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ABSTRACT

A column study was carried out using activated carbon fiber for the adsorption of tartrazine
from aqueous solution. The effect of flow rate and inlet tartrazine concentration on the
adsorption characteristics of the activated carbon fiber at 25˚C was investigated. Adams–
Bohart, Thomas, and Yoon-Nelson models each were applied to the experimental data to
predict the breakthrough curves, and determine the characteristics and parameters of the col-
umn’s usefulness for tartrazine adsorption. This study revealed that carbon fiber is suitable
for use as an effective adsorbent to remove tartrazine from solution.
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1. Introduction

Wastewater from textile, paper, pharmaceutical,
and certain other industries contains residual dyes,
especially azo dyes. It is well known that some azo
dyes and their degradation products, such as aro-
matic amine, are highly carcinogenic. The colored
wastewater released into the ecosystem is a dramatic
source of esthetic pollution, and a perturbation to
aquatic life. Tartrazine, an azo dye used as a food-
stuff additive [1,2] and in various human drugs, has
been reported as a possible cause of asthma, urticar-
ial, and angioedema [3,4]. It also has phototoxic
potential [5–7]. The estimated amounts of tartrazine
manufactured in 1996 were approximately 71.35 t in
Japan and 985.76 t in the USA [8]. The acceptable
daily intake by human beings is 0–7.5mg/kg body
weight [5].

Dye removal from wastewater can be brought
about using many techniques [9–11]. At present, the
most common treatment method for the effective
removal of dyestuffs from wastewater is adsorption.

Adsorption is gaining increasing attention due to
its simplicity of design, ease of processing, and
effective removal of toxic substances. Adsorption
process has been carried out using many different
adsorbents. Activated carbon is an effective means
for removing the toxic matter from a liquid. Acti-
vated carbon is a microporous adsorbent that can
be made from a variety of carbonaceous materials
[12,13]. It is a manufacturing by-product produced
during the carbonization and activation of fabrics
made from several polymeric materials such as
nylon, phenolic resin, cellulose, etc. [14]. The acti-
vated carbon is known as activated carbon fiber
(ACF) and is manufactured in two presentations as
cloth and felt.

Batch reactors are easy to use in laboratory stud-
ies, but less convenient for industrial applications. On
the other hand, fixed-bed columns are widely used in
various chemical industries because of their simple
operation [15]. Columns are an effective process for
cyclic adsorption/desorption as they make the best
use of the concentration difference, known to be a
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driving force for adsorption, and enable a more effi-
cient utilization of the adsorbent’s capacity, resulting
in a better quality of effluent [16]. A large volume of
solution can be continuously treated using a defined
quantity of adsorbent in the column. A few investiga-
tions into dye adsorption in fixed-bed columns have
reported the influence of pH, concentration of dye,
flow rate, and other factors. The performance of
fixed-bed columns is described by the concept of the
breakthrough curve. The time of breakthrough
appearance and characteristics for determining the
operation and dynamic response of an adsorption col-
umn. As seen in Fig. 2, the major part of the adsorp-
tion at anytime takes place in a relatively narrow
adsorption column. As the solution continues to flow,
the mass transfer zero, which is S-shaped, moves
down the column. The total shaded area in the total
or stoichiometric capacity of the bed was calculated
as follows:

tt ¼
Z 1

0

1� C

C0

� �
�dt ð1Þ

where tt is the time equivalent to the total capacity,
and C0 and C (mgL�1) are the inlet and outlet concen-
trations of the contaminant solution, respectively. The
usable capacity of the bed up to the breakpoint time,
tb, is the crosshatched area, calculated as:

tu ¼
Z tb

0

1� C

C0

� �
�dt ð2Þ

where tu is the time equivalent to the usable capacity.
The value of tu is usually very close to that of tb.

Using the total bed length of HT, the length of bed
used up to the breakpoint HB is calculated as:

HB ¼ tu
tt
�HT ð3Þ

The length of unused bed HUNB is then the unused
fraction of the total length:

HUNB ¼ 1� tu
tt

� �
�HT ð4Þ

The column adsorption of tartrazine by ACF has
not been investigated in previous studies. In this
paper, we attempt to remove a hazardous dye, tar-
trazine, by using ACF as an adsorbent. ACF was
wasted by chemical activation in the absence of N2

at 500˚C.

2. Materials and methods

2.1. Materials

Tartrazine is an azo dye. Fig. 1 shows the charac-
teristics of tartrazine.

Studies were carried out by preparing a stock
solution at 100mgL�1 concentration in double-dis-
tilled water. The working solutions of the desired
concentrations were obtained by successive dilu-
tions.

2.2. Preparation of ACF

ACF is produced from textile waste that is used to
form felt made from polyester, nylon, and cotton.

In the first step of activation, the starting material
was mixed with ZnCl2 at a ratio of 0.5:1, and the mix-
ture was kneaded after adding distilled water. The
mixture was then dried at 110˚C to prepare the
impregnated sample.

In the second step of activation, the impregnated
sample was placed on a quartz dish, which was then
inserted in to a quartz tube (i.d. = 60mm). The
impregnated sample was heated to the activation
temperature (500˚C) under N2 flow (100mLmin�1) at
a rate of 10˚Cmin�1 and held at the activation tem-
perature for 1 h. After activation, the sample was
cooled under N2 flow, and 0.5N HCl was added to
the activated sample. The activated sample was then
washed sequentially several times with hot distilled
water to remove residual chemicals, until it did not
give a chloride reaction with AgNO3. The washed
sample was then dried at 110˚C to prepare the acti-
vated carbon [17].

A TriStar 3000 (Micromeritics, USA) surface ana-
lyzer was used to measure the nitrogen adsorption
isotherm at 77K, over a range of relative pressures
from 10�6 to 1. The BET surface area, total pore vol-
ume, average pore radius, and micropore area were
obtained from the adsorption isotherm.

Fig. 1. Structure of tartrazine.
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2.3. Column studies

Continuous fixed-bed column studies were per-
formed using a fixed-bed mini column reactor with an
inside diameter of 1.5 cm and a column height of 40 cm.
The bed length used in the experiments was 6 cm. In a
typical experiment, dye of a known concentration (10,
20, or 30mgL�1) was pumped at a fixed flow rate (5,
10, 20mLmin�1) through the column, filled with a
known bed height of adsorbent. The tartrazine solution
at the outlet of the column was collected at regular time
intervals, and its concentration was measured using a
UV–visible spectophotometer at 426 nm [3]. All experi-
ments were carried out at 25˚C. After almost 95–98%
exhaustion, the column operation was stopped.

The total quantity of tartrazine adsorbed by the
column for a given inlet concentration, qtotal (mgg�1),
and the flow rate, were calculated using Eq. (5)
[15,16]:

qtotal ¼ Q

1; 000

Z t¼ttotal

t¼0

Cad�dt ð5Þ

where Cad (mgL�1) is the adsorbed tartrazine concen-
tration, Q is the volumetric flow rate (mLmin�1), and
ttotal is the total flow time (min).

The equilibrium tartrazine uptake in the column,
or the maximum capacity of the column, (qeq), was
defined by Eq. (6) as the total amount of tartrazine
adsorbed (qtotal) per g of the adsorbent (X) at the end
of the total flow time,

qeq ¼ qtotal
X

ð6Þ

Breakthrough is usually defined as the phenome-
non where the effluent concentration from the column

reaches about 3–5% of the influent concentration. The
number of bed volumes (BV) is defined as:

number of bed volumes ¼ volume of solution treated

volume of adsorbent bed

¼ operating time

EBRT
ð7Þ

where the adsorbent empty bed residence time EBRT
is the time required for the liquid to fill the empty col-
umn:

EBRT ¼ bed volume

volumetric flow rate of the liquid
ð8Þ

The adsorbent exhaustion rate is the mass of
adsorbent used per volume of liquid treated at break-
through:

adsorbent exhaustion rate

¼ mass of adsorbent in column

volume treated at breakthrough
ð9Þ

2.4. Column regeneration

The eluent selected for column regeneration was
NaOH (0.1N) due to the exceptionally good solubility
of tartrazine in NaOH. Afterward, water was passed
at a flow rate of 10mLmin�1. It was observed that this
process was sufficient for complete recovery of the
dye.

3. Results and discussion

3.1. Characterization of the pore structure of the activated
carbon preparation

The activated carbon prepared from waste by
chemical activation with ZnCl2 at 500˚C for 1 h was
characterized by standard methods (Table 1). The sur-
face area, measured as a BET of 1,506m2 g�1, and the
iodine number of 910mgg�1, are the highest values so
far reported for activated carbons from textile waste
[18,19].

The adsorption isotherm is a source of information
about the porous structure of the adsorbent, the heat
of adsorption, and characteristics of its physics and
chemistry, among other parameters. Fig. 3 shows that
the nitrogen adsorption isotherm of ACF exhibits a
Type I isotherm according to the BDDT classification.
The structure has decreasing microporosity. Due to
the appearance of small diameter the mesopores can

Fig. 2. Determination of column capacity from the
breakthrough curve.

236 Ç. Sarıcı-Özdemir / Desalination and Water Treatment 46 (2012) 234–243



be physically adsorbed. The pore size distribution was
calculated in the standard manner using the BJH
method, as shown in Fig. 3 [20]. It appears that acti-
vated carbon, at 22%, had the highest micropore area.

3.2. Effect of the flow rate

Flow rate is an important parameter for evaluating
the efficiency of adsorbents for the continuous treat-
ment processing of effluents on a pilot or industrial
scale. To investigate the effect of flow rate on the
adsorption of tartrazine by ACF, the inlet dye concen-
tration in the feed was held constant at 20mgL�1

while the flow rate was varied from 5 to 20mgmin�1.
Fig. 4 depicts the breakthrough curves C/C0 vs. time

t. As indicated in Fig. 4, at the lowest flow rate of
5mLmin�1, relatively higher uptake values were
observed for tartrazine adsorption onto activated
carbon at the beginning of the column’s operation.
Furthermore, as the solution continued to flow, the

Table 1
Surface properties of the ACF

Sample SBET (m2 g�1) SExt (m
2 g�1) SMic (m

2 g–1) VT (cm3 g�1) Dp (nm) Number of iodine (mgg�1)

ACF 1,506 1,187 319 0.830 2.37 910

Mic: area of micropores.

Ext: external area.

T: total volume.
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Fig. 4. Effect of flow rate on breakthrough curve and
theoretical curves.
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concentration of tartrazine in the effluent was found
to increase rapidly, the bed became saturated with
tartrazine, and the concentration of the solute in the
effluent suddenly increased to the inlet tartrazine con-
centration.

As shown in Table 2, the breakthrough occurred
(td) at 81, 39, and 19min, and HB investigated at 1.32,
1.11, and 1.14 cm, at flow rates of 5, 10, and
20mLmin�1, respectively. The maximum bed capaci-
ties for flow rates of 5, 10, and 20mLmin�1 were
found to be 8.1, 7.8, and 7.22mgg�1, respectively. It
was observed that as the flow rate increased, the
breakthrough curve became increasingly steeper.
However, the breakpoint time and concentration of
the adsorbed dye decreased. This behavior could be
explained by positing that the effective dye concentra-
tion in activated carbon fiber is affected by inadequate
residence time of the solute in the column, diffusion
of the solute into pores of the activated carbon, or a
limited number of active sites.

Table 2 depicts the EBRT as 2.12, 1.06, and 0.53;
BV as 38.21, 36.79, and 35.84; and the adsorbent
exhaustion rates as 2.4, 5.12, and 10.52 (%), for flow
rates of 5, 10, or 20mLmin�1, respectively. It was
also observed that as the flow rate increased, the
adsorbent exhaustion rate increased. Thus, at higher
EBRT, tartrazine ions have more time to remain in
contact with the activated carbon fiber, which results
in a higher rate of removal of tartrazine molecules in
the fixed-bed column. The level of tartrazine uptake
was found to increase slightly with an increase in
EBRT. However, removal seemed to be the same if
concentration vs. bed volumes were plotted. It should
be mentioned that the insignificant difference
between the EBRT values is the major reason for this
observation. The EBRT effect can be important for
dye removal if the values are changed dramatically.
BV is a function of the properties of the solutions
and the carbons. With the lower EBRT, the dye mole-
cules do not have sufficient time to react with the
functional groups. At the same time, dispersion and
advection in the dye transfer become important at
lower EBRT. On the other hand, BV can increase
when the EBRT increases [21,22].

3.3. Effect of inlet dye concentration

Adsorption experiments were conducted in fixed-
bed columns with varying concentrations of the influ-
ent dye. Fig. 5 depicts the effect of variations in the
inlet concentration of the solution used ranging from
10 to 30mgL�1, at a linear flow rate of 10mLmin�1. It
can be seen that a rise in the inlet dye concentration
reduces the volume treated prior to saturation of the T
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packed bed, as shown in Table 2. A high dye concen-
tration might saturate the activated carbon fiber more
quickly, thereby decreasing the breakthrough time.
Similar results were obtained for the adsorption of tar-
trazine onto bottom ash and de-oiled soya [4], and for
adsorption onto polystyrene anion exchangers [24].
The maximum adsorption capacity of activated carbon
fiber is 5.10mgg�1 at an inlet tartrazine concentration
of 30mgL�1. The driving force for adsorption is the
concentration difference between the solute on the
adsorbent and the solute in the solution. A high con-
centration difference produces a high driving force for
the adsorption process. This could explain the various
higher adsorption capacities that were achieved in the
column fed with a higher dye concentration.

3.4. Modeling of the breakthrough curves

Different equations derived for model adsorption
for theoretical purposes are differential in nature and
usually require complex numerical methods to achieve
a solution. Such a numerical solution is usually not
difficult, but often does not fit with the experimental
results especially well. Various simple mathematical
methods have been developed to predict the dynamic
behavior of the column: the following models charac-
terizing fixed-bed performance have been examined
[23–25].

The Adam–Bohart adsorption model was applied
to describe the initial part of the breakthrough curve.
In this model, it is assumed that the adsorption rate is
proportional both to the residual capacity of the acti-
vated carbon and to the concentration of the adsorb-
ing species. The mass transfer rates obey the
following equations:

dq

dt
¼ �kAB�q�CAB ð10Þ

dCb

dz
¼ �kAB

U0

�q�Cb ð11Þ

where kAB is the kinetic constant (Lmg�1min�1). Some
assumptions are made for the solutions of these differ-
ential equation systems such as:

(i) the concentration field is considered to be low,
e.g. effluent concentration C< 0.15 C0

(ii) for t!1 q!No (where N0 is the solution con-
centration (mgL�1)).

The differential equation system for solving the
following equation is obtained from parameters kAB

and N0:

ln
C

C0

¼ kAB�C0�t� kAB�N0

z

U0

ð12Þ

where Z is the bed depth (mm), U0 is the superficial
liquid velocity based on the empty column
(mmmin�1), and C0 and C are the inlet and effluent
tartrazine concentrations (mgL�1), respectively
[16,26,27].

The Thomas solution is one of the most generally
and widely used methods in the column performance
theory. The model has the following form:

C

C0

¼ 1

1þ expðkTH
Q
ðq0�X � C0�VeffÞÞ

ð13Þ

Fig. 5. Effect of initial tartrazine concentration on
breakthrough curve and theoretical curves.
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where kTH is the Thomas rate constant
(mLmin�1mg�1) and q0 is the maximum solid-phase
concentration of the solute (mgg�1). The linearized
form of the Thomas model is given as follows:

ln
C0

C
� 1

� �
¼ kTH�qe�X

Q
� kTH�C0

Q
�Veff ð14Þ

The Thomas or reaction model, which assumes
Langmuir kinetics of adsorption/desorption and no
axial dispersion, is derived from the assumption that
the rate-driving force obeys second-order reversible
reaction kinetics [28].

Yoon and Nelson also developed a relatively sim-
ple model to address the adsorption and break-
through of adsorbate vapors of gases with respect to
activated charcoal. This model is based on the
assumption that the rate of decrease in the probability
of adsorption for each adsorbate molecule is propor-
tional to the probability of adsorbate adsorption, and
the probability of adsorbate breakthrough on the
adsorbent. The Yoon and Nelson equation relating to
a single-component system is expressed as:

ln
C

C0 � C
¼ kYN�t� s�kYN ð15Þ

where kYN is the rate constant (min�1), s is the time
required for 50% adsorbate breakthrough (min), and t
is the breakthrough (sampling) time (min) [25].

The Adam–Bohart, Thomas, and Yoon–Nelson
models were each fitted employing the nonlinear fit-
ting method. The most appropriate theoretical models
that describe the experimental data of the dye-acti-
vated carbon system were chosen from the R2 value.
In this study, the values of e were determined as
follows:

e ¼
PN

i¼1

ðC=C0Þexp�ðC=C0Þth
ðC=C0Þexp

h i
N

�100 ð16Þ

where N is the number of measurements.

3.5. Application of the Adams–Bohart model

The Adams–Bohart model is focused on the inves-
tigation of characteristic parameters such as maximum
adsorption capacity (N0) and kinetic constant (kAB).
The respective values of N0 and kAB were calculated
from the lnC/Co vs. t plots at each flow rate, and each
inlet tartrazine concentration studied, and are pre-
sented in Table 3. It was observed that the values of
the kinetic constant increased with increasing flow
rate and decreasing tartrazine concentration, and the
value of N0 increased. This indicates that the adsorp-
tion kinetics are dominated by external mass transfer
in the initial part of adsorption by the column. The
breakthrough curves predicted from the Adams–
Bohart model were compared with the experimental
points, and are shown in Figs. 4 and 5, which are
clear from the values and average percentage errors in
Table 3. It can be seen that the values of average per-
centage errors increased with increasing flow rate and
decreasing tartrazine concentration. Further, there was
good agreement between the experimental and pre-
dicted values, suggesting that the Adams–Bohart
model is valid for dye adsorption in cases where the
relative concentration region reaches up to 0.5 under
all operating conditions.

3.6. Application of the Thomas model

The Thomas model was fitted to investigate the
breakthrough behavior of tartrazine onto ACF. The
Thomas rate constant (kTh) and the maximum solid-
phase concentration (q0) were obtained using nonlin-
ear regression analysis according to Eq. (14). Applica-
tion of the Thomas model to the data at C/C0 ratios
higher than 0.07, or lower than 0.98, with respect to
the flow rate and inlet dye concentrations, enabled
determination of the kinetic coefficient in the adsorp-
tion system. Analysis of the regression coefficients
indicated that the regressed lines provided a good fit
to the experimental data, with R2 values ranging from
0.91 to 0.97. The values of kTh and q0 are presented in
Table 4. It can be seen that as the flow rate increased,

Table 3
Adams–Bohart model parameters at different flow rates and inlet concentrations

Flow rate (mLmin–1) Concentration (mgL–1) kAB · 10
3 (Lmg�1min�1) N0 (mgL�1) ba (min�1) R2 e (%)

5 20 3.14 12.13 0.038 0.910 5.14

10 20 4.24 11.99 0.050 0.987 33.92

20 20 9.22 11.47 0.105 0.918 35.65

10 10 8.92 6.40 0.057 0.955 37.36

10 30 2.81 18.66 0.052 0.944 29.38
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the values of kTh increased and the values of q0
decreased. Furthermore, the bed capacity q0 increased,
and the coefficient kTh decreased with increasing tar-
trazine concentration. The trend of qeq(exp) change is
familiar with that of q0. Furthermore, the value of q0
obtained from the experiment was different from the
result calculated for the same conditions. It is clear
from Figs. 4 and 5 that although the model gave a
poor fit of the experimental data at higher flow rates,
there was good agreement between the experimental
and predicted normalized concentration values at all
tartrazine inlet concentrations.

Thus, it can be concluded that the Thomas model
is suitable for the tartrazine adsorption process in
cases where external and internal diffusions will not
be the limiting step.

3.7. Application of the Yoon–Nelson model

A simple theoretical model developed by Yoon–
Nelson was applied to investigate the breakthrough
behavior of tartrazine on activated carbon fiber. The
values of kYN and s were determined at different flow
rates varying between 5 and 20mLmin�1, and at dif-
ferent inlet tartrazine concentrations varying between
10 and 30mgL�1. It can be seen from Table 5 that the
rate constant kYN increased with increasing flow rate
and decreased with increasing inlet tartrazine concen-
tration. Furthermore, the values of s decreased both
with increasing flow rate and tartrazine concentration.
The data in Table 5 also indicate that the s values are
very similar to the experimental results. The theoreti-
cal curves are compared with the corresponding

experimental data in Figs. 4 and 5. It can be seen that
the experimental breakthrough curves are very close
to those predicted by the Yoon–Nelson model in the
C/C0 region from 0.06 up to 0.99. Thus, it is clear
from the figures and the average percentage errors
(<20.92%) in Table 5 that there is good agreement
between the experimental values and the predicted
values obtained from the experimental results and
data regression. The model proposed by Yoon-Nelson
provided a good correlation of the effect of inlet tar-
trazine concentration and flow rate.

3.8. Desorption of tartrazine and regeneration of ACF

Disposal of the exhausted adsorbent loaded with
dye ions can create another environmental problem,
as it is a hazardous material that pollutes the

Table 4
Thomas model parameters at different flow rates and inlet concentrations

Flow rate (mLmin–1) Concentration (mgL–1) kTh (mLmg�1min�1) q0,cal (mgg�1) q0,exp (mgg�1) R2 e (%)

5 20 4.24 2.50 4.05 0.955 11.44

10 20 5.93 2.01 3.90 0.906 13.99

20 20 15.20 1.97 3.61 0.930 21.46

10 10 13.16 1.28 2.15 0.910 16.01

10 30 4.59 2.76 5.10 0.970 12.14

Table 5
Yoon-Nelson model parameters at different flow rates and inlet concentrations

Flow rate (mLmin�1) Concentration (mgL�1) kYN (Lmin�1) stheo (min) stheo (min) R2 e (%)

5 20 0.073 25.41 18 0.925 14.62

10 20 0.080 5.18 9 0.922 16.24

20 20 0.163 3.77 5 0.930 17.32

10 10 0.118 12.18 10 0.935 20.92

10 30 0.076 4.52 7 0.911 15.73
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Ç. Sarıcı-Özdemir / Desalination and Water Treatment 46 (2012) 234–243 241



environment. Regeneration of the adsorbent material
is of crucial importance for the economic development
of this process.

Once the column reaches exhaustion level, it is
important to be able to regenerate the ACF in order to
recover the dye ions, as well as to reuse the ACF for
adsorption. A fixed-bed column regeneration study
was conducted to assess the possibilities for reuse of
the adsorbent, and recovery of dye ions at different
inlet tartrazine concentrations. The exhausted ACF
was regenerated using NaOH solution. Next the col-
umn was washed with distilled water. Fig. 6 shows
the desorption. It can be seen that desorption time
increased with increasing dye concentration. Desorp-
tion at 8, 10, and 12min for inlet tartrazine concentra-
tions of 10, 20, and 30mgL�1, respectively, is shown
in Fig. 6.

4. Conclusions

In this study, experimental and theoretical investi-
gations were carried out to evaluate the performance
of a fixed-bed column for removing tartrazine from
aqueous solution onto ACF. The following conclusions
were drawn:

• The adsorption of tartrazine is dependent on both
the flow rate and inlet tartrazine concentration; the
breakpoint time and tartrazine removal yield
decrease with increasing flow rate and tartrazine
concentration.

• The Adams–Bohart, Thomas, and Yoon–Nelson
models were applied to the experimental data
obtained from dynamic studies performed on a
fixed column in order to predict breakthrough
curves and determine the column’s kinetic parame-
ters. The model constants belonging to each model
were determined by linear regression techniques
and were proposed for use in column design.

• Tartrazine was easily desorbed from the ACF col-
umn using NaOH and water. The ACF column
could be reused to remove tartrazine from aqueous
solution efficiently.

• The results also indicated that the adsorption pro-
cess could only deal with lower flow rates and
lower concentrations of tartrazine solutions, if a
high percentage of removal was required for
extended periods. By adjusting the operating char-
acteristics of the packed column, for example the
flow rate, temperature, inlet tartrazine concentra-
tion, pH, particle size, and bed height can be
achieved for the system.

Nomenclature

C0 –– inlet concentration (mgL�1)

C –– outlet concentration (mgL�1)

tt –– total time (min)

tb –– breakpoint time (min)

tu –– equivalent time (min)

HT –– total bed length (cm)

HB –– breakpoint length (cm)

HUNB –– unused fraction of the total length (cm)

qtotal –– total amount of tartrazine adsorbed (mgg�1)

Cad –– adsorbed tartrazine concentration (mgL�1)

Q –– volumetric flow rate (mLmin–1)

qeq –– maximum capacity of the column (mgg�1)

X –– amount of adsorbant (g)

kAB –– Adams–Bohart kinetic constant (Lmg�1min�1)

N0 –– solution concentration (mgL�1)

U0 –– superficial liquid velocity (mmmin�1)

Z –– bed depth (mm)

kTH –– Thomas rate constant (mLmin�1mg�1)

kYN –– Yoon-Nelson rate constant (min�1)

s –– time required for 50% adsorbate breakthrough
(min)
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