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1.0 Box-Behnken experimental design

The traditional method of coagulation-flocculation involves changing one factor at a time and
requires many experiments, which may be time-consuming, often leading to low optimization
efficiency. To address this problem, the design of experiment (DOE) was used to study the effect
of variables and their responses using a minimum number of experiments. RSM is a collection of
statistical and mathematical methods which are useful for developing, improving, and optimizing
processes (Aslan and Cebeci 2007; Aslani et al. 2016; Bezerra et al. 2008). The selection of an
adequate experimental design is a key consideration for experimental optimization. The BBD
method was employed to obtain the optimum T; and P; removal. The BBD is an independent,
rotatable quadratic design with no embedded factorial or fractional factorial points, where the
variable combinations are at the mid-points of the edges of the variable space and at the center
(Usharani and Lakshmanaperumalsamy 2016). The BBD requires fewer treatment combinations
than the central composite design, and is less expensive to perform, especially in cases with three
or four factors. BBD allows efficient estimation of the first- and second-order coefficients and
does not have axial points. Thus, it is certain that all design points fall within a safe operating zone.
The BBD approach ensures that not all factors are set at their high levels at the same time. This
affords identification of significant effects of interaction for batch studies (Raki¢ et al. 2014;
Usharani and Lakshmanaperumalsamy 2016; Usharani and Muthukumar 2013; Zolgharnein et al.
2013). Preliminary experiments indicate that important variables affecting T; and Pi, removal
include ferric chloride dosage, CMC-CTA dosage, pH and settling time (Agbovi and Wilson
2018). These variables were evaluated to optimize T; and P;, removal. FeCls dosage varied between
5mg-L?tand 15 mg-L, CMC-CTA dosage (1 mg-L™* to 5 mg-L), pH (2 to 12), and settling time
(10 to 60 minutes). In Table 1, the experimental design had four variables (A, B. C and D), each at
three levels, coded as -1, 0 and +1, for low, middle and high values, respectively. Twenty-nine
experiments were carried out according to the statistical matrices developed by the RSM, in order
to account for variability of the independent variables on T; and P;, removal. The experimental data
was fit using a non-linear regression method with a second order polynomial to identify significant
coefficient terms. The application of RSM provides an empirical relationship between the response
function and the independent variables. The quadratic response model is based on all linear terms,

square terms, and linear interaction terms, according to equation (S1) (Jain et al. 2011).
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Y =b +> b+ > bix+ D byX; (S1)
Here, Y is the predicted response (T; or P; removal efficiency) b, is the model constant, b; is the
linear coefficient, bii is the quadratic effect of the input factor xii, bjj is the linear interaction effect
between the input factors x; and X;.

The response function coefficients were determined by regression using the experimental data
and the Quantum LX Sigmazone DOE regression program. The response functions for turbidity
and phosphate removal (%) were approximated by the standard quadratic polynomial equation in
eqn (S2), which describes the regression model of the system, including the interaction terms. (Jain
etal. 2011)

Y =b,+bA+b,B +b,C +b,D +b,A’+b,AB +b,,AC +b,AD + b,,B*> +h,,BC (s2)
+b,,BD +b,,C*+b,,CD +b,,D?
Here, Y is the predicted response, Ti or Pi removal (%); A, B, C and D are the coded levels of the
independent variables: CMC-CTA dose (mg/L), FeCls (mg/L) dose, pH and settling time
(minutes), respectively. The regression coefficient, bo denotes the intercept term; b1, b2, bz and ba
represent the linear coefficients; b1z, bis, b4, b3, b2s, b3 represent the interaction coefficients and
b11, b2z, bss and bas denote the quadratic coefficients. Analysis of variance (ANOVA) was
employed to perform diagnostic tests on the adequacy of the proposed model. The ANOVA test
estimates the suitability of the response functions and the significance of the effects for the

independent variables.
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Scheme S1: Synthetic route of carboxymethyl chitosan (CMC) and 3-chloro-2-hydroxypropyl
trimethylammonium chloride grafted onto CMC (CTA-CMC).
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Figure S1: (a) Titration curve for estimation of the DS for CMC, where Vnaon denotes the titrant
volume of NaOH at the equivalent point (b) FT-IR spectra of chloroacetic acid (CIAc), Chitosan
(CHI), CMC and CMC-CTA. The insert is an IR spectrum of CMC-CTA. (c) *H-NMR spectra of
chitosan (i), carboxymethyl chitosan, CMC (ii) and CMC-CTA (iii). (d) *C-NMR of chitosan (i),
carboxymethyl chitosan, CMC (ii) and CMC-CTA (iii).
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Figure S2: TGA profile of chitosan, carboxymethyl chitosan (CMC) and CMC-CTA: (a) First
derivative of weight loss (wt/°C) against temperature, and (b) weight loss with temperature.
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Figure S3: Two-dimensional Box-Behnken contour plots of phosphate removal efficiency as a
function of (i) pH and FeCls; (i) CMC-CTA dose and FeClz dose; (iii) CMC-CTA dose and pH;
(iv) CMC-CTA dose and setting time; (v) pH and settling time; and (vi) FeCls dosage and

settling time.
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Figure S4: Two-dimensional Box-Behnken contour plots of Ti removal efficiency as a function
of (i) pH and FeCls; (ii) CMC-CTA dose and FeCls dose; (iii) CMC-CTA dose and pH; (iv
CMC-CTA dose and setting time.
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Table S1: Comparison of the removal of phosphate in water and wastewater using different
coagulant-flocculant systems.

Optimum . -

\S/\éitfcz Flocculant Dosage Opt|r|1|1um Effzi:ylf)ncy Reference
(mg/L) b

Synthetic Fe(I11)-CMC- .
wastewater  CTA 10, 3.0 6.5 96.4 This work
Synthetic . (Agbovi et al.
wastewater Chitosan 20 6.2-7.0 78+0.1 2017)
Synthetic —— ~pisosan + Alum 49 5.8-7.0 gg+0g  (goovietal
wastewater 2017)

. Chitosan and (Latifian et al.
Struvite Alginate 10, 20 N/A 80 2014)
Synthetic Chitosan N/A 75-7.9 60 (Fierro et al. 2008)
wastewater
Synthetic . (Filipkowska et al.
wastewater Chitosan N/A 4 30 2014)
Municipal . (Dunets and
wastewater Chitosan 60 95 89 Zheng 2015)
Synthetic . 67.9; .
wastewater Chitosan + PAC 20.05 7.5 99.4 (Li et al. 2019)
Synthetic Zirconium ion 50 4 60.6 (Liu and Zhang
wastewater ~ modified chitosan ' 2015)
Agricultural . (Chung et al.
wastewater HMW Chitosan 12 7.2 99.1 2005)
Municipal . (Turunen et al.
wastewater Chitosan 10 ! % 2019)
Synthetic . (Agbovi and
wastewater Chitosan ’ 4 >9:> Wilson 2018)
Synthetic i (Agbovi and
wastewater CMC-CTA > 6:5 705 Wilson 2018)
Synthetic (Agbovi and
wastewater CMC 8 6.5 298 Wilson 2018)




Table S1 Continued

Optimum . ..
\S/\éitfcre Flocculant Dosage Optlr:'um Effzg/l:)a)ncy Reference
(mg/L) P

. (Agbovi and
Synthetic FeCls + chitosan 75+7 6.5 88.8 Wilson
wastewater

2018)

. (Agbovi and
Synthetic o4 cMmc 75+9 6.5 688  Wilson
wastewater

2018)
Synthetic (Sun et al.
wastewater CaCl, + CS-g-PAD 6 10 98.8 2016)
Secondary . (Rojsitthisak
effluent Chitosan 55 S 80 etal. 2017)
Activated
sludge . (Anetal.
offluent Ferrous chloride 13 N/A 80 2014)
discharge
Synthetic . . (Yang et al.
wastewater Ferric chloride 80 7.2 82 2010)
Secondary
effluent  Alum 10 5.7-5.9 gp  (Banuetal.
2007)
wastewater
Synthetic Polydiallyldimethyl- 05 8 59 (Chen and
wastewater ammonium chloride ' Luan 2010)
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