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Abstract: The by-product thenardite (sodium sulfate), generated during wet flue gas desulfurization,
poses significant environmental and land-use challenges due to its inherent chemical properties and low
resource recovery efficiency. This study addresses this issue by developing a novel approach that
leverages modified ion exchange membranes in the electrodialysis process to optimize the separation
efficiency of sulfate and sodium ions, facilitating the resource utilization of thenardite. Cation exchange
membranes were enhanced through modification with pyrrole and tetraethyl orthosilicate to improve
their mechanical strength and sodium ion migration. Anion exchange membranes were treated with
polyethyleneimine and dopamine to optimize their surface structure and increase selective permeability
for sulfate ions. Characterization techniques, including Fourier transform infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM), revealed that the modified membranes exhibited a
significantly enhanced surface negative charge, a more uniform pore distribution, and improved
structural compactness. Contact angle measurements indicated that these modifications increased
membrane hydrophilicity, thereby increasing ion migration efficiency. Experimental results
demonstrated that sodium ion permeability increased by 0.36% for pyrrole-modified cation exchange
membranes compared to unmodified membranes, while dopamine-modified anion exchange membranes
achieved a 12.57% improvement in sulfate ion permeability. Further electrodialysis experiments
showed that, under an applied voltage of 50 V at room temperature, the combination of modified
membranes enabled efficient separation of sulfate and sodium ions, achieving a purity of 99%. Notably,
after six testing cycles, the modified membranes exhibited excellent stability in ion selectivity and
migration efficiency, meeting the requirements for long-term industrial operation. This study
innovatively integrates multiple modification strategies to optimize ion exchange membranes,
significantly enhancing the separation efficiency and operational stability of the electrodialysis process
for thenardite resource utilization. The findings provide crucial technical support for the green resource

recovery of thenardite and offer a reference for the treatment of complex industrial wastewater.
Keywords: Ion-exchange membrane; Mirabilite; Electrodialysis; Surface modification; Resource

utilization

5539 B4 4 4

0 51 7T

VT A AR A Ay — o g 26519 "l 0 A< A
Tk, CEERE . B ME T STk iz, g
AR LI SO0 F AR UM T I
SO, IHECE:, M 2005 4F-f 2 500 J5 t T2 2020
AR 870 T3 L BRI, MRIE B AE £ SO, fYTF]
R, JHG 7 A ) R R e i OB R M ) 38 8 1k Ky
SH IR BEIE BEAE A PSR A R —Fh LR A Tl [
TRIEFEY), AEHE B 1 300 77 t, Hivh 75% LA 1
SR FHEC I 0 7 7 A RS 3l b B 7 AR AR

o R A e M IR, 3 AT A A S A M R K
By,

S P Y B EIRAL T, BFSE 4R T £ b
FiR B AR, GG R 45 Mk BRI RS R B
OMi kMBI AR G, JE kg Rk Ak
TRALBR RN, AR T LS B0 5 2 B 40 B, 2% 0k i
FEMIA 5.2 (KW-h)/m’, ## #Hk, BRI T H:
Tl AR T v R 2 s s BUR AR B AR,
{ELHGSE FH T FBAT B, A8 P T4 e 3 0 P
AKAEEE® S MR B R | A KRR IR, Ab
AL 500 Ju, Ze e EE 2" M2 T, H



B EhAE TR B AR A HL B M B A R AL R S e - 149 -

B AR LLBEFEMR(1.5~2.5 (kW-h)/m’) | 23 B34k
R AR IR O3z 2 7z e,

P T 5 A 38 e A0 A 37 3R 3 BH s 7 A B
o3 B 28 PR AR RN B AR, SEELES TR B 1 o
B et BRI N T kIR R
K G VEAL TN ER A3 191 i 25 40088, 328 25 1 5 | AP
ERAL BRI o B T S A Ol L B AT
RO A F, HAERE B T BT
OYBBURMZ T, A B T A B A AL o
R k22 | B MO LA 56 AN J2L 558 )
S SO Ml Na' B 15 i3 43 LR 50%~60% FI
65% EE[W-]X]O

BEXFax e (a8, W58 5 HF R T 200 B35
FREAA B P e R o R T T R A R T 5 | AT
PEVR 2, T DL S P v M A e B TE ge
BENS B IR MR K S REME AR bR (i — A Ak
BR. A BRI ) B A BRI, A 0B TR BILAR
S R AL 2 R R 2 A 0 A S 1 e 9 A
FLBR G5, B0 3 F AT A B A, DT 2 5 0
§ﬁ$[23-25]o

BT LRI, AT AR AR 7= A
TS A TR S, 25 A B IR, il e 732
BB A ek T2, BRSO R Na™ iy 3k 15
TR B ROR . WF5E N A48 PH B 7 3 4 AN
A T2 e A el v T 20k elobE R i 254 5
PERE R AE LA S o5 AR F 98 B 2k B i R
fili o AL ME T2, B AT 0 A9 ¥ AL
FIHZZE 90% LA L, R Tl &l =9 i a6 5 I Ak
PROLIE SRR AR AR

1 SEWHBERZE

1.1 SREHKF 54

AW 5 9 32 22405 nik g (C,HGN, =99%,
BIhE T A6, BERR £ 1K (Si(OC,Hs),, =98%, K
M E R, ] 40 W% (PEL, CHN, =99%, B
Fr TR, Z B (CH, NO,, =98%, Fi[H. T/
A, =84k 8k (FeCly, =99%, E 254 41), $hie
(HCl, =36%, EZ54E A1) . S5 K b 288 4K
ARG B K, B 52 <0.055 pS/em,

ARSI Y 4 i 85— 28 H B 0 T e M 4R
R A7 BR A ], FLARL S 43 51 HMED-1680( 5
AHPHES 22 fefi) . HMTECH-E17270( XA BH & 1
i) . HMED-02315( 55 AH B 25 - 52 # Jii2)
HMTECH-17313 (5 A F5 Fl B 25+ 22 4 gt ), HE

FEYI R 150 um, HABFFESEOLE 1., B AR (LI-
BP-20) 1 B Wi L5 A BB AR A BR 2 A o
r1 BTFXHRESHEE

Table 1 Parameters of ion exchange membranes

[ Hefihfa/(°) F5KEI % FHKEE/% ZetaBifii/mV
HMED-1680 100.40 25 14 16.0
HMTECH-E17270  95.60 25 14 -11.0
HMED-02315 100.40 25 14 -8.8

HMTECH-17313 109.30 25 14 -19.7

1.2 BFZHBERE
12,1 MEFRBEBELME

B 25~ 5 480 JI65 SR FH 15 el 1 AT TR < T i e
2 Mk

(1) MR e

H BH 5~ 22 4 B AR BT A% ELAE 3 em (1 1R g
A, HAEEBE TRPIRE 12 h LIV B R w28 % .
PP I, B5E R SEAE 0.2 mol/L Ak I VA VK Th IR L, AR
Ja AR (iR R ) A1 FeCly 7E R AL, {2 F
ML B SR A RN o JNE 58 R, FH 25 B8 17K o sk
R Bk, R BRER B Y0, IR 4 mol/L R 1R
e .

(2) R R £ e it

W PHES T3S B IBAE 80 °C F b7 H 28 T4 ab
B, B R AR UORILTARFIE N 10 ¢ 1 1) L BK
(1 h) MR BRI (8 h) o BlPESE i, A FH 25
BT R T I IR AR N T, DA
122 M&FRBIEEAE

BF B 15 e JIE R FH 58 2 40 W0 e ke ik R 22 B
MO 2 RO

(1) 3R 2 W Rl s Pk

W 97 3¢ 480 AR B B R JEE e, 3 319
TR KW (PED AR B (GA) IS W b . @t
ARG Uk 1) 5 SOE LA B 45 4, I 48 vm gt
F14) 2% T Rt 2 T e R

(2) Z 3 s

22 P e e e o S A R A N A B T T
RZ O (PDA)IR)Z . B BT 3 e i iz i T
10 g/L B Z B Wb (pH 8.5, i ] Tris 28 il
PEAY), IR TRV 3 h JFEU, A PRt
T I TR
1.3 ek 5 R

K FH # fih £ I £ 4 (OCA20, Dataphysics) %
TE A0 1 85 T S S BB ) SR K P o I AR A



150 - (LR N T T

5539 B4 4 4

IR (25 °C), W RE R 3.25 L, BEAFE & It
3WIFBCFEIME . AH FHHAL 53 11X (SurPASSTM 3
Eco, Anton Paar), i i It 2l HL A0 325 00 5 e A B e
G pH 40 F 3R Zeta AT o SEHG IR R T
KClE W, He B 1 mmol/L, ik i ) 5% 1o JE 5
15 P44 L 7 5208 (SEM, JSM-7500F, H 24 i, 1
o ED HEAT RAE . FR ST &L B g AL B
(DHG-70A, il gRas A BRA R, Hmi 4 LA
5 LY o BB B R FH B AR 56 ik,
FHHLF 7 RE M BHA B8 ML (Instron 3365 7 ) 4t 47
o SR ITA AR TE 40 °C MBS TR
TR FE 12 h, AIEBRAE & b 8 5% 4 7K 23 X HLAR
REARZIR o A A0 O 5 1 8 32 J8 AR 5
bR RSB FE IR FE (K 50 mm, FE 10 mm, J&
25 0.2 mm), HAEE R &M LA 10 mm/min 19
PR AT A e i S ) B R
A% 7 A0 AR A, I A ST R A
T AR I G SR A v A e, 4 A R A ) S5 1
TEEME S WK, BOF AR e A A5 R A
TE LB T/KHIRI 24 h )5, BEATIEKCR (R (1D)
FRFGR(2) MK, FHIEARIR £ 3R 1H 7K 45, FREL
TR W, SRIGTE 40 C B8 THEA T = fE &,
FRECTHEE W0
S = (W,—W,)/ W, x 100% (1)

w = (W=W,)/W,x 100% (2)
b S OHIEIKR, %5 W, R i AT AKCIR 25
ik, g W, A TERE TR, g o HEK
R, %; W NRHIRE, g.

HE 18 BT 56 B TE 20 mA/em” HEL I B B R R
7.065 cm’ BEFE S LERR B BYE . WE 1R, %
BT B kg = IR IR E MR E,
P ol SRR A AR 3 R IS 85— 32 48 A R FH 25 128
el 4 o IR Ak = AN 46 = 53 51 200 mL 0.1
mol/L NaCl #1 0.1 mol/L Na,SO, If & ¥ Wi . 200
mL 0.01 mol/L NaCl F1 0.01 mol/L Na,SO, & & I#
WIE5E . [, A1 300 mL 0.3 mol/L Na,SO, 3 3¢
HAR AR AR PR . 4 DNRRE Y 3 R
W LA 12 L/h % 3 380 228 30, DA e 2 4 Ak 2
N FTA MRS R LT 6 AR I 5 1 4K
I, FEIRIMIX S0 L K 50 V., BFE] 12 h, FEAZEAA
[ SC86 46 0F N B 6 Wk, AR Bl (8
PERMERME o 38 o B 5 (1CS-600, FEHR K
THIRBHR 2 7)) W 5E SO F1 Na' (v BE 28k, AP

BRI R P 85 - T R R0 B AR
BRI HSO,  NaOH MR

99 8 T 22 45 fi Xllff)lﬁ‘% FH 5 T 22 e

i N
.1 il 1 e
W;J‘-I 1?- ---BH I | g I’;ﬁ‘(

!‘JM@Z% %{?fﬁ%! Wi = !‘J&*WL%

t t

Na,SO, Na,SO,

1 BEMEETRERE

Fig. 1 Schematic diagram of the electrodialysis device

SO; il Na'iyid it Fi A 2
R=(C,—C.)/C,x100% (3)
b R Wi, %; C, NHIRWKEE, mg/L; C. N
B HTJE W, mg/Lo
BN Sa e= RN
P= (M./M)) x 100% (4)
K PREETE, %; M, S B bR E T 10 52 B el i
i, g Mo R PDT E, 2.

2 #HEREITR

2.1 BFRHRIGIE

B A8 M O A S v, HL R T AR P S
TR 5 B B T A B M R TR 4L, RIS B -
BIAHT . 5 AH BH -5 A R B 5 S A4 BH - S5 A B A5
5T T 45 AL A FE T2 BV T X SO Al Na' i35
R, S5 2 FR, fE LR E N 50 V.,
VWO E R 1.4 g/L, 3 25 °C, HLfERTE S 12 h
MIZ5PE T, SEAH PH B8 7 28 3 i 5 S5 AH AR R B 25 1
LS A A R AR FiB k. SOT
I Na' (1435 13 9 B 43 31 15 51 645.99 mg/L Fl 740.12
mg/L, XI5 ) #8535 R 48.45% i 55.51%

i L 4 SEM LS AN [R] [ 21 45 1) 2 T B 3
(&1 3), 455 7R S A PH B 52 e 5 S AR R )
B AC AL G R IR DR S AR 528, R
I o Zeta WAL BT ANIEL 4 T, %41
A V1 BRI I T L Ao e v o X B B i
TFHIERSAE S, $25 Na'| SO} iE ittt
2.2 RIEPHEF R IRBERUEX S IE M AR R

Pl 5 2 5 A B - 3 e R S 4 i ) e B
AT AMNEE R . K 5(a) 2 A B B T A et
W TP TS ) R L AR 2T A% 1, W] LR £



B EhAE TRk B T AR AL B Mk B A B A e S T e 151 -

800

—e— HAH B
—o— SR BT
200 | SRR A
", 600 -
£
=
% 500 =
< .
Z. ié 6 0=3.07x107<0.001,
‘Z" 8 10 12
400 F I [l /h
300 -
0 2 4 6 8 10 12
B} 8] /h
(a) Na* & 1A

700

—e— BIRH B
—o— S AH [ s
oo |~ AR
o
on
£ 500
i
" &~ 620
& 400 B0
Ly 2580
2 ggg 2~0.000 2<0.001
300 - 8 10 12
N
200 . : : ! :
0 2 4 6 8 10 12 14

[ ET
(b) SO~ /i ERE

B2 REMAETFLHRIEEERAREPBEST NafSO; 5 EikaE

Fig.2 Separation performance of sodium ions and sulfate ions with different anion exchange membranes coupled to

heterogeneous cation membranes
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Table 2 Performance of electrodialysis for mirabilite

resource utilization
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Table 3 Performance comparison between modified membranes and common commercial membranes
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