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Fax: +34 958 248992; email: marianml@ugr.es (M.Á. Martı́n-Lara), Tel. +34 958 243315; Fax: +34 958 248992;
emails: gblazque@ugr.es (G.B. Garcı́a), mcaleroh@ugr.es (M.C. de Hoces)

Received 14 May 2015; Accepted 30 June 2015

ABSTRACT

The overall objective of this study is to model and optimize the elimination of nickel ions
from aqueous solutions by pine cone shell and olive tree pruning as biosorbents. A 33 full
factorial design was employed for experimental design and analysis of the results. The flow
rate (4–8 mL/min), the mass of biosorbent (5–15 g), and the initial Ni(II) concentration
(10–100 ppm) were the critical variables of the removal optimized. The results have shown
that initial concentration of Ni(II) is the most influential factor in biosorption capacity as
much as in total nickel removal. The optimum flow rate, mass of biosorbent, and initial con-
centration of Ni(II) to obtain the maximum total nickel removal coincided with both biosor-
bents and were found to be 6 mL/min, 15 g, and 10 ppm. Meanwhile, to maximize the
biosorption capacity, the optimum flow rate, mass of biosorbent, and initial concentration of
Ni(II), were 8 mL/min, 5 g, and 100 ppm for olive tree pruning and 6 mL/min, 15 g, and
100 ppm for pine cone shell. The experimental breakthrough curves obtained under
optimum conditions were modeled using Bohart–Adams, Thomas, Yoon–Nelson, and
Dose-Response models. The last one is the model that best reproduced the total
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. Heavy metals are non-biodegradable and
tend to accumulate in living organisms, thus becoming
concentrated throughout the food chain [1]. In soil
and water, heavy metals are introduced from the
waste discharge of the industrial manufacture, such as

pesticides, batteries, alloys, electroplated material,
textile dyes, steel [2]. There are an increasing number
of applications with nickel us steel, rechargeable bat-
teries of NiCd and NiMH, etc., due to its good proper-
ties against corrosion, impact, and high temperatures
[3]. The average concentration of nickel in drinking
water is between 2 and 4.3 ppb [4]. However, near the
industries that process or use Ni(II), the levels could
be higher, and it is necessary to decrease this value
until acceptable levels.
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Conventional separation techniques, including
chemical precipitation, membrane separation, filtration,
ion exchange, electrochemical methods, etc. have been
developed to respond to this challenge [5]. However,
these methods are limited in practice due to the
drawbacks, such as formation of undesirable metallic
by-products, rigorous conditions, or expensive cost [6].

Biosorption technology, one of the emerging meth-
ods for metal removal, has been regarded as a cheaper
and more effective alternative [7]. Biosorbents for the
removal of heavy metal ions mainly come under the
following categories: bacteria, fungi, algae, industrial
waste, agricultural wastes, and other polysaccharide
materials [8]. Many agricultural wastes have been
studied to remove nickel from wastewater as grape-
fruit peel, peanut hall, barley straw, sugarcane, rice
bran, baker’s yeast, wheat, pomace of olive oil factory,
palm seed, sugar beet pulp, rice husk, coir pith,
orange peel, cassava peel, and cashew nut peel [9–20].
In this work, the use of pine cone shell (PCS) and
olive tree pruning (OTP) as biosorbents to remove
nickel from artificial waste waters was studied.

The presence of chemical compounds such as holo-
cellulose, α-cellulose and lignin provides acidic func-
tional groups which accounts for the metal capacity of
both biosorbents [21–23]. Two materials are wastes of
agro-industrial activity and they are highly abundant
in nature. Besides, they present an advantage that the
small contact period required to remove a large
amount of metal ion from solution is short. The litera-
ture search revealed that equilibrium of heavy metal
uptake was reached in the first 7 min for Nickel(II)
onto pine cone powder [24]. Shorter contact time
means higher metal removal rates within short times.

The novelty of this research is that it made a deep
study of the biosorption continuous process to remove
nickel from wastewater because there is barely any
literature about the breakthrough curves of this metal.

Moreover, although multivariate statistical tech-
niques have been widely studied by many researchers
for the optimization of biosorption process in batch
mode [25–27], there is no study in the literature on
response surface modeling of nickel removal from
aqueous solution by PCS and OTP using an experi-
mental design technique.

The classical method of experimental optimization
involves changing one variable at a time, keeping the
others constant. In addition, it is not practical to carry
out experiments with every possible factorial combina-
tion of the test variables because of the large number
of experiments required. Thus, a 33 full factorial
design was used in this study to establish how initial
concentration of Ni(II), mass of biosorbent, and flow
rate interacted in the removal of Ni(II), besides to

obtain mathematical models that show the influence
of each variable and their interactions.

2. Materials and methods

2.1. Biomass

OTP was obtained from olive plantation located in
Vilches, province of Jaen (Spain). The solid was milled
in an analytical mill (IKA MF-10) and <1.000 mm
fraction was chosen for the characterization and
biosorption tests.

PCS was provided by Carsan Biocombustibles S.L.
Factory from Granada (Spain). The solid was milled in
an analytical mill (IKA MF-10) and the <1.000 mm
fraction was chosen for the characterization and
biosorption tests.

A complete characterization of solids has been
made in previous works [23].

2.2. Preparation of nickel solutions

A series of stock solutions of 10, 50, and 100 mg/L
Ni(II) were prepared by dissolving the desired amount
of Ni(NO3)2·6H2O (riches 98%) in 10,000 mL of dis-
tilled water. Solutions of different concentrations were
prepared by the dilution of appropriate quantities of
Ni(II).

2.3. Continuous system

Continuous flow sorption experiments were con-
ducted in a glass column with an internal diameter of
1.5 cm and length of 23 cm. A known quantity of the
biosorbent was packed in the column to yield the cor-
responding bed height of the biosorbent. The bed
porosity was 0.673 and 0.702 and the bulb density was
equal to 0.472 and 0.422 g/cm3 for PCS and OTP,
respectively. The bed of the biosorbent was supported
between two small layers of cotton wool to prevent
the biosorbent from floating. To enable a uniform inlet
flow of solution into the column, glass beads of 5 mm
diameter were placed into the column. The nickel
solution having the chosen initial concentration was
then pumped through the column at desired volumet-
ric flow rate with the help of a peristaltic pump
(Dinko model D21 V) in an up-flow mode at constant
temperature (maintained at 25˚C with a thermostatic
bath). Samples were collected from the outlet of the
column at a time interval of 10 min during an opera-
tion time of 250 min and were analyzed by a 3,100
Perkin–Elmer atomic absorption spectrophotometer to
obtain the nickel concentration of samples.

The experimental breakthrough curves were
obtained by measuring the metal concentration in the
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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,
corresponding to the solute-free biosorbent, to 100% of
the inlet concentration, corresponding to the total
saturation [28]. From a practical point of view, in this
study, the saturation time, ts, is established when the
concentration of the effluent is 90% of the inlet con-
centration; and the service or breakthrough time, tr, is
established when the metal concentration in the
effluent reaches a value between 1 and 2 mg/L. The
breakthrough curve is usually expressed in terms of a
normalized concentration, defined as the ratio of efflu-
ent metal concentration to inlet metal concentration
(C/Ci) vs. time or volume of the effluent.

Analysis of column data was obtained and evalu-
ated with the help of following equations:

(1) Volume of the effluent (Vef) in mL:

Vef ¼ Q ttotal (1)

Q = volumetric flow rate in mL/min;
ttotal = total flow time in min.

(2) Total mass of metal biosorbed (the area under
the breakthrough curve) (qtotal) in mg:

qtotal ¼ Q=1;000

Zt¼t:total

t¼0

CR dt (2)

CR = concentration of metal removal in mg/L.

(3) Total amount of metal ions sent to the column
(mtotal) in mg:

mtotal ¼ Ci Qt

1;000
(3)

(4) Total metal removal (%R) in %:

%R ¼ qtotal
mtotal

� 100 (4)

(5) The amount of metal biosorbed at equilibrium
or biosorption capacity (qe) in mg of sorbated
metal/g of biosorbent:

qe ¼ qtotal
m

(5)

m = mass of biosorbent in g.

(6) The equilibrium metal concentration (Ce) in
mg/L:

Ce ¼ mtotal � qtotal
Vef

� 1000 (6)

2.4. Modeling by full factorial design and optimization of
operational variables

The factorial design describes which factor shows
more impact on response and the relationships
between all factors and response [29]. In this work,
volumetric flow rate, initial Ni(II) concentration, and
biosorbent dose were taken as independent variables
while the other variables like the particle size
(<1 mm), temperature (25˚C), and total flow time
(250 min) were kept constants. Responses examined
were the biosorption capacity and Nickel removal per-
centage. Three replicates of 33 FFD having 27 experi-
ments (with one replicate) were studied. Then 27 (33)
measurements are required to perform a factorial
design analysis. The three factors and three levels for
OTP and PCS are shown in Table 1.

2.5. Modeling data

Results with the best operational conditions
obtained from experimental design were modeled to
estimate the kinetic coefficients. Various simple mathe-
matical models, such as Adams–Bohart, Thomas,
Yoon–Nelson, and Dose-response models have been
developed to predict the dynamic behavior of the col-
umn and allow some kinetic coefficients to be esti-
mated. These models have been widely used by
several authors to model the biosorption process. The
necessary equations for each model are presented
below. The full development for them can be seen in
previous works [28,30,31].

Table 1
Values and levels of operating parameters for OTP and
PCS

Factors
Levels

−1 0 1

X1: volumetric flow rate, mL/min 4 6 8
X2: mass of biosorbent, g 5 10 15
X3: initial nickel concentration, mg/L 10 50 100
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(7) Adams–Bohart model:

C

Ci
¼ ekABCit� kABN0Z

m
(7)

kAB = kinetics constant in L/mg min;
N0 = maximum volumetric sorption capacity in mg/L;
C = solute concentration in the liquid phase in mg/L;
Ci = inlet metal concentration in the solution in mg/L;
ν = linear flow rate in cm/min and Z is the bed depth
of the column in cm.

This model is going to be applied to describe the
initial part of the breakthrough curve, i.e. for C values
lower than 0.15 Ci.

(8) Thomas model:

C

Ci
¼ 1

1þ exp kTh
Q ðq0m� CiVef Þ

� � (8)

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

(9) Yoon and Nelson model:

Ci

C
¼ 1

1þ ekYNðs� tÞ (9)

kYN = the Yoon and Nelson´s proportionality constant
in min−1;
τ = time required for retaining 50% of the initial
adsorbate in min.

(10) Dose-response model:

C

Ci
¼ 1� 1

1þ CiVef
q0m

� �a (10)

a = the constant of the Dose-response model.

3. Results and discussions

3.1. Biosorption of Ni(II)

In this section, the effect of the main factors, that
affect the biosorption process, is studied and a full

factorial design is applied to know which factor or
pair of them has more influence on it.

3.1.1. Study of the effects of factors

3.1.1.1. Effect of feed flow rate. First, the effect of feed
flow rate has been analyzed. For that, other
parameters have been kept constant according to the
previous studies performed in continuous system [32]
and data from literature: initial concentration of Ni(II),
100 mg/L; pH 6; time of contact, 250 min; and mass of
OTP or PCS, 5 g (equivalent to 7 cm of the height of
bed column for OTP and 6 cm for PCS). For all experi-
ments, t = 0 has been assigned to the time in the exit
of the column, with the objective that all of them have
the same reference point.

The breakthrough curves at three flow rates (4, 6
and 8 mL/min) have been illustrated in Fig. 1.

The removal of Ni(II) increases while the flow rate
decreases, reaching the saturation of the column in the
three cases with both biosorbents. Also, the break-
through time, tr, increases when the flow rate
decreases. Since the ratio C/Ci is upper 0.8, using OTP
as biosorbent, there are not almost differences between
the behavior with the two highest flow rates (6 and
8 mL/min) meanwhile the breakthrough curve for the
lowest flow rate is separated of them. In the right gra-
phic, for the PCS since the same point, the behavior
with the three flow rates is practically the same. In
addition, figures show that PCS is saturated earlier
than OTP in the same conditions of the experiment.

This behavior is due to that at a low rate of
influence, metal ions had more time to contact the
biosorbent, that resulted in a higher removal of metal
ions in column. While increasing the flow rate, the
results indicated that the adsorption capacity would
reach the equilibrium value faster, which may cause a
negative effect on the mass transferring efficiency of
metal ions. Similar results were obtained for other
authors in the biosorption of metal onto different
materials [33–35]. Taking into account this effect, it is
possible to choose an appropriate flow rate in order to
make the process time efficient.

3.1.1.2. Effect of bed height. The removal of metals in a
packed bed column depends on the amount of biosor-
bent used (or bed height of column), among other fac-
tors. Therefore, the effect of mass of biosorbent on
biosorption of Ni(II) has been studied. For that, experi-
ments with three amounts of biosorbents equivalent to
three bed heights are performed. There have been
used 5, 10, and 15 g of OTP (equivalent to 7, 14.5, and
18 cm respectively) and 5, 10, and 15 g of PCS (equiva-
lent to 6, 12, and 18 cm respectively). According to the
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previous results, flow rate of 4 mL/min and initial
concentration of Ni(II), 100 mg/L, pH 6, time of con-
tact 250 min, have been chosen. Results are shown in
Fig. 2.

Fig. 2 shows that an increase in bed height
increases the nickel removal, and it is better for PCS
than for OTP. As the bed height increases, Ni(II) had
more time to contact the biosorbents that resulted in
higher removal efficiency of Ni(II) ions in column.
Besides, the time required for attaining the break-
through or saturation increased with an increase in
bed height in the case of both biosorbents. Similarly,
volume was treated till breakthrough and saturation
increased with an increase in bed height. It is due to
that, when the column has greater bed height, it con-
tains a larger amount of biosorbent and thus it pro-
vides a greater number of sites for the binding of
metal ions. However, when the column has shorter
bed height, it is saturated quickly due to lesser avail-
ability of sorbent and hence the metal binding sites.

Similar observations were made by several authors by
studying the biosorption of different metals in a
packed bed column [36–39]. The slope of break-
through curve decreased with an increase in bed
height. The value of the slope of the breakthrough
curve reflects the speed to achieve the saturation of
the column and consequently, a broadened mass
transfer zone. Besides, the slope of breakthrough curve
to remove Ni(II) by PCS was lower and thus, satura-
tion of the column was slower using this biosorbent
than OTP.

3.1.1.3. Effect of initial concentration. The effect of initial
concentration of Ni(II) has been studied. For that,
experiments are performed, keeping the other
variables constants (flow rate, bed height, pH and
time). According to the previous studies, flow rate of
4 mL/min, biosorbent mass of 15 g, pH 6, and time of
contact 250 min, have been chosen. Results are shown
in Fig. 3.
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Fig. 1. The effect of feed flow rate on biosorption of Ni(II) onto OTP and PCS.
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Fig. 2. The effect of mass biosorbent on biosorption of Ni(II) onto OTP and PCS.
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It is observed that, when initial concentration of
nickel is increased, the breakthrough time is less, and
the saturation of column will be reached more quickly.
Also, the figure shows that the saturation process is
slower for PCS than for OTP as biosorbent.

The breakthrough time decreases by increasing the
initial concentration of Ni(II), but it is only obtained in
a test with the highest initial concentration by using
OTP as biosorbent. Consequently, the percentage of
Ni(II) removal until saturation of the column was only
reached in this experiment. Therefore, to obtain this
value in the other cases, more operational time would
be necessary and the percentage of metal removed,
until the saturation, would be higher. The biosorption
capacity was higher using PCS at the same inlet con-
centration. However, this value for the same waste
increased as the inlet Ni(II) concentration increased. It
is due to that, at higher metal concentration, sorption
of Ni(II) ions by biosorbents is faster than that at a
lower concentration, thus resulting in quick attainment
of breakthrough and saturation of the column. Finally,
it was also observed that the slope of breakthrough
curves for both biosorbents increased with an increas-
ing influent metal concentration. As the slope of
breakthrough curve is a measure of the efficiency of
column to achieve the saturation, one more time, it
indicates the faster saturation of the column when
inlet Ni(II) concentration increased. Similar to this
observation, several authors also found a steeper
breakthrough curve at higher concentrations of
studied metal in a packed bed column [37,38].

3.1.2. Modeling by full factorial design and
optimization using the obtained functions

Once studied, that all proposed factors affect the
process of biosorption of nickel, a factorial design was

applied to obtain the optimal conditions. The factorial
design was performed for two biosorbents.

The natural parameters and coded values of factors
(feed flow rate, mass of biosorbent, and initial concen-
tration of Ni(II)) with the values of two studied
responses (biosorption capacity, Y1, and percentage of
nickel removal, Y2) are shown in Table 2.

From these experimental results, the following
analysis is carried out:

3.1.2.1. Pareto plot. The Pareto analysis indicates the
extent of the influence of each variable on the
response factor, and it is determined by calculating
the percentage effect of each term on response [40].
Results obtained for the two studied responses and
for each variable from Pareto analysis are shown in
Fig. 4.

In Pareto plot, the vertical line indicates the
minimum statistically significant effect of magnitude
and the horizontal column lengths are proportional to
the significant degree for each effect. The negative fac-
tors indicate an unfavorable or antagonistic effect on
the response, whereas the positive factors indicate a
favorable or synergistic effect on this [41].

Fig. 4 includes the importance of term C in the
two responses (both linear and quadratic), indicating
the high effect of the initial concentration of Ni(II) in
the biosorption process. The initial nickel concentra-
tion (C) has a positive effect on biosorption capacity
and had a negative effect on %R, the percentage
removal, as it was expected, according to the respec-
tive definition equations and according to the break-
through curves obtained and shown in Fig. 3. Note
that the influence of initial concentration of nickel is
higher for OTP than for PCS because PCS can absorb
more nickel with higher initial concentrations than
OTP.
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Fig. 3. The effect of initial concentration of nickel on biosorption of Ni(II) onto OTP and PCS.
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Similar effects were observed for the volumetric
flow rate in two responses. Flow rate had a positive
effect on biosorption capacity and had a negative effect
on % removal, as well as its effect was more significant
for OTP than for PCS. Meanwhile, the mass of biosor-
bent had a negative effect on biosorption capacity and
had a positive effect on % removal. Moreover, its effect
is again more significant for OTP than for PCS.

However, the quadratic terms had a different con-
tribution, whereas the quadratic term of CC and BC
has a high effect on two responses, the other ones
have a very low contribution, even below vertical line.
In most cases, the interaction between volumetric flow
rate and initial concentration of metal, as well as the
volumetric flow rate and mass of biosorbent, has no
significant effect on the nickel biosorption process.

So, on examining Fig. 4, it can be observed that all
the linear terms had a significant effect on two

responses, and for that in the biosorption process,
except the mass of biosorbent using PCS which is not
statistically significant for the biosorption capacity.

3.1.2.2. The main effect plot. The main effect plots are
used to compare the changes in the mean levels to see
which factors influence the response more. A main
effect is present when different levels of a factor affect
the response differently. A line is drawn to connect
the points for each factor and a reference line is also
drawn at the overall mean. When the line is horizontal
(parallel to the x-axis), there is no main effect present.
Each level of the factor affects the response in the
same way and the mean response is the same across
all factor levels. When the line is not horizontal (paral-
lel to the x-axis), there is a main effect present. Differ-
ent levels of the factor affect the response differently.
The greater the difference in the vertical position of

Table 2
FFD Matrix for OTP and PCS. Natural and coded values of parameters

Runs

Coded
values Natural values

Responses

OTP PCS

X1 X2 X3

Volumetric flow rate
(mL/min)

Mass of
biosorbent (g)

Initial Ni(II)
concentration (mg/L)

Y1

(mg/g)
Y2

(%)
Y1

(mg/g)
Y2

(%)

1 −1 −1 −1 4 5 10 1.561 83.87 1.914 94.05
2 −1 −1 0 4 5 50 5.684 55.08 2.716 26.31
3 −1 −1 1 4 5 100 6.039 30.10 4.109 20.48
4 −1 0 −1 4 10 10 1.117 99.88 1.016 99.84
5 −1 0 0 4 10 50 4.005 77.62 3.049 59.09
6 −1 0 1 4 10 100 4.724 47.09 4.139 41.26
7 −1 1 −1 4 15 10 0.796 97.77 0.717 100
8 −1 1 0 4 15 50 3.804 87.28 3.313 92.03
9 −1 1 1 4 15 100 4.442 55.35 5.382 74.42
10 0 −1 −1 6 5 10 2.601 85.22 2.877 89.19
11 0 −1 0 6 5 50 7.454 48.16 4.376 27.02
12 0 −1 1 6 5 100 6.316 20.98 5.419 16.65
13 0 0 −1 6 10 10 1.360 99.85 1.604 99.45
14 0 0 0 6 10 50 5.214 64.49 5.182 63.97
15 0 0 1 6 10 100 6.958 46.24 6.906 42.44
16 0 1 −1 6 15 10 1.113 99.06 1.063 98.88
17 0 1 0 6 15 50 4.763 73.64 4.594 85.08
18 0 1 1 6 15 100 7.077 58.79 7.505 69.18
19 1 −1 −1 8 5 10 2.627 64.55 2.821 69.29
20 1 −1 0 8 5 50 7.267 35.21 5.765 27.93
21 1 −1 1 8 5 100 6.885 17.16 4.785 11.92
22 1 0 −1 8 10 10 1.890 92.89 2.113 98.28
23 1 0 0 8 10 50 5.546 53.74 5.205 48.20
24 1 0 1 8 10 100 8.170 40.72 6.932 31.95
25 1 1 −1 8 15 10 1.580 97.02 1.321 97.34
26 1 1 0 8 15 50 4.917 59.56 3.327 48.35
27 1 1 1 8 15 100 8.376 52.19 4.803 35.91
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the plotted points (the more the line is not parallel to
the x-axis), the greater is the magnitude of the main
effect [42].

The studied parameters were the same as above
and the main-effects plots are given for each
biosorbent in Fig. 5.

It is observed that three factors affect the response
differently, being the initial Ni(II) concentration (C),
the factor which affects more (it is also shown in Par-
eto plots). The biosorption capacity shows a clear
trend to increase with an increase in the initial Ni(II)
concentration. It is common for both biosorbents.
However, other parameters were not found a clear
trend, keeping more or less constant with increase of
parameters, as the mass of biosorbent (B). Results
showed that in the case of PCS, this factor does not
affect the biosorption capacity (also in Pareto plots). It
can be due to from a value of bed height when it is
used PCS the behavior of the column is very similar

and accordingly results of the biosorption capacity
value. In Fig. 2, it can be observed that differences in
the breakthrough curve were higher between 10 and
15 g of the PCS, whereas these differences decrease
between the curves using 5 and 10 g. Besides, analyz-
ing the results from Table 2, a clear trend was not
observed in the bed height. So, for an inlet Ni(II) con-
centration of 50 mg/L, it is observed that biosorption
capacity of PCS at flow rate of 4 mL/min was 2.716,
3.049, and 3.313 mg/g for a bed height of 5, 10, and
15, respectively (increasing trend), whereas at a flow
rate of 6 mL/min was 4.376, 5.182, and 4.594 mg/g for
a bed height of 5, 10, and 15, respectively, (not clear
trend) and at flow rate of 8 mL/min was 5.765, 5.205,
and 3.327 mg/g for a bed height of 5, 10, and 15,
respectively (decreasing trend). Thus, it can be con-
cluded that the biosorption process is very complex
and involves many factors. And depending on how
other variables affect the process, the parameters can
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positively or negatively influence the output response
variable. For this, the parameters don’t have the same
effect on the response variable.

3.1.2.3. Regression analysis. Data obtained were fitted
on a second-order regression equation in the following
form:

Y ¼ a0 þ a1 � Aþ a2 � Bþ a3 � Cþ a4 � A2 þ a5 � A � Bþ a6
� A � Cþ a7 � B2 þ a8 � B � Cþ a9 � C2

(11)

where Y is the studied response (nickel biosorption
capacity or removal percentage), A, B, and C studied
factors, a0 the global mean and ai is the regression
coefficient. The fitted equations for two responses are
obtained by substituting the coefficients ai in Eq. (11)
by the corresponding values from Tables 3 and 4.

Values of standard deviations, R2 are also given in
Tables 3 and 4. High values of R2 have been observed
(higher 91% in all studied cases). They indicated a
good fitting of models and high relation between the
observed and predicted values of responses. Olmez
[43] suggested that the correlation coefficient (R2)
should be at least 80% for a good fit of a model. So,
the obtained R2 values showed that the regression
models explained well the relation between factors
and studied responses by the corresponding second-
order equations. On the other hand, values of R2 indi-
cate that the model with the best results is the best
suited for % nickel removal using OTP as biosorbent ,
as, it presents the highest value for R2 for four studied
responses.

Graphs of the predicted responses values vs. the
experimental response values for qe and %R, for both

biosorbents, are shown in Figs. 6 and 7, respectively.
These figures show that the developed models were
adequate due to their good fitting.

3.1.2.4. Analysis of variance (ANOVA). An ANOVA was
performed to study the significance of the model.
Thus, an ANOVA was conducted to obtain the sum of
squares (SS), degrees of freedom (Df), mean squares
(MS), f-ratio (F-R), and p-values (p-V) by fitting the
second-order polynomial equation from the experi-
mental data. The results of the coefficients of the
model and the ANOVA are shown in Table 5.

It was observed from Table 5 that, the coefficients
for the main effects were highly significant for two
biosorbents (p = 0.000), while for the mass of PCS, the
effect B was not significant (p = 0.3716). It is well
known that for the larger magnitude of F-R and smal-
ler p-value, more significant is the corresponding
coefficient [44]. So, it also implies that the variable
with the largest effect was the initial nickel concentra-
tion for the percentage of nickel removal with OTP.
Moreover, all correlation coefficients (higher than 0.91)
were very high showing good fitness of statistical
model.

3.2. Column biosorption modeling

From the statistical optimization, it is observed that
the optimum values to maximize the OTP biosorption
capacity (7.849 mg/g) for flow rate, biosorbent mass,
and initial Ni(II) concentration, were estimated to be
8 mL/min, 5 g, and 100 mg/L; while to maximize the
% of nickel removal (100%), were estimated to be
6 mL/min, 15 g, and 10 mg/L. For PCS, the optimum
values to maximize the biosorption capacity
(6.530 mg/g) were estimated to be 6 mL/min, 15 g,

Fig. 5. Main effects for qe, for the nickel removal with OTP and PCS.
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and 100 mg/L and to maximize the % of nickel
removal (100%) were estimated to be 6 mL/min, 15 g,
and 10 mg/L.

Figs. 8 and 9 show the breakthrough curves with
the optimum values for biosorption capacity and per-
centage of nickel removal onto OTP and PCS.

By analyzing Figs. 8 and 9, it is observed, as it is
expected, that the results that make optimum value of
the percentage of nickel removal (100%) for OTP and
PCS, correspond to the experiments in which the time
of contact coincides practically with the breakthrough
time.

When the time of operation increases, the quantity
of metal that is adsorbed in relation to the total quan-
tity of metal that goes through the column decreases
significantly, as well as the percentage of nickel
adsorbed by the biosorbent.

On the other hand, the results that make optimum
the biosorption capacity, correspond to the experiments
in which the time of contact coincides practically with
the saturation time.

In addition, figures show that the biosorbent OTP
has reached the saturation, meanwhile the PCS has
reached a value of C/Ci close to 0.8.

Therefore, only a model for the breakthrough
curves could be obtained corresponding to the opti-
mum values of biosorption capacity. The results for
every model are shown below.

3.2.1. Adams–Bohart model

The Adams–Bohart adsorption model was applied
to experimental data for the description of the initial
part of the breakthrough curve. Parameter values for
Adams–Bohart model were calculated using non-
linear regression analysis according to Eq. (7) and
presented in Table 6, together with the correlation
coefficients and SS. The model does not reproduce the
breakthrough curves adequately (see r2 values). How-
ever, the values of the maximum volumetric sorption,
N0, are higher for OTP, which agrees with that
obtained experimentally.

Table 3
Constant values for the fitted model of two responses for OTP

Biosorbent Constant Estimation Standard error p-Value

OTP Y1 qe a0 67.9322 2.6029
a1 −13.4444 2.4099 0.0000
a2 26.7033 2.4099 0.0000
a3 −50.1656 2.4099 0.0000
a4 −5.0867 4.1740 0.2396
a5 3.4167 2.9515 0.2630
a6 0.7650 2.9515 0.7986
a7 −13.7833 4.1740 0.0042
a8 6.31333 2.9515 0.0472
a9 8.7967 4.1740 0.0502
R2 = 97.2889 (percent); R2 (adjusted for d.f.) = 95.8536 (percent); Standard error of
Est = 5.1121

Y2% a0 5.4411 0.3389
a1 1.6762 0.3138 0.0001
a2 −1.0629 0.3138 0.0035
a3 4.9269 0.3138 0.0000
a4 −0.6980 0.5435 0.2163
a5 0.3893 0.3843 0.3252
a6 0.9338 0.3843 0.0265
a7 0.59267 0.5435 0.2907
a8 0.6592 0.3843 0.1045
a9 −2.6307 0.5435 0.0002
R2 = 94.9950 (percent); R2 (adjusted for d.f.) = 92.3453 (percent); Standard error of
Est = 0.6657
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3.2.2. Thomas model

The column data were fitted with the Thomas
model to determine the Thomas rate constant (kTh) and
maximum solid-phase concentration (q0). These
parameters were obtained using non-linear regression
analysis according to Eq. (8) and the results are listed in

Table 6. The Thomas model adequately reproduces the
experimental data, obtaining r2 > 0.95. However, the
value obtained for the maximum solid-phase concentra-
tion for OTP (4.812 mg/g) is smaller than the experi-
mental value (6.885 mg/g) and smaller than the value
obtained from the statistical optimization (7.849 mg/g).

Table 4
Constant values for the fitted model of two responses for PCS

Biosorbent Constant Estimation Standard error P-Value

PCS Y1 qe a0 60.2200 4.6289
a1 −15.3678 4.2856 0.0023
a2 35.3722 4.2856 0.0000
a3 −55.7900 4.2856 0.0000
a4 −11.8967 7.4228 0.1274
a5 −8.8583 5.2487 0.1097
a6 −4.5667 5.2487 0.3964
a7 −9.4367 7.4228 0.2207
a8 14.4617 5.2487 0.0135
a9 26.0633 7.4228 0.0027
R2 = 94.2405 (percent); R2 (adjusted for d.f.) = 91.1914 (percent); Standard error of
Est = 9.0910

Y2% a0 4.9515 0.3605
a1 1.1908 0.3338 0.0024
a2 −0.3063 0.3338 0.3716
a3 3.8371 0.3338 0.0000
a4 −1.7361 0.5781 0.0080
a5 −0.7655 0.4088 0.0784
a6 0.0470 0.4088 0.9098
a7 −0.6094 0.5781 0.3065
a8 1.3147 0.4088 0.0051
a9 −1.0698 0.5781 0.0817
R2 = 91.0602 (percent); R2 (ajusted for d.f.) = 86.3274 (percent); Standard error of
Est = 0.7080

Fig. 6. Scatter graph of the predicted response values vs. experimental response value for the biosorption capacity of
Ni(II) and nickel removal (%R) onto OTP.

A.I. Almendros Molina et al. / Desalination and Water Treatment 57 (2016) 15057–15072 15067



In contrast, the experimental and calculated values
for the PCS are more similar (7.005, 7.505, and
6.530 mg/g), although the value obtained with
Thomas model continues to be slightly smaller.

The difference in the value of the maximum
biosorption capacity can be explained if it is consid-
ered that the Thomas model as well as the other mod-
els that have been used, take into account that the
breakthrough curve is symmetric.

As it can be observed in the Figs. 8 and 9, the
curves obtained are not symmetric, principally in the
case of the OTP.

Thus, the time, when C/Ci = 0.5 for OTP, is
30 min, meanwhile, the time to reach saturation (when
C/Ci = 0.9) is 100 min.

In the case of PCS, the curve presents a certain
symmetry and even the saturation has not been
reached, the time when C/Ci = 0.5 is 170 min. The

Fig. 7. Scatter graph of the predicted response values vs. experimental response value for the biosorption capacity of
Ni(II) and nickel removal (%R) onto PCS.

Table 5
Analysis of Variance (ANOVA) for OTP and PCS and for the two studied responses

Factor

OTP

Y1, qe Y2, %R

SS Df MS F-R P-V SS Df MS F-R P-V

A:Q 12.644 1 12.6437 28.53 0.0001 813.389 1 813.3890 31.12 0.0000
B:m 5.084 1 5.0838 11.47 0.0035 3208.810 1 3208.8100 122.78 0.0000
C:Ci 109.234 1 109.2340 246.52 0.0000 11324.600 1 11324.6000 433.33 0.0000
AA 0.731 1 0.7308 1.65 0.2163 38.811 1 38.8113 1.49 0.2396
AB 0.455 1 0.4547 1.03 0.3252 35.021 1 35.0208 1.34 0.2630
AC 2.616 1 2.6161 5.90 0.0265 1.756 1 1.7557 0.07 0.7986
BB 0.527 1 0.5269 1.19 0.2907 284.970 1 284.9700 10.90 0.0042
BC 1.303 1 1.3035 2.94 0.1045 119.575 1 119.5750 4.58 0.0472
CC 10.381 1 10.3806 23.43 0.0002 116.072 1 116.0720 4.44 0.0502
Total error 7.533 17 0.4431 444.274 17 26.1337
Total (corr.) 150.507 26 16387.300 26

PCS
A:Q 6.381 1 6.3808 12.73 0.0024 1062.760 1 1062.7600 12.86 0.0023
B:m 0.422 1 0.4223 0.84 0.3716 5630.370 1 5630.3700 68.13 0.0000
C:Ci 66.255 1 66.2554 132.17 0.0000 14006.400 1 14006.4000 169.47 0.0000
AA 4.521 1 4.5211 9.02 0.0080 212.296 1 212.2960 2.57 0.1274
AB 1.758 1 1.7580 3.51 0.0784 235.410 1 235.4100 2.85 0.1097
AC 0.007 1 0.0066 0.01 0.9098 62.563 1 62.5633 0.76 0.3964
BB 0.557 1 0.5571 1.11 0.3065 133.576 1 133.5760 1.62 0.2207
BC 5.185 1 5.1850 10.34 0.0051 627.419 1 627.4190 7.59 0.0135
CC 1.717 1 1.7166 3.42 0.0817 1018.950 1 1018.9500 12.33 0.0027
Total error 8.522 17 0.5013 1405.000 17 82.6471
Total (corr.) 95.325 26 24394.700 26
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saturation could be reached in 340 min as it can be
deduced from the trend of the breakthrough curve.

This effect also happens if it qe is calculated
experimentally with the model when C/Ci = 0.5. The

values obtained in this way for OTP are 3.270 and
3.984 mg/g, respectively. That indicates that if the
curve was symmetric, the results would be practically
equal.
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Fig. 8. Breakthrough curves with the optimum values for
the biosorption capacity and the percentage of nickel
removal onto OTP.
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Fig. 9. Breakthrough curves with the optimum values for
the biosorption capacity and the percentage of nickel
removal onto PCS.

Table 6
Estimated parameter values for Adams–Bohart, Thomas, Yoon–Nelson, and Dose-response models for the biosorption
process of Ni(II) onto OTP and PCS

Adams–Bohart model

kAB, L/mg min N0, mg/L r2
P

C
Ci

� �
exp

� C
Ci

� �
cal

� �2

OTP 0.000197 4296.3 0.684 0.0376
PCS 0.000175 3013.3 0.909 0.0582

Thomas model
kTh, mL/mg min q0, mg/g r2

P
C
Ci

� �
exp

� C
Ci

� �
cal

� �2

OTP 0.456 4.812 0.968 0.0503
PCS 0.187 7.005 0.954 0.0852

Yoon–Nelson model
kYN, min−1 τcal, min τexp, min r2

P
C
Ci

� �
exp

� C
Ci

� �
cal

� �2

OTP 0.0456 30.07 30.0 0.968 0.0503
PCS 0.0187 175.1 170.0 0.954 0.0852

Dose-response model
a q0, mg/g r2

P
C
Ci

� �
exp

� C
Ci

� �
cal

� �2

OTP 1.711 4.554 0.982 0.0249
PCS 2.636 6.693 0.991 0.0157
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3.2.3. Yoon and Nelson model

The Yoon–Nelson model parameters can be
obtained using non-linear regressive analysis from
Eq. (9). The values of kYN and τ are listed in Table 6.
The Yoon–Nelson is mathematically equal to Thomas
model. So, Yoon–Nelson model reproduces adequately
the experimental data, obtaining r2 values higher than
0.95. The 50% breakthrough time and τ values are
consistent to those obtained experimentally.

3.2.4. Dose-Response model

The model parameters were obtained using
non-linear regression analysis according to Eq. (10) and
the results are listed in Table 6. The predicted break-
through curves of the Dose-Response model show rea-
sonably good agreement with the experimental plots
(r2 > 0.98) (see Figs. 8 and 9). The values of the maxi-
mum concentration of the solute in the solid phase, q0,
are similar to those obtained from Thomas model.

Once again, in the case of OTP, the model
reproduces adequately the breakthrough curve. The
value of maximum biosorption capacity obtained is
smaller than the experimental one. For that, the model
is more appropriate for curves which show symmetry.

Comparing all the models that have been used, it
can be concluded that the Dose-Response model is the
one that best reproduced the total breakthrough
curves.

Although there are not similar studies to biosorp-
tion of Ni(II) in a packed bed column, obtained results
were compared with the results obtained in previous
studies with other metals [28,30,38]. In most cases, the
Dose-Response model was the best model to adjust
results and it minimized the errors resulting, espe-
cially in high values of operating time of the column.

4. Conclusions

Removal of nickel from aqueous solutions by
biosorption onto two agro-industrial wastes in
packed-bed columns was tested. Obtained results pre-
sent contributions to science due to that they imply a
new possible alternative to clean the industrial
wastewater contaminated with nickel with a high effi-
ciency. The significance of developing new treatment/
removal methods for heavy metal from industrial
wastewaters has been widely recognized especially in
the fields of environmental sciences.

Concretely, in this work, the effects of operational
parameters on biosorption capacity were studied and
the breakthrough curves show that the percentage of
nickel removal as well as the breakthrough time

increase, when the flow rate decreases, the mass of
biosorbent is bigger and the initial concentration of
Ni(II) is smaller.

Optimum biosorption conditions were determined
by using a FFD, obtaining a high correlation between
the experimental and predicted values (R2 ≈ 91%) that
show good fitting of the models for the two responses
analyzed (biosorption capacity and percentage of
nickel removal) for both biosorbents. The best fitting is
achieved using OTP as biosorbent with R2 = 95%.

The optimum flow rate, mass of biosorbent, and
initial concentration of Ni(II) to obtain the maximum
total nickel removal (100%) coincided for both biosor-
bents and were found to be 6 mL/min, 15 g, and
10 ppm. Meanwhile to maximize the biosorption
capacity, the optimum flow rate, mass of biosorbent,
and initial concentration of Ni(II), were 8 mL/min,
5 g, and 100 ppm for OTP and 6 mL/min, 15 g, and
100 ppm for PCS. Moreover, the optimum qe obtained
for OTP (7.849 mg/g) is greater than the optimum qe
obtained for PCS (6.530 mg/g).

The model equations obtained led to classify the
parameters based on their level of significance for two
responses analyzed. The optimization process con-
cluded that the most influent parameter in biosorption
capacity was initial concentration of Ni(II) followed by
the flow rate, while the most influential factor in the
percentage of nickel removal was the initial concentra-
tion of Ni(II) followed by the mass of biosorbent. It is
also observed that all factors had higher influence
over OTP than PCS.

Adams–Bohart, Thomas, Yoon–Nelson, and
Dose-Response models were used to fit the experimen-
tal optimum data. Results showed that the Dose-
Response model is the one that best reproduced the
total breakthrough curves.
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