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ABSTRACT

Adsorption of cadmium ions and phenol from aqueous solutions on chestnut (Castanea
sativa) shell was studied. An incomplete 3° factorial design was applied to investigate the
influence of the initial cadmium ions (20-60-100 mg I*) or phenol concentration (0.01-0.255-
0.5 g I'"), temperature (10-25-40°C for cadmium and 10-35-60°C for phenol) and pH (5.5-7.0-
8.5 for Cd** ions and 2.5-6.0-9.5 for phenol) on the amount of contaminant adsorbed and on
the adsorption percentage. Statistical analysis of the results showed the significance of the
individual factors and their interactions on both adsorption processes. The best conditions for
high cadmium ions and phenol removal within the experimental ranges of the variables
studied were the natural pH (around 5.5) and a temperature of 25°C for cadmium ions and
60°C for phenol. Under these conditions, adsorption equilibrium was modelled by the
Freundlich isotherm for cadmium ions and by the Langmuir isotherm for phenol.
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1. INTRODUCTION

Industrial activities and technological development generate effluents containing heavy metals
and other hazardous species, whose concentration must be reduced to meet legislative
standards. Thus, cadmium and phenol are generally considered to be highly toxic and can
provoke risks to human health.

The selection of a particular treatment procedure depends on the nature of the effluent, waste
type and concentration, presence of other constituents, level of removal required and
economics (Ghodbane et al., 2008). Adsorption has gained importance over other techniques
such as precipitation, ion exchange, filtration or solvent extraction due to its good
performance for removing contaminants from industrial effluents. On the other hand, there
has been a constant search for new adsorbents among industrial and agricultural residues
with high adsorption capacity and selectivity, abundant in nature and cheap (Bailey et al.,
1999; Ho and McKay, 1999; Fiset et al., 2000; Calace et al., 2002; Rao and Viraraghavan,
2002).

Chestnut shell from the Castanea sativa species is generated as a waste during the peeling
of chestnut to produce food derivatives and it is used as fuel. In a previous work (Vazquez et
al., 2008), a chemical composition analysis indicated that the shell contains lignin (32.0% o.d.
shell), cellulose (19.2% o.d. shell) and other compounds with functional groups that could
interact with Cd** and phenol (Garg et al., 2008a; Rao and Viraraghavan, 2002). Although
adsorption studies with other similar lignocellulosic materials such as nut, coconut and walnut
shells have been performed (Bailey et al., 1999; Ho and McKay, 1999), no information has
been found in literature on the utilization of chestnut shell as adsorbent.
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Published adsorption studies have demonstrated the influence of various parameters: initial
concentration, pH, temperature, solid/liquid ratio, particle size and mass of adsorbent, on the
removal efficiency of different species. However, the interaction among variables has been
scarcely considered. In this respect, a statistical experimental design can be employed to
determine the effects of operational variables and their interactions and to optimise the
adsorption process, avoiding the traditional one-factor-at-a-time experiments (Carmona et al.,
2005; Huang et al., 2008).

In this work, the use of chestnut shell as a low-cost adsorbent for the removal of cadmium
ions and phenol from aqueous solutions is presented. In order to optimize the adsorption
process, an incomplete 3° factorial design was applied to investigate the individual and
interactive effects of the initial concentration, temperature and pH on the shell capacity for
removing both contaminants and on the adsorption percentage. In addition, the equilibrium
isotherms (Freundlich and Langmuir models) were determined using the conditions selected
from the statistical design of experiments.

2. MATERIALS AND METHODS

2.1 Adsorbent preparation

Chestnut shell supplied by a food factory (Marrén Glacé, S.L., Ourense, NW of Spain) was
air-dried till equilibrium moisture content (approximately, 18% w/w), ground in a hammer mill
and after classified, the fraction with particle sizes between 0.1 and 2 mm was selected. In
order to polymerise and immobilise the water-soluble phenolic compounds, the shell was
treated with formaldehyde in acid medium according to Vazquez et al. (1994): a 1/4 (vIv)
mixture of 37% formaldehyde and 0.2 N sulphuric acid was heated to 50°C, chestnut shell
was added in a 2/5 (g of shell mI™* of formaldehyde) ratio and, after stirring at 50°C for 2 h, the
suspension was filtered through a Bichner funnel. The shell was washed with distilled water
until the washing pH was approximately 4 and air-dried.

The natural pH of the shell (around 4.5) was determined by stirring 1 g of chestnut shell in
100 ml of distilled water for 24 h.

2.2 Statistical design of experiments

To study the influence of initial adsorbate concentration (X;, 20-60-100 mg I* for cadmium
ions and 0.01-0.255-0.5 g I"* for phenol), temperature (X,, 10-25-40°C for cadmium ions and
10-35-60°C for phenol) and pH (Xs, 5.5-7.0-8.5 for Cd** and 2.5-6.0-9.5 for phenol) on the
amount of adsorbed contaminant (Y, mg adsorbed/g of chestnut shell) and on the adsorption
percentage (Y», %), an incomplete 3° factorial design (Box-Behnken model) was employed
(Table 1). Twelve experiments were required and all of them were done in duplicate. The
following variables were kept constant: solid/liquid ratio, 1/100 (g ml™) for cadmium ions and
1/50 (g mI™) for phenol; contact time, 4 days for cadmium ions and 8 days for phenol (the
optimum contact time determined in previous experiments for attaining adsorption
equilibrium), and particle size between 0.1 and 2 mm.

Multiple regression analysis using SPSS 13.0 software was employed to fit the experimental
data with polynomials of the form of Equation 1:

* * * *  * *  * * * *2 *2 *2 (1)
Yi=dgj+ayj Xy +ayj Xy +agj Xg+apyj Xy Xy +ay3; Xy Xg+ayg; XoXg+ayyj Xy “+agy; Xo™ +ag3; X3

where Y; is the predicted response, X; is the coded value of the independent variable: -1 (low
level), O (central point) and 1 (high level), ag; is a constant, a; is the ith linear coefficient, ay(i # k)
is the linear-by-linear interaction between the input variables and a&;; is the quadratic
coefficient.

All main factors and interactions that presented a probability value lower than 0.1 were
considered statistically significant. The validity of the equations obtained was verified by
application of the F test, analysing the correlation coefficients (R? and adjusted R?) and by
comparison between the calculated and experimental values of the Y.
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Table 1. 3° incomplete factorial design and experimental results for the dependent variables

Independent variables Dependent variables
* * * Yl,Cd Y1,pheno| Y2,Cd Y2,pheno|
P * * X (mggh (mggd) @) (%)
1.1 -1 -1 0 1.32 0.39 71.18 77.83
1.2 -1 -1 0 1.33 0.39 71.08 76.34
2.1 1 -1 0 3.72 4.12 34.67 17.49
2.2 1 -1 0 3.91 5.36 36.44 21.62
3.1 -1 1 0 1.32 0.50 70.91 99.41
3.2 -1 1 0 1.41 0.50 75.81 99.37
4.1 1 1 0 4.38 20.66 40.68 83.29
4.2 1 1 0 4.31 21.87 39.98 88.17
5.1 -1 0 -1 1.36 0.50 73.06  98.27
5.2 -1 0 -1 1.35 0.50 72.58 98.09
6.1 1 0 -1 3.86 16.40 35.97 66.14
6.2 1 0 -1 4.45 16.36 41.47 65.96
7.1 -1 0 1 1.33 0.50 71.67 99.10
7.2 -1 0 1 1.34 0.48 72.04 95.35
8.1 1 0 1 4.75 12.04 4427  48.56
8.2 1 0 1 4.31 11.17 40.12 45.04
9.1 0 -1 -1 2.70 7.49 41.62 59.20
9.2 0 -1 -1 2.70 6.95 41.46 54.94
10.1 0 1 -1 3.32 12.64 51.00 99.92
10.2 0 1 -1 3.45 12.64 52.85 99.93
11.1 0 -1 1 2.94 5.16 45.23  40.76
11.2 0 -1 1 3.16 5.10 48.54  40.29
12.1 0 1 1 3.26 12.63 49.92 99.80
12.2 0 1 1 3.17 12.64 48.77  99.93
Independent variables Factor levels
Cadmium ions Phenol
X Initial mg I"* gl
! concentration 20 60 100 0.01 0.255 0.500
X, Tem?}g’“”re 10 25 40 10 35 60
X3 Initial pH 5.5 7.0 8.5 2.5 6.0 9.5

2.3 Adsorption experiments
Cadmium and phenol solutions were prepared with reagent grade Cd(NO3),-3 H,O and
phenol (Scharlau Chemie, Barcelona, Spain), respectively.

For both contaminants, batch adsorption experiments were conducted in a series of
Erlenmeyer flasks covered with Parafilm® to prevent contamination. Solutions of known
concentration and pH were put in contact with 1 g of pre-treated chestnut shell, and placed in
a water bath shaker maintained at 90 rpm at the desired temperature. When the adsorption
process was completed, the solutions were filtered using glass microfibre filter paper and
analyzed for remaining cadmium or phenol concentrations by atomic absorption spectrometry
(GBC 932 AA atomic absorption spectrometer, Australia) and gas chromatography (HP 5890
Series Il Gas chromatograph, USA) (Vazquez et al., 2007), respectively. All measurements
were done in triplicate and the results averaged. In addition, equilibrium experiments under
the optimal conditions of pH and temperature were performed for cadmium ions and phenol at
various initial concentrations.

The pH adjustments of the solutions were made with 0.1 M H,SO,4 or 0.1 M NaOH using a
MP230 pHmeter (Mettler-Toledo, Switzerland) to perform the measurements.



DETERMINATION OF THE OPTIMAL CONDITIONS FOR THE ADSORPTION 199

3. RESULTS AND DISCUSSION

Phenol and cadmium removal by chestnut shell in batch mode could be dependent on several
variables. In previous experiments, it was found that initial concentration, pH and temperature
influenced the adsorption percentage and capacity of the shell for both adsorbates. Therefore,
in this work these three variables have been selected to optimize the adsorption process
using the statistical design of experiments mentioned earlier.

Table 1 shows for both cadmium ions and phenol adsorption processes the experimental
results obtained for the dependent variables studied. In general, the amount of phenol
adsorbed by chestnut shell was higher than the amount of cadmium ions adsorbed, being the
maximum amount of Cd?* and phenol taken up by chestnut shell 4.75 and 21.87 mg g™ of
shell, respectively.

The coefficients of the models (Equation 1) were determined and those found to be significant
together with the different statistical parameters employed (i.e. the coefficient standard
deviation (SD) and significance and the model correlating parameters (R? and adjusted R?),
standard deviation and significance) are presented in Table 2. High correlation coefficients
were obtained for all the dependent variables and Figure 1 shows, as an example, a good fit
between the calculated and the experimental results for the sorption capacity of chestnut shell
for the removal of Cd?".

By analyzing the results in Table 2, it could be inferred that the most significant main factor on
both cadmium and phenol uptake (Y;) was initial concentration followed by temperature. In
principle, the positive values of the temperature and initial concentration coefficients meant
that the removal of both contaminants were favoured the higher the temperature and the
initial concentration. It is known that the removal capacity of an adsorbent usually increases
with increasing initial concentration until its saturation, as the adsorbent offers a limited
number of surface binding sites (Aksu, 2001; Dursun et al., 2005). On the other hand,
temperature modifies the equilibrium capacity of the adsorbent for a particular sorbate and,
increasing temperature increases the diffusion rate of the sorbate within the pores as a result
of decreasing solution viscosity (Ghodbane et al., 2008).

It was found that some interactions of factors were also significant at the 10% of probability
level: pH-pH for the amount of cadmium adsorbed, Cy-Cq for cadmium adsorption percentage,
Co-Cp and Cy-T for the amount of phenol adsorbed and Cy-T and Cq-pH for phenol adsorption
percentage. This information on synergistic and antagonistic effects would not be detected in
the univariate optimization of the system.

As an example, Figures 2 and 3 show to the response surfaces and the corresponding
contour diagrams for cadmium ions and phenol capacity of chestnut shell, as a function of
initial concentration and temperature, for the lowest and the highest pH. For both adsorbates
the increase in initial concentration and temperature and the decrease in pH led to an
increase of the sorption capacity of shell. On the other hand, at low pH, higher percentages of
adsorption were obtained at low initial concentration and high temperature. The results on the
influence of pH agreed with those reported by other researchers who found that the optimum
pH was 6.0 for cadmium adsorption on olive cake (Al-Anber and Matouq, 2008) and rice husk
(Krishnani et al., 2008).

It has been found in literature that the sorption capacity of the sorbent could increase with
increasing the temperature of the cadmium solution (Ghodbane et al.,, 2008; Meena et al.,
2008). However, as can be observed in Figure 2, for a fixed initial cadmium concentration, the
influence of temperature on the adsorption capacity of chestnut shell is only slightly significant
for temperatures higher than 25°C.

As mentioned above, the increase in both initial phenol concentration and temperature led to
an increase of sorption capacity until saturation of chestnut shell (Figure 3). However, at low
initial concentration temperature was of little significance. Below a certain temperature level,
an increase in adsorption capacity with increasing initial phenol concentration was followed by
a slight decrease. With respect to adsorption percentage, for all the pH values essayed, low
initial concentration and high temperature increased the % of phenol adsorbed on the shell,
the highest value being also obtained for the lowest pH. At pH values lower that the pK, value
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(9.99), the degree of ionization of phenol decreases (Goud et al., 2005) and thus its capacity
to be adsorbed by chestnut shell increases.

Table 2. Coefficients of the models (Eq. 1) and the statistical parameters
establishing their validity

Cadmium ions

Y, Yo
Coef. SD Sig. Coef. SD Sig.
ao 2.470 0.113  0.000 47.423 0.756 0.000
ay 1.432 0.046  0.000 -16.545 0.534 0.000
ay 0.177 0.046  0.001 2.481 0.534 0.000
ayj 0.120 0.065 0.082 - -
a2 -0.129 0.065 0.064 -1.981 0.756 0.017
CYR - - - 8.323 0.926 0.000
G 0.242 0.092 0.018 - -
Az 0.374 0.092  0.001 - -
R? 0.983 0.983
Adj.R? 0.977 0.979
SD 0.184 2.138
Sig. 0.000 0.000
Phenol
Y1 Yo
Coefficient SD Sig. Coefficient SD Sig.
ao 9.405 0.290 0.000 73.157 1.779 0.000
ay 6.514 0.205 0.000 -19.219 0.726 0.000
ay 3.695 0.205 0.000 23.835 0.726 0.000
a -0.860 0.205 0.001 -4.601 0.726 0.000
ayj 4.102 0.290  0.000 10.968 1.027 0.000
a3 -1.192 0.290 0.001 -4.572 1.027 0.000
s - - 4.123 1.027 0.001
agj -2.421 0.290 0.000 - -
azj - - -2.717 1.452 0.081
Az - - 3.904 1.452 0.017
R? 0.990 0.993
Adj. R? 0.986 0.989
SD 0.819 2.905
Sig 0.000 0.000
50
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Figure 1. Predicted vs. experimental values for sorption capacity of chestnut shell
for the removal of cadmium ions



DETERMINATION OF THE OPTIMAL CONDITIONS FOR THE ADSORPTION 201

5 m4.00-5.00
~ a) 3.00-4.00
° m2.00-3.00
= —
g 4 1.00-2.00 e
2 e
5 S
g g
s 2
T 2 5
& =
b5 40
(6]
2 34
£ 28
s 162
Temperature
0 TTTTTT T T T I T T T T T I T T T T T T T T T T T T I TrTrTTT 10 oc
20 30 40 50 60 70 80 90 100 Q)

) . 20 30 40 50 60 70 80 90 100
Cd* initial concentration (mg L~
(mgL) Cd?* initial concentration (mg L)

5 m4.00-5.00
~ b) m3.00-4.00
e 4 =2.00-3.00 5
2 "] 1.00-2.00 29 &
e e
3
B 3 . 25 2
5 9]
2 Q
3
T 2 // 2§
& =
3 22 18
(=2l 17
£ 28
& 1622 14
Temperature
0 TTTTTTI T I T T I T T T T T I I T T T T I T T I T T I T TITTIITITTT 10 DC
20 30 40 50 60 70 80 90 100 Q) 10

20 30 40 50 60 70 80 90

=
o
o

Cd* initial concentration (mg L% I . o
Cd“" initial concentration (mg L™)

Figure 2. Dependence of cadmium adsorption capacity (Y;) of chestnut shell on initial
concentration (X;) and temperature (X;) for a) pH =5.5 and b) pH = 8.5

The analysis of the results obtained has suggested that the optimum adsorption conditions
were the natural pH of the solutions (around 5.5) for both contaminants and 25°C for cadmium
adsorption and 60°C for phenol adsorption. Therefore, the adsorption equilibrium experiments
were performed in these conditions.

The equilibrium distribution of cadmium ions and phenol between the chestnut shell and the
solution is important to determine the maximum sorption capacity of the shell for cadmium
ions or phenol and to understand the mechanism of adsorption. To assess the Langmuir and
Freundlich isotherms and their ability to correlate the experimental results, the linearised plots
for each isotherm have been performed in the forms of Eq. 2 and 3, respectively:

Qe KL “Um Om

m is the amount of Cd?* or phenol adsorbed per unit mass of the chestnut shell in a single
monolayer, K is a parameter related to the energy of adsorption (K. =ka/kq, ka and kq are the
adsorption and desorption rate constants for the adsorption equilibrium, respectively,) and Ce
and q. are the equilibrium liquid phase and solid phase concentrations, respectively, of Cd**
or phenol.

Ing, =In KF+1InCe ()
n



202 VAZQUEZ et al.

m 20.00-25.00
1 15.00-20.00 g
25 a) 10.00-15.00 H
T 5.00-10.00
<
< 204 10.00-5.00 g
E e
kel » =1
£ 151 3
© y, ‘ ©
= 104 y —
E p. 60 -
y 50
> 5 P 40
£ // 30 i C16
s 20 Temperature r
0 TTTTTTT T T I T T T T T T T T T T I T T T T T T T T T T I T TTITrTTT 10 ‘K =
(°0) USSR | ()
0.01 0.07 0.13 0.19 0.26 0.32 0.38 0.44 0.50
0.01 0.07 013 0.19 026 0.32 038 0.44 050
Phenol initial concentration (g L) Phenol initial concentration (g L)
W 20.00-25.00
= 15.00-20.00
25 b)
= = 10.00-15.00
< s 5.00-10.00 o
s 10.00-5.00 o
) . o
=] i 2
S 154 g
8 Q
) i £
° p
< 104 i ‘ &
c i AL b, L 60 -
2 / 50 i 2
o e
> 54 y e —---nn”,v"l’,' 40 [
£ A 30 ‘ 16
& 7 20 Temperature i
O+ T T T T T T T T T T T T T T T T T 10 T'Tﬁ,—r Jj—.vﬁ|Tﬂ|T| 10
0.01 0.07 0.13 0.19 0.26 0.32 0.38 0.44 0.50 Q)

0.01 0.07 0.13 0.19 0.26 0.32 0.38 0.44 050

Phenol initial concentration (g L™) Phenol initial concentration (g L™)

Figure 3. Dependence of phenol adsorption capacity (Y;) of chestnut shell on initial
concentration (X;) and temperature (X;) for a) pH =2.5and b) pH =9.5

Kr and 1/n are the Freundlich constants indicating the relative adsorption capacity and the
intensity of adsorption, respectively.

For cadmium ions adsorption equilibrium, it was found that the correlation coefficient was
higher than 0.97 (p<0.01) for the Freundlich isotherm but unacceptable for the Langmuir
model. Therefore, on the comparison of the R? values, it could be concluded that Freundlich
equation represented a better fit to the experimental data than the Langmuir equation. This
result predicted the heterogeneity of the adsorption sites on chestnut shell for cadmium
adsorption. Figure 4 shows the calculated Freundlich isotherm for cadmium adsorption
together the experimental data.
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The values of the Freundlich parameters, Kg, 0.812 mg ™ g* M and n, 2.78, were

comparable with the values obtained for other adsorbents (Ho and Ofojama, 2006; Meena et
al., 2008; Garg et al., 2008b). Moreover, since n ranged from 1 to 10 it could be concluded
that cadmium ions were favourably adsorbed by chestnut shell (Passos et al., 2006).

For phenol adsorption equilibrium, the Langmuir equation, with a correlation coefficient higher
than 0.99 (p<0.0001), represented a better fit to the experimental data than the Freundlich
equation. Figure 5 shows calculated Langmuir isotherm for phenol adsorption together the
experimental data. The parameters of the Langmuir model K_ and g took the values of
4648.9 | g* and 0.0307 g of phenol/g of shell, respectively. The essential characteristics of the
Langmuir isotherm can be expressed in terms of a dimensionless separation factor or
equilibrium parameter R, given by Eq. 4:
1

- - 4
1+K_ Co )

where C, is the highest initial phenol concentration essayed. The R, value, 2.68-10, in the
range from O to 1 indicated that the phenol adsorption by chestnut shell was favourable (Ho,
2003; Ghodbane et al., 2008; Meena et al., 2008).

R

4. CONCLUSIONS

The use of a factorial experimental design has allowed the identification of the most important
factors influencing the cadmium ions and phenol adsorption employing chestnut shell as
adsorbent.

The maximum amount of Cd** and phenol taken up by chestnut shell was 4.75 and 21.87
mg/g of shell, respectively, in the operational conditions essayed.

According to the statistical analysis, initial concentration and temperature, in this order, were
the most significant factors on both adsorption processes, being the pH the less significant
factor in the ranges investigated.

The optimum adsorption conditions selected were the natural pH (around 5.5) for both Cd**
ions and phenol, and a temperature of 25°C for Cd*? and 60°C for phenol. The adsorption
equilibrium data obtained under the optimised conditions were modelled by the Freundlich
and the Langmuir isotherms for cadmium ions and phenol, respectively.
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