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Abstract

W ater pollution with petroleum compounds is one of the most important environmental

problems in oil-rich countries, due to its adverse effect on soil, water, and human beings. The
hydrophilic hollow fiber membranes were produced by polymer blending of polyamide imide
and sulfonated poly ether ether ketone. Membrane structure and function were investigated by
field emission scanning electron microscopy analysis, N, permeation, overall porosity, collapse
pressure, water contact angle, pure water flux tests. A membrane bioreactor system was used for
oily wastewater treatment. From FESEM, a more open structure with larger finger-like was
observed by increasing the PAI / SPEEK ratio. Using the PAI / SPEEK ratio of 85/15, the water
contact angle of the membrane was decreased from 74° to 58° which showed a significant
hydrophilicity improvement. From compaction test, pure water flux of the membranes showed a
gradual decrease during 2.5 h and then reached a steady state with minimal changes. During a
period of about 5 hours of the oil separation through the MBR process, the plain PAI membrane
and the blend PAI-SPEEK membrane showed water flux reduction of about 35% and 21%,
respectively. Under 5 bar transmembrane pressure and the addition of 30 mg/1 of oil spill eater
(OSEIl) enzyme, the oil concentration decreased from 36 ppm to 1.2 ppm in the wastewater,
which represents the oil removal efficiency of about 97%. In this work, the optimum state for
oil removal was obtained in terms of adding OSEII and aeration.

Keywords: Blend Hollow Fiber Membrane, Polyamide Imide, Sulfonated Poly (Ether Ether
Ketone), Membrane Bioreactor, Oily Wastewater Treatment.

Journal of Water and Wastewater Mo 5 of dxa

o
Vol. 32, No. 4, 2021 VEee Jlo F bt P ops



by 3 Jlio

dx.doi.org/10.22093/wwj.2021.259417.3083

V- tamino oF o,lods (Y'Y 0,90 «MSL g O alxo
Sk (SIWT I g BUI salié wgdT gl 3l 9 =Slel
D SOl 4hal (Sl oud digdaw (O 1 §1) L b
SUE a5 yam il 9 3 colawl b

Yo, . Yo, \
a:l;:k&uﬁaxﬂh bab‘_ng.a.I.aJ.:.ah (5)"}‘?"'“"‘

Lis (555l g pole Do 35 10 ¢ gand guidigee 09,5 I 550 (Ggmdils -
Ol eohlazS ¢ oDl of;T olKitilo
Lié (g5l 5 pole Clain 3 50 ¢ gond gwidigo 09,5 ojlioliusl -¥
Ol ez ¢ oDl of;T oKl
a.mansourizadeh@yahoo.com (Jgtus odiuny )
dié 59lid g pole Ciliulios 55 50 (ond (qudigee 09,8 ¢ jlodliul -¥
Ol etz e oMol Sl5T olKitils

AATYNY i d AV il )

by Pldl 93 Oyg0 4 dlio ool 4 fl 5l (Sl p
00 45 98 g (855 551 551) (A U (& 3oy (5T (I 55 B LALEE (w90 Jinldl g cs..a“’ AF e L 0aldlas 03135 ) gt .l (& 3B g2
Doi: 10.22093/wwj.2021.259414.3083 .\ - ¥« ((FIYY 0ol 5 Of als " (o Lik 553515 gus 330150 31 03Ul L (B3 (S Gl dxdosS (5150

o S

S o 1§ 98 D gmine A (S youlS )3 (Shamm e CWARe (1 e i (S B OS5 b o (a9l
L ampon! ol (g S 5 51 Cawrgaol (JBB o5 LT (gl 3,138 (gla 1 Comn oo 9 (ylusil Codluw g1 (gllaols 13
S ¢ IS Jo5d5S N, 9 FESEM U1 by LSS 3,Shos 5 Ul i &b Loy sud digilgne (03955 551,51 st
13l 58 Ly 5 313 i Gl s o1 (8 S 085 (S0 9 IS 0T 1 T b ooled gl oK 9,9
Coommdny (b3 s §1 658 )30 SiSlniy oo yis PAI/SPEEK Connd (bin]381 b oS 2gui o0 549> LIS ahalls gelans
Jil8 3 45 Cdl Wals OA 4 VF 1 Li Of wled asgl; PAI/SPEEK 51 AD/ Y0 Comnd b 31035 sy Lisé Cuolbed
Sl & w9 318 (i (Zu y05 il Oldes 5l Sl T/ gloj e 3 LLEE O JLS 310 (i gwsdol 13 k2
oS 0o 3 YY) g o 3 YO dgus i 5 & PAI-SPEEK bglswo sLis g 03lw PAL Wi copmn y Ol pudi o %05 b jluly
4au Y8 ppm 1 O dg s Comund OSEIT o 551 51 5 33 0,5 oo Yo 339331 U phuuned] O jLid 45 081> ol 1y T 4L
00953 by ymidi 53 dar Sl 15 ol 13 399 o yd AV O 43 Cdd Bls duo yd baylpud (9] 45 45 3,8 Taw ilS Y/Y ppm

5 Jols a3lgn Jlas! s OSEII

5 ol 432105 ) 9351 g 0 3ub a5 98l g (0938 31 1) Sl Sueal SueT Gl (B 95 Sl slise sesaulsistaoils
doddo —
a3l T el amar mlw Jlis i aS amalos, S bl i 5 b Lo T (So sl o 55 0t
i e slasa sy VT sl (Masoudinejad et al., 2013) 15 2y osbne sl JLsis 5 OF mlin col o e Susy

Journal of Water and Wastewater ONSb 5 of dxe

Vol. 32, No. 4, 2021 VEeo Jlolf osled XY 590



dx.doi.org/10.22093/ww;j.2021.259417.3083

w557 Sl slolié tuwgo ] isli5l g o)l

3 a5l &S g shae e LT e JT LS5 el
o5 5550 125 o sl s mazs ) QSIS gl o 1 as
olals sl o5l e 5 (e s slaglesle 51 ol
o925 3 Gl S SLS 5 Bl g5l
(Laera et al., 2007) sus 5 oo ks

Sorudsls onlbwl OS5 lalir s 5o
b ey e oSl Sl esliad U ety 2 oSG
T = N S Y- {FP ISR JH PR pp I
SEVASULREIRER PEVAT: SN FPPS VIS P e
-l panda sl e (15 U558 S5 51 Gl e
Ol el N0 a0 Ve 5 S g wbe plas 20l 45 31
S 0330 bl 23 a3 0 st 5 oplind S 5 JS T
Sl 5 it e 5 B 5l 052 1 5 06l COD
el oact ol sa> BMLVSS e il b sl ol
.(Katayon et al., 2004)

0l L sl A A5l plid aaly SO dags o
SIS 5 i sl ke VY 5 L sl slalse L bl
ke gl 5o s Seslazal 558l 50 B, 4 ol 51 285
ilalis bl e ), s gl el VWY Sy yan
e 5030l b, L slecolay (6l as 55 49/44
Sl b gta slacia sl Gl sl sy (55 5 80
s 5 5 g k) sl s 85 5 4F lais TOC .COD
(Scholz and  sal Cwsiss saisS ol 95 8= e 53 AA
Fuchs, 2000)

G5 S gl 51V V0 Jlw s 0 5 6555
s /Y HM G + /) dbln o501 b ¢ pand by Som s s
oozl SIS,V Dl i gl e 58], 5o
N2 s 52 555 V0 Doty o lad 558155 (s s S
o3 AY 5A 354 BOD 5COD gslulis LS 5035
$/5 om0 55505 0553 Glas dalr 30 prizpad o] sy
{(Razavi and Miri, 2015) <3l jisl58) =) rjf

e aliz sl ingty ol Lol Gas ol s
Sl e IS JBlas s YL gl e L S ga|
51 by sl Sl ol 315kt sl 3 MBR 3

Journal of Water and Wastewater

=20 e s S 00l 0 5 5 (5350 2 e Gl 5SS e 551
(Padervand et al., cul 5> 43 sl slasE j2l58) )
2019)
3 b LT 4 s 5 5t sl sl alss
Sl SU ks L s e, Bl s
adas gl il sbu )8 055,wl.(Chang, 2013)
3 .(Padervand et al., 2020) wslasl anw 55 xis ol

3 o oS 3 bl Gy sloanl T it slasslis
o 51053 e ool ad gl OIS (g5 5 ilise (5505
(03 S ainte (el 2 055 (oo ol - (S0 5b sla s
Ot o 5= Jols codsr (5l sl g5l ppmises
thoal (Lo s 235 U 1y (o lacd (sl 5o S0l e iy
o s VT 003 s 5 Sl s 50 b 4 (S35 5) s
{(Padervand, 2017) . s 0

Lo 5 52l ey a5 933 Coad 0300 i b 5 ]
i Ol o (S5 sm Loty e 5las s o )|
L il g5l S (3 5 Imad ) (S5 5)
Sl el e (8L sleslinl U (S5 sleanl
.(Nguyen et al., 2021) s » ¢b B L»r.ijjj @)L?J

55 heal > alr = e 5B (g5lulir S sl )
it 5l a3l eslinal i S T 3G
s aslizal 5 NS € iy ddad ain 53 0,28 5 by
oezen (Laera et al., 2007) Sl 48 8 13 4> 5 5550 Sl
Loleoba © ol ol s v ars bl ol
g S slas il U polss ol eSSl
Sloslal s Coenl smio 5 (6 0d OB ha 5 (295
1S ot Ol poa 03 208 e olis e8], 0 6558 540
il ) 22 O gl 2D e 5 (S5 5 a3 Sl e
205 U s a3 i oS o sslizd 356
S5 slia 5 (At 5 AT slanasy VT Gis s 5L
.(Jadhao and Dawande, 2013). s

5 I OLS s Jals ety 5 RV ooy
A e S LI P PO R SRRV SR VTR R

! Membrane Bioreactor (MBR)

Mol qu:u

Vol. 32, No. 4, 2021

\feo detf UL«.‘:.Y’Y 092



dx.doi.org/10.22093/ww;j.2021.259417.3083

OHlas 5 5052 don]

SN BN TN PO W R Py R PRI B JRCH P T 4
39 oo yaseia () geml 5 35 4 SPEEK (s &5 g 45 53
.(Huang et al., 2001 ) Cuul suis S, 53 Sao ol S

ez S5 G SPEEK. LS s )y ios; 2o s
M s 2d o ea Voo 1 SPEEK 3l 0,8 /0 ol 55 oo
505V St Jsle e 55,8 6LS e S PRRWRYAR
o3ba e 1S5 pu J sl S bl s & el
S s e sl G35 J sl 51558 oo (15 SPEEK L LS
3o salizad s L5 5 sdm s ¢y sed 23 shten /0 0¥ M
0955 (I Slaiie s g biteds G 5 s el B e Ol e
Ui il 3 3 55 se 33Uzl SPEEK 3 -SOsH <K 5 yo
ool w3ty SPEEK. g1, £Y s 5 gos 4555
sskateds :0T —PEGA00 5 JS>— 1oy (536 4 ol SUs Y=Y
Sl gl gy ladste (5L 5lulan Sl o
) bLs o 6 ek Jsle ;s PAUSPEEK Cos i lali
= ey 5L e lols sad s gl oS s e shne 02
PEG400 - JM > 5l 150 b sl & luzl ST -PEG400 5 S~
cidzse gl ble . 45 PEGA00 5l as s ¥ ol luia L
G 5t Ll Lo s 5 ko, 3 VA B Y o3 ime 53 ey
A5 s gl Gl slacbale 6l (s erky PA/SPEEK
C 5y 935 b T o g 255 YO (slos 53 ot a8 S
e ST Sk 5,8 125 L1 b shee s o) b o155 00
SIS s sy J a5 slachale s -mT Cowdd
e 935 on Ly s ol s S il BT Wl e ond 50
St I b Jolos OF Dl kB 2ty (39581 L s s 0 Sk
O3l 0Ll sacmsplas aS s 5 0 o (a8 5 JSE
S5 0l o s L) Tl (6,85 510 b s w2
T ASRUSI= R (\Jﬂ) 535 padaly gl dbi 55 sl
S
o sshee g edy Sadshne (Sl g 5 i ~F-Y
deolh (g achy 003 48 S glons (Kbt go 3 Slaiia S
el Cesay Jbsu b (i (ool 4z 5 s iy 5l
e b Cld s ol samsplis (_;ﬁ.gc\j:.»\ Aol luie
e 55 (G355 Jladen S ool P> oy 5520 5 Jlosils
Jslen (Sealys go 3t samsplis o buls 4255 0)ls (Ko

Journal of Water and Wastewater

f

U o sslizal 3UIT gblid g 55 ' sucd @5 g (9538 51
S8 S 5 6B gy 5wl Sl alas L;“'“‘ﬁ-’%j Cols
b gels Jolas o blas

b sy 93l5e-Y
TORLON® (5,15 S5l L sl ol Gy 20 5Y 150 )Y
olsean 5 ad 6 ,la ,» SOLVAY &S5 51 (4000T-MV)
St sslizal Jis 5 BU lalee csle s Lol s
34224 Victrex PEEK 450PF ¢ b S5l b gl o 55 5
=333 0l yre 4 SPEEK oS 555 o s3liul SPEEK g5
o5 sl ol w355 0 LSIPAL Sl s 4 i gs|
Cole sk (g ey dobe 45 51 U3 5005 6005 Do
031 35 el YE Suady sl 4555 50 glas sl alas
IS Al g w5 bl lssusb s b i S e 513 S
olseds s ad H@“@JJ L& &S ,5 51 (PEG-400) § + »
Josidss s 581 ol e (5 macly Jbona s JU> 2 (535581
ol sze i (NMP, >99.5%) oo 5 Jote o sslial bali
VA b oS5 L it 4 S S35l (g mdy IO
o 253 Y2 B VAY 5r sl b acSKslay T 5l as s
s slial ol a8+ b 5LS Gl 18 xi Oly Sl
34_34_:@@).;_1\ L& &S 5 5I Tween 80 oo, 5
S gl 4 i Ol ol sk
SPEEK w5 Jaadl g 1058 51 51 g 03,5 58] g = ¥-F
(Lietal., 2003) cuul sads jasin o, 5 J ioss o
a3 A Jsle 2\ 53 PEEK 510 SY+ sy cnl o
Cela YF Lo 5 g 4553 YO (slas 55 oy 5 g sl
s o 03l Wl SPEEK g (¢l o518 O3 b L
S 25l BB S 4 bl 4l g oS sl
3 ey 4S5y SPEEK U s L) il (e S
PH U o osls yined hia OT U s34 sl SPEEK 4
S s 5T S 53 eus w5 SPEEK 355 15 sl
1 Sz MalS sl YF s S s g 5558+ glas

Sulfonated Poly Ether Ether Keton (SPEEK)
Polyamide Imide (PAI)
Sigma-Aldrich

1
2
3
4

Merck

N 5 O dme O

Vol. 32, No. 4, 2021

VEe o JlolF olead XY 50



dx.doi.org/10.22093/wwj.2021.259417.3083

w557 Sl slolié tuwgo ] isli5l g o)l

NMP 5 SPEEK (sl » Hansen CoJM> el )l -\ J s
Table 1. Hansen solubility parameters of SPEEK and

NMP
Solvent 84 o, on O Ref
(MPa)"? (MPa)"?> (MPa)'? (MPa)"?

(Sriroth et

SPEEK 59.23  10.93 5.1 60.44 al., 2000)
(Rajasimm

an and

NMP 18 12.3 7.2 23 Kardlikeya

n, 2007)
QT BE) 45

5258 Sy e ‘_;.;Sr.»ﬁSd sHansen &Szl 5, 8t
3 s e LB 1) ($5500 a3l Oy 5 (kd 2iSes 25y
~Hansen N>l ;U a5 s ea; Van Krevelen
.(Mohsenpour et al., 535 o sslizul g lxla oy, S Ll
2018)
L : PAUSPEEK b, L JUs 5 G slaleé sl —0-Y
>3 slas ;sNMP O > s SPEEK 5 PAL oI\
Sty sl sl Cole (51 Sl 035 02 o o gk
sllic g jpbnn adaly bisa0,)Y o, clli
sled o o> a5 Jale 0l 5204 PEG400 Jsdszs L
58 R PEG O3 (LS gla ey gl ol a5 380 (5 ey
.(Mansourizadeh and s s olis |, Jadses galic o),
Azad, 2014)

Ol |y (Sary slad sloe w5580 5 S5 ¥ Jsux
Ll sl ) shiteds Lad s Sty 51 L3 oo oo
s 9 B S ) B @H‘f-ﬂ s 53 433 V0 D
it 55 s a1, U pme 5 sl T g

<slo 61 PAUSPEEK (glaJslons 4558 5 5 S5 =Y Jguz
SJb 5 OUl sbles

Table 2. Composition and viscosity of PAI/SPEEK
solutions for hollow fiber membrane fabrication

PAI/SPEEK PEG400 NMP Viscosity

Membrane ratio (Wt%) (wt%) @ 25°C
(Wt%) (cp)
M1 100/0 3 80 7180
M2 95/5 3 80 7320
M3 85/15 3 80 7710
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Table 3. Spinning parameters for hollow fiber
membrane fabrication

Parameter Value
Dope extrusion flowrate (ml/min) 2.0
Bore fluid flow rate (ml/min) 0.6

Bore fluid composition (NMP/H,0) 70/30

(Wt%)

Spinneret 0.d/i.d. (mm/mm) 0.7/0.3
Air gap distance (cm) 1.0
Spinning dope temperature (°C) 25
External coagulant (water) temperature 25

. O

Jet-stretch ratio 1.0

* The ratio of collection drum velocity to the dope extrusion velocity
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Table 4. Characteristics of the membrane
module for ultrafiltration experiment

Characteristics Value
Module inner diameter (mm) 14
Module length (mm) 300
Effective fiber length (mm) 200
Fiber outer diameter (mm) 0.65
Fiber inner diameter (mm) 0.40
No. of fibers 20
Packing density (mm?*/mm®) 0.265
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Table 5. Specifics of oil effluent used

Sample COD Oil-water Tss pH DO NTU MLSS MVLSS
: (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Primary g3 1635 467 73 38 405 4600 2898
effluent
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Fig. 5. Differential scanning calorimetry curves for
blend PAI/SPEEK membranes
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Table 6. Thermodynamic characteristics of
the spinning solutions

DSBC

Membrane MG (% ) 6NMP/SPEEK XNMP/SPEEK T

Ml 1.5 0 - - -
M2 1.3 133 60.4 1.48 19.7
M3 0.8 46.6 60.4 1.48 69
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Table 7. Characteristics of PAI-SPEEK hollow fiber membranes

Characteristic M1 M2 M3
N, permeance @ 100 kPa (GPU) 96.4 85.6 40.9

Mean pore size (nm) 12 30 81
Effective surface porosity (¢/Ip) (m™) 39.2 15.7 1.94

Water contact angle (°) 74.3+1.14 68.3+1.52 58.18+3.82

Overall porosity (%) 73 74 79
Collapsing pressure (kPa) 850 750 700
Pure water flux @ 400 kPa (L/m’ h) 15.8 27.5 39.6
Hydraulic resistance (Rm) (m” h kPa/L) 23.5 15.6 10.4
Flux recovery ratio (FRR) (%) 75.8 83.6 92.4
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Fig. 7. N, permeance of PAI-SPEEK hollow fiber
membranes as a function of mean pressure
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Table 8. Mechanical strength of PAI-SPEEK hollow
fiber membranes

Membrane  Young’s modulus Strain at break
(MPa) (%)
M1 229.1£7.0 38.8+0.7
M2 217.2+6.5 40.5+1.8
M3 181.6+£9.2 29.2+1.4
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Fig. 8. Water contact angle vs. contact time of the PAI-
SPEEK hollow fiber membranes
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Table 9. Parameters of various fouling mechanisms for blend hollow fiber membranes PAI-SPEEK

Membrane Complete blocking Intermediate blocking Standard blocking Cake filtration
R°  In(Jp) Kempx10® R* 1y Ky x10°  R* 1/J,"" K x10° R Iy Kx107
Ml 0.925 2.65 1.6 0.948 0.7 0.1 0.938 0.26 0.2 0.962  0.005 2
M2 0.877 3.26 1.2 0.904 0.04 0.05 0.890 0.19 0.1 0.927 0.0014 0.5
M3 0912 3.6 9.8 0.928 0.03 0.02 0.920 0.17 0.07 0.942 0.0008 0.1
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Fig. 10. Pure water flux as a function of TMP for the
blend PAI-SPEEK hollow fiber membranes
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Table 10. Results related to the performance of hollow fiber membranes at different times and
pressure 2 bar for the treatment of oil effluents using membrane bioreactor process

Feed IN pH NTU TSS Oil/water COD DO MLSS MLVSS

(mg/L) (mg/L) (mg/L) (g/L) (g/L)

Time 6.7 77 76 36 145 1.8 7.7 3.4

5 68 4 7 8 9 1.7 3 1.2
%R - 948 907 77.7 93.7 - 61.03 64.7
45 67 3 6 7 8 1.9 2.5 0.9
%R - 961 921 80.5 94.9 - 67.5 70.5

75 67 3 6 5 5 1.8 2 0.9
%R - 961 921 86.1 96.5 - 74 70.5
120 68 2 5 5 3 1.9 2 0.85
%R - 974 934 86.1 97.9 - 74 70.58

180 68 2 3 3 2 2.1 1.8 0.8
%R - 974 96 91.6 98.6 - 76.6 70.65

2L 38T, anl 3 3ozl b i slosly ehas (gl i sl Lt 55 JUs 5 O clalid s Sas o Lsyn s =V i

Table 11. Results related to the performance of hollow fiber membranes at different pressures
for the treatment of oil effluents using the membrane bioreactor process

Feed IN pH NTU TSS Oil/water COD DO MLSS  MLVSS
(mg/L) (mg/L) (mg/L) (g/L) (g/L)
P (bar) 6.7 77 76 36 145 1.8 7.7 3.4
6.7 69 23 2 25 3 2 13 0.83
6.9 97 97.3 93 97.9 - 83.11 70.60
6.8 1.7 1.3 1.9 2 1.8 1 0.7
6.8 97.7 98.2 94.7 98.6 - 87 72
6.9 1.1 0.9 1.2 1 2.1 0.8 0.57
6.9 98.5 98.6 96.6 99.3 - 87.1 75
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