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e ATENE FAGZHHER, KAMELRNAEIBES T LA NaCl F= NaySO, 49 A SE K,
F I Na,SO, 9 7 RALAI A . tAIEEIRE KT NaCl A= NaySO, 49 /R Z R FBLrb ., RIEE . iRk AR B
LS H ARG R R, BIRHAE T AE TEORKET R, LREW: £ NaCl 4= Na,SO, 69 il = K EBLIL A
5:40. 4:4E/E /) & 3 MPa. ik # 8 Limin A% & %4 30°C o &4 T, BMIEH &G 69 MIE R4+, Na,SO,
5 NaCl 89 R &k Btk =18.51, T I NaCl A= Na,SO, 89 A0 H o A AT E R KT B RS &K Y
AEH A RIR A R BT ) 3t S P A 4 B e NapSO, B R 69 Fvh, HE T AR TR RK T £
FR R A FEAAI T EdTHRA. ERER: BRGBERA 354, ARBEA 0CHA AR H A 120
min B, #3569 3 Ak sk % A2 98% 1A £, Na,SO, 89 =K 64.28%, & 4 H 4 AATa T EHALE, NaSO,
A9 LR TT AR B 6.39%. dL T LR IAF A % 8] & A 09 B R K P NapSO, #9 T R ALAI R B2 7 it Ak
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Nanofiltration-refrigeration denitration process for utilization of

Na,SO, resources in high-saline wastewater

ZHANG Donggiang, CHEN Yan’an, LI Baosheng, ZHAO Jing, SU Na, DUAN Runhao
(College of Petrochemical Technology, Lanzhou University of Technology, Lanzhou, 730050, China)

Abstract: For the wastewater, which was rich in NaCl and Na,SO,4, produced by a company, the cascade
technique of nanofiltration-refrigeration denitration was applied to treat the mixed simulated wastewater of NaCl
and Na,SO,, realized the recycling utilization of Na,SO, in wastewater with high salinity. The effects of some
technological parameters such as mass concentration ratio of NaCl and Na,SO,, operating pressure, flow rate and
temperature for the membrane separation efficiency were investigated by means of the nanofiltration experiment
which optimal scheme also was determined. The results showed that the mass concentration ratio of Na,SO, and
NaCl>18.51, in the nanofiltration concentrate separated by nanofiltration under the mass concentration ratio of
NaCl and Na,SO,4 was 5:40, the operating pressure was 3 MPa, the flow rate was 8 L/min, and the temperature was
30 C, where can achieve effective separation of NaCl and Na,SO,. The effects of the concentration ratio,
refrigeration temperature, refrigeration time of the nanofiltration concentrate on the purity of the product and the
recovery rate of Na,SO, were examined by the refrigeration nitrate precipitation experiment. The optimal plan for
the refrigeration denitration section was determined. Secondly, the experiment was optimized by stepwise
refrigeration denitration. The results showed that the purity of mirabilite obtained was above 98%, and the
recovery rate of Na,SO, was 64.28%, when the concentration was 3.5 times, the freezing temperature was 0 C,
and the freezing time was 120 min. After the optimization of the stepwise refrigeration and denitration process, the

recovery rate of Na,SO, could be increased by 6.39%. This experimental research of this process has laid a
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theoretical foundation for the resource utilization of Na,SO, in the high-salt wastewater produced by the company.
Key Words: high salt-saline wastewater; nanofiltration technology; refrigeration denitration; sodium sulfate;

recycling utilization
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Na,SO, (R). NaCl (R, EZERI AR A R %I LR —% (EDTA-2Na,
R). ZnO (R), KEEM KEMFRAN] s 4= 488 —% (EDTA-2NaMg, R), _Liff
R R A F s CH3CH,0H (R), RKiEF| L B AL E A IRA R 42 T (R).
NH,Cl (R), REEMEMMAARAHE AR AR KCrOs (R, REMIUSE: TAA R
A#]; BaCly (R). NH3 *H,0 (R, i %08 28%), M & XX THBRA R ; AgNO; (R),
RS TR SE T HCL (R, JESHCN 37%), AR AMHRFIARAF.
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& NaCl F1 NapSO4 FIFFIE 5T, 4H9ESLI8H 53, 43 IEL ] NaCl 5 &3 B 5. 20, 35. 40 g/L
FIE E NapSO,4 [ 5T BV FE R 40 g/l FIRAHEMR 6 L, M IEAZ TS, e AN A o1 S FE D
by ANFE A7 AN FIVEEAASFEE T a0 R i@ & & SO~ MM R, 1%L L
SE H 98 S0 I B FE R A 25 A
1.4 LWHE
1.4.1 YHPESLE

K IEASAR I 107592, Xt R e ()8 B b SO,% R R 10 4 NH K BRI LE .
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Table 1 Table of factors and levels for orthogonal experiment of nanofiltration

K2
K 7 " S -
p(NaCl): o (Na,SO,)(A) J£71(B) IMPa i #(C)/(L + min™) BED)IC
1 5:40 15 4 15
2 20:40 2 6 20
3 35:40 2.5 8 25
4 40:40 3 10 30

1.4.2 A EHNTIESEES

1 AT S0 7 M

KR IERS R W i, KM= S FR R4 RE & NapSO,4 IR 1) 3 ANA R 4= /K
IR AE A B0 VA VRIS FA VRIS AT HEAT 25 %2, e RO IR 38 1) 2 IR B A R i L B s f 7
%, SHEARFRNE 2,

2)  AURPTHE LI ARk

TEAZ ARG XF G YRR AR 5 IR BOHAT — A VR AT RS AL R, R0 Bt 7 58 o AR = i
Na,SO4 IR, TEf M 26 T XA AR 5 SR AT 2 A VRATIY, AURIRE 7 B BN
15. 10, 5F10 C.
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Table 2 Table of factors and levels for orthogonal experiment of frozen nitrate

S
K e . . o .
ARG HU(E) AUREE(F) IC AURIN [E](G) /min
1 3 15 60
2 3.5 10 90
3 4 5 120
4 45 0 150
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ml

e JAEEEE, L/m?.h); VRFEKER, mL; tNEHE, s ANESUERM, m2 R
N SOZ WM, pm AFEAKT SO2 HIFEIREE, g/l po NIEENE T SO MG B IKEE,
g/L; A AFEIH NaSO, 461 my =i e e, gs mo AFE A NaCl iR &, g.

2 HR5E
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2.1.1 IEASRE 7
X3 NNEIEASIRIG L, £ 4 NNEWZE L.
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Table 3 Orthogonal experiment results of nanofiltration

E R A B C D JI(L m2 hh) RI%

1 1 1 1 1 11.04 99.53

2 1 2 2 2 33.12 99.60

3 1 3 3 3 36.48 99.65

4 1 4 4 4 52.2 99.68

5 2 1 2 4 15.36 99.39

6 2 2 1 3 24.48 99.58

7 2 3 4 2 33.36 99.57

8 2 4 3 1 47.04 99.55

9 3 1 3 2 14.28 99.49

10 3 2 4 1 20.88 99.64

11 3 3 1 4 38.88 99.67

12 3 4 2 3 45.12 99.70

13 4 1 4 3 15.12 99.31

14 4 2 3 4 28.32 99.48

15 4 3 2 1 27.36 99.56

16 4 4 1 2 36.00 99.55

R4 NBRESR
Table 4 Analysis of nanofiltration range
. It £ A 72 O3 AT B R
A B C D A B C D
Ky 132.84 55.8 110.4 106.32 398.46 397.72 398.33 398.28
K> 120.24 106.8 120.96 116.76 398.09 398.3 398.25 398.21
Ks 119.16 136.08 126.12 121.2 398.5 398.45 398.17 398.24
Ky 106.8 180.36 121.56 134.76 397.9 398.48 398.2 398.22
W= r 26.04 124.56 15.72 28.44 0.6 0.76 0.16 0.07

e KEAEES EAKTF5R0 G=1. 20 3F14) B, BRI fabs < Al



I 4 T W OE R IR I RS IR R BRI ) GRUHORIIELE (AR 2 43
iy 26.04. 124.56. 15.72 M1 28.44, XSANJEIEET S, FNIEREUR K B2 R 3K 225 K
SR B IBUT Ay BRI ) RAEIRE . REIRFERCEL . Jid. Rk, fdk 2z o4
X EE RS, BT AiBsCsDso

K 4 36T A0: 6 SO~ #BE R IEASRI BRI . BRI ) J R
tZE 53519 0.6, 0.76. 0.16 A1 0.07, XF SO # BRI 5, AIEMILER K (150 K 2% 52 25 /K
FHEEMRAIT N RS BURIR RO, s, BRIER . ik, BESrEH
Xt SO HWHHRM E, HATT N AsBCiD1o

GLREPHENE TR, 9898 LB 77 20 ArB4CsDae
2.1.2 BEMAL

K5 NETT E TR, MRS WG, MELEENS, RAKREBMFHE (Fg)
>Foo1 a1 = (5.95), HARKEZEN FIH (Fas Fov Fo) ¥<Foos a1, FIARFE B XIEH
RN B2, HME RN E R mARE . NEEERMNS, Fas Fe¥>Foou a1
= (5.95), KRFEZE A FIKEZE B X BRI NEE, Fov Fo¥<Foos 12 = (3.49),
FHINZE C AIAE D MR LA G .

x5 PEHTESHTR

Table 5 Analysis of nanofiltration variance

- s A A B S AR TR
ﬁ%% wE O REOVME L RE O EETH Am PBIF 8%
o o i fir Iy P
A 84.910 3 28.303 1.014 0.064 3 0.021 13.605 *x
B 2049.386 3 683.129 24.470 *% 0.094 3 0.031 20.116 **
C 33.185 3 11.062 0.396 0.004 3 0.001 0.786
D 104.177 3 34.726 1.244 0.001 3 0.000 0.154
R 83.750 3 27.917 0.005 3 0.002
pyill 2355.408 15 0.166 15

VE: CRMEE , IR EE.
2.1.3 PRI EELK

1) e bl et R 2 R A B 2R 52 )

il 5E B E K 728 3.0 MPa. it A 8 L/min. & E 4 30 “C. Na,SO, i ik fE A 40 g/L,
228 NaCl [ B E (5. 20, 35 F140 g/L), 347 3 W TA75256, %8¢ NaCl ¢ 5 o s
BAEEROEN, SRLE L. B LT BUBERE NaCl ik B 6k 221800
NS, XA HT T NaCl iR OK, 535 Rk, 9E T S 80508 & T 20, gh it S0,”
(1)K B 2R Bt A ASLADL /K R NaCl R B2 )38 KMy, FERE RS CI S ErE R, K
7R g B TR R 5 BHE R T, SR FR k)N, ERNMBEEAK, fESCIRTE RN, N
JEREXT SO (R B R ARFRE 99.4 %Ll b BRI, NaCl 1 NapSO, 5 fE R B FEBL oA
5: 40,

2) &yt s R B R K R

[ 5 NaCl F1 Nap,SOy4 i & ERL L A 5: 40 ¥iiE )y 8 Limin. ¥EE N 30 °'C, oA
fEHE S (1.5, 2.00 25 F1 3.0 MPa), BT 3 UCPATSEEG, 552k oot 5 & A B R 105
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Fig. 1 Changes of membrane flux and rejection with  Fig. 2 Changes of membrane flux and rejection with
mass concentration of sodium chloride pressure

3D VL R A B AR R R

[ 7 NaCl F NapSOy4 i Sk FEC L4 5: 40 #:4E 7174 3.0 MPa. iJZ24 30 C, &
Mk (4. 6. 8 M110 Limin), BEAT 3 UPATSENG, 558t i AN B H Ao, 45
B 3, mE 3 A MEbRRE M 4 Limin 36K2] 8 Limin (il fed, JEiE & 252181
KaHh . X2 i THEE BERNAE R, R BV R R d g K, VE AN B e 2R A, ik
ANT RIS R, T B 2 3R R M 8 L/min 8K E] 10 L/min, EE
AOFEAE . BEE TR, AhIEMExT SO,7 IR R AR FF1E 99.5%~99.6%, ZEALiEAEA
Ko B, SEERIERED 8 L/min.

A) A5 AR T X T T R B R 1) s )

FERAESLIR AT, B NaCl M1 NapSO, sk FZEC Ly 5: 40, #4F: /% /174 3.0 MPa.
A 8 Limin, HMUARIRAE (15, 20, 25 130 C), AT 3 UCTATSENR, 5 82 B X i &
AR F g Rem, S5 R 4. dIE 4 AT BEAEIR R T, PSR RGBS, KRR
DN FE XA R BE RS2, S ARAH GRS o I FE I T e AN AT AR R R FRAIC, SE P T
TESTET 6 SR A BB 7, (RIS I M AR AR P B, e R S B B s K520, g B e i i
JE TR AR AR T 52, FLG SO (I8 Y SR AR5 1E 99.5%~99.6% . [A] i, fi HEAAF L E 4 30 °C.

100.0 140 99.81 140
99.8 = Eﬁff“é?

81 = —— B =
= 135 £ 1357
&= 99.68 D &= =
® $30 4 bt 30 5
= N ¢ = g
s 94 - Wk = S ool -
® — Bk - = o5

125 25
99.2 & &

99.0 . . . . . 20 g9 ol 20

4 5 7 8 9 10 14 16 18 20 22 24 26 28 30

i/ C



B 3 BEBE R BRI AR Bl 4 BEUEE A REIRE R
Fig. 3 Changes of membrane flux and rejection with  Fig. 4 Changes of membrane flux and rejection with
flow rate temperature

ZE LRI, X} NaCl F1 Na SO, HITRA TR, ANIEM f 4 /E %14 NaCl Fil Nap,SO,4 11
KL 5: 40, #EE 77 3.0 MPa. i 8 L/min A1 JRE 30 C. ERCEEERESLAM T F
YNPEAR AT NaSO, ¥ 43.5 g/L, NaCl (i & ikE N 2.35 g/L, Na,SO,-5 NaCl i
Ik L =>18.51,

2.2 R 7RHTHE A TR NayS0s

AURHTEE B EK R B T 9008 T B RAR I, TEGNIE T BRI 7 58 T 15 29N 8k 4 ik
H1 NapSO, W FE 1) )5 59 43.5 g/L, NaCl (iR & 2N 2.35 g/L, LI B9 4 v an SR B 4%
TAURLZHTE, BT NapSO, MBI RKGE A A SN, DRI 4 Y 18 0 28 R IR 7
B AR T 2EH A Nap,SO, AT 2T o AT BUB IEACIE, T EHEERIRGIS
B AR LN YA RIS BN T WA 2 S AU B s, IEASIRIR 45 SRR 6, Wzt WLk
7.

X7 TS RE AL AR ZE A TR IRARAEE VR T EE RV R I ) (R4 22 53 N
99.27. 197.49 1 45.13. [k, S2MaT RS AL ) 3 IR Z KOO R « IRFA 155 AR
ifa], LT %9 EsFaGso

R 7 W RNTAE RS0 H NapSO, RIS AR 22 70 vl s Wkt WIRIRE. %
VRIS [RIR 2243 79008 101.96 198.75. 45.13, [RlUt, R0 oA 40 EE i 3 IR AR O TRIRE
WAifEE R URI TR, et TT 2N EsF4Gso

BLREGTHE T RS, W RNTE BRI T N EqF4Gs.

2.3 AFRMHEEAMRL

HH 2.2 5 IEAS 58 n] RN R AT T B 7 528 EsF4Gs, 1E BB AR T N il 3 417
ATSN, HSEUe A3 US4y 98.56%, NaySO, IR A 64.28%.

B i NapSO, [ W2, IXHARHTAE T BT 70 B i i b 3 (i E—#%
R BE N B0 B IS T BRBAE N T — W ORI N BIRER . [ e k4 bt 4.5 £% (BT NaCl
F Na, SO, RS EE 4051 v 10.6 + 195 g/L FIVE AW 100 mL), AR E] 2y 120 min, &
BN 154 10, 5 F1 0 C FHHT 3 4HFATSLE, 45 WK 8.

M 8 Al 4. LMl TEMAL G, NaSO, IRy 70.67%, #H ELARARALHT
(64.28%) #21 1 6.39%. fE/ DN L2, 5 CHIATH = 5 i & 5K .

R 6 RFNTHIER ARE R

Table 6 Orthogonal experiment results of refrigeration denitration

) L . T Na;SO4
s : F N e EncE%
1 1 1 1 1 0 0
2 1 2 2 2 98.33 0.74
3 1 3 3 3 98.54 25.04
4 1 4 4 4 97.84 42.05
5 2 1 2 3 0 0
6 2 2 1 4 98.33 9.35
7 2 3 4 1 97.95 35.59
8 2 4 3 2 98.24 58.77
9 3 1 3 4 98.18 1.06



10 3 2 4 3 98.21 34.34
11 3 3 1 2 98.54 19.15
12 3 4 2 1 98.86 44.76
13 4 1 4 2 98.04 13.55
14 4 2 3 1 98.84 47.11
15 4 3 2 4 97.65 41.35
16 4 4 1 3 97.96 64.78
KT RGHITHREMTER
Table 7 Analysis of refrigeration denitration range
e TR A AR ZE S BT NSOy [FI ST H] 22 43 i
E F G E F G
K1y 294,71 196.22 93.28 67.83 14.61 93.28
K, 294.52 393.71 86.85 103.71 91.54 86.85
Ks 393.79 392.68 131.98 99.31 121.13 131.98
Ks 392.49 392.9 125.53 169.79 213.36 125.53
Wz 99.27 197.49 45.13 101.96 198.75 45.13
K 8 B RUITIHSEIREE R
Table 8 Step-by-step refrigeration denitration experiment results
PFrifi kB /g B NaCl jie oA NaSO, iR
H5 Rl
15°C 10°C 5C 0°C /9 1% 1%
1 5.81 6.08 12.33 4.30 28.89 0.37 98.72 69.87
2 5.4 6.64 12.88 4.41 29.80 0.47 98.42 71.86
3 5.61 6.30 12.54 4.24 29.09 0.41 98.59 70.27
A 29.26 0.42 98.58 70.67
3 £hip

D gHUEMERT Eh @ et R R T HIE FmsS, wOETRSESET, Wi
MEMET OCEEMBIE T GIRFSREIEM. ERBTEHE N, 9B SO~ 1k
BRI REIAF) 99 %L 1.

2) STy R R A S 0 e B S B P B B B TR SO, AR RIS, T E Bt
TR A 2 AR I T A 5 IS0 2 1) I ARV E A ok, SR e X NaCl Fll Na,pSO, R4 1T
IR I AR A 2R 1. NapSO4 A1 NaCl i B L Ll 5: 40 #:1E & /108 3 MPa. itidih 8
L/min. &N 30 C.

3) Na,SO, Fll NaCl 7 i BRI R M P 22 S 2 DR o] SR VA VR 1A T 10k 43 B 4
JEIRAEI A NapSO4 F NaCl. VA VR AT A S8 H 5 M T2 A 41 11 NapSO, [ 26 i) 32 IR K 3=
WA WURIREE . RGBTV VRIS ] o 75 SEI6E Bl A 1 B B 77 MR AR 550N 4.5 fi%.
PRI N 0 °C L A UERHA N 120 min.

(4) BT GIE-A VRN L2, R R N2 R ai e 98% UL |,
Na,SO4 ISR K 64.28% . &5 B AN L2 ML, NaSO, FIFEIE A 70.67%, #H
FEARMALRTIE T 6.39%. Pk, A% T 24 RSE I mr 3h 8 /K H NapSO, I ISR A A

E PN
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