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1. Introduction 
 

Industrial effluent contains certain organic compounds 

which are very hazardous to environment as well as human 

health. Removal of organic toxic compounds from effluent 

is a major concern of modern era. Effluent of specific 

industries such as coke-oven, pesticides, petrochemicals, 

printing, pharmaceutical and dye contains phenol and its 

derivatives which are highly toxic in nature (Mukharjee et 

al. 2016, Al-Obaidi et al. 2017). Removal of phenol and its 

derivatives from discharge stream is essential before 

disposing into the environment. Phenol can be removed by 

many conventional techniques such as adsorption, 

extraction, chemical and UV oxidation, bio-logical 

treatment etc. However, these conventional techniques are 

having certain disadvantages such as high cost, low 

efficiency, high energy consumption and difficulties in 

recycling of chemical agent (Mixa et al. 2008, Zeng et al. 

2008). Membrane separation became an emerging 

technique due to its high removal efficiency, economical 

cost and fast processing (Baubakri et al. 2014). However, 

limited literatures are reported for phenol removal using 

membrane techniques such as microfiltration, ultrafiltration, 

nano-filtration and reverse osmosis (Gonzalez-Munoz et al. 

2003, Zeng et al. 2008, Zagklis et al. 2015, Hanafi et al. 

2016, Jiang et al. 2016, Liu et al. 2016).  Separation 

efficiency of membrane can be improved/altered by  
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modifying its morphological properties. Selection of 

membrane precursors for its fabrication is an important 

factor which strongly influences the separation efficiency. 

In this study, polyamide 66 (PA) is chosen due to its good 

efficiency towards phenol removal (Reinard et al. 1986, 

Murthy and Gupta 1998, Hofman et al. 1997, Basu et al. 

2017). Most of the PA composite membranes (CM) are 

prepared by either interfacial polymerization of meta 

phenylenediamine (MPD) and trimesoylchoride (TMC) or 

electrospinning method using polymeric support (Sridhar et 

al. 2006, Lee et al.2008, Wei et al. 2011, Al-Hobaib et al. 

2015, Lin et al. 2016). Synthesis of CM using pure PA is a 

challenging task because it forms a soft layer on substrate 

surface which may partially or fully displace when it comes 

into the contact of aqueous media or other solvent. PA has 

high tendency to absorb the moisture and easily affected by 

strong acids as well as oxidizing agents. PA can also be 

dissolved by phenol and therefore, to improve the properties 

of PA, it is obligatory to incorporate the suitable 

crosslinking agent which may significantly improves the 

physical properties of PA membrane (Huang et al. 2002, Lin 

et al. 2016). PA is generally crosslinked by radiation of 

infrared rays and heating (Sridhar et al. 2006, Liesen et al. 

2016). But, only few literatures have been reported for 

chemically crosslinked PA membrane. In this work PA is 

chemically crosslinked by glutaraldehyde to make a stable 

active layer on ceramic substrate. 

Mostly, evaluation of membrane separation performance 

is carried out by conventional method of experiments. 

Conventional methods generally follow the variation of 

some parameter while keeping one parameter constant. This 

methodology of experiments takes huge number of runs 

which is time consuming, complicated, expensive and could 

not focus on interaction between dominating parameters 
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(Baubakri et al. 2014). Nowadays, researchers are focusing 

on response surface methodologies (RSM) which give 

appropriate results within reduced time span for 

experiments so that more time will be available for novel 

and effective research. Application of RSM provides design 

of experiment with limited number of runs and effect of 

interaction between process parameters. RSM contains 

collection of statistical model which provides the 

optimization of process parameter to have a good response. 

Data validation between experimental and predicted value 

can also be achieved by RSM which gives the suitability of 

selected model (Baubakri et al. 2014, Irani et al. 2015, 

Seres et al. 2016). 

The aim of this work is to synthesize a crosslinked PA 

coated fly ash supported CM for phenol removal. The 

phenol removal experiments were designed by RSM using 

Box-Behnken Design (BBD) and quadratic model. Fitness 

of selected model was analyzed through analysis of 

variance (ANOVA). Influence of operating parameters such 

as feed concentration, feed pH and applied pressure on 

phenol removal efficiency is evaluated. Optimization of 

operational parameters is also performed to obtain the good 

phenol removal and permeate flux.    
 
  

2. Materials and method 
 

Polyamide 66 was procured from Sigma-Aldrich Co., 

Mumbai, India. Formic acid (85%), glutaraldehyde (25%), 

kaolin, boric acid, sodium metasilicate, sodium carbonate 

and poly(ethylene glycol) (MW: 1500, 4000, 6000, 10,000 

and 20,000) were obtained from Merck (India) Pvt. Ltd. 

Mumbai. Phenol was purchased from Merck (India) Pvt. 

Ltd. Mumbai. HPLC grade acetonitrile and water was 

purchased from Fisher-Scientific, UK Ltd. Fuller clay was 

procured from local supplier and double distilled water was 

used as solvent. Fly ash was collected from National 

thermal power corporation (NTPC), Korba, India.  

 

2.1 Composite membrane preparation 
 

2.1.1 Preparation of ceramic substrate 
Ceramic substrate was prepared in laboratory by using 

predefined composition of fly ash (72 wt%), fuller clay (8 

wt%) and additives such as kaolin (15 wt%), boric acid 

(1.25 wt%), sodium metasilicate (1.25 wt%) and sodium 

carbonate (2.5 wt%). Homogenous mixture of ingredients 

was casted into a 5× 0.5 cm (diameter × thickness) disc 

using hydraulic press. Thereafter casted disc was dried in 

hot air oven at 105°C followed by sintering at 800°C 

temperature for 12 h. Then synthesized ceramic substrate 

was subjected to the coating process using polymeric 

solution to obtain composite membrane.  

 

2.1.2 Preparation of coating solution 
14% (by weight) PA was dissolved in formic acid at 

ambient temperature and stirred continuously to obtain 

homogenous solution. Then a predefined (1 wt%) quantity 

of glutaraldehyde was added as crosslinking agent in PA 

solution. Thereafter enough quantity of crosslinked PA 

solution (XPAG) was coated on the surface of ceramic 

substrate using glass rod. Coated substrate was allowed for 

overnight drying at ambient temperature (28 °C) (Jasni et 

al. 2016, Yanilmaz et al. 2017). Then, kept for heat curing 

at 120-150 °C temperature for 1 min to have complete 

cross-linking of polymeric layer (Huang et al. 2002). 

 

2.2. Membrane characterization 
 

2.2.1 Degree of crosslinking, swelling study and 
chemical stability 

Solvent extraction method was used to determine the 

degree of crosslinking of synthesized XPAG CM. A small 

piece of membrane was wrapped with filter paper and kept 

in solvent (1M formic acid) at ambient temperature. Solvent 

was replaced with fresh solvent after each 15 h till the 

polymer exhibited no solubility in solvent (Kumar et al. 

2015, Rudra et al. 2015). When the polymer became 

insoluble in solvent, then sample was dried and weighed. 

The degree of crosslinking is calculated in terms of gel 

fraction using following Eqs 

W = Wf/Wi × 100 (1) 

where Wi and Wf is initial and final dry weight (g) of 

membrane. 

The degree of swelling and chemical stability of 

membrane was calculated in terms of mass uptake and 

weight loss, respectively using gravimetric method. Known 

mass of membrane samples was immersed in neutral, highly 

acidic (pH≈2) and highly alkaline (pH≈13) solution for 48 

h. Thereafter, samples were taken out and wiped gently by 

tissue paper. Swollen weight of sample was measured and 

degree of swelling was calculated by Eq. (2). Chemical 

stability was checked by analyzing the permeability and dry 

weight of membrane before and after immersing the 

membrane in acid and basic solution. 

s d
d

d

100
W -W

S =
W


 

(2) 

 
2.2.2 Compaction, hydraulic permeability and 

molecular weight cut-off (MWCO) study 
A dead-end filtration set-up (Fig. 1) was used for 

conducting the permeation experiments. Nitrogen gas 
cylinder was used to apply the pressure and regulated by 
outlet valve connected with cylinder.  

The rigid porous structure and size of membrane is 
essential to have a steady hydraulic characteristic. 
Compaction study provides rigidness in pore structure. This 
study was conducted by filling the filtration setup with 250 
ml of double distilled water operated at 483 kPa pressure. 
Pure water flux was obtained for each 10 min interval. 
Hydraulic permeability was calculated by plotting flux 
against pressure. Flux through membrane was calculated for 
different applied pressure (69-483 kPa). The slope of graph 
between flux and pressure gives the permeability (l.m-2.h-

1.kPa-1). Flux through the membrane can be calculated by 
the following Eqs 

V
Flux (J)

A.t
=

 
(3) 
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Fig. 1 Schematic of dead-end filtration setup 

 

 

where J is in l.m-2.h-1), V,A and t are permeate volume 

(l), membrane area (m2) and time (h), respectively. 

MWCO study of CM was carried out with different 

molecular weights (0.2, 0.4, 0.6, 1.5, 6, 10 and 20 kDa) of 

polyethylene glycol (PEG). PEG test solutions were 

prepared with double distilled water. Test conditions 

(operating pressure 207 kPa and 10 g.l-1 solute 

concentrations) were kept constant throughout this study. 

The retention of PEG (%R) was determined by the 

following Eq 

p

f

C
 % R 1 100 

C
= −   (4) 

where, R, Cp and Cf represents solute rejection (%), 

permeate and feed concentration, respectively. Solute 

concentration was measured by Abbe Refractometer 

(Model: 135005, Make: Contech, India). MWCO values 

were obtained from PEG retention versus molecular weight 

curve corresponding to R = 90%. The average pore radius 

of membrane can be measured by Guerout-Elford-Ferry 

relation given in the Eq. (5). 

10 0.557

m wr 16.73 10 M−= 
 

(5) 

where rm and Mw is the pore radius (cm) and MWCO of 

membrane (Da). 
 

2.2.3 Contact angle, SEM and FTIR analysis 
Hydrophilic and hydrophobic nature of the active top 

layer was analyzed by contact angle analyzer (Model: 

Phoenix 300, Make: SEO, Korea). Sessile drop technique 

was used to find the contact angle between water droplet 

and active layer. 13 µl of double distilled water was gently 

dropped on different spots of active layer. Images of contact 

angle were obtained by using image processing software 

(surfaceware8).  

Morphological structure of active layer was investigated 

by using scanning electron microscope (SEM) analysis 

(Model EV018: Make: Carl Zeiss, Germany). Fourier 

transfer infrared spectroscopy (Model: Alfa, Make:Bruker, 

Germany) analysis was carried-out to find the presence of 

different functional groups present in the active layer. 

2.3 Application of RSM for phenol removal 
 

Phenol removal studies were performed to investigate 

the separation efficiency of XPAG CM. Concentration of 

feed and permeate phenol was analyzed by using high 

performance liquid chromatography (HPLC) (Model: 1260, 

Make: Agilent technology, US). HPLC grade acetonitrile 

(70%) and water (30%) was used as solvent to find the 

phenol concentration by UV detector at 280 nm in isocratic 

mode with the retention time of 1.6 min.  

RSM tool was employed to optimize the operating 

parameters of phenol removal. Responses were obtained 

from Box-Behnken experimental Design (BBD) with 3 

factors at 3 levels and 17 runs of experiment (Irani et al. 

2015; Seres et al. 2016). Experiments were conducted as 

per the design of experiment (DOE) developed by RSM 

(Table 1).The input factors include operating parameters 

which are feed phenol concentration, feed pH and applied 

pressure. The influence of input factor was investigated for 

two responses such as percentage removal of phenol and 

phenol permeate flux. RSM helps in effective parameter 

optimization with less number of experiments and 

interaction between parameters (Baubakri et al. 2014). 

Quadratic model with second order was best fitted to 

describe the responses (Eq. (6)). 

Y = b0+b1X1+b2X2+b3X3+b4X1X2+b5X2X3 

+b6X3X1+b7X1
2 +b8X2

2+b9X3
2 

(6) 

where Y is the response, b0 is an intercept, X1, X2 and X3 

are the input factors and  X1
2, X2

2 and X3
2 are their 

quadratic terms, b1- b9 is the regression coefficient, 

interactions of input factors are represented by X1X2, 

X2X3and X3X1. The quality of fit for selected model can be 

estimated by R2 value and model’s p-value (Seres et al. 

2016). If p-value < 0.05 then corresponding variable is 

considered to be more significant. Significance of selected 

model for input parameter and response was evaluated by 

ANOVA using Design-Expert 10 software. Residual plot 

was plotted to observe the influence and interaction of 

operating parameters on both responses. Residual plot is 

obtained with 2 operating parameters when 3rd factor kept at 

mean value with 95% confidence limit. 

 
 
3. Result and discussion 

 

3.1 Membrane characterization 
 

3.1.1 Degree of crosslinking 
In this work, degree of cross-linking explains about 

addition of glutaraldehyde as crosslinking agent with PA. 

Degree of crosslinking in XPAG was calculated as 93% by 

using Eq. (1). Crosslinking of PA takes place by the 

substitutions of amino groups present in the PA backbone 

with two –CHO groups of glutaraldehyde (Huang et al. 

2002). This interaction limits the dissolution of crosslinked 

polyamide layer in 1 M formic acid whereas pure PA layer 

easily dissolves in the same solvent. The interaction of PA 

with glutaraldehyde during the crosslinking is shown in 

Scheme 1 (Huang et al. 2002, Sridhar et al. 2006). 
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Scheme 1 Pictorial presentation of composite membrane 

fabrication 
 

Table 1 Experimental design for BBD with 3 input factors 

Input factors/variable Symbol 
Factor level 

-1 0 +1 

Initial feed concentration 

(mg.l-1) 
X1 10 105 200 

Feed Ph X2 2 7 12 

Applied pressure (kPa) X3 69 276 483 

Response     

Flux (l.m-2.h-1)     

Phenol removal (%)     

 

 

3.1.2 FTIR analysis 
FTIR spectrum of pure and crosslinked PA is shown in 

Fig. 2. In pure PA, no peaks are visible in between 2500-

1900 cm-1 whereas vibration of peak from 2350-1960 cm-1 

is clearly perceptible in XPAG spectrum. This vibrational 

peak is due to multiple bonded nitrogen compound resulted 

by crosslinking of PA with glutaraldehyde (Coates 2000). 

The assignment of probable functional group according to 

the wave-number (cm-1) is given in Table 2 (Reinhard et al. 

1986, Belfer et al. 1998, Charles et al. 2009, Porubska et al. 

2012, Mazry et al. 2012, Kann et al. 2014). 
 

3.1.3 Swelling and chemical stability study  
Degree of swelling in terms of water uptake capacity 

was calculated by Eq. (1). Swelling of PA and XPAG 

membrane was found to be 75% and 28.21%, respectively. 

High swelling of PA membrane is due to the formation of 

weak bond between water molecule and polyamide amino 

group. Hence, polyamide layer is less stable on ceramic 

substrate (Howe 2010). Addition of glutaraldehyde in 

polyamide reduces the number of amino groups which 

reduces swelling and makes more stable layer on substrate. 

The chemical stability of XPAG CM was found to be 

superior in highly acidic, neutral and alkaline media with 

negligible weight loss (< 0.5%). The changes in permeation 

flux through XPAG CM before and after the chemical 

immersion were also insignificant (Murthy and Gupta 

1998). 

 
Fig. 2 FTIR spectrum of polyamide and cross-linked    

polyamide layer 

 

Table 2 FTIR spectra and assignment of PA and XPAG top 

layer 

Polyamide layer Crosslinked polyamide layer 

Wave number 

(cm-1) 
Assignment 

Wave number 

(cm-1) 
Assignment 

3298 NH stretching 3321 NH stretching 

3059 
Aromatic C-H 

stretching 
3059 

Aromatic C-H 

stretching 

2935 
CH2 asymmetric 

stretching 
2944 

CH2 asymmetric 

stretching 

2859 
CH2 symmetric 

stretching 
2859 

CH2 symmetric 

stretching 

1625 Amide I band 1737 C=O stretching 

1548 NH band 1528 NH band 

1371 Amide III 1371 Amide III 

1199 CH2-NH 1199& 1181 CH2-NH 

934 
C-C=O 

stretching 
1143 CO deformation 

690 NH band 1013 C-C stretching 

  934 C-C=O 

  907 CH2 stretching 

  728 CH2 rocking 

  690 NH band 

  534 O=C-N 

 
 
3.1.4 Compaction, hydraulic permeability and 

MWCO study 
Compaction study of XPAG CM was carried out to 

obtain the steady state condition of pure water permeation 

flux (Fig. 3). It can be seen from Fig. 3 that pure water flux 

gradually decreases initially and reaches steady state after 

220 min run. This is due to fact that during compaction pore 

walls become denser, closer and uniform that resulted in the 

reduction of flux until steady state flux was (79.42 l.m-2.h-1) 

achieved (Nandi et al. 2009). Fig. 3 also depicts the effect 

of applied pressure on pure water flux. Flux increases with 

increase in pressure which is due to the enhancement of 

driving force with pressure and also very tiny pores starts to 

permeate with increasing pressure (Vasanth et al. 2013). 

Hydraulic permeability (0.184 l.m-2.h-1.kPa-1) can be 

obtained from the slope of graph between pressure and 

water flux. 
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Fig. 3 Pure water flux through XPAG with varying time 

and applied pressure 

 

 

Fig. 4 MWCO study with PEG (10 g/l) at 276 kPa pressure 

 

 

MWCO study was performed with different molecular 

weights of PEG. It can be observed from Fig. 4 that MWCO 

of XPAG CM is 1.78 kDa. MWCO and average pore size of 

membrane has a linear relation which can be expressed by 

Eq. (5) (Kanagaraj et al. 2015, Jasni et al. 2016). The 

average pore size of XPAG CM is calculated as 1.08 nm. 

MWCO study shows that the synthesized membrane comes 

under nano-filtration range. 

 

3.1.5 Contact angle and scanning electron 
microscopic analysis 

Contact angle of water droplet with pure PA and XPAG 

is shown in Fig.5. Contact angle of PA membrane and 

XPAG was 55.06 and 48.12, respectively. It can be seen 

from Fig. 5 that value of contact angle decreases when 

glutaraldehyde was introduced as crosslinking agent. The 

decrease in contact angle shows the enhancement of 

hydrophilic nature, increase of surface roughness and water 

flux (Rosa and De-pinho, 1997, Li et al. 2017). This result 

shows significant improvement in PA after crosslinking and 

makes it suitable for various applications.  

The surface morphology of synthesized CM is shown as 

SEM micrograph in Fig.6. SEM image depicts that pure PA  

 
Fig. 5 Contact angle of water on PA and XPAG surface 

 

 

Fig. 6 SEM images of (a) PA and (b) XPAG CM 
 

 

CM has less porous structure than XPAG CM which 

supports the data of contact angle analysis. Hence, XPAG 

CM has less interfacial resistance due to more porosity 

(Yanilmaz et al. 2017). SEM images also show the defect 

free surface for both membranes. 

 

3.2 Evaluation of separation performance by RSM 
 

RSM was applied to evaluate the influence of membrane 

process parameters such as feed phenol concentration (50-

200 mg.l-1), feed pH (2-12) and applied pressure (69-483 

kPa) for phenol removal efficiency and permeate flux. DOE 

was obtained for 3 input factors and 2 responses by using  
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Table 3 Results for Box-Behnken design and responses in 

terms of % removal and permeate flux 

Run 

Input factors  Response 

Concent-ration 

(mg.l-1) 
pH 

Press-ure 

(kPa) 
 

Removal 

(%) 

Permeate Flux  

(l.m-2.h-1) 

1 105 7 276  64.73 5.42 

2 10 7 69  98.06 1.08 

3 105 7 276  64.73 5.42 

4 105 7 276  64.73 5.42 

5 10 2 276  77.78 5.78 

6 105 2 483  88.45 10.11 

7 10 7 483  74.00 7.58 

8 200 2 276  70.46 6.14 

9 105 7 276  64.73 5.42 

10 200 7 69  64.17 2.17 

11 105 12 69  92.34 1.81 

12 105 7 276  64.73 5.42 

13 105 2 69  47.97 3.61 

14 200 12 276  90.56 5.42 

15 105 12 483  46.47 9.39 

16 200 7 483  56.33 9.39 

17 10 12 276  67.59 5.42 

 

 

BBD (Table 1). Seventeen runs of experiments were 

performed to evaluate the influence of process parameters 

on responses by fitting quadratic model. Phenol removal 

experiments were conducted in dead end filtration setup. 

After achieving the steady state value of flux, samples were 

collected for each 10 min interval and analyzed. Flux and 

phenol removal was calculated by Eq. (3) and (4). BBD 

experimental data obtained for each response at different 

operating condition are shown in Table 3. 

 

3.2.1 Statistical evaluation of process parameter 
for phenol removal 

Experiments were conducted to investigate the level of 

process parameter. The statistical combination and phenol 

removal percentage is listed in Table 3. The responses 

obtained were plotted against process variable and influence 

of variable was investigated by ANOVA (Table 4).  

Coefficient of determination (R2) for phenol removal 

response was found to be 93.02% which indicates that only 

7% of variation can’t be explained by this method (Seres et 

al. 2016). The coefficients of regression derived by BBD 

model are given in Eq. (7) and Eq. (8). The p-value 

(0.0027) reveals the significance of input factors for fitted 

model. Regression Eqs shows the empirical relation 

between phenol removal efficiency with three variables. 

The regression Eqs obtained in terms of coded and actual 

variable can be written as follow: 

Removal (%) = 

68.73 - 2.37625.X1+ 0.3425.X2 - 

2.85375.X3 + 5.6825.X1.X2 + 

2.94.X1.X3-21.0875.X3.X1 + 

5.3475.X1
2 + 0.63.X2

2 - 0.0525.X3
2 

(7) 

Table 4 ANOVA results for phenol removal (%) with BBD 

and quadratic model 

Source 

Degree 

of 

freedom 

Mean 

square 

Standard 

deviation 

F- 

value 
p-value R2 R2

adj 

Model 9 241.99 4.83 10.37 0.002752 0.9302 0.84 

Residual 7 23.34      

Lack of 

fit 
3 54.46      

Pure 

error 
4 0      

Total 16       

 

Table 5 ANOVA of Box-Behnken quadratic model for 

permeate flux 

Source 

Degree 

of 

freedom 

Mean 

square 

Standard 

deviation 

F- 

value 
p-value R2 R2

adj 

Model 9 11.44 0.3919 74.48 
4.06 ×10-

6 
0.9897 0.9764 

Residual 7 0.154      

Lack of 

fit 
3 0.358      

Pure 

error 
4 0      

Total 16       

 

Removal (%) =   

56.1181091 + 0.274447784 × Feed 

conc. + 4.082901754 × Feed pH + 

0.113812929 × Pressure + 

0.011963158 × Feed conc. × Feed 

pH + 0.000149504 × Feed conc. × 

Pressure + 0.020374396 × Feed pH 

× Pressure + 0.000592521× (Feed 

conc.) 2 + 0.0252 × (Feed pH)2 - 

1.22523 ×10-06 (Pressure)2 

(8) 

 

 

3D response surface plot for Phenol removal is shown in 

Fig.7A-C. Fig.7A shows the influence of feed pH and feed 

concentration on phenol removal while keeping the pressure 

at 276 kPa. It is observed that the phenol removal increases 

with increasing pH for 200 mg phenol/l. Phenol removal 

increases from 70.46% to 91% with increase in pH (pH 2 to 

pH 12). Maximum removal of phenol is obtained at pH 12. 

This result reveals that feed phenol pH has strong influence 

on separation efficiency of XPAG. It is due to fact that at 

high pH, phenol exists in anionic (phenolate anion) form 

whereas in acidic (low) pH mostly it is in molecular form. 

Therefore, electrostatic repulsion occurs between negatively 

charged active layer (XPAG) and phenolate anion which 

leads to the high removal of phenol at high pH (Li et al. 

2010, Djamila et al. 2016). Fig.7B shows the effect of 

pressure and pH on phenol removal performance. Phenol 

removal decreases with increasing pressure. Maximum 

removal of 92.34% phenol was obtained at 69 kPa pressure 

and pH 12. At high pressure, tiny pores also turned to 

permeate the phenol molecules which resulted as more 

phenol concentration in the permeate side (Li et al. 2010, 

Vasanth et al. 2013). It is observed from Fig.7C that feed  
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concentration has slight influence on phenol removal. 

Phenol removal slightly decreases with increasing 

concentration and the maximum removal was obtained as 

74% at 483 kPa for 10 mg.l-1. Increase in feed concentration 

increases the molecular friction of phenol molecule along 

with the membrane surface and thus increases the permeate 

phenol concentration (Porubska et al. 2012). 

 

3.2.2 Statistical evaluation of process parameter 
for permeate flux 

Experiments were conducted as per DOE and assessed 

statistically with similar factors applied for phenol removal. 

Influence of process parameters on permeate flux was tested 

by ANOVA. The outcomes of statistical validation are 

reported in Table 5 and the responses are shown in Fig. 7 D-

F.  

The effectiveness of model can be estimated by some 

estimators such as p-value and R2 etc. (Baubakri et al. 2014, 

Irani et al . 2015). When p-value<0.05, then the 

corresponding variable is more significant. The obtained p- 

 

 

value of 4.06×10-06 shows that the model is highly 

significant for this response. The obtained coefficient of 

determination is 0.9897 which implies 98.97% of data 

deviation hence it can be expressed by given model. 

Therefore, regression model is statistically significant.  

The empirical relationship between process parameter 

and permeate flux in terms of coded and actual variable can 

be represented as: 

Flux= 

5.415162 + 0.406137.X1 - 0.45126.X2 + 

3.474729.X3 -0.09025.X1.X2 + 

0.180505.X1.X3 + 0.270758.X3.X1 -

0.45126.X1
2 + 0.722022.X2

2 - 0.090253.X3
2 

(9) 

Flux = 

2.621185 + 0.013572 × Feed conc. - 0.54684 

× Feed pH + 0.012828 × Pressure - 0.00019 

× Feed conc. × Feed pH + 9.18 ×10-06× Feed 

conc. × Pressure + 0.000262× Feed pH × 

Pressure – 5 ×10-05× (Feed conc.) 2 + 

0.028881× (Feed pH)2 - 2.11×10-06 

(Pressure)2 

(10) 

 

Fig. 7 Response surface plots of phenol removal and permeate flux as function of operating factors. (A) Phenol removal 

(%R) vs feed pH and feed concentration ( mg.l-1); (B) Phenol removal (%R) vs feed pH and pressure (kPa); (C) Phenol 

removal (%R) vs pressure (kPa) and feed concentration ( mg.l-1); (D) permeate flux vs feed pH and feed concentration (mg.l-

1); (E) Permeate flux vs feed pH and pressure (kPa); (F) permeate flux vs pressure (kPa) and feed concentration (mg.l-1) 
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The influence of pH and concentration on permeate flux 

is shown in Fig. 7D. It was found that influence of pH and 

feed concentration on flux was negligible with less than 1 

l.m-2.h-1 difference. Effect of pressure on flux is shown in 

Fig.7E. Pressure has notable influence on permeate flux. 

The flux increases with increasing pressure from 1.81 to 

9.39 l.m-2.h-1 for pressure of 69 and 483 kPa during feed pH 

had negligible effect. This is due to the fact that at high 

pressure very tiny pores which were impermeable at low 

pressure also became permeable and hence flux increases 

(Vasanth et al. 2013). Effect of concentration with pressure 

and flux is shown in Fig.7F. It can be seen from the Fig. 7F 

that feed concentration has negligible effect on permeate 

flux and maximum flux was obtained as 9.39 l.m-2.h-1 for 

200 mg.l-1. The negligible changes in the membrane flux 

due to the pH and feed concentration change might be 

related to the transport mechanism. Since the applied 

pressure is acting as main driving force of XPAG CM than 

any other driving forces, pressure has only the greatest 

influence on permeate flux.   

The operating parameters were optimized to get 

significant removal with good permeate flux using 

Designexpert10 software. Optimizing software scans the 

basic terms of model such as response surface, main effect 

and interaction between the input factors. This provides best 

suitable conditions for the process and desirability function 

(Baubaklri et al. 2014). 

 

3.2.3 Data optimization and validation 
Optimum conditions obtained by software for feed pH, 

concentration and applied pressure are pH 2, 46 mg.l-1 and 

483kPa, respectively. The phenol removal (92.3%) and flux 

(9.2 l.m-2.h-1) was predicted with optimum values. 

Desirability of model was estimated by analyzing the 

closeness of regression (0.954) with ideal response. Data 

validation for predictive model and optimized value was 

carried out by performing the experiments under optimized 

condition. The experimental results obtained for phenol 

removal and flux are 90% and 8.9 l.m-2.h-1, respectively 

whereas 92.3 % phenol removal and 9.2 l.m-2.h-1 flux was 

predicted by the model. These outcomes show 2.5% and 

3.3% deviation between experimental and predicted value 

for phenol removal and flux, respectively. Results obtained 

from the experimental validation are within the predicted 

value of 97%. Hence, results show the suitability of the 

developed model and this may be valid for optimal value of 

variable parameter. 

 

3.3 Superiority of XPAG CM for phenol separation  
 

Synthesized XPAG CM possesses high phenol removal 

(90%) efficiency than recently reported membranes in the 

literature. For instance 71.7%, 75% and 58% of phenol 

removal is reported by Khazaali et al. (2017), Arsuaga et al. 

(2011) and Kargari et al. (2015), respectively using 

polyamide based thin film composite membrane. Moreover, 

simple glass rod method was adopted for synthesis of 

XPAG CM. Therefore, synthesized XPAG CM is superior 

than literature reported membranes in terms of its phenol 

removal efficiency and fabrication method. 

4. Conclusion 
 

XPAG CM was synthesized for separation of phenol 

from aqueous solution. XPAG CM exhibits high chemical 

stability and less swelling degree as compared to pure PA 

membrane. MWCO study confirms the nanoporous 

structure of XPAG composite membrane. Crosslinking with 

glutaraldehyde increases the hydrophilic nature of CM 

which makes it more suitable for phenol-water separation. 

SEM micrograph ensures that membrane surface is uniform 

and defect free. ANOVA result demonstrates that BBD with 

quadratic model has more significance with high R2 value 

for phenol removal and permeate flux. The optimum 

response results are obtained as 92.3 % phenol removal and 

9.2 l.m-2.h-1 flux at pH 2, 46 mg.l-1 feed phenol 

concentration and 483kPa applied pressure. Data validation 

between predicted values and experimental values shows 

less than 4% deviation which confirms the suitability of 

developed model. Experimental data of phenol removal 

demonstrates that synthesized XPAG CM has high 

separation efficiency for phenol removal and RSM could be 

used a best tool for optimization of membrane process 

parameters. 
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