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Abstract Results of the interaction of process variables
and the consequential mixture of phenolic compounds
adsorption study are expected to shed brighter light on the
wastewater treatment applications. Accordingly, the aims
of this research are to model and optimize the process
variables which impinged on the simultaneous adsorption
of phenol and 4-chlorophenol (4-CP) in the binary solution
by spherical activated carbon (SAC). Batch assessments
were designed using response surface methodology soft-
ware. The process variables, namely SAC dosage and pH
were varied over the 1.50-3.50 g/L and 4.00-9.00 g/L
ranges, respectively, were experimented. The analysis of
variance results showed the significant models could pre-
cisely predict the percentage removals of phenol and 4-CP,
indicating models reliability. The interaction of process
variables was inconspicuous for the case of phenol
adsorption. However, increasing the pH would deteriorate
the 4-CP adsorption which was partially offset by raising
the SAC dosage. Considering the environmental benefits,
optimization taken place at the SAC dosage and pH of
3.50 g/ and 7.60 g/L, respectively, was selected. By
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employing the optimized conditions of SAC dosage of
3.50 g/ at pH 7.60 for the adsorption process, the pre-
dicted phenol and 4-CP removal percentages were found to
be 85.4 % (73.1 mg/g) and 96.2 % (82.6 mg/g), respec-
tively, which were in agreement with the experimental
runs.
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Introduction

Contamination of fresh water by phenol and its derivatives
due to their extensive applications has become a serious
global predicament. The introduction of phenolic com-
pounds to the receiving water bodies is significantly
harmful to the environment because of their toxicity,
recalcitrant and bioaccumulation properties (Dabrowski
et al. 2005). To highlight further, these compounds are also
suspected to be carcinogenic and mutagenesis to living
organisms and hence, World Health Organization (WHO
1994) has set a limit of 1 mg/L in regulating the phenol
concentration in drinking water.

Recently, the release of wastewaters containing phenolic
compounds to the environment becomes inevitable due to
the widespread use in many industrial processes (Dab-
rowski et al. 2005). In 1989, the annual industrial pro-
duction of chlorophenols was estimated at 200,000 tons
(WHO 1989; Tobajas et al. 2012). Out of this, approxi-
mately 190 ton/month of phenolic wastes were disposed
primarily by petrochemicals, pharmaceuticals and polymer
industries (Zareen and Anjaneyulu 2005). In the United
States alone, the quantity of phenol and chlorophenols
wastes produced in industries were amounted to 56,000 and
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1900 tons, respectively, in 1999 (Tarighian et al. 2003;
Tobajas et al. 2012). The industrial wastewaters are char-
acterized by variable concentrations of phenolic com-
pounds, generally ranging between 500 and 4000 mg/L
(Tobajas et al. 2012). In a coal processing industry, the
produced wastewater can contain phenol concentration up
to 6800 mg/L (Busca et al. 2008; Dotto et al. 2013). In the
case of mono-chlorophenols, the effluents concentration
range from non-detectable to 20 mg/L has been reported by
WHO (1989). In light of the phenolic compounds content
in industrial wastewaters, treatment of these streams is
essential in order to alleviate the toxicity effects that are
detrimental to the environment upon the disposal.

In line with this necessity, biological treatment system
via aerobic and anaerobic processes has been frequently
employed to treat wastewater containing phenolic com-
pounds due to its economical attraction (Valo et al. 1990;
Lim et al. 2013a). However, as phenolic compounds are
usually toxic and recalcitrant in nature, the microorgan-
isms present in activated sludge process are often inhib-
ited and incompetent to bioremediate wastewater
containing high concentration of phenolic compounds
(Sahinkaya and Dilek 2007; Lim et al. 2012). To top it
off, typically, lengthy steady state of acclimation period is
required before the activated sludge could be used to treat
wastewater laden with phenolic compounds (Lim et al.
2013b). Owing to these limitations, physical and chemical
techniques used to treat wastewater containing phenolic
compounds have gained increasingly recognition among
the researchers (Xiong et al. 2011). Among these tech-
niques, the popularity of adsorption process continues
unabated for years to separate phenolic compounds from
the wastewaters (Dabrowski et al. 2005; Sunil and Jayant
2013). Besides its simplicity in design, the adsorption of
adsorbate onto the activated carbon has been found to
outperform the other physicochemical methods in terms
of its capability of successfully adsorbing a broad range
of adsorbates (Foo and Hameed 2009; Shehzad et al.
2015, 2016). In view of this matter, the competency of
activated carbon could be justified by its characteristics
such as large surface area, micro-porous structure, high
adsorption capacity and large surface chemical nature
which result in extensive degree of surface reactivity
(Quintelas et al. 2006; Bharathi and Ramesh 2013). The
use of rubber tire activated carbon to treat phenolic-
bearing wastewater was delineated by Gupta et al. (2014)
which owned adsorption capacities of 71 mg/g for p-
cresol and 48 mg/g for phenol. In the study implemented
by Yang et al. (2014) modification of activated carbon via
amination process had brought about the enhancement of
phenol adsorption capacity which was attributed to the
strengthened m—m dispersion between phenol and basal
plane of activated carbon by pyridine, pyrrolic N.
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Furthermore, since years ago, the exploitation of pow-
dered and granular activated carbons to adsorb various
phenolic compounds had been documented by many
researchers (Hamdaoui et al. 2003; Ivancev-Tumbas et al.
2008; Shao et al. 2013).

The industrial wastewaters generally contain phenol and
its derivatives simultaneously. Hence, from a practical
point of view, the results of adsorption from binary or
multisolute systems are more relevant. Among those
reported activated carbon adsorption works on multisolute
systems were simultaneous removal of phenol,
p-chlorophenol and p-nitrophenol by Kim et al. (1985),
phenol and m-cresol by Leitao and Serrao (2005), phenol
and resorcinol by Kumar et al. (2011), phenol and
m-chlorophenol by Toth et al. (2012) and p-cresol and
p-nitrophenol adsorption equilibria by Nouri (2002). Despite
there are numerous reported works on the adsorption of
multisolute phenolic components, only little information is
however, available in literature with regard to the simulta-
neous removal of phenol and 4-chlorophenol (4-CP) from
their binary mixture via adsorption by activated carbon.
Therefore, research attempts aiming toward this direction
are deemed crucial to offer more understanding for plausible
future applications in the wastewater treatment plants.

In general, the adsorption of solutes from aqueous
solution by any adsorbent is influenced by many factors,
e.g., initial concentration of adsorbate, adsorbent dosage,
contact time, pH, intensity of agitation, etc. The sequential
optimization of single factor at a time as carried out tra-
ditionally often overlooks interactive effects of various
factors on the adsorption process, in addition to the
requirement of large number of experimental runs which
are costly and time-consuming. These drawbacks, how-
ever, can be resolved by the statistical design of experi-
ments, which reduce the number of experiments and
provide an appropriate model for process optimization. In
this regard, response surface methodology (RSM) plays an
important role to analyze and determine the optimum
condition of interactive factors within the design space of
the experimental study (Myers et al. 2009).

The main objective of this work is to optimize the
interactive factors involve in the simultaneous adsorption
of phenol and 4-CP by spherical activated carbon (SAC)
using central composite design (CCD) of RSM. SAC was
selected in this study due to considerable various advan-
tages over the other forms of activated carbon such as
extremely low resistance to liquid diffusion, higher
adsorption efficiency, more resistance to abrasion and
better mechanical properties. Subsequently, models con-
cerning adsorption of phenol, 4-CP and mixture of these
phenolic compounds in terms of COD are as well devel-
oped to anticipate their removals amidst the presence of
variable factors.
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Materials and methods
Materials

The SAC with a trade name of ‘SPHERICAL SHIRASAGI
X7100H (DRY)’ was purchased from Japan EnviroChem-
icals, Ltd. Originally, SAC is a coal based spherical acti-
vated carbon and being produced through steam at high
temperature. Being designed for wastewater treatment, the
standard specifications of SAC as obtained from manu-
facturer are tabulated in Table 1. The physico-chemical
characteristics of SAC as determined in laboratory are also
shown in Table 2. The adsorption capacities of phenol and
4-CP by SAC were separately measured at natural pH
(Table 2).

The solids phenol and 4-CP used were purchased from
Merck Chemicals (Malaysia) and of synthesis grade with
>99 % purity. Stock solutions containing 1000 mg/L of
phenol and 4-CP were prepared by dissolving these solids
in distilled water and separately stored in an amber glass
bottle prior to use by dilution to the required
concentration.

Table 1 Standard specifications of SAC as obtained from
manufacturer

Tested parameter Specification
Loss on drying (wt %) <3.0

Filling bulk density (g/mL) 0.470-0.550
Particle size within 0.50-2.36 mm (wt%) >98.0
Average particle size (mm) 1.30-1.60
Coefficient of uniformity <1.50
Hardness (wt%) >93.0

pH 5.0-8.0
Ignition residue (wt%) <3.0

Table 2 Physico-chemical characteristics of SAC as determined in
laboratory

Parameter Measured value
BET surface area (m2/g) 774
Micropore area (m?/g) 557
External surface area (mZ/g) 217
Total pore volume (cm3/g) 0.465
Micropore volume (cms/g) 0.273
Mesopore and macropore volume (cm®/g) 0.182
Average pore width (nm) 2.40
Average pore diameter (nm) 4.75
Phenol adsorption capacity (mg/g) 205
4-CP adsorption capacity (mg/g) 270

Adsorption study procedures

The simultaneous adsorption of phenol and 4-CP to SAC
in their binary solution was investigated via batch
experiments. All trials were completed by shaking 20 mL
of binary solution containing 300 mg/L of phenol and
4-CP each in well capped 25-mL cylindrical flasks with a
diameter of approximately 30 mm for a period of 24 h
(equilibrium time length attainment). The orbital shaker,
model IKA KS Basic 260, was utilized to provide a
shaking speed of 250 rpm and the experiments were
performed at the temperature of 25 & 1 °C. The pH for
all experimental runs were adjusted using 1 M of HCI and
1 M of NaOH with SAC dosage being weighted accu-
rately to 0.005 g. The interactive factors or process
variables namely, SAC dosage and pH, which affected the
simultaneous adsorption of phenol and 4-CP to SAC were
evaluated with the help of RSM software. Immediately
after each run, the binary solution was examined for
phenol, 4-CP and COD concentrations. The COD value
was mainly contributed by both unadsorbed adsorbates
(phenol and 4-CP concentrations in binary solution). The
removal efficiencies of phenol, 4-CP and COD from the
binary solution were subsequently calculated via the fol-
lowing equation:

C—C
- L % 100 % (1)

l

Removal efficiency (%) =

where C; and Cy are the initial and final concentrations of
phenol, 4-CP or COD. Each adsorption study was tripli-
cated with average removal efficiency percentages for
phenol, 4-CP and COD being reported.

Chemical analysis

The concentrations of phenol and 4-CP in the binary
solution were analyzed using a UV—Vis spectrophotometer,
model Shimadzu U-2600. The method of quantification
followed closely the procedure outlined by Khan et al.
(1997). In enhancing the accuracy and precision of mea-
surement, the structures of phenol and 4-CP were first
converted into the molecular form via acidification with
1 M of HCI solution for both blank and sample. The con-
centrations of phenol and 4-CP in the binary solution were
then obtained as the function of absorbance with regard to
the Anax of phenol and 4-CP at 270 and 280 nm, respec-
tively. Their concentrations were subsequently calculated
from the Egs. (2) and (3) which were substituted with the
measured absorbance values of the sample and solved
simultaneously:

Ao = €11C1b + £12Cob (2)
Angy = &21C1b + e Crb (3)
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where A,79 and A,gg are the absorbance at A, of phenol
and 4-CP, respectively, C; and C, are the concentrations of
phenol and 4-CP, respectively, and b is the non-variable
path length of sample fixed at 1 cm. Next, the ¢;; and ¢,
represent the molar extinction coefficients of phenol and
4-CP at Anp. of 270 nm, respectively, while &;and &5,
represent the molar extinction coefficients of phenol and
4-CP at A, of 280 nm, respectively. The molar extinction
coefficients of phenol and 4-CP at each A, were pre-
liminary acquired from the standard calibration runs. Their
values were 0.0151 and 0.0095 L/mg cm with respect to
€11 and €1, and 0.0063 and 0.0137 L/mg cm with respect to
&and &5.

The concentration of COD was measured in accordance
with the Standard Methods for the Examination of Water
and Wastewater (APHA et al. 2012). In general, the stan-
dard K,Cr,O, digestion solution containing sample was
refluxed in a close vessel for 2 h at 150 °C before being
cooled to room temperature. The COD concentration in the
sample was then determined by titrating with the standard
ferrous ammonium sulfate (FAS) titrant.

Experimental design

The Design-Expert® Version 8.0.7.1 (Stat-Ease, Inc.,
Minneapolis, MN 55413) software was employed to render
a platform for RSM to analyze and optimize the simulta-
neous adsorption of phenol and 4-CP to SAC. The most
widely exploited approach of RSM, i.e., central composite
design (CCD), was used to evaluate the correlation
between the process variables and the responses (Bashir
et al. 2011). Vindicated by Guven et al. (2008) CCD is an
effective design tool that is ideal for sequential experi-
mentation as it permits reasonable volume of information
to test lack of fit when a sufficient number of experimental
values exist. The significant process variables considered in
this study were SAC dosage (A) and pH (B) as demon-
strated in Table 3. Each process variable was numerically
varied over three levels between —1 and +1 at the real
value range determined from the preliminary experiments.
The monitored responses resulted from the interactive
effects of process variables were the percentage removals
of phenol, 4-CP and COD from the binary solution. The

Table 3 Range of process variables and their respective levels in
CCD design

Process Code Real values of coded levels
variable
-1 0 +1
SAC dosage A 003 ¢g 005¢g 007 g
(1.50 g/L) (2.50 g/L) (3.50 g/L)
pH B 4.0 6.5 9.0

design of experimental conditions based on CCD is illus-
trated in Table 4. The total numbers of experiments from
the consequential two process variables were attained as
13. Eight experiments were augmented with five replica-
tions at the center point of each process variable to fit the
second-order polynomial response surface model of quad-
ratic equation and assess the pure error (Bashir et al. 2010,
2011). According to Myers et al. (2009) the CCD design
stands on second-order polynomial response surface model
is primarily used for process optimization.

Basically, the relationship between the input of process
variable and the response is given as:

Y =f(x1, x2, x3...x%) + ¢ 4)

where Y is the response, f is the unknown function of the
response, X, Xz, X3... X; are the input of process variables
that can affect the response, k is the number of process
variables and ¢ is the random error component that
represents other sources of variability not accounted for
by f (Montgomery 2008; Bashir et al. 2011). The Taylor
series expansion of Eq. (4) through second-order terms,
contain all model terms through order two, would result in
a model of the type (Myers et al. 2009):

Y = Bo+ Bixi + Boxo + ...+ Bk + Prixt + -+ Buxi
+ Braxixa + Paxixs + .4 Pro g iXe—1Xk + €

(5)
The Eq. (5) could be simplified to:

k k
Y= ﬁ0+21z1 'Bixi+25:1ﬁiixl‘2

+ Z quzz Bixixj + ¢ (6)

where Y is the response, x; and x; are the process variables,
Bo is the constant coefficient, f; f; and f; are the

Table 4 Experimental matrix based on CCD design

Run no. Point type Process variable
SAC dosage (g) pH

1 Factorial 0.03 9.00
2 Axial 0.05 4.00
3 Center 0.05 6.50
4 Axial 0.03 6.50
5 Factorial 0.07 4.00
6 Center 0.05 6.50
7 Center 0.05 6.50
8 Center 0.05 6.50
9 Center 0.05 6.50
10 Axial 0.07 6.50
11 Factorial 0.03 4.00
12 Axial 0.05 9.00
13 Factorial 0.07 9.00

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer



Appl Water Sci (2017) 7:2009-2020

2013

interaction coefficients of linear, quadratic and second
order terms, respectively, k is the number of process
variables and ¢ is the random error component. The matrix
notation of the model is given as (Bas and Boyaci 2007):

Y=xB+ ¢

Y, 1 x11 x12 - - x1][Bo €1
Y, 1 xp1 o Xk || Ba €2
= +
(7)
Yn 1 Xn1  Xn2 Xnk ﬁk &n

L . L L
Y L ¢

Because each process variable was varied into three
levels (Table 3), CCD commended quadratic model
(Eq. (6)) in assessing the interactive effects of process
variables and the consequential results of responses, in
addition to predict the optimum conditions.

Analysis of variance (ANOVA) was later used for
graphical analyses of the data to obtain the interaction
between the process variables and the responses. The
quality of the fitted quadratic model was expressed by the
coefficient of determination (R?) and its statistical signifi-
cance was verified by the F value (Fisher variation ratio)
and Adequate Precision (Bashir et al. 2010). The instan-
taneous consideration of multiple responses involved the
initial creation of a suitable response surface model and
subsequently, identification of a set of operational

condition that optimized the targeted response such in the
most desired range (Bashir et al. 2010).

Results and discussion

The interaction of process variables, SAC dosage and pH in
this case, were evaluated in which CCD of RSM was used
as a core software kit in observing the simultaneous
adsorption of phenol and 4-CP to SAC. The results
obtained from the present study are comprehensively dis-
cussed after this section.

Analysis of response surface models of adsorption
using ANOVA

The simultaneous adsorption of phenol and 4-CP by SAC
advanced collectively with the removal of COD from the
binary solution and their respective experimental results
are tabulated in Table 5. From the experimental run, it
could be seen that the adsorption of phenol varied over a
broader range than 4-CP, correspondingly from 34.1 to
89.5 and 85.9 to 100.0 %. As COD was virtually the sole
contribution of both phenol and 4-CP in the binary solu-
tion, its removal efficiency localized between their ranges,
ie., 57.8-94.8 %.

The CCD renders an empirical design in relating inter-
active process variables with responses via the quadratic
equation. The quadratic models following the second-order
polynomial response surface equation for each response
can be derived by applying the factorial regression analysis

Table 5 Removals of phenol, 4-CP and COD determined via experimental observation and model prediction

Run no. Phenol removal (%) 4-CP removal (%) COD removal (%)
Observed Predicted SD Observed Predicted SD Observed Predicted SD

1 38.0 36.5 1.06 85.9 85.9 0.00 57.8 58.1 0.21
2 63.9 67.1 2.26 98.5 98.7 0.14 84.0 83.1 0.64
3 68.6 67.1 1.06 99.2 98.8 0.28 81.6 81.6 0.00
4 34.1 36.5 1.70 89.2 89.3 0.07 58.7 59.6 0.64
5 89.0 88.6 0.28 100.0 99.9 0.07 94.1 94.9 0.57
6 70.5 67.1 2.40 99.2 98.8 0.28 84.0 81.6 1.70
7 62.6 67.1 3.18 98.4 98.8 0.28 78.8 81.6 1.98
8 65.1 67.1 141 98.8 98.8 0.00 79.5 81.6 1.48
9 68.4 67.1 0.92 98.8 98.8 0.00 81.3 81.6 0.21
10 89.5 88.6 0.64 99.9 100.1 0.14 94.8 934 0.99
11 374 36.5 0.64 91.2 91.2 0.00 62.2 61.1 0.78
12 70.9 67.1 2.69 97.4 97.6 0.14 82.1 80.1 1.41
13 87.5 88.6 0.78 99.0 98.9 0.07 91.4 92.0 0.42

SD standard deviation
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on the experimental data (Table 5). Upon eliminating the
insignificant model terms, the final response regression
models in terms of coded process variables are given as
below:

Phenol removal (%) = 67.14 + 26.06(A) — 4.58(A)*
(8)
4 — CPremoval (%) = 98.83+5.42(A) —0.55(B)
+1.07(A)(B)
—4.14(A)*—0.73(B)*~1.01(A)*(B)

9)
COD removal (%) = 81.62 + 16.94(A) — 1.49(B)
—5.12(A)° (10)

Also, the derivations in terms of actual process variables
for the final response regression models can be represented
as follows:

Phenol removal (%) = —26.67 + 2449.02(A)
— 11457.74(A)* (11)

4-CP removal (%) = 79.31 + 509.57(A) — 2.30(B)
+122.50(A)(B) — 3781.55(A)?
—0.12(B)*~1010.00(A)*(B)

(12)

COD removal (%) = 11.13 + 2127.48(A) — 0.60(B)

— 12804.76(A)*

(13)

The results of ANOVA for the final response regression
models are illustrated in Table 6. Only the statistically
significant model terms are incorporated into the final
response regression models in order to achieve a good fit.
The Prob > F values are all less than 0.0001 which herald
the models are significant. The Prob > F value of less than
0.05 indicates the model significance. However, the value
greater than (.10 indicates the model developed is
inadequate. The F test of lack of fit describes the variation
of the data scattering the fitted model. Presuming the model
does not fit the data well, a significant lack of fit will ensue;
suggesting that there may be some systematic variation

unaccounted by the hypothesized model (Bashir et al. 2010).
On the contrary, the larger Prob > F values for the lack of fit
(>0.05) demonstrate that the F-statistic is inconsequential,
implying significant correlation of model between the
process variables and responses as revealed in Table 6
(Ghafari et al. 2009). The R* coefficient discloses the quality
of fit of a model. Suggested by Joglekar and May (1987) for a
good fit of a model, R? value should be at least of 0.8. A high
R? value, close to 1.0, is desirable and a reasonable
agreement with the adjusted R? is necessary. In addition,
Table 6 also shows that the predicted R* values are in
reasonable conformity with the adjusted R* values for all the
developed models. There is merely less than 2 % of the total
dissimilarity might not be explained by the models for all
cases. The adequate precision (AP) assesses the signal-to-
noise ratio. The ratio greater than 4.0 denotes sufficient
model favoritism. The coefficient of variation (CV) which is
computed as the percentage of the standard deviation to the
mean value signifies the model reproducibility. The model
CV of less than 10 % is typically assumed to be
reproducible. This criterion has been fulfilled by all the
models of this study (Table 6). Finally, to vindicate if the
developed models provide an adequate approximation to the
real system, the diagnostic plots of predicted versus actual
values can be exploited to judge the model satisfactoriness.
Figure 1 shows the reading of actual values scattered closely
the line of predicted values for the removals of phenol, 4-CP
and COD which underscored the agreement between the real
data and the ones gained from the models. A further attempt
to substantiate is projected in Table 5 which points up the
negligible readings of standard deviation calculated from the
observed and predicted values of phenol, 4-CP and COD
removals.

Interaction study of process variables

The interaction of process variables and the consequential
adsorption of phenol, 4-CP and COD by SAC from the
binary solution are presented in Fig. 2. While phenol was
being adsorbed, the process variables debunked incon-
spicuous interaction, shown by the incoherently segregated
curves in Fig. 2a. The intentions to expose the effects of

Table 6 Summary of ANOVA results of final response regression model of quadratic equations

Response regression model Quality of the fitted model

Prob > F PLOF R? Adj. R? Pred. R? AP Mean SD Ccv
Phenol removal (%) <0.0001 0.7312 0.9820 0.9783 0.9732 39.32 65.03 2.76 4.24
4-CP removal (%) <0.0001 0.5625 0.9974 0.9948 0.9817 58.08 96.58 0.33 0.34
COD removal (%) <0.0001 0.7429 0.9850 0.9800 0.9732 37.84 79.25 1.76 2.22

Prob > F probability of error, PLOF probability of lack of fit, Adj. R adjusted R?, Pred. R? predicted R?, AP adequate precision, SD standard

deviation, CV coefficient of variation
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«Fig. 3 Design-expert plot; perturbation plot for a phenol, b 4-CP and
¢ COD removals

individual process variable on phenol removal are high-
lighted in Fig. 3a. This perturbation plot shows SAC
dosage played a major role in removing phenol since a
sharp curvature could be noticed as compared with pH
presented as almost plateau. In fact, the models with regard
to phenol removal [Eqs. (8) and (11)] only include model
term of SAC dosage.

Next, the interaction of process variables and the
resulting removal of 4-CP by adsorption to SAC is
demonstrated in Fig. 2b. The interaction of SAC dosage
and pH could be observed at their respective coded levels
from O coded units (Table 3) onward. Likewise to phenol
removal, SAC dosage was once again responsible for the
enhancement of 4-CP adsorption in comparison with pH as
projected in Fig. 3b which exhibits a sharp curvature
belongs to SAC dosage. Nevertheless, at the coded levels
of beyond 0 coded units, a slight drop of nearly plateau pH
curvature could be detected; representing a decrease of
4-CP adsorption at higher pH. This phenomenon could be
justified by the pK, value of 4-CP of 9.37 at 25 °C (Dab-
rowski et al. 2005). The increase of pH will dissociate the
4-CP molecular structure forming ionic structure of 4-CP
(with —1 charge after losing its HT ion). This ionic
structure of 4-CP is naturally unfavorable to be adsorbed
by SAC as opposed to its molecular structure form plau-
sibly due to the SAC surface repulsion effect as a result of
charge similarity. Conversely, similar occurrence was not
exuded by phenol as shown in Fig. 3a because phenol
possesses higher pK, value of approximately 10.00 at
25 °C (Dabrowski et al. 2005). Thus, more resistant to the
dissociation at the experimented pH range. In the matter of
4-CP adsorption, hence, the increase of SAC dosage would
interact with pH at coded levels of above 0 coded units by
partially offsetting the adverse effect of pH.

Lastly, as the present of COD was mainly contributed by
phenol and 4-CP, the interaction of process variables which
led to the removal of COD was virtually all depending on
the SAC uptake of phenol and 4-CP in the binary solution.
The interaction of process variables as above-mentioned for
4-CP (Fig. 2b) could also be manifested in Fig. 2¢ in which
the partial overlapping of SAC dosage and pH interaction
curves occurred at the coded levels greater than 0 coded
units. Likewise with the adsorption of phenol and 4-CP, the
adsorption of COD was as well proportionally influenced by
SAC dosage as compared with pH (Fig. 3¢). Furthermore,
as the adsorption of phenol remained unaffected by the
experimented pH range (Fig. 3a) and 4-CP decreased with
increasing pH (Fig. 3b), an intermediate flop of pH curva-
ture also could be detected as shown in Fig. 3c.
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Fig. 5 Langmuir isotherm plots for phenol and 4-CP adsorption by
SAC. Error bar indicates standard deviation

Adsorption capacities of SAC at different conditions
of interactive process variables

The capabilities of SAC to simultaneously adsorb phenol
and 4-CP at different conditions of interactive process
variables are presented in Fig. 4, showing the three-di-
mensional response surface and their respective contour
plots. As for the adsorption of phenol, a maximum removal
of nearly 90 % could be attained at the SAC dosage of
3.5 g/L and decreased with the reduction of SAC dosage
irrespectively to the pH effect of the experimented range.
However, a complete removal of 4-CP by SAC was pos-
sible and anticipated to transpire at the SAC dosage of
between 3.0 and 3.5 g/L and pH below 9.0 as accentuated
by the peak in Fig. 4b. Similar observations were noticed
by Rawajfih and Nsour (2006) in which up to 88 and 100 %
of phenol and 4-CP were adsorbed by surfactant-modified
bentonite. As a whole, the adsorption of 4-CP by SAC was
always higher than phenol, considered in terms of the
highest removal efficiency, for all the conditions of inter-
active process variables studied. This could be rationalized
by the solubility approach in which the solubility of phenol
is higher than 4-CP, 93 and 27 g/L, respectively, in the

aqueous solution at 25 °C (Dabrowski et al. 2005).
According to the Toth et al. (2012) a poor soluble solute
would own weak interaction with the solvent. The addi-
tional of chloro-group to the phenol structure curtailed its
interaction energy with water, thereby permitting higher
degree of hydrophobic interaction with surface of adsor-
bent (Rawajfih and Nsour 2006). Hence, in the binary
solution, the 4-CP with lesser degree of solubility relative
to phenol would be adsorbed to a greater extent by SAC.
Secondly, the presence of chloro- group, an electron
withdrawing group, in the 4-CP molecule will also reduce
the electron density of aromatic ring which consequentially
beefed up the interaction of phenol ring and SAC (Deng
et al. 1997). To substantiate further, the adsorption capacity
(Q,,) obtained from the Langmuir isotherm model plots for
phenol and 4-CP (Fig.5) were 213 and 251 mg/g,
respectively, which were in conformity with the solubility
trends whereby 4-CP is less soluble than phenol and tends
to be more readily adsorbed by the SAC. For the adsorption
of COD, a removal efficiency ranging from 58 to 95 % as
shown in Fig. 4c falls within the lowest value of phenol
and highest value of 4-CP removal efficiency ranges.
Again, this was by virtue of phenol and 4-CP that con-
tributed to COD in the binary solution.

Optimization of interactive process variables
conditions

The optimization of interactive process variables condi-
tions were predicted using CCD of RSM software. Initially,
each process variable was independently increased or
decreased within the designed range in an attempt to search
for the maximum responses. Subsequently, the combina-
tion of these process variables was selected as the condition
to achieve the aim. The software also combined the indi-
vidual desirabilities of process variables into a single
number in the search to maximize the function. Accord-
ingly, there are nine possible optimum conditions were

Table 7 Optimum solutions for the maximum removals of phenol, 4-CP and COD

Solution SAC dosage (g) pH Phenol removal (%) 4-CP removal (%) COD removal (%) Desirability
1 0.07 4.37 88.6 100.0 94.7 0.994
2 0.07 4.35 88.6 100.0 94.7 0.994
3 0.07 445 88.6 100.0 94.6 0.994
4 0.07 4.66 88.6 99.8 944 0.993
5 0.07 4.77 88.6 99.6 94.2 0.992
6 0.07 4.83 88.2 99.4 93.7 0.992
7 0.07 4.94 87.7 98.7 93.0 0.991
8 0.07 5.73 86.8 97.8 92.3 0.987
9 0.07 7.61 85.4 96.2 90.9 0.971
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predicted with the maximum removals of phenol, 4-CP and
COD ranging from 85.4 to 88.6, 96.2 to 100.0 and 90.9 to
94.7 %, respectively (Table 7). The values of desirability
obtained for all the solutions were close to 1.0, demon-
strating maximum desirability. For the benefits of the
environment, the discharged of treated industrial wastew-
ater is commended to have pH within the range of
6.00-9.00 (Malaysia Environmental Quality Act 2000). For
this reason, the solution-9 with the operating condition
integrated with 3.5 g/L. of SAC dosage and binary solution
bearing pH of 7.60 is preferred. To authenticate the pre-
dicted outcomes shown in Table 7, a laboratory test fol-
lowed the process variables condition of solution-9 was
executed. The experimental outcome produced the removal
efficiencies of phenol, 4-CP and COD equaled to
84.6 £ 4.0, 95.5 £ 2.6 and 89.3 &+ 3.1 %, respectively,
which were in accordance with the predicted results
(Table 7).

Conclusions

As wastewater is typically laden with mixture of phenolic
compounds, research in the simultaneously adsorption of
phenolic compounds is crucial to defuse their deleterious
effects upon discharging to the natural water bodies. The
CCD of RSM generated models could precisely predict the
percentage removals of phenol, 4-CP and COD which
signified the models reliability. The experimented process
variables namely, SAC dosage and pH, did not conspicu-
ously interact amidst the removal of phenol via SAC
adsorption. Furthermore, only SAC dosage played the role
to kindle the phenol adsorption proportionally to its
quantity. However, the interaction of process variables was
observed at their coded levels from 0 to 41 coded units
whilst the 4-CP was adsorbed by SAC. The interaction
within this range showed that the increase of pH had
impoverished the 4-CP adsorption though raising the SAC
dosage could partially offset the unfavorable effect of pH.
As COD in the binary solution was virtually due to the
presence of phenol and 4-CP, the process variables influ-
enced the COD adsorption manifested the intermediary
interaction characteristics of these phenolic compounds.
The adsorption capacity of SAC revealed that 90 and
100 % of phenol and 4-CP, respectively, could be removed
from the binary solution at the SAC dosage of 3.5 g/L and
pH of lower than 9.00. The CCD program predicted nine
possible optimum process variable conditions for the
maximum removal of phenol, 4-CP and COD, in which
SAC dosage all remained constant at 3.5 g/L. In view of
the environmental gains, optimum condition at pH 7.60
was chosen which resulted in the percentage removals of
phenol, 4-CP and COD correspondingly at 85.4 %

(73.1 mg/g), 96.2 % (82.6 mg/g) and 90.9 % (78.0 mg/g);
and was subsequently confirmed by the experimental
results.
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