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Biosorption of phenol by modified dead leaves of Posidonia oceanica
immobilized in calcium alginate beads: Optimal experimental

parameters using central composite design

Wassila Lazli' and Amina Hellal'

'Ecole Nationale Polytechnique, Département de Génie de I'Environnement, Laboratoire des Sciences et Techniques de 'Environnement,

10 Avenue Hacen Badi BP 182, El Harrach, 16200 Algiers, Algeria

This study reports the biosorption of phenol using dead leaves of Posidonia oceanica (PO), an endemic
seagrass in the Mediterranean Sea. The PO dead leaves were pre-treated with sulfuric acid and carbonized
at 500°C for 2 h to increase their adsorptive capacity. Leaves were then immobilized in calcium alginate
beads to address problems that arise when free particulate biosorbents are used. Response surface
methodology (RSM) based on central composite design (CCD) was carried out to optimize key variables, viz.,
initial phenol concentration (100-500 mg/L), biosorbent dosage (0.05-0.1 g/50 mL), and alginate beads to
solution ratio (1/10-2/10). The effect of the operating variables on phenol biosorption capacity was studied
in a batch system and a mathematical model showing the influence of each variable and their interactions
was obtained. The predicted second-order quadratic model for the response variable was significant (p <
0.01). Further, an adjusted squared correlation coefficient, R? (adj) of 97.7% indicated a satisfactory fit of the
model. The results of CCD showed maximum biosorption capacity of about 127 mg/g at 500 mg/L initial
phenol concentration, 1 g/L biosorbent dosage, and at 1.85/10 composite beads to solution ratio. This work
demonstrates the suitability of using PO dead leaves as an effective low-cost biosorbent for the removal of
phenol.

INTRODUCTION

Phenol is a toxic organic compound commonly present in industrial effluents from synthetic
chemical plants, petroleum refineries (Wang et al., 2014), coking operations, coal processing
(Kazemi et al., 2014), resin manufacturing, dye factories, plastic industries (Arinjay et al., 2005),
petrochemicals, pharmaceuticals and paint factories (Victor-Ortega et al., 2016), paper making
(Vaianoa et al., 2018), textile industries, ceramic plants, leather processing units, insecticide
production units, steel plants (Karri et al., 2017), etc. It is frequently found at concentrations
ranging from 50 to 2 000 mg/L (Hussain et al., 2015) but this can rise to 6 800 mg/L depending on
the specific industrial activity (Dotto et al., 2013).

Since phenol is highly toxic, carcinogenic and potentially mutagenic (Salim et al., 2018; Razzaghi
et al., 2018; Zhou et al., 2012), it has been classified as a major pollutant by the United States
Environmental Protection Agency (USEPA) (Dotto et al., 2013). The leaching of phenol into
surface water may introduce severe changes in food webs and reduce biodegradation levels, even
at low concentrations (Salim et al., 2018). According to the recommendation of the World Health
Organization, the permissible concentration of phenolic compounds in drinking water is 1 pg/L
(Pigatto et al., 2013), and the USEPA has set a water purification standard of less than 1 part
per billion (ppb) for phenol in surface water (Kazemi et al., 2014). Therefore, careful treatment
of wastewater containing phenol is required before final discharge, to protect humans and
wildlife (Tziotzios et al., 2007). For this purpose, many technologies have been employed, such as
distillation, extraction (Dotto et al., 2013; Pigatto et al., 2013), membrane processes, adsorption,
oxidation processes (Zhou et al., 2012; Loh et al., 2016), biological treatment (Razzaghi et al., 2018;
Lazli et al., 2016; Nowee et al., 2017), ion exchange (Victor-Ortega et al., 2016; Pigatto et al., 2013),
chemical precipitation (Pigatto et al., 2013) and chemical coagulation (Victor-Ortega et al., 2016).

Adsorption onto activated carbons is the most frequently used method because it has significant
advantages over the other methods: high efficiency, easy handling, high selectivity, minimal
production of chemical or biological sludge, etc. (Pigatto et al., 2013). But the high cost of activated
carbon has led to the investigation of alternative, cheaper materials (Hank et al., 2014). Recently
attention has turned to the use of biosorbents as viable alternatives, which include naturally
occurring polymers and agricultural by-products, as they are cheap, renewable and abundantly
available (Guo et al., 2014). Various biosorbents have been investigated to remove phenol from
aqueous solutions, including orange peels (Romero-Cano et al., 2016), rice husk, tendu leaf, chitin
(Tranetal., 2015), coconut shell, banana peel, avocado kernel seeds, olive pomace (Rangabhashiyam
et al., 2014), chitosan, fungal mycelia, marine seaweeds and others (Dotto et al., 2013).

In the Mediterranean Sea, Posidonia oceanica is the dominant seagrass, which loses it leaves
seasonally (Khiari et al., 2010). The dead leaves accumulate on the beaches in huge quantities as
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waste material and must be removed to clean beaches used for
tourism (Cavasetal.,2011; Colettietal., 2013). In the present study,
dead leaves of PO, which are lignocellulosic biomass (Khiari et al.,
2010), were used as an alternative low-cost biosorbent to remove
phenol from aqueous solution. The PO dead leaves were pre-
treated to increase their adsorptive properties and immobilized in
calcium alginate beads to overcome the many problems resulting
from their small particle size (Copello et al., 2008) and to facilitate
separation of biosorbent from solution (Kumar et al., 2011).

MATERIALS AND METHODS
Materials

The raw material, PO dead leaves, was collected from the Tipaza
beach (Algeria). They were washed several times with tap and
distilled water to remove salt and impurities, and then dried
in an oven at 60°C for 72 h. The dried leaves were crushed,
suspended in distilled water and autoclaved at 120°C for 30 min.
Finally, they were dried at 105°C for 24 h. The dried material was
ground with a grinder and then screened to obtain particles of
size less than 50 pm. Phenol and chemical reagents used in this
study were all of analytical grade.

Pre-treatment of PO biosorbent

The chemical treatment of the biosorbent was performed using
10 g of PO dead leaf powder previously prepared in 100 mL of
10% H,SO, solution. The mixture was stirred at 150 r/min for 60
min to ensure proper penetration of H,SO, in the raw material
and heated at 130°C for 24 h. Treated PO leaves were washed with
distilled water until the pH of the filtrate was higher than 4 and
dried at 105°C for 24 h. Finally, the H,SO,-impregnated particles
were placed in a ceramic crucible and carbonized in a muffle
furnace. The carbonization was carried out at 500°C for 2h ata
heating rate of 10°C/min. The cooled carbonized biosorbent was
stored in airtight containers.

Preparation of calcium alginate biosorbent beads

A known amount of PO biosorbent was added to 3% (w/v)
sodium alginate solution; the mixture was homogenized and
extruded as drops into a magnetically stirred 0.1 M CaCl,
aqueous solution. Beads about 3.0 mm of diameter were formed
by extrusion through a 0.8 mm pipette tip, and left to harden in
a CaCl, solution for 30 min for complete replacement of sodium
ions by calcium ions. Finally, the calcium alginate biosorbent
beads were collected carefully and washed 3 times with distilled
water to eliminate CaCl, residues. The composite beads were
stored at 4°C. Figure 1 shows the morphology of PO dead leaves,
the appearance of the powder biosorbent and the composite
beads.

sadhy X
A Y

Characterization of the biosorbent by FTIR

To qualitatively characterize the major functional groups
present on the surface of PO dead leaves before and after pre-
treatment, the FTIR (Fourier transform infrared spectroscopy)
transmission spectrum was obtained using the KBr disk
technique. The transmission FTIR spectra were recorded
between 4 000 and 500 cm™ using a Perkin-Elmer Fourier
Transform 310.

Batch experiments

Batch biosorption experiments were carried out using 100 mL
conical flasks containing 50 mL of the phenol solutionsat different
initial concentrations. Calcium alginate beads containing a
desired amount of PO biosorbent were added to the phenol
solution at a suitable volume ratio. The flasks were agitated at
175 r/min to guarantee a good dispersion of the composite beads
for a period of 24 h to allow complete equilibration. Experiments
were carried out at 20+2°C and at pH=4 which corresponded to
the initial pH of phenol solutions supplemented with the pre-
treated PO biosorbent. The biosorption capacity (Qe), which is
the amount of phenol adsorbed per unit mass of the biosorbent
(mg/g), was evaluated by using Eq. 1:

Qe :M M

1000 x w

where C; and C, are the initial and final phenol concentration
(mg/L) in solution, respectively, V is the volume of solution in
mL and w is the weight of biosorbent in g.

The phenol content was analysed using a spectrophotometric
method based on rapid condensation of 4-aminoantipyrine
with phenol in the presence of potassium ferricyanide, to form
a coloured product under alkaline conditions (Bandhyopadhyay
et al,, 2001). The absorbance was read at a 510 nm wavelength
using Shimadzu UV-VIS 1240 spectrophotometer.

Experimental design

A three factor, face centred, central composite design (FC-CCD)
was applied to investigate the influence of the effective factors
(initial phenol concentration (X)), biosorbent dosage (X,) and
composite beads to solution ratio (X,)) on the biosorption
capacity. CCD is one of the frequently used response surface
methodology (RSM) designs (Aksoy and Sagol, 2016); this
method helps to optimize the considered parameters using a
minimum number of experiments, and also to examine the effect
of individual and interactions of input parameters (Mukherjee
etal., 2018). A total of 16 experiments were used, including 8 (2°)
factorial points, 6 (2 x 3) axial points and one triplicate at the
centre point. For statistical calculations, the highest, lowest and

Figure 1. Photographs of (a) Posidonia oceanica dead leaves, (b) treated Posidonia oceanica dead leaves powder (c) composite alginate beads
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central values of the independent variables were coded as +1, —1
and 0, respectively, according to the following relationship:

X :(x,—x)

i Ax 2

where x, is the value at the centre point and Ax represents the
step change. The low and high levels for the factors were selected
according to some preliminary experiments. The variables and
levels of the design model are given in Table 1.

The JMP release 8 software was used for generating the statistical
experimental design and analysing the observed data.

RESULTS AND DISCUSSION
FTIR analysis

FTIR spectra in the range of 4 000-500 cm™ for the PO dead
leaves before and after pre-treatment are shown in Fig. 2a and
2b, respectively. Clear differences can be detected in the FTIR
spectra corresponding to the different absorbance values,

Table 1. Factors and levels used in the CCD design study

location and shapes of the bands. It was previously reported that
PO dead leaves are mainly composed of lignin and cellulose
(Cengiz et al., 2012). The FTIR spectrum of untreated PO dead
leaves in Fig. 2a indicates the presence of a broad and strong
band at 3 334 cm™ representing stretching vibration of O-H in
hydroxyl groups, and well-defined peaks at 2 918 and 2 851 cm ™,
which are characteristic of the C-H bond stretch vibration
(Fortunati et al., 2015). The peaks at 1 604 and 1 420 cm™ are
assigned to C-C stretching vibrations in the aromatic ring
present in lignin (Zhang et al., 2016; Shamsuddin et al., 2016).
The observed bands at 1 320 and 1 261 cm™ are assigned to C-O
vibration in methoxy groups present in lignin (Benyoucef and
Harrache, 2015), while the signal at 1 155 cm™ is assigned to C-C
ring stretching band (Fortunati et al., 2015). The strong band
at 1 034 cm™ confirmed the C-O-C functional group of the
cellulose and lignin structures (Guo et al., 2014), and the signal at
898 cm™ is assigned to C-H deformation of cellulose (Benyoucef
and Harrache, 2015), while the peak at 663 cm™ is due to ~NH,
wagging vibration peak (Soni et al., 2017). The spectrum of the
treated PO dead leaves shown in Fig. 2b is different from that
of the raw material. It was observed that there is a decrease in
the intensity of the O-H absorption band at 3 334 cm™, which
then shifted to a higher wave number at 3 392 cm™. A similar
trend may be observed for the next pair of peaks (from 2 918

Level
Factors evels and 2 851 cm™ to 2 988 and 2 902 cm™) attributed to CH, group
-1 + vibration. The peak at 1 588 cm™ is attributed to C=C stretching
X,: Initial phenol concentration (mg/L) 100 500 vibration. Elimination of peaks at 1 604, 1 420, 1 320, 1260, 1 155
X.: biosorbent dosage (g) 0.05 01 and 1 034 cm™ indicates the alteration of lignin structure after
) . .
X:C ite beads to solution ratio (mL/mL) 110 2110 the treatment. However, introduction of a new peak at 1 698 cm™!
3 -OMPOsTEe beads To solTion Tafo Im™/m (stretching vibration of C=0 in carbonyl groups) indicates the
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Figure 2. FTIR spectra of the PO dead leaves (a) before pre-treatment and (b) after pre-treatment
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formation of carbonyl-containing groups and the carbonization
of the PO dead leaves (Aravindhan et al., 2009). It should also
be underlined that the signals at 2 548 cm™ (S-H stretching
vibration), 1 394 and 1 149 cm™ (C=S stretching vibration) and
1 123 cm™ (S=O stretching vibration) appeared after sulfuric
acid modification proved impregnation of sulfur functional
groups on the biosorbent surface. In the low frequency region of
the spectrum, very weak bands between 877 and 743 cm™ could
be due to Liaison Cg,-H/ N-H.

Experimental results

The design matrix of all the factors and the response of each run
are presented in Table 2. The order in which the experiments were
conducted was randomized to avoid systematic errors. The results
were analysed and the main effects and interactions between
factors determined. The main effects represent deviations of
the average between the high and low levels for each factor. The
adsorption capacity of phenol on PO biosorbent immobilized
in calcium alginate beads was analysed using the second-order
polynomial quadratic regression model equation as follows:
Y=a,+aX +aX,+aX +a XX +a, XX+

a23X2X3 + a11X12 + a22X22 + a33X32 + a113‘23)](1X2X3 (3)
where Y is the predicted response, X, X, and X, are the
independent variables; a, is the intercept term; a, a, and a,
are the linear coeflicients, a,, a,, and a,, are the second-order
coefficients; a, , a,, and a,, are the quadratic coeflicients and a,,,
represents the interacting effect of all three variables.

Student’s t-test

A student’s t-test was carried out to determine whether the
calculated effects were significantly different from zero. With
a 95% confidence level and 6 degrees of freedom, the value of
t-critic is equal to 2.447. The coeflicient of the regression is
statistically significant if the corresponding f-value is higher
than 2.447. The results indicated in Table 3 revealed that the
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Figure 3. Observed versus predicted response plot

Table 2. Face centred central composite design matrix for three factors
along with observed response for phenol biosorption by immobilized PO

The values of regression coeflicients, standard errors, t-values, Experiment X X, X Y (mg/g)
and p-values appear in Table 3. By substituting the regression 1 - - - 50.88
coefficients in Eq. 3 by their values from Table 3, the adsorption g + - - g”;
capacity (Y) can be expressed as: - + - 7
pacity (1) P 4 + + - 63.16
5 - - + 56.14
Y= 8161+ 1981, ~ 145X, + 573X, =784 XX, + 313 XX, . . B N 1254
~521 XX, - 13.87 X2+ 10.39 X2~ 1292 X2~ 499X, 5 B R N o
“) 8 + + + 60.09
9 - 0 0 42.69
Figure 3 illustrates a comparison between the experimental 10 + 0 0 91.23
and the model prediction for the response. The predicted model n 0 - 0 105.26
; ) ) N 12 0 + 0 7719
presents an adjusted square correlation coeflicient R? (adj) of 3 0 0 C 61.40
97.7%; this value indicates a high degree of correlation between 14 0 0 + 73.10
the experimental and the predicted values. 15 0 0 0 80.70
16 0 0 0 84.80
17 0 0 0 82.46
Table 3. Estimated regression coefficients
Term Estimate Standard error t-value p-value
Intercept 81.61 1.680903 48.55 <0.0001*
a, 19.81 1.161865 17.05 <0.0001*
a, -14.52 1.161865 -12.49 <0.0001*
a, 573 1.276146 4.49 0.0064*
» -7.84 1.299004 -6.04 0.0018*
a, 3.12 1.299004 2.4 0.0612
a,, -5.21 1.299004 -4.01 0.0102*
" -13.87 2474222 -5.61 0.0025*
a,, 10.39 2474222 4.20 0.0085*
a, -12.92 2.755604 -4.69 0.0054*
;s -4.99 1.299004 -3.84 0.0121*
*Significant, p < 0.05
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main effects (X, X, and X,), the 2-way interactive effects (X X,
and X,X,), the 3-way interactive effect (X, X,X,) as well as the
quadratic effects (X%, X,> and X.*) were significant at the 95%
confidence level. Only the 2-way interaction (X, X,) has no effect
at the 95% confidence level.

Since the coefficient a, is negligible, the final model for the
adsorption capacity in equilibrium becomes:

Y =8L61+19.81 X, - 14.52 X, +5.73 X, - 13.87 X + 10.39 X ?
~1292X2-784X X, - 521 X,X,~ 499X, )

Main and interaction effects

Equation 5 reveals how the individual and quadratic variables
or the double and triple interactions affected the biosorption
capacity of phenol on PO immobilized in calcium alginate
beads. The positive coefficient values mean that individual,
quadratic or interactions positively affect the response (i.e.
phenol biosorption capacity increases), whereas negative
coefficient values mean that factors decrease phenol biosorption
capacity in the tested range.

Effect of initial phenol concentration (X )

The effect of variation in initial phenol concentration variation
was found to be prominent for phenol biosorption capacity, since
its coefficient was the higher in modulus. The positive value of its
coefficient reveals that Y increases as this factor changes from
low to high levels. Fig. 4a shows the change in the equilibrium
biosorption capacity with initial phenol concentration. It
was indicated that Q values increase with increasing initial
phenol concentrations. Aravindhan et al. (2009) studied the
biosorption of phenol by modified green macro-algae: the effect
of initial phenol concentration was investigated in the range of
10-150 mg/L and they found that equilibrium sorption capacity
increased with increasing initial phenol concentration. Soni et
al. (2017) have explained that increased phenol concentrations
provide the maximum driving force to overcome all of the mass
transfer resistances of phenol from the aqueous phase to the
solid phase, resulting in a higher probability of collision between
phenol and the active sites.

Effect of biosorbent dosage (X,)

Biosorbent dosage was also an important factor which negatively
influenced the response since biosorption capacity was higher at
low biosorbent values. Increasing the dose of biosorbent from
0.05 to 1 g decreased the capacity for biosorption (Fig. 4b). This
can be attributed to the overcrowding of biosorbent particles

which causes aggregation of the adsorption sites (Nadavala et
al., 2014). Cengiz et al. (2012) also observed that the adsorption
capacity for Astrazon Red on PO dead leaves increased with
decreasing biomass concentration.

Effect of composite beads to solution ratio (X,)

The composite beads to solution ratio has a positive effect and
was found to be the least important independent variable as
its coefficient was the lowest, which reveals a modest increase
of biosorption capacity when this variable adopts higher
values within the range tested (Fig. 4c). This may be the result
of a decrease in particle aggregation when the biosorbent is
immobilized in a greater volume of alginate gel.

Response surface plots

Response surface plots were constructed to gain a better
understanding of the effects of the independent variables and
their interactions on the response in three-dimensional planes.
This was done by varying two variables within the experimental
range and holding the third one constant at its central level.
Figure 4 shows the response surface plots for phenol biosorption
capacity as a function of the three studied variables. The
effects of initial phenol concentration (X)), biosorbent dosage
(X,) and their mutual interaction (X,X,) on the response (Y)
are shown in Fig. 4a. The positive effect of the initial phenol
concentration is well represented since the response increases
when X, increases, irrespective of the level of the second factor
X,. This figure also illustrates the negative effect of biosorbent
dosage as the response decreases when X, increases, both at low
and high phenol concentrations. Note that the effect of initial
phenol concentration is stronger with lower biosorbent dosage,
reflecting the interaction between X, and X,. Fig. 4b depicts
the combined effect of biosorbent dosage (X,) and composite
beads to solution ratio (X,) on phenol biosorption capacity (Y).
As can be seen, high biosorbent dosage resulted in low phenol
biosorption capacity. Also, increasing the factor X, affected the
response positively, but this effect seems to vary depending on
the levels of X,. Indeed, the effect of X, is stronger at low levels
of X, reflecting the interaction between these two factors. The
positive effects of initial phenol concentration (X,) and composite
beads to solution ratio (X,) on phenol biosorption capacity (Y)
are also represented on Fig. 4c since the response increases when
factor X, or X, increases. However, the effect of factor X, on the
response is the same regardless of the level taken for factor X.. In
the same way, the change in response as a function of the factor
X, is the same irrespective of the level of the factor X,. Therefore,
there is no interaction between factors X and X.,.

Figure 4. RSM plots for combined effect of (a) initial phenol concentration and biosorbent dosage; (b) biosorbent dosage and composite beads
to solution ratio; (c) initial phenol concentration and composite beads to solution ratio
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Analysis of variance (ANOVA)

Table 4 shows the results as evaluated by the analysis of variance,
for a 95% confidence level, 10 and 5 degrees of freedom, F . . is
equal to 4.735. The F-value obtained (65.52) was higher than the
tabulated value and the estimated p-value (0.0001) is less than
0.05. These results indicate a good adherence of the model to the

experimental results at the 95% confidence level.

Optimization

The desirability function approach is currently the recommended
method for the optimization of one or more responses (Mourabet
etal,, 2012). Desirability (D) is an objective function that ranges
from zero outside of the limits, to 1 at the goal. The possible goals
were: to maximize, minimize or target. When a response is to be
maximized, the desirability of a predicted response () is defined
as (Candioti et al., 2014):

O 1fy< ymiu
p={ X min_ipy, <y<y ©6)
Ymax — Vimin
1 i£Y>

where y_ -~ and y_  are, respectively, the minimum and
maximum values of the response. As shown in Fig. 5, the
desirability function increases linearly with the increase in
phenol biosorption capacity. The maximum desirability (0.957),
which corresponds to the best results (127 mg/g), was achieved at
the higher level of the initial phenol concentration (500 mg/L), at
the lower biosorbent dosage (0.05 g), and at composite beads to
solution ratio of 1.855/10.

Table 4. Analysis of variance

CONCLUSION

In this study, dead leaves of Posidonia oceanica were pre-
treated and immobilized in calcium alginate beads and used
for the biosorption of phenol from aqueous solution. The
biosorption studies were carried out as a function of initial
phenol concentration (X)), bioadsorbent dosage (X,), and
composite beads to solution ratio (X,). Utilization of RSM-
based CCD approach for evaluating and optimizing the
independent variables proved to be an efficient and effective
method. The developed model allowed for an evaluation of
linear and quadratic effects of analysed factors, as well as
significant interactions between these factors. The correlation
coefficient R? of 0.97 indicates a high degree of the model. The
most significant factor which affected the biosorption capacity
was the initial phenol concentration with the lowest p-value
and the largest t-value. All of the studied factors influence the
biosorption and were statistically significant. It has been shown
that an increase in phenol concentration and composite beads
to solution ratio coupled with lower biosorbent dosage resulted
in higher biosorption capacity. At the optimum conditions, i.e.,
phenol concentration of 500 mg/L, biosorbent dosage of 1 g/L
and composite beads to solution ratio of 1.85/10, the predicted
biosorption capacity was about 127 mg/g.
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