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In-Situ UV-Visible Spectroscopic Study
on the Adsorption of some Dyes onto
Activated Carbon Cloth

Erol Ayranci' and Osman Duman®
"Department of Chemistry, Faculty of Arts and Sciences,
Akdeniz University, Antalya, Turkey
ZFaculty of Education, Akdeniz University, Antalya, Turkey

Abstract: Adsorptive removal of the dyes C.I. Basic Blue 9, C.I. Basic Red 2, and
C.I. Acid Blue 74 from aqueous solution onto the activated carbon cloth (ACC)
has been investigated. The removal of each dye has been followed by in-situ UV-
visible spectroscopic method using the so-called scanning kinetics technique.
Kinetic data obtained in this way were tested according to pseudo-first order,
pseudo-second order, Elovich, and intraparticle diffusion models. Pseudo-second
order model was found to be the best in representing the experimental kinetic
data. Adsorption isotherms at 30°C were derived for each dye. Isotherm data
were found to fit best to Freundlich isotherm model among the three isotherm
models tested; Langmuir, Freundlich, and Redlich-Peterson. High specific surface
area of the ACC allowed almost complete removal of each dye under the experi-
mental conditions applied. Adsorption capacity of the ACC for the three dyes was
correlated with the dimensions of dye molecules and pore sizes of the ACC.

Keywords: Activated carbon cloth, adsorption, dye, in-situ UV spectroscopy

INTRODUCTION

The dyes usage is increasing day by day. Textile companies, dye manufac-
turing industries, paper and pulp mills, tanneries, electroplating factories,
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and food companies discharge colored wastewater (1). Colored waters
are objectionable on aesthetic grounds for drinking and other agricultural
purposes. Color affects the nature of the water, inhibits sunlight penetra-
tion into the stream, and reduces the photo-synthetic action. Some of the
dyes are carcinogenic and mutagenic (2). Therefore, the dyes should be
removed from wastewater before discharging the effluent to the environ-
ment to avoid health hazards and destruction of the ecosystem.

Most dyes are stable to biological degradation. Various treatment
methods such as coagulation, chemical oxidation, and membrane separa-
tion can be used for the removal of dyes from industrial effluents. These
methods do not operate at low concentration of colored compounds in
the effluent. Adsorption has received considerable attention for color
removal from wastewater (3). Various adsorbents such as activated carbon,
silica gel, natural clay, peat, wood chips, rice husk ash, living or dead
microbial biomass have been used for the removal of dyes from waste water
(4). Among these adsorbents, activated carbon in granular or powder form
has been widely used in the treatment of industrial wastes to remove dyes.
Kannan and Sundaram (5) have studied the kinetics and mechanism of
methylene blue (C.I. Basic Blue 9) adsorption on commercial activated
carbon and prepared activated carbons from bamboo dust, coconut shell,
groundnut shell, rice husk, and straw. Suteu and Bilba (6) have studied the
equilibrium and kinetics of a reactive dye Brilliant Red HE-3B adsorption
by powdered activated charcoal. They found that the adsorption followed
the pseudo-second order kinetic model. Senthilkumaar et al. (7) have stu-
died the adsorption of methylene blue onto jute fiber activated carbon from
aqueous solution. Kumar and Sivanesan (8) have reported the adsorption
of safranine (C.I. Basic Red 2) onto activated carbon at 305 and 313 K.
They found that Freundlich, Langmuir, and Redlich-Peterson models
represented the sorption of safranin onto activated carbon quite well.
Adsorption of a basic dye, methylene blue, from aqueous solutions onto
as-received activated carbons and acid-treated carbons has been investi-
gated by Wang et al. (9). They found that the adsorption of methylene blue
on all carbons followed the pseudo-second order kinetics.

In recent years, activated carbon cloth (ACC) or fiber has received
considerable attention as a potential adsorbent for water treatment appli-
cations. The ACC has been used for successful adsorptive removal of var-
ious inorganic anions (10,11), some phenolic, anilinic, and heterocyclic
compounds (12-15). Recently, we have reported a work on adsorption
of some acid dyes onto the ACC (16). The present work is a continuation
of a series of works on adsorption of different class of compounds onto
the ACC being carried out in our laboratories. Here we take a group of
dyes, namely C.I. Basic Blue 9, C.I. Basic Red 2, and C.I. Acid Blue 74,
and report the kinetics and isotherms for their adsorption onto the ACC.
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Figure 1. Molecular structures of studied dyes.

The selected dyes are of acidic or basic nature. The reason for selecting
dyes of varying structures was to investigate the removal performance
of the ACC for dyes of different structures (Fig. 1).

MATERIALS AND METHODS
Materials

The 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 by pyroly-
sis 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 (12).

C.I. Basic Blue 9 (Merck, Germany) with 80% dye content, C.I. Basic
Red 2 (Sigma, Germany) with 85% dye content, and C.I. Acid Blue 74
(Merck, Germany) with 96% dye content were used as adsorbates. The
molecular structures of these adsorbates are given in Fig. 1. All chemicals
used in this study were reagent grade. Deionized water was used in
adsorption experiments.

Treatment and Properties of the ACC

A washing procedure was applied for the ACC as described previously
(12,14,15). Several properties of the ACC such as specific surface area,
volumes of micropores and mesopores, elemental composition, pHpzc
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Specific surface area 1870 m?- g~
Total pore volume 0.827cm*-g~!
Micropore volume 0.709cm®- 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%
pHpc 7.4
Total acidic group content 0.25mmol - g~

Carboxylic group content

Lactonic group content

Phenolic group content
Total basic group content

0.093mmol - g~*
0.020mmol - g~!
0.14mmol - g~
0.28 mmol - g~

which is the pH of solution at which the net charge on the surface of the
ACC is zero, and acidic and basic group contents were determined in our
previous works (14,15,17). These properties are listed in Table 1. The
SEM pictures and electrochemical characterization of the ACC were also
reported earlier (18).

The Design of the Adsorption Cell and Optical Absorbance Measurements

A specially designed cell was used to carry out the adsorption and simulta-
neously to perform in-situ concentration measurements by means of
UV-visible absorption spectrophotometry. This cell, described in detail
including a diagram in our previous works (10,14,15), was V-shaped with
one arm containing the carbon cloth attached to a short Pt wire sealed to a
glass rod and the other arm containing a thin glass tube through which N,
gas was passed for the dual purposes of mixing and eliminating any dissolved
CO,. The two arms were connected to a glass joint leading to a vacuum pump
at the upper part of the V-shaped cell in order to provide the opportunity for
initial outgassing of the carbon adsorbent and the cell and solution. A quartz
spectrophotometer cuvette was sealed to the bottom of the adsorption cell.
With the use of the adsorption cell described above it was possible to
follow the changes in concentration of the adsorbate solution during the
course of adsorption by in-situ UV-visible spectroscopy. Solutions of adsor-
bates were prepared in water. The initial concentrations of dyes and the
amount of the ACC were kept as constant as possible for kinetic studies
of adsorption in order to make an easy comparison among adsorption
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behaviors of different dyes (concentration: 4 x 107> M, mass of the ACC:
18.3 £ 0.1 mg). The ACC pieces were pre-wetted by leaving in water for
24 h before use. During this long contact period with water, the pores of
the ACC may expand and become more accessible for the adsorbates, in
the actual adsorption process. The idea of using pre-wetted ACC originated
from our previous findings that pre-wetting enhances the adsorption process
(10,18).

The ACC piece was dipped into the adsorption cell initially contain-
ing only water and vacuum was applied to remove all air in the pores of
the ACC. Then wetted and degassed ACC was removed from the cell for
a short time and water in the cell was replaced with a known volume of
the 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. A teflon tube
connected to the tip of a thin N,-bubling glass tube was lowered from one
arm of the adsorption cell down the spectrophotometer cuvette to a level
just above the light path to provide effective mixing. Finally, the carbon
cloth, which had been removed temporarily after wetting and degassing,
was re-inserted from the other arm of the adsorption cell into the
solution. Then, quickly, an opaque curtain was spread above the sample
compartment of the spectrophotometer, over the cell, to prevent interfer-
ence from external light. A Cary 100 UV/VIS spectrophotometer was
used for the optical absorbance measurements.

The scanning-kinetics program for monitoring the absorbance of the
specific dye was then run on the computer. This program enabled the
absorbance spectrum to be recorded over a pre-selected, limited wave-
length range in programmed time intervals (1 min). In this way, it was
possible to record as many as 750 data points for an adsorption period
of 750 min at each wavelength in the selected region. This is one of the most
important advantages of in-situ UV-visible spectroscopic technique as
applied in the scanning-kinetics mode. In most classical adsorption studies,
the batch analysis method is employed in which samples are withdrawn
from the adsorption system at certain time intervals and analyzed
separately. Usually 10-20 data points are obtained in such kinetic studies.
Each sample withdrawal, of course, destructs the main adsorption system.

A typical scanning-kinetic output obtained during the adsorption of
C.I. Acid Blue 74 from water onto the ACC was reproduced in Fig. 2 in
which only scans in 10 min intervals are shown. The downward move-
ment of the absorbance maxima at three wavelengths as the adsorption
goes on is clearly seen in this figure and marked by arrows. Any change
in spectrum during the process could be seen in such a scanning-kinetic
output. After completion of the adsorption run, a separate absorbance
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Figure 2. Scans during the adsorption of C.I. Acid Blue 74 onto activated carbon
cloth in 10min intervals. Arrows show directions of change (diminution) of
optical absorbance at three wavelengths of absorption maxima, with time.

versus time curve could be printed at any wavelength in the scanned
range. This wavelength is usually the one at one of the absorption
maxima (4n,x) unless there is change in spectrum such as shift in A,,,.

Absorbance data were converted into concentration data using
calibration relations pre-determined at the wavelength of maximum
absorbance for each adsorbate. The calibration data for the dyes studied
are given in Table 2.

Table 2. Calibration data for in-situ UV spectroscopic analysis of dyes. My,:
molecular weight, 4,..: wavelength of maximum absorption, &: molar absorptivity
and r: correlation coefficient

Dye M, (g- mol ") Amax (M) eM em™) r
C.I. Basic Blue 9 319.86 664 78000 0.9935
292 43000 0.9993
246 19250 0.9996
C.I. Acid Blue 74 466.36 610 22700 0.9995
287 36000 0.9996
252 24100 0.9998
C.I. Basic Red 2 350.85 519 45400 0.9981
276 46700 0.9979

249 31400 0.9996
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Determination of Adsorption Isotherms

The adsorption isotherms of adsorbates were determined on the basis
of batch analysis. The ACC pieces of varying masses were allowed to
equilibrate with solutions of adsorbates in water with known initial
concentrations at 30°C for 48 h. Preliminary tests showed that the concen-
tration of adsorbates remained unchanged after 20-24 h contact with the
ACC. So, the allowed contact time of 48 h ensures the equilibration. The
equilibration was allowed in 100 mL erlenmeyer flasks kept in a Niive ST
402 shaking waterbath at a constant shaking speed of 150 rpm. The
concentrations after the equilibration period were measured spectropho-
tometrically. The amount of adsorbate adsorbed per unit mass of the
ACC, g, was calculated by Eq. (1)

V(Cy—-C
g = V0 =G (1
where V is the volume of the solution of adsorbate in L, Cy and C, are the
initial and equilibrium concentrations, respectively, in mol - L™!, and m is
the mass of the ACC in g.

RESULTS AND DISCUSSION
Adsorption Kinetics

The concentration versus time curves for the adsorption of dyes under
study onto the ACC over 750 min are shown in Fig. 3. Although there
are some differences in adsorption behaviors of different dyes during
the course of adsorption, all of them become almost completely removed
from aqueous solution after about 500 min. It is to be noted that the
initial concentration of each dye and the mass of the ACC used for the
adsorption of each dye were the same.

In order to make more quantitative kinetic evaluation and to inves-
tigate the adsorption mechanism of dyes onto the ACC, some
well-known kinetic models, such as pseudo-first order, pseudo-second
order, Elovich, and intra-particle diffusion, were tested. The mathemati-
cal expressions for the pseudo-first order rate equation of Lagergren (19),
the pseudo-second order rate equation (20,21) and Elovich equation
(20,22) are given in Egs. (2), (3), and (4), respectively.

In(qe — q¢) = Inq. — Kjt (2)

t 1 1
= 4t 3
q¢ qug Qe ( )
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Figure 3. Concentration versus time plot for the adsorption of C.I. Basic Blue 9,
C.I. Basic Red 2 and C.I. Acid Blue 74 onto the activated carbon cloth. Initial
concentration is 4 x 107> M and mass of ACC is 18.3 +0.1 mg in all cases.

qi = B In(xpf) + f Int (4)

In these equations g, is the amount of dye adsorbed per unit mass of the
ACC at equilibrium in mmol - g ', q is that at time t in mmol-g ', k; is
the first order rate constant in min~!, k is the second order rate constant
in g- (mmol - min) ', « (initial sorption rate) in g- (mmol-min?)~!, and f
(desorption constant) in mmol - (g-min) ! are Elovich coefficients. All
kinetic equations (Egs. (2), (3), and (4)) are in linear form and their para-
meters can be determined from linear regression analysis of the experi-
mental kinetic data; In(qe—q) versus t in Eq. (2), t/q, versus t in Eq. (3)
and q; versus Int in Eq. (4). It is convenient to define the product
K, - 2 in Eq. (3) as the initial sorption rate and denote by h. All these
parameters and regression coefficients for treatment according to each
kinetic equation are given in Table 3.

Regression coefficient values of the pseudo-second order model for
adsorption of dyes onto the ACC (r > 0.99) is higher than those of the
pseudo-first order and Elovich models. This suggests that the adsorption
of dyes under study follows the pseudo-second order kinetic model. The
deviation in g, values predicted from the models compared to the experi-
mentally determined values is another criterion in determining the correct
model. Table 4 lists the experimental q. values, the q. values calculated
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Table 4. Experimental and calculated g. values in mmol-g~' from pseudo
first-order and pseudo second-order kinetics models for the adsorption of dyes
on the ACC

Deviation Deviation
Dye (qc)cxpcrimcntal (qc)ﬁrsl-ordcr ((VO) (qc)sccond-ordcr (%)
C.I. Basic Blue 9 0.0432 0.0187 —56.7 0.0448 +3.70
C.I. Basic Red 2 0.0432 0.0170 —60.6 0.0457 +5.79
C.I. Acid Blue 74 0.0432 0.0495 +14.6 0.0476 +10.2

from the pseudo-first and the pseudo-second order models upon
regression analysis of experimental kinetic data together with percent
deviations. The deviations are much smaller for the pseudo-second order
model than for the pseudo-first order model. This supports the finding
that the pseudo-second order model is being followed during the adsorp-
tion of dyes onto the ACC.

Pseudo-second order rate constants of dyes decreased in the order
C.I. Acid Blue 74 > C.I. Basic Red 2 > C.I. Basic Blue 9. On the other
hand the initial sorption rate values (h) of dyes increased in the order
C.I. Acid Blue 74 < C.I. Basic Red 2 < C.I. Basic Blue 9 (Table 3). This
final order according to h values is in agreement with the visually
observed adsorption behavior in Fig. 3. It is apparent that C.I. Acid Blue
74 has the lowest adsorption rate.

Adsorption proceeds in several steps involving transport of the solute
molecules from the aqueous phase to the surface of the adsorbent and dif-
fusion of the solute molecules into the interior of the pores which is
usually a slow process. The intra-particle diffusion rate constant, k;, in
mmol - g~ -min~"" is given by the following equation (23):

Qi = kitO.S (5)

When intra-particle diffusion plays a significant role in controlling the
kinetics of the adsorption process, the plots of q, versus t yield straight
lines passing through the origin and the slope gives the rate constant, k;.
The plots of q, versus t for the present results did not yield a straight line
passing through the origin. This suggested that the intraparticle diffusion
model is not the rate-limiting control step for the adsorption of dyes.

Adsorption Isotherms

The adsorption isotherm data of C.I. Basic Blue 9, C.I. Basic
Red 2, and C.I. Acid Blue 74 obtained at 30°C in water are given
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d./(mmol adsorbate/g ACC)

0 v L) v L)
0 0.01 0.02

C./(mmol-L™)

Figure 4. The fit of experimental adsorption data (e) to Langmuir (————), Freundlich
(— — — —) and Redlich-Peterson (— —— ——) models for C.I. Basic Blue 9.

in Figs. 4, 5 and 6, respectively. The isotherm data were treated
according to three well known isotherm equations; Langmuir,
Freundlich, and Redlich-Peterson. The linearized forms of Langmuir

0.4

d./(mmol adsorbate/g ACC)

0 v L} v L)
0 0.02 0.04

C./(mmol-L™")

Figure 5. The fit of experimental adsorption data (A) to Langmuir (———-), Freundlich
(— — — —) and Redlich-Peterson (—— —— ——) models for C.I. Basic Red 2.
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q./(mmol adsorbate/g ACC)

0 v L) v L] v
0 0.01 0.02 0.03

C./(mmol-L™")

Figure 6. Thefit of experimental adsorption data (Ill) to Langmuir (———-), Freundlich
(— — — —) and Redlich-Peterson (— —— ——) models for C.I. Acid Blue 74.

and Freundlich isotherm equations can be given in Egs. (6) and (7),
respectively (24);

C. G 1

= _ + 6

qe qmax qu'dx ( )
Inge =InKg + (1/n)lnC, (7)

where g, is the amount of adsorbate adsorbed per unit mass of adsorbent
at equilibrium in mol - g~', C. is the final concentration at equilibrium in
mol-L ™!, quax is the maximum adsorption at monolayer coverage in
mmol - g~ !, b is the adsorption equilibrium constant related to the energy
of adsorption in L-mmol~', K is the Freundlich constant representing
the adsorption capacity in (mmol-g~"). (L-mmol~")"/", and n is a con-
stant related to surface heterogeneity. Freundlich constant, 1/n, is also a
measure of the deviation of the adsorption from linearity. If n is equal to
unity the adsorption isotherm is linear. This means that the adsorption
sites are homogeneous in energy and no interaction takes place between
the adsorbed species. If the value of 1/n is smaller than 1, the adsorption
is favorable. When the value of 1/n is larger than 1, the adsorption
interactions become weak and unfavorable adsorption takes place (25).
The Langmuir and Freundlich isotherm equations (Egs. (6) and (7)) have
two parameters, but the Redlich-Peterson isotherm equation (26) has
three parameters and its nonlinear equation is expressed as follows:

qAC.

- e 8
1+AC? ®)

9e
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where q and A are the Redlich-Peterson isotherm constants in mmol - g~

and L-mmol~', respectively, and B is an exponent which lies between 0
and 1.

The Freundlich isotherm equation was developed for heterogeneous
surfaces. In this case, there is a continuously varying energy of adsorption
as the most actively energetic sites are occupied first and the surface is
continually occupied until the lowest energy sites are filled at the end
of the adsorption process. The Langmuir adsorption isotherm assumes
that the adsorbed layer is one molecule in thickness and that all sites
are equal, resulting in equal energies and enthalpies of adsorption. The
Redlich-Peterson equation is a combination of the Langmuir and the
Freundlich equations. In the limit, as the exponent B tends to zero,
the equation approaches to Freundlich equation and as the exponent
B tends to 1, the equation approaches to Langmuir equation (27).

The parameters of Eqgs. (6) and (7) were obtained by linear regression
analysis, while those of Eq. (8) were obtained by nonlinear regression
analysis using the GRAPHPAD PRISM program, as this equation
cannot be put into linear form and they were collectively given in
Table 5. The values of 1/n are found to be less than 1, which suggests
favorable adsorption behavior of dyes onto the ACC (25). The regression
coefficients for all three tested models are higher than 0.960 and thus it is
difficult to judge which isotherm model is best for representing the
experimental isotherm data. A better criterion for the assessment of the
experimental isotherm data is a parameter known as normalized percent
deviation (28) or in some literature as percent relative deviation modulus,
P, (29,30) given by the following equation;

_ 100 N |qe(pred) - qe(exp)|

N i1 qe(exp)

P )

where g, (exp) is the experimental g, in mmol - g 'atany C,, qe (pred) 18 the
corresponding q. predicted from the equation under study with the
best-fitted parameters and N is the number of observations. It is clear that
the lower the P value, the better is the fit. It is generally accepted that when
the P value is less than 5, the fit is considered to be excellent (29). The P
values for the Freundlich model are generally found to be lower than those
for other models (Table 5). Thus, it can be concluded that the Freundlich
isotherm model represents the experimental isotherm data for the dyes
under study better than the other two models. Freundlich constant, K¢,
representing the adsorption capacity (Table 5) increased in the order
C.I. Basic Red 2 < C.I. Acid Blue 74 < C.I. Basic Blue 9. The same order
was observed for the adsorption capacity parameter of Redlich-Peterson
model, q.
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Correlation of Adsorption Results with the Adsorbent Properties

pHpzc is an important property of an adsorbent in determining the
electrostatic interactions between the adsorbent and adsorbate during
adsorption (31). The pHpzc of the ACC used in the present work is 7.4
(Table 1). The pH values of the adsorbate solutions at the beginning
and at the end of adsorption during the isotherm studies are given in
Table 6. It is seen that the pH values of the adsorbate solutions do not
change appreciably during the course of adsorption and they are quite
close to the pHpzc value of the ACC. This shows that no strong electro-
static interaction is expected between the adsorbates and the ACC
surface. Thus the main adsorptive force, operative in removing the dyes
almost completely from the aqueous solution, is probably 7—= dispersion
forces.

The order of adsorption capacity of the ACC for the three dyes as
determined by the Ky values can be correlated with the size of molecules
and the size of pores in the ACC. The lengths and widths of the dyes
under study were determined using a program called ChemSketch and
are given in Table 7. It is more probable for the molecules to be adsorbed
on the ACC by entering the pores through their narrower dimensions; i.e.
widths. In this way, more molecules can be accommodated in the pores.
The analysis of pore size distribution data of the ACC, reported pre-
viously (32), has shown that the percentages of total pores having pore
sizes greater than 5.1, 6.4, and 7.2 A (the widths of the three dyes) are
98, 83, and 80, respectively. So, the highest adsorption capacity is
expected for C.I. Basic Blue 9 with a width of 5.1 A, and then for C.I.
Acid Blue 74 with a width of 6.4 A and finally for C.I. Basic Red 2 with
a width of 7.2 A. This order is the same as the order of Ky values
determined experimentally (Table 5).

Table 6. The pH values of adsorbate solutions at
the beginning (pH;) and at the end of adsorption
(pHy) during isotherm studies

Dye pH; pH“

C.I. Basic Blue 9 6.08 6.11-6.50
C.I. Basic Red 2 6.41 6.92-7.11
C.I. Acid Blue 74 6.40 6.91-7.43

@pH; values varied with the amount of the

ACC used in isotherm studies. Thus a range is
given for this value.
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Table 7. The lengths and widths of the dyes determined from
ChemSketch program

Dye Length (A) Width (A)

C.I. Basic Blue 9 13.7 5.1

C.I. Basic Blue 9 13.7 5.1

C.1. Acid Blue 74 15.5 6.4
CONCLUSIONS

The ACC used as an adsorbent in this work was found to be very
effective in removing the dyes, C.I. Basic Blue 9, C.I. Basic Red 2, and
C.I. Acid Blue 74, from aqueous solutions by adsorption. Almost com-
plete removal was achieved under certain conditions. In-situ UV-visible
spectroscopic method as applied in scanning kinetics mode was very
powerful in following the concentrations of dyes during the course of
adsorption. The pseudo-second order model for the kinetics and the
Freundlich isotherm model for the equilibrium of the adsorption were
found to fit the experimental data reasonably well. A fair correlation
was found between the adsorption capacity of the ACC for dyes and
the sizes of the dye species and pores of the ACC. It is recognized that
the presented adsorption work is for model systems including the dye
and the solvent water. However, it is predicted that the actual system
can be approached by including more than one type of dye in the aqueous
system and such systems can successfully be studied with the powerful
in-situ UV-visible spectroscopic method used in this work.
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