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ABSTRACT

The present study emphasised the efficiency of chitosan anchored titanium dioxide nano-adsorbent on
dairy industry effluent treatment. Chitosan titanium dioxide nano-adsorbent was synthesised by using
chemical precipitation method and characterised for its particle size, surface morphology and texture. A
four-factor-three-level Box-Behnken design along with response surface methodology was used to
optimise the adsorption process parameters. Linear, two factor interaction, quadratic and cubic model
techniques were used to demonstrate the influence of each parameter and their interaction effects on the
responses. The quadratic models derived from the experimental data were used to predict the maximum
per cent reduction of biological oxygen demand (BOD) and chemical oxygen demand (COD). The
optimised treatment combination for maximum per cent reduction in BOD (90.48%) and COD (82.10%)
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was found to be initial concentration of 100 mg L™, pH of 7, dosage of 1.25 mg L' and contact time of
100 min.
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1. INTRODUCTION

Industrialisation is an important tool for the development of any nation. Consequently, the in-
dustrial activities has expanded so much all over the world today, that it has become a matter of
concern due to the deteriorating environment (Farizoglu and Uzuner, 2011). With the rapid growth
of industries in India, pollution of natural water by individual venture has increased tremendously
(Hu et al,, 2006). Dairy industry (DI) is one of the major food industries responsible for water
pollution. In India, DI has been reported to emit huge amounts of wastewater (approximately 2-
20L) per litre of processed milk (Thirugnanasambandham and Ganesamoorthy, 2019).

DI wastewater is generated through the operation of various milk and milk based products
processing units at cleaning, washing, cooling, heating. etc. DI wastewater contains milk con-
stituents such as whey protein, lactose, fat and minerals in high concentrations (Farizoglu and
Uzuner, 2011). These constituents are malodorous due to their susceptibility to oxidation and
decomposition processes (Sarkar et al., 2006). According to previous studies, conventional
wastewater treatment technologies have several disadvantages, such as huge investment costs
and low treatment efficiency (Thirugnanasambandham et al., 2014a).

Recently, membrane technology in DI wastewater treatment has been researched by many
(Thirugnanasambandham and Shine, 2016a). Major disadvantage of membrane based tech-
nologies is fouling; hence requiring regular maintenance (Farizoglu and Uzuner, 2011).
Application of nanotechnology through the usage of nano-adsorbents for the treatment of in-
dustrial wastewater could be one of the most promising technologies with a considerable po-
tential (Thirugnanasambandham and Sivakumar, 2015). Nano-adsorbents have large active
surface area, high adsorption capacity and are hydrophilic in nature. Hence, several oxide based
nano-adsorbents, such as zinc oxide, titanium dioxide, nickel oxide, copper oxide, iron oxide
and graphene oxide, could be used effectively (El-Sayed, 2020).

There are no scientific reports published on the application of chitosan titanium dioxide
(CTiO,) nano-adsorbent for removal of organic pollutants from DI wastewater. Hence, the
present investigation focused on synthesising and characterising CTiO, nano-adsorbent for
effective treatment of DI wastewater. The outcome of this study would offer a solution for the
dairy industry with an economical and efficient way to treat dairy wastewater.

2. MATERIALS AND METHODS

2.1. Synthesis and characterisation of CTiO,

CTiO, nano-adsorbent was synthesised according to the method described by Alagumuthu and
Kumar (2013) and characterised by using particle size analyser, scanning electron microscope
with elemental detection sensor (SEM-EDS) and atomic force microscope (AFM).
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2.2. Batch adsorption study

Batch adsorption study was conducted for per cent reduction in BOD and COD of model
solution by wusing CTiO, nano-adsorbent by following the method described by
Thirugnanasambandham et al. (2014a). Synthetic BOD solution was prepared by dissolving
150 mg L™" of glucose in glutamic acid (i.e. 1,000 mg L™ stock solution). Synthetic COD so-
lution was prepared by dissolving 0.085 g of potassium hydrogen phthalate in 1 L distilled water
(i.e. 1,000 mg L™ stock solution).

The model solution was treated with three dosages of CTiO, (0.50, 1.25 and 2.00 mg L") at
three different BOD and COD concentrations (100, 200 and 300 mg L") at three different pH
levels (2, 7 and 12) for three contact times (20, 60 and 100 min). The per cent reduction in BOD
and COD of the model solution was calculated by using Eq. (1),

CO_Ce

% reduction = [ X100 (1)

0

where, C, and C.: Initial and final BOD and COD concentrations of model solution (Thir-
ugnanasambandham et al., 2014b).

2.3. Statistical experimental design

Statistical analysis of experimental results was carried out by using ‘design expert’ software
(8.0.7.1 version). Three levels-four factors response surface methodology (RSM) with Box-
Behnken design (BBD) was adopted to study the individual and interaction effects of selected
variables (Liu and Peng, 2017). The independent variables with their levels are listed in Table 1.
There were twenty-nine experiments designed with five centre points and replicated thrice.

3. RESULTS AND DISCUSSION

3.1. Characterisation of synthesised CTiO, nano-adsorbent

The synthesised CTiO, nano-adsorbent was found to have average particle size of 87.43 d.nm.
Sharp peaks obtained in the particles were of similar size and uniformly distributed throughout
the mass (Fig. 1). Synthesised CTiO, nano-adsorbent particle structures were rod shaped or

Table 1. Independent variables and their levels for per cent reduction in BOD and COD of model solution
by using CTiO, nano-adsorbent

Levels

High
Variables Unit Factors  Low (—1)  Middle (0) (+1)
Initial concentration of model BOD and ~ mg L™' X, 100 200 300

COD solutions

pH of model BOD and COD solutions X, 2 7 12
Dosage of CTiO, mg L7} X, 0.50 1.25 2.00
Contact time of CTiO, Min Xy 20 60 100
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Fig. 1. Average particle size of synthesised CTiO, nano-adsorbent

aggregated with rough surface (Fig. 2A). The desired rough surface formation of the aggregates
was achieved with higher sodium hydroxide concentration during synthesis (Kavitha et al., 2013).
EDS spectra showed a major amount of titanium (68.30%) followed by chitosan (30.56%) and
negligible amount of sodium (1.14%) (Fig. 2B). Sodium traces in the composite material are due
to sintering of residual sodium during the synthesis process (Raut et al., 2016). Average height
and surface roughness of CTiO, nano-adsorbent were 65.49 nm and 0.99 nm, respectively (Fig.
3A and 3B). Higher roughness was achieved due to the agglomeration of CTiO, composite (Tian
et al,, 2003). Topography and profile images of AFM revealed an expected rough surface texture
consisting of particles fused together at inter-particle contact points (Hu et al., 2006).

3.2. Effect of process variables on per cent reduction of BOD and COD

The values of per cent reduction in BOD and COD of model solution for different independent
variables are presented in Table 2. The interaction effects are discussed hereunder.

The effect of pH and initial BOD and COD concentrations on per cent reduction of BOD
and COD is depicted in Fig. 4A. Per cent reduction of BOD and COD increased with the

0 2 4 6

Full Scale 2063 cts Cursor: 0.000

Fig. 2. SEM image (A) and EDS spectrum (B) of CTiO, nano-adsorbent
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Fig. 3. Topography (A) and profile (B) images of CTiO, nano-adsorbent obtained by AFM

increase in the pH of the solution from 2 to 12. This might be due to the conversion of
hydroperoxyl radicals (HOOe) and hydroxyl radicals (OHe) into hydrogen peroxide at lower
pH (Akthar et al,, 2007). On the other hand, as the initial concentration of BOD and COD
increased from 100 to 300 mg L™, the per cent reduction of BOD and COD in model solution
decreased. This was due to hydroxyl radical scavenging activity. SO,>~, NO;~, CO5*~ and Cl~
ions might have blocked the active sites on the CTiO, surface (Bhanarkar et al., 2014). The effect
of CTiO, dosage and initial BOD and COD concentrations on per cent reduction of BOD and
COD in the model solution is illustrated in Fig. 4B. It can be seen that as the dosage of CTiO,
increased from 0.5 to 2.00 mg L™, the per cent reduction of BOD and COD in model solution
increased as well. It is presumed that the availability of active sites on the CTiO, nano-adsorbent
considerably increased at higher doses (Thirugnanasambandham et al., 2014a). On the other
hand, as the initial concentration increased from 100 to 300 mg L™, the per cent reduction of
BOD and COD decreased. A possible explanation is that the higher initial concentration resulted
in more adsorption of organic substances on the surface of the adsorbent (Farzana and Mee-
nakshi, 2013). When the contact time with nano-adsorbent particles in model effluent solution
increased from 20 to 100 min, the per cent reduction of BOD and COD also increased (Fig. 4C).
This might be due to the nature of organic pollutants, which require longer time for adsorption
(Karthikeyan et al., 2017).

3.3. Box-Behnken design

Different levels of input variables were set to observe their effect on per cent reduction of BOD
and COD in model solution by using CTiO, nano-adsorbent. The interaction relationship of
variables was determined by fitting the quadratic equation to the obtained data (Reddy et al.,
2014). For four factors (n = 4) and three levels (low (-), medium (0) and high (+)) the fitted
quadratic response model is given in Eq. (2).
Y =b:Xy + 0:Xo + 03X + baXy + buXiz + 0202Xon + b33X50 + baaXao + 612X X0 + 013 X1 X5
+ b1a X1 Xy + e,

(2)
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Table 2. Coded and un-coded Box-Behnken design of independent variables and their corresponding
experimental values

Per cent reduction

BOD COD
Run X, (mgL™") X3 X; (mg L7 X, (min) Exp. Pred. Exp. Pred.
1 100(~1) 2(-1) 1.25(0) 60(0) 88.56 8841 8210  82.02
2 300(+1) 2(-1) 1.25(0) 60(0) 25.59 25.51 62.27 62.11
3 100(-1) 12(+1) 1.25(0) 60(0) 8642 8640  80.15  80.02
4 300(+1) 12(+1) 1.25(0) 60(0) 23.04 23.11 50.17 50.57
5 200(0) 7(0) 0.5(-1) 20(-1) 50.41 50.30 41.12 41.28
6 200(0) 7(0) 2(+1) 20(-1) 56.84 5654 4698 4671
7 200(0) 7(0) 0.5(-1) 100(+1) 52.45 52.56 44.52 44.67
8 200(0) 7(0) 2(+1) 100(+1) 55.18 55.28 51.48 51.65
9 100(~1) 7(0) 1.25(0) 20(-1) 7050 7035 7805  77.84
10 300(+1) 7(0) 1.25(0) 20(-1) 20.81 22.40 45.63 45.41
11 100(-1) 7(0) 1.25(0) 100(+1) 90.48 89.07 81.21 81.01
12 300(+1) 7(0) 1.25(0) 100(+1) 2877 2825 5531 5558
13 200(0) 2(-1) 0.5(-1) 60(0) 51.25 51.06 35.05 35.29
14 200(0) 12(4+1) 0.5(-1) 60(0) 51.05 51.20 33.50 3391
15 200(0) 2(-1) 2(+1) 60(0) 66.18 6647 3612 3637
16 200(0) 12(4+1) 2(+1) 60(0) 65.85 64.46 38.86 38.47
17 100(~1) 7(0) 0.5(-1) 60(0) 87.16 8722 7895 7854
18 300(+1) 7(0) 0.5(-1) 60(0) 2464 2448 4829 4856
19 100(-1) 7(0) 2(+1) 60(0) 87.26 87.06 71.54 71.19
20 300(+1) 7(0) 2(+1) 60(0) 2795 2751 4652 4627
21 200(0) 2(-1) 1.25(0) 20(-1) 5562 5546  40.68  40.97
22 200(0) 12(+1) 1.25(0) 20(-1) 54.06 54.87 3441 34.54
23 200(0) 2(-1) 1.25(0) 100(+1) 5942  59.09 4430  44.18
24 200(0) 12(+1) 1.25(0) 100(+1) 5749  57.69 4125  41.12
25 200(0) 7(0) 1.25(0) 60(0) 58.00 58.12 39.56 39.28
26 200(0) 7(0) 1.25(0) 60(0) 5815  57.65 3951  39.70
27 200(0) 7(0) 1.25(0) 60(0) 582 5887 3951  39.11
28 200(0) 7(0) 1.25(0) 60(0) 58.12 58.04 39.54 39.95
29 200(0) 7(0) 1.25(0) 60(0) 5810 5837 3955 3937

X;: Initial concentration of model BOD and COD solutions; X,: pH of model BOD and COD solutions; X3:
Dosage of CTiO,; and X,: Contact time of CTiO,.

where, Y is the predicted value of response (per cent reduction in BOD and COD); by, b,, b; and
b, are the linear coefficients; by, by, b33 and by, are the quadratic coefficients; b;,, b;3 and by,
are the cross-products coefficients; and e is the error term.

3.4. Development of a mathematical model

Different response functions such as linear, interactive, quadratic and cubic were employed to
compare the experimental data (Thirugnanasambandham and Sivakumar, 2015). Two tests such
as model sequential sum of squares and summary statistics of model were used to check the test
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quadratic and cubic models. All these models were statistically significant as p-
2.74) and per cent root

dosage and (C) contact time

1.54), coefficient of variance (C.V
603.06) for per cent reduction of BOD and COD. The higher

(0.990) and Pred. R? (0.947) indicated a strong correlation and

Initial concentration, mg L!

, Adj. R
dependence between the predicted and observed values. As a result, the quadratic model was

>

Fig. 4. Response surface plots for per cent reduction in BOD and COD in model solution using CTiO,
nano-adsorbent as a function of (A) pH, (B) CTiO,

value lower than 0.0001. Among the tested models, quadratic model resulted the lowest values of

standard error deviation (SD

error sum of squares (PRESS
able to provide a good estimate of the response within the range of variables studied. The

developed quadratic mathematical model equations (Egs. (3) and (4)) are the following:

of significance by using BBD (Table 3). The experimental data was fitted with linear,

interaction (2FI)
value of R? (0.998)
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Table 3. Model sequential sum of squares and summary of statistics of models

Models Std. Dev. CV. % PRESS R-squared Adj R-squared Pred R-squared
Linear 4.03 7.19 1409.84 0.965 0.960 0.876
2FI 4.40 7.84 1113.67 0.969 0.952 0.902
Quadratic 1.54 2.76 603.06 0.998 0.990 0.947
Cubic 4.18 7.45 2070.85 0.978 0.976 0.818

Per cent reduction of BOD = 58.11 — 29.97*X; — 0.73*X, + 3.53*X;3 + 2.96*X, — 0.10*X;*X,
+ 0.80%*X; — 3.01*X,*X,; — 0.033*X,*X3 — 0.093*X,*X,
— 0.93*X3*X, — 2.12*X} + 0.80*X7 — 0.24*X> — 3.26*X,

3)

Per cent reduction of COD = 39.53 — 13.65*X; — 1.85*X, + 0.84*X; + 2.60*X, — 2.54*X,*X,
+ 141*X,* X5 — 1.63*X, %X, + 1.07*X,*X; + 0.81%X,*X,
+ 0.28*X3*Xy + 24.90*X] — 0.26X; — 1.00*X3 + 3.00*X7,

(4)

where, X, X;, X5 and X, are initial concentration of BOD and COD, pH, CTiO, nano-adsorbent
dosage and contact time, respectively.

3.5. Statistical significance of the quadratic model

Analysis of variance (ANOVA) was used to analyse the significance of the developed quadratic
model by using corresponding sum of square, degrees of freedom (DF), standard error (SE), F-
value and P-value (Table 4). Higher sum of square and F-value were found for per cent
reduction of BOD (11181.00 and 45.68) and lower for per cent reduction of COD (6775.76 and
19.36). Hence, the mathematical modelling demonstrated that the developed model is highly
significant. The standard error (SE) and p-value clearly confirmed the low deviation between the
experimental and predicted data, and showed the reliability of the experiment (Liu and Peng,
2017).

3.6. Model validation

In order to demonstrate the predictive capability of the model, validation of model tests were
carried out at optimal parameters (Thirugnanasambandham and Shine, 2016b). The goodness of
fit values (R% Adj-R2 and Pred-R?) was compared with test models (Linear, 2FI, Quadratic and
Cubic models). Among the test models, quadratic model provided higher R*, Adj-R* and Pred-

Table 4. Statistical significance of the quadratic model

Responses Sum of squares  DF SE Mean squares  F-value = P-value
Per cent reduction of BOD 11181.00 14 1.87 798.71 45.68 <0.0001
Per cent reduction of COD 6775.76 14 2.24 483.98 19.36 <0.0001
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R® values (0.998, 0.990 and 0.947). The results achieved under optimal conditions improved
slightly as compared to the initial set of experimental data (Thirugnanasambandham and
Ganesamoorthy, 2019). Mean values obtained from the verification experiments for per cent
reduction of BOD and COD were found to be 89.09 and 82.02% (predicted values), respectively,
at initial BOD and COD concentration of 100 mg L™, pH of 7, nano-adsorbent dose of 1.25 g L™
and contact time of 100 min.

3.7. Optimisation

RSM coupled BBD was employed to optimise the process parameters to treat dairy industry
wastewater using CTiO, nano-adsorbent. The responses are maximised to obtain the best
conditions for the adsorption process (Oladipo et al., 2017). Therefore, the desirability function
approach under BBD was used as a goal by choosing values from 0.0 (unacceptable) to 1.0
(acceptable). During optimisation, all the independent variables were kept in range and re-
sponses as maximum. Both responses (BOD and COD) were found best at optimised conditions
of 100 mg L™ of initial BOD and COD concentrations, pH value of 7, CTiO, nano-adsorbent
dose of 1.25 g L' and contact time of 100 minutes.

4. CONCLUSIONS

CTiO, nano-adsorbent was synthesised, characterised and used for dairy industry wastewater
treatment for per cent reduction of BOD and COD in model solution. A second-order
quadratic model was developed with a good R? (0.998), Adj. R? (0.990) and Pred. R (0.947)
values for per cent reduction in BOD and COD. Analysis of variance of the test results
indicated significant effect of each process variable on treatment efficiency. Optimised con-
ditions for per cent reduction in BOD (90.48%) and COD (82.10%) were found at model
solution concentration of 100 mg L ~', pH of 7, nano-adsorbent dose of 1.25 g L™" and contact
time of 100 min. Hence, the CTiO, nano-adsorbent could be used for efficient treatment of
dairy industry wastewater.
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