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Determination of Specific Surface Area of Granular
Activated Carbon by Aqueous Phase Adsorption of
Phenol and from Pore Size Distribution Measurements

M. K. N. YENKIE and G. S. NATARAJAN

LAXMINARAYAN INSTITUTE OF TECHNOLOGY
NAGPUR UNIVERSITY
NAGPUR 440010, INDIA

Abstract

Adsorption of phenol from the aqueous phase onto six grades of granular acti-
vated carbon (GAC) was studied at 35°C. The adsorption equilibrium data for all
the GAC-phenol systems were analyzed by Langmuir, BET, and John’s adsorption
isotherm equations to estimate the specific surface area of each adsorbent. Pore
size distribution measurements were also carried out for all the GAC samples. The
surface area values obtained by both Langmuir and BET methods are in close
agreement in the micromolar concentration range such as those present in waste-
water. Pore size distribution measurement shows that for all the GAC samples
used in this investigation, more than 97% of the surface area is located in the
micropores below 35 A in radius.

Granular activated carbon (GAC) adsorption is a recognized technology
in wastewater and drinking water treatment. Most practical applications
of activated carbon require sorbents with a large surface area having a
large volume of very fine pores. The presence of micropores substantially
influences its sorption properties because the amount adsorbed on the
macropore surface is negligible in comparison to that for the micropores
and mesopores (/). Therefore, characterization of the activated carbon has
become one of the most important problems in adsorption technology. In
view of growing interest in the use of GAC, there is need to develop some
simple method of comparing potential adsorptive capacities of solid ad-
sorbents. One such method is computation of specific surface areas. Es-
timation of the specific surface areas of GAC and other adsorbents is
conventionally based upon measurements of the capacity of the adsorbent
for a selected solute having a well-accepted molecular cross-sectional area.
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Determinations of surface area are made by fitting either the Langmuir or
BET equation to the isothermal equilibrium data. The N,-BET adsorption
method has long been employed for the surface area measurement of
adsorbents (2), but this value may not be a true indication of the adsorption
capacity of GAC during liquid-phase adsorption studies. Rybolt (3) de-
termined surface areas for a series of C powders from BET, Langmuir,
and virial models applied to the data obtained from N, adsorption at 77
K and acetic acid liquid-phase adsorption at 296 K, and observed that the
surface area values obtained differed significantly. It is therefore more
logical to determine the specific surface area of GAC from liquid-phase
adsorption equilibrium data. An effort has been made in the present work
to determine the specific surface areas of six grades of GAC.

Phenol is used as a primary reference solute in liquid-phase adsorption
studies (4-6) and for measuring the specific surface areas of the adsorbents
because it meets the requirements suggested by Giles (7). The cross-sec-
tional area of the phenol molecule is also well established, and it is taken
as 52.2 A? for parallel orientation on the surface (6). Adsorption of single
and mixed phenols on activated carbon has also been extensively studied
in order to compare various adsorption theories (8, 9). The literature also
indicates that the adsorption of other organic solutes, such as p-nitrophenol
(10), methylene blue (11), caffeine (12), and halophenols (13) from the
aqueous phase, can be effectively used for characterizing the chemical
nature of the adsorbent surface and for the determination of the specific
surface areas of the adsorbents. It is also observed that the surface area
measurements are usually carried out in rather concentrated adsorbate
solutions (5, 12-14), almost at the saturation concentration of the adsor-
bate. But since the concentrations of interest in water and wastewaters are
micromolar, it appears desirable to examine the surface area values in
lower concentration ranges such as those present in wastewater.

In the present investigation, determinations of the surface areas for
various grades of GAC are made by fitting the Langmuir, BET, and John’s
(15) equations to the experimental data, and these values are compared
with those obtained by the N,-BET method and from the pore size distri-
bution measurements.

EXPERIMENTAL
AR (BDH) grade phenol, further purified by extraction with petroleum
ether (40-60°C) at 50-55°C by vigorous shaking (16), was used in this
work.
The GAC samples were first sieved to obtain a 12 X 16 mesh (B.S.)
fraction (particle diameter = 0.1502 = 0.009 cm). The uniform fractions
were then washed several times with distilled water until no suspended
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material appeared in the washings, dried in an oven at 100-110°C for 24
hours, and then stored in a CaCl, desiccator at room temperature until
use. The GAC samples used in the present work are summarized in Table
1. The physical properties of the adsorbents used are given elsewhere (17).

Experimental Studies

To evaluate the adsorption equilibrium data, the experiments were car-
ried out in a batch system. The experimental setup consisted of a ther-
mostated round-bottom flask and a motor impeller assembly which enabled
vigorous stirring of the solid-liquid system by a two-bladed Teflon stirrer.
From the preliminary studies it was found that the time to reach equilibrium
was independent of the stirring rate for a shaft speed higher than 600 rpm.
All the experiments were thereafter carried out at a stirring speed of
800 = 50 rpm. An electronic stroboscope was used to determine the speed
of the agitator assembly. The temperature of the system was kept constant
at 35 = 0.2°C.

For adsorption equilibrium data, 1 L of the adsorbate solution of known
concentration was placed in a 2-L round-bottom flask and an accurately
weighed quantity of GAC was added to the flask. The adsorbent/adsorbate
ratio was kept constant at 0.500 g/L for all the experiments. During the
studies on the kinetics of adsorption for the same adsorbent/adsorbate
systems, it was observed that about 60 to 80% of the adsorbate was removed
in the first hour of contact and the fractional approach to equilibrium took
4 hours. Literature (4, 18) also supports this observation. After about 5
hours of stirring, the adsorbate concentration at equilibrium, C,, was de-
termined by UV adsorption at 270 nm using a SPEKTROMOM 201 (Hun-
garian optical works, MOM, Budapest) spectrophotometer. To ensure that
equilibrium was attained, some experiments were run for a prolonged
period of time (several days) where no change in the equilibrium concen-
tration values could be observed. Some points on the isotherm were also
verified for their reproducibility.

Regression analysis of the experimental data of concentration versus
optical density for the standard Beer’s law plot gave the relation

C = [6.8882 x 10~ * (optical density)] — (2.28 x 107°)

Adsorption Isotherms

The adsorption equilibrium data for all six GAC-phenol systems are
summarized in Table 2. It is possible to conclude from plots of g, versus
C, that all the isotherms obtained in this work fall under the Type I fa-
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vorable isotherm category. The adsorption isotherm plots are given else-
where (17).

The adsorption equilibrium data were fitted into Langmuir, BET, and
John’s isotherm equations for determining the adsorbent surface area. The
Langmuir treatment is based on the assumption that maximum adsorption
corresponds to a saturated monolayer of adsorbate molecules on the ad-
sorbent surface, that the energy of adsorption is constant, and that there
is no transmigration of adsorbate molecules in the plane of the surface.
The equation can be expressed as

_ g%,
=1+ scC, o
Rearranging Eq. (1) gives
1 1 1
¢ 0%C. O @

Thus, a plot of 1/g, versus 1/C, should be linear if Langmuir adsorption
is operative, permitting calculation of Q°. Knowledge of Q° leads to de-
termination of the surface area of the adsorbent. However, it must be
strictly valid over the range of concentrations employed in an investigation.
A mathematical analysis of the data will validate this point.

The BET isotherm method usually employs solutions near the saturation
concentration of the solute (5, 14), but since the concentrations of interest
in wastewater are micromolar, it appeared desirable to examine the surface
areas observed for adsorption in lower concentration ranges such as those
used in this work. The BET plots for all the GAC-phenol systems were
plotted according to the equation

o 1 (z-1)C¢C.
= + — 3
WG -C) 0z 20 ¢ ®
From the slope and the intercept, it is possible to obtain Q° values.
John’s adsorption isotherm (15) provides a rapid graphical method for
determination of monolayer capacity Q°. The isotherm equation is ex-
pressed as

log log (C,/C,) = nyloggq, +y )

A plot of log log (C./C;) versus log g, shows a kink at the point corre-
sponding to Q° (Fig. 1). The values of Q° and the surface areas for all the
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TABLE 2
Adsorption

RRL~phenol CAL-phenol KURARE-phenol

C x 100 C, x 100 ¢, x 10 C x 10* C, x 10* g, x 10* C, x 10* C, x 10* ¢, x 10*

0.50 0.15 0.70 0.28 0.15 0.26 1.25 0.25 2.00
1.05 0.15 1.80 0.90 0.25 1.30 1.80 0.40 2.80
1.35 0.25 2.20 1.35 0.35 2.00 2.30 0.55 3.50
1.50 0.30 2.40 3.35 1.10 4.50 4.05 0.90 6.30
2.50 0.45 4.10 5.20 2.05 6.30 4.75 1.20 7.10
2.55 0.50 4.10 6.20 2.70 7.00 5.00 1.40 7.20
4.25 0.95 6.60 7.65 3.60 8.10 5.50 1.50 8.00
4.90 1.25 7.30 8.75 4.50 8.50 7.60 2.60 10.00
5.20 1.35 7.70 11.80 6.70 10.20 10.10 4.10 12.00
6.65 2.00 9.70 14.15 8.50 11.30 11.75 5.20 13.10
7.70 2.65 10.10 14.70 9.00 11.40 14.00 7.20 13.60
8.35 3.00 10.70 15.50 8.50 14.00
10.50 4.55 11.90 15.95 9.00 13.90
12.90 6.60 12.60

14.70 8.30 12.80

GAC-phenol systems determined by using these methods are reported in
Table 3.
The specific surface area, S, is related to Q° by the relation

S = NQOA (5)

The value of A = 52.2 A for parallel orientation of the phenol molecule
on the adsorbent surface (6) was used in these calculations.

Pore Size Distribution

GAC is a solid of infinite structure. It is highly porous in character, and
both pore and surface characteristics of samples depend on the preparation
conditions [type of atmosphere, heating rate, temperature, and degree of
carbon burnout (19)]. Several workers (20, 21) have shown that rapid
adsorption takes place in the macropores, and a portion of the adsorbate
finds its way into the micropores over a long period of time.

Pore size distribution is commonly measured by mercury intrusion po-
rosimetry. The method consists of monitoring the volume of mercury that
invades pore space when a fixed pressure is applied. Some authors (22,
23) have also used the Nj-adsorption method for estimating pore size dis-
tribution over both micropore and mesopore ranges. Comparison of pore
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Equilibrium Data

F-200-phenol F-400-phenol LCK-phenol

G x 10* C, x10* ¢, x 10 (G, x 10 C, x 10* ¢, x 100 C, x 10* C, x 10* g, x 10*

0.65 0.20 0.90 0.70 0.15 1.10 0.55 0.15 0.80

1.10 0.35 1.50 1.15 0.35 1.60 1.30 0.25 2.10

2.15 0.60 3.10 2.10 0.40 3.40 1.95 0.35 3.20

4.25 1.30 5.90 4.40 1.15 6.50 3.85 0.85 6.00

5.05 1.60 6.90 4.90 1.40 7.00 3.95 0.90 6.10

5.90 2.20 7.40 6.35 2.10 8.50 4.70 1.10 7.20

7.80 3.40 8.80 8.25 3.25 10.00 5.85 1.65 8.40

9.75 4.95 9.60 10.15 4.50 11.30 7.60 2.55 10.10

12.00 6.60 10.80 12.40 6.70 11.40 9.40 3.65 11.50
14.90 8.90 12.00 14.40 8.60 11.60 10.90 5.10 11.60
15.80 10.00 11.60 12.95 7.20 11.50

size distribution and surface area values obtained from N,-adsorption and
mercury penetration shows that the results are in agreement only in the
lower pressure mercury penetration data whereas the data were more con-
sistent with particle degradation at higher mercury penetration pressures
(24). The literature (25) further supports the possibility that during the
course of mercury penetration at higher pressures, the adsorbent may
undergo either compression or breaxdown, resulting in a situation where
the pore size distribution determined experimentally may be quite different
from that in the original solid. The internal surface area of activated car-
bons, generally greater than 400 m?/g, is mainly located in the micropores,
i.e., where the pore diameters are less than 20 A. Whether or not a specific
molecule is adsorbed in a pore is determined by the size of both the
molecule and the pore. Gonsalves and coworkers (26), during their studies
on adsorption of N, of 77 K and of ethanol and n-heptane at 298 K on
activated carbon, observed that the accessibility of ethanol and n-heptane
molecules was restricted in ultramicropores.

Determination of the pore size distribution of GAC samples used in the
present work was accomplished with the cooperation of several agencies.
The pore size distribution for all grades of GAC except CAL were carried
out on a Carlo Erba mercury porosimeter (Alchemi, Bombay, India). CAL
pore size distribution was supplied by Dr. Kenji Hashimoto of Kyoto
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0,5F

0,41

log log(Ce /Cs)

0,2

20 2,5 30 3,5
log 4,

FIG. 1. John’s adsorption isotherms: RRL (O - --), CAL (@ - - -), F-200 (—), KURARE
(A - - ), F-400 (O —), LCK (x —).

University, Kyoto, Japan, and for Filtrasorb-200 and Filtrasorb-400, mea-
surements were supplied by Mr. T. Hayakawa of Calgon Division, MSD,
Tokyo, Japan. These results are presented in Figs. 2-5.

The Carlo Erba mercury porosimeter is not able to detect pores below
35 A, so one of the samples (KURARE) was investigated for its pore size
distribution by an AMINCO porosimeter (R & D, A.C.C. Ltd., Bombay,
India) which showed (Fig. 4) that pores of the order of 10 A are also
present.

Obviously, this means that depending upon the type of equipment, pore
size distribution is likely to vary in the lower pore diameter range. This is
further corroborated by Fig. 3 for F-200 and F-400 GAC samples, where
the existence of pores of the order of 6.5 A is clearly shown, whereas
investigations with the Carlo Erba mercury porosimeter indicated a min-
imum radius of 35 A. It thus appears that since the estimated value of the
pore diameter is likely to vary considerably depending upon the method
used to observe it, 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



060011 + 1

szo1 19¢ LTy L'SLE 8t11 el TIOL6  69L0°0 S8'SvL  TUWE'IT ST *h [ouayd-y]
’ +
0011 €5€ €1 881y (AN 80°€l T9868  IS80°0 P9P9L  SOIEET %ﬂlﬁ ="b fouayd~pop-4
. . . : ) . : . D6EYy + 1,
006 €2 9'ISP 8°SLY 80°L 9¢pl  L'SELY  OLYI'0  00°969  €6TI'SI TN b Jouayd-poz-4
. . . : ) . : . VLSS + 1,
0201 Sve  L'ebS 1609 96°01 LTLL 6861S  PIIT0 SO'6LS  ¥B9EL'6L e - b foudayd-qdviINN
’ +
0601 £6€  S6by 6°vSH wi 6Tl 8VI8E  O0E8I'0  €8°669  TEI'HI %%%Hm = b fouayd-~1vD
’ +
006 0¢ 0Ly 9 €Ly 00°01 96’1 8999  TLBO'0 9¥'8I9  6LSO'CT % =b Jouayd-Tay
139N sugor 1Ad JmwdueT 01 X o§ 01 X 40 7 ooy adols 0T X (O uonenbyg walshg
‘WLIdYI0SI
B3IR doRJING s .uyof waylost 199 wiaylost nnwgue|

SeaIy 20eJIng pue swIayjos] uondiospy jo uostredwo)
¢ 419V1L

1102 Alenuer Gz §2:2T

v pspeo jumog



12: 25 25 January 2011

Downl oaded At:

1186 YENKIE AND NATARAJAN

T 1T 11
— KURARE 0,50058
S SN F400 0.49958
....... F200 0,50025
— RRL 0,50437
= 100 ITTI0ek 050092 i
< 1) SN A
M 80 RS L 2
32 A '
'8 60 we - el L 7/
R "/ ] 1’3 /’.'
40 I ’
o\o :' = :—;——N 1]
20 .ﬂé -
0 A
10 10 10° 104 10°
R(A)

FIG. 2. Pore size distribution of GAC samples.

volume of mercury penetrating into the pore space of a given diameter
(27):

4(volume of Hg) ©)
diameter of pore

Surface area =

The surface areas calculated by using the above relation and Figs. 2 to 5
are summarized in Table 4.

It is obvious from Table 4 that a great many of the pores are likely to
be smaller in diameter than estimated by the Carlo Erba porosimeter.

60

1I

30

20

Pore volume, cc/1004g

0
1 10 0 10°
Pore diameter, A

F1G. 3. Pore size distribution of GAC F-200 (II) and F-400 (I).
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F1G. 4. Pore size distribution of GAC KURARE. Equivalent pore diameter, microns = 175/
psi. Contact angle = 130°.

Since the surface area calculated by this method is only around 3% of the
surface area calculated by the N,-BET method, it may be inferred that
97% of the adsorbent surface area exists in pores of less than 35 A radius,
which explains the slow approach to equilibrium following an initial rapid
uptake period. The surface areas of GAC samples have also been calculated
by using the experimentally determined adsorption isotherms.

08

0,6

o
~
L —

AV/Alogr

L
N

10 1 10° 10

02
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F1G. 5. Pore size distribution of GAC CAL.
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TABLE 4
Surface Area (m*/g) Measurements
GAC Carlo Erba AMINCO N,-BET*
RRL 31.20 — 900
CAL — — 1090
KURARE 29.75 977 1020
F-200 17.56 — 900
F-400 48.07 — 1100
LCK 16.53 —_ 1025

“Information provided by the manufacturer.

RESULTS AND DISCUSSION

Table 2 reports the experimental adsorption equilibrium data for all six
GAC-phenol systems.

Table 3 reports Langmuir and BET equations for all the systems obtained
by regression analysis of experimental equilibrium data. The regression
coefficients were above 0.98 in all cases, indicating a very good mathe-
matical fit. Table 3 also reports the Q° values obtained by the Langmuir,
BET, and John’s isotherm methods.

It is not surprising that the surface area values obtained by the Langmuir
and the BET equations are fairly close since the BET equation reduces to
the Langmuir equation at low concentrations of the adsorbate (25). The
surface area values determined by John’s method are lower than the values
obtained by the Langmuir and BET methods by about 30%, probably due
to the empiricism of John’s method.

The values of the surface area obtained by the N,-BET method are
considerably higher since the adsorbate nitrogen has a low cross-sectional
area (16.2 A?) compared to the cross-sectional area of the phenol molecule.
The reason for the low surface areas observed with phenol is because the
finer pores, which should be accessible to the smaller N, molecules, are
blocked by the larger phenol molecules. The pore-size distribution mea-
surements also indicate that more than 97% of the total surface area exists
in micropores of less than 35 A in radius.

It is also observed that the BET-phenol surface area as determined in
concentrated adsorbate solution (5, I4) is about two times larger than the
values obtained in the present work. Morris and Weber (29) studied the
adsorption of phenol on Columbia LCK activated carbon at 30°C and
observed that the equilibrium data fitted well to the BET equation in the
high concentration range (equilibrium concentration < 300 mmol/L),
whereas the data in the lower concentration range (equilibrium concen-
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tration < 220 pwmol/L) are best described by the Langmuir equation. The
BET-phenol surface area was found to be 800 m?/g and the Langmuir-
phenol surface area was 270 m?/g, roughly one-third of the BET value.
Thus, prediction of surface area in the concentrated adsorbate solution
may give a high surface area value and not the true picture in the micro-
molar range of concentrations such as those present in water and waste-
water.

It is therefore logical to conclude that surface areas determined by the
Langmuir method are the most appropriate ones for wastewater treatment
studies where the concentrations are of the micromolar order.

NOMENCLATURE

cross-sectional area of phenol molecule (m?)

constant in Eq. (1)

concentration of adsorbate in liquid phase (mol/L)
initial concentration of adsorbate (mol/L)
equilibrium concentration of adsorbate (mol/L)

s saturation concentration of phenol in water at 35°C (0.97 mol/L)
(6)

adsorbent phase concentration (mol/g)

adsorbent phase concentration at equilibrium (mol/g)
monolayer capacity of the adsorbent (mol/g)
Avogadro$ number

constant in Eq. (4)

adsorbent surface area (m?/g)

constant in Eq. (4)

constant in Eq. (3)

~

nanAaT>

N*= s 209° <
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