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|Abstract

7KLV SDSHU LV GHYRWHG WR WKH DSSOLFDWLRQ RI QHZ ORZ FRVW FHUDPLF XOWUD¢;, OWUDWLRQ PHPEUDQ
IRU WKH HQYLURQPHQW $ FHUDPLF WXEXODU VXSSRUW SUHYLRXVO\ HODERUDWHG IURP PXG ZDV FRDWHG
VKRZV KRPRJHQHRXV OD\HU ZLWKRXW FUDFNV ZLWK D SRUH GLDPHWHU RI QP 7KH FRDWLQJ REWDWKH Wi
7KHQ WKH SUHSDUHG PHPEUDQH KDV EHHQ DSSOLHG IRU WUHDWLQJ RI G\HLQJ ZDVWHZDwidtehtXetéhtibd EDU ¢
UDWH RI IRU &2' DQG DOPRVW D WRWD® WSHFMWQAWHRY RKKNVRHPEEGDWHDRDP® AMRIORQ EH UHJHQHUDWHG E\ XV

< 035/ $00 ULJKWV UHVI
1. Introduction

7TH[WLOH LQGXVWULHY DUH FRQVLGHUHG D VmBmbrandg BeetinéldyQhaX BriktgeR &s DS tlternatikeDtoVcomzextigrial
SURGXFLQJ KXJH TXDQWLWLHV RI Hw XHQWYV ZKUKFEBEWRNHRW KOV \WRPG HG ZRAV R HRREWDMQAY Ru H
pollutants, salts and mainly synthetic dyjé¢ $V D URXJK HVWLRDBRBQXMWPQWY ORUHRYHU LW VDYHV RSHUD
sequence to process a ton of textile, 230 — 270 tons of water has to be uséy water recycling providing an important solution for environmental
[2-4] problems [7]

Direct discharge of the dying wastewater in receiving medium can cause ,Q PDQ\ ZRUNV ¢ OWUDWLRQ SURFHVVHV WKI
many ecological and environment problems inducing the eutrophication ancbperated to recover colloidal and dissolved suspended matters from textile
anarchic algae proliferation in the aquatic systems > @ ,W FDQ KDYBVWODPWWBXYRZHYHU WKH\ SURGXFH D SHUP|
HuHFWV RQ SRWDEOH ZDWHU HYHQ LQ WKH GHMSRUWHDTKXRORW 3 UWRPLWK®J LWQHOVONNN HZ\L W K
PXVW ¢ QG RXW DSSURSULDWH VROXWLRQV W&/ IHUIHEK VEIUY_KO0 W WHIIHD MH @MW HLQW HW UWOHQLVOY D)Q C
HYHQWXDOO\ UHXVH WKHP DW WKH EHIJLQQLQJDMCHLY RIRFEHVR B8 X FWQLRHESU RF HADW EGIW Q RXQB YV
physicochemical and activated sludge treatments are typically used in textleW KH GHFRORUL]DWLRQ DQG GHVDOLQDWLRQ RI
ZDVWHZDWHU WUHDWPHQW ZKHUHDV WKH YV HseNdra@idh \perRimance RV melu@ey sigeRekclisionRand el QrosRidc
water reuse in any steps of the production process [6] 6LQFH SDVW QMZHUDOFMWMLRQV UHVXOWLQJ LQ WUHDWHG Hw X
membrane processes have gained popularity and have considered as the mp5t8]

VXLWDEOH WHFKQRORJ\ WR WUHDW DQG UHXVH #DV?WBHRZID K WL Bi@iedrthe énbanéexeht WRheUdntoval of KoV
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Orange 7 (AO7) dye by addj powder activated carbon (PAC) to ensure the uniformity of the deposited layer on the lumen side of the-macro
ultrafiltration in hybrid process. The results signify that the flux persistsporous support, the constancy of the prepared suspension is required. This can
almost constant during hybrid treatment while a strong decrease of flux wdse accomplished by the study of the rheological behavior (Viscosimeter:
observed when simple UF was applied. In addition, an efficiemiolezation LAMY model TVe-05).

was achieved by that processes. To prevent the fouling and to enhance NF The UF layer from mud is prepared by a gsting process. The slurry
membrane performance, Masmoudi efHD] studied the combination of MF  solution is puied on the support with pore diameter of 1.07 um and porosity
and NF for areffluentthatis ready forreuse. The results showed almost 99% of 39% [29], which is previously elaborated from the same material. The
of color and turbidiy removal, and also higher amount of COD decrease.length and the inner/outer diameter are 150 mm and 6/9 mm, respectively.
Ellouze and Tahrif11] confirmed that the employment of microfiltration Figure 1 describes the slipasting process whiclis composed by the

(MF) as the pretreatment step for NF is more effectual in terms of pollutant®llowing steps:

removal than Coagulatieftocculation followed by NFgspecially regarding * Preparing suspension including t&h
the color removal. Zahrim et 4l.2] investigated the potential of combination Ad di n gwt% (agueous?2solution of PVA) as binder and
of coagulatiorflocculation step with NF to reduce the NF membrane fouling homogenization by magnetic shaking followed by ultrasound exposure.
during the treatment of highly concentrated dyes solutions. Unlu gt34l. + Slip cast siangnthe fumenkide ofsthe pgsoeisnsupport for

teded different combinations of coagulation, MF, UF and NF and observed five minutes at room temperature. For the tubular membranes, the tube is
that MF/ NF system represents the optimum approach in the case of the closed from one end and filled with the solution. After a given casting

treatment of indigo dyeing wastewater. Ellouze ef®] reported that NF duration, the excess is evacuated from the bottom.
and UF are suitable process which cduddadded to coagulatidtocculation  Dr yringm24 h at room temperature.

to erhance the treated wastewater quality for reuse. In this case, more than

90% of color and turbidity were removed. 2.1.2. Thermal treatment program

All these methods give acceptable results when coupled with NF, but The firing temperature, fixed at 65C, is reached following the program
there is an urgent demand to dBp more effective and inexpensive methods registered irFigure 2 A temperature plate at 23C for 1 h is mandatory in
which can be automatically followed and necessitate fewer chemicals aratder to completely eliminate the PV#hich is abundant in the slip. A rather
energy consumptions, and less installation spaces, as well. slow temperature increasing rate °@/min) is needed in sequence to avoid

The development of long life antifouling and cost effective UF the formation of cracks on the layer.
membrane are tisuexpected to provide additional opportunity for membrane
technology application in the fields of textile wastewater treatment. 2.2. Membrane characterization

Membranes can be made of polymeric or inorganic materials. As
inorganic membrane, ceramic membranes have various advantagem@®m The average pore diameter of the active layer was carried out bgemitro
with polymeric membranes notably in term of chemical and biologicaladsorption/desorption isotherm using a Quantachrome instruments. The
stabilities as well as mechanical strength and separation efficigbcyl 6] morphology of the surface and the thickness were characterized by Scanning
In addition, membrane surface presents a relatively homogenous pore size dldctron Microscopy (SEM) method.
high porosity resultingni obtaining high filtration performance.

In the domain of wastewater treatment, the usage of ceramic membranes
remains limited because of their higher operational [dd§t Therefore, many  Tablel )
efforts have been done to produce cost effective and efficiembrages for ~ Composition of the slurry solution [19].
various purposesOne of the challenges for future progress of inorganic Proportion
membranes is the production of a toast membrane from natural materials (Wt %)
such as clayfl8-20], granitic sand21], phosphatef22, 23] or graphite[24]. Water Deionised 65
S_L_Jch materialsan be foundn abundance in some countries and need lower Polyvinyl alcohol (agueous solution)
firing temperature than that of pure metal oxide materfi2a27]. New
ceramic membranes can further be maflsome abundant products coming
from industrial waste. Transformation of such prodwrhes from fly ash or
coal fired power statiof28, 29].

Thus, local Tunisian mud coming from the phosphate industry Powder Solvent
transformation has been taken as the ceramic material in this study for fl
preparation of a novel and inexpensive ceramic membrane. Hieviah is
produced from the apatite washing step in the phosphate industry (Tunisia).

Component Conditions

12% aqueous solution 30

Mud of the hydrocyclone laundries powder Par t i cl e s 5

can cause risk for environmental impact due to its fullieshe Tunisian Suspension Organic binders
ores. This sulproduct is collected by very small particles sizes of about a few

tens of nicrometers suitable for ultrafiltration membrane preparation after Slip

sieving.

In the literature, only our previous wof80] has been presented the Slip casting

upgrade of the phosphates industry -potiducts in membrane elaboration.
Indeed, a composite MF membrane dsissa support from mud of the hydro
cyclone laundries of phosphate, coated by a zirconia layer was elaborated -
textile wastewater treatment. The results revealed mainly removal of 100¢
turbidity and a partial retention of COD. However, no retentionobdr was
observed. Moreover, UF has a number of promising advantages over NF su suction
as the production of a relatively high permeate flux, lower operating cost, ar
the capacity of adsorption of the present 1.

The main goal of this study was to deygla cost effective and novel  Porous support
antifouling UF membrane for cleaning industrial effluent generated in textile Thermal treatment
industry. The membrane has been p.icpasvu vy GepUe v oun v wmu ou e act
layer directly on mud macfporous support without intermediate layer. This Fig. 1 Slip casting process.
alowed to decrease the membrane resistance and thus to enhance the
ultrafiltration process performances.

‘ Coating formation

Capillary

2.3. Ultrafiltration treatment

2. Experimental Crossflow ultrafiltraton tests were determined using a-tahde single
channel tubular membrane at Z5 (seeFigure 3. The operating pressure is
2.1. Membrane elaboration applied using a nitrogen gas source directly linked to the feed solution. The
pressure (TMP) varying in the range of 2 to8 bars wantrolled by an
2.1.1. Slip casting characterization and process adjustable valve at the concentrate side. The total active area of the membrane

To make a slurry solution suitable for the slip cagtihe composition of ~ is 23.37 cr Before experiments, the elaborated membrane was conditioned
the slip should be carefully selected. According to the literatl®§ the in ultrapure water for 24 h to get a speedy stabilization of permeate flux, then,
suitable composition of the slurry solution is giveriTable 1 Moreover, to  the membrane permeability was determined.
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Fig. 3. Scheme of the experimental -sgd. Table 2
Chemical analysis of the mud of the hydro cyclone laundries of
phosphates powder.
_ The regeneration of thg membrane was accom_phshed firstly b)_/ washing Elements Proportion (Wt %)
with fresh water for 15 min, then by using an ag&be teatment with a
circulation of solutions of NaOH 2% at 80 °C and nitric acid 2% at 60 °C P2Os 8.40
alternatively for 20 min. Finally, the membrane was rinsed with deionized CaO 19.98
water until neutral pH was reached. The efficacy of the cleaning protocol was sQ 2.47
verified by meauring the initial water permeability behind the cleaning cycle. Sio, 38.89
2.4. Effluent characterization FeOs 1.09
F 1.30
The membrane was used to treat a real effluent coming from Tunisian coTt 1.45
textile factory. Physica@hemical parameters of the effluent and of the Al:Os 6.75
permeate were timedetermined. Conductivity and pH were measured using a MAO 184
conductimeter, Tacussel model 123 and aipidter, Metrohm 744. Turbidity d ’
was achieved using a turbidity meter (Hach RATIO 2100A) in accordance Co 6.06
with standard method 2130B. Lo 11.77

Color measurement was accdisped according to a standard multiple
dilution method32] and by comparing absorbance to a calibration curve. The
decolorization was achieved by controlling the decrease of the absorbance
peak at the maximum wavelength for the global effljda}. In the case of
the wastewater used in this study, just one pick was observed at 420-nm UV
Visible  spectrophotometer  (Perkin Elmer Lambda 20 UV/VIS
Spectrophotometer) was used in all experiments.

* Loss of ignition

3.1.2. Scanning Electron Microscopy analysis

The morphology, surface quality and the thickness of tliweatayer
were examined by scanning electron microscéiiyure 5exhibits the cross
section and the surface views for different sintering temperatures. The

COD is estimated by the open reflux method. The protocol wagdppl tem o ° : ;
. . perature range from 600 °C to 700 °C was determined associated to the
accordance with a method derived from the Standard AFNORID20The analysis achievéry TDA-DSC in the literaturé30].

sample was refluxed in an acidic medium with a known quantity of potassium All samples showed a typical asymmetric structure which reveals that the

dichromate supplied from SigmAldrich and the remaining dichromate was surface la .

. ; : - ; ) yer had a good adherence onto the support. By analyzing the surface

tcltgltjed vlwth ferrousbtammdomu.rsulfati'Sﬁpplgdbflronlz ?gmeta'f'Aldnchi Thgo exture of the different samples, it can be assumed that only thplesa

101 19vta uezca)rg 0 tame using a Fisher Bioblock scienttic: reactor btained at 650 °C was free of defects and without cracks. So the best layer
ype meter. was obtained at a sintering temperature of 650 °C with a thickness of ~9 um.

3.1.3. Pore size determination

The casting deposition time and the sintering temperatutheieardinal
parameters controlling the final pore diameter, the thickness of the layer and
the morphology of the membrane. Based on these considerations, a casting
time of 5 min and a sintering temperature of 650 °C were chosen. It can be
observed inFigure 6 that the pore diameters are centered at 11 nm which
approves that we achieved to prepare a UF layer.

This finding is very important since the UF active layer is directly

3. Results anddiscussion
3.1. Membrane characterization

3.1.1. Slip characterization

The mud of hydrocyclone powdesieved to 63 pum characterized in a
previous study{30]. The composition is announced Table 2 For a good
adhgsmn on the'mac-pmrous support, viscosity ’.““St be sufficient to deposited on the support without the need of an intermediate microfiltration
fa_lcmtqte the 00‘?“”9 and to _preve_nt fast absorptlc_)r_1 of the solvent. Th yer, as it is usually observed in the literat{8¢, 35]. The reduction of the
viscosity of the slip was determined just before deposition on the support. Thgyer’ number should increase the filtration ’performance by limiting the
rheogram of the used slip was done by the curve of shear sfressqus membrane resistance
shear rateld). According toFigure 4 the rheological study shows a plastic '
behavior of Bingham with Bimiting shear stress of 11 Pa. A similar finding is
reported by Masmoudi et §P22].
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Fig. 5. SEM views of membrane texture at different temperatures.

3.1.4. Menbrane permeability dyeing cycle using reactive dyes. Generally, the molecules of reactive dye are
The membrane permeability) was determined using pure deionized composed of a chromophore group and reactive chemical groupnéprmi
water.L, is brought by the slope of the linear variation of the permeatelflux covalent bond with the textile fiber. In our case, the used reactive dye has a

(L/h.m?) with applied transmembrane pressure (bar) according to the welblue color and with formula of £H,3Cl N1¢0»,S;Nas.

known Darcy lav: The wastewater sample contains different chemical substances such as
dyes, detergents, salts, auxiliaries (e.g. surféstamulsifiers) and caustic

Jv=1Lp AP 1) soda coming from the different washing baths related to dyeing, washing and
bleaching operationsTable 3represents that the raw effluent is heavily

where polluted in terms of pH, salinity, color and COD.

AP = [(Pinlet + Poutlet)/2 - Pf] (2)
Table 3

wherePe = inlet pressureoue = outlet pressure?; = filtrate pressure. Determination othe principal characteristics of textile industry wastewater.

It can be noticed fronfigure 7that the flux decreased during a first Salinity COoD Turbidity R

period of 3640 min and then became stable.eTpermeability of the UF PRI [l (a/l) (mg/l) (NTU) St

membrane was determined from the stabilized water flux given at each  values 9.9 12.3 2869 880 2.32

pressure. It is around 90 L/hbar which is comparable to that achieved by - - —

UF commercial membrane based on aluni@. Integral of the absorbance curve in the whole visible range-84@0nm).

3.2. Application to textile wastewatieeatment 3.2.2_ Ultrafiltration treatment

The filtration performance is determined at a velocity of 2.5 m/s and a

3:2.1. Wastewater characterization Hgmperature of 25 °Crigure 8a gives the variation of permeate flux with

The studied wastewater was produced from the various steps of t
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various transmembrane pressure (TMP). As could be observed, the permeatel might requires chemical cleanif@8]. Previous works concluded that
flux grows linearly vith TMP until 5 bar and then becomes pressure reversible and irreversible fouling can contribute up to 18% and@&6 of
independent. This can be attributed to the concentration polarization artbe permeate flux reduction, respectivigd9].

fouling due to the interaction between membrane material and waste water In accordance to the resistance in semdel, the fouling resistance can
solution[37]. It is salient to notice that fouling is not veémgportant since the  be described by the following equation:

flux decline ratio between the initial values and the stabilized permeate flux

obtained after 20 min of filtration, does not transcended 15%geee 8b). Rr= R+ Rrev + Rirrey ?3)
This behavior is a typical one for an UF membrane compared to MF
membrane wich shows generally a significant flux decrefz® 29] whereRy is the total filtration resistance which represents the distribution of

the different resistanceR; can be estimated from the followinguzdion:

2.50E-02 J=A PuRr 4
f\ whereJ is the stabilized permeate flux of the solution through the membrane
2.00E-02 (L.h1s?), Ry is the total membrane resistancefmandy is the viscosity of
the solution (Pa.s).
Rn is the inherent hydraulic resistance of cleaembrane caused by the

permeability. TheR., corresponds to the reversible resistance due to the
concentration polarization that can deleted by a simple rinsing with water

1.00E-02 \ after the filtraton experimentRy., corresponds to the irreversible resistance

dv/dlog (D) (cm¥/g)

due to pore blocking and adsorption of substances onto the surface of
membrane and pores that demands a chemical cleaning to be removed. After

1.50E-02 % \ membrane itself. It is brought by the determination of pure water
5.00E-03 ¥/ ‘ each run, the membrane was rinsed with pure watel then the water
J Vp \ permeate flux was determined, giving Rg.,. TheR., value was calculated

following the equation:

[ 3

0.00E+00

1 10 100 1000 Rev= Rr— (Rn+ Rirev) (5)
Pore diameters (A)

The different resistances values calculated in this case Ryes2.759
10°m?, Ryey = 1.301 16° m?, andRe, =0.897 16° m?. Thus, the fouling is
rather irreversibleRyey > Re,; i.€., the fouling resistance remaining after
membrane rinsing. The total fouling resistance is almost double compared

Membrane fouling was caused by inorganic or organic compounds‘,_’,\’ith the mer_nprane _resistance which is_ 1.378 @@ the irreversible fouling
colloids, bacteria, or suspéed solids. Fouling can lessened the permeate fluxS @lmost similar with membrane resistance. These results show that the
and impacted the retention of many compounds. It can be reversible #uling is not so important which show the adaptation of the membrane
irreversible. Reversible fouling can be removed simply by water rinsing ofnaterials to wastewater treatment.
changing some process parameters, while irreversible gpislihard to revers

Fig. 6. Determination of the pore diameter of UFmud/mud.membrane.

3.2.3. Membrane fouling behavior

600 500
B—P-2bar | 450 | RP=09936
—a—p=3bar| | 100
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Fig. 7. Variation of water flux with timeand pressure: determination of the membrane permeability.
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Fig. 8. Variation of permeate flux with the pressure and time.
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2 4. Conclusiors

e New asymmetric UF mud/mud membrane was prepared by deposition of

16 e only one layer onto the maeporous support using a slgasting process.
£ 14 The characterization by SEM analysis showed that the memizatefect
§ free, with a thickness of 9 pm, a mean pore diameter of 11 nm and a
v 12 Raw Effluent permeability of almost 90 L/ h. hbar.
§ 1 The performance of this membrane toward the treatment of an industrial
= . um ' 'R textile wastewater sample are determined in terms of the perfheat@nd
< 038 : the pollutants removal. The stabilized permeate flux obtained after duration of
-é'o,s 60 min is around 65L/h.M The permeate from mud/mud UF membrane

shows an increase of the performance in comparison to the commercial

oA alumina UF membrane. The mud/mudF membrane renovation was
0,2 achieved using an alternative protocol based ontaasit washing.
5 ———t G Finally, the results revealed that the mud of hydrocyclone laundries of
5 5 i & 3 it phosphate is an appropriate material for the development of the UF membrane
Pressure (bar) achieved by aeposition of one layer direc_tly onto the support. The _redl_Jction
) ) . of the layer number should increase the filtration performances by limiting the
Fig. 9. Evolution of color removal with pressure. R X . . g
membrane resistance. This membrane can be capably applied to the industrial
wastewater treatment.
500
Table 4
450 . Determination of the Characteristics of permeate from mud/mud UF membrane and alumina
° membrane at a pressure of 5 bar.
400 *
3 ® Membrane H Conductivity COD Turbidity Absorbance
350 used p (mS/cm) (mg/l) (NTU) at 420 nm
N 1 mud/mud UF
E 300 membrane 9.81 28.2 86 0.33 0.092
= 250 - : commecial UF g 74 298 122 0.82 011
< . membrane
é 200 L] + water flux with new
s membrane
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100 - * Water flux after planing . . 3
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Fig. 10.Membrane regeneration. ME Microfiltration

UF Ultrafiltration

Chemical Oxygen Demand
Scanning Electron Microscopy
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The significant decolorization obsed for a pressure higher than 5 bar cop
(seeFigure 9 confirms the character of irreversible fouling achieved from the
model of series resistance. This behavior is correlated to the great retentionﬁx\'{I A
pollutants in terms of color and COD resulting in the fation of a gel layer

h ¢ f b Jw Water flux

on the surface of membrane. . L| Water permeability
Table 4 shows the average effluent characteristics after treatment :

ltrafiltrati 5 b . h d b in thi m Membraneesistance

ultrafiltration process at ar using the proposed membrane in this wor » Reversible resistance

compared with a commercial alumina membrane. In attendancdeof t
elaborated UF membrane, almost a total retention of color, turbidity and
polluting substances are achievédgure 9presents the evolution of color
removal with pressure. The increase of TMP resulted in a noticeable removﬁleferences

of color: for pressure abov& bar, a great decrease of color of almost 95%

was observed which confirms the previous results. The COD was found to ggl m. vedrenne, R. Vasquededranoa, D. RitoGarciaa, B.A. Frontarbribec, M.
reduced by 90% with elaborated UF mud membrane whereas it was reduced Hernandez£sparza, J.M. Andrés, A ferrous oxalate mediated pRetdon system:

irrev Irreversible resistance

by only 85% using the commercial membrane. For both membrtduees, is Toward an increased biodegradability of indigo dyed wastewalteraard Mater.
not any significant variation of conductivity and pH between the feed and the 243 (2012) 292301. ] )
permeate. [2] J. Lin, W. Ye, H. Zeng, H. Yangl. Shen, S. Darvishmanesh, P. Luis, A. Sotto, B.

: P . - Van der BruggenFractionation of direct dyes and salts in aqueous solution using
Compared with the alumina membrane, the performances obtained with |~ "= = membranel Membr. Sci. 477 (2015183193,

the elaborated asymmetric 'mud membrane are quite good and slightly bet{gh_ Lin, W. Ye, J. Huang, B. Ricard, M. Baltaru, Bregdanus, S. Balta, J. Shen, M.
than those for theommercial reference membrane made of alumina (se€ ~ viad, A. Sotto, P. Luis, B. Van der Bruggefoward resource recovery from textile
Table 4. Therefore, this study proves the industrial feasibility of UF textile wastewater: dye extraction, water and base/acid regeneration using a hybrid NF
wastewater treatment in attendance of the composite mud/mud UF membrane. BMED processSugain. Chem. Eng3-9 (2015) 1992001.
[4] J.Lin, C.Y. Tang, W. Ye, S.FSun, S.H. Hamdan, A. Volodin, C.V. Haesendonck, A.
3.2.4. Membrane regeneration Sotto, P. Luis, B. Van der Bruggednraveling flux behavior of superhydrophilic

The application oftte UF membrane is constrained by the inevitable f;;?zgig’fgga;&n membranes during textile wastewater treatelembr. Sci.
phenomena of irreversible fouling which causes the permeate flux decline alrﬂ J. Lin, W. Ye, M-C. éaltaru, Y.P Tang, N.J. Bemstein, P. Gao, S. Balta, M. Viad, A.
then exhibits a serious obstacle for the performance of membrane separation. volodin, A. Sotto, P. Luis, A.L. Zydney, B. Van der Bruggen, Tight ultrafiltration
For this, after each experiment, the membrane muset@vated following membranes for enhanced separation of dyes ap8Q4aluring textile wastwater
the protocol cited previously in paragrapi3. treatmentJ. Membr. Sci. 514 (2016) 22228.

The effectiveness of the regeneration is checked by the determination & L. Xujie, L. Lin, B. Yang, C. Jihua, Reuse of printing and dyeing wastewater in
the membrane permeability which should be quite similar to that obtained —Processes assessed by pilogle test using combined biological process and sub

; P : f filter technology J. CleanProd. 17(2009) 113114.
Vﬂ:‘;r:ng:;gr:g membrane.Figure 10 shows almst total renovation of the [7] K. Tak-Hyun, P. Chulhwan, K. Sangyong, Water recycling from desalination and
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purification process of reactive dye manufacturing industry by combined membrane  cake formation, J. Membr. Sci. 125 (1997) 1022.
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