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Abstract: In this study, the removal of turbidity, biological oxygen demand
(BOD) and chemical oxygen demand (COD) in the treatment of bagasse-based
wastewater from the paper and pulp industry were investigated via response
surface methodology (RSM) under different operating conditions, such as agi-
tation time (X;: 15-25 min), initial pH (X,: 4-8), chitosan dose (X3: 1.2-2.0
g L) and settling time (X,: 40-80 min). The obtained experimental data were
fitted to a second-order polynomial equation using multiple regression analysis
and ANOVA (analysis of variance) was used to examine the significance of the
developed mathematical models. The 3-D response surface plots were derived
from the mathematical models in order to study the interactive effects of the
process variables on the treatment efficiency. The Derringer desired function
methodology was applied to determine the optimal conditions, which were
found to be: an agitation time of 20 min, an initial pH of 6, a chitosan dose of
1.8 g L1 and settling time of 60 min. Under these conditions, the removal of
turbidity, BOD and COD were found to be 84, 90 and 93 %, respectively.

Keywords. chitosan; coagulation; Bagasse wastewater; BBD design; model
development.

INTRODUCTION

The pulp and paper industry is one of the highest water consuming industries
in which bagasse is a potential raw material.1 Bagasse is a fibrous mass that is
derived from the sugar industry after extraction of juice from sugarcane.2 The
wastewater generated from bagasse-based pulp and paper industry contains large
amounts of organic and inorganic matter, resulting in high values of chemical
oxygen demand (COD), biological oxygen demand (BOD) and turbidity, due to
the processes involved in bagasse processing, such as storage, washing and
bleaching with chemicals.3 Discharge of this untreated bagasse wastewater into
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the environment has negative impact on the ecological systems. An extensive
literature survey showed that little information has been reported regarding the
treatment of wastewater from the bagasse-based pulp and paper industry, i.e., a
UASB reactor treatment process and treatment with white route fungus. How-
ever, these treatment processes have drawbacks, such as long treatment time,
start-up problems, difficulty in maintaining environmental conditions and low
treatment efficiency. Therefore, thereis acritical need to develop an efficient and
economic treatment process for bagasse-based paper and pulp industry waste-
water, before its discharge into natural resources.

One of the most commonly used wastewater treatment techniques involves
the process of coagulation/adsorption, which is the physical adhesion of chemi-
cals onto the surface of a solid. Widely available biopolymers are being used for
coagulation mainly because they are a cheap resource or a freely available
resource. Chitosan is a biopolymer that is extracted from crustacean shells or
from fungal biomass.# Chitosan has the potential to reduce and solve some envi-
ronmental pollution problems for the creation of a“greener environment”. Chito-
san is arenewable polymer, which undergoes natural decomposition, is non-toxic
to both the environment and humans and has no side effects or alergic effects if
implanted in the body.56 Chitosan has been used as a coagulant to treat various
wastewaters, such as food processing industria wastewaters, brewery waste-
water, pulp and paper mill wastewater, olive oil wastewater and an effluent con-
taining metal ions and phenol derivatives.” Moreover, the process parameters of
chitosan-based treatment methods, such as initial pH, coagulant dose, settling
time and agitation time are complex and their optimization will pave the way for
effective treatment efficiency. Optimization and simulation studies of such treat-
ment process variables are essential for industrial scale-up. To date, most studies
on the optimization of wastewater treatment methods have focused on the trade-
tional one-factor-at-a-time approach. However, this approach does not take into
account cross effects from the factors considered and results in poor optimization
results. Response surface methodology (RSM) is a powerful statistical-based
technique for modeling complex systems, evaluating the simultaneous effects of
several factors, and thus searching for the optimum conditions for desirable res-
ponses.8 In addition to analyzing the effects of independent variables, RSM gene-
rates a mathematical model that could be used to predict the response of a system
to any new conditions.®

However, until now, RSM has not been used as a modeling and optimization
tool for the treatment of bagasse-based paper and pulp effluent using chitosan as
the coagulant. Hence, the present study was planned to investigate the individual
and interactive effects of the process variables, such as agitation time, initia pH,
chitosan dose and settling time, on the percentage removal of turbidity, biological
oxygen demand (BOD) and chemical oxygen demand (COD) from bagasse
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wastewater using response surface methodology (RSM) coupled with the Box—
—Behnken experimental design (BBD).

EXPERIMENTAL
Wastewater sample

The wastewater used in this study was collected from the bagasse-based pulp and paper
industry near Erode, Tamil Nadu, India. The characteristics of the wastewater, such as an
initial pH of 5.08, aturbidity of 1768 NTU, aBOD of 2048 mg L1 and a COD of 6500 mg L-1
indicates the presence of higher amounts of organic and inorganic matters in the bagasse
wastewater. All the chemicals used in this study were of analytical grade. Chitosan powder
was purchased from Sigma Chemicals, Mumbai, India.

Experimental procedure

Conventiona batch studies were performed under different operating conditions, such as
agitation time (15-25 min), initial pH (4-8), chitosan dose (1.2-2.0 g L'Y) and settling time
(40-80 min) in 250 mL conical flask containing 100 mL of composite bagasse-based paper
and pulp industry wastewater. The pH of the wastewater was adjusted by using either sulfuric
acid (0.1 M) or sodium hydroxide solutions (0.1 M). The agitation was realized using incu-
bator shaker equipment (SLM-INC-OS-250) with the desired dose of chitosan. Then the
supernatant was filtered and used to determine its turbidity, BOD and COD values.

Analytical methods

Theinitial pH, turbidity, BOD and COD determinations were performed according to the
procedures described by the American Public Health Association (APHA). The percentage
remova efficiency (RE) of turbidity, BOD and COD were calculated using the following
equation:10

RE = [ﬂjxloo )
G

where, ¢y and ¢, are the turbidity BOD and COD vaues before and after the process,
respectively.
Experimental design

Response surface optimization is more advantageous than the traditional single para-
meter optimization in that it saves time, space and raw materials.11 Thus, in this study, a Box—
—Behnken response surface experimental design (BBD) with four factors at three levels was
used to investigate the influence of the operating variables, i.e., agitation time, initial pH,
chitosan dose and settling time on the removal of turbidity, BOD and COD from the bagasse-
-based wastewater using chitosan as a coagulant. The process variables and their ranges are
given in Table |. The experiments were established based on a BBD and the complete design
consisted of 29 experiments, the total number of experiments being calculated from the
following equation:12

N=2K(K-1)+Cqy 2
where, K is number of factors and Cy is the number of central points. The initial pH, chitosan
dose, agitation speed and settling time were referred to by the uncoded variables X, X5, X3

and X4, respectively. The variables in uncoded form were converted to their coded form: xq,
Xp, X3 and X4 using the following equation:*3
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The general mathematical form of a second-order polynomial equation is given below:14

k k k
Y=Bo+ 2 BiXi+ 2 BXi+2 D BiXiXj+a ©)
j=1 j=1 i <j=2
where, Y is the response; X; and X; are variables (i and j range from 1 to K); f is the model
intercept coefficient; f;, f; and f;; are the interaction coefficients of the linear, quadratic and
the second-order terms, respectively; k is the number of independent parameters (k = 4 in this
study); and g isthe error. The experimental data was analyzed by multiple regression analysis
(sequential sum of squares and model summary statistics) on the experimental datato evaluate
the adeguacy of various mathematical models, such as linear, interactive (2F1), quadratic and
cubic.15 Pareto analysis of variance (ANOVA) was used to study the statistical significance of
mathematical model using student’s F-test and the significance of the F-values at probability
levels (p < 0.05). All the statistical analyses were realized using the Stat ease Design Expert
8.0.7.1 statistical software package (Stat-Ease Inc., Minneapolis, MN, USA).

Then the mathematical models were used for the construction of three dimensiona (3D)
response surface plots to predict the relationships between the independent and dependent
variables.1® The adequacy of the model equation for predicting the response values were
validated under the selected optimized conditions.1718 Triplicate verification experiments
were performed under the optimized conditions and the average value of the experiments was
compared with the predicted values of the developed model equations.

TABLE I. The process variables and their ranges

. Level
Variable =) 0 1
Agitation time, min 15 20 25
Initial pH 4 6 8
Chitosan dose, g L1 12 16 2
Settling time, min 40 60 80

RESULTS AND DISCUSSION

The percentage removal of turbidity, biological oxygen demand (BOD) and
chemical oxygen demand (COD) were investigated under different operating
conditions, i.e., agitation time (X;: 15-25 min), initial pH (X;: 4-8), chitosan dose
(Xs: 1.2-2 g L™1) and settling time (X4: 40-80 min) using chitosan as a coagulant
to treat bagasse-based paper and pulp industry wastewater via the response
surface methodology (RSM). In this study, a four-factor three-level BBD was
used to evaluate the effect and optimize the process variables on the responses. A
total number of 29 batch experiments including three centre points were per-
formed in triplicate using statistically designed experiments, the results of which
aregivenin Tablell.

BBD analysis

The BBD experimental data were analyzed by multi regression analysis,
namely the sequential model sum of squares (Table 111) and model summary
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statistics (Table 1V), in order to select the best regression mathematical model
among the various models, i.e., linear, interactive, quadratic and cubic. From the
results, it was found that the quadratic model shows the highest R2, adjusted R2,
and predicted R2 values and also had the lowest p-values compared to the other
models considered. Therefore, the quadratic model was chosen to describe the
effects of the process variables on the removal efficiency of turbidity, BOD and
COD from bagasse-based paper and pulp industry wastewater.19

TABLE II. BBD experimental design results

No Agitation Initidl Chitosan  Settling Turbidity BOD COD
" timg, mn pH dose gLl time min removal,% removal,% removal, %
1 20 4 2.0 60 62.2 71.2 67.9
2 20 4 16 40 225 313 27.9
3 15 4 16 60 45.6 54.2 50.9
4 15 8 16 60 46.3 55.4 51.9
5 15 6 16 40 16.2 25.3 21.9
6 25 8 1.6 60 41.3 50.4 47.3
7 20 8 2.0 60 51.2 60.8 56.9
8 20 6 12 40 29.9 38.7 35.6
9 25 6 2.0 60 56.2 65.2 61.5
10 20 6 16 60 815 90.3 87.2
11 20 8 12 60 66.2 75.4 71.9
12 20 4 16 80 58.9 67.7 64.6
13 20 6 2.0 40 31.2 40.6 36.9
14 20 6 16 60 815 90.3 87.2
15 25 6 16 80 54.2 63.8 59.9
16 20 6 16 60 815 90.3 87.2
17 25 6 12 60 56.2 65.6 61.9
18 20 6 2.0 80 75.5 84.3 81.2
19 20 6 16 60 815 90.4 87.2
20 20 8 16 40 24.2 33.2 29.9
21 15 6 12 60 54.4 63.3 60.3
22 25 4 1.6 60 31.3 40.1 375
23 25 6 16 40 26.2 35.3 31.9
24 20 4 1.2 60 44.2 53.4 499
25 20 8 16 80 68.3 77.2 74.3
26 20 6 12 80 81.7 90.4 87.7
27 15 6 16 80 70.2 79.2 75.9
28 20 6 16 60 815 90.3 87.2
29 15 6 2.0 60 61.5 69.8 66.7

Mathematical equation devel opment

An empirical relationship between the responses and independent variables
was expressed by a second-order polynomial equation with interaction terms.
Three empirical models were developed in order to understand the interactive
correlation between the responses and the process variables. The fina model
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obtained in terms of coded factorsis given below (Egs. (5)—(7)). These equations
will help to predict the removal efficiency of different sets of combinations of the
four process variables on the responses.20

Y1 =81.50— 2.40X1 + 2.73X » + 0.43X3 + 21.55X 4 + 2.32X1 X2 —
—1.77X1X3—6.50X1X4 —8.25; X3 +1.92X X4 —
~1.88X3X4 —19.78X{ —19.46 X2 —5.93X2 ~19.86X 2
Y2 =90.32-2.23X1 + 2.88X5 +0.42X3 + 21.51X4 + 2.27 X1 X5 —
—1.72X1X3 - 6.35X1 X4 —8.10X2 X3 +1.90X2 X4 —
~2.00X3X4 —19.70X? -19.36 X2 —5.81X3 —19.78X 2
Y3 =87.20— 2.30Xy + 2.79X2 + 0.32X3 + 21.62X4 + 2.20X1 X2 —
~1.70X1X3 - 6.50X1X4 —8.25, X3 +1.93Xp X4 —
~1.95X3X4 —19.83X7 —19.42X 5 —5.98X2 -19.82X 2

(5)

(6)

(7)

where Y1, Y, and Y3 are turbidity, BOD and COD removal, respectively, and X,
Xz X3 and X, are the agitation time, initial pH, chitosan dose and settling time,

respectively.

TABLE I11. Sequential model sum of squares results for the responses

Source Sum of squares Df Meansquare  F-value Prob>F Remarks
Sequential model sum of squares for turbidity removal

Mean 86420.88 1.00 86420.88 - - -

Linear 5734.23 4.00 1433.56 5.61 0.0025 -

2FI 504.39 6.00 84.06 0.27 0.9444 -

Quadratic 5512.65 4.00 1378.16 167.02 <0.0001 Suggested

Cubic 91.73 8.00 11.47 2.89 0.1064 Not fit
Sequential model sum of sgquares for BOD removal

Mean 117176.67 1.00 117176.67 - - -

Linear 5717.16 4.00 1429.29 5.66 0.0024 -

2FI 486.80 6.00 81.13 0.26 0.9477 -

Quadratic 5467.70 4.00 1366.93 17350 <0.0001 Suggested

Cubic 87.25 8.00 10.91 2.84 0.1103 Not fit
Sequential model sum of squares for COD removal

Mean 105398.38 1.00 105398.38 - - -

Linear 5770.26 4.00 1442.56 5.67 0.0023 -

2FI 502.24 6.00 83.71 0.27 0.9445 -

Quadratic 5504.32 4.00 1376.08 184.78 <0.0001 Suggested

Cubic 83.53 8.00 10.44 3.02 0.0975 Not fit
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TABLE IV. Model summary statistics for the responses

Source SD. R2 Adjusted RZ Predicted R2 PRESS  Remarks
Model summary statistics for turbidity removal

Linear 15.9851 0.4832 0.3971 0.3410 7820.13

2FI 17.6826 0.5257 0.2622 0.1110 10549.06

Quadratic 2.8725 0.9903 0.9805 0.9439 665.66  Suggested

Cubic 1.9914 0.9980 0.9906 0.7113 3426.22 Not fit
Model summary statistics for BOD removal

Linear 15.8965 0.4852 0.3995 0.3435 7734.63

2FI 17.6037 0.5266 0.2635 0.1108 10476.54

Quadratic 2.8069 0.9906 0.9813 0.9461 635.61  Suggested

Cubic 1.9602 0.9980 0.9909 0.7183 3318.80 Not fit
Model summary statistics for COD removal

Linear 15.9567 0.4857 0.3999 0.3447 7785.60

2FI 17.6519 0.5279 0.2657 0.1178 10481.87

Quadratic 2.7290 0.9912 0.9824 0.9494 600.78  Suggested

Cubic 1.8590 0.9983 0.9919 0.7487 2985.87 Not fit

Adequacy of devel oped mathematical models

It is very important that the developed mathematical models described the
coagulation process effectively. Thus, the adequacy of the models was evaluated
by constructing diagnostic plots, i.e., predicted versus actual for the data pre-
dicted by models and the experimental data (Fig. 1A—C). From the figures, it
could be observed that the data points on these plots lie very close to the diagonal
lines, which indicates good agreement between the experimental data and the
data predicted by the developed models.21 This confirms the normal distribution
of the observed data and the adequacy of the developed models.

Satistical significance of the quadratic model

Pareto analysis of variance (ANOVA) was used to analyze the significance
of the developed model equations by using their corresponding F and p-values,
which are listed in Table V. The higher model F values and lower p-values (p <
< 0.0001) of both the mathematical models demonstrated that the developed
model was highly significant. The robustness of the model was analyzed by the
determination of the coefficient (R2), the adjusted determination coefficient
(R%), the predicted determination coefficient (R&), the coefficient of variance
(CV) and the adequate precision (AP). The high R2 value of the developed
models showed that the relationship between the operating variables and the res-
ponse is well correlated. The lower CV values and the higher AP values clearly
confirm that the deviations between the experimental and predicted values were
low and showed the reliability of the conducted experiments.22
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Fig. 1. Plots of the predicted versus the actual values for the responses. A — turbidity removal,

B —BOD removal and C — COD removal.
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Response Turbidity removal COD remova BOD removal
P F-value p-vaue F-value p-vaue F-value p-value
Model 101.73 <0.0001 112.96  <0.0001 105.82 <0.0001
X1 8.38 0.0118 8.52 0.0112 7.60 0.0155
X5 10.88 0.0053 12,57 0.0032 12.60 0.0032
X3 0.27 0.6102 0.16 0.6946 0.27 0.6089
X4 675.16 <0.0001 753.28 <0.0001 704.92 <0.0001
X1 Xo 2.62 0.1278 2.60 0.1292 2.63 0.1273
X1 X3 153 0.2371 1.55 0.2335 151 0.2395
X1 X4 20.49 0.0005 22.70 0.0003 20.48 0.0005
XoX3 32.99 <0.0001 36.56  <0.0001 33.31 <0.0001
XoX4 1.80 0.2015 1.99 0.1801 183 0.1973
X3X4 1.70 0.2128 2.04 0.1749 2.03 0.1761
X42 307.61 <0.0001 34241  <0.0001 319.51 <0.0001
X2 297.64 <0.0001 328.37 <0.0001 308.71 <0.0001
X42 27.67 0.0001 3114 <0.0001 27.83 0.0001
X42 310.01 <0.0001 342.04 <0.0001 322.01 <0.0001
(% 5.2 4.5 4.4
AP 31.6 33.3 32.2

Effect of process variables

Three dimensional (3D) response surface plots were plotted from the deve-
loped models in order to study the individual and interaction effects among the
process variables on the responses and to determine the optimal conditions of
each process variable for the maximum removal of turbidity, BOD and COD
from bagasse wastewater using chitosan as the coagulant. The response surface
plots are shown in Fig. 2A—F.

Effect of agitation time

In order to investigate the effect of agitation time on the treatment efficiency,
experiments were performed for various agitation times (1525 min). From the
results, it was observed that the remova efficiencies increased linearly with
increasing agitation time from 15-20 min (Figs. 2A—C). Increasing the agitation
time up to 20 min increases the collision between the chitosan and the organic
matters present in the bagasse-based paper and pulp industry wastewater, which
enhanced the removal efficiencies of turbidity, BOD and COD. However, agita-
tion times longer than 20 min resulted in lower removal efficiencies of turbidity,
BOD and COD.

Effect of initial pH

Experiments were performed to study the effect of the initial pH (4, 6 and 8)
on the removal efficiency of turbidity, BOD and COD. From the results, it was
observed that the removal efficienciesincreased linearly with increasing pH from
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410 6 (Fig. 2A—C). Increasing the pH up to 6 increases the solubility of chitosan,
which increases the protonation of the chitosan surface and enhances the removal
efficiencies of turbidity, BOD and COD.23 However, an initial pH higher than 6
resulted in lower removal efficiencies of turbidity, BOD and COD, due to the
decrease in the solubility of chitosan.24

Effect of chitosan dose

The chitosan dose is one of the important process variables for the coagul-
ation process and it is associated with the removal efficiency of turbidity, BOD
and COD. As can be seen in Figs. 2D—F, the removal efficiencies increased
rapidly with increasing the chitosan dose in the range of 1.2-1.8 g L-1. This
phenomenon could be explained by the increased number of reactive site avail-
able for the coagulation process with increasing chitosan dose, which consider-
ably increases the amounts of organic matter that can be adsorbed.2526 Inc-
reasing the chitosan dose above 1.8 g L1 had negligible effects on the removal
efficiencies of turbidity, BOD and COD.

Effect of settling time

The settling time is also a primary factor influencing the coagulation pro-
cess. To examine the effect of settling time on the treatment efficiency, experi-
ments were performed in which various settling times were examined and the
results are shown in Figs. 2D-F. From Figs. 2D—F, it was observed that, the
removal efficiency was increased with increasing settling time from 40-60 min.
This could be explained by the fact that increases in settling time would lead to
the formation of more compact flocs via the bridging mechanism, which inc-
reases the removal efficiencies of turbidity, BOD and COD.27 A settling time
longer than 60 min alows for desorption of organic matter from the surface of
the chitosan,28 which decreases the removal efficiencies of turbidity, BOD and
COD.

Optimization

The Derringer desired function methodology29:30 was applied to determine
the optimal conditions and they were found to be an agitation time of 20 min, an
initial pH of 6, a chitosan dose of 1.8 g L~ and a settling time of 60 min. Under
these conditions, the removal efficiencies of turbidity, BOD and COD were 83.6,
93.2 and 90.4 %, respectively, with a desirability value of 0.986 were predicted
for the devel oped mathematical models. Under these conditions, the experimental
removal efficiencies of turbidity, BOD and COD were 84, 93 and 90 %, res-
pectively, which are in close agreement with the values predicted by the deve-
loped mathematical models. These results validate the optimized conditions.
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Fig. 3. Effect of the process parameters on the responses; A, B and C — effect of initial pH and

agitation time on turbidity removal, BOD removal and COD removal, respectively; D, E and F

— effect of initial settling time and chitosan dose on turbidity removal, BOD removal and COD
removal, respectively.

CONCLUSIONS

In this study, BBD was employed to investigate and optimize the process
variables, i.e., agitation time, initial pH, chitosan dose and settling time, on the
removal efficiencies of turbidity, BOD and COD to treat bagasse-based waste-
water using chitosan as a coagulant. From the results, it was observed that the
variables of the operating process have significant effects on the treatment effi-
ciency. Quadratic models were developed from the experimental data and their
adequacies were analyzed by the Pareto analysis of variance (ANOVA). 3D res-
ponse surface plots were generated in order to study the interactive effect of the
process variables on the treatment efficiency. The Derringer desired function
methodology was applied to determine the optimal conditions, which were found
to be: an agitation time of 20 min, an initial pH of 6, a chitosan dose of 1.8 g L1
and a settling time of 60 min. Under these conditions, the removal efficiencies of
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turbidity, BOD and COD were 84, 93 and 90 %, respectively. These results show
the effectiveness of chitosan as a coagulant for the eco-friendly treatment of bag-
asse wastewater.

U3BOJ

IMMPEPAIIA OTIIAOHE BOJE O] TPITYAHOT OTIIAJA KOPUIIREILEM BUOIIOJIMMEPA
— HOBH ITPUCTVYII
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Y 0BOM HCTpaXHBawky, yKIamame 3aMyheHOCTH, OHONOLIKE MOTPOIIHBE KHCEOHHKA
(BOD) u xemujcke moTpolute kuceoHuka (COD) WCNUTAaHH Cy TOA Pa3IUYUTUM PaLHUM
YCJIOBHMA, Kao LITO cy BpeMe melnama (X4: 15-25 min), mouetrna pH (Xj,: 4-8), mosa xuro-
3aHa (X3: 1,2-2,0 g L'!) u Bpeme Tanoxema(X,: 40-80 min) y mpepaay oTmajHe Boje TpII-
YaHOT OTNaja MHAYCTpHje XapTHje, METOJOJIIOTHjOM aHa/lM3e MOBPLIMHE oArosopa. Excrepu-
MEHTAJIHU NOJALH Cy alPOKCUMUPAHU NMOJTUHOMHOM jeTHAYWHOM IPYyTor pena kopuirhemem
MyJITUIIHE perpecroHe aHanuse, a metona ANOVA (aHanu3a BapujaHce) je ynoTpedbeHa 3a
WCITUTHBAKbE 3HAYajHOCTH Pa3BUjeHOr MaTeMaTHYKor Mozjena. M3 MaTeMaTHYKHX Mopesa Cy
nodujeHu rpadUIM TPOAWMEH3UOHAHE MOBPUIMHE ONTOBOpA, KAaKo OU Ce MPOYYWIH YTULAjU
HHTepaKlyje MMpolleCHUX IPOMEH/bUBHUX Ha edukacHOCT mpepaje. 3a oxpehuBame onTUMai-
HUX yCJI0Ba IpUMeBEHa je MeTononorvja Jepunrepose (Derringer) xemeHe GyHKIUje U fana
cnenehe pesynrare: Bpeme memara 20 min, nodetnn pH 6, nosa xutosana 1,8 g L1, a Bpeme
muposawa 60 min. [Tox oBum ycnosuma, HaheHo je Aa je samyhenoct 84 %, BOD 90 % u COD
93 %.

(TTpumisero 19. jyna, pesupupano 9. nenemdpa, npuxsaheno 13 genemdpa 2013)
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