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ABSTRACT

This paper presents the ability of a low-cost biosorbent, almond shell, to remove Cu(II) ions
from aqueous solution. Biosorption capacity of almond shell to removal Cu(II) was studied in
a packed bed column. The effect of various parameters, flow rate, initial copper concentration,
and mass of biosorbent, was analyzed. A 23 factorial experiment design was carried out to
optimize some of the factors directly affecting the biosorption of copper onto almond shell.
The results have shown that initial concentration of Cu(II) is the most influential factors in
biosorption capacity, while the most important factors in total copper removal are the flow
rate and mass of biosorbent. The biosorption capacity of almond shell presented a maximum
when the operational conditions are: flow rate, 6mL/min; initial copper concentration,
100mg/L; and mass of almond shell, 5 g; while the parameters which give the maximum
value of % removal of Cu(II) are: flow rate, 2mL/min; initial copper concentration, 40mg/L;
and mass of biosorbent, 15 g. The experimental breakthrough curves obtained under optimum
conditions were modeled using Bohart–Adams, Thomas, Yoon–Nelson, and dose–response
models. The Bohart–Adams model was valid only in representing the initial part of the break-
through curves. The dose–response model is acceptable to reproduce the breakthrough
curves.
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1. Introduction

Contamination of aqueous environment by heavy
metals has been a major cause of concern over the last
few decades, because heavy metals are nonbiodegrad-
able and tend to accumulate in living organisms, thus
becoming concentrated throughout the food chain [1].
Among the heavy metals in wastewaters, copper is
considered having a high priority due to their toxicity

and high disposal rate [2,3]. Conventional technolo-
gies for the removal of heavy metals include chemical
precipitation, ion exchange, adsorption, evaporation,
and membrane separation. The application of such
traditional treatment techniques, however, needs enor-
mous cost and continuous input of chemicals, which
becomes impracticable and uneconomical and causes
further environment damage [4–6]. Hence, the search
for easy, effective, economic, and eco-friendly tech-
nique is necessary for treatment of effluent/wastewa-
ter treatment. Biosorption has been demonstrated as a*Corresponding author.

Presented at the International Conference on Desalination for the Environment, Clean Water and Energy, European Desalination
Society, 23–26 April 2012, Barcelona, Spain

Desalination and Water Treatment
www.deswater.com

1944-3994/1944-3986 � 2013 Desalination Publications. All rights reserved
doi: 10.1080/19443994.2012.715167

51 (2013) 1954–1965

February



potential, efficient, and economical method for the
removal of heavy metals in wastewaters [7]. Different
types of biomaterials, biomass of micro-organism, and
agricultural waste, have been used for the removal of
heavy metals using biosorption process. The availabil-
ity of an effective biosorbent at low cost is a key factor
dictating its selection for a biosorption process.
Almond is one of the important crops grown in And-
alucı́a, and the almond shell an important agricultural
waste. In this respect, the almond shell is a good bio-
sorbent to removal contaminants substances from
aqueous solutions [8,9].

There are a lot of studies about removal heavy
metals using batch mode of sorption experiments
[10–13]. However, from an industrial point of view,
the continuous biosorption in a packed bed column
is often desired. There are a lot of factors (pH, tem-
perature, flow rate, initial concentration of metal,
and mass of biosorbent) influencing the biosorption
process. The present study shows the effect of some
them (flow rate, initial concentration of metal, and
bed height) on the biosorption of Cu2+ onto almond
shell.

Experimental design is an excellent tool for
studying the individual and interaction effects or all
parameters simultaneously [14,15]. The analysis in
which the evaluation of more than one factor can be
done is called full factorial analysis [16]. In full fac-
torial multivariate experiment, all main factors and
their interactions are compared with one another
[17].

The objective of this work was: (1) to study the
biosorption capacity of almond shell to removal of Cu
(II) in a packed bed column, as well as to study the
effect of different parameter in the biosorption pro-
cess, (2) to optimize the process by factorial design,
choosing the parameters which provide the best
results in biosorption capacity and in the total Cu(II)
removal, and (3) to model the breakthrough curves in
the optimum conditions obtained in the factorial
design.

Here, two-levels, three-factors (23) full factorial
design (FFD) model was used [18]. The predicted
result by the model was then compared with the
experimental results.

For a proper design of an adsorption column, an
accurate prediction for the breakthrough curve is
needed. Therefore, some experimental results obtained
(which optimizes the responses of the process) from
the continuous system were fitted to four models:
Adams–Bohart, Thomas, Yoon and Nelson, and
dose–response models.

2. Materials and methods

2.1. Biosorbent: almond shell

Spain is the second mundial producer of almond,
with 75,000 t/year. In Andalucia, Granada is one of
the main places of production, with 5,900 t/year. The
almond shell is a subproduct from peeled almonds.
The almond shell was provided by Carsan Biocom-
bustibles S.L. factory from Granada (Spain). The solid
was milled with an analytical mill (IKA MF-10) and
<1.000mm fraction was chosen for the copper biosorp-
tion tests.

2.2. Continuous system

Continuous flow sorption experiments were con-
ducted in a glass column with an internal diameter of
1.5 cm and length to 23 cm. A known quantity of the
biosorbent was packed in the column to yield the cor-
responding bed height of the biosorbent. This bed of
the biosorbent was supported between two small lay-
ers of cotton wool to prevent the biosorbent from
floating. To enable a uniform inlet flow of the solution
into the column, glass beads of 5mm diameter were
placed into the column. The copper solution having
the desired initial concentration was then pumped
through the column at desired volumetric flow rate
with the help of a peristaltic pump (Dinko model
D21V) in an up-flow mode at constant temperature
(maintained at 25˚C with a thermostatic bath). Sam-
ples were collected from the outlet of the column at a
time interval of 10min during an operation time of
260min and were analyzed by a 3100 Perkin–Elmer
atomic absorption spectrophotometer to obtain the
copper concentration of samples.

The experimental breakthrough curves were
obtained measuring metal concentration in effluent
samples collected. When the volume of the fluid
begins to flow through the column, the mass-transfer
zone varies from 0% of the inlet concentration, corre-
sponding to the solute-free biosorbent, to 100% of the
inlet concentration, corresponding to the total satura-
tion, [19]. From a practical point of view, in this study,
the saturation time, ts, is established when the concen-
tration in the effluent is the 90% of the inlet concentra-
tion; and the service or breakthrough time, tr, is
established when the metal concentration in the efflu-
ent reaches a value between 1 and 2mg/L. The break-
through curve is usually expressed in terms of a
normalized concentration defined as the ratio of the
effluent metal concentration to the inlet metal concen-
tration (C/Ci) vs. time or volume of the effluent.
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Analysis of column data was obtained and evalu-
ated with the help of following equations:

• Volume of the effluent:

Vef ¼ Q � ttotal ð1Þ

• Total mass of metal biosorbed (the area under the
breakthrough curve):

qtotal ¼ Q

1000

Z t¼ttotal

t¼0

CR � dt ð2Þ

• Total amount of metal ions sent to the column:

mtotal ¼ Ci �Q � ttotal
1000

ð3Þ

• Total metal removal (% R):

%R ¼ qtotal
mtotal

� 100 ð4Þ

• The amount of metal biosorbed at equilibrium or
biosorption capacity:

qe ¼
qtotal
w

ð5Þ

• The equilibrium metal concentration:

Ce ¼ mtotal � qtotal
Vef

� 1000 ð6Þ

where Vef is the volume of the effluent (mL), ttotal is
the total flow time (min), Q is the volumetric flow rate
(mL/min), qtotal is the total mass of metal biosorbed
(mg), CR is the concentration of metal removal (mg/
L), mtotal is the total amount of metal ions sent to the
column (mg), % R is the total metal removal (%), qe is
the amount of metal biosorbed at equilibrium or bio-
sorption capacity (mg of sorbated metal/g of biosor-
bent), w is the mass of the biosorbent (g), and Ce is
the equilibrium metal concentration (mg/L).

2.3. Statistical optimization

The factorial design describes which factor shows
more impact and influence the variation of one factor
on the other factors [20]. In this work, volumetric flow
rate, initial Cu(II) concentration, and biosorbent dose
were taken as independent variables while the other

variables like the particle size (<1mm), temperature
(25˚C), and total flow time (260min) were kept con-
stants. Responses examined were the biosorption
capacity and total Cu(II) removal. Two replicates of 23

FFD having eight experiments (with one replicate)
were studied. The three factor and two levels for
almond shell are shown in Table 1.

2.4. Modeling data

The development of a model that describes such a
concentration-time profile is difficult in most cases,
because the metal concentration in the liquid continu-
ously changes and, therefore, the process does not
operate at steady state. The fundamental equations for
a fixed-bed column depend on the mechanism respon-
sible for the process (mass transfer from the liquid to
the surface of the solid, diffusion, and/or reaction on
the surface of the solid) and include mass balances
between the solid and fluid and for the sorbed solute,
rate of the process, etc. The equations derived to
model the system with theoretical rigor are differential
in nature and usually require complex numerical
methods to solve. Because of this, various simple
mathematical models such as the Adams–Bohart,
Thomas, Yoon and Nelson, and dose–response models
have been developed to predict the dynamic behavior
of the column and allow some kinetic coefficients to
be estimated. However, they do not contain any mass-
transfer consideration and, therefore, are less rigorous
than other theoretical models.

These models are described below. To choose
them, the conditions of application of each one of
them and their use for the study of biosorption in a
column have been considered by the majority of
researchers [21–25].

2.4.1. Adams–Bohart model

Adams and Bohart [26] established the fundamen-
tal equation, which describes the relationship between
C/Ci and t in a continuous system, and although it
was originally applied to a gas–solid system, it has

Table 1
Values and levels of operating parameters for almond
shell

Factors Levels

(�1) (+1)

X1: volumetric flow rate, mL/min 2 6

X2: initial copper concentration, mg/L 40 100

X3: mass of biosorbent, g 5 15
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been extensively used to describe and quantify other
types of systems. This model assumes that the sorp-
tion 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 break-
through curve. Its equation can be described as

C

Ci

¼ ekAB�Ci �t

e
kAB �N0 �Z

v � 1þ e kAB � Ci � t
ð7Þ

where kAB is the kinetic constant (L/mgmin), N0 is
the maximum volumetric sorption capacity (mg/L), C
is the solute concentration in the liquid phase in (mg/
L), Ci is the inlet metal concentration (mg/L), m is the
linear flow rate (cm/min), t is the time (min), and Z is
the bed depth in the column (cm).

Because e
kAB:N0 �Z

V >>1 and this model is going to be
applied to describe the initial part of the breakthrough
curve (C< 0.15Ci), the Adams–Bohart model is
reduced to the following simplified equation

C

Ci

¼ e
kAB�Ci � t� kAB �N0 � z

v ð8Þ

2.4.2. Thomas model

The Thomas model [27] is one of the most general
and widely used to describe the behavior of the bio-
sorption process in fixed-bed columns. Its main limita-
tion is that its derivation is based on second-order
kinetics and considers that sorption is not limited by
the chemical reaction, but controlled by mass transfer
at the interface. This discrepancy can lead to errors
when this method is used to model biosorption pro-
cesses in specific conditions [21]. This model can be
described by the Eq. (9)

C

Ci

¼ 1

1þ e
kTh
Q qo�w�Ci �Vefð Þ

� � ð9Þ

where kTh is the Thomas rate constant (mL/min mg)
and q0 is the maximum concentration of the solute in
the solid phase (mg/g).

2.4.3. Yoon and Nelson model

Yoon and Nelson [28] developed a relatively sim-
ple model focused on the adsorption of vapors or
gases in activated coal. This model assumes that the
rate of decrease in the probability of adsorption for

each adsorbate molecule is proportional to the
probability of sorbate sorption and the probability of
sorbate breakthrough on the biosorbent. The Yoon
and Nelson model not only is less complex than other
models but also does not require related data on the
adsorbate characteristics, the type of adsorbent, or the
physical properties of the bed. Eq. (10) represents this
model

Ci

C
¼ 1

1þ ekYN�ðs�tÞ ð10Þ

where kYN is the Yoon and Nelson’s proportionality
constant (min) and s is the time required for removal
50% of the initial metal (min).

It should be indicated that the expression of the
Yoon and Nelson model is mathematically analogous
to the equation of the Thomas model.

2.4.4. Dose–response model

This model, which has been commonly used in
pharmacology to describe different types of processes,
is currently being applied to describe biosorption in
the columns [29,30].

The general equation, which represents this model,
is

Y ¼ b0 � b0

1þ X
b2

� �b1
ð11Þ

where X and Y represent the dose and response,
respectively, in terms of the percentage of maximum
possible response. The parameter b0 is the expected
response when saturation is reached, b1 represents
the slope of the function, and b2 indicates the
concentration at which half of the maximum response
occurs.

When application of this equation is considered
for the study of biosorption in the columns, Y would
represent the relationship of concentrations, C/Ci, and
X is the time or volume of the liquid that circulates
through the column. Therefore, the parameter b0 is
equal to 1 because the maximum value of C/Ci is 1
when the time or volume tends to 1. On the basis of
these considerations, this equation can be rewritten as
follows:

C

Ci

¼ 1� 1

1þ Vef

b

� �a ð12Þ

When the retention reached is 50%, this one can be
rewritten as:
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0:5 ¼ 1� 1

1þ 0:5�Vef

b

� �a ð13Þ

and therefore,

0:5 � Vef

b

� �a

¼ 1 ð14Þ

Because b– 0, 0.5Vef/b= 1 and b= 0.5Vef.
In accordance with the Thomas model previously

mentioned, it can be determined that 0.5Vef = q0w/Ci,
and, therefore, the dose–response model would be
represented by the equation

C

Ci

¼ 1� 1

1þ Ci �Vef

q0 �w

� �a ð15Þ

where a is the constant of model.
This model has a relative importance, because it

describes, usually very exactly the full breakthrough
curve, but it is difficult to relate the empirical parameter
“a” with the experimental conditions. Thus, it is very
difficult its implementation to carry out a change of sys-
tem scale [31].

3. Results and discussions

3.1. Biosorption of Cu(II)

3.1.1. Effect of feed flow rate

First, the effect of feed flow rate has been ana-
lyzed. For that, other parameters have been kept
constant according previous studies performed in
batch [32] and data from literature: initial concentra-
tion of Cu(II), 40mg/L; pH 5; time of contact,
260min; and mass of almond, 5 g (equivalent to
4.4 cm of high bed column). For all experiments,
t= 0 has been assigned to the time in the exit of the
column, with the objective that all them have the
same referent point.

The breakthrough curves to three flow rates (2, 4,
and 6mL/min) have been illustrated in Fig. 1.

The removal of Cu increases while the flow rate
decreases, reaching the saturation of the column only
when the flow rate is 6mL/min.

Also, the breakthrough time, tr, (considering that it
reaches when the concentration of effluent has a value
between 1 and 2mg/L) increases when the flow rate
decreases. Thus, for a flow rate of 2mL/min, the
breakthrough time is higher than 50min, while for a
flow rate of 6mL/min, the breakthrough time practi-
cally coincides with the initial time.

To verify and to compare these results, experi-
ments have been performed changing the initial con-
centration of copper and keeping constant the other
experimental parameters. In Fig. 2, the results are
obtained when initial concentration of Cu(II) (100mg/
L) is represented.

It observed that, when initial concentration of cop-
per is increased, results are similar to obtained initial
concentration of 40mg/L. However, as initial concen-
tration increases, does not initially remove all copper
present in the solution, and saturation of column is
reached more quickly. These results are similar to
report of other authors in packed bed column systems
with different heavy metals and different biosorbents
[33–35].

These results show that, from view point of opera-
tion of the column, the best results are obtained with

t, min
0 50 100 150 200 250 300

C
/C

i

0.0

0.2

0.4

0.6

0.8

1.0

2 mL/min 
4 mL/min 
6 mL/min 

Fig. 1. The effect of feed flow rate on biosorption of Cu(II)
onto almond shell ([Cu(II)] = 40mg/L, m= 5 g, t=260min,
and T= 298K).

t, min
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2 mL/min 
4 mL/min 
6 mL/min 

Fig. 2. The effect of feed flow rate on biosorption of Cu(II)
onto almond shell ([Cu(II)] = 100mg/L, m= 5 g, t=260min,
and T= 298K).
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a flow rate of 2mL/min, due to the higher break-
through time and produced a higher removal of
Cu(II).

3.1.2. Effect of bed height

The removal of metals in a packed bed column
depends among other factors; the amount of biosor-
bent used (or bed height of column). Therefore, the
effect of mass of biosorbent on biosorption of Cu(II)
has been studied. For that, are performed experiments
with two amounts of biosorbent, equivalents to two
bed height, 5 g (4.4. cm) and 15 g (13.4 cm). According
to previous results, flow rate of 2mL/min and two
initial concentrations of Cu(II), 40 and 100mg/L, have
been chosen. Results are showed in Figs. 3 and 4.

Figures show that, for two concentrations used, an
increase in bed height increases the copper removal.
As the bed height increases, Cu(II) had more time to
contact with almond shell that resulted in higher
removal efficiency of Cu(II) ions in column. So the
higher bed column results in a decrease in the solute
concentration in the effluent at the same time. The
slope of breakthrough curve decreased with increasing
bed height, which resulted in a broadened mass trans-
fer zone. High uptake was observed at the highest
bed height due to an increase in the surface area of
biosorbent, which provided more binding sites for the
sorption [36,37].

Observing the variation of the breakthrough time
from Figs. 3 and 4, it verified that, tr decreases signifi-
cantly for a bed height of 4.4 cm (5 g of biosorbent). On
the other hand, for these experimental conditions, the
saturation of the column is not reached in any experi-
ments performed to the operational time considered.

3.2. Statistical analysis

A two-level, three-factors FFD of response surface
methodology was applied to predict the effect of volu-
metric flow rate, initial copper concentration, and bio-
sorbent dose on the biosorption capacity and on the
removal of Cu(II) in column system. The parameters
were coded at two levels: �1 and +1. The results
obtained were evaluated for the biosorption capacity
and for the removal efficiency of Cu(II). The design
matrix along with the experimental and predicted
results is shown in Table 2.

The predicted responses for Cu(II) uptake (bio-
sorption capacity and total Cu(II) removal) were
obtained and are given as:

• Biosorption capacity (Eq. 16): R2 = 0.9829, R2

(adjusted) = 0.9715

qe = 4.456 + 1.126·X1 + 1.859∙X2-1.309∙X3 + 0.644∙X1

∙X2 + 0.061∙X1∙X3–0.841∙X2∙X3

• Total Cu(II) removal (Eq. (17)): R2 = 0.9653, R2

(adjusted) = 0.9420

% R= 60.923 �15.1240∙X1�9.428∙X2 + 14.645∙X3 +
2.255∙X1∙X2 + 3.653∙X1∙X3�4.480∙X2∙X3

In these equations, qe and % R are the predicted
responses variables; X1, X2, and X3 are independent
variables in coded unit; and X1∙X2, X1∙X3, and X2∙X3

are interactive terms.
The interaction effects are easily estimated and

tested through the usual analysis of variance
(ANOVA). ANOVA is a statistical method that

t, min
0 50 100 150 200 250 300

C
/C

i

0.0

0.1
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0.4

0.6

0.8

5 g
15 g

Fig. 3. The effect of mass of biosorbent on biosorption of Cu
(II) onto almond shell([Cu(II)] = 40mg/L, flow rate = 2mL/
min, t= 260min, and T= 298K).
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0 50 100 150 200 250 300

C
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0.8

1.0
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15 g

Fig. 4. The effect of mass of biosorbent on biosorption of
Cu(II) onto almond shell ([Cu(II)] = 100mg/L, flow
rate = 2mL/min, t= 260min, and T= 298K).
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partitions the total variation into its component parts
each of which is associated with a different source of
variation [38]. This procedure performs a multifactor
ANOVA for biosorption capacity (qe) and for total
copper removal (% R). It constructs various tests and
graphs to determine which factors have a statistically
significant effect on removal. It also tests for signifi-
cant interactions amongst the factors, given sufficient
data. The F-tests in the ANOVA table allows identify-
ing the significant factors. The ANOVA results for Cu
(II) are shown in Table 3. The sum of squares used to
estimate factors effects, and Fisher’s F-ratios and
P-values are also shown in the table. From the

ANOVA for qe and % R (Type III sums of squares), it
was observed that since five P-values are less than
0.05 (except corresponding of interaction between flow
rate and mass of biosorbent and interaction between
initial copper concentration and mass of biosorbent
for qe and % removal, respectively), these factors have
a statistically significant effect on biosorption capacity
at the 95.0% confidence level.

Graphs of the predicted response values vs. the
experimental response values for qe and % R are
shown in Figs. 5 and 6, respectively. They help to
detect a value, or group of values, that are not easily
predicted by the model. These figures show that the

Table 2
FFD matrix for almond shell. Natural and coded values of parameters

Runs Coded
values

Natural values Responses

Experimental Predicted

X1 X2 X3 Volumetric flow rate,
mL/min

Initial Cu(II)
concentration, mg/L

Mass of
biosorbent, g

qe,
mg/g

% R qe,
mg/g

% R

1 �1 �1 �1 2 40 5 3.00 76.73 3.400 72.258

2 +1 �1 �1 6 40 5 3.13 25.72 4.243 30.194

3 �1 +1 �1 2 100 5 6.40 53.37 5.999 57.852

4 +1 +1 �1 6 100 5 10.53 29.29 9.417 24.808

5 �1 �1 +1 2 40 15 1.23 98.72 0.829 103.202

6 +1 �1 +1 6 40 15 3.03 80.23 1.915 75.750

7 �1 +1 +1 2 100 15 2.69 75.35 3.091 70.876

8 +1 +1 +1 6 100 15 5.64 47.97 6.753 52.444

Table 3
ANOVA for qe and for % of Cu(II) removal. ANOVA table

Response Source Sum of squares df Mean square F-ratio P-value

qe X1 20.295 1 20.295 58.83 0.0000

X2 55.279 1 55.279 160.24 0.0000

X3 27.405 1 27.405 79.44 0.0000

X1�X2 6.631 1 6.631 19.22 0.0018

X1�X3 0.060 1 0.060 0.17 0.6864

X2�X3 11.323 1 11.323 32.82 0.0003

Residual 3.105 9 0.345

Total (corr.) 124.098 15

% R X1 3,657.830 1 3,657.830 99.86 0.0000

X2 1,422.040 1 1,422.040 38.82 0.0002

X3 3,432.620 1 3,432.620 93.69 0.0000

X1�X2 81.360 1 81.360 2.22 0.1703

X1�X3 213.452 1 213.452 5.83 0.0390

X2�X3 321.126 1 321.126 8.77 0.0159

Residual 329.651 9 36.628

Total (corr.) 9,457.08 15
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develop models were adequate because the residuals
for the prediction of each response are in minimum.

To evaluate the statistical significance of the factors
and their interaction on the response was analyzed
through Pareto diagram. This diagram represents all
factors involved in the process in order of importance.
Fig. 7 shows that initial concentration of Cu(II) which
is the most influential factors in biosorption capacity,
while the most important factor in total copper
removal (Fig. 8) are the flow rate and mass of biosor-
bent as reported from other authors [18].

From the statistical optimization, it observed that
the optimum values to maximize the biosorption
capacity (10.53mg/g) for flow rate, initial Cu(II) con-
centration, and mass of almond shell were estimated
to be 6mL/min, 100mg/L and 5 g, respectively; while
to maximize the % of copper removal (98.72%) was
estimated to be 2mL/min, 40mg/L, and 15 g, respec-
tively, for each factors.

3.3. Breakthrough curves

3.3.1. Determination of kinetic parameters

To obtain the breakthrough curve to biosorption of
Cu(II) on almond shell, experiments have been per-
formed with optimum conditions of the packed bed
column. In this sense, the parameters have been cho-
sen which give the maximum value of % removal of
Cu(II) in a column (flow rate = 2mL/min, Ci = 40mg/
L, and mass of biosorbent = 15 g (bed height = 13.4 cm))
and the maximum value of biosorption capacity (flow
rate = 6mL/min, Ci = 100mg/L, and mass of biosor-
bent = 5 g (bed height = 4.4 cm)). Results have also
been included that were obtained for the experimental
conditions (flow rate = 6mL/min, Ci = 100mg/L, and
mass of biosorbent = 15 g (bed height = 13.4 cm)) with
the objective to include the effect of the bed height,
keeping others experimental parameters constant. All

Standardized Pareto Chart for qe

0 3 6 9 12 15

Standardized effect

X1*X3

X1*X2

X2*X3

X1

X3

X2

Fig. 7. The Pareto plot for the biosorption capacity.

Fig. 6. Scatter graph of the predicted response values vs.
experimental response values for total Cu(II) removal
(% R) onto almond shell.

Fig. 5. Scatter graph of the predicted response values vs.
experimental response values for the biosorption capacity
of Cu(II) onto almond shell.

Standardized Pareto Chart for Removal

0 2 4 6 8 10

Standardized effect

X1*X2

X1*X3

X2*X3

X2

X3

X1

Fig. 8. The Pareto plot for the % of copper removal.
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experiments have been performed with a constant
temperature 25˚C, pH= 5, and contact time= 260min.
The saturation time, ts, has been established when the
C/Ci is higher than 0.9, as is usual in this studies.
Results obtained are shown in Fig. 9(a)–(c).

From the experimental data of Fig. 9(a)–(c) were
obtained the most significant parameters of the break-
through curves according to Eqs. (1)–(6). These results
are summarized in Table 4.

Comparing data from Table 4, in first test (Fig. 9
(a)), the value of % removal of Cu(II) is close to 100%,

while the biosorption capacity is very low, 1.23mg/g.
However, in second test (Fig. 9(b)), the biosorption
capacity is much higher, 10.53mg/g, while the %
removal is very low, 30% approximately. Increasing
the bed height keeping conditions of second test
(Fig. 9(c)), improves significantly % removal of cop-
per, but decreases biosorption capacity practically to
half of maximum value obtained. It is noted that a
increasing in bed height keeping other experimental
parameters has a negative effect in biosorption capac-
ity and a positive effect in % removal of Cu(II).
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Fig. 9. Breakthrough curves for Cu(II) biosorption onto almond shell at pH=5: (a) amount of almond shell = 15 g; flow
rate = 2mL/min; and Ci = 40mg/L; (b) amount of almond shell = 5 g; flow rate = 6mL/min; and Ci = 100mg/L; and (c)
amount of almond shell = 15 g; flow rate = 6mL/min; and Ci = 100mg/L.

Table 4
Parameters of the breakthrough curves for almond shell for different experimental conditions

Vef, mL qtotal, mg mtotal, mg % R qe, mg/g Ce, mg/L tr, min ts, min

Fig. 9a 520 18.48 18.72 98.72 1.23 0.47 200 –

Fig. 9b 1,560 52.65 179.77 29.29 10.53 81.49 – 260

Fig. 9c 1,560 84.57 176.28 47.97 5.64 58.78 10 –
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From respective breakthrough time and saturation
time it is observed that, for the first, there is a high
difference with experimental conditions used: so, in
first test it resulted in a breakthrough time of 200min,
compared with 10min obtained in the last test, and
this has not been obtained in second test. On the other
hand, the saturation of the column only is achieved in
second test (Fig. 9(b)).

3.3.2. Modeling of data

In the following sections, the experimental results
from Fig. 9(b) and (c) (Q= 6mL/min; Ci = 100mg/L;
and z= 4.4 and 13.4 cm, respectively) have been fitted to
each of the models mentioned previously with the aim
of describing the fixed-bed column behavior, determin-
ing the corresponding kinetic parameters. The experi-
mental results were fitted to the models through
nonlinear regressive analysis using the Marquardt algo-
rithm. Below results obtained are discussed.

Adams–Bohart model. In accordance with numerous
authors, the Adams–Bohart model is mainly used
when the concentration in the effluent is lower than
0.15Ci, (of initial part of breakthrough curve)
[21,39,40]. The model parameters were obtained using
nonlinear regression analysis according to Eq. (8), and
the results are listed in Table 5.

Adams–Bohart model reproduces acceptably the
initial part of the breakthrough curve in both cases
studied. The volumetric biosorption capacity, N0,
decreases with increases bed height, equal that kinetic
constant, kAB, which also decreases with bed height,
indicating that the biosorption process occurs more
slowly. These results are similar to obtained by other
authors [41–43].

Thomas model. The Thomas model is one of the
most widely used methods to describe column bio-
sorption data. According to Eq. (9) and nonlinear
regression are obtained parameters model and
adjusted values. They are shown in Table.

The Thomas model does not reproduce the break-
through curves acceptably (see the r2 values). Further-
more, comparing results (Table 5), it is observed that
values of maximum concentration of the solute in the
solid phase, q0, are lower than experimental values
(especially in first case). Results obtained by other
authors with Thomas model are very different. So,
Vázquez et al. [44] studying the optimization of bio-
sorption of lead, copper, and zinc onto nut shell indi-
cate that Thomas model does not reproduce
acceptably the breakthrough curves, finding differ-
ences between experimental values of biosorption
capacity and the values obtained by model. Han et al.
[42] study the adsorption of copper in a packed bed

Table 5
Estimated parameter values for the Adams–Bohart, Thomas, Yoon–Nelson, and dose–response models for the biosorption
process of Cu(II) onto almond shell

Adams–Bohart model

Figure Z, cm kAB, L/mgmin N0, mg/L r2
X

½ðC=CiÞexp � ðC=CiÞcal�2
Fig. 9(b) 4.4 8.56� 10�4 3461.2 0.998 0.0001

Fig. 9(c) 13.4 4.69� 10�4 2285.6 0.973 0.0027

Thomas model

Figure Z, cm KTh, mL/mgmin q0, mg/g r2
X

½ðC=CiÞexp � ðC=CiÞcal�2
Fig. 9(b) 4.4 0.191 7.399 0.782 0.352

Fig. 9(c) 13.4 0.127 5.280 0.839 0.291

Yoon–Nelson model

Figure Z, cm KYN, mL/mgmin scal, min sexp, min r2
X

½ðC=CiÞexp � ðC=CiÞcal�2
Fig. 9(b) 4.4 0.0220 53.5 45 0.782 0.352

Fig. 9(c) 13.4 0.0143 116.8 90 0.839 0.291

Dose–response model

Figure Z, cm a b q0, mg/g r2
X

½ðC=CiÞexp � ðC=CiÞcal�2
Fig. 9(b) 4.4 1.288 5.802 0.964 0.0583 1.288

Fig. 9(c) 13.4 1.472 4.404 0.970 0.0535 1.472
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column using zeolites coated of iron oxide and they
show that Thomas model reproduces well the break-
through curves, obtaining that values of q0 are practi-
cally independents from bed height and different to
experimental values. Mata et al. [45] predicted that
Thomas model reproduces acceptably the break-
through curves, obtaining experimental values of bio-
sorption capacity very similar to calculated by the
model.

Yoon and Nelson model. The Yoon and Nelson
model is mathematically equivalent to Thomas model.
From Eq. (10) and nonlinear regression, parameters
model and adjusted values by model are obtained,
they are shown in Table 5.

This model is not acceptable to reproduce the
breakthrough curves (r2 values less than 0.90). How-
ever, the values of time necessary to removal the 50%
of initial metal, s, are very nearly to obtain experimen-
tally. These results coincide with obtained by other
author studying different system biosorbent metal in a
packed bed column [46,47].

Dose–response model. From Eq. (11) and nonlinear
regression, parameters model and adjusted values are
obtained. They are shown in Table 5.

The predicted breakthrough curves of the dose–
response model show reasonably good agreement
with the experimental plots (r2 > 0.90). However, the
values of the maximum concentration of the solute in
the solid phase, q0, are not agreed with experimental
results.

However, the values of total amount of copper
retain, qtotal, obtained experimentally and obtained by
adjust of the model are practically same (Table 6). As
indicated above, this model reproduces acceptably the
complete breakthrough curves, but, in some cases, it
is difficult to relate adjusted parameters with opera-
tional conditions. Therefore, dose–response model is
unusual for modeling the operation in the column
and to perform a scaling of the process.

4. Conclusions

The present study shows that almond shell can be
used as biosorbent for the removal of copper from

aqueous solutions. Optimum biosorption conditions
were determined by using a FFD. The model equation
obtained led to a classification of the parameters based
on their level of significance for two response ana-
lyzed (biosorption capacity and total copper removal).
The optimization process concluded that the most
influent parameters in biosorption capacity was initial
concentration of Cu(II), while the most influential fac-
tors in total copper removal were the flow rate and
mass of almond shell. The scatter graph of the pre-
dicted response values vs. experimental response val-
ues for total Cu(II) removal (% R) onto almond shell
were studied, showing that experimental data are in
good accordance with obtained through model.
Adams–Bohart, Thomas, Yoon–Nelson, and dose–
response models were used to fit the experimental
data. Results shown that dose–response model was
the best model to adjust the complete breakthrough
curves.
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