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Abstract The adsorption of o-xylene onto raw clay material
in a fixed bed using a thermal conductivity detector gas chro-
matography was investigated. Experimental and theoretical
studies were established to evaluate the removal efficiency
of o-xylene by adsorption on clay materials and to predict
kinetic parameters. Column data were describing at different
conditions using Bohart–Adams, Wolborska, Thomas, Yoon
and Nelson, dose–response, and bed depth service time
models. All used models were satisfactory to predict the
breakthrough curves. A suitable advection–dispersion–sorp-
tion (ADS) model has been also developed to simulate the
measured data, based on the nature of the various equilibrium
relationships of solid–gas and diverse descriptions of the mass
transfer processes within of the adsorbent particle. The exper-
iments can be fitted with high correlated coefficient
R2 = 0.996.
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Diffusion

Nomenclature
a Dose–response constant
ap Specific and volumetric surface for spherical

particle (m−1)
C0 Inlet o-xylene concentration (g m−3)
C Outlet concentration of the solute in the fluid

phase at time t (g m−3)
Ci Concentration of solute in the solid–gas interface

(g m−3)
Deff Effective coefficient diffusion (m2 min−1)
Dax The axial dispersion coefficient (m2 min−1)
dp Particle diameter (m)
KBA Kinetic constant of Bohat–Adams model

(m3 g−1 min−1)
KBDST Kinetic constant of BDST model (m3 g−1 min−1)
KC Kinetic constant of Clark (m3 g−1 min−1)
kf Mass transfer coefficient in the fluid phase (m s−1)
KL Langmuir constant
ks Mass transfer coefficient in solid phase (m s−1)
KYN Kinetic constant of Yoon–Nelson model (min−1)
KTh Kinetic constant of Thomas model (m3 g−1 min−1)
Lc Column length (mm)
m Amount of adsorbent in the column (g)
n Freundlich constant
N0 Maximum volumetric sorption capacity of bed

(g m−3)
Q Flow rate (m3 min−1)
q0 Maximum adsorption capacity (mg g−1)
q Average weight of the solute adsorbed at time t, per

kg of fresh adsorbent (mg g−1)
qi The weight of the solute adsorbed at time t, per kg of

fresh adsorbent solid–gas interface (mg g−1)
S Cross section of the column (m2)
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t Time (min)
u Linear velocity (m min−1)
v Interstitial fluid velocity (m min−1); (v ¼ u

ε )

Z Bed height (m)
βa The kinetic coefficient of the external mass transfer

(min−1)
ρ Density of the bed (g m−3)
ε Void fraction of the bed

Introduction

Volatile organic compounds (VOCs) which have some toxicity
have been contributing in some scale to atmospheric pollution
(Pires et al. 2001). Therefore and due to the increasing attention
on the environmental protection, there is growing public concern
about the widespread contamination of air in order to reduce the
emissions (Lin and Cheng 2002; Dammak et al. 2015).

Therefore, industries require cheap and effective technolo-
gies to reduce the concentration of these gases and vapor to
accepted levels. Adsorption which is becoming a more and
more popular technique for removal of pollutants has been
found to be effective at low concentration (Gupta and Verma
2002). Among VOC, o-xylene is generally considered to be
one of the organic pollutants discharged into the environment
causing toxic effects on humans (Jones 1999).

The effectiveness of a clay adsorbent can be evaluated from
the S-shaped breakthrough curves (Chu 2004; Muhamad et al.
2010; Dammak et al. 2013).

The aim of the present work is to investigate the effects of
flow rate, bed depth, and the o-xylene inlet concentration on
adsorption capacity by a fixed-bed column. In general, the
models proposed for the recovery of gaseous pollutants assume
that the adsorption mechanism is governed by mass transfer
monitoring followed by the adsorption equilibrium and the ki-
netics of adsorption (Malek and Farooq 1997). In order to visu-
alize the relationship between the various parameters influencing
the mass transfer and the adsorption in the adsorbent bed of clay
material, Bohart–Adams, Wolborska, Thomas, Yoon–Nelson,
Clark, dose–response, bed depth service time (BDST), and mass
transfer models were used to fit the experimental adsorption
results. The results of coefficients obtained with modeling the
continuous process can be scaled to an actual industrial column.

Materials and methods

Adsorbate and adsorbent

Clay material with average particle diameter of 0.85 mm was
supplied from Jebel Sbih located in south of Tunisia in the
region of Skhira.O-xylene (C8H10, 98%) was purchased from

Fluka Analytical. The chemical composition of adsorbent was
determined by X-ray fluorescence with an ARL1 9800 XP
spectrometer. The mineralogical composition was determined
by a Rigakud-Max 2200 model X-ray diffractometer. The
specific area was determined by ASAP 2010 V5.02 H Unit
1 Serial # 844 apparatus.

Adsorption in continuous fixed-bed column

The column adsorption tests were applied in stainless steel
column of 0.4-m height and 0.01-m inner diameter. Clay ma-
terial was packed into the column. A certain amount of clay
material (0.1, 0.15, 0.2 m) was loaded into the column. All the
experiments were carried out at 20 °C using mixed gas of o-
xylene and nitrogen as a gas carrier. The saturated vapor pres-
sure of o-xylene was used to produce the desired concentra-
tions by diluting with pure nitrogen gas in a flow of 0.27–
0.63 × 10−3 m3 min−1 to obtain o-xylene inlet concentration
(C0) of 6.4–11.11 g m−3. Comparable operator conditions are
used in similar researches (Lee et al. 1990; Minceva and
Rodrigues 2004; Chafik et al. 2009; Huang et al. 2009).

The outlet concentrations were monitored using a gas chro-
matography (Shimadzu GC-2014) equipped with a thermal
conductivity detector (TCD) and a packed column using a
N2 carried gas. The adsorption data were taken at 3-min sam-
pling interval to monitor the adsorbent breakthrough until the
adsorbent was saturated.

Then, the breakthrough curves with the form of variations
of C/C0 versus time were obtained. Figure 1 illustrates the
experimental configuration used for adsorption of o-xylene
on a fixed bed.

Experimental design

A nonlinear model of degree 2 is sufficient to translate the
relation cause and effect between the density (X1), Langmuir
constant (X2), and the axial dispersion (X3) on one hand and

Fig. 1 Experimental apparatus of o-xylene vapor sorption
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the breakthrough time as studied answer (Ŷ) on the other hand.
The calculation was performed with the statistical software
BNew Methodology for Efficient Research using Optimal
Design (NEMROD)^ to estimate the response in the
predefined area.

Y ¼ b0 þ ∑
3

i¼1
biXi þ ∑

3

i¼1
biiX

2
i þ ∑

3

i≺ j
bijXiX j ð1Þ

where Ŷ is the predicted response for breakthrough time, b0
the offset term, bi the linear effect, bii the squared effect, and bij
is the interaction effect.

The test factors were coded according to the following
equation:

Xi ¼ Zi−Z0

ΔZ
ð2Þ

where Zi is the value of the independent variables, Z0 is the
natural value of the independent variables at the center point,
and ΔZ is the step change value.

Results and discussions

Clay characterization

The clay material composition is presented in Table 1. SiO2

and Al2O3 are the major constituents of the clay with trace
amounts of other oxides. The percentage of iron is relatively
high which is typical of Tunisian clays. The mineralogical
study by X-ray diffraction of clay material adsorbent present-
ed in Fig. 2 shows that this material is mainly composed of
67% of the smectite (S), 9% of kaolinite (K), and a percentage
of 11 and 13% of quartz (Q) and calcite (C), respectively. The
specific surface area of clay adsorbent was 67 m2 g−1. More
details of clay characterization are presented in previous paper
(Dammak et al. 2015).

Dynamic adsorption

The effect of bed depth on the o-xylene adsorption in contin-
uous packed bed was examined by varying the bed depth from
0.1 to 0.2 m where the inlet concentration and flow rate were
constant at 6.4 g m−3 and 0.63 × 10−3 m3 min−1, respectively.

Figure 3 shows that the breakthrough time increased with the
increase of bed depth. An increase in the bed height rises the
distance for the mass transfer zone to reach the end of column
and therefore an increase in the breakthrough time. O-xylene
adsorption capacity increased (Table 2) when bed depth de-
creases as well as the breakthrough curve becomes steeper due
to the increase of the mass transfer coefficient. The adsorption
along the bed height is highest at the front face of column and
decreases gradually in the bed exit. For adsorbents loaded as a
random packing in column, a particle can be obstructed by
another one in front of it. Thus, exposure time between parti-
cle and adsorbate molecules is reduced as well as adsorbed
amount (Lua and Jandia 2009; Leyva-Ramos et al. 2007).

Experiments were also led at different inlet o-xylene con-
centrations to observe the continuous adsorption performance
of clay material. The breakthrough curves resulted by varying
inlet o-xylene concentration from 6.4 to 11.11 g m−3 at
0.63 × 10−3 m3 min−1 flow rate and 0.1-m bed height are
shown in Fig. 3. With high inlet o-xylene concentrations, ad-
sorbent is more quickly saturated and breakthrough curves
were delayed. Taking the column adsorption performance into
account, lowest inlet o-xylene concentration leads to better o-
xylene removal (Table 2).

Figure 3 shows the breakthrough curves obtained at differ-
ent flow rates (0.63–11.11 × 10−3 m3 min−1), while bed height
and inlet o-xylene concentration were held constant at 0.1 m
and 6.4 g m−3, respectively. When the flow rate was reduced,
breakthrough time increased and retained o-xylene decreased.
This could be due to insufficient residence time of gas mole-
cules in column in the case of high flow rate. At low flow
rates, the thickness of the mass transfer boundary layer around
the clay will raise, leading to enhanced external mass transfer
resistance. These results are similar to those obtained by other
researchers in fixed-bed adsorption studies for different VOC
and different adsorbent materials (Huang et al. 2003; Yaneva
et al. 2008; Zhang et al. 2010).

Models for the initial part of breakthrough curve

A satisfactory design of a column adsorption process demands
prediction of the breakthrough curve for effluents (Han et al.
2009). Over the years, several simple mathematical models
have been developed for describing and analyzing the practical
size column studies for the purpose of industrial applications
(Kumar and Chakraborty 2009; Vinodhini and Das 2010).

Table 1 Chemical composition
of clay material Compound SiO2 Al2O3 CaO Fe2O3 MgO Cl TiO2 Na2O K2O SO3 LSF

Percentage
(%)

46.79 18.10 10.62 10.99 3.11 3.17 1.71 0.86 0.77 0.24 3.20

LSF low smoke fume
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Several models were developed to predict the breakthrough
performance and to determine the adsorption capacity and
kinetic constants of fixed-bed columns (Hasan et al. 2010;
Rao et al. 2011).

Bohart–Adams model

In 1920, Bohart and Adams (Bohart and Adams 1920) derived
an equation to describe vapor profiles in adsorbent filter beds,
by reporting experimental data for chlorine transmission
through charcoal filters. They showed qualitative agreement
with the experimental vapor profiles. Many workers (Aksu
and Gönen 2006; Hamdaoui 2006; Calero et al. 2009;
Vijayaraghavan and Prabu 2006) have subsequently extended
the model to describe and quantify other types of systems. This
model does not take into account the external film resistance

and the intraparticle mass transfer resistance and assumes that
the adsorption is done directly on the adsorbent surface (Ko
et al. 2000). The original equation was given in the form:

C

C0
¼ exp τð Þ

exp τð Þ þ exp ξð Þ−1 with
τ ¼ KBA � C0 � t−

Z

v

� �
ξ ¼ KBA � N0 � Z

v

1−ε
ε

� �
8>><
>>: ð3Þ

where τ and ξ are dimensionless time and distance coefficient,
respectively, C0 is the initial o-xylene concentration, C is the
concentration at time t, KBA is the kinetic constant of Bohart–
Adams model, N0 is the maximum volumetric adsorption ca-
pacity of bed, Z is the bed depth, v is the o-xylene velocity and
ε is the void fraction of the bed.

To apply the Bohart–Adams model in order to design adsor-
bent beds requires precise knowledge ofKBA andN0 parameters.
To predict these parameters’ effects of mass transfer, kinetics and
equilibrium of adsorption should be determined. This fact is not
easy, and Eq. (3) was fitted to the breakthrough data to determine
these two parameters.

Bohart–Adams model is going to be applied to describe the
primary part of the breakthrough curve, with concentration
values lower than 0.15C0 (Sarin et al. 2006).

To facilitate Eq. (3), it can be written as

C0

C
−1 ¼ exp ξ−τð Þ−exp −τð Þ ð4Þ

The term exp(τ) is usually small and can be neglected. For
long times, the term Z/ν can be also neglected. Insert loga-
rithms in Eq. (4):

ln
C0

C
−1

� �
¼ KBA � N0 � Z

v

1−ε
ε

� �
−KBA � C0 � t ð5Þ

To predict the value of KBA and N0 from early breakthrough
points using plots ofC/C0 against t at a given inlet concentration,
bed depth and flow rate are likely using the nonlinear regression.

Wolborska model

Wolborska model (1989) is used to describe the dynamic ad-
sorption for low concentrations breakthrough using mass
transfer equations. It is given by the following equation:

C

C0
¼ exp

βa � C0 � t

N0
−
βa � Z

u

� �
ð6Þ

where βa the kinetic coefficient of the external mass transfer
and N0 the maximum volumetric adsorption capacity of bed.

Fig. 3 Experimental and initial part of breakthrough model curves for o-
xylene onto clay material at different flow rates, bed heights, and inlet o-
xylene concentrations. 0.63 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3

(diamonds); 0.63 × 10−3 m3 min−1, 0.15 m, 6.4 g m−3 (filled squares);
0.63 × 10−3 m3 min−1, 0.2 m, 6.4 g m−3 (filled triangles);
0.63 × 10−3 m3 min−1, 0.1 m, 8.77 g m−3 (fil led circles);
0.63 × 10−3 m3 min−1, 0.1 m, 11.11 g m−3 (empty squares);
0.45 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3 (empty triangles);
0.27 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3 (empty circles)

Fig. 2 X-ray diffraction patterns of clay material (S smectite,K kaolinite,
Ph phyllosilicate, Q quartz, C calcite)
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The expression of the Wolborska solution is equivalent to
the Bohart–Adams relation if the coefficient kBA is equal to βa/
N0 (Guibal et al. 1995).

When Bohart–Adams andWolborska models were fitted to
the full part of the breakthrough curves, they showed low
fitness for all the breakthrough curves (not shown). That is
why these models were applied only for the initial part of
the curves (C/C0 < 0.5) (Fig. 3).

Parameters of these models are summarized in Table 3. The
saturation concentration N0 decreased with increasing bed
depth. Kinetic constants kBA and βa are generally not affected
by the variation of bed depth, inlet o-xylene concentration, or
flow rate.

Models for the total breakthrough curve

Thomas model

Thomas model (1944) is the most used model for describing
breakthrough curves in the case of a fixed-bed adsorption.
This model assumes that the axial dispersion is negligible in

the column and the adsorption kinetics follows the Langmuir
model (Morales Futulan et al. 2011). It is given by the follow-
ing relation:

C

C0
¼ 1

1þ exp
KTh

Q

� �
q0 �m−C0 �Q� tð Þ

� � ð7Þ

where KTh is the Thomas rate constant, q0 is the maximum
concentration of the o-xylene in the solid phase, m is amount
of adsorbent in the column, andQ is the flow rate of o-xylene.

Yoon–Nelson model

The Yoon–Nelson model (1984) is a relatively simple model
developed for the first time to the adsorption of gases on
activated charcoal. This model assumes that the rate of dim-
inution in adsorption for every adsorbate molecule is relative
to the probability of solute breakthrough on the adsorbent
(Calero de Hoces et al. 2010). The equation for this model is

Table 2 Column data and
parameters obtained at diverse
flow rates, bed heights, and inlet
o-xylene concentrations

Exp.
no.

Flow rate ×103

(m3 min−1)
Bed
height
(m)

Inlet
concentration
(g m−3)

Max adsorbed
quantity (mg g−1)

Breakthrough
time (min)

Saturation
time (min)

1 (♦) 0.63 0.10 6.4 6.869 8.84 26.24

2 (■) 0.63 0.15 6.4 5.347 11.81 32.30

3
(▲)

0.63 0.20 6.4 4.581 15.17 36.98

4 (●) 0.63 0.10 8.77 6.231 8.95 27.80

5 (□) 0.63 0.10 11.11 4.734 3.87 15.16

6 (Δ) 0.45 0.10 6.4 5.633 9.95 32.46

7 (○) 0.27 0.10 6.4 4.360 10.00 44.16

Table 3 Bohart–Adams and Wolborska model parameters

Model parameters Unity Exp. no.

1 2 3 4 5 6 7

Bohart–Adams

KBA m3 g−1 min−1 0.071 0.069 0.090 0.057 0.056 0.076 0.042

N0 g m−3 5831 4566 3873 7506 4449 4783 3680

R2 − 0.999 0.999 0.996 0.997 0.995 0.995 0.998

Wolborska

βa min−1 511 390 396 633 370 424 198

N0 g m−3 9660 7516 6258 11,430 6865 7894 6214

R2 − 0.994 0.994 0.994 0.994 0.994 0.994 0.997
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C

C0
¼ 1

1þ exp KYN t50−tð Þð Þ ð8Þ

where KYN is the Yoon–Nelson constant and t50 is the time
required for retaining 50% of the initial adsorbate.

Clark model

A simulation was described by Clark (1987) for break-
through curves. The model defined was based on mass trans-
fer theory and the nonlinear equation of Freundlich
(Hamdaoui 2006):

C

C0
¼ 1

1þ A� e−r�t

� �1= n−1ð Þ
with A ¼ exp

KC � N0 � Z

u

� �
r ¼ KC � C0

8<
: ð9Þ

KC is Clark constant and n is Freundlich constant.
Values of A and r can be determined via plot ofC/C0 versus

t at a given bed height and flow rate involving nonlinear re-
gressive resolution.

Dose–response model

The dose–response model has been frequently used to de-
scribe different types of processes in biology such as
biosorption in columns (Calero et al. 2009; Aksu and Gönen
2006; Yan et al. 2001). The dose–response model is represent-
ed by the equation

C

C0
¼ 1−

1

1þ C0�Q�t
q0�m

� �a ð10Þ

where a is a constant.

Bed depth service time model

It is one of the most widely used models that describe heavy
metal adsorption using a fixed-bed column. BDST is a simple
model to estimate the relation between the breakthrough time
and bed height according to different sorption parameters as
inlet concentration of process. In this model, the adsorption
capacity of the bed is founded on experimental measuring at
different breakthrough times. This model does not take into
account the external film resistance and the intraparticle mass
transfer resistance, and the solute is adsorbed onto the adsor-
bent surface (Qaiser et al. 2009). The BDST model can be
used to estimate the required bed depth for a given service
time. It is given by equation

C

C0
¼ 1

1þ exp KBDST � C0
N0

C0 � u
Z−t

� �� � ð11Þ

where KBDST is the adsorption rate constant that describes the
mass transfer from fluid to the solid phase.

Table 4 lists the calculated Thomas, Yoon–Nelson, Clark,
dose–response, and BDST model parameters from the ex-
perimental column data when inlet concentration, bed depth,
and flow rate were varied. These parameters correspond to
the best results of adsorption capacity obtained at a flow rate
of 0.63 × 10−3 m3 min−1, inlet concentration of 6.4 g m−3,
and a bed depth of 0.1 m.

The Thomas, Yoon–Nelson, Clark, dose–response, and
BDST models were modeled using Oakdale Engineering
Data Fit 8.1 software.

The correlation coefficient values ranged from 0.994 to
0.999, indicating that all models were suitable for the
description of the adsorption mechanisms for the total
breakthrough curves (Table 4). Figure 4 shows the predict-
ed and experimental breakthrough curves at different con-
ditions and validates the correlation coefficient cited.

For Thomas and dose–response, the predicted maximum
adsorption capacities (q0) were in agreement and did not
show a larger deviation (1.54%) using these two models.

Adsorption capacity increases with the decrease of ini-
tial concentration, which may be attributed to a slower
saturation of adsorbent in fixed bed at low inlet concen-
tration. A low inlet concentration causes slow transport of
o-xylene from the film layer to the surface of adsorbent.
This implies a decreased diffusion coefficient and de-
creased mass transfer driving force (Tor et al. 2009).

Thomas and dose–response models are suitable for
adsorption processes (Calero et al. 2009; Han et al.
2008). The constant KTh that characterized the ratio of
adsorbate transfer from the fluid to the solid phase in-
creased with flow rate. Thus, at higher flow rate, adsor-
bates did not have enough time to diffuse into the ad-
sorbent material, and they passed the column fast before
equilibrium occurred. High flow rates will moderate the
thickness of the mass transfer boundary layer around the
clay, leading to reduce external mass transfer resistance.
Similar observation was shown in similar research
(Chen et al. 2011; Lua and Jandia 2009; Acheampong
et al. 2013).

The Yoon–Nelson model adequately describes the ex-
perimental data. The constant kYN of Yoon–Nelson model
increased with increasing initial concentration. The time
necessary to reach 50% of the retention, t50, decreases
significantly when the inlet concentration increased. The
highest inlet concentration saturated the adsorption col-
umn more rapidly (Calero de Hoces et al. 2010). The
calculated t50 values are similar to those acquired
experimentally.

By analyzing the parameters of BDST model, the vol-
umetric adsorption capacity, N0, decreases with increasing
flow rate and bed depth (Muhamad et al. 2010).
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In previous study (Dammak et al. 2014), Freundlich model
was found to be valid for the adsorption of o-xylene, so the
Freundlich constant obtained (n = 2.128) was used as param-
eter in Clark model. As seen in Table 4, as inlet o-xylene
concentration increased, the values of r increased.

For all cited models, the correlation between the experi-
mental and calculated data is not affected by the variation of
parameters.

Advection–dispersion–sorption model

The simple models for adsorption in the columns
(BDST, Thomas, Yoon–Nelson, etc.) fit experimental re-
sults fairly well. However, in order to obtain the trans-
port parameters, another model based on the mass trans-
fer has been developed. The mass balance led to the
following second-order partial differential equation:

−Dax
∂2C
∂Z2|fflfflfflfflfflffl{zfflfflfflfflfflffl}

I

þ v
∂C
∂Z|fflfflffl{zfflfflffl}
II

þ ∂C
∂t|fflfflffl{zfflfflffl}
III

þ 1−εð Þ
ε

ρ
∂q
∂t|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

IV

¼ 0 ð12Þ

The initial conditions are at t ¼ 0
C Z; 0ð Þ ¼ 0
q Z; 0ð Þ ¼ 0

	
.

The boundary conditions are
Z ¼ 0⇒C 0; tð Þ ¼ C0

Z ¼ L⇒
∂C
∂Z

¼ 0

(
.

Equation (12) is composed of four terms: the first describes
axial dispersion, the second is an advection term, the third
depicts the accumulation in fluid phase, and the fourth repre-
sents the accumulation in the solid phase. The resolution of
Eq. (12), with initial and boundary conditions, leads to the
solution of the problem of the fixed-bed adsorption.

Fig. 4 Experimental and total breakthrough model curves for o-xylene
onto clay material at different flow rates, bed heights, and inlet o-xylene
concentrations. 0.3 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3 (diamonds);
0.63 × 10−3 m3 min−1, 0.15 m, 6.4 g m−3 (filled squares);
0.63 × 10−3 m3 min−1, 0.2 m, 6.4 g m−3 (filled triangles);
0.63 × 10−3 m3 min−1, 0.1 m, 8.77 g m−3 (fil led circles);
0.63 × 10−3 m3 min−1, 0.1 m, 11.11 g m−3 (empty squares);
0.45 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3 (empty triangles);
0.27 × 10−3 m3 min−1, 0.1 m, 6.4 g m−3 (empty circles)

Table 4 Thomas, Yoon–Nelson, Clark, dose–response, and BDST model parameters

Model parameters Unity Exp. no.

1 2 3 4 5 6 7

Thomas
KTh m3 g−1 min−1 0.091 0.060 0.069 0.078 0.067 0.075 0.043
q0 mg g−1 6.872 5.465 4.581 6.161 4.693 5.634 4.319
R2 − 0.999 0.998 0.998 0.999 0.994 0.997 0.998

Yoon–Nelson
KYN min−1 0.454 0.3809 0.443 0.683 0.740 0.482 0.275
t50 min 17.043 20.330 23.097 14.770 6.705 19.562 24.994
t50 experience min 17.042 20.351 23.094 14.792 6.754 19.418 25.024
R2 − 0.999 0.998 0.998 0.999 0.994 0.997 0.998

Clark
A − 3880 3875 53,609 45,408 214 2289 1600
r − 0.474 0.397 0.463 0.714 0.773 0.504 0.288
n − 2.128 2.128 2.128 2.128 2.128 2.128 2.128
R2 − 0.999 0.998 0.998 0.999 0.994 0.997 0.998

Dose–response
q0 mg g−1 6.801 5.272 4.629 6.111 4.581 5.595 4.262
a − 7.808 6.352 10.135 10.099 4.908 9.336 6.861
R2 − 0.994 0.999 0.999 0.999 0.994 0.997 0.997

BDST
KBDST m3 g−1 min−1 0.091 0.060 0.069 0.078 0.0666 0.075 0.043
N0 g m−3 135.667 107.886 91.926 161.110 92.6469 218.108 464.997
R2 − 0.999 0.998 0.998 0.999 0.994 0.997 0.998
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Solution 1

Assuming a plug flow, we can neglect the axial dispersion (Simo
et al. 2008). Modeling transport equations in a packed column
depends greatly on the mechanism by which the mass transfer of
solid–fluid occurs. External mass transfer is the diffusion of the
solute through the boundary layer surrounding the adsorbent
particle, whereas internal mass transfer is the diffusion within
the porous network. Therefore, in the modeling of a column,
the effects of mass transfer resistance, between the fluid and the
particle on one hand and within the particle on the other hand,
should be considered (Rutherford and Do 2000a, 2000b; Afzal
et al. 2010; Leinekugel-le-Cocq et al. 2007). Glueckauf law is
used to describe the internal mass transfer. Linear model was
used to describe the adsorption isotherm.

S1ð Þ

v
∂C
∂Z

þ ∂C
∂t

þ 1−εð Þ
ε

ρ
∂q
∂t

¼ 0 Mass transfer balance

∂q
∂t

¼ kf � ap
ρ

� C−Cið Þ External diffusion

∂q
∂t

¼ ks � ap � qi−qð Þ Internal diffusion Gleuckaufð Þ
qi ¼ k � C i

i Adsorption isotherm Linearð Þ

8>>>>>>><
>>>>>>>:

ð13Þ

with ap ¼ 6 1−εð Þ
dp

and KS ¼ ks � ap ¼ 60�Deff

d2p
.

To solve Eq. (3), the term ∂q
∂t


 �
must be calculated by com-

bining equations of the system (S1). We assume that the adsorp-
tion kinetics is controlled by both external and internal diffusion.

Posing x ¼ C
C0
; z ¼ Z

L; A1 ¼ v
L ¼ u

L�ϵ; A2 ¼ ρ� 1−εð Þ
ε�C0

;

KG ¼ k f�ap�C0

ρ ; Ks ¼ ks � ap ¼ 15�Deff

R2
p

and K ¼ k� C0,

the system of equations (S1) becomes

S1ð Þ
∂x
∂t

¼ − A1
∂x
∂z

� �
− A2

∂q
∂t

� �
∂q
∂t

¼ KG � x−
KG � xþ KS � q

KS � Kþ KG

� �� �
8>><
>>: ð14Þ

Initial conditions
t ¼ 0
x z; 0ð Þ ¼ 0

	
q z; 0ð Þ ¼ 0.

Boundary conditions
z ¼ 0⇒x 0; tð Þ ¼ 1

z ¼ 1⇒
∂x
∂z

¼ 0

(
.

The mass transfer models were modeled using COMSOL
4.2 software. The solution 1, described in Fig. 5, shows a
deviation from the experimental data (R2 = 0.203). The pa-
rameters obtained from mathematical modeling of this solu-
tion are given in Table 5. The use of a linear isotherm does not
describe the experience properly. Therefore, adsorption iso-
therm of clay and o-xylene is nonlinear. Improved analytic
solution for the system can be obtained using Langmuir
isotherm.

Solution 2

For this solution, the differential equation system (S2) is com-
posed of the same equations than those of (S1); only the ad-
sorption isotherm equation becomes the nonlinear equation of
Lagmuir.

S2ð Þ

v
∂C
∂Z

þ ∂C
∂t

þ 1−εð Þ
ε

ρ
∂q
∂t

¼ 0 Mass transfer balance

∂q
∂t

¼ kf � ap
ρ

� C−Cið Þ External diffusion

∂q
∂t

¼ ks � ap � qi−qð Þ Internal diffusion Gleuckaufð Þ

qi ¼
q0 � KL � Ci

1þ KL � Ci
Adsorption isotherm Langmuirð Þ

8>>>>>>>>><
>>>>>>>>>:
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Posing a ¼ q0 � KL � C0; b ¼ KL � C0; a0 ¼ KG

KS
;

a1 ¼ a
2�b�a0

þ 1
2�b; a2 ¼ 1

2�b�a0
and a3 ¼ aþ a0, the final

system (S2) of differential equations to be solved, using the
nonlinear Langmuir isotherm, is the following:

S2ð Þ
∂x
∂t

¼ −A1
∂x
∂z

� �
−A2

∂q
∂t

� �
∂q
∂t

¼ KG
x

2
−

q

2� a0
þ a1−a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a3−b a0 � xþ qð Þð Þ2 þ 4� b� a0 qþ a0 � xð Þ

q� �
8>><
>>: ð16Þ

Initial conditions
t ¼ 0
x z; 0ð Þ ¼ 0
q z; 0ð Þ ¼ 0

8<
: .

Boundary conditions
z ¼ 0⇒x 0; tð Þ ¼ 1

z ¼ 1⇒
∂x
∂z

¼ 0

(
.

The second solution is approaching the experience
and describes it with a correlation coefficient value
R2 = 0.972 (Fig. 5). According to this figure, the devi-
ation between experimental and simulated breakthrough is
observed in this range, which is specific to our ex-
periments. To further improve the internal transfer
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model, Rosen law was used to describe the transfer within
the means radius of particle Rp.

Solution 3

The differential equation system of solution 3 consists of
the mass balance, the external mass transfer equation, the
internal mass transfer equation (Rosen law), and the ad-
sorption isotherm (Lagmuir model).

S3ð Þ

v
∂C
∂Z

þ ∂C
∂t

þ 1−εð Þ
ε

ρ
∂q
∂t

¼ 0 Mass transfer balance

∂q
∂t

¼ kf � ap
ρ

� C−Cið Þ External diffusion

∂qj

∂t
¼ Deff

∂2qj

∂r2
þ 2

r

∂qj

∂r

 !
Internal diffusion Rosenð Þ

qi ¼
q0 � KL � Ci

1þ KL � Ci
Adsorption isotherm Langmuirð Þ

8>>>>>>>>>>><
>>>>>>>>>>>:

ð17Þ

The description of the adsorption phenomenon within the
particle is described by the Rosen model.

Posing ξ ¼ r
Rp
;k1 ¼ 3�Deff�A2

R2
p

; k2 ¼ Deff

Rp�k f
, the final system

(S3) of differential equations to be solved, is the following:

S3ð Þ

∂x
∂t

¼ −A1
∂x
∂z

� �
−
3� Deff � A2

R2
p

∂qj

∂ξ






ξ¼1

∂qj

∂t
¼ Deff

R2
p

∂2qj

∂ξ2
þ 2

ξ

∂qj

∂ξ

 !
8>>><
>>>: ð18Þ

with

qj z; ξ; 0ð Þ ¼ 0

qj z; 1; tð Þ ¼
a� x z; tð Þ−a� k2

∂qj z; 1; tð Þ
∂ξ

1þ b� x z; tð Þ−b� k2
∂qj z; 1; tð Þ

∂ξ
∂qj z; 0; tð Þ
∂ξ

¼ 0

8>>>>>>>>><
>>>>>>>>>:

ð19Þ

The model coincides with experience (Fig. 5); the theory
balance revealed a narrow gap with the experimental data
(R2 = 0.988). In addition, the staggering of breakthrough
fronts, which corresponds to kinetic effects of mass transfer,
is also well represented by theoretical calculations. The simu-
lation shows a difference in concentration of o-xylene at the
outlet of the column which can be attributed to the dispersion
term. Therefore, we will take action in solution 4 for quite
satisfactory results.

Solution 4

In an attempt to build a theoretical representation that approx-
imates as closely as possible to a real process, we took into
account the effects of the axial dispersion. This is necessary
when the ratio (length bed/particle diameter) is greater than 30
(Cloirec 2003). In our case, the minimum bed length is
100 mm and the diameter of the particle is 0.85 mm (Lc/dp-

Table 5 Mass transfer model
parameters Model parameters unity Exp. no.

1 2 3 4 5 6 7
Mass transfer model

KS s−1 0.0228 0.0228 0.0228 0.0252 0.0255 0.0228 0.0228

KG m3 kg−1 s−1 0.0015 0.0015 0.0015 0.0022 0.0027 0.0013 0.00098

q0 g g−1 0.0284 0.0255 0.0247 0.0250 0.0132 0.0239 0.0224

KL − 13.094 4.850 2.806 10.067 5.067 8.067 2.572

k − 0.531 0.759 0.716 0.719 0.162 0.705 0.813

Fig. 5 The four solutions for the mass transfer model breakthrough
curves for o-xylene onto clay material; 0.63 × 10−3 m3 min−1, 0.1 m,
6.4 g m−3 (diamonds)
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= 117). The axial dispersion coefficient is calculated using
Eq. (20) (Ho and Webb 2006; Edward and Richardson 1968).

Dax ¼ 0:73� Dm þ v� Rp

1þ 9:7� Dm

2� v� Rp

ð20Þ

Differential equation system then is composed from
the mass balance taking into account the axial disper-
sion, the external mass transfer equation, the internal
mass transfer equation (Rosen law), and the adsorption
isotherm (Lagmuir model).

S4ð Þ

−Dax
∂2C
∂Z2 þ v

∂C
∂Z

þ ∂C
∂t

þ 1−εð Þ
ε

ρ
∂q
∂t

¼ 0 Mass transfer balance

∂q
∂t

¼ kf � ap
ρ

� C−Cið Þ External diffusion

∂qj

∂t
¼ Deff

∂2qj

∂r2
þ 2

r

∂qj

∂r

 !
Internal diffusion Rosenð Þ

qi ¼
q0 � KL � Ci

1þ KL � Ci
Adsorption isotherm Langmuirð Þ

8>>>>>>>>>>><
>>>>>>>>>>>:

ð21Þ

Posing A3 ¼ Dax

L2
, the final system (S4) of differential equa-

tions to be solved is the following:

S4ð Þ

∂x
∂t

¼ A3
∂2x
∂z2

� �
−A1

∂x
∂z

� �
−
3� Deff � A2

R2
p

∂qj

∂ξ






ξ¼1

∂qj

∂t
¼ Deff

R2
p

∂2qj

∂ξ2
þ 2

ξ

∂qj

∂ξ

 !
8>>>><
>>>>:

ð22Þ

Taking into account the term of axial dispersion, the mass
transfer model is close to the experience and describes well the
breakthrough (R2 = 0.996). This is favorable both on the shape
of the simulated curves (Fig. 5) and on the numerical results of
the adsorbed amounts (Table 5). Experiments that have been
conducted in these conditions can be reproduced correctly by
simulation. The comparison between the experimental and
model predicted curves gives rise to the conclusion that the
mass transfer model (solution 4) is able to predict the column
behavior with a good degree of accuracy.

Bed depth, inlet concentration, and gas flow variations ob-
tained with COMSOL describe well the experimental results.
In addition, the staggering breakthrough curves match at a
time kinetic effects of a transfer material, were well represent-
ed by the theoretical calculations.

The mass transfer model provides more information than
the other models. The rate constant (kf) includes both a diffu-
sion term (Deff) and velocity term (v), which are important in
scaling up the size of the column (depth and diameter) and
maximizing the flow rate for efficiency. The difference be-
tween internal and external surface areas is accounted for
using both total surface area (ap) and porosity (ε).

It is clear that the model captures the essential physics of
mass transfer inside the column. Thus, this model relates more
parameters about the column than the other models, which is
more useful in optimizing the column size, flow rate, and
particle characteristics. The fact that we obtain a good agree-
ment between the proposed model and the experimental data
for a large range of configurations is a very strong argument in
favor of the theory.

Industrial extrapolation

The aim of this study is to use raw clay material as adsorbent
in industry. Laboratory experiments are carried out under
special conditions where the majority of parameters are very
well controlled.

In an industrial application, some parameters will have a
greater range of variation than in the laboratory, since larger
quantities will be deployed. Indeed, the density, the particle
size (directly affecting KL), and the axial dispersion are the
parameters which are difficult to control.

The objective of the industrial extrapolation section is to
simulate the behavior of the adsorption fronts when density
(ρ), Langmuir constant (KL), and axial dispersion (Dax) are
varied. We purposely chose to enlarge the range of variation
of each parameter (10, 20, and 30%) probably much more
than it is usually tolerated using experimental design.

A central composite matrix was used (Table 6). The ad-
sorption front (response) will be determined by simulation
on COMSOL (and not experimentally). A theoretical model
will be established according to the three parameters. We de-
velop in this part a study of the experimental error effect, for
various experimental parameters on the adsorption
breakthrough.
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Parameter choice

The density of the clay material is a parameter which greatly
influences the breakthrough front time, and it cannot be
determined experimentally. We have tolerated ±10% as mar-
gin of error.

Physical adsorption of o-xylene on the clay material
is exothermic: at high temperature, the slope of the ad-
sorption isotherm is stiff, which reduces the Langmuir

constant KL. We have tolerated ±20% as margin of
error.

Dax is a function of the diameter of the particle, the poros-
ity of the bed, and the adsorption temperature, so these pa-
rameters influence the breakthrough time. During the deter-
mination ofDax, we have tolerated a margin of error of ±30%.

In this part, we have to optimize the breakthrough time in
order to minimize the number of adsorption/desorption cycles
in an industrial application.

Table 6 Central composite design matrix for three variables and response results

Run no. Simulation design Factors Breakthrough time

ρ (kg m−3) KL (–) Dax (m
2 s−1) Simulated (s) Predicted (s) Residues (s) Residues (%)

1 −1 −1 −1 1250 10.62 83.3 517 526.4 −9.4 −1.79
2 1 −1 −1 1530 10.62 83.3 640 652.1 −12.1 −1.86
3 −1 1 −1 1250 15.94 83.3 554 546.6 7.4 1.35
4 1 1 −1 1530 15.94 83.3 681 678.3 2.7 0.40
5 −1 −1 1 1250 10.62 154.7 466 474.5 −8.5 −1.79
6 1 −1 1 1530 10.62 154.7 576 589.2 −13.2 −2.24
7 −1 1 1 1250 15.94 154.7 501 494.7 6.3 1.27
8 1 1 1 1530 15.94 154.7 619 615.4 3.6 0.58
9 −1 0 0 1250 13.28 119.0 587 582.9 4.1 0.70
10 1 0 0 1530 13.28 119.0 725 706.1 18.9 2.68
11 0 −1 0 1390 10.62 119.0 632 588.9 43.1 7.32
12 0 1 0 1390 15.94 119.0 592 612.1 −20.1 −3.28
13 0 0 −1 1390 13.28 83.3 603 591.7 11.3 1.91
14 0 0 1 1390 13.28 154.7 546 534.3 11.7 2.19
15 0 0 0 1390 13.28 119.0 572 618.0 −46.0 −7.44

Simulated breakthrough time: calculated from mass balance equations with COMSOL, based on experimental results. Predicted breakthrough time:
determined from the theoretical model (Eq. 23)

Table 7 Coefficient model estimation for breakthrough time response

Parameter Coef Coef value SD t. test Student test (t) P-Value

X1 b1 61.6 10.6 5.82 0.263**

X2 b2 11.6 10.6 1.10 32.4

X3 b3 -28.7 10.6 -2.71 4.19

X1 X2 b12 1.5 11.8 0.13 90.0

X1 X3 b13 -2.7 11.8 -0.23 81.9

X2 X3 b23 0.0 11.8 0.00 100.0
2
1X b11 26.6 20.9 1.27 25.9
2
2X b22 -17.4 20.9 -0.84 44.5
2
3X b33 -54.9 20.9 -2.63 4.60*

SD standard deviation

**Significant to 99%; *Significant to 95%
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Modeling

The response, Ŷ, can be calculated from X1, X2, and X3 by a
quadratic regression model.

Y ¼ 618:0þ 61:60X1 þ 11:60X2−28:70X3

þ 26:60X2
1−17:40X

2
2−54:90X

2
3

þ 1:50X1X2−2:70X1X3 þ 0:00X2X3 ð23Þ

The simulated values are obtained by simulation of mass
balance equation with COMSOL MULTIPHYSICS. These
values replace the experimental data in this section.

Therefore, predicted values are those determined by
NEMROD.

Table 6 shows the simulation design of clay material based
on the variables ρ,KL, andDax for breakthrough time response
obtained by mass balance equation model. Predicted break-
through time and residues are also presented in this table.

The significance of each coefficient of quadratic regression
model is determined by Student’s t tests, which are listed in the
Table 7.

The validation of the quadratic regression model was
reanalyzed by using residuals. Residuals were distributed nor-
mally with mean zero and constant variance.

The correlation coefficient value R2 = 0.913 justifies an
excellent relation (Table 6) between the independent variables

Fig. 6 Variation of breakthrough time versus ρ and Dax at KL = 13.281

Fig. 7 Variation of breakthrough time versus KL and Dax at ρ = 1390 kg m−3
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and good agreement between the simulated and predicted
model (Amari et al. 2008).

It was concluded that Eq. (20) was good to fit to the sim-
ulated data. In other words, the assumptions regarding the
errors are satisfactory.

The coefficients of the suggested model were calculated
according to the experimental responses and the iso-
response curves (Table 7). To evaluate the response and inter-
pret the results, these coefficients were used. Therefore, it is
needed to predict the effect of each factor and their interac-
tions which can be synergistic or antagonistic.

The greater the amplitude of the t value, the greater the cor-
responding coefficient is important (Akhnazarova and Kafarov
1982; Khuri andCornell 1996). Thus, the linear effects of density
and Langmuir constant are very significant, as is evident from the
Student’s t test values (Table 7). The effect of interactions is
considered insignificant at the 95% confidence level.

The effect sign marks the breakthrough time. For a re-
sponse factor, a synergistic effect is designated by a positive
sign, whereas an antagonistic effect is designated by a nega-
tive sign (Haaland 1989).

As shown in Table 7 and in the model coefficients (18), it
was concluded that absolute value of linear effect was more
significant than quadratic effects.

The linear effects of ρ and KL factors are positive (61.6 and
11.6), whereas that of Dax factor is negative (−28.7): an in-
crease in ρ and KL during the adsorption is accompanied with
an increase in breakthrough time; the same result is obtained
for a decrease in Dax. All quadratic effects, except of density,
are negative: the increase in the axial dispersion in the column
does not affect breakthrough time generally. The mutual effect
(XiXj with i ≠ j) was found to be the least significant effect of
all the other factor effects. The mutual effect can be seen in an
elliptical shape in proportional with its significance in Figs. 6
and 7. To increase the breakthrough time, variable values
should be with same sign.

It is easy to note that the breakthrough time can be maxi-
mized when the density of clay is maximized, while the effect
of the Langmuir constant and the axial dispersion effect are
less important.

In order to visualize the relationship between the simulated
variables and the response, we represented the 2D iso-
response curves and 3D response surface (Figs. 6 and 7).
Each area represented by these figures is a combination of

two variables; the other parameters are kept constant at the
point center.

The desirability function is the relationship between the ex-
pected responses of dependent variable and their desirability. It is
based on the assignment of values from 0 (not desirable) and 1
(highly desirable) to the expected response. With desirability
function, the values of the dependent variables that produce the
most desirable responses can be determined. If the combination
of answers is optimal, desirability will have a high value.

A study of the desirability function was performed in order
to maximize the breakthrough time. In Table 8, optimal inde-
pendent variables are enumerated. These values show that
with a density of 1530 g cm−3, Langmuir constant of 14.28,
and a dispersion coefficient of 108.8 × 10−6 m2 s−1, there will
be a desirability of 0.862 and a breakthrough time of 713 s.

Conclusions

This study verified that the raw clay material can be used as
adsorbent for the treatment of volatile organic compounds.

Dynamic experiments marked the importance of bed height,
inlet o-xylene concentration, and flow rate. Decreasing bed
height and inlet o-xylene concentration enhanced column per-
formance, whereas, the highest flow rate raised adsorption ca-
pacity. It has also been demonstrated that column data could be
perfectly described by the Thomas, Yoon–Nelson, Clark, dose–
response, and BDST models. Moreover, mass transfer model
provides a description of the experimental results at different
bed heights, flow rate, and inlet o-xylene concentrations.
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