume Micropore volume Average pore

parameters of A(_:C sample. area(mzlg) V. (cm3/g) Vmic(cm3/g) radius (nm)
before and after impregnation
As-received 756 0.463 0.441 1.224
Cu-impregnated 670 0.351 0.323 1.047
Cr-impregnated 644 0.329 0.300 1.021
Ag-impregnated 625 0.317 0.278 1.014
Fig. 8 XRD patterns for as-
received and impregnated ACC
samples (Color figure online) -
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Table 6 Structural parameters Carbon sample 20 ~ 23° 20 ~ 43°
of as-received and metal
impregnated activated carbons doop (nm) L, (nm) L. (nm) N, dio (nm) L, (nm) L. (nm)
deduced from XRD studies
As-received 0.382 1.178 0.576 1.50 0.208 4.34 1.676
Cr-impregnated 0.376 1.181 0.612 1.63 0.204 4.37 1.682
Cu-impregnated 0.378 1.186 0.587 1.55 0.207 4.38 1.684
Ag-impregnated 0.377 1.184 0.607 1.61 0.205 4.39 1.681

carbons, 29 % in Cu-impregnated and 27 % in Ag-
impregnated carbons. A similar trend can be seen in the
DTG curves present three exotherms (peaks): a first one is
from 45 to 160 °C, a second one from 200 to 600 °C and a
third one is above 700 °C. The first peak is due to
desorption or removal of adsorbed water. The peaks at
temperatures around 200 °C are due to the decomposition
or removal of surface oxygen containing functional groups
present on the carbon surface. As mentioned earlier, it is
well documented that CO, would be released at
200-600 °C because of the decomposition of carboxyl and
lactone groups while CO would be released between 650
and 950 °C due to decomposition of carbonyl, phenol and
quinone groups present on the carbon surface (Bansal et al.
1988). In case of metal impregnated activated carbons,

third one is more pronounced as compared to as-received
ACC sample due to decomposition of metal oxides in
addition to carbon—oxygen surface groups.

3.4.2 Adsorption isotherms on metal impregnated carbons

The adsorption isotherms of pyridine on ACC before and
after impregnation with Cu®>", Ag™ and Cr®" ions are
shown in Fig. 10. The adsorption isotherms show that
loading with Ag™ and Cu®" increases the adsorption
compared with the unloaded sample while loading with
Cr®" decreases the adsorption. The increase in adsorption
of pyridine is maximum in case of Cu-impregnation and
minimum in case of impregnation by Cr. This variation in
the adsorption of pyridine on the activated carbon surface
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Fig. 9 a TG and b DTG curves for as-received and impregnated ACC samples (Color figure online)

on impregnation with metal ions can be explained on the
basis of hard and soft acid base (HSAB) principle (Al-
farrara et al. 2004; Yu et al. 2006). This principle states that
hard acids prefer to bond to hard bases and soft acids to soft
bases. According to Pearson classification (Pearson 1963),
Ag" ion belongs to soft acid group while the Cr®" ions
belongs to hard acid. The Cu®" ion belongs to borderline
acids. Similarly pyridine is a borderline base. It has been
observed in the present studies that the adsorption of pyr-
idine increases on the Cu and Ag-impregnated carbon
while it decreases in the case of the Cr-impregnated car-
bon, the increase being maximum in the case of Cu-
impregnated carbon. Generally, it is seen that as the hard
bases prefer to bond with hard acids and soft go with soft
bases, the borderline bases generally bond with the bor-
derline acids. This can explain a maximum increase in the
adsorption of borderline base pyridine on the borderline
Cu" ion impregnated carbon.

3.4.3 Desorption studies on metal impregnated carbons

The desorption of pyridine vapors has been studied on
metal impregnated ACC samples. The adsorption—desorp-
tion isotherms are shown in Figs. 11, 12 and 13. The
adsorption—desorption isotherms show that sorption—
desorption branches do not meet even at zero relative vapor
pressure. This indicates that a certain amount of pyridine
vapors is held at the surface of these impregnated carbons
so firmly that it can not be desorbed even when the system
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Fig. 10 Adsorption isotherms of pyridine vapors on ACC sample
before and after impregnation

is evacuated to constant weight at 303 K which is the
temperature of adsorption. This amount may be regarded as
irreversibly adsorbed or fixed at the metal sites on the
carbon surface by some mechanism involving chemisorp-
tion or other specific interactions or both, since physio-
sorbed vapors can usually be desorbed readily at the
temperature at which they were originally adsorbed.
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Fig. 11 Adsorption—desorption isotherms of pyridine vapors on Cu-
impregnated ACC sample

Furthermore, this amount increases in the order: Cr-
impregnated < Ag-impregnated < Cu-impregnated ACC
samples. This trend further supports the fact that the
interaction of pyridine vapors is maximum for Cu-
impregnated ACC samples and minimum for Cr-impreg-
nated as explained earlier on the basis of Hard-Soft acid
base interactions.

3.5 Adsorption kinetics

The transport of gases and vapors into an activated carbon
surface is a complex process. Consequently, there is only
limited information available in the literature relating to the
adsorption kinetics. It is likely that processes such as sur-
face diffusion, diffusion in micropores and the chemical
interactions with the carbon—oxygen surface groups could
all make significant contributions towards adsorption on
activated carbons. Thus keeping in mind the pore size
distribution in activated carbons and the existence of dif-
ferent types of carbon—oxygen groups on the carbon sur-
face, which make the carbon surface heterogeneous, the
modeling of the kinetic process is quite difficult. The two
more simple approaches to process the kinetic data could
be to use either the Fick’s diffusion laws for homogeneous
materials or to describe the process by phenomenological
models. Since the activated carbons have heterogeneous
surfaces, the assumption of the Fick’s diffusion law that the
diffusion coefficient is constant is not valid in this case.
The kinetic data, therefore, has been analysed using the
empirical and phenomenological models.
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Fig. 12 Adsorption—desorption isotherms of pyridine vapors on Ag-
impregnated ACC sample
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Fig. 13 Adsorption—desorption isotherms of pyridine vapors on
Cr-impregnated ACC sample

3.5.1 Empirical diffusion model

Assuming that the surface concentration of a vapor is
constant and that the diffusion is controlled by the con-
centration gradient through the particle, the kinetic of dif-
fusion can be expressed (LaCava et al. 1989) by the
empirical diffusion equation.
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M,

= K",
M,

where M, is the vapor uptake at time t, M, is the equilib-
rium vapor uptake, K is adsorbate-adsorbent interaction
coefficient and n is the diffusional exponent. The diffu-
sional exponent n and the interaction coefficient K can be
evaluated from the linear plot of In (M¢/M,) against In t.
When the value of n = 0.5 or less than 0.5, the diffusion
mechanism is Fickian (Chagger et al. 1995; Foley et al.
1997).

3.5.2 Linear driving force (LDF) mass transfer model

The kinetics of vapor adsorption may also be described by
the following phenomenological model (Chagger et al.
1995) which is equivalent to a linear driving force model
and can be represented as

M _ 1 —e ™,

Me

where M, and M, are respectively the uptakes at any time t
and at equilibrium and k is the rate constant. In this case, a
plot of In (1-M¢/M,) against time gives a straight line of
gradient k.

3.5.3 Interpretation of the kinetic models

The diffusional exponent n and the interaction coefficient
K have been evaluated from the linear plot of In (M/M,)
against In t. The value of n is always greater than 0.5 in the
case of all adsorbate-adsorbent combinations (cf. Table 7).
This indicates that the adsorption of pyridine does not
involve Fickian diffusion but may be considered as a
pseudo first order mass transfer process between the vapor
phase and the adsorption sites.

The values of K are considerably larger on the oxidized
and as-received ACC samples compared with the value on
950°-degassed samples (cf. Table 7). It has been shown
earlier that the oxidized and as-received ACC samples are
associated with appreciable amounts of the carbon—oxygen
surface groups which render the carbon surface polar in
character. The molecules of pyridine are also polar in
character and can involve into polar-polar adsorbate-
adsorbent interactions. The values of K are significantly
smaller for 950°-degassed carbon sample for pyridine. This
indicates that the adsorption of polar pyridine molecules on
the nonpolar 950°-degassed ACC sample, which is almost
completely free of any carbon—oxygen surface groups,
involves mainly dispersive interactions, the polar-polar
interactions being of smaller value.

In this paper, as a first approximation, we have tried to
calculate the contribution of polar-polar and dispersive
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interactions by dividing the interaction coefficient
(K) between the different contributions. As stated earlier
that 950°-degassed ACC sample involves dispersive
interactions only, therefore we can assume that the value
of the interaction coefficient (K = 3.2 x 1072) for
adsorption of pyridine on the 950°-degassed carbon sample
as the contribution of the dispersive interactions towards
the interaction coefficient. Now, the contribution of
polar interactions towards the interaction -coefficient
will be (6.4 x 1072 —-32 x 1072 =32 x 107%) and
(82 x 1072 —=32x 1072 =50 x 107%)  respectively
for the adsorption of pyridine on the as-received and oxi-
dized carbon samples. For 400° and 650°-degassed, the
contribution is (7.4 x 1072 = 3.2 x 1072 =42 x 1072
and 39 x 1072 —-32x102=0.7 x 107? respec-
tively. It is calculated that for pyridine, the polar interac-
tions contribute about 50 % in case of as-received and
61 % in case of nitric acid oxidized samples which has
larger amount of carbon—oxygen surface groups compared
with as received ACC sample. In case of 400°-degassed
and 650°-degassed, the contribution is 56 and 18 %
respectively. As mentioned earlier, the presence of oxygen
in the carbons will reduce the dispersive interactions by
decreasing the electron density due to localization or
withdrawal of electrons in the graphene layers while it will
enhance the polar interactions. This indicates that disper-
sive interactions are less important in case of nitric acid
oxidised samples while these play major role in case of
650°-degassed and 950°-degassed samples which have
smaller amount of carbon-oxygen surface functional
group. Furthermore, for as-received samples, both types of
interactions contribute equally.

For the impregnated carbon samples, the value of K
decreases in the order: Cu-impregnated > Ag-impreg-
nated > Cr-impregnated ACC samples in case of pyridine.
These values are included in the Table 7. These trends are
based on the acid-base interactions of between the adsor-
bate and adsorbent. As mentioned earlier, Cu-impregnated
ACC has greater affinity for pyridine.

Table 7 Kinetic Parameters for adsorption of pyridine vapors on
different ACC samples

Carbon sample n K E, (kJ/mol)
As-received 0.88 6.4 x 1072 36.3
HNO; -oxidised 0.90 8.1 x 1072 46.5
400°-degassed 0.91 74 x 1072 43.2
650°-degassed 0.95 3.9 x 1072 27.7
950°-degassed 0.96 32 x 1072 23.4
Cu-impregnated 0.83 7.8 x 1072 56.4
Cr-impregnated 0.87 6.0 x 1072 30.6
Ag-impregnated 0.94 7.2 x 1072 443
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The values of rate constants k;, ko and k3 at the three
temperatures (293, 303 and 313 K) were determined from
the linear plots of In (1-M¢/M,) against time and these
have been used to calculate the activation energies of
adsorption (E,) using Arrhenius plots. The activation
energies for the adsorption of pyridine on as-received,
nitric acid oxidized and 950°-degassed ACC samples are
presented in Table 7. It is seen that the activation energy
values for the adsorption of pyridine are quite large for the
as-received and oxidized carbon samples. As the pyridine
is polar molecule, it appears that the adsorption of these
molecules involves two different interactions: the polar-
polar interactions between the polar adsorbate molecules
and the polar carbon—oxygen surface groups and the dis-
persive interactions. The activation energies of adsorption
are in the domain of physisorption indicating that the
adsorption is not chemical in nature and may involve the
formation of quasichemical weak hydrogen bonds. This
receives support from the smaller activation energy values
for the adsorption of pyridine in the case of the 950°-
degassed ACC sample which is almost completely free of
any carbon—oxygen surface groups.

For impregnated carbons, the activation energies
decrease in the order: Cu-impregnated > Ag-impreg-
nated > Cr-impregnated ACC samples in case of pyridine.
These trends are consistent with the interactions of these
molecules with the metal impregnated activated carbons, as
has been indicated earlier from the values of interaction
coefficient K (calculated from the empirical diffusion
model) for different adsorbent-adsorbate systems.

3.6 Isosteric enthalpy of adsorption

The isosteric enthalpies of adsorption for pyridine on the as-
received and modified ACC samples were calculated from the
adsorption isotherms at two temperatures of 303 and 313 K
using the integrated form of the Clausius—Clayperon equation.

<1 pl) —AH (Tz — T])
n—| =——|——|,
r/), R N1,

—4H = s+

The isosteric enthalpies of adsorption at different surface
coverages for different adsorbate-adsorbent systems are
shown in Figs. 14 and 15.

It is seen that the zero surface coverage qy decreases in
the order: oxidized > as-received > 950°-degassed ACC
samples, the value varying between 137 and 105 kJ/mol.
This is due to the decreasing heterogeneity of the carbon
surface (Al-Muhtaseb and Ritter 1999) which is due to the
presence of carbon—oxygen surface groups at certain spe-
cific sites. It is also seen that g initially decreases and then
increases with an increase in the surface coverage. As

adsorption proceeds, the influence of surface heterogeneity
decreases and the contribution of lateral interactions is not
large enough at intermediate 0 values. These factors tend to
decrease qq at lower O values. The lateral interactions
become significant only at higher surface coverages
(60 > 0.5) and result in an increase in qg,. Figure 14 shows
that at the minimal coverage of about 0.025, pyridine
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150 X 950°-degassed
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Fig. 14 Variation of isosteric enthalpy of adsorption with fractional
surface coverage for the adsorption of pyridine vapors on different
ACC samples
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Fig. 15 Variation of isosteric enthalpy of adsorption with fractional
surface coverage for the adsorption of pyridine vapors on ACC after
impregnation

@ Springer



50

Adsorption (2015) 21:37-52

molecules occupy sites on as-received ACC sample whose
energy is more than 122 kJ/mol in magnitude (the
adsorption energy is negative). This means that all the sites
whose adsorption energy is less than —122 kJ/mol are
occupied by adsorbed molecules at the above coverage.
These are the strongest sites on the carbon surface being
characterized by lower magnitudes of adsorption energy.
Similar trends were observed for the adsorption of pyridine
on silica gel (Bakaev et al. 2007). If the coverage increases,
the vacant sites are occupied by the newly arrived mole-
cules. This can explain a monotonous decrease in the
isosteric enthalpy of adsorption on a heterogeneous surface
as a function of surface coverage.

compound polar in character. In addition the ring structure in
these compounds has II electrons which can also interact.
Similarly activated carbons are invariably associated with
acidic carbon—oxygen surface which make the carbon sur-
face polar. The activated carbons also have graphene layers
which contain IT electrons. Thus the adsorption of pyridine
on activated carbons shall involve dispersive interactions
between the IT electrons of the ring with IT electrons of the
graphene layers as well as the polar-polar adsorbate-adsor-
bent interactions. The polar adsorbate-adsorbent interactions
which may involve hydrogen bonding between the carbon—
oxygen groups on the carbon surface and the nitrogen of
pyridine can be represented as:

)C_C</ZH + N’/_\> —— )c-c</Z_H ______ N/ \

For the adsorption of pyridine on impregnated carbons,
the zero surface coverage qg decreases in the order: Cu-
impregnated > Ag-impregnated > As-received > Cr-
impregnated ACC samples (Fig. 15). These trends are
based on the adsorption affinity of pyridine for these metal
impregnated carbons. It might be assumed that pyridine act
as Lewis base and coordinate with metal vacancies by
utilizing the free electrons. The higher values of qg for
activated carbon impregnated with Cu and Ag metals may
be due to a stronger interaction of the adsorbate molecules
with metal vacancies present on the active carbon surface.
The extent of coordination of adsorbate molecules with
metal sites depends upon the acidic character of the metal.

3.7 Mechanism of adsorption

Pyridine has a six membered ring structure with a nitrogen
atom as part of the ring. This heteroatom renders this
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In the case of metal impregnated samples, the metals
located in the pore entrances can act as active centers SO
that pyridine molecules can position themselves parallel
or perpendicular to the surface depending on the type of
nitrogen-metal interactions. It has been suggested that
pyridine can interact with metals either via donation of a
lone pair of electrons which is considered to be a direct
N-metal bond or via delocalized electrons of the aro-
matic ring where a Il-type complex with the metals
is formed. The latter arrangement should lead to a par-
allel location of pyridine molecules on the surface pro-
vided that the pore geometry and size allow it. These
interactions for the adsorption of pyridine can be repre-
sented as:
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4 Conclusions

Adsorption of pyridine vapors on activated carbons is
influenced considerably by the nature and amount of car-
bon—oxygen functional groups as well as metals dispersed
on carbon surface. The adsorption increases on oxidation
due to the formation of carbon—oxygen surface groups.
When these surface groups are gradually removed on
degassing at increasing temperatures, the adsorption
decreases. Loading Ag"™ and Cu”** ions on ACC sample
increased the adsorption of pyridine vapors in comparison
with the unloaded ACC sample while loading of Cr®" ions
on ACC decreased the adsorption of these vapors. This has
been attributed to the variation of the nature of soft and
hard acid on the activated carbon surface. These interac-
tions were further supported by the desorption studies on
metal impregnated carbons. The kinetic data analysed
using empirical diffusion model and the linear driving
force mass transfer model indicates that the adsorption
does not involve Fickian diffusion but may be considered
as a first order mass transfer process. The trends in isosteric
heats of adsorption for modified and unmodified ACC
indicate the effect of both surface heterogeneity and lateral
interactions. As pyridine is a polar molecule, it appears that
the adsorption involves two different interactions: the
electrostatic (polar) adsorbate-adsorbent interactions and
the dispersive interactions in the case of as-received and
oxidized carbons and largely the dispersive interactions in
the case of 950°-degassed sample. It has been observed that
the polar interactions contribute to between 50 and 60 %
for as-received and oxidized carbon samples. In case of
metal impregnated carbons, the metals at the pore entran-
ces can be the active centers and pyridine can interact with

the metals either via donation of a lone pair of electrons
(N-metal bond) or via delocalized electrons of the aromatic
ring where a Il-type complex with the metals is formed.
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