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ABSTRACT

Removal of blue 3R dye (B3R) from wastewaters over pumice has been carried out in batch
and fixed-bed column modes. Pumice is a cheap and readily available construction mate-
rial. In the batch mode of the present study, various essential factors, influencing the
adsorption such as dye concentration, amount of adsorbent, pH of the solution and temper-
ature, have been monitored. Attempts have also been made to verify Langmuir, Freundlich
and Temkin isotherm models. Langmuir was found to be more favourable in the present
study. Maximum adsorbate uptake capacity (qm) was found 97.58 mg/g for 1 g of pumice
at the temperature of 40˚C with a highest correlation coefficient of R2 (0.994). Batch mode
kinetic study results showed that the pseudo-second-order kinetic model is dominant dur-
ing the adsorption. In the continuous mode of the present study, various bed depths, flow
rates and dye solution concentration were applied to the adsorption column. Thomas and
Clark models have also been tested. Error analysis methods such as sum of square error,
sum of absolute error, average relative error and average relative standard error were
examined to verify the degree of matching of the column adsorption models to the experi-
mental data. According to the batch and column results of this research, an adsorption
column filled with pumice can be accepted a good alternative for the removal of B3R dye
from wastewaters.
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1. Introduction

From the beginning of industrial revolution, the
consumption of dyes has gradually increased in many
industries such as paper, food, plastic and textile.
Therefore, untreated wastewaters of such industries
may be an important risk-increasing factor for the pol-
lution of the receiving environment. Due to the toxico-
logical and esthetical reasons, dyes are one of the
most important undesired parameters among all the
contaminants that existed in industrial sewage [1].

Textile dyes are generally synthetic and molecular
structures of them are usually complex aromatic.
These type of industrial effluents can be carcinogens
and toxic to aquatic life. Some type of these dyes in
wastewater can also break down into aromatic amines
and cause fatal health problems to human beings and
other animals [2]. The components of dyes are gener-
ally deeply coloured, complex in structure and stable
organic compounds and therefore do not readily
degrade in the natural environment [3,4]. These
substances can reduce light penetration and affects
photosynthesis [5,6].

*Corresponding author.

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 28042–28055

Decemberwww.deswater.com

doi: 10.1080/19443994.2016.1184186

mailto:beyhank@atauni.edu.tr
mailto:myecem@atauni.edu.tr
http://dx.doi.org/10.1080/19443994.2016.1184186
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com


Various treatment methods have been applied to
remove dyes from wastewaters such as membrane
process [7], adsorption [8] or combined of membrane
and adsorption [9], UV [10], ozonation [11], oxidation
[12] and electrolysis [13]. Adsorption is the most
favoured method to remove textile dyes from wastew-
aters due to its higher removal efficiencies but lower
costs [14,15].

Adsorbent type is an important parameter of the
adsorption processes. Higher surface area, suitable
chemical properties, lower cost, commonness and
higher adsorption capacities are the preferred adsor-
bent specifications for the adsorption process.

In recent years, a great number of textile dye
removal researches performed with adsorption tech-
nique have been published in the literature. Many
kinds of adsorbents such as anionic or cationic
exchange membranes [16,17], activated clay [18], ben-
tonite [19], pine sawdust [20], resin adsorbents [21],
chitosan beads [22], Indian Rosewood sawdust [23],
hen feather [24] and jackfruit leaf powder [25] have
been used in these researches.

Pumice, the adsorbent material of this study, is a
cheap and readily available material having an exten-
sive usage in many industrial or daily life areas such
as light concrete aggregate in construction sector,
cloth-grinding agent in textile industry, additive mate-
rial in chemistry and water retainer in agriculture.
Researchers have been used it as radiation shielding
agent [26], reinforced concrete admixture material
[27], hardness removal agent for water [28] or as an
adsorbent to remove some important pollutants from
water and wastewaters such as uranium and thorium
[29], Cu(II) [30], Cr(III) and Cr(VI) [31], phosphorous
[32], fluoride [33].

Only a few dye adsorption studies, using pumice
stone, have reported by researchers [34,35]. Further-
more, they have carried out these studies in batch
adsorption mode. To the best of our knowledge, no
other research group has done any work with a
pumice-filled column to remove dye from wastewater.
To meet this literature deficit, batch and continuous
(column) modes were carried out consecutively in the
present study.

2. Materials and methods

2.1. Preparation of dye solutions

The adsorbate of the present research is Reactive
B3R textile dye. Chemical structure of this dye is
given in Fig. 1. Stock solutions of B3R dye was pre-
pared by dissolving 1.0 g of dye in 1,000 mL of dis-
tilled water. The experimental solutions were diluted

to needed concentrations in the range between 10 and
200 mg/L. Dye concentrations were measured at
570 nm wavelength by Shimadzu UV 160 A model
spectrophotometer through the experiments.

2.2. Preparation of pumice

Firstly, pumice stone was grinded and washed
with distilled water and dried in an oven for one hour
at 105˚C. After then, it was sieved to 0.1–0.2 mm mesh
range and washed again with 1:2 (w/v) hydrochloric
acid solution for 24 h to remove the impurities of
pumice and obtain more activated surface. At the end
of this process, particles were washed with distilled
water several times and dried again. SEM pictures of
pumice are given in Fig. 2 and surface area and pore
characteristics of pumice are given in Table 1.

2.3. Kinetic and equilibrium studies

The batch adsorption studies were performed at
constant shaking speed of 200 rpm. Temperatures
were adjusted in the range between 25 and 45˚C using
a heat adjustable shaker. Batch mode experiments
were carried out in 250 mL stoppered glass Erlen-
meyer flasks. Adsorbent (pumice) and adsorbate (B3R)
were added to the flasks in the range of 1–10 g and
10–100 mg/L, respectively. The pH values of the mix-
ture were measured with WTW Multi 340i model mul-
tiparameter device.

The equilibrium adsorption capacity of pumice
was calculated by the following equation:

qe ¼ VðCo � CeÞ
m

(1)

Here, qe is the equilibrium adsorption capacity of
pumice (mg/g), V is the volume of solution (L), Co

and Ce are the concentrations of B3R (mg/L) at initial
and any time t, respectively, and m is the dry weight
of pumice (g).

Fig. 1. Chemical structure of B3R dye [36].
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2.4. Continuous mode studies

Continuous mode adsorption studies were carried
out in a fixed-bed jacketed fibreglass column with an
inner diameter of 2.5 cm and a height of 20 cm. To
supply upward flow conditions, B3R solutions (in the
range of 10–200 mg dye/L) were pumped from the
bottom of the column by the aid of a peristaltic pump.
Sintered glass filters were placed to inlet and outlet
ports to prevent the pumice particles outflow from the
column. Samples were collected at equal time intervals
from the beginning of experiments to the equilibrium
time.

3. Results and discussion

The adsorption study of B3R dye on to the pumice
stone was performed in batch and continuous flow
operation modes. In batch mode, kinetic and
equilibrium evaluations were carried out. After then,
continuous flow mode studies were started using a
fixed-bed jacketed fibre-glass column to evaluate the
breakthrough curves at different operating conditions
and to investigate the usability of pumice as an adsor-
bent in real applications.

3.1. Batch mode studies

To optimize the important process parameters such
as biosorbent dose, contact time, pH, dye concentra-
tion and temperature for the removal of B3R dye,
experiments were carried out using batch procedure
at the first period of the study.

3.1.1. Zeta potential measurements

Zeta potential of pumice stones solutions were
measured with Zeta-Meter 3.0+ model device. Accord-
ing to the obtained data, the zeta potential values of
pumice particles were detected more negative with
increasing pH values and reached a maximum value
of −38.3 mV at pH 11.70. At about pH 2.60, the zeta
potential value was 0 mV (isoelectric point). Therefore,
the pH of the B3R solutions was set to 12 ± 0.3 later
on the experiments.

3.1.2. Effect of initial B3R concentration and
temperature

The adsorption experiments were carried out with
different B3R concentrations in the range of

Fig. 2. SEM pictures of pumice (upsizing: a = 100×, b = 1,000×).

Table 1
Surface area and pore characteristics of pumice

BET surface area (m2/g) Micropore surface area (m2/g) Total pore volume (cm3/g) Average pore size (nm)

1.2704 0.958 0.00485 15.2803
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10–100 mg/L at the fixed pH of 12. Fig. 3 shows the
effect of initial B3R concentrations on the dye removal
efficiencies for 1 g of pumice concentration at 25, 30,
35, 40 and 45˚C. As can be seen from this figure, the
amount of dye adsorbed increased with increasing ini-
tial concentration of B3R dye. This can be explained
by the fact that the increasing of the initial dye con-
centration enhances the interaction between the dye
and adsorbent, and it provides the necessary driving
force to overcome the resistance to mass transfer
between the aqueous and the solid phase [37]. Fig. 3
also shows the temperature effect on adsorption effi-
ciency. The results indicated that the amount of B3R
adsorbed and adsorption efficiency increased with
increasing temperature up to 40˚C. Because the weak-
ening of bonds between dye molecules and binding
sites of pumice at higher temperatures, smaller values
are observed at 45˚C.

3.1.3. Effect of pumice dosage

Fig. 4 shows the effect of adsorbent dose on the
amount of dye adsorbed for all working dye concen-
trations at 40˚C. The effect of pumice dose on the
adsorption of B3R dye was evaluated by varying the
adsorbent doses in the range of 1–10 g. As seen from
Fig. 4, for all initial dye concentrations, dye adsorption
amounts decreased when the adsorbent dose
increased.

3.1.4. Adsorption isotherms

Establish a correlation for the equilibrium curves
obtained from the experimental data is essential to
optimize the system design of B3R adsorption on to
the pumice stone. Therefore, some popular isotherm

models such as Langmuir, Freundlich and Temkin
were used in this study.

The Langmuir isotherm in the non-linear form is
given as [38]:

qe ¼ bqmCe

1þ bCe
(2)

According to Eq. (2), the linear form of the Langmuir
isotherm can be written as:

1

qe
¼ 1

qmbCe
þ 1

qm
(3)

where qm is the maximum adsorbate uptake capacity
(mg/g) and b is the Langmuir constant related to the
energy of adsorption (L/mg).

The non-linear and liner forms of the Freundlich
isotherm are commonly presented as [39]:

qe ¼ KFC
1=n (4)

and the linear form is:

log qe ¼ log KF þ 1

n
log Ce (5)

where KF is the constant related to the adsorption
capacity, and 1/n is the empirical parameter related to
the adsorption intensity, which varies with the hetero-
geneity of the adsorbent material. n, also suggests the
affinity of the process (if n < 1, chemisorption or n > 1,
physisorption) [40].

The Temkin isotherm model assumes that the
adsorption heat of all molecules in the layer decreases

Fig. 3. Effect of initial B3R concentrations on the adsorp-
tion capacity (m = 1 g).

Fig. 4. Effect of adsorbent dose on the adsorption capacity
(temperature = 40˚C).
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linearly with coverage at moderate concentrations. Iso-
therm model is the following [41]:

qe ¼ B lnðACeÞ (6)

and

B ¼ RT=bT (7)

where A (L/mg) represents the equilibrium binding
constant and B (J/mol) related to the heat of sorption,
R is the universal gas constant (8.314 J/mol K), T is
the temperature in Kelvin and bT is the Temkin
isotherm constant.

Since the temperature is an important factor on the
adsorption process for dye removal [41], isotherm
studies were performed at different temperatures in
the range of 25–45˚C.

The entire isotherm parameters are given in
Table 2. As can be seen from this table, Langmuir iso-
therm can be accepted more appropriate for modelling
of the B3R adsorption equilibrium onto pumice. The
qm values were increased with increasing temperature
up to 40˚C but decreased with increasing adsorbent
quantities at all working temperatures. On the other
hand, R2 values of Langmuir, Freundlich and Temkin
adsorption isotherm models were observed as

maximum at the temperature of 40˚C in the present
study. Dye removal efficiencies, obtained from the
batch studies, showed similar runs. To make the
results more interpretively, these efficiencies were
given all together in Fig. 5. As seen from this figure,
dye removal efficiencies, are increased with increasing
temperature up to 40˚C and then decreased slowly.
This can be explained by the weakening of bonds
between dye molecules and binding sites of pumice at
higher temperatures and indicated the exothermic nat-
ure of adsorption process. According to these results,
it could be said that the adsorption of B3R dye on
pumice decreased over the solution temperature of
40˚C. Therefore, this temperature value was selected
as optimum for further experiments.

Langmuir, Freundlich and Temkin isotherm model
plots for 40˚C are given in Fig. 6(a)–(c), respectively.

3.1.5. Kinetic studies

In order to specify the mechanism of sorption and
to optimize the different operating conditions for the
adsorption of B3R onto pumice, kinetic studies were
performed using pseudo-first-order and pseudo-
second-order kinetic models. These kinetic models
were evaluated according to the level of correlation
coefficient of R2.

Table 2
Isotherm parameters for B3R adsorption on to the pumice stone

T (˚C) m (g)

Langmuir isotherm Freundlich isotherm Temkin isotherm

qm b R2 KF n R2 A B bT R2

25 1 48.577 0.088 0.941 4.378 1.521 0.948 0.577 15.632 169.060 0.890
5 22.613 0.037 0.970 0.764 1.078 0.970 0.483 5.350 486.44 0.835
10 16.805 0.026 0.985 0.833 1.061 0.985 0.516 5.598 464.87 0.870

30 1 64.497 0.058 0.964 4.102 1.364 0.961 0.498 18.148 143.39 0.906
5 54.840 0.013 0.986 0.693 1.018 0.983 0.454 5.765 451.183 0.873
10 38.593 0.011 0.989 0.819 1.020 0.982 0.511 5.937 438.32 0.894

35 1 85.382 0.058 0.978 5.380 1.340 0.964 0.630 20.713 128.645 0.924
5 64.709 0.016 0.987 0.970 1.011 0.983 0.593 6.192 420.26 0.878
10 57.253 0.010 0.986 1.115 1.009 0.974 0.661 6.389 407.31 0.892

40 1 97.58 0.074 0.994 7.037 1.303 0.999 0.816 23.428 111.08 0.911
5 70.49 0.021 0.996 1.703 1.285 0.962 0.954 5.085 511.718 0.980
10 64.68 0.012 0.986 1.884 1.335 0.949 1.062 4.970 523.58 0.993

45 1 74.613 0.077 0.966 5.712 1.366 0.956 0.687 20.612 126.159 0.904
5 29.148 0.039 0.987 1.188 1.206 0.972 0.681 5.064 513.87 0.926
10 22.471 0.030 0.998 1.457 1.221 0.981 0.819 5.237 496.93 0.957
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Linear forms of these models are given in Eqs. (8)
and (9) [33]:

logðqe � qtÞ ¼ log qe � k1
2:303

t (8)

t

qt
¼ 1

k2q2e
þ 1

qe
t (9)

where k1 (1/min) and k2 (g/mg min) are the adsorp-
tion rate constants of first-order and second-order
kinetic models, respectively, qe (mg/g) is the equilib-
rium adsorption uptake and qt (mg/g) is the adsorp-
tion uptake at the t time. k1 and k2 were calculated
from the slope and the intercept of log(qe − qt) vs. t
(Fig. 7(a)) and t/qt vs. t (Fig. 7(b)) plots, respectively.

Root mean square errors (RMSE) were also
determined to measure the differences between the

experimental (qe,exp) and predicted (qe,cal) values of the
kinetic models at the end of the n number of the
experiments. The RMSE equation is given in Eq. (10):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðqe;exp � qe;calÞ2
n

s
(10)

Table 3 represents the entire kinetics parameters of
pseudo-first and second-order models for the adsorp-
tion of B3R dye onto pumice. As seen from Table 3,
the experimental qe,exp values of the pseudo-
second-order model are closer to the predicted qe,cal
values, and R2 correlation coefficients are bigger for
all conditions than those of the pseudo-first-order
kinetic model. In addition, the other model parameters
(k1, k2 and RMSE) are more favourable in the
pseudo-second-order kinetic model (Table 3) which
indicate that the adsorption of B3R dye on to the
pumice stone process is controlled by chemisorption
[33]. It is also easily seen from Table 3 that k2 rate con-
stants of pseudo-second-order kinetic model, decrease
with initial dye concentrations and increase with
adsorbent concentrations. This behaviour can be
explained that lower B3R dye and higher pumice
stone concentrations exhibit less competition at the
adsorbate surface.

Adsorption processes usually consist of more than
one steps such as film or boundary layer diffusion,
particle or intraparticle diffusion and sorption. The
intraparticle mass-transfer diffusion model given
below is applied to clarify the diffusion mechanism
[37]:

qt ¼ kit
1=2 þ C (11)

Fig. 5. Effect of temperature on adsorption efficiency (pH
12, shaking speed = 200 rpm).

Fig. 6. Langmuir (a), Freundlich (b) and Temkin (c) isotherm model plots (temperature = 40˚C, pH 12, shaking
speed = 200 rpm).
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where ki (mg/g min0.5) is the intraparticle diffusion
rate constant and C (mg/g) describes the boundary
layer thickness. ki and C are the slope and intercept of
the qt vs. t

1/2 plot, respectively.
The constants of intraparticle diffusion model are

given in Table 3. As seen from this table, the values of
intercept C, relating to the thickness of the boundary
layer, are not equal to zero. Since the thickness of the
boundary layer increase with increasing adsorbate
concentration, higher values of C obtained at higher
B3R dye and lower pumice stone concentrations. As a
result, higher C values at higher dye concentrations
and relatively poor R2 values of intraparticle diffusion
model (Table 3) proves that the adsorption process of
B3R dye on to the pumice stone is not only depended
on intraparticle diffusion but other mechanisms might
be involved.

3.2. Continuous mode (column) studies

Even though some useful and important data can
be obtained with batch mode adsorption studies, con-
tinuous mode studies usually serve more practical
results for real applications. From this point of view,
column mode adsorption experiments initialised after

the batch mode studies accomplished, in the present
study. Moreover, some batch experimental parameters,
such as n value of Freundlich isotherm for Clark
model or optimum temperature and pH, etc. are usu-
ally required for column studies.

3.2.1. Breakthrough curves

Since the shape of the breakthrough curve and
required time for the appearance of breakthrough are
important to evaluate an adsorption column, Ct/Co vs.
time plots for different initial dye concentrations, flow
rates and bed heights were formed at Fig. 8(a)–(c),
respectively.

where Co and Ct are the dye concentrations (mg/L)
at initial and t time, respectively.

The effect of initial dye concentration was investi-
gated by varying the concentration of B3R solution
from 10 to 200 mg/L at a constant pumice bed height
of 20 cm and flow rate of 2.0 mL/min. Ct/Co vs. time
curves for different initial dye concentrations are
shown in Fig. 8(a). As seen from this figure, time to
attain 50% capacity of breakthrough decreased with
increasing initial dye concentration because the adsor-
bent binding sites are quickly saturated by B3R dye.

Fig. 7. Pseudo-first- (a) and second- (b) order kinetic models (temperature = 40˚C, pH 12, shaking speed = 200 rpm).
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In addition, the lower concentration gradient causes
slower transport rate due to a decreasing diffusion
coefficient or decreasing mass transfer coefficient [25].
Sharper breakthrough curves were observed with
higher inlet B3R concentration. When the lowest B3R
concentration (10 mg/L) was applied, a delayed
breakthrough curve was observed (Fig. 8(a)) since the
lower concentration gradient causes reduced transport
of dye. The driving force for adsorption is the concen-
tration difference between the solute on the adsorbent
and the solute in the solution. Sharper breakthrough
curves indicate shortened mass transfer zones with
higher adsorption rates. As a result, if quick dye
uptake is desired, higher initial dye concentrations
shall be applied [4].

Likewise, the effect of column inflow rate was
investigated by varying the inflow rate of B3R solution
from 2 to 5 mL/min at a constant pumice bed height
of 20 cm and initial dye concentration of 50 mg/L.
Ct/Co vs. time curves for different inflow rates are
shown in Fig. 8(b). As seen from this figure, the steep-
ness of breakthrough curves increased with increasing
column inflow rate and adsorption was rapid at the
beginning for all flow rates. This can be explained by
the availability of free reaction sites around or inside
the pumice particles at the beginning of the experi-
ments. Afterwards, dye uptakes become less effective
when these sites filled with B3R dye. The break-
through times and adsorbed amount of B3R dye
decreased when the flow rate increased. Although
B3R adsorption on to pumice was relatively fast in
batch mode or at lower flow rates, residence times
were inadequate for completion of entire adsorption at
higher flow rates. As a result, lower flow rates can be
accepted as favourable for the effective removal of
B3R in column mode.

The breakthrough curves of B3R adsorption onto
pumice at different bed heights (5, 10 and 20 cm), at
constant flow rate of 2.0 mL/min and at initial dye
concentration of 50 mg/L are shown in Fig. 8(c). As
expected, the breakthrough curves reached the satu-
rated point (the point at which Ct/Co = 0.95) more
slowly at the bed height of 20 cm. The slope of the
breakthrough curve decreased with increasing bed
height (Fig. 8(c)), which resulted in a broadened mass
transfer zone [42].

3.2.2. Application of breakthrough curve models

In the present study, Thomas and Clark mathemat-
ical models were used to describe the column break-
through curves for different bed heights, flow rates
and dye concentrations.

Thomas model is one of the most general and
widely used methods in the column performance the-
ory [43], and assumes plug flow behaviour in the col-
umn bed. The linearized form of this model is given
in Eq. (12) [44]:

ln
Co

Ct
� 1

� �
¼ kThqom

Q
� kThCot (12)

where kTh is the constant of Thomas model
(mL/min mg), qo is the adsorption capacity (mg/g),
and t is the total flow time (min). The values of kTh
and qo can be determined from the slope and intercept
of the ln((Co/Ct) − 1) vs. t plot, respectively.

In addition to the Thomas model parameters of kTh
and qo, some of error analysis methods such as sum of
square error (SSE), sum of absolute error (SAE), aver-
age relative error (ARE) and average relative standard

Fig. 8. Breakthrough curves of B3R through the pumice bed at different initial dye concentration (a), flow rate (b) and
bed heights (c) (pH 12 and temperature = 40˚C).
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error (ARS) were used to verify the degree of match-
ing of the column adsorption models to the experi-
mental data. The expressions for these error functions
are given below [45]:

SSE ¼
Xn
i¼1

qcal � qexp
� �2

i
(13)

SAE ¼
Xn
i¼1

qcal � qexp
����
i

(14)

ARE ¼ 1

n

Xn
i¼1

qcal � qexp
qexp

����
���� (15)

ARS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

qcal�qexp
qexp

ih 2

n� 1

vuut
(16)

Clark model combines the Freundlich equation with
the mass transfer concept and incorporates the param-
eter n of the Freundlich adsorption isotherm [46]. The
linearized form of this model is given below [47]:

ln
Co

Ct

� �n�1
" #

¼ lnA� r t (17)

where n is the Freundlich constant and both r and A
are the Clark constants. r and A can be determined
from the slope and intercept of the ln(Co/Ct)

n−1 vs.
time plot, respectively.

Thomas and Clark model results are given in Tables
4 and 5, respectively, for different dye concentrations
(Co), flow rates (Q) and pumice bed heights (Z).

As seen from Table 4, kTh values decreased with
increasing initial B3R concentration and pumice bed
depth and decreasing flow rate. On the other hand, qo
values decreased with increasing flow rate and
pumice bed depth but increased with increasing initial
B3R concentration. Similar observations have been
reported by other researchers [48].

According to the Thomas model error analysis
parameters (Table 4), best results were obtained with
50 mg/L of initial B3R solution concentration and
20 cm of pumice bed height. The correlation coeffi-
cients of R2 at this operating conditions are greater
than 0.94. In addition, SSE, SAE, ARE and ARS were
observed more favourable than the others. The best
SSE value is obtained as 0.67 for 50 mg/L of Co,
4 mL/min of Q and 20 cm of bed height. As it is well
known, lower SSE values indicate the model is more
favourable.

Clark model was tested for three different n con-
stant of Freundlich (Table 2, 40˚C). n1, n5 and n10 are
the calculated n values of 1, 5 and 10 g of pumice,
respectively. Model results are given in Table 5. The
maximum adsorption capacity related to Thomas
model was found to be 44.41 mg/g at flow rate of
2 mL/min, dye concentration of 200 mg/L, pH 12 and
bed height of 20 cm.

From Table 5, it can be said that, the value of A
generally decreases with increasing initial B3R concen-
tration, flow rate and pumice bed depth. On the other
hand, the value of r nearly stabile with B3R concentra-
tion but increases with increasing flow rate and
decreasing pumice bed depth, in most cases. Bigger
correlation coefficients (R2) for smaller Co values and
higher flow rates, suggest the heterogeneous adsorp-
tion. In contrast, the adsorbate molecules become
homogeneously distributed on the surface of adsor-

Table 4
Thomas model parameters for different conditions

Co Q Z kTh qo R2 SSE SAE ARE ARS

10 2 20 0.0184 2.75 0.922 32.13 17.42 1.38 1.54
25 2 20 0.0077 6.48 0.908 45.84 19.92 3.15 6.47
50 2 20 0.0038 12.27 0.946 3.09 4.62 0.52 0.92
100 2 20 0.0019 23.40 0.832 42.67 19.29 2.17 2.93
200 2 20 0.0011 44.41 0.803 49.49 21.63 5.58 12.17
50 3 20 0.0056 5.26 0.970 1.31 2.96 0.50 0.95
50 4 20 0.0089 2.51 0.983 0.67 2.06 0.14 0.17
50 5 20 0.0394 0.53 0.940 39.02 18.55 13.48 38.89
50 2 10 0.0054 13.50 0.892 45.67 20.80 4.23 6.06
50 2 5 0.0088 14.57 0.877 63.87 23.57 10.39 23.54
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bent when the slower flow rates applied [49]. Maximal
R2 value of Thomas model was observed as 0.991 at
3 mL/min flow rate, 50 mg/L dye concentration, pH
12 and 20 cm bed height conditions. As a result, as
can be seen from Tables 4 and 5, the correlation coeffi-
cients of Clark model are usually more favourable
than those of Thomas.

3.3. FTIR spectrum of pumice

The chemical composition of pumice used in this
study as weight % is SiO2 72.07, AlO2 13.50, K2O
11.27, Na2O 1.60, Fe2O3 1.21 and TiO2 0.35. As is also
understood from these values, SiO2 and AlO2 are the
two main components of the pumice. Fig. 9 shows the

Table 5
Clark model parameters for different conditions

Co Q Z

n1 = 1.303a n5 = 1.285a n10 = 1.335a

A r R2 A r R2 A r R2

10 2 20 2.295 0.016 0.964 2.072 0.015 0.966 2.717 0.016 0.962
25 2 20 2.245 0.017 0.949 2.029 0.016 0.951 2.656 0.017 0.946
50 2 20 1.970 0.017 0.901 1.785 0.016 0.904 2.319 0.017 0.896
100 2 20 1.901 0.017 0.911 1.724 0.017 0.913 2.234 0.018 0.907
200 2 20 2.071 0.019 0.888 1.873 0.019 0.891 2.444 0.020 0.883
50 3 20 1.706 0.022 0.991 1.557 0.022 0.991 1.983 0.023 0.990
50 4 20 1.261 0.023 0.982 1.157 0.023 0.983 1.454 0.023 0.980
50 5 20 1.020 0.028 0.960 0.938 0.027 0.960 1.170 0.028 0.959
50 2 10 1.386 0.021 0.942 1.267 0.021 0.944 1.606 0.022 0.939
50 2 5 1.201 0.027 0.978 1.102 0.027 0.979 1.383 0.028 0.977

aFreundlich isotherm n values.

Fig. 9. FTIR spectrum of pumice granules before and after adsorption.
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Fourier transform infrared spectroscopy (FTIR) of the
pumice before and after adsorption at wavelengths
ranging from 400 to 4,000 cm−1. The peaks at 463.12
and 858.74 cm−1 were resulted from the Si–O bending
strength vibrations of the amorphous quartz. The
strong peaks between 1,000 and 1,150 cm−1 may have
resulted from Si–O stretching vibrations [50]. For SiO2

and AlO2 bonds, the characteristic stretching vibra-
tions were detected at the wave number of
1,023.77 cm−1. The small peak at 682.51 cm−1 can be
assigned to the regional vibration of reductive carbon
in the crystal lattice [28]. Other peaks can be assigned
to the adsorbed water molecules including the broad-
ening peak at 3,670.18 cm−1 that belongs to the asym-
metric stretching vibration of H–O bond. This shows
OH group on the surface.

Nearly all of the peaks in the spectroscopy of
pumice for before and after adsorption have similar
shapes but different wavenumbers. In addition, some
peaks are disappeared or shifted and a few new peaks
are detected. This indicates the possible bindings of
functional groups on the surface of the pumice. The
intensities and wavenumber of peaks were either
reduced or slightly shifted after adsorption. This can
be resulted from electrostatic interactions between the
positively charged functional groups.

4. Conclusion

The removal of B3R dye over pumice has been
investigated in the present study. Pumice exhibited
favourable adsorption capacity to remove B3R dye from
aqueous solutions in batch and continuous mode. Lang-
muir, Freundlich and Temkin isotherm models were
tested in the batch mode of study. According to the
results, Langmuir is more favourable isotherm model
then the others (Table 2). The validity of isotherm mod-
els based on the correlation values is in the following
order: Langmuir > Freundlich > Temkin. The maxi-
mum uptake capacity, qm, is determined as 95.78 mg/g
for 10 g of pumice quantity, 40˚C and pH 12. As seen
from the isotherm models tested in this study, 40˚C
have more favourable results than lower or upper tem-
perature values. At higher temperatures, the exothermic
nature of adsorption process and the weak bonds
between dye molecules and binding sites of pumice can
explain this situation. The batch kinetic study indicated
that the adsorption of B3R dye on to pumice could be
well fitted by the pseudo-second-order equation. The
lowest RMSE value of 0.395 was observed at pseudo-
second-order kinetic model for 10 g of pumice (Table 3).

It can be seen from the column studies data, the
uptake of B3R dye in a fixed-bed pumice column

depends on pumice bed depth, influent B3R dye solu-
tion concentration and flow rates. Both of the Thomas
and Clark models produced acceptable results for
designing an adsorption column, but Clark model
seemed more sensitive. According to the results of
Thomas and Clark models, removal rates of B3R dye
in a fixed-bed pumice adsorption column could be
higher at lower flow rates and higher pumice bed
heights.

Consequently, pumice stone could be considered
as an effective adsorbent that can be utilized in an
adsorption column for the removal of B3R dye from
aqueous solution. Furthermore, mathematical mod-
elling of the adsorption dynamic under continuous
flow conditions could provide important parameters
for real applications [51].
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