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Increasing environmental awareness and concern have expanded
the role of powdered activated carbon (PAC) and granular activated
carbon (GAC) adsorbents in scavenging the soluble, chemically
stable and biologically non-degradable pollutants from industrial
and domestic wastewater. In the present investigation adsorbents
prepared from bituminous coal, namely, Filtrasorb-100 (F-100),
Filtrasorb-200 (F-200), Filtrasorb-300 (F-300), Filtrasorb-400 (F-
400) and coconut shell based carbons LCK and RRL were evaluated
for their efficiency and performance in scavenging pollutants from
water. Aqueous solution of m-nitrophenol was used as adsorbate.
These GAC samples were subjected to Proximate and Ultimate
Analysis, Pore Size Distribution (PSD), Scanning Electron Micros-
copy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR).
Results show that the source material used for preparation of GAC
has significant effect on its pore structure, surface texture, resistance
to fragmentation and adsorption capacity. Bituminous coal based
carbons show high ash content, a rough surface having lot of cracks
and irregular protrusions, high pore volume and a widely dispersed
pore structure. In contrast, the coconut shell based GAC samples
have low ash content, low pore volume and exhibit uniformly dis-
persed finer pores, which are well connected by solid mass. FTIR
spectra show the presence of various carbon-oxygen complexes on
the granular activated carbon surface, which makes the surface
slightly polar. The eftect of physico-chemical parameters associated
with the adsorbent on the adsorption equilibrium and adsorbate
removal rate was also studied. Adsorption equilibrium and kinctic
experiments were carried out in a batch reactor. The obtained results
showed that bituminous coal based carbons have higher adsorption
capacity for phenols as compared to the coconut shell based carbons.

Key Words: Adsorption, Activated carbon, Pore size distribu-
tion, Scanning Electron microscopy, FTIR, Phenols, Adsorption
equilibrium, Adsorption kinetics, Wastewater.

INTRODUCTION

Complete removal or reduction of concentration of hazardous organic chemi-
cals to an acceptable limit has become a major concern of advanced water and
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wastewater treatment technology. The conventional biological and physical
treatment processes are not always capable of removing these substances
adequately. In order to comply with the effluent limits imposed by environmental
protection agencies, a broad range of treatment processes are in application. In
recent years adsorption on -activated carbon has proved promising in removing
refractory organic compounds at tertiary treatment level. The availability of a
wide variety of activated carbons in several countries, its versatility as a liquid
phase adsorbent' and the recent inroads into the regeneration of spent GAC
samples for many cycles® has boosted its application in wastewater treatment
technology.

The adsorption phenomenon is largely governed by the physico-chemicai
characteristics of the adsorbent and adsorbate. However, interpretation of the
adsorptive behaviour based on the total adsorbent surface area alone is incom-
plete, as carbons having equal weights and equal total surface areas when prepared
by different methods exhibit different adsorptive characteristics. Some of the
adsorptive properties can be explained by differences in relative pore size
distributions, but a more important consideration is the difference in surface
properties of the carbons. The chemical nature of the surface functional groups
present on the activated carbon surface depends on the activation procedure
employed in its manufacture or regeneration process.

In the present investigation, adsorption potential of different grades of granular
activated carbons prepared from different sources has been studied. Commercially
available bituminous coal based activated carbons namely Filtrasorb-100 (F-100),
Filtrasorb-200 (F-200), Filtrasorb-300 (F-300), Filtrasorb-400 (F-400), and
coconut shell based samples LCK and RRL were used as adsorbents. These
samples were procured directly from the manufacturers and other sources
(Table-1) and were subjected to proximate and ultimate analysis, phenol-BET
surface area measurement, pore size distribution measurement, scanning electron
microscopy (SEM) and FTIR spectroscopy to determine the physical and
chemical nature of the GAC surface. The aqueous phase adsorption behaviours
of these adsorbents were compared by studying the adsorption equilibrium and
removal rate of m-nitrophenol (MNP) from its aqueous solution.

Granular activated carbon: Granular activated carbon is a solid of in-
definite structure. It is highly porous in character and its pore and surface
characteristics depend on the source material used for its preparation and the
activation process3' 4. The adsorbents presently used all over the world for various
purposes have an internal surface area greater by several orders of magnitude
than the external surface area, located predominantly in micropores. The large
internal surface area is produced during activation process where part of the parent
solid is removed by controlled burning of carbon or by thermal decomposition
where the loss of volatile components leads to the development of a highly
heterogeneous porous structure and surface characteristics. However, this enor-
mous surface area is only restricted to those cavities which have an opening to
the exterior of the granule and not the sealed pores. The electron micrographs
clearly show the presence of macro-, meso- and micropores. Adsorption is rapid
in the macropores and a portion of the adsorbate finds its way into the micropores -
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over a delayed period of time. This implies that the adsorption phenomenon is
rapid at start but slows down with time.

Pore size distribution (PSD) measurement of a given granular activated carbon
sample provides the information on the adsorbent structure. The internal surface
area of activated carbons, generally greater than 400 m%g, is mostly located in
the micropores having pore diameter less than 20 A. Whether a specific molecule

is adsotbed or not in a pore is determined by the size of adsorbate as well as the -

pore. The pore size distribution (PSD) results are presented in Figs. 1 and 2. PSD
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analyses of the GAC samples shown in Fig. 1 were carried out on a Carlo Erba
Mercury Porosimeter (Courtesy M/s Alchemie, Bombay, India). As can be seen
from Fig. 1, ‘he Carlo Erba Mercury Porosimeter could not detect pores below
35 A, whereas, PSDs of F-200 and F-400 carbons (Fig. 2, supplied by the
manufacturer) clearly show the existence of pore diameters as low as 6.5 A. Thus
the surface area calculated from pore size distribution is likely to throw more
light on the presence of pores of lower diameters and their abundance. The surface
area can be calculated by knowing the volume of mercury penetrating into the
pore space of a given diameter using the formula®.

4 (volume of Hg)
Surface area =

diameter of pore

The surface areas calculated using the above relation are summarised in
Table-2.

ADSORBENT SURFACE AREATI?‘JBII;\%:FROM PSD MEASUREMENTS
GAC F-100 F-200 F-300 F-400 RRL LCK
Carlo Erba* — 17.56 — 48.07 31.20 16.56
From Fig. 3 — 825 — 998 - —
N,-BET¢ 841 825 970 998 900 1025

* Information provided by M/s Alchemie, Mumbai, India.
tInformation provided by the manufacturers.

Since the surface area calculated using the pore size distribution results
obtained on Carlo Erba mercury porosimeter is only around 2-5% of surface area
obtained from Fig. 2 and N,-BET method, it may be inferred that 95-98% of the
adsorbent surface area exists in pores below 35 A in radius, which explains the
slow approach to adsorption equilibrium following an initial rapid uptake period®.
Surface area for these GAC samples has also been determined using adsorption
isotherms of m-nitrophenol and the results have been discussed at a later stage.

Proximate and ultimate analysis of adsorbents: These adsorbents were
subjected to proximate and ultimate analysis and the obtained results are
summarised in Table-l. The moisture content of bituminous coal based sample
Filtrasorb-200 was highest at 10.5% and that for Filtrasorb-400 was lowest at
1.9%. The bituminous coal based carbons F-100, F-200, F-300 and F-400 have
much higher ash (5.4-6.1%) and mineral matter (5.9-6.7%) content. The coconut
shell based samples RRL and LCK show moisture content around 6%. The fixed
carbon content for all samples was found to be around 88-90% except for
Filtrasorb-200, which had fixed carbon content of only 78.1%. The coconut shell
based carbons show lower ash content. Their high carbon and low hydrogen
percentage, as evident by the ultimate analysis, supports the observation that these
carbons are structurally very hard and show a very high resistance to fragmenta-
tion. The carbon, ash, moisture and mineral matter content reflects itself in the
crystalline and porous structure of the adsorbent particle as samples having higher
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ash and mineral content are likely to be more fragile as compared to the samples
having very low ash content.

Scanning electron microscopy and FTIR spectroscopy: The SEM
micrographs show that GAC samples prepared from different sources have
significantly different pore structure and surface characteristics. The bituminous
coal based samples F-100, F-200, F-300 and F-400 show a layered, loosely packed
structure with a lot of cavities, cracks, irregular protrusions and widely dispersed
pores. The relative high ash and mineral matter content of these samples (Table-1)
may be causing the loose packing as can be seen form tiny particulate material
in the micorgraphs. The proximate analysis indicates a very high moisture content
in F-200 sample, which means that the water molecules must be getting entrapped
in these cracks and layers. In comparison, the coconut shell based RRL and LCK
samples indicate a more compact structure with uniformly distinguished pores
well connected by solid mass. They show few fines as indicated by their high
carbon and low ash content. The low pore volume and high particle density of
the RRL carbon is justified by its pore size distribution measurement and SEM
micrograph. These differences in the structure of various adsorbents make them
suitable or unsuitable for gas or liquid phase adsorption applications. Adsorbents
with widely distributed pores having large number of cavities and cracks are
generally suitable for liquid phase adsorption studies, whereas those having fine
and regular pores are more suitable for gas phase adsorption operations?.

Fourier Transform Infrared Spectra: FTIR spectra of adsorbent samples
in a KBr matrix’ was recorded between 4000-400 cm™" at room temperature. The
FTIR spectra clearly show the various groups present on activated carbon surface.
The predominant presence of free phenolic —OH stretch vibration around 3500
cm™ is visible in all GAC samples’™. The bands around 3000-2900 cm™ are
probably due to the symmetric and asymmetric C—H stretch vibrations particular-
ly at 2808 cm™", which were present in coconut shell based samples and were not
observed in bituminous coal based samples which can be attributed to a hydrogen
bonding in low ash content samples. The spectra below 1000 cm™ were marked
by the noisy spectrum. GAC sample F-100 shows peaks around 1622 cm™ to
1582 cm™ which corresponds to the vibrations of C=O -in the quinone
configuration. The asymmetric O=C==0 stretch vibration of CO, adsorbed in
pores of adsorbent are represented by bands around 2361 cm™ and 2336 cm™.
The C—O stretch vibration (phenol, —COO~) around 1200 cm™' were also
observed in the adsorbents.

The FTIR spectra of F-200 also show the presence of C=0 vibrations in the
quinone contiguration. The peaks at 1074 cm™ probably indicate the moisture
inclusions in between the layers as F-200 had about 10.5% moisture content.
Filtrasorb-300 shows nearly identical infrared spectra as observed for the F-200.
The quinone C=0 group is configured strongly in this sample. FTIR peaks
around 1628 cm™ and 2364 cm™ are seen in the spectra of F-400 samples; the
band at 1629 cm™ represents H—O—H bonding.

There appears to be remarkable difference in the FTIR spectrum of RRL and
LCK samples although both are coconut shell based carbons which may be due
to the activation process employed for their preparation. The FTIR spectrum of
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LCK sample shows that the quinone ring or H—O—H linkage is completely
missing but new conjugated C=0 configuration seems to form. The band around
1737 cm™ may be due to the C==0 stretch vibrations from CHO, COO" or §
lactone group. The RRL sample also appears to contain C—Q, C=0 groups on
its surface represented by bands around 1527 cm™, 1469 cm™' and 1430 cm™. It
can be thus summarised that the FTIR spectrum shows predominant presence of
free —OH on stretch vibration of phenol around 3500 cm™ in all GAC samples'®
and following other groups:

® Asymmetric and symmetric C—H stretch vibrations around 2808 cm™ for

all GAC samples

¢ The asymmetric O=C==0 stretch vibration of CO, adsorbed in pores
around 2347 cm™
C—O stretch vibration (phenol, COO") around 1200 cm™ in these carbons
C=0 stretch vibrations around 1735 cm™
Methylene vibrations around 1644 cm™
The spectra below 1000 cm™ noisy spectrum.

EXPERIMENTAL

Adsorbate concentration in solutions was measured by UV spectroscopy by
measuring the optical density of the component at its wavelengths of maximum
absorbance. The UV absorption measurements were carried out on a GBC
UV/VIS 911A spectrophotometer (GBC Scientific Equipments, Melbourne,
Victoria, Australia) using matched 1 cm path length cuvettes. The adsorbate,
m-nitrophenol, had very strong absorption bands at 280 nm with high molar
extinction coefficient values (€). This naturally served as a very simple, reliable
and rapid method for analysing the adsorbate concentration in water. Regression
analysis of the experimental data of adsorbate concentration vs. optical density
for the standard Beer’s law plot was carried out to evaluate the molar extinction
coefficients (€) value given below?.

Water solubility
Adsorbate Symbol m.w. (mol/L at 30°C) Amax € (nm)
m-Nitrophenol MNP 139.11 0.3617 280 1317

The experimental arrangement for carrying out both the equilibrium as well
as the kinetic runs varied considerably. For adsorption equilibrium studies, a
one-litre round bottom flask containing 500 mL of distilled water was immersed
in the thermostat bath. The contents were constantly stirred at 800 + 50 RPM and
allowed to attain the temperature of bath, which usually took around 25 to 30
minutes. The impeller used to stir the experimental solutions was fabricated out
of a 6 mm glass rod having a simple teflon or nylon paddle fitted to its lower
end. The information available in literature!! states that the ratio of length of
paddle to the diameter of the reactor containing the solution to be stirred, should
lie between 0.20 to 0.50. In this work this ratio was fixed at 0.325, i.e., the paddle
length was kept at 5.0 cm. It has also been suggested that the ratio of width of
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the blade to its length should lie between 1/4 to 1/6. In this work, this has been
arbitrarily fixed at 0.30.

Adsorption equilibrium studies

After the desired temperature was reached, a calculated quantity of the stock
solution, measured with the help of a measuring pipette, was introduced into the
distilled water. The solution was allowed to mix thoroughly to achieve the desired
concentration and the same quantity of the resulting solution was pipetted out to
keep the final solution volume at 500 mL. This pipetted solution was used for
determination of initial adsorbate concentration. 0.250 + 0.001 g of the adsorbent
sample was now- introduced into the solution and stirring was maintained at
800 + 50 rpm. The time of addition of GAC was noted. Stirring was continued
till the concentration of the aqueous phase showed no detectable change in UV
absorbance. From preliminary experiments it was observed that the adsorbate
uptake profile was independent of stirrer speed above 600 rpm'? and the
equilibrium was attained in above 3.5 to 4 h. As a precautionary measure,
experiments were continued for 5 h. Some of the experiments were carried out
over a prolonged period of time where no significant difference was noticed in
the adsorbate concentration. Some of the points on the isotherm were also tested
for their reproducibility. Such an experiment enables one to obtain equilibrium
data for an adsorbent/adsorbate system at a given temperature. Experiments were
carried out by varying the concentration of the adsorbate in solution to obtain
equilibrium data which would help in arriving at the adsorption isotherm. The
(GAC/adsorbate solution volume) ratio was kept constant at 0.250 g/500 mL in
all equilibrium experiments. The adsorption equilibrium data are reported in
Tables 3 and 4.

Adsorption kinetics studies

For adsorption kinetic studies, the experimental unit was a cylindrical batch
reactor of 7 L capacity. It was made up of plexi glass and was fitted with eight
baffles at 45° each. The adsorbent-adsorbate system was stirred by a two-bladed
impeller having length 7 cm and breadth 1.5 cm. Experimental solution for kinetic
runs was 4 L in volume and was prepared by adding appropriate amount of stock
solution into boiled and cooled distilled water. 2.0000 + 0.0001 g of a given GAC
sample was introduced into the solution at a given instant of time. At desired
interval, S mL of experimental solution was withdrawn with the help of a syringe
and the concentration of the adsorbate in the aqueous phase was estimated by UV
analysis. The obtained adsorption kinetic data are reported in Table-S5.

RESULTS AND DISCUSSION

Adsorption isotherms: The adsorption isotherms obtained in the present
work fall under typical Type I favourable isotherm'*, The equilibrium data was
analysed for the validity of Langmuir and B.E.T. isotherm equations. Since the
concentrations of pollutants in water and wastewater after primary and secondary
treatment are micromolar, it is of interest to examine the Langmuir and B.E.T.
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isotherm equations in the very low adsorbate concentration range such as those
studied in this investigation. The B.E.T. equation is:

- Ce 1 + z-1)Ce )
Qe(Cs - Ce) Q°Z QOZ Cs

In the present work C, >> Ce and (Z - 1) = Z; therefore

' C. 1 C.

Q- QZ ' oC, @

which reduces to the Langmuir expression,

(C./Q.) = (1/Q°b) + (C/Q°), where b= (Z/Cs) 3)
Thus at micromolar concentration range of solute the two isotherms give same
results which were observed in this work. Langmuir isotherm plots were therefore
carried out for all the adsorbate-adsorbent systems. The isotherms are depicted
in Figs. 3 and 4. These plots also show the Langmuir equation obtained by linear

2.0

189 OF100 y=1227.1x+0.0788 e
OF300 y=889.65x+0.0801 .

ORRL  y=923.47x +0.0907 e

Ce/Qe, g/l
5
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Ce , mol/L

Fig. 3. Langmuir adsorption isotherms of m-nitrophenol on different grades of GAC

regression of the data. The regression coefficient values were above 0.98
indicating a very good linear fit in all the cases. The monolayer capacity ‘Q°’ can
be used to determine the surface area of the adsorbent using the relation

S=Q°NA “@

where, N = Avogadro number,
A = cross-sectional area of the adsorbate molecule, m?, and
S = adsorbent surface area, m%/g
The cross-sectional area of the molecule can be calculated using the following

expression employed by Emmett and Brunauer'#:
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Fig. 4. Langmuir adsorption isotherms of m-nitrophenol on different grades of GAC

A =3.464(M/4\2 Np)*? )

Where, M = molecular weight of the adsorbate,
p = density of the adsorbate (1.48 g/cm®), and
A =32 x 1072 m? for m-nitrophenol.

The Langmuir isotherm constants, adsorbent surface area and the ratio of
adsorbent surface area obtained from adsorption isotherm of m-nitrophenol and
N,-BET are summarised in Table-5

Adsorption kinetics: A simplified interpretation of the kinetic data based on
Langmuir theory'® has been used. Rate was expressed as a function of directly
measurable system variable, the fluid phase adsorbate concentration. Rate
constant found in this manner is purely phenomenological depending upon the
rates of adsorption and diffusion. The individual processes like adsorption,
desorption and molecular diffusion are all coupled together and represented by
the overall rate constant.

Langmuir theory assumes that the rate of adsorptior. is proportional to the
product of adsorbate concentration in the fluid phase and the fraction of the vacant
adsorbent surface. The fraction of the surface covered by the adsorbate, Q, will
be proportional to the decrease in fluid phase adsorbate concentration; thus

dQ/dt =k,C,(1 - Q) - k4Q 6
and
Q=1M(C,-C) (7

where, k, and ky are adsorption and desorption rate constants. Cy C, and C, are
the fluid phase adsorbate concentrations at zero, time t and at equilibrium
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respectively, f is a constant. Substituting eqn. (2) in eqn. (1) and solving the
resultant equation by applying the concept of steady state gives the final rate

expression

In [(C, — Ce) /(C, + a)] = —k,Cot + In [(Co — Ce) /(Co + 2))]

where a = (Cy/bC,) and b =k, /k4, the Langmuir constant.

®

The adsorption kinetic data for all the GAC-MNP systems were fitted 1nto
Eqn. (8) and was subjected to linear regression analysis to get the values of
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Fig.5. Adsorption kinetics-plot of m-nitrophenol on various adsorbents
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Fig. 6. Adsorption kinetics-plot of m-nitrophenol on various adsorbents
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adsorption and desorption rate constants. The linear regression coefficient values
were above 0.98 for all the adsorbate-adsorbent systems. The k, and ky values
are reported in Table-5.

Monolayer capaéity of various grades of adsorbents for a particular
adsorbate

Estimation of the specific surface area of an adsorbent is conventionally based
upon measurements of the monolayer capacity Q° of the adsorbent for a selected
solute having a well accepted molecular cross-sectional area. Since values of Q°
were readily obtained from Langmuir plots (Table-5), it is possible to evaluate
the adsorption performance of various adsorbents used. The cross-sectional area
of phenol molecule is well established'? and is taken as 52.2 A% The MNP-BET
surface area values for all the adsorbents are only about 20-24% of their reported
N,-BET surface area values. This clearly indicates that the finer porcs are not
accessible to the larger m-nitrophenol molecule (32 A2) as compared to the much
smaller nitrogen molecule (16.2 A?). The pore size distribution measurements
also corroborate these observations as more than 97% adsorbent surface area
exists in the micropores below 335 A in radius.

The monolayaer capacity of Filtrasorb grade of carbons is in the order F-400
> F-300 > F-200 > F-100 and from amongst the two coconut shell based carbons
LCK shows a higher capacity than RRL. This is in accordance with their N,-BET
surface areas reported in Table-1. On the basis of the monolayer capacities one
can conclude that F 400 is more suitable for scavenging organic pollutants from
water. Although LCK has very large N,-BET surface area, its MNF-BET surface
area is lesser than F-400 which suggests that the coconut shell based carbons
LCK and RRL have a greater proportion of finer pores not accessible to the larger
phenol molecules. Further, the lower adsorption capacities of F-100 and F-200
are justified as they have lower N,-BET surface area and are basically meant for
gas phase adsorption and have very fine porous structure (as per the manufac-
turer’s manual).

Rate of adsorption of MNP on various grades of adsorbents

The adsorption rate of MNP was found to be much higher for bituminous coal
based GAC samples as compared to the coconut shell based adsorbents. This is
because of the fact that the bituminous coal based carbons have wider pore size
distribution and higher surface area with lot of cracks and cavities in its structure
which favours the diffusion of the adsorbate species. Filtrasorb-300 and
Filtrasorb-400 show the highest adsorption rate for m-nitrophenol.

Conclusions

This investigation on evaluation of adsorbents prepared from different sources
has led to some important conclusions as stated below.
1. Pore size distribution (PSD), scanning electron microscopy (SEM), fourier
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transform infrared spectroscopy (FTIR) and proximate and ultimate
analysis show that the source material used for preparation of GAC has
significant effect on its pore structure, surface texture and characteristic
resistance to fragmentation and its adsorption capacity. Bituminous coal
based GAC shows high ash content and loosely packed rough surface
having a lot of cracks and crevices, irregular protrusions. The pores are
widely dispersed pores and these carbons have high pore volume. The
coconut shell based GAC samples have low ash content and low pore
volume. These GAC samples exhibit uniformly dispersed and finer pores,
well connected by solid mass. The presence of various acidic groups on
the adsorbent surface formed during the activation process is corroborated
by FTIR spectra. The low pore volume and high particle density of RRL
sample also supports the above observation.

2. FTIR spectra show presence of various carbon-oxygen complexes on
granular activated carbon surface which makes the surface slightly polar.
Significant presence of free —OH stretch vibration of phenols around
3500 cm™', asymmetric and symmetric C—H stretch vibrations around
2868 cm™!, asymmetric O=C==0 stretch vibrations of CO, adsorbed in
pores around 2347 cm™' and C—O stretch vibration (phenol, —COO—)
around 1200 cm™" were observed in these carbons. Similarly C=0 stretch
vibrations around 1735 cm™!, methylene vibrations around 1644 cm™’
were also present.

3. The experimental isotherm data did not adhere completely to either
Freundlich or Langmuir models over the complete adsorbate equilibrium
concentration range. However, the data could be fitted well to either model
if one is selective in the equilibrium concentration range to be used in the
analysis. These results clearly indicate that while using the Freundlich and
Langmuir constants reported in literature for various adsorbates, due
consideration must be given to the limitations of extrapolating these
equation constants to other concentration ranges and experimental condi-
tions.

4. The adsorption equilibrium isotherm data in the micromolar concentration
range such as those used in the present work and which is more relevant
to wastewater treatment, the B.E.T. equation and Langmuir equation give
identical results.
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