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Abstract: The non-contact membrane distillation(MD) method developed by researchers at the University
of South China marks a notable advancement over traditional direct contact membrane distillation
approaches. Conventional MD methods encounter substantial limitations, such as shortened membrane
lifespan due to continual contact with contaminants, low and inconsistent membrane flux, and inadequate
mechanisms for real-time membrane damage monitoring. These challenges significantly reduce the
operational efficiency and reliability of MD in practical applications, particularly in environments where
stable, uninterrupted performance is critical. The non-contact MD method, however, minimizes the direct
interaction between the membrane and feed solution, thereby markedly extending the membrane’s
functional lifespan and enhancing its flux stability, rendering it more suitable for long-term, large-scale
deployment. This study aims to adapt the non-contact MD technique for on-site volume reduction and

purification of radioactive wastewater generated by nuclear power plants, hospitals, and similar facilities.
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To meet the specific requirements of these applications, the researchers referenced established design
frameworks for non-contact MD devices and incorporated heat pump waste heat recovery technology. This
integration not only improves energy efficiency but also addresses the need for an economical and practical
treatment system. By utilizing heat pump technology, energy consumption in the MD process is reduced by
approximately 26%, with projected energy use maintained below 500 kWeh per ton of wastewater treated.
Such energy efficiency is essential for large-scale application, enhancing both the economic feasibility and
sustainability of radioactive wastewater treatment. A pilot-scale engineering prototype was designed,
constructed, and rigorously evaluated to determine its performance metrics. Experimental results indicate
that the prototype achieves a robust membrane flux of over 20 kg/(m?sh). Additionally, the prototype’s
wastewater treatment capacity is flexible, ranging from 16.58 kg/h to 75.15 kg/h based on operational
settings. This adjustable treatment capacity allows operators to calibrate the processing rate in real time,
aligning the system’s functionality with varying demands and expanding its applicability across diverse use
cases. The prototype demonstrated superior ion removal efficiency for wastewater treatment. Conductivity
assessments revealed an ion removal efficiency of 99.7%, while retention rates for simulated radioactive
contaminants such as strontium(Sr*") and iodine(I") surpassed 99.9%. These findings underscore the
prototype’s capability to treat radioactive wastewater effectively, ensuring that the treated effluent meets
stringent environmental safety standards. In summary, the successful design and validation of this
engineering prototype establish a robust technical foundation for the future development of compact, on-
site radioactive wastewater treatment systems. Such systems have the potential to substantially mitigate the
environmental impact of radioactive wastewater from nuclear and healthcare facilities, advancing safer,
more sustainable waste management solutions.
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Fig. 1 Schematic diagram of engineering prototype system for non-contact membrane distillation treatment of radioactive wastewater
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Fig.2 Schematic diagram of evaporation tower
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Fig. 3 Schematic diagram of membrane module
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Table I Operating parameters at full load for equipment

LIESIEN KR ) /Pa IR/ C LA/ C i R J1/Pa IV H kW
R134A(CH,FCF;) 4.5%10° 30 1.8x10° 24.0
R407C(CH,F,/CHF,CF,/CF;CH,F) 5.7x10° 22 2.1x10° 35.4
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I A R S0 25 R B N 0 B R A,
TR BE AT IR F 110 °C LA L, o] X bk i K i kAT —
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Table 2 Influence of heater power inside evaporation tower on thermal side inlet air temperature and humidity of membrane module
pEY JRLHAE B A IR/ C FEELE AR TR /% ZE Kt/ (kgeh™)
kW 1 2 3 1 2 3 1 2 3 FE
0 84.4 82.3 84.7 88 85 84 39.3 47.5 432 43.444.1
9 91.2 91.4 91.7 93 92 94 88.7 97.3 108.4 98.6+9.9
18 93.1 93.4 92.8 93 93 92 131.1 126.3 139.7 133.0+6.7
TE: BEH N 100 kg/h, ZER A KU 530 m*/h, SE502 h
3P TR 7R K = 5
Table 3 Influence of heater power on evaporation rate
JBELH P EAILA P/ °C RELLAEAAIA TR/ % ZER A/ (kgeh™)
PIESIY —
1 2 3 1 2 3 1 2 3 R
9 89.0 88.5 85.5 90 91 91 87.3 92.6 85.1 88.9+3.8
18 92.1 93.4 91.4 93 91 92 141.2 164.7 138.4 151.6+13.2

T BEkE 7100 kg/h, ZE &3S XU SH970 m¥/h, 55562 h
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Table 4 Influence of cold-side inlet temperature

on membrane flux in apparatus

B B/ AL 2 SR/ C - 45 A e/
C 1 2 3 (kgem™+h™")
20 19.7 19.2 21.3 20.2+0.3
30 28.8 30.3 29.6 23.2+0.2
40 41.2 40.3 40.8 21.6+£0.4

T 2R I 530 mi/h, BRE2H 4 FAI S 24 3R 3 2 4190.0 C/
93%, REZH A MR 350 m¥/h, A7 8T AR R 1.37 m?, 52862 h
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Table 5 Influence of condensation system airflow on membrane flux in apparatus

A R/ C VA R E /% SEA) B A/
KA/ (mPsh ™)
1 2 3 1 2 3 (kgem2+h™")
350 192 18.4 20.7 74 74 76 20.40.4
480 237 23.9 237 81 87 83 21,902
570 25.9 26.7 26.9 84 83 86 22.6+0.4

e ZEAIE R 9530 m¥/h, LT HIERE R 4990.0 C/93%, IEALAMA BB IR N30 °C, 5282 h

43 BRAXBEYNEERMNIEEENZME
FERENLECAE 00 R« BREALPF XU R 530 m¥h,
R ZE A A A T A s SR TR EE 4 R 90 C L
93%, MK 4 1 V8 Ml KUt Ry 570 m¥/h, ¥ A 125 K
W RE IR E Y BN 30 °C L 62%. i ad i R 2H F
3C i BT I T O, 5 T A A A A5 T AR A i
0.685, 1.370, 2.055, 2.740, 3.425, 4.110 m?
HEAT 2 h S, 38 A L A R A 1 B e AR

VIO 5 DT B AT 2850 R TR R B S e S ik o
MISZIm, 25 F % T8 4. 4 T S S0
I 0.685 m? 18 & 4.110 m? B}, b # & M\ 16.58 kg/h
MRS 2 75.15 kg/h, B 5 A DA 24.3 kg/(m?eh) BE
% 8.8 kg/(m?eh) . i# &F HLH A W) B 17 FR B, R4
PR B R R A R B, R LT AR
SR TR AR NTTI G SR i = s (R T S
W T R, R 4 R A M PR 5T 28 0 1 ¥ O XL T B



524 T ARG P R K AR 2 ek 2 R AR A B TR AR ALY 1 R 187
wl 1. F 6 R IR fl o A 4 0 I
70 123 Table 6 Membrane flux in different traditional

~ 60k 19 ?;_E membrane distillation systems

= 0r 1z W o ik

e a0k ] 20059 (kgem™2sh™")

H &

& 30k 19 = R <10 [17]
20 + 418 Q. <10 [18]
or . . . . . QSRS <10 [19]

0.685 1.370 2.(E5 *2.,740 3.425 4.110 Frzsst <5 20]
AR AR/ m?

4 AT AR I b P Y G R
Fig. 4 Relationship between effective membrane area and

membrane flux and treatment capacity

S EE PR, ARV RS s S
B VL AL, fR 25 5 ik ) 20 kg/(m?h) L) |, B B4
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Table 7 Theoretical calculation and experimental measurement of membrane flux under different cold-side temperature and

humidity conditions for various membrane modules

Ve DR A PR AR

w0 o %L A H SIS YA A BT A 1/
(‘C/%) (C/%) FET Ap/Pa
SR AR ('C/%) (kgem™2eh™") (kgem™h™")
AH i A firn|
18.7/79 49.4/97 98.7/92 92.9/91 58.7/86 51392 202 31.4
31.2/62 57.7/93 98.7/92 94.1/92 65.0/77 49171 243 30.7
40.2/68 61.1/92 98.7/92 94.4/91 69.5/80 47333 216 283

45 ARBERERHLR

IR — Pz FH v A0 2 5 B0 15 A, it
R TR . ¥ BER K S5 R, R AR AR IR I 2R
B W i o B B B R A BE B R . o T g
FE, ARFEHLXT VR BE R G0 b i) A A E AT oo s, o H
A A, TSR KA K K K . ARERL
6 JE 20 R B0 XU 530 m3/h IR 1 4 vk 41
SR A 30 °C L KUK 570 mYh, T AR K 4.110 m?
LT, BABCR FH R A R R A A T
Ty O AR 7K, X6 I8 114 A 3 — i K 9T T 8 RE 43
M 747,552 kWeh, TERTAER A, bHH
g i 7K 1) BB LU T R R B B AR T 26%

T AN 8 ER 2, A6 Ka R E i
I, SR BN A B ] B R AT R A B AR AL B
it REFENEAK T 500 kWeh,
4.6 HEHELIERES T

SCHR [10] () 5 56 26 B B 000 S P 1
Sr* I B R K T 99.99%, Hrik N 7 AT ik 4.5x
10° FE g UL B, X EL o 3 BEVR Oy 21 279.7 Bg/L
FEL B IE BE MR BE Sl 17 811.9 Ba/L 1 S M 2 K
A0S U R B, o 5 B VR B R 0.205 Bg/L,
B i B Mk R 0.877 B/L, A% F (P E 5k 28 &
HE bR A )20 o i R (L o O MR T 1 Ba/L,
BB AT PEMRT 10 B/L) o A TREFEHLR A8 T
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