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Geopolymeric membranes were prepared by activating metakaolin using sodium
hydroxide and silica fume solutions. The membrane was characterized using X-ray
diffraction, Scanning electron microscopy, Fourier transform infrared spectroscopy,
mercury intrusion porosimetry, and energy dispersion spectroscopy. The
geopolymeric membrane had a porosity percentage of 33.5 and an average pore size
of 327.67 nm. The cationic dye methylene blue was removed by emulsion filtration
using this membrane. The dye binds to sodium dodecyl sulfate (SDS) as an anionic
surfactant and then dissolves in the oil phase of the emulsion. So the dye is extracted
from the aqueous solution, and the microfiltration membrane removes the emulsion
droplets. The Box-Behnken experimental design was used to optimize the membrane
separation performance. Results showed that the permeability was 70.28 L/m2.h.bar
under the optimized conditions and a dye removal efficiency of 98.45% was achieved
at a feed flow rate of 1.5 I/min, an SDS content of 5.33 %, and a methylene Blue
concentration of 100 ppm.
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12- Sodium dodecyl sulfate (SDS)
13- Droplet

14- Synthetic

15- Biological
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1- Coagulation—flocculation

2- Adsorption

3- Ozonation

4- Biodegradation

5- Membrane separation

6- Microfiltration

7- Ultrafiltration

8- Nanofiltration

9- Reverse 0smosis

10- Micellar-enhanced ultrafiltration (MEUF)
11- Critical micellar concentration
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Table 1: Chemical composition of kaolin and metakaolin.

I o N T T
0.25

Kaolin 36.4 0.85

Metakaolin 52.57 44.21 1.02
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6- X-ray diffraction

7- Fourier transforms infrared spectroscopy
8- Scanning electron microscopy

9- Mercury intrusion porosimetry

10- Zettlitz

11- X-ray fluorescence

12- Silica fume

0.031 1.02

0.32 0.02 0.84 0.20 0.23
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1- Red mud

2- Alkali activator
3- Rice husk ash
4- Silica fume
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1- Bruker

2- Tescan

3- Thermofinnigan
4- Cecil

5- Soft water
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1- Backpressure regulator
2- Box-Behnken design
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Table 2: Operating parameters and their levels for the BBD of the experiment.

Process variables Symbols

Levels

0.5 15

Feed flow rate Q L/min
SDS (SDS/oil ratio) % 2 8
MB concentration (@ ppm 20 100
Feed tank

1 | e

pressure gauge

o] s

-

<

HP LP
Back pressure regulator

flow meter

pump

membrane module]
permeate
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Figure 1: Schematic diagram of the microfiltration system.
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Figure 2: XRD patterns of MK and prepared geopolymers with 15 % SF percentages for Na,O/Al,O; molar ratio of 1, H,O/MK weight ratio of 0.8,
and curing temperature of 60 °C (Q is quartz, K is kaolinite).

WPY-AE POEY) IV /55, o9Ld 9 pgle (Sole d puis



- 0090 43 1355) 03l B3 gl (YP9ilTlie Aals pa (5 poalisd S gamwliludy pSao Lt / YhlSed 9 bl Aobld

Sy g i 05 i canlio MK i 4o L
SloVeeeemt o veAsem? )l JgsSle (o Si-O-T il
5 OH —aaS Slalss )| ol oo i diges o pouboiy JuSiis
saal i YFFe 51 #0) em? o 55 4y H-OH slaa s

bgye J5 50 00mi 0iz Ol 9 (OHY) JenS g 00 4 45 Qigd o

(F)) Sin

MIP (33031 —¥-)-¥
MIP 3l oola ol Ly @l o> w5 ljao ojlasl a5 (sl sz
Sl 5l laoMs ¥ gz ol &1 Y ISKS 10 5 (5,505l
NI A g b e las 1) B USE l ol e oplail ay5e
30 baas a5 asive jiagilb B 0,80 slhlo aS cnl o
Jodss acoye gl Lie ) 66,8 o 1,8 0,00 )0 00500ne
03gaze ;o 45 il g0 yiegil YYY,FF 0,05 o3luil 5 do s YY,0-

FT-IR (yg031 _Y=)-Y
L) ool diged 5 eilSlis ay bgy e FT-IR ol ¥ JSCs
MK a4 Ly o cads o Ae e cmly FAL 0 i slo g aao o
Si L T=Al) Jlasl 55 TOs 10 T-0 (—iwes cdl> Uy s 5 &
30 SHles 4 aile callas JlaalSTAIOs ;o Al-O 4 (I ol s
SIS s s bt aiges po abymddisss ailb o
Aeeem? o5 o5s 4 M5 90l o AmD )0 el e AlWS
youdig 35 0 VY oMt sgu > 0 Gas e (FY) sl e elS
25 oo Si-O-Si 5 Si-O-Al (, lite 1o 5 o) lite Sllugs 4 Lgy e
08 e w2l pelyg 55 sl 45 SiOs g AlOs (yy bL3 | a5
=S g sy Las AD- VYD em? jo g e (YO)
Lo iiSly as coul kg sy s (Al L Si=T) Si-O-T iz
55 SIS yorksi5 wosdle s el 58,3 ool oy L o515
Slas s asl e YAe YA emT g AD VYO L5 ods

Sl 13 MF Lae (Y7) ..\M;b‘sa ‘5;&.1_“9“9]'1 J5 JeSis oo
;0 0-C-0 ylawl pus cll> o Vff.cmt 30 ol g
1- Polycondensation e e ) .
y 1 575 yarlisss aised sl s a8 (YY) 553 oo by ye COR2
724 800 850 2900 Prepared geopolymer
1350 3800
480
g
£
=]
2
)
2 3447
-«
1000
1420 MK
v
9270
480
800
1092
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm-1)

SIF il az 5 8+ g ysl bos slos s HOOMMK=+ A NasO/ALOs=) SF 0oy 10 5l onds st aiged s MK 5 FT-IR Calo oY S

Figure 3: FTIR spectra of MK and prepared samples for 15 % SF, Na,O/Al,O5; molar ratio of 1, H,O/MK weight ratio of 0.8, and curing temperature

of 60 °C.
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Figure 4: The pore size distributions of prepared membranes sample for 15 % SF, Na,O/Al,O; molar ratio of 1, H,O/MK weight ratio of 0.8, and
curing temperature of 60 °C.
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Table 3: Summarized results from MIP.

Prepared membrane 327.64 33.50

Total cumulative
volume (mmd/g)

260.86

Total specific
surface area
m?/g

11.55

Mesopore (%) Macropore (%)
(2-50 nm) (> 50 nm)
3 97

EDS (y5051 5l saelcws a5 5508 slaansS Gjg as,0 :F Jouo

Table 4: The weight percentage of metal oxides obtained from EDS analysis.

Analysis position and sample name

Position 1
Geopolymer prepared with 15% SF

Position 2
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31.45
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Element (wt%o)

SiOy/Al,O4
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49.37 19.18 2.70
75.45  8.06 7.62
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Figure 5: SEM images and EDS element spectra of prepared membranes sample for 15 % SF, Na,O/Al,O3 molar ratio of 1, H,O/MK weight ratio of
0.8, and curing temperature of 60 °C. (a) at 3000x magnification, (b) 50000x magnification, EDS plot from (c) position 1, (d) position 2.
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Table 5: BBD design and results (actual and predicted responses)

1- Lack of fit
\[e}
1 1
2 0.5 5 100
3 15 2 60
4 1 8 20
5 0.5 8 60
6 1 2 20
7 1 5 60
8 0.5 5 20
9 15 5 20
10 0.5 2 18
11 1 8 100
12 i 5 100
13 1 5 60
14 1 2 100
15 15 8 60

42.0

49.0

6.0

11.8

13.7

16.5

10.0

40.0

15.4

37.0

713

16.0

45.7

40.0

Ry (L/m2 h.bar) R, (%)

Q (L/s) S (%) C (ppm)
I I T

16.03 97.35
42.28 92.20 92.51
50.15 97.77 97.68
5.75 90.10 90.01
12.19 90.50 90.31
15.05 90.95 91.54
15.94 97.53 97.35
11.30 85.31 86.15
39.96 92.30 91.99
16.20 89.02 88.06
36.73 96.81 96.38
70.94 98.63 98.36
15.94 97.00 97.35
46.03 97.47 97.91
40.8573 98.76 99.45

BBD (>l)b ;0 0ol sty cupd 5 0adpdol cupd (g )5 cupd ke F Jgaz
Table 6: R2, R? (adj), and R? (adj) value in BBD design.

0.9992

R 0.9856

0.9987 0.9979

0.9748 0.9168
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Table 7: Analysis of variance (ANOVA) of CCD for R; and Rz:

Adj Sum of .
R1 5 0.00

5012.38 1002.48 2213.71
Model
R; 6 254.929 42.4882 91.39 0.00
Ry 3 427381 1424.60 3145.87 0.00
Linear
R, 5 172.512 57.50 123.6 0.00
Ry 1 1574.89 1574.89 3477.74 0.00
Q
R, 1 63.935 63.935 137.52 0.00
Ry 1 141.20 141.20 311.81 0.00
S
R, 1 4.382 4.382 9.42 1.5x102
Ry 1 2147.55 2147.55 4742.32 0.00
C
R; 1 85.091 85.090 183.02 0.00
Ry 2 1195.35 597.67 1319.81 0.00
Square
R; b 49.08 24.5420 52.79 0.00
Ry 1 791.24 791.24 1747.24 0.00
QZ
R, 1 10.711 10.71 23.04 1x10°°
Ry 1 330.94 330.94 730.80 0.00
CZ
R, 1 35.21 35.21 75.74 0.00
R - - - - -
2-Way Interaction
R, 1 9.58 9.58 20.61 2x107®
R - - - - -
SQ
R, 1 9.582 9.582 20.61 2x107®
Ry 9 4.08 0.45 = =
Error
R; 8 3.719 0.46 0.536 =
Ry 7 3.58 0.51 2.04 0.368
Lack-of-Fit
R; 6 3.22 0.54 0.35 0.536
Ry 2 0.50 0.21 = =
Pure Error
R, 4 0.14 0.009 = =
Ry 14 5016.46 - o -
Total
R, 14 258.649 - = -
Sogas g ((F C ) i) vui})‘lj_g Jlie 5o Laoasiledl jlogos oo ools las O JSis )0 R2 g R1 sl \ab\.;Los‘éL“ bl
4SS e o plis ((Fed) IS fa_?)a HIlie ;o woasle L L s bl ples «((F a b) JS2) T sole Jloi! Jloges 4o .l
L, bgs o Bolai jsb aylys e Jaue bosils Bl wgdle 4y 000 oo LS 1) oaslendl Jloyi ay g5 a5 wilassd 3 )13
(FY) wiloals a3y oo
3- Residual versus the fit 1- Residual plots
4- Residuals versus the ordered 2- Normal probability plot

WPY-AE POEY) IV /55, o9Ld 9 pgle (Sole dy puis



1o

w009, 43 1355) 03lo LB3a (5lys Heililio A3l 3 (5 p0akini ) Ugamliludy xSue st / YHlSed 9 Subgl Aabold

a) g9 b) 99
90 20
& : g
g 50 2 50
€ LJ L]
Ay A L)
0 L 10
1 1
-10 05 0.0 05 10 -10 -05 0.0 05 10
Residaal Residaal
9 Versus Fits d) Versus Fits
10 Py 10 .
- [ ]
0.5
—= 05 > b = o . .
% o N % .o o.
o D0 e
L R e P e PP LY =
& . * [+ e .,
05 . L] -0.5 - .
. L] .
-10 -10
0 20 20 &0 80 85 20 %5 00
Fitted Value Fitted Value
f) Versus Order

Residual

123 4567 89% 0WNER1BMUI 123 4567 89 VN1I2Z1BMAIG
Observation Order Ohservation Order

5 ouilo 3L ,l5gas & F Ry g Ry (sl o0is s sios olie 5 owilo Bl 5505 (€, d WRo 5 Ry (sl Jloys Jloio] (@, b e Jos ouile Bl (sl logod :F JSCi
.Rz 9 R1 61).: 4\?)0

Figure 6: Residual plots of the model:(a, b) Normal probability for R; and R,, (c, d) Scatter plot of residual and predicted values for Ry and Ry, (e, f)
Scatter plot of residual and order for Ry, R,.
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Figure 7: The 3D response surface plots and the 2D contour plots for (a, b) interaction between feed flow rate and SDS content for R, at constant

methylene blue concentrations of 60 ppm, (c, d) an interaction between feed flow rate and SDS content for R, at constant methylene blue
concentrations of 60 ppm, (g, f) an interaction between SDS content and methylene blue concentration for R; at a constant feed flow rate of 1
I/m?.h.bar, (g, h) an interaction between SDS content and methylene blue concentration for R, at a constant feed flow rate of 1 I/m2h.bar, (i, j) an

interaction between feed flow rate and methylene blue concentrations for R, at a constant SDS content of 5 %, (k, I) an interaction between feed flow
rate and methylene blue concentrations for R, at a constant SDS content of 5 %.
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Figure 8: a) The chemical structure of SDS and b) the Schematic of the droplet oil formation.
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Table 8: Comparison of the results of this work with other recorded results of nanofiltration and micellar-enhanced ultrafiltration processes for
removal of methylene blue.
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