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a b s t r a c t

The transient adsorption of catechol from aqueous solution (C0 = 5 kg/m3) on activated carbon in an
upflow fixed-bed column at 293 K was studied. The critical time at which the early breakthrough of the
maximum admissible concentration (Ccrit = 0.3 × 10−3 kg/m3) occurs is deduced from a Homogeneous
Surface Diffusion Model (HSDM) that accounts for adsorption equilibrium and mass-transfer kinetics. The
eywords:
ctivated carbon
dsorption
atechol
reakthrough curve
SDM

mass-transfer coefficient is measured using a thin bed adsorption method and a correlation is proposed
to account for its dependence with the flow rate. The sensitivity of the model for the prediction of the
critical time to the different parameters is discussed and it is found to be mostly dependant upon the
mass-transfer coefficient Kf and the adsorbant mean particle diameter dP . In addition, the critical time
has been proved to increase with the adsorption capacity qmax. The existence of an optimal flow of
polluted effluent through the column to achieve the removal of the pollutant with the highest efficiency
is observed.
. Introduction

Phenols constitute a widespread and important class of water
ollutants and are considered as priority pollutants. Phenolic com-
ounds are found amongst other places, in the waste waters of
gro-industrial processes like the olive oil mills, tomato processing
nd wine distilleries [1,2].

A process has been proposed [3,4] to reduce the phenolic content
f aqueous effluents, which involves the adsorption of the phenols
n active charcoal before their catalytic hydrogenation. To properly
esign and operate fixed-bed adsorption processes, the adsorp-
ion isotherm and the fixed-bed dynamics, that is, the pollutant
reakthrough curves, must be known. In a previous work [5], the
dsorption equilibria of five phenolic compounds: tyrosol, catechol,
eratric acid, vanillic acid and caffeic acid, on an activated carbon
ave been investigated.

A recent review [6] of adsorption of phenols on activated car-
on has been dedicated to the thermodynamical aspects: effects of

arbon surface functionalities, pH of solution, substituents of the
henolic compounds. However there is no mention of the kinetic
spects of the adsorption process (neither in a stirred tank nor in a
olumn).

∗ Corresponding author. Tel.: +33 4 72 43 17 52; fax: +33 4 72 43 16 73.
E-mail address: dri@lobivia.cpe.fr (D. Richard).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.044
© 2010 Elsevier B.V. All rights reserved.

The present paper is devoted to the kinetic study of the adsorp-
tion of catechol, chosen as a model molecule, on a fixed-bed of
active charcoal and to the modelling of the breakthrough curves. To
predict the breakthrough curve with a sophisticated mass-transfer
model, one needs many parameters that must be determined by
independent kinetic study or estimated by suitable correlations.
Dealing with a purification process it is not necessary to describe
the full pattern of the breakthrough curve. Indeed only the start-
up of this curve is of interest for such a process and the criteria
which allow for evaluating the performance of the purification
process are the residual pollutant outlet concentration that must
be below a critical concentration, and the critical time that cor-
responds to the breakthrough of this critical concentration. Since
while dealing with depollution by adsorption of pollutants, the
critical concentration may be very low (and in any case below
the authorized value), the study of the adsorption during the
initial part of the breakthrough curve deserves a special atten-
tion.

Although the removal of phenolic compound from water efflu-
ents through adsorption on activated carbons [7,8] or other
adsorbents like bark [9], activated sludges [10], resins [11,12] or

modified alumina [13] has been the object of many studies in order
to simulate or predict the pattern of the breakthrough curves, only
few of them address the question of the critical time estimation
which is a requirement in depollution processes where the aim is
to release pollutant-free water.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:dri@lobivia.cpe.fr
dx.doi.org/10.1016/j.cej.2009.12.044
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Nomenclature

A factor in the Yoshida correlation [32]
Bi Biot number (Bi = Kf · dP · C0/2 · De · �p · qe)
Ce concentration of adsorbate in the liquid phase at

equilibrium (kg/m3)
Cb,i concentration in the bulk in cell i of the model

(kg/m3)
C0 inlet concentration of adsorbate solution (kg/m3)
Cs,i concentration at the surface in cell i of the model

(kg/m3)
De effective diffusion coefficient (m2/s)
Dm molecular diffusion coefficient (m2/s)
dP average particle diameter (m)
hmin minimal bed height (m)
kL Langmuir isotherm coefficient (m3/kg)
Kf film mass-transfer coefficient (m/s)
m mass of adsorbant (active charcoal) in the adsorp-

tion column (kg)
� dynamic viscosity (Pa s)
Ncell number of stirred tanks used in the model
qe uptake of substrate adsorbed at equilibrium

(kg/kgAC)
Ql flow rate (m3/s)
qmax maximum uptake of substrate adsorbed on AC

(kg/kgAC)
Re Reynolds number (Re = � · uv · dP/�)
S specific surface area (m2/g)
Sc Schmidt number (Sc = �/� · Dm)
Sh Sherwood number (Sh = Kf · dP/Dm)
tC critical time (s)
uv superficial velocity (m/s)
Vbed bed volume (m3)
�B bed porosity
�p internal porosity of the active charcoal
 shape factor in the Yoshida correlation [32]
� fluid specific mass (kg/m3)
�p particle specific mass (kg/m3)
�t bed specific mass (kg/m3)
[X] concentration of species X (kg/m3)

Subscripts
av. average value
max maximum value
s surface value

Superscripts
0 initial value
* dimensionless concentration (C∗

x = Cx/C0)

2

2

d
P
c
t
c
o
U

Table 1
Characteristics of Picactif TE80® .

3.2. Modelling of fixed-bed adsorption

A general approach to the description of the pollutant in the
liquid phase close to the adsorbent grains making the fixed-
. Experimental

.1. Materials

The phenolic compounds were purchased from Aldrich (L’Isle
’Abeau, France) and used as received. The activated charcoal
icactif TE80® was kindly provided by Pica (Vierzon, France). Its
haracteristics are reported in Table 1. Deionized water was used
o prepare the solutions of the phenolic compounds. The phenol

oncentration was measured by UV spectrometry at its maximum
f absorption (� = 225 nm for catechol) using an UV–vis JASCO®

V-980 detector.
Specific surface area S 1370 m2/g
Internal porosity �p 0.563
Density of the particles �p 966 kg/m3

2.2. Apparatus and measurement procedure

The fixed-bed adsorption experiments were carried out in a col-
umn 0.019 m i.d. and 0.25 m long which allows for a maximum
amount of about 0.031 kg of active charcoal. The liquid flow rates
used are within the 1 × 10−7–1 × 10−6 m3/s range (space velocity
0.0019–0.019 m/s).

The packing of the column with active carbon is carefully car-
ried out in order to minimize band spreading and to prevent the
presence of air bubbles. For the latter reason the active charcoal is
previously outgased by stirring it in deionized water under ultra-
sonication for 5 min and the wet active charcoal is introduced
stepwise into the column partially filled with water and after each
addition, the column is tapped. When the column is filled and
closed, deionized water is passed through and the background
signal of the UV detector is recorded. A solution of the phenolic
compound is then passed through the column and the absorbance
of the outgoing solution is recorded to measure its concentration
and hence the breakthrough curve.

The short bed adsorber (SBA) [14] experiments were carried out
in a 0.014 m i.d. and 0.04 m high column with a solution of catechol
of 5 kg/m3 at flow rates in the 3.4 × 10−8–3.1 × 10−7 m3/s range.

3. Results and discussion

3.1. Fixed-bed adsorption

The performance of fixed-bed adsorption for a given flow of
polluted effluent (flow rate Ql and pollutant concentration C0)
are evaluated by the critical time and the amount of adsorbate
fixed at that time. Fig. 1 shows these values for a critical concen-
tration of 0.3 × 10−3 kg/m3. For flow rate between 1 × 10−6 and
0.175 × 10−6 m3/s and a feed solution at 5 kg/m3, the amount of cat-
echol adsorbed at the critical time does not depend upon the flow
rate and is close to 65% of the maximum amount. At higher flow rate
the amount of catechol adsorbed at the critical time decreases. Thus
for this column, the optimal flow rate is close to 0.175 × 10−6 m3/s.
Fig. 1. Amount of adsorbed catechol (bars) and critical time (dots) as a function of
the flow rate.
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possible to derive a new correlation based upon the present mea-
surements:

Sh = 1.38�−2/3Re0.34Sc1/3 (1)
D. Richard et al. / Chemical Eng

ed should consider four kinetic resistances to the mass transfer,
.e.:

(i) the external transport,
(ii) the diffusion within the liquid phase inside the grain,
iii) the adsorption at the surface of the active carbon,
iv) the surface diffusion.

Although rigorous this description is often oversophisticated
ecause: (1) it involves too many parameters that need to be
djusted and (2) the effects of these processes on the shape of
he breakthrough curve are almost identical and they cannot be
etermined independently from macroscopic experiments. Thus
implified models are required for application purposes. The sim-
lest and most frequently used model for the external transport is
he film model, introduced by Whitman [15]. Concerning the dif-
usion inside the grain, three classes of model have been proposed
16]:

the Homogeneous Surface Diffusion Model (HSDM) [17,14] which
considers that the sorbate is first adsorbed on the external surface
of the grain and then diffuse inside the grain, the porous solid
being seen as a pseudo-homogeneous medium,
the Pore Diffusion Model (PDM) [18] considers that after going
through the boundary layer, the substrate diffuses inside the
liquid filling the pores and that adsorption only occurs on the
internal surface of the grains,
the Pore Surface Diffusion Model (PSDM) [19] considers that both
phenomena occur simultaneously.

The HSDM which is widely referred to in the literature [20–26]
nd has led to the simulation of the fixed-bed adsorption of many
rganic compounds or ionic species on active charcoal or other
dsorbents [27,28].

Thus, the HDSM model used in the present work relies on the
ollowing assumptions:

1) One-dimensional plug-flow.
2) The particles behave as a pseudo-homogeneous medium

wherein the pollutant diffuses.
3) External mass-transfer limitation is accounted for.
4) Adsorption equilibrium prevails at the fluid–solid external sur-

face.

As a consequence of the non-linearity of the adsorption
sotherm, the set of equations resulting from the hypotheses is not
olvable analytically and a numerical method has to be used. The
etails of the equation derivation are given in Appendix A.

.3. Determination of the mass-transfer parameters

The quality of the model used to describe the fixed-bed adsorp-
ion of the phenolic pollutant considered, rely upon the validity of
he thermodynamic and kinetic parameters involved. The isotherm
dsorption parameters are reported in a previous paper [5]. The
stimation of the effective diffusivity (De) and of the film mass-
ransfer coefficient (Kf ) will be discussed now.

The effective diffusivity (De) has to be estimated from the kinet-
cs of adsorption either in batch or fixed-bed reactor [29].

The mass-transfer coefficient (Kf ) is often derived from semi-

mpirical correlations relating the Reynolds (Re), Schmidt (Sc) and
herwood (Sh) numbers. Some of the correlations encountered for
xed-bed reactors are summarized in Table 2.

However the value of Kf estimated from the correlations may be
alse since they may have been established with packing conditions
Fig. 2. Breakthrough curve experimental (♦) and calculated (line) of catechol
through a micro-column (0.04 m height at 293 K with a flow rate of 0.14 × 10−6 m3/s
and a catechol concentration of 6 kg/m3).

and nature of the grains different from those used in an other exper-
imental study. An alternative approach [35] is to directly measure
the value of Kf in a fixed-bed with similar characteristics.

The method of Weber and Liu [35,36] was used which allows
for the simultaneous determination of Kf and De from adsorption
data collected with a column short enough for the initial outlet
concentration to be different from zero. In this case it is possible
to separate the effects of external transfer and internal diffusion in
the grain since the initial step of adsorption is always controlled by
the external transport.Kf is determined from the initial intercept of
the breakthrough curve and then De is estimated via a regression
along the breakthrough curve (cf. Fig. 2). In order to neglect the
axial dispersion, the minimal bed height (hmin) must satisfy the
condition:

hmin

dp
≥ 20

.
The average effective diffusivity determined for flow rates

between 3.4 × 10−8 and 3.1 × 10−7 m3/s for catechol is De = 1.4 ×
10−11 m2/s. The value of Kf depends upon the flow rate and the val-
ues measured are reported in Fig. 3. In this figure are also reported
the value of Kf derived from some of the previously mentioned
correlations. The measured values are close to those derived from
the Wilson and Geankoplis correlation. Due to this similarity it is
Fig. 3. Comparison of the external mass-transfer coefficients evaluated from exper-
imental measurement or estimated through correlations.
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Table 2
Correlations proposed for the determination of the external transfer coefficient Kf .

Authors Correlation Domain of validity

Williamson et al. [30] Sh = 2.4�Re0.34 Sc0.42 0.08< Re < 125
150< Sc < 1300

Wilson and Geankoplis [31] Sh = 1.09�−2/3 Re1/3 Sc1/3 0.0016< εRe < 55
950< Sc < 70,000
0.35< � < 0.75

Yoshida et al. [32] Sh = 0.91 Sc1/3A[� Re]0.49 Re < 55
A = [6(1 − �)]0.51  = 1 for spheres

 = 0.91 for cylinders
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Kunii and Levenspiel [33] Sh = 2 +
Ohashi [34] Sh = 2 +

or 0.25< Re < 2 with a bed porosity of � = 0.524. The value of the
eynolds number exponent falls within the [0.33–0.5] range corre-
ponding to the correlations reported in the literature (Table 2).

.4. Validity of the model

The experimental and modelled breakthrough curves at differ-
nt flow rates are plotted in Fig. 4 and a very good agreement
etween the experimental and simulated curves is achieved. As
he flow rate increases the breakthrough curves become steeper as
enerally reported in the case of phenol solutions passed through
ctive carbon beds [7] or other adsorbents such as resins [12]. This
bservation has also been reported for other aromatic pollutants
23]. Indeed with a Biot number (Eq. (2)) close to 10 for a flow rate of
.245 × 10−6 m3/s, the curves fall within the 2nd category of clas-
ification defined by Hand et al. [20]. Breakthrough curves in the
ategories 1 (steeper) and 2 show sigmoidal profile and are most
ommonly found in organic pollutants adsorption onto activated
arbon [27].

i = Kf · dP · C0

2 · De · �p · qe (2)

In order to validate the model and the values of the parameters, it

s necessary to compare the value of the critical time for the experi-

ental and calculated breakthrough curves. Fig. 5 shows that for an
nlet concentration C0 = 5 kg/m3 and a critical concentration fixed
t Ccrit = 0.3 × 10−3 kg/m3 the difference between the experimen-
al and calculated critical time is low enough to be acceptable at low

Fig. 4. Experimental and modelled brea
e1/2Sc1/3

Re0.4 Sc1/3 0.001< Re < 5.8

flow rate. However for flow rates larger than 0.245 × 10−6 m3/s and
at the beginning of the breakthrough curves the calculated outlet
concentration value tends to be overestimated as compared with
the experimental one which leads to a shift between the curves (cf.
insert).

3.5. Sensitivity study

The parameters for which the sensitivity of the modelling was
investigated are either a characteristic of the adsorbantdP the mean
carbon grain diameter, or of the substrate or of its interaction with
the adsorbant such as:

• De, the effective diffusivity
• Kf , the mass-transfer coefficient
• kL the adsorption constant of the Langmuir isotherm equation
• qmax the maximum uptake of substrate adsorbed on AC

Indeed the mean carbon grain diameter can be measured with
the required precision (it is an outer model parameter in the sense
of Sperlich et al. [27]) but since the model does not take into account
the size dispersion of the adsorbant grain, it is worth to evaluate
the model sensitivity to this parameter in order to estimate the

trends for the effect on the critical time of grain size variation (such
as those caused by attrition). The other parameters (inner model
parameters in the sense of Sperlich et al.) are either measured [5]
(kL , qmax, Kf ) or estimated via correlations (De, Kf ) and it is impor-
tant to estimate how error in their determination could affect the

kthrough curves (C0 = 5 kg/m3).
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Fig. 5. Comparison of the critical time measured experimentally or derived from simulation as a function of the flow rate.

Table 3
Parameters and operating conditions used for the modelling of the reference break-
through curve.

Operating conditions
Active charcoal mass m = 31 g
Initial concentration C0 = 5 kg/m3

Solution flow Ql = 2.45 × 10−7 m3/s

Adsorbant characteristics
Bed specific mass �t = 460 kg/m3

Bed porosity �B = 0.524

Particle specific mass �p = 966 kg/m3

Particle diameter dP = 800 �m

Substrate parameters
Effective diffusivity De = 1.4 × 10−11 m2/s
Mass-transfer coefficient in the liquid phase Kf = 2.1 × 10−5 m/s
Adsorption capacity qmax = 0.32 g/gcarbon

a
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t
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t

F

tration is risen, the shift between the curves plotted with different
Langmuir adsorption constant kL = 75 g/L

Critical concentration Ccrit = 0.3 × 10−3 kg/m3

Reduced critical concentration C∗
crit

= Ccrit/C0 = 6 × 10−5

ccuracy of the critical time computed using the model. Table 3
hows the values of the parameters used in the modelling of a
ypical breakthrough curve.

Figs. 6–10 show the effects of the variation of these parameters
pon the shape and position of the breakthrough curves and more
articularly upon the estimated critical time.

From these figures, it appears that Kf and dP have the biggest
ffect upon the critical time and this makes sense since at the
eginning of the adsorption external mass transfer is the dominant

inetic resistance.

This emphasizes the importance of a correct value for the mass
ransfer coefficient in order to obtain a useful predictive value of
he critical time by modelling. Indeed the use of under- or overes-

ig. 6. Sensitivity of the breakthrough curve with the mass-transfer coefficient (Kf ).
Fig. 7. Sensitivity of the breakthrough curve with the active charcoal particle diam-
eter (dP ).

timated value for Kf within the same order of magnitude (which is
not unusual in chemical engineering) leads to dramatic changes in
the predicted critical time.

The importance of the mean particle size value is also great as
shown in Fig. 7 all the more that the effect of the adsorbant grain
size distribution has not been considered.

The effect of the diffusivityDe upon the critical time is much less
dramatic (Fig. 8), indeed a 50% increase of the value of this parame-
ter leads only to a 6% increase of the critical time. Higher values ofDe
are associated with stiffer curves. However when the outlet concen-
values of De increases. This means that the intra-granular diffusion
becomes the rate-controlling mechanism, but this only occurs for
values of the outlet concentration well above the critical concen-
tration. This small sensitivity of the diffusion coefficient is related

Fig. 8. Sensitivity of the breakthrough curve with the effective diffusion coefficient
(De).
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Fig. 9. Sensitivity of the breakthrough curve with the Langmuir adsorption constant
(kL).
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• ∂r
r=dP/2
ig. 10. Sensitivity of the breakthrough curve with the active charcoal adsorption
apacity (qmax).

o the class of breakthrough curve as defined by Hand et al. [20].
ndeed curves of the 3rd category (Bi > 30) have been reported to
e highly sensitive to the diffusion coefficient as in the case of pen-
achlorophenol adsorption by activated carbon [22] which suggests
hat for larger molecules diffusion within the pores may become the
imiting mechanism in the adsorption process.

Fig. 9 shows that the Langmuir constant kL of the isotherm has
very limited effect upon the critical time. Indeed its value has to
e changed by at least an order of magnitude to produce a signif-

cant variation of tC . This means that the use of a more complex
sotherm equation could not improve the accuracy of the mod-
lling.

And last, the variation of the adsorption capacity qmax leads to
n expected shift of the breakthrough curve (Fig. 10) since a lower
dsorption capacity necessarily leads to a shorter retention of the
ollutant on the column. This decrease of the critical time with the
dsorption capacity comes with a stiffening of the curve. The vari-
tion of the adsorption capacity for a fixed amount of adsorbent is
quivalent to a variation of the amount of adsorbent (or bed height)
ith a fixed capacity, i.e. results in a capacity of adsorption of the

ed. The result observed is consistent with the literature where a
eduction of the bed capacity comes together with a stiffening of
he breakthrough curves [7].

. Conclusions

The main results pointed out by the present study are:

The existence of an optimal flow of polluted effluent through the

adsorbing bed to achieve the removal of the pollutant from the
solution with a high efficiency. In the case of 5 kg/m3 solutions of
catechol the optimal flow rate vs. adsorbant mass was found to
be about 0.02 m3 h−1 kg−1.
g Journal 158 (2010) 213–219

• The HSDM model allows for the prediction of experimental break-
through curves, as well as the critical time. The best agreement
are achieved at low flow rates.

• The parameter that most affect the value of the critical time are
the mass-transfer coefficient Kf and the adsorbant mean particle
diameter dP . The adsorption isotherm pattern is not a governing
parameter for critical time estimation.

• In order to obtain a good estimation of the critical time through
modelling it is necessary to use an accurate value of the mass-
transfer coefficient Kf , either from a correlation established in
similar condition or better from experimental measurement
using the SBA method.

• The model validated and its parameters evaluated with lab-
scale experiments can been used to estimate the scale-up for
the design of units able to handle larger flow rates. However
the larger pressure drops generated then should be taken into
account.

• The behavior of other pollutants (such as the phenolic com-
pounds encountered in olive oil mill waste waters [5]) could
also be predicted provided their effective diffusivity can be
estimated.
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Appendix A. Derivation of the equations

Hydrodynamic dispersion is accounted for by the mixing cell in
series model [37]. The different equations representing the physical
phenomena involved in each cell i (total number Ncell) are:

Mass balance equation in the liquid phase

Ql · (Cb,i−1 − Cb,i) = m

Ncell
· dqav.,i

dt
+ �B · Vbed

Ncell
· dCb,i
dt

(A.1)

qav.,i(t) = 3

(dp/2)3
·
∫ dp/2

0

qi(r, t) · r2 · dr (A.2)

Intraparticular diffusion

∂qi(r, t)
∂t

= De
r2

·
{
∂(r2 · (∂qi(r, t)/∂r))

∂r

}
(A.3)

Liquid–solid equilibrium at the interface

qs,i(t)
qmax

= kL · Cs,i(t)
1 + kL · Cs,i(t)

(A.4)

Initial conditions

qi(r,0) = Cb,i(0) = Cs,i(0) = 0 (A.5)

Boundary conditions (symmetry at the center of the grain, flux
through its surface)(
∂qi(r, t)
∂r

)
r=0

= 0 (A.6)

�p · De ·
(
∂qi(r, t)

)
= Kf · (Cb,i − Cs,i) (A.7)
In order to solve this equation system and determine Cb(t),
dimensionless variables are used. This equation system cannot be
solved analytically and the numerical integration method is carried
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ut using the orthogonal collocation method developed by Villad-
en and Stewart [38] over the particle radius, leading to a system
ith five equations and five unknowns for each stirred reactor of

he model. The numerical resolution of this system is carried out
ith a variable step integration method (derived from the ones
escribed in “Numerical Recipes in FORTRAN” [39]) which gives
he value of each unknown in each stirred reactor as a function
f time. From where the average value of the adsorbed pollutant
n each cell and the effluent concentration at the column outlet is
mmediately derived.
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