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ABSTRACT

This study was aimed to examine inorganic fouling and fouling reduction method in direct contact membrane distillation(DCMD)
process. Synthetic seawater of NaCl solution with CaCOs and CaSO4 was used for this purpose. It was found in this study
that both CaCOs and CaSO, precipitates formed at the membrane surface. More fouling was observed with CaSO4(anhydrite)
and CaS0O4-0.5H,0(bassanite) than CaSO4-2H,0(gypsum). CaCOs and gypsum were detected at the membrane surface
when concentrates of SWRO(seawater reverse osmosis) were treated by the DCMD process, while gypsum was found with
MED(multi effect distillation) concentrates. Air backwash(inside to out) was found more effective in fouling reduction than
air scouring.
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(Mahbuboor et al., 2019). 924 2o el o=Ho
FAdof wel DCMD(Direct contact MD), AGMD(Air gap
MD), SGMD(Sweep gas MD), VMD(Vacuum MD)Z L&
g 4= It} (El-Bourawi, 2006; Lawson and Lloyd, 1997).
MDo AHE I he thgd Aol nEa SR
Aokl guelnt Jro] FIL 2 e AgH:
o} 2| & &= PTFE, PVDF, PE, PP A< =& ALgsic)
MDE 7|& S A (Multi stage flash; MSF, Multi
effect distillation; MED 5)1} o] Z7|& AJAksH| ¢
3 do] asiAnt SH2=7} 5090CE Wt (Gryta,
2011a). wrebs] Ao JA] 22 HEE o8 5 U=
A& o] Rt} (Banat and Jwaied, 2008; Dongare, 2017;
Gingerich, 2015). T3}, 7| Ayl Ex4at 2= 9l A
URg Apgalo] uI T BT o] 2L 100% AASHe
0] oM 02 Fl5sln, f40] Sof tjg Aol
ol the 3 vjwat o, AjH o wegle] gt
Z&Ado] Qth (Alkhudhiri et al, 2012; Lawson and
Lloyd, 1997; Tomaszewska, 2000). ©|2{3t o]-3-=Z MD &
4w wes AT 5 Un HERivers
osmosis ; RO) 59| W& 2[43te 4= 9low, 3
TFEE =Y ¢ e 49T Vlsolekar gt
(Mahbuboor et al., 2019; Mericq et al., 2010; Song et al.,
2007). LU} Ygeof Bolglis ByEe] rst 3
S}R]4>(Supersaturation index) 2T} ZH 9F oA F
Fledme] Aol skALL vlzte] o8] seale Ei
o Ho| wrAEr 4= It} (Gryta, 2008a; Gryta, 2008b;
Warsinger et al., 2015). GAF(RO) 5552 49 A&
Fhe Y oF 14~ 17 F5EY, 3552
55%7} =2 &%}t (Mericq et al., 2010; Song et
al., 2007). JAFE HZ40]= Mg”, Ca*’, HCO;5, SO~
= scale WA} E43} %% NaClE EZ§Hstal 9t
MD F74o| sk o5 8L A5 CaCO:ot
CaSO; scale©] F2 W3} (Curcio et al., 2010; Gryta,
2011b). Eh, B/ o] ]3] ukeglo] wbyEt 49 =3}
SoFS A7) 3L 9 Al-S(Membrane wetting) SAFo] W

o= W

9l

oF
o}

qr-o
oo =

AY5to] MDE] ABEA1Z 4= At} (Chen et al,, 2017;
Gryta, 2007; Gryta, 2008b; Gryta, 2011b; Guillén-Burrieza
et al., 2016; Leonard et al., 2015; Qtaishat et al., 2015;
Rezaei et al, 2018; Warsinger et al., 2015). Scale>
heterogeneous nucleation mechanismsS &R A|A 9 &
He LHA7]AL, o= s FaREe ARA7= 5
F ¥9lo] F7|%= gt} (Curcio et al., 2010; He et al.,
2008; Perez-Gonzalez et al., 2012).

oof MDoj| Al ¥ AsH= e & Adstr] 9 &
& A57F A3 Qlek Gryta (2008b)= DCMDE: ©]
&3l CaCOsofl 27t 1} & A9& A3YsHAL Fa
o] 2= 70Co|sh, E W f4-2 0.6ms o4
scaleo]] o)t e HS AL 4 Qlrkal Wil
t} (Gryta, 2008a). Z12] 3L Hou et al. (2016)2> %23}
DCMD R E9] ZA-83}9] silica scale2 *A73l= A
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olg3te] T 35408 TIAL EW 4
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S FAXAS(EK-4100i, AND)S o|g3to] =43l
oh AugAoN Z4E AU SE3099} Rekey
software S o] §5to] AF dlo|el = Agaheict. MDY}
Age ZAMA AL Hestgon], tzg]

o] ¥7] 9J3)| air-compressorg AHESFITE 3714
gas-regulator(IR2000, SMC)E- o]-&3f] =&} th

=
=
X

flo m

2.2 Al
221 229t U 234 £4

116

AlSHESIB|| X134 3 A2 E 20204 42



o
\
| Air-compressar

@T@ @ L 0%

Valve
Flow meter
Cold feed tank -'(
& Heat Exchanger Cold feed pump

Permeate tank

StB4lance Electronic

Computer

thermometer

\ Pressure gauge
@ gaug
g

Hot feed tank
& Heat Exchanger Hot feed pump

Fig. 1. Schematic of direct contact membrane distillation system.
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Aol AHH Y= 241, Sl e sETE
A a3tech 'E‘,H-/F =59 AL IAE(Revers osmosis:
RO) ¥ theh g -84k (Multi-effect distillation; MED) 3}
oy ZHe % 2 AL3Hch A4 NaCl £
M} QT4 242 8359 o, NaCl, CaCly-
2H,0, NaHCO;, Na,SO; (Sigma Aldrich)E £F420f &
o] ZASFATE NaCle] 79 0.1 mol/L(NDQ} 0.6
mo/L(N2)2] w2 Axelgon, AE 2A5E
wE W YAe] 2H LAz EEo| AHgatgic) ol
ol scale WY EEE o838l A, o
gt Sfjof - FEE 7]E(Ca¥ : 410 mg/L, HCOy
: 152 mg/L, Na' : 10,900 mg/L, CI' : 19,700 mg/L,
SO : 2,740 mg/L)o. 2 A&t} Aadly v
+ Ca(l,2H,0, NaHCO;, Na,S0,9 sZ+ 242k 2
mM, 5.6 mM, 62.5 mM& A z35lo] 7] 8o o3} u}
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0.025N2 ZA|3}o] F<= pH 8.0~8.3 oA =H
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o, T2 1.0~ 1.3 bar HeJolA =43k

_121:
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223 ZAMYY

9o wWylsldrh. 18T HCITF NaOHS  zhzh Tag 2 A4 gdLol2(C) =SS 28]
Table 1. Artificial seawater characteristics
Sample name Sample Composition pH Conductivity, mS/cm
D Deionized water 7.28 0.6-2.0(1.4) uS/cm
N1 0.1M NaCl 10.5-11.2(10.8)
7.40-7.61
N2 0.6M NaCl 45.8-48.1(47.7)*
C1 CaCl,- 2H,0+NaHCO;, 5.01-5.21(5.09)
S1 CaCl,- 2H,0+Na,S0, 8.09-8.33 13.72-13.79(13.75)
CS1 CaCl, - 2H,0+NaHCO;3+Na2s0, 13.42-13.92(13.73)
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2 HEA o SUBFOIM 27| eR SN BN U Ay

&

olezaZntE ] 1(790 Personal IC, Metrom)2} 29|
2 AH(Metrosep A supp5, Metrom)E ©]-&35}%ch =
A= A 10 mg/lLolw, Fw4¢] 4 1,000~
40008 3|Astol EAaisich. wa, IR
(3010 FT, YSDE ol g Hel4e] A/ HrEs &
Hoigom, o A WA U oL BES W
7€) MD st ERle] HatE ogmel Wy W Ay
2 BAs7] Q8 HA}FAFE U] Z(Scanning  electron
microscope ; SEM, S-4200, Hitachi)i} ofj\| x| EAF X
Xl E3%7](Energy dispersive spectroscopy ; EDS, MS2,
Htachi)& A}83}9lch 181 XA 3" EA47|(XRD,
X’Pert APD system, Philips)E A}-&35}o] MD3-A 9]
STl HaE AHEe) BYYRS B

th. 82 97|€4(DOC)E TOC-Vepern(SHIMADZU)

£ o] &3 Ao, AlRE 045 um BHE ofi}
s BA39cE ESE 533w (Absorptionmetric

analysis) & ©]§-5to] 254 nme] UVIPAe] A #2) A
£ol 824 §718& 2459k 183 UVDOC
HE olgdte] BER/BS PR f/19HEE
F A4 f71E A4 9718 vE Adees

F71ede aesto] LAEHE A
AEtgt) A7 HAEEE 34271 47.3 mS/emE UERG
o1, RO MED 55+ sfi<ei e} 1.8~2.14) 7 =
AE S dEE e st w57 2544 mME
AR e dEbllon], Creb SO sE sigrch
FE57F oF 28 A SEbdTh Wh, 5] BEs
SerEet 278w SAE O scaled WA = U=
Ca™ 9 Mg o] 29 F=7} s 4aat Bgol Al 571
g A gl T 4 QdSleh E=3L 82 F ARE
(TDS) 557t sjspilet oF 20f =7 S = Sl
57§24 F71=D00)2] B9 wwrt of 3u)
=0T UV-254= RO g5422] 7% oF 4uf) =7 Lpet
won, MEDgSae of 24 7 SA =3Ik

a3

3.2 DCMD 2t @9

1A
LEMf = SUVA (Specific ultra-violet absorbance)?}2- 3.2.1 20l ME FitRE Hlw
AR AQA 12 DCMD A= wey g A 24
MDe]| A8 PEUFY] 2|4 A 5 L=(LEP ; Liquid A AL =& oH, FF 4 S
entry pressure)2 =A3142™, stilled cellof] NaCl 0.1 Z}7+ 1.8 L/min®} 1.0 L/'min®.2 S-A|5}0] 2447+ &
Mo} Q45 P Ny7kAE o83 A4EE 7skich 7t oF o wE Bk Hin AYS Atk
2 A2 gasregulatorS ©]-§3 0.01 bar W= A B398 v AFo= 0.6 M NaCl 2A|5, 84,
o, g5 B3 2 Hrl 8 SR AVIHEE . RO &4 FE4E Hgste] AFe At
gro] Wekek f of S LEPELO R AMEoFiTt (Alkhudhii 0.6 M NaCl ZA4]422] - scale W 7718 5o 2J3t &
et al., 2012; Zhangg et al., 2010). AEZ 9] G A5t o R AFS A5t
o} a4 W ROBESE ol 2% T W 2B He] 5wl
Table 2. Seawater & Brine quality
Parameter Seawater RO brine MED brine
pH 7.81-7.95 7.84-8.28 8.15-8.47
Conductivity, mS/cm 45.8-47.3 84.6-90.9(87.0) 95.6-101.0
Total Dissolved Solids, g/L 34.9-35.1(34.9) 76.3-80.3(77.9) 77.4-80.7(78.5)
CODy, mg/L 1.0-2.6(1.9) 6.0-6.6(6.3) 3.8-6.0(4.9)
UVyss, m™ 1.2-1.9(1.6) 7.3-8.4(7.75) 3.6-4.0(3.8)
DOC, mg/L 1.6-2.4 7.32 6.95
Hardness, as CaCO; mM 4.0-5.8 152.5-153.8 150-160
Alkalinity, as CaCO; mM 2.5-3.8 3.1-4.4 3.8-4.4
Chloride(Cl) g/L 17.4-19.3 39.4-40.2 38.6-39.9
Sulfate(SO,*), g/L 2.4-2.7 5.7-5.8 5.4-5.6
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Fig. 2. Comparison of flux by feed type(F,/Fo).

UhE o] pd 2e]uhe] Fabaaol vl ke dot
H7] ffs AES A3kt dl=e ROE=9] 27]
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A A= R F)S 27] FREF)2z 1
o] g0 uE RG] e BAske] Hlust
At AFAT giza2l 0.6 M NaCl A= 4.0
kg/m’hol| A 24A17F & 3.7 kg/m*h2 F3h-8-2F 7.5% 7hAa
SFAEE 0.6 M NaCl 2A4]9] 3482 11.2% S =31
on, FF4Y dasrl 072 ME Z7]|sEHTh
20% Z7}8F9t). dl4 5.0 kg/m’ho)| A 3.7 kg/m’h&
Eigeko] 12.0% Ao, 3482 134%E ¢

ATl 27|55 R} 145% ~7}§} 0.87 M2 =45
otk ROFE2] 27] Fahfae 6.1 kgm'hol|A] 4.5
kgmhe  FaHgEFO] 26.0% z; st g
14.6%% ZAE 9o, T34 o Tl 189 ME %
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34 W ROF=49] FIF-2 0.6
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ROESp7} 229kskaL ilt ed=d ¥ iEe olge
2 o] OH u]—_g_oﬂ m

< o o

3.2.2 Scale 2Zl0]l 2J5t 2t H TIL

DCMD FA Al scaleo] 2]gt wte HS H7lst7] ¢

3] A4 Cl, S1, CS1& o] &3lo] AFS 233t
juis

t}. Scaleo] 9]t 42 Hol H$- scale EZof whzt 1
L9 Aol v2A yehd & glow, g o8&t

scaleo] ]38t @t HL H715t9T) S1 A|E= CaCly:
2H,09} Na,SO,E& ZF9 ZHzF 22 mM3} 62.5 mM
H7teto] 27 8131 om, CaSO4 scaleo] &J3F 9re ¢
< Hrlet¥g 83 CSIARS H$ CaCOoset
CaSO7F 42 4= = =40] A =4T off scale
of ot e el Fa Al B7tst7] el
AS ZYsteict

Cl A|BE 0]83}F CaCOs scaleo] <3 uto ol AE
A3} Fig. 3(a)3} o] B4 7.4 kg/m'holl A 3
£o] oF 75%Y uf 3.1 kg/m’h 7/};<] AA3} 7|72
oF 58.1% ZASIHLE 181l 3 0] 75% o)A =

o
==

> oot

= L —_
SIS ) el WS Uskth SEMS
18 ol BHAM u EHl| calcieF e
CaCOs HABE QI3 uf FFo] 9kl QU= A2 Bl

S1 A BE o]-83F CaSO, scaleo] <3t dt
o| A= Fig. 3(a) #Zo] Tl 5.0 kg/m2h°ﬂ
3.0 kgm’h7bA] 223 gastgon, o] o 348e
3%= Yebth o]% 3lg&o] of 33% F wj7iA| o
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SEM<: ©]-83F o|u|z| A3} uf ko] CaSO,s 3
AES S 4= Uglon, XRD #4417} CaSO40]
AZE Ak sHARE S1 AR AL ok AFE =
Al 9 34, RO 554 183 Cl AR BEatfF
A Aol tEA dEgien, wrapde] wAyE
CaSO; scaleo]| s} 44 A& ALstA +As+
t}. CaSOsi= Fig. 3(c)9 A9} o] 3= A H
of wet 7H=ar 71 vks FE| 9] CaSOs(Anhydrite)
&7t 75 H9FS] CaSO4-0.5H,O(Bassanite) 12|11 Y
3 QRS 229l HOFO] CaSO,-2H,O(Gypsum) 2 -—TL—E‘_—%}
ot S1 AlmoA HEH ZAHoA= 37HA] 72
CaSO,7} B HEESUh

CS1 A|RE o] 83t AdoA= CaCO39} CaSOy7} &
FElo] S wf scale F/J1} of Fupike] vl FF
= AP ff8l AEE % ‘%33}M—U1, Fig. 3(b)&} &
< A7E Aok AAZA T Fig 3(b)2t 2] CaSO, 4
9] =3kE AT o whet FkaF A Aol o
27 vebgtch 9 EHolA] gypsumo] FAE S W=
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Fig. 3. SEM image and XRD analysis results of DCMD membrane fouling comparison experiment by scale material; (@) comparison
of flux between artificial seawater C1 and ST by different scale materials, (b) comparison of flux by hydrate bonding
of CaSO, crystals, (c) comparison of flux and scale forming material using CS1 artificial seawater.
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Fig. 4. Results of DCMD membrane fouling and SEM image

analysis using RO and MED brine; (a) image of PE
film used as control, membrane surface after RO
brine(b) and MED brine(c) treatment using DCMD.
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