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ABSTRACT

In this work, the scale up of olive stone columns for water purification, based on results
from the biosorption of Cr(III) onto olive stone in a fixed bed column at pilot scale, was
developed. Pilot-scale experiments were carried out in a fixed bed column to test the influ-
ence of various parameters (flow rate, bed depth, and initial chromium concentration) on
breakthrough curves. Mathematical relationships were developed to describe Cr(III)
biosorption in fixed bed column of olive stone at pilot scale. The results were found to be
consistent with the previous published results obtained from laboratory scale. The bed
depth service time (BDST), the Adams–Bohart, the Thomas, the Yoon and Nelson, and the
Dose–Response models were used to analyze the experimental data and the model parame-
ters were evaluated. The BDST allowed comparison between performances of pilot- and lab-
oratory-scale columns, and Dose–Response model showed good agreement of the
experimental breakthrough curves with model predictions. The results showed that when
the initial Cr(III) concentration was increased from 10 to 80 mg/L, the corresponding
biosorption bed capacity increased from 0.126 to 0.262 mg/g at constant flow rate and bed
depth. Also, breakthrough time varies from 30 to 220 min when the bed height increases
from 21.5 to 62.0 cm at constant flow rate and initial Cr(III) concentration. Results showed
that scale up multiplied by nearly 1.7 the important parameters as critical bed depth and
length of unused bed (the same relation that the ratio between length/diameter of pilot-
scale column and laboratory-scale column).

Keywords: Biosorption; Breakthrough curve; Chromium (III); Fixed bed column; Olive stone;
Scale up

1. Introduction

Due to the increasing level of toxic metals found in
residual streams originated from industrial discharges,
new methods and techniques are developed for envi-

ronmental control [1]. Metal biosorption by agricul-
tural or forestry solids is one of the most useful
options for this type of problems.

In this work, the olive stone is used as solid
biosorbent, which is obtained as a byproduct of the
production of olive oil. This biosorbent has a particu-
lar interest both economically and environmentally,
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especially if it is considered the high amount pro-
duced in Andalusia (Spain) and the little or no value
that it has currently.

In addition, even though several publications have
reported biosorption for water treatment in batch sys-
tems [2–6], nowadays biosorption in fixed bed col-
umns is preferable for industrial water treatment [7].
Moreover, to optimize the process, it is necessary to
perform scale-up studies that can be used for indus-
trial equipment.

Scale up stands a much better chance for success,
if the laboratory and large-scale units are carried out
in the same type of system, for example, fixed-bed,
fluidized-bed, and batch reactors [8]. From this point
of view, keeping the same column type at different
scales, the critical parameter is the column size,
which incorporates its geometrical analogies and
dimensions. Neither furthermore, in this case of
biosorption in fixed beds, the fact that no heat trans-
fer occurs is crucial as this operation is essentially
isothermal. Thus, scale up mainly takes into account
mass-transfer phenomena, and of course the hydrau-
lic performance of the column (mainly liquid
distribution).

Various methods can be employed in modeling
chemical or physical processes. There are three basic
approaches in the scale-up procedure [9]: (a) “mathe-
matical modeling”, (b) “physical modeling”, and (c)
“experimental scale up”. The first stage in the mathe-
matical modeling of a process is to express mathemati-
cally the relationship between the basic process
variables and the boundary conditions and set up an
algorithm. The second step consists of changing the
various parameters, using the algorithm, to check
whether the model corresponds to the process investi-
gated and to select the optimal conditions. Physical
modeling is an alternative to the mathematical one,
when the latter is not applicable. Two different meth-
ods can be followed in the context of physical model-
ing: (a) the similarity method, and (b) the dimensional
analysis. Finally, experimental scale up can be seen as
part of physical and scale-up modeling. In the follow-
ing, its methodology is briefly presented: (a) a carefully
planned test campaign is needed to collect data that
adequately cover a wide range of the most important
operating variables, conducting the minimum possible
experiments, (b) the next step is the selection of the
appropriate mathematical expression form and, subse-
quently, the process parameters should be estimated
by minimizing the differences between the values pre-
dicted from the selected mathematical expression and
the data experimentally found. Then, an extensive
pilot-plant study is usually undertaken. It is during
pilot-plant experiments when scale-up problems must

be dealt with adequately. Under specified conditions,
the data of the pilot-scale unit can be used for the eval-
uation of the large-scale unit performance.

In this work, specific research objectives were to:
(1) evaluate the effects of feed flow rate, bed depth,
and inlet metal concentrations on Cr(III) removal in a
pilot-scale fixed-bed column packed with olive stone,
(2) develop an “experimental scale up” of Cr(III)
breakthrough data (the dynamical behavior can be
described in terms of time–concentration profiles com-
monly called breakthrough curves) obtained with
pilot-scale column tests, (3) compare results obtained
on pilot-scale column tests with those obtained on lab-
oratory scale in previous published works, and (4)
assess about the use of mathematical correlations
obtained in the process of “experimental scale up” to
predict the behavior of an industrial-scale unit.

2. Experimental

2.1. Biosorbent: olive stone

Olive stones were supplied by the olive cake oil
extraction plant “Cooperativa Nuestra Señora del
Castillo” located in Vilches, province of Jaén, Spain.

The stones were obtained from the separation pro-
cess of the olive cake with an industrial pitting
machine, with a 4-mm sieve separator, which is the
standard size used in this industrial process. Then, the
olive stones were milled with an analytical mill (IKA
MF-10) and the fraction lower than 1 mm was chosen
for all the tests. An average particle size of 0.757 mm
was calculated according the particle distribution of
the solid.

A deep characterization of the OS has been
performed in previous works [10,11]. In this work, a
summary table is included with main data from chem-
ical–physical characterization of OS (Table 1).

2.2. Solutions preparations

Cr(III) solutions were prepared by dissolving 9-
hidrate chromium nitrate [Cr(NO3)3·9H2O] in distilled
water. According to a previous work [3], the pH of
the solutions was adjusted to 4 with 0.1 N solutions of
NaOH and HCl. All chemicals used in this work were
of analytical grade (supplied by Panreac).

2.3. Column experiments

In a previous paper, [12] experiments have been
conducted to analyze the biosorption of Cr(III) using a
laboratory-scale fixed bed. In this work, the fixed-bed
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column experiments were conducted in a pilot-scale
jacket glass column packed with olive stone particles.
The unit had an automatic pH controller and a system
for taking samples automatically. Temperature was
maintained at 25˚C by a thermostatic bath. The chro-
mium solution at a known concentration was pumped
through the column of sorbent using a peristaltic
pump (Dinko, model D21V) with variable speed
adjustment. Samples from the column effluent were
collected at regular intervals and analyzed by atomic
absorption spectrometry (Perkin Elmer Model AAnal-
ist 200). The column studies were performed at pH 4
and the effluent pH was permanently recorded.

To perform scaling, the criteria of similarity have
been followed [13]. In this focus, the work takes into
account the following points:

(1) Geometric similarity: The relation between
length of column (H for pilot scale columns
and h for laboratory columns) and the

diameter (D for pilot scale columns and d for
laboratory columns) has been kept constant in
both columns (H/D = h/d).

(2) Kinematic similarity: The physical properties of
the fluid are kept constant in both columns to
ensure the transfer matter regime.

(3) Dynamic similarity: As the physical properties
of the fluid are the same in both columns and
the used solid particles are the same type, (the
same size and porosity), it holds that linear
velocities, v, in both columns will be practically
constants.

In Table 2, the basic design and operation parame-
ters of the columns, laboratory and pilot scale, are col-
lected. In order to utilize almost all the available bed
length in the pilot scale column, the used amount of
olive stone in this column was around 60 times higher
than used in laboratory scale column. So, an amount
of 300 g is equivalent to a bed depth of 21.5 cm, 600 g

Table 1
Physical and chemical properties of olive stone [10,11]

Property OS

BET surface area Total surface area, m2/g 0.163
Internal surface, m2/g 0.140
External surface, m2/g 0.022

Total porous volume, cm3/g 1.84 × 10−3

Pore diameter, Å 453.02
Structural components Lignin, g/kg free extracts 403.80

Cellulose, g/kg free extracts 271.40
Hemicellulose, g/kg free extracts 321.80

Particle size distribution, % >1.000 mm 17.52
1.000–0.710 mm 42.13
0.710–0.500 mm 18.04
0.500–0.355 mm 5.09
0.355–0.250 mm 5.40
<0.250 mm 12.01

Elemental analysis, % Carbon 52.34
Hydrogen 7.11
Nitrogen 0.03
Sulfur <0.10
Oxygen 40.47

Proximate analysis, % Moisture 5.43
Volatile matter 74.66
Fixed carbon 19.54
Ash 0.37

Potentiometric titrations Total titrables sites, mol/g 6.94 × 10−5

Acid titrables sites, mol/g 3.70 × 10−5

Basic titrables sites, mol/g 3.24 × 10−5

Point of zero charge (pHPZC) 5.17
Carbon release to solution, mg C/L Total carbon 36.84

Total inorganic carbon 0.02
Total organic carbon 36.82
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is equivalent to a bed depth of 42.5 cm, and 900 g is
equivalent to a bed depth of 62.0 cm. Therefore, the
relation between obtained value of bed depth/column
diameter for pilot scale column (Z/D) and laboratory
column (z/d) is 1.7. This value has been taken into
account in the obtained results.

With the aim to study the effect of different opera-
tional parameters of the column, the criteria of con-
stant operational time has been followed. For it, the
exhaustion of the column is not reached in some
experiments; however, in this way, the trend of the
breakthrough curve for a single parameter is better
observed.

2.3.1. Effect of flow rate

The experimental conditions chosen to study the
effect of the feed flow rate on the biosorption process
in a packed column were in accordance with studies
made in laboratory size columns [12]. The conditions
were: inlet concentration of Cr(III), 10 mg/L; pH 4;
time = 600 min; olive stone mass, 600 g (equivalent to
42.5 cm of bed depth); and feed flow rates 14, 28, and
46 mL/min.

2.3.2. Effect of bed depth

The sorption performance of olive stone was tested
at various bed depths, 300 g (21.5 cm), 600 g (42.5 cm),
and 900 g (62.0 cm) at a flow rate of 28 mL/min; pH
4; time = 600 min; and inlet chromium concentrations
of 10 mg/L.

2.3.3. Effect of inlet Cr(III) concentration. Breakthrough
curves: Modelling and determination of kinetic
parameters

In modeling and determining of kinetic parame-
ters, the following values of the operational parame-
ters were chosen: flow rate = 14 mL/min; pH 4;
time = 600 min; olive stone mass = 600 g (equivalent to
a bed depth of 42.5 cm); and inlet concentrations of Cr
(III) = 10, 20, 40, and 80 mg/L (the industrial water
discharges may contain metal ion concentrations very
different in function of the industry). For Cr(III), this
range is usual in the industrial wastewater discharges.

3. Mathematical modeling

The first stage in the mathematical modeling of a
process is to express mathematically the relationship
between the basic process variables and the boundary
conditions and set up an algorithm.

The dynamic behavior of columns is described in
terms of “effluent concentration-time” profile, which it
is called breakthrough curve. This breakthrough curve
is usually expressed by mean a normalized concentra-
tion defined as the ratio between the metal concentra-
tions in the liquid at the outlet and inlet of the column
(C/Ci), in function of time or volume of the effluent,
for a bed depth fixed.

(1) The volume of the effluent, Vef (mL), can be
calculated through the following equation:

Vef ¼ Q ttotal (1)

where ttotal is the total flow time in min and Q is
the volumetric flow rate which circulates through
the column in mL/min.

(2) The area under the breakthrough curve repre-
sents the total mass of metal biosorbed, qtotal,
in mg, for a given feed concentration and flow
rate and it can be determined by integration:

qtotal ¼
Q

1000

Z t¼ttotal

t¼0

CR dt (2)

where CR is the concentration of metal removal in
mg/L.

(3) The total amount of metal ions sent to the col-
umn, in mg, can be calculated from the follow-
ing expression:

mtotal ¼ Ci Qttotal
1000

(3)

(4) The total metal removal (%) can be calculated
from the ratio of metal mass biosorbed (qtotal)
to the total amount of metal ions sent to the
column (mtotal) as:

%R ¼ qtotal
mtotal

� 100 (4)

(5) The amount of metal biosorbed at equilibrium
or biosorption capacity, qe (mg of sorbated
metal/g of sorbent), and the equilibrium metal
concentration, Ce (mg/L), can be determined
using the following equations:

qe ¼ qtotal
m

(5)
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Ce ¼ mtotal � qtotal
Vef

� 1000 (6)

where m is the mass of sorbent in g. In experi-
ments where the equilibrium is not reached, the
value qe is related to the biosorption capacity at
final contact time of the column.

(6) Exhausted time: When the volume of the fluid
begins to flow through the column, the mass-
transfer zone varies from 0% of the inlet
concentration (corresponding to the solute-free
sorbent) to 100% of the inlet concentration
(corresponding to the total saturation). From a
practical point of view, the exhausted time, tex,
is established when the concentration of the
effluent is higher than 90–95% of the inlet con-
centration.

(7) Service or breakthrough time: The break-
through time, tb, is established when the metal
concentration in the effluent reaches a deter-
mined value, generally related to the permitted
disposal limit for each metal. In this work, the

breakthrough time has been established when
the concentration of the effluent is around
2 mg/L.

Various simple mathematical models such as
Adams–Bohart, Thomas, Yoon–Nelson, and Dose–
Response models have been developed to predict the
dynamic behavior of the column and allow some
kinetic coefficients to be estimated by nonlinear
regression. These models are summarized in Table 3.
To choose them, it has been considered the conditions
of application of each one of them and their use for
the study of biosorption in a column by the majority
of researchers.

4. Results and discussion

4.1. Effect of flow rate

The effect of flow rate on Cr(III) biosorption by
olive stone was investigated by varying the flow rate
from 14 to 46 mL/min and keeping an inlet Cr(III)
concentration of 10 mg/L and a bed height of 42.5 cm
(600 g of olive stone). The plots of normalized

Table 3
Mathematical models to predict the dynamic behavior of the column

Model Considerations Equation and parameters Refs.

Bed-depth-
service-
time

Model simple used to speed up the design of continuous
adsorption process by reducing the amount of preliminary
experiments

t ¼ N0

CiV
Z� 1

KaCi
ln Ci

C � 1
� �

[14]
N0, sorption capacity of bed,
mg/L
Ka, rate constant, L/mg min

Adams–
Bohart

This model assumes that the sorption rate is proportional to
the residual capacity of the solid and the concentration of the
sorbed substance and is used to describe the initial part of the
breakthrough curve

C
Ci

¼ ekABCit� kABN0Z

V [15]
kAB, kinetics constant, L/mg min
N0, maximum volumetric sorption
capacity, mg/L

Thomas This model considers that sorption is not limited by the
chemical reaction but controlled by the mass-transfer at the
interface

C
Ci

¼ 1

1þ exp
kTh
Q ðq0 m�Ci Vef Þ

� � [16,17]

kTh, Thomas rate constant,
mL/min mg
q0, maximum concentration of the
solute in the solid phase, mg/g

Yoon–
Nelson

This model assumes that the rate of decrease in the
probability of adsorption for each adsorbate is proportional to
the probability of adsorbate adsorption and the probability of
adsorbate breakthrough on sorbent

Ci
C ¼ 1

1þ ekYN ðT� tÞ [18]
kYN, Yoon–Nelson´s
proportionality constant, min−1

τ, time required for retaining 50%
of the initial adsorbate, min

Dose–
Response

This model, which has been commonly used in pharmacology
to describe different types of processes, is currently being
applied to describe the biosorption in columns

C
Ci

¼ 1 � 1

1þ Ci Vef
q0 m

� �a [19,20]

a, constant of model
q0, maximum concentration of the
solute in the solid phase, mg/g
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concentration of chromium on the effluent vs. time at
different flow rates are shown in Fig. 1a.

As the flow rate decreases, the retention of Cr(III)
by olive stone increases (total sorbed chromium
quantity and chromium removal percentage values
decreased with increasing flow rate), reaching
exhaustion in the column only when the flow rate is
46 mL/min, while at the other two flow rates, espe-
cially at 14 mL/min, the contact time must be pro-
longed to achieve exhaustion. The breakthrough time
increases as the flow rate decreases, obtaining values
of 450, 100, and 40 min for 14, 28, and 46 mL/min,
respectively.

With increasing the flow rate the turbulence of
flow begins to increase and this leads to decreasing of
external film diffusion mass-transfer resistance, there-
fore the rate of metal ion transferred to biosorbent sur-
face increases leading to fast saturation and earlier
breakthrough time. On the other hand, when the flow
rate decreases, the residence time in the column is
longer as intra-particle diffusion then becomes effec-
tive. Thus, metal ion has enough time to penetrate
and diffuse deeply into the pores and accordingly,
better removal efficiency is obtained [21–23].

In this sense, the performance of the column was
found to be consistent with the previous published
results obtained from laboratory scale [12].

In Fig. 1b has been represented, by way of exam-
ple, the obtained breakthrough curves in laboratory-
and pilot scale columns, using similar operational con-
ditions (using the operational conditions indicated
before). It is observed that during first 200 min of
operation, the retention of metal by the olive stone is
faster in laboratory columns, decreasing this difference
when the time increases, until obtaining similar values
at final of the operational time.

4.2. Effect of bed height (or bed depth)

Accumulation of metals in the fixed-bed column is
largely dependent on the quantity of sorbent inside
the column. The sorption performance of olive stone
was tested at various bed heights (bed depths), 300 g
(21.5 cm), 600 g (42.5 cm), and 900 g (62.0 cm) at flow
rate of 28 mL/min (these values have been selected to
compare with the results obtained in laboratory-scale

C/
C

i

t, min
0 100 200 300 400 500 600

0.0

0.2

0.4

0.6

0.8

1.0

Pilot-scale
Laboratory-scale

Fig. 1b. Breakthrough curves obtained in laboratory-scale
column and pilot-scale column using equivalent operations
conditions (Laboratory-scale: Ci = 10 mg/L; Q = 6 mL/min;
Z = 8.9 cm. Pilot-scale: Ci = 10 mg/L; Q = 46 mL/min;
Z = 42.5 cm).

t, min
0 100 200 300 400 500 600

C/
C

i

0.0

0.2

0.4

0.6

0.8

1.0

14 mL/min
28 mL/min
46 mL/min

Fig. 1a. Cr(III) biosorption breakthrough curves by olive
stone at three different feed flow rates (14, 28, and
46 mL/min).
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Fig. 2a. Cr(III) biosorption breakthrough curves by olive
stone at three different bed heights (21.5, 42.5, and
62.0 cm).
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columns) and inlet chromium concentration of
10 mg/L. Fig. 2a shows the breakthrough profile of
chromium sorption at different bed heights.

As bed height increases, the amount of chromium
removed (bed capacity) is also increased. The increase
in biosorption with bed depth is due to the increase in
biosorbent doses in larger beds which provide greater
surface area (or biosorption sites, more binding sites
available for biosorption). It is also manifested if the
values of breakthrough time are observed, since break-
through time varies from 30 to 220 min when the bed
height increases from 21.5 to 62.0 cm, respectively.
Similarly, the time necessary to reach the exhaustion
of the column is increased with an increase of bed
height, reaching exhaustion only for a mass of bed
depth of 21.5 cm.

These results have been adjusted to bed depth ser-
vice time (BDST) model. Equation of BDST model
(Table 3) implies that the service time is a linear func-
tion of the bed depth (Z) and hence if service time is
plotted against the bed depth at a flow rate of 28 mL/
min and a initial chromium concentration of 10 mg/L,
the N0 (75.33 mg/L) and Ka (2.66 × 10−3 L/mg min)
values can be obtained from the slope and the inter-
cept, and an acceptable value for r2 (0.95) indicated
the validity of BDST model.

In a previous work with laboratory-scale columns,
the sorption capacity of bed N0 (67.68 mg/L) and Ka

(14.43 × 10−3 L/mg min) values were obtained [22].
The sorption capacities of bed, N0, are similar in both
cases (laboratory and pilot scales), although slightly
higher in pilot columns, which could indicate the
reproducibility of the results to make the scale up.
However, the value of the rate constant, Ka, which

characterizes the rate of solute transfer from the fluid
phase to the solid phase, is lower in the pilot scale col-
umns which could be associated with a slower rate of
retention of chromium. If Ka is large, even a short
adsorbent bed can avoid breakthrough, but as Ka

decreases, a progressively longer adsorbent bed is
required to avoid the breakthrough [23].

Fig. 2b shows the obtained fitting by BDST model
for both columns, using equivalent operational
conditions.

Furthermore, from the equation of BDST model
(Table 3), when Ci/C = 2, that is, when the concentra-
tion in the effluent is equal to 50% of inlet concentra-
tion, which coincides with the point of inflection of
the breakthrough curve since this model assumes that
the curve is symmetrical [26], the logarithm is zero,
and the expression is reduced to the following:

t50 ¼ N0 Z

Ci v
(7)

This equation corresponds to the equation of a straight
line that passes through the origin. Fig. 3 shows the fit
of this equation for both laboratory- and pilot scale
columns.

Finally, Fig. 3 shows that in either case the straight
line passes through the origin, existing a point of
intersection with the “x” axis corresponds to a value
of Z when t50 = 0. This depth value is called “critical
bed depth” and it is the minimum bed length required
to obtain the breakthrough time tb at t = 0, namely,
achieve the effluent concentration required by
applicable law [24].
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Fig. 2b. Fit of the BDST model for laboratory-scale column
and pilot-scale column using equivalent operations condi-
tions (Laboratory-scale: Ci = 10 mg/L; Q = 4 mL/min;
Pilot-scale: Ci = 10 mg/L; Q = 28 mL/min).
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Fig. 3. Plots of t50 time vs. bed height of Cr(III) biosorption
by olive stone for laboratory-scale and pilot-scale columns.
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Therefore, the critical bed depth can be calculated
by setting t = 0 in Eq. (7). Thus, as expected critical
bed length for laboratory-scale column was recorded
as 3.8 cm compared to 6.6 cm for pilot-scale column.
The results show that scale up multiplies by nearly 1.7
critical bed depth (the same relation that the ratio
between Z/D of pilot scale column and laboratory
column).

4.3. Effect of inlet Cr(III) concentration. Breakthrough
curves: Modeling and determination of kinetic parameters

To determine the influence of the initial concentra-
tion of chromium, to describe the behavior of the col-
umn and to compare the results with those obtained
previously at laboratory scale, mathematical models
listed in Table 3 are applied and the corresponding
kinetic parameters are determined.

In this respect, and considering the results
obtained above, the following values have been
chosen for the operational parameters: flow rate,
14 mL/min; pH 4; olive stone mass, 600 g (equivalent
to a packing height of 42.5 cm); contact time, 600 min;

and initial concentrations of chromium, 10, 20, 40, and
80 mg/L. The results are shown in Fig. 4, and the
parameters of breakthrough curves according
Eqs. (1)–(6) are shown in Table 4.

As generally expected, a change in the inlet metal
ion concentration of the feed affects the operating
characteristics of the packed column. As the inlet con-
centration of chromium increases, the exhaustion of
the column is reached earlier, requiring more than
570 min to concentrations of 10–20 mg/L. Higher ini-
tial chromium concentrations caused a faster break-
through, as it was expected. A decrease in inlet Cr(III)
concentrations gives delayed breakthrough curves and
the treated volume was also higher, since the lower
concentration gradient caused slower transport due to
decreased diffusion coefficient [25]. At the highest Cr
(III) concentration (80 mg/L), the olive stone bed is
saturated quickly.

Also, biosorption capacity, qe, increases as the inlet
metal concentration increases from 0.146 to 0.305 mg/g
for an inlet chromium concentration of 10–80 mg/L,
respectively. In this point, it is necessary to specify that
the biosorption capacity has been calculated at the
same time for all concentrations and not at exhaustion
time, due to it is not reached for concentration of
10–20 mg/L. However, the percentage of metal
removed decreased significantly from 87.8 to 24.7% in
the same range of concentrations.

It is also observed that the breakthrough time
decreases significantly. For an initial concentration of
10 mg/L, it has a value of 415 min, while for an initial
concentration of 80 mg/L, the breakthrough time is
not reached (the exit concentration at time equal to
zero is higher to breakthrough concentration). There-
fore, for concentrations higher to 40 mg/L is necessary
increasing the bed height or decreasing the flow rate
to increase the breakthrough time.

Also, the exhaustion of the column is reached fas-
ter when the concentration increases. A time higher to
570 min it is needed for initial concentrations of
10–20 mg/L, while for a concentration of 80 mg/L, the
exhausted time is reached at 330 min of the
operational process.
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Fig. 4. Cr(III) biosorption breakthrough curves by olive
stone at four different inlet chromium concentrations (10,
20, 40, and 80 mg/L).

Table 4
Parameters of breakthrough curves of the packed bed scale-pilot column for Cr(III) biosorption by olive stone at different
inlet Cr(III) concentrations

Ci mg/L tb (min) tex (min) qtotal (mg) mtotal (mg) qe (mg/g) R (%)

10 415 >570 87.62 99.75 0.146 87.8
20 195 >570 99.87 149.23 0.167 66.9
40 45 565 177.77 339.95 0.296 52.3
80 – 330 182.70 740.54 0.305 24.7

25148 M. Calero et al. / Desalination and Water Treatment 57 (2016) 25140–25152



T
ab

le
5

A
d
am

s–
B
o
h
ar
t,
T
h
o
m
as
,
Y
o
o
n
–N

el
so
n
,
an

d
D
o
se
–R

es
p
o
n
se

m
o
d
el

p
ar
am

et
er
s
at

d
if
fe
re
n
t
in
le
t
C
r(
II
I)

co
n
ce
n
tr
at
io
n
s

A
d
am

s–
B
o
h
ar
t

T
h
o
m
as

Y
o
o
n
–N

el
so
n

D
o
si
s–
R
es
p
u
es
ta

C
i

(m
g
/
L
)

k A
B

(L
/
m
g
m
in
)

N
0

(m
g
/
L
)

σ
r2

k T
h

(m
L
/
m
in

m
g
)

q 0 (m
g
/
g
)

σ
r2

k Y
N

(m
in

−
1
)

τ (m
in
)

σ
r2

a
q 0 (m

g
/
g
)

σ
r2

10
0.
00

04
87

14
7.
6

0.
00

26
9

0.
95

6
0.
56

5
0.
16

1
0.
00

37
0

0.
99

1
0.
00

56
4

68
7.
8

0.
00

37
0

0.
99

1
2.
16

3
0.
19

0
0.
02

23
0.
94

7
20

0.
00

04
54

12
6.
5

0.
00

10
8

0.
96

5
0.
45

1
0.
17

4
0.
06

09
0.
98

1
0.
00

84
4

39
8.
5

0.
06

09
0.
98

1
2.
78

0
0.
16

7
0.
02

61
0.
99

2
40

0.
00

05
44

11
8.
5

0.
00

05
63

0.
97

4
0.
16

6
0.
30

2
0.
23

41
0.
93

7
0.
00

70
6

30
2.
9

0.
23

41
0.
93

7
1.
53

7
0.
25

5
0.
03

26
0.
99

1
80

0.
00

07
03

76
.9
7

0.
00

00
31

1
0.
99

5
0.
09

07
0.
30

0
0.
42

55
0.
86

9
0.
00

84
1

13
8.
8

0.
42

55
0.
86

9
1.
22

0
0.
27

8
0.
08

70
0.
89

5

M. Calero et al. / Desalination and Water Treatment 57 (2016) 25140–25152 25149



These experimental results have been fitted by
nonlinear regression to each of the previous models:
Adams–Bohart, Thomas, Yoon–Nelson, and Dose–
Response. Table 5 shows the values of the fitting
parameters, the sum of squared deviations between
experimental and calculated values
ðr ¼ PððC=CiÞexp � ðC=CiÞcalÞ2Þ and the adjusted corre-
lation coefficient (r2).

Dose–Response model reproduced better experi-
mental results for all initial chromium concentrations
tested, just as in the tests performed on a laboratory
scale. Moreover, the value of the chromium concentra-

tion in the solid phase, q0, is very similar to the one
obtained from the model of Thomas and the experi-
mental value, being practically constant for all concen-
trations with a value near to 0.2 mg/g.

Likewise, the Adams–Bohart model can be used to
reproduce the initial part of the breakthrough curve,
just as in the laboratory-scale experiments. However,
in pilot scale, the kinetic constant is slightly increased
by raising the initial concentration of chromium,
whereas at laboratory scale a slight decrease of the
kinetic constant was observed for higher initial
concentration of chromium. However, the order of
magnitude of this parameter is the same in both types
of tests.

The values of the parameter τ of Yoon–Nelson
model that represents the time required to retain 50%
of initial chromium (C/Ci = 0.5) (687.8, 399.4, 302.9,
and 93.1 min, for 10, 20, 40, and 80 mg/L, respec-
tively) are similar to those obtained experimentally
(>570, 390, 270, and 75 min, for 10, 20, 40, and
80 mg/L, respectively).

In Figs. 5 and 6 the experimental data and the
calculated values obtained with the Adams–Bohart
model for the initial part of the curve and the Dose–
Response model have been showed. A good fit of the
experimental data by the Dose–Response model is
observed, as previously indicated.

Comparing results obtained in the pilot-scale
column with results obtained in laboratory-scale
column [12] in Fig. 7, they represent the break-
through curves to a performed experiment in both
columns in equivalent conditions: initial chromium
concentration = 10 mg/L; feed flow = 4 mL/min
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Fig. 5. The experimental and predicted breakthrough
curves using the Adams–Bohart model for the biosorption
of Cr(III) by olive stone at inlet chromium concentrations
of 10, 20, 40, and 80 mg/L.
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Fig. 6. The experimental and predicted breakthrough
curves using the Dose–Reponse model for the biosorption
of Cr(III) by olive stone at inlet chromium concentrations
of 10, 20, 40, and 80 mg/L.
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Fig. 7. Breakthrough curves of the pilot-scale and labora-
tory-scale columns in equivalent conditions: initial chro-
mium concentration = 10 mg/L; feed flow = 4 mL/min
(laboratory-scale) and 28 mL/min (pilot-scale); biosorbent
dose= 15 g (laboratory-scale) and 900 g (pilot-scale).
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(laboratory-scale) and 28 mL/min (pilot-scale); biosor-
bent dose = 15 g (laboratory-scale) and 900 g (pilot-
scale).

Results show that retention process occurs faster in
laboratory-scale columns. It is observed comparing the
breakthrough and exhaustion times and the mass-
transfer zone. The length of this zone is related to
velocity of mass-transfer. For high velocities, the length
is small, while for low velocities, the length is large.
So, in laboratory-scale column, the breakthrough and
exhaustion times are 42–480 min, respectively, and in
pilot-scale column the breakthrough and exhaustion
times are 220–950 min, respectively. Therefore, in pilot-
scale column the mass-transfer zone is higher and it is
related with a lower mass-transfer velocity.

On the other hand, it is observed that the percent-
age of chromium removal is higher in pilot-scale col-
umn, 59.3%, comparing to 32.6% obtained in
laboratory-scale column. However, the behavior in the
biosorption capacity at exhaustion time is the oppo-
site, qex is lower in pilot-scale column (0.142 mg/g)
than in laboratory-scale column (0.427 mg/g). Calcu-
lating the biosorption capacity at breakthrough time,
this difference is lower (a value of 0.0597 mg/g for
pilot-scale column and 0.0964 mg/g for laboratory-
scale column). This difference may be due to that in
the pilot-scale columns, the breakthrough time
obtained was lower than it should have been obtained,
according to the scale up [26,27].

From these results, the length of unused bed (LUB)
can be obtained by Eq. (8) [24]:

LUB ¼ L 1� qb
qex

� �
(8)

where qb, y, qex are the biosorption capacities in the
breakthrough and exhaustion time respectively (mg/
g) and L is the total length of the bed column.

Using the Eq. (8) with data from both columns, it
is obtained a value of LUB of 35.9 cm and 10.4 cm for
pilot scale and laboratory scale, respectively. From
LUB value it can be obtained the used fraction of the
bed (FLB), as FLB = (L-LUB)/L and the breakthrough
time, tb = tex·FLB. Obtained results are 0.42 for FLB
and 399 min for tb in pilot-scale column. These results
confirm the comments indicated before.

In the same way, the obtained relation (L-LUB)/tb,
were 0.12–0.072 for pilot scale and laboratory-scale col-
umn respectively. These two values have a relation
around 1.7.

This modeling of the pilot scale packed-bed col-
umn may allow the extrapolation to industrial units
for the treatment of real industrial effluents.

5. Conclusions

The performance of the pilot scale fixed-bed col-
umn is very similar to the performance of the labora-
tory-scale fixed-bed column. Results show that it is
possible to extrapolate to the industrial scale by using
mathematical models obtained at pilot scale.

Effects of flow rate, bed depth, and initial chro-
mium concentration on breakthrough curves were
evaluated. The increase of the flow rate with constant
solute concentration decreased the useful column
operation time. Thus, as the fluid flow rate increased,
the breakthrough and the exhaustion times decreased.
Also, an increase on the biosorbent depth resulted in
an increase in breakthrough time due to the presence
of more sorbent material in the column and thus the
higher sorption capacity of the system. The critical
bed depth was also calculated, the results showed that
scale up multiplied by nearly 1.7 critical bed depth.
Finally, as the solute concentration increased, the
saturation of the column occurred earlier, and thus an
earlier breakthrough curve was obtained. The
Adams–Bohart, the Thomas, the Yoon–Nelson, and
the Dose–Response models were applied to experi-
mental data obtained from dynamic studies performed
on pilot-scale column to predict the breakthrough
curves and to determine the column kinetic parame-
ters. The initial region of breakthrough curve was
defined by the Adams–Bohart model at all inlet Cr(III)
concentrations studied while the full description of
breakthrough could be accomplished by Dose–
Response model. The LUB was also calculated and the
results again show that scale up multiplied by nearly
1.7 this parameter.
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