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Adsorption Characteristics of
Benzaldehyde, Sulphanilic acid, and
p-Phenolsulfonate from Water, Acid, or
Base Solutions onto Activated Carbon Cloth

Osman Duman and Erol Ayranci
Department of Chemistry, Akdeniz University, Antalya, Turkey

Abstract: Adsorption of benzaldehyde (BA), sulphanilic acid (SA), and sodium salt of
p-phenolsulfonic acid (p-PhS) from water, acid, or base solutions onto activated carbon
cloth (ACC) was studied by in-situ UV-spectrophotometric method. Kinetics of adsorp-
tion was followed over 90 min and the data were fitted to first order rate law. The order of
rate of adsorption was found to be BA > SA & p-PhS in water, BA > p-PhS > SAin 1
M H,SO,4 and BA > SA >> p-PhS in 0.1 M NaOH. Competitive adsorptions of BA
and SA from an equimolar mixture in 1 M H,SO,4 and of BA and p-PhS from an
equimolar mixture in H,O were studied for exploring the possibilities of separation
of binary mixtures. It was found that p-PhS was not adsorbed at all from 0.1 M
NaOH solution. Adsorption isotherms of BA, SA, and p-PhS at 30°C were derived
and the data were fitted to the Langmuir and Freundlich models. The Freundlich
model was found to represent the experimental data better than the Langmuir model.

Keywords: Adsorption, competitive adsorption, activated carbon cloth, benzaldehyde,
sulphanilic acid, p-phenolsulfonate

INTRODUCTION

The most important use of benzaldehyde is in organic synthesis, where it is the
raw material for a large number of products. In this regard, a considerable
amount of benzaldehyde is utilized to produce various aldehydes, such as
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cinnamic, methylcinnamic, amylcinnamic, and hexylcinnamic. Benzaldehyde
is also used in the preparation of certain aniline dyes and of other products,
including perfumes and flavorings. Sulphanilic acid is used in making azo
dyes, pharmaceutical, and perfumery industry (1).

The adsorption capacity of an activated carbon depends on:

i. the nature of the adsorbent (e.g. functional groups present, specific
surface area, and pore size distribution);

ii. the nature of adsorbate (e.g. functional groups present, polarity, hydro-
phobicity, molecular weight and size, solubility and pK, or pK, for
weak acids or bases); and

iii. solution conditions (e.g. pH, temperature and adsorbate concentration,
presence of competitive solutes, polarity of solvent).

Since many of the pollutants are weak acids or bases, the central funda-
mental issue is how to account simultaneously for the well documented
importance of the pH of the aqueous solution and the surface chemistry of
the adsorbent in adsorption (2).

The adsorbents having both a large adsorption capacity and adsorption
rate are preferable. Activated carbon is such an adsorbent and widely used
both in research and in practical applications. Activated carbon has three
forms; granular, powder, and fiber or cloth. Activated carbon cloth or fiber
has several unique characteristics compared with conventionally used granular
or powder activated carbons. These materials are composed of thin fibers of
the order of ten microns in diameters leading to greater adsorption rates, and
hence contributing to the minimization of the reactor size. The cloth or fiber
form of activated carbon also makes the handling of adsorbents much easier.
Activated carbon cloth or fiber is produced from various raw materials such
as polyacrilonitrile, rayon, cellulose, phenolic resins, and coal tar pitch (3—5).

The total porosity is classified into three groups by the International
Union of Pure and Applied Chemistry (IUPAC). Micropores are defined as
pores of a width not exceeding 20 A, mesopores are pores of a width
between 20 and 500 A and macropores represent pores of a width greater
than 500 A (6, 7). Micropores have a significant effect in the adsorption of
small solute molecules. Larger molecules are excluded from micropores but
may be adsorbed into some or all of the mesopores, and all the macropores (8).

Recently, activated carbon cloth has received considerable attention as a
potential adsorbent for water treatment applications. Activated carbon cloth has
been used for successful adsorptive removal of various inorganic anions
(9, 10) and some aromatic organic compounds (11-17). Some metal ions were
also reported (18—22) to be effectively adsorbed onto activated carbon cloth.
Studies on competitive adsorption from binary mixtures onto activated carbon
cloth (23) have proven the potential use of this adsorbent for separation purposes.

The purpose of the present work is to determine the adsorption character-
istics of benzaldehyde (BA), sodium salt of p-phenolsulfonic acid (p-PhS) and
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sulphanilic acid (SA) in water, in an acidic medium, or in a basic medium onto
activated carbon cloth. The investigation of competitive adsorption of these
compounds from their binary mixtures was also aimed in order to determine
suitable medium for selective removal of the compounds studied.

MATERIALS AND METHODS
Materials

The activated carbon cloth (ACC) used in the present work was obtained from
Spectra Corp. (MA, USA) coded as Spectracarb 2225. Although the full
details of its mode of preparation are regarded as proprietary, it originates
from pyrolysis of phenolic polymer fibers followed by heat treatment in O,-
free N, between 800 and 900°C for some hours. In this respect, it differs
from other fibrous carbon materials derived by pyrolysis of rayon (11).

Benzaldehyde was obtained from Merck, sulphanilic acid from Panreac, and
sodium salt of p-phenolsulfonic acid from Eastman Kodak. All other chemicals
were reagent grade. Deionized water was used in adsorption experiments.

Treatment and Properties of the Carbon Cloth

The activated carbon fibers are known to provide spontaneously a small but
significant quantity of ions into the conductivity water. These ions are
expected to be introduced into the fibers during the activation process (9).
The problem of release of undesired ions by porous carbon materials was
also reported by Soffer and Folman (24). Therefore a deionization cleaning
procedure was applied to avoid desorption of these ions during adsorption
studies. This procedure was described in detail in our early works (9, 14, 15).
The specific surface area and porosity of treated carbon cloth were
obtained from N, adsorption isotherms at —196°C. Prior to N, adsorption
experiments to determine surface properties, ACC samples were degassed at
130°C under vacuum (up to 10°¢ torr) for 12 h. The N, adsorption data
were obtained at the Central Laboratory of Middle East Technical University,
Ankara, Turkey, according to the multipoint BET method with a Quanta-
chrome Autosorb-1-C/MS apparatus over a relative pressure ranging from
107° to 1. The BET specific surface area, total pore volume, micropore
volume, mesopore volume, and pore size distribution of ACC were yielded
by using the software of the apparatus. The specific surface area of the
ACC samples were calculated according to the Brunauer, Emmet, Teller
method (25) using the nitrogen adsorption isotherm data given in Fig. 1.
The pore size distribution curve obtained according to Density Functional
Theory (DFT) (26) is given in Fig. 2 which shows that the ACC consists of
pores mainly in micropore character (< 20 A). The SEM pictures of treated
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Figure 1. Nitrogen adsorption isotherm of ACC.

(washed) carbon-cloth were previously given (27) from which the average
fiber diameter was estimated (15).

The pHpzc of an adsorbent is the pH of a solution containing this
adsorbent when the net surface charge is zero. The pHpyc of the activated
carbon cloth used in the present study was previously measured (14, 15) in
0.1 M NaNOg;, in 0.05 M NaNOs;, or 0.01 M NaNOj by a batch equilibrium
method described by Babi¢ et al. (27). The contents of the acidic and basic
surface groups on the ACC were determined previously (28) according to
the Boehm method (29).

All the properties of treated ACC obtained by the procedures described
above are collectively given in Table 1 together with elemental analysis results.

The Design of the Adsorption Cell and Optical Absorbance
Measurements

A specially designed cell was used to carry out the adsorption and simul-
taneously to perform in-situ concentration measurements by means of UV
absorption spectrophotometry. This cell was described in detail including a
diagram in our previous works (9, 14, 15).

With the use of this adsorption cell it was possible to follow the changes
in concentration of the adsorbate solution during the course of adsorption by
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Figure 2. Pore size distribution of treated ACC according to DFT theory.

in-situ uv-spectroscopy. Solutions of adsorbates were prepared in water at
natural pH, in 1 M H,SOy4 or in 0.1 M NaOH to examine the effects of both
the surface charge of the carbon cloth and the ionization of adsorbates on
adsorption. The initial concentrations of adsorbates and the amount of
carbon cloth were kept as constant as possible for kinetic studies of adsorption
in order to make an easy comparison (concentration: 1 x 10~* M, mass of
carbon cloth: 15.0 + 0.1 mg). The carbon-cloth pieces were pre-wetted by

Table 1. Properties of treated activated carbon cloth

Specific surface area 1870 m? - g~

Total pore volume 0.827cm’ - g !

Micropore volume 0.709 cm® - g~

Mesopore volume 0.082cm’ - g !

Average fiber diameter 17 pm

Carbon content 95.14 %

Hydrogen content 0.37 %

Oxygen content 4.49 %

Nitrogen and sulfur content 0 %

pHpzc 7.4

Total acidic group content 0.25 mmol - g~
Carboxylic group content 0.093 mmol - g~
Lactonic group content 0.020 mmol - g~
Phenolic group content 0.14 mmol - g~

Total basic group content 0.28 mmol - g~
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being left in water for 24 h before use. During this long contact period with
water, the pores of the carbon cloth may expand and become more accessible
for the adsorbate in the actual adsorption process. The idea of using a pre-
wetted carbon cloth originated from our previous findings that pre-wetting
enhances the adsorption process (9, 23).

The carbon cloth piece was dipped into the adsorption cell initially contain-
ing only water and then a vacuum was applied to remove all air in the pores of
the carbon cloth. The wetted and degassed carbon cloth was removed from the
cell for a short time and water in the cell was replaced with a known volume of
sample solution (20 mL). The sliding door of the sample compartment of the
spectrophotometer was left half-open and the quartz cuvette fixed at the
bottom of the adsorption cell (which now contained the sample solution) was
inserted into the front sample compartment. N, gas was passed through the
adsorption cell to provide effective mixing. Finally, the carbon cloth, which
was removed temporarily after wetting and degassing, was re-inserted into
the solution in the adsorption cell. Then, quickly, an opaque curtain was
spread above the sample compartment of the spectrophotometer, over the
cell, to prevent interference from external light. A Shimadzu 160A UV/VIS
spectrophotometer was used for the optical absorbance measurements.

The program for monitoring the absorbance at the specific wavelength of
maximum absorbance predetermined by taking the whole spectrum of each
adsorbate was then run on the built-in microcomputer of the spectrophoto-
meter. The absorbance data was recorded in programmed time intervals of
1 min over a period of 90 min.

The absorbance data were converted into concentration data using cali-
bration relations pre-determined at the wavelength of maximum absorbance
for each adsorbate.

Determination of Adsorption Isotherms

The adsorption isotherms of adsorbates were determined on the basis of batch
analysis. The carbon cloth pieces of varying masses were allowed to equili-
brate with solutions of adsorbates in 1 M H,SO,, in water at natural pH, or
in 0.1 M NaOH with known initial concentrations at 30°C for 48 h. Prelimi-
nary tests showed that the concentration of adsorbates remained unchanged
after a 20—24 h contact with the carbon cloth. So, the allowed contact time
of 48 h ensures the equilibration. The equilibration was allowed in 100 mL
erlenmeyer flasks kept in Niive ST 402 shaking water-bath at a constant
shaking speed of 150 rpm. The concentrations after the equilibration period
were measured spectrophotometrically. The amount of adsorbate adsorbed
at equilibrium per unit mass of the carbon cloth, q., was calculated by Eq. (1)

g == n

m
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where V is the volume of the solution of adsorbate in L, Cy and C,. are the
initial and equilibrium concentrations, respectively, in mM and m is the
mass of carbon cloth in g. Then Eq. (1) gives g. in mmol adsorbate
adsorbed per g carbon cloth.

RESULTS AND DISCUSSION

Chemical Nature, Optical Absorption Characteristics, and
Calibration Data of the Adsorbates

The chemical, spectral, and calibration data for the adsorbates studied are
given in Table 2. Separate calibration experiments were run to determine
the molar absorptivities (&) required for calibration using aqueous solutions
of the pure compounds. Absorbance versus concentration data for each
single compound was treated according to the Lambert-Beer law by linear
regression analysis to determine & and the regression coefficient, r.

Adsorption Behaviors of Individual Adsorbates over 90 Min

The concentration versus time plots over an adsorption period of 90 min for all
adsorbates (BA, SA, and p-PhS) in water, in 1 M H,SO,4 and in 0.1 M NaOH is
shown in Figs. 3, 4 and 5, respectively. It is clear from these figures that BA is
the adsorbate having the highest extent of adsorption among the three adsor-
bates studied in all three solvents.

In water, the concentration of BA, SA, and p-PhS decreased from
1.01 x 107" M to 3.07 x 107°M; from 1.02 x 10~*M to 3.34 x 107° M
and from 1.00 x 10°*M to 3.12 x 107> M, respectively, over the 90 min
adsorption (Fig. 3). These lowerings in concentrations correspond to 97.0%,
67.2%, and 68.8% removal for BA, SA, and p-PhS, respectively. SA and
p-PhS show similar adsorption trends. Their extent of adsorption are less
than the extent of adsorption of BA. These behaviors can be explained on
the basis of interactions between the adsorbates and the adsorbent. Analytical
calculations using K, value showed that SA in water is 87.1% in anionic form
(negative charge is on sulfonate group) and 12.9% in zwitterionic form
(negative charge is on sulfonate, positive charge is on ammonium group).
On the other hand, p-PhS in water was found to be more than 99% in
anionic form, the negative charge being on the sulfonate group. The initial
pH of solutions of the three adsorbates in water was measured as 4.2, 5.7,
and 5.7 for SA, BA, and p-PhS, respectively, and they changed only
slightly during the adsorption. The pH values at equilibrium were 4.8, 5.8,
and 6.2, respectively. Since the pHpzc of ACC is close to neutral (7.4),
surface of the ACC is expected to possess a small positive charge. BA is an
unionizable adsorbate in neutral molecular form. Therefore its adsorption
by the ACC involves mainly hydrogen bonding and dispersion interactions.
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Table 2. Spectral and calibration data for adsorbates

)\max/ 8/

Adsorbate Molecular structure Solvent nm M lem™! r
BA 0 H,O 250 11080 0.9999
H,0 230 4480 0.9993
0.1 M NaOH 250 11040 0.9994
1 M H,SO, 250 11130 0.9997
1 M H,SO, 215¢ 2190 0.9885
SA H,O 249 13500 0.9987
055 NH, 0.1 M NaOH 249 11040 0.9986
1 M H,SO, 215 8300 0.9991
1 M H,SO, 250 665 0.9903
p-PhS H,0 230 12300 0.9997
NaCyS OH H,0 271 986 0.9997
H,0 250 630 0.9805
0.1 M NaOH 254 17400 0.9995
1 M H,SO, 230 11800 0.9970
1 M H,SO, 271 988 0.9955

“Not Apax. Determined for the analysis of binary mixtures.

089¢

pueIly *j pue uewn( ‘O
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Figure 3. Concentration versus time plots for the adsorption of BA ( @), p-PhS (O),
and SA (A) in water.
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0 v T T T T T
0 30 60 90

time / min

Figure 4. Concentration versus time plots for the adsorption of BA ( @), p-PhS (O),
and SA (A) in 1 M H,SO,.
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Figure 5. Concentration versus time plots for the adsorption of BA ( @), p-PhS (O),
and SA (A) in 0.1 M NaOH.

Both SA and p-PhS have —SOj3 group in their structure. These groups were
found to be weakly adsorbed by ACC; for example in one of our earlier
works (9), SO4 2 was found to have a small negative adsorption. Therefore,
the finding of smaller extents of adsorption by SA and p-PhS than BA is
not surprising. The groups —OH and —NH,/NH3 in para position to SOz
in p-PhS and SA, respectively, are expected to be similar in character in
making hydrogen bonding with the surface functional groups. The presence
of a small amount of —NH3 group (only 12.9%) in SA seems not to affect
its adsorption in an important way, on the basis of the observation of
similar trends in adsorption of p-PhS and SA (Fig. 3).

The adsorption data in 1 M H,SO4 given in Fig. 4 shows that the removal
percentages of BA, SA and p-PhS in this solvent over 90 min of adsorption are
97.1, 22.9 and 73.1, respectively. ACC surface is positively charged in this
medium (pH < pHpzc). Calculations have shown that in 1 M H,SOy;

i.  SAis 25% in zwitterionic form (the negative charge is on sulfonate and
the positive charge is on the ammonium group) and 75% in cationic form
(positive charge is on the ammonium group; the sulfonate group is neu-
tralized with a proton in this form).

ii. p-PhS is 25% in anionic form (negative charge is on sulfonate) and 75%
in neutral form (—OH group can not ionize; the sulfonate group is neu-
tralized with a proton in this form).

iii. BA is in neutral molecular form as it is an unionizable molecule.
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The only difference in charge between SA and p-PhS is that in SA there
is an extra positive charge on the ammonium group. Therefore SA experi-
ences some repulsion on the ammonium side of the molecule from the posi-
tively charged ACC surface. However, it can still be adsorbed to a small
extent from the sulfonate side of the molecule through some hydrogen
bonding, dispersion, and electrostatic interactions. p-PhS does not see any
electrostatic repulsion from the surface. Therefore it is adsorbed onto the
ACC at a greater extent than SA as seen in Fig. 4. BA is adsorbed most
strongly by the ACC surface through hydrogen bonding and dispersion
interactions without any repulsion. Since BA has no para substituent its
phenyl group is probably approaching more to surface resulting in more
-1 dispersion interactions.

In 0.1 M NaOH solution, p-PhS is almost not adsorbed on the ACC
(Fig. 5). At the end of 90 min its removal percentage is only 0.98. This can
be explained with the surface charge of ACC in 0.1 M NaOH and the
structure of the p-PhS. The surface of the carbon cloth is negatively
charged (pH > pHpzc) and p-PhS has two negatively charged groups (-
SO; and O7) in 0.1 M NaOH. Thus electrostatic repulsions between the
adsorbate and the adsorbent predominate resulting in negligible adsorption
under these conditions. The removal percentage of SA is 40.9% in 0.1 M
NaOH over 90 min. This removal percentage for SA is intermediate
between the other two adsorbates, p-PhS and BA (Fig. 5). Analytical calcu-
lations have shown that in 0.1 M NaOH, SA is in anionic form with a
single negative charge on the sulfonate group. This means that it has one
less negative charge than p-PhS, thus it experiences less repulsion from the
negatively charged ACC surface than p-PhS. This explains the higher extent
of adsorption observed for SA than p-PhS in Fig. 5. On the other hand, BA
is still in neutral molecular form in 0.1 M NaOH as it was in water and 1 M
H,SOy, since it is an unionizable compound. So, it experiences no electrostatic
repulsion from the negatively charged ACC surface, resulting in the highest
extent of adsorption among the three adsorbates as seen in Fig. 5 due to its
hydrogen bonding and dispersion interactions with the surface. The removal
percentage of BA after 90 min of adsorption was found to be 97.1.

The adsorption data over a 90 min period were treated according to the
first order kinetics by plotting In [Cy/C,] as a function of time, t, and
applying linear regression analysis according to the following equation:

In[Co/C] = kt ()

where Cy and C; are the initial concentration and the concentration at any time
of the adsorbates, respectively, and k is the rate constant. The rate constants
were determined from the slope. The rate constants and the regression coeffi-
cients obtained by this treatment are given in Table 3. Closeness of regression
coefficients to 1 (> 0.99) supports the assumption of the first order rate for the
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Table 3. First order rate constants and regression coefficients for
the adsorption of studied compounds

Adsorbate Solvent k/min~" r
BA H,O 0.0423 0.9940
1 M H,SO4 0.0415 0.9857
0.1 M NaOH 0.0428 0.9867
SA H,O 0.0135 0.9928
1 M H,SO4 0.0030 0.9870
0.1 M NaOH 0.0060 0.9964
p-PhS H,O 0.0131 0.9955
1 M H,SO4 0.0186 0.9983
0.1 M NaOH - -

adsorption process. The order of rate of adsorption of the three adsorbates as
indicated by the rate constants is BA > SA =~ p-PhS in water, BA > p-
PhS > SA in 1 M H,SOy4, and BA > SA >> p-PhS in 0.1 M NaOH.

Competitive Adsorption

Kinetic results presented in Figs. 3—5 show that the adsorption behaviors of
the three adsorbates are quite different. This fact can be utilized in selective
adsorption of individual adsorbates from mixtures for separation purposes.
The in-situ UV-spectroscopic method used in this study allows monitoring
the simultaneous adsorption of two or more components from mixtures
provided that the components have different optical absorbance maxima.
The concentration of each component in a mixture of two species, X and Y,
each obeying the Lambert-Beer law, can be determined by simultaneous
solution of Egs. (3) and (4),

Aat A1) = ex(at A;) - Cx + ey(at A1) - Cy (3)
A(at )\2) = 8x(at )\2) -Cx + Sy(at /\2) -Cy (4)

where A is the absorbance, A; and A, are the wavelengths of the absorption
bands, ex and ey are the molar absorptivities and Cx and Cy are the concen-
trations of X and Y, respectively. The light pathlength, being 1 cm, does not
appear in Egs. (3) and (4). Solutions of these equations require molar absorp-
tivities of each component at the two wavelengths determined separately with
solutions of the respective pure components.

As an application, two example binary mixtures were chosen and com-
petitive adsorption of its components was followed. The selected systems
were equimolar mixture of BA and SA in 1 M H,SO, and of BA and p-PhS
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in H,O. The adsorption was followed at the wavelengths of 215 and 250 nm
for BA-SA mixture in 1 M H,SO,4 and of 230 and 250 nm for BA-p-PhS in
H,0. The required & values are given in Table 2.

The results of the competitive adsorption are given below for the two
selected systems separately.

Equimolar Mixture of BA and SA in 1 M H,SO,

Concentration versus time plot for the competitive adsorption of BA and SA
in 1 M H,SOy4 is shown in Fig. 6 where corresponding plots for adsorption
from solutions of individual components are also shown for comparison. It
is clear that an important degree of separation is achieved at the end of
90 min. The adsorption behavior of BA from the mixture is almost the same
as that from its individual solution. The adsorption behavior of SA from the
mixture is again almost the same as that from its individual solution for the
first 45 min, but after that the rate of its adsorption from the mixture is
almost diminishing while its adsorption from individual solution continues
almost at the same rate. This difference in adsorption behavior of SA helps
the separation of the two components from this mixture.

C/{10* M)

time / min

Figure 6. Adsorption of BA and SA from equimolar mixtures and from individual
solutions in 1 M H,SOy4. (O): BA from mixture, (A): SA from mixture, (——): BA
from its individual solution, and (...): SA from its individual solution.
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Equimolar Mixture of BA and p-PhS in Water

Concentration versus time plot for the competitive adsorption of BA and p-PhS
in water is given in Fig. 7 where the corresponding plots for adsorption from
individual solutions are also shown for comparison. Although it is not as
much as in the case of BA-SA system in 1 M H,SO,, a certain degree of separ-
ation is achieved at the end of 90 min adsorption period. The extent of adsorption
of both components from equimolar mixture decrease considerably compared to
those from individual solutions. This may result from two factors. The total
amount of adsorbate in the mixture is twice that of in the individual solutions.
Thus, a decrease in adsorption of each component from the mixture compared
to that from individual solutions is expected considering the limited adsorption
capacity of the ACC. Secondly, BA and p-PhS in water may interact with
each other through intermolecular hydrogen bonding, ion-dipole, or dipole-
dipole interactions in such a way that their adsorption centers may be blocked.

Adsorption Isotherms

Adsorption isotherm data were derived with batch analysis at 30°C. The
isotherm data were treated according to two well known isotherm equations;

C/(10* M)
o
(-]

0.3 1

time / min

Figure 7. Adsorption of BA and p-PhS from equimolar mixtures and from individual
solutions in water. (O): BA from mixture, (A): p-PhS from mixture, (——): BA from
its individual solution, and (. ..): p-PhS from its individual solution.
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Langmuir and Freundlich. The linearized forms of Langmuir and Freundlich
isotherm equations are given in Egs. (5) and (6), respectively (30, 31);

C C 1
—=—1+ (5)
9e Qmax b Amax

Inq. =InKg + (1/n)InC, (6)

where (. is the amount of adsorbate adsorbed per unit mass of adsorbent at equi-
librium in mmol - g_l, C. is the final concentration at equilibrium in mM, qax
is the maximum adsorption at monolayer coverage in mmol - g ', b is the
adsorption equilibrium constant related to the energy of adsorption in mM ',
Kg is the Freundlich constant representing the adsorption capacity in
(mmol - g~ 1) (mM """ and n is a constant related to surface heterogeneity.

Parameters of Langmuir and Freundlich isotherm equations and
regression coefficients (r) for the adsorbates studied are given in Table 4.
The isotherms predicted with these parameters for adsorbates in water, in
1M H,SO4 and 0.1 M NaOH are presented in Figs. 8—10, respectively,
together with the experimental data points.

As can be seen from Table 4, the regression coefficients of the Langmuir
model are generally lower than those of the Freundlich model, except for
adsorption of SA in H,O and in 1 M H,SO,. This shows that the fit of the
experimental data to the Freundlich model is generally better than the
Langmuir model.

A better criterion for the assessment of experimental isotherm data is a
parameter known as normalized percent deviation (32) or in some literature as
percent relative deviation modulus, P, (33, 34) given by the following equation

100 &
P:WZ

o1 Qe(exp)

qe( pred) — qe(exp)

)

where ge (expy 15 the experimental g, at any C, ge (preq) 18 the corresponding
predicted g, according to the equation under study with the best fitted parameters
and N is the number of experimental data points. It is clear that the lower the P
value, the better is the fit. The P values calculated for each set of isotherm data
given in Table 4, are lower for the Freundlich model than for Langmuir model
with the only exception of the system of SA in 0.1 M NaOH. So, the results of
analysis on the basis of P values support the conclusion reached on the basis of
regression coefficients.

The Freundlich parameter, Kg, which is an indicator of the adsorption
capacity, increases in the order of p-PhS < SA < BA in water and in 0.1 M
NaOH and in the order of SA < p-PhS <BA in 1 M H,SO, (Table 4).
Also according to the K parameters given in Table 4, the order of adsorption
capacity of ACC in different solvents is water ~ 1 M H,SO, < 0.1 M NaOH
for BA; 1M H,SO, < 0.1 M NaOH < water for SA and 0.1 M NaOH
< water < 1 M H,SO, for p-PhS.
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Table 4. Parameters of Langmuir and Freundlich isotherm equations, regression coefficients (r) and normalized percent deviation (P) for adsorbates

studied at 30°C

Langmuir parameters

Freundlich parameters

Kg
qmax b (Ianl : gil) .
Adsorbate Solvent (mmol - g~ 1) (mM™ 1 r P (mM™H/n 1/n r P
BA H,O 2.80 49.9 0.9897 12.7 4.90 0.337 0.9952 2.71
1 M H,SO4 2.71 22.9 0.9757 9.78 4.41 0.398 0.9948 2.74
0.1 M NaOH 3.16 35.8 0.9943 6.22 6.68 0.427 0.9946 3.28
SA H,0 0.550 26.4 0.9829 4.81 0.843 0.331 0.9717 3.49
1 M H,SO4 0.029 42.8 0.9717 1.33 0.048 0.299 0.8749 1.30
0.1 M NaOH 0.128 9.29 0.9567 1.15 0.347 0.716 0.9926 1.25
p-PhS H,0 0.301 20.1 0.9936 1.45 0.516 0.407 0.9946 1.05
1 M H,SO, 0.819 18.2 0.9932 2.03 1.45 0.441 0.9968 0.904
0.1 M NaOH - - - - - - - -

889¢
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g. {mmol adsorbate / g ACC)

0.00 0.05 0.10 0.15
C. (mM)

Figure 8. Adsorption isotherm data of BA (@), SA (#), and p-PhS (A) in water.
Langmuir model (——), Freundlich model (- - -).
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Figure 9. Adsorption isotherm data of BA (@), SA (#), and p-PhS (A) in 1 M
H,S0,. Langmuir model (——), Freundlich model (- - -).
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q. (mmol adsorbate / g ACC)

0 — RS v r v "
0.00 0.05 0.10 0.15
C. (mM)
Figure 10. Adsorption isotherm data of BA (@), and SA (#) in 0.1 M NaOH.
Langmuir model (——), Freundlich model (- - -).
CONCLUSIONS

Removal of BA, SA, and p-PhS from aqueous solution is achieved to a
considerable extent by adsorption onto ACC and this can be followed by in-
situ UV-spectroscopy. The adsorption medium (water, 0.1 M NaOH, or 1 M
H,S0O,) may alter the adsorption characteristics and trends of BA, SA, and
p-PhS. The most striking alteration was with p-PhS which became almost
unadsorbable in 0.1 M NaOH while it was adsorbed in H,O or 1 M H,SO,
to a considerable extent. The separation of SA and BA from equimolar
mixture to a considerable extent and of BA and p-PhS again from
equimolar mixture to a certain extent was found to be possible by adsorption
onto ACC. Kinetic data over 90 min adsorption for SA, BA, and p-PhS fitted
successfully to first order law. The Freundlich isotherm model represented
the experimental isotherm data better than the Langmuir model.
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