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Abstract

To address structural issues in the reverse osmosis (RO) membrane system for leaching water from
arare earth mine in Guangxi, this study selected polycarboxylic acid (PASP) and organic phosphonic
carboxylic acid (PBTCA) as formulation components to develop a composite scale inhibitor. Based
on results from static and pilot-scale experiment, the study found that when the proportion of PASP
reached 80% and the composite scale inhibitor was dosed at 3 mg/L, the highest scale inhibition
efficiency of 94.3% was achieved. The saturation index (Ksp) met on-site water quality require-
ments. Formulation 5 demonstrated superior performance than other formulations in terms of cal-
cium ion concentration ratio and membrane flux, especially under conditions where the feedwater
concentration factor (Ki) was higher than 3, maintaining stability. Moreover, simulation results us-
ing ROSA7.0 reverse osmosis software indicated that after adding the scale inhibitor, the saturation
indices of CaSO4 and BaS04 reached 360% and 3000%, respectively. This is far higher than the sys-
tem’s control indicators, demonstrating excellent scale inhibition performance. The study offers an
effective, low-cost solution for treating tailwater from rare earth mine, promoting the application
of water treatment technologies in environmental protection.
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JFAIRE T 2N B TR B ME— SRR T E, M0 R IR A BER B 9 P AR Ab FE Rl oA B 2
B, T S B R R A N T BB (R AR K B T — R KR AR . KRR
SEAE A IR, T ELR K BE B T NS B N B K 38, 23 A 1K B T B[ 1]
AT Ll R /K AT A 0 B (R AP AR S IR ) B . B AT RO L R K A B VR R 2R DTE .
TR WO LSRR, TRk AL AR DL RS SRR [2]-[5]. AR, ARG Tl AT e A
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WUEE AR A RBIIRE M, 20 USRI 10, AT S P A P 3 i 4 o, B2 T AR B AR [13] 25 |,
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(B IG ISR AN [14] [15]. W1 Ma Z5[16]0F K T — P A KB, & SR ERH 2L EY P (IA-MA-SHP) [
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31 94.3%701 85.2%, HIXFPSLIRYIWI A RCTPLab A S5, FRARSS YRR o 10 b AL 22 B i i 2 B A7 AE
ERRITIER A BB B 8% BOR B R A 8, PR o BT a1 B0 2 AT IO BELR 1) 5 RROTT 125

LR, AHTFUERFRRIR . PASP MOV E G IR RIA A5, IR R A B S . A
SECHEANH 5 CaSO4 B VEBE A VUBE R R 2 PBTCA 1ENEHFIR I E R 7 #1447 E A A, I
e FN IR ) PR e K SOB IE IR R L S YR A B

2. MBSRE
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TR R A PR ARRE VARG IR AR, ARUKI; >45%; 2-BEIR T i-1,2,4- = JRIR AR 1R
N LB REL R 2 R B GO B R A IR A R A0 > 30%.

SIS HIACON) PO RS 0 e K K, HOKBI R 4 1 s S59ate s B0 ) Ta 5 +
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Table 1. Reverse osmosis membrane system water inlet index

F* 1. RBERRGIHKIERR

KGR JR R B/ (mg/L) KIFE bR R B/ (mg/L)
pH (LEA) 4.2 mAL 3.76
il 89.4 Rty 11.9
53 1342 SdhE 6439
5 264 £ 52.6
£ 0.00202 8 0.841
firf 9.18 Al 0.035
£ 6.05 Re 90
2 0.247 TR & 3527

2.2. BIEFIEEES
AR B ACK BRI BT SE SR 70 b, LG 770 N 2 AT X BRR S o PRI Lt ] PASP A 9 & Y
FIFEF, PBTCA R & BRI E AR AT E ke, Hrh Z R REW T & 2 Pror.

Table 2. Compound scale inhibitor formulation table

F2 BERMBEFERSRE

Y PASP/% PBTCA/%
1 0 100
2 20 80
3 40 60
4 60 40
5 80 20
6 100 0

2.3. PEYRFIGHEE

2.3.1. #ASIE
A BRI 5 A BEL YR 28R R FH B Sk, MHE B S br ik GB 7476-1987 (/K e EDTA 453 &
15 FIEZKbriE HG/T 2430-2018 (/KACERFIFHIGZE AT #4T. SRIGEFEWT: 78 0.25 L H&EHF,
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S I KB : CaCO3 (Ca2t 96.00mg/L+ CO3™ 150.72 mg/L). CaSO4 (Ca2* 3000 mg/L. SO~ 7335mg/L),
HOE B PLYRAIE R T2 B, iR T KB INHGE M), RMNAHEAHEER, e iR
. SIS ST H £ %D 2R (EDTA) bR #EVE M0 7€ JE H 1) CaCOs #ll CaS04, MIsE Ca® ik, [A
I HEAT S AR, DA EPHSRR . E A R PR (L) AR
V,—V,

gy M)

n

Herb Vo VRN BELIG 77 5 i S AR A B T T RE Y EDTA RFR, mL; Vo Ju ARV 0 BELIG 77 i i 5 v o
BEESTHTiHAEN EDTA AR, mL; Vo AT e @ 2385 7 FriH#E EDTA /AL, mL.

2.3.2. hikiRLE

ARG K T 1 PR RIBERO) LI E . Bk, KB EEREENENER T, &EER
BB AT — B R, B IRHEK 5K &3 R B AR EE,  SEOUEIR AT, X — B BRI — ANE I
WA %SRS TR, SRR R FEA R HE K P R AR TR EE AR AL, SRVE A Z RO R A R
Blo WRARBALYG, WHEH I F2K, A HORHRE A 1) % 8 IR BEARRIE N, AR5 P8 sh A i,
BENFE BT M. I, 258 FCRRREAAE, (BT K ECR A it . fe2EE
BATRERE G, TR IR R M HE K b 0 A B TR B, DA SETE 2 i [ USSR R I B S YR i . G
RABTEEIGE R, M — MR, AR, B MEER 45 S BURHRE b 1 K s 1k
JEEL T, WHOK YA S TR EE, RN SRR BIEZE LT, BEERHKN ISR .
PERE AR« R IR R A SR AR o B %5, TR C R SRR 0 N B e R VAV, %R
T oy R T ASE B S IR AGFE RS o oAt o B 1k 4 kgl 20 ik P RO PR, 38 M D= 7Kt = 1)
TSR AR, SRS 45 5 BB PR DA K BRI 751 B kR
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Figure 1. Schematic diagram of the test device
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Ky = =K, 2
Cl CCO|7 i ( )
. Ci 2+
K|a2+ — —Ca - (3)
=Ty

Foob, B | AMESR RO R T K KL2 9 Ca kAt ClLMICLE 43 I8 | AMEHR A
I CL . Ca? fIFRRIKRE, CO RICLY 4 Ao SRSk CL - Ca2 IR R IREE, WIFHEln F s
R ph S T8, RGP T A HI7E 0.5 Mpa, 052 B H A it

V,
J, = 4
5.1 (4)

Horf 3y NVARIBILEIE, LIm2h): Ve NIEFIELHEE, Ly S ABIAE R, m2 t NiskmE, h.
3. BFis/KAE RS H PPCPs W HhE 3%

3.1. GEiREmath

X EEYERE S I HL B SRR TS A AT A R 2 R 3 . BT A AR, S5 IR 4G M
NAEE 20c)s E 2(d), FIAMBIARERREG (15 2(T)) BRIREL(2(0))F itk HitruRmrrai Rnlm, 4
FYIUERIRES N T, AL ERE. Bk B BRany.

Figure 2. Analysis of scale samples: (a) Scale sample image; (b) X-ray diffraction analysis of scale samples (Gsy—gypsum:
CaS04-2H20); (c) Backscattered electron image of gypsum bundles and fibrous aggregates; (d) Backscattered electron image
of gypsum crystals; (e) Backscattered electron image and energy spectrum of long columnar gypsum crystals; (f) Backscattered
electron image of calcium silicate; (g) Backscattered electron image of magnesium carbonate

2. SEHESHT: () MY (b) IakE X-SHEITH I E(Gsy—AE: CaS042H:0); (c) ABERK. 4
HREAHEHHETEIR; () AERESHHRETER; () KERAERAEHHEFRGREELEE; () @ik
ISHEBSTETEG; () RERZHEMMBETERS
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Table 3. Analysis results of multi-component element ratios of scale (unit: %)

3 RN ZES TR INER(EBEN: %)

Al Fe Mn Ca Mg Si Re C S
0.017 0.05 <0.001 22.78 0.11 0.018 0.40 0.11 20.9

3.2. PRI 5 B R B SR THiE R
3.2.1. FAYRFFIRC 7556t ELRAE SR

T B A5 BH 35 5256 w20 0 LU AN [RIC 7 O BEIR 0K, sese gt Ranl&l 3 pron. w3 mrkn, BEERL
PASP 5 b Ft &, FHIGH BIBHYGE 80K 250 TG TR 24 PASP (& ik 80%H, BHIG %K i ml
15 94.3%, FUEAHIEFIAS T N 80% PASP + 20% PBTCA.
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Figure 3. Comparison of scale inhibition efficiency of different scale inhibitor formulations
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3.2.2. T MEXTEETFR
TE B ASBEYG 9256 743 51 %5 ELBC 77 5 (80% PASP + 20% PBTCA)FE A [ I & 44 1F T HIBHIG 2%, 52k

RN 4 Fron. R 4 aTa, BEEFLIRFIBOM R R, YRR 29 BT E PR, 4R
Fomik 3 mg/L i, B E YR RCR i alIA 94.6%, R B AL BHIR BN =N 3 mg/L.
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Figure 4. Comparison of scale inhibition efficiency at different scale inhibitor dosages
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3.3. KRG IRIAEEHI A FRLEE

TERBFE LR, v R AE /K PR 4 LA A P A B BRI, mT e AT th D0 I 5 SO VS
Yo TRALFRAT A 7 P AR B0 (Ksp) U T a3 N — B RE 25 3R ) o LASE 1 AR sl K R S 5 E RN
BRI 24, WE/KEY 25°C . pH (AN 4.2 FIEUSCE N 80%[I251F T, 2ET ROSAT7.0 i IE AU
PEXT GRS REAT T U, AP OKMIAE — ) S0 T Hd AR R, DR B 25 46 AU s
FESINMBHIG RS 12 AR PR B FEYE R S R B i, B TS S5 R4 4R AR5 T 4. HH3E 4 w50, 7ERANINFE
Ta IO, MK CaSO4 F1 BaSO4 (7K 5 &5 U5 i [ 35 e T 4% il 48 br,  REALEBIELL N iZ% RO R4t
BRI AS YR P i Fe it . AR IR BCPEYE A5, WRIKM CaSO4 Al BaSO4 1) Ksp T 360% 11 3000%, 7M1
A L35 700 6 B 1 BEL G 1 R w6 2 I3 /K T R

Table 4. water scaling tendency control indicators

= 4. KREGEYRIREIES EhR

Pebl 2% 25 7K b YN R0 BEL Y 7542 il HE A N BEYE A 5 ) 4
- /(%) /(%) /(%) /(%)
Ksp (CaSOx) 12.33 101.97 <80 <360
Ksp (BaSOx) 116.54 543.91 <80 <3000
Ksp (SrSOa) 3.61 19.63 <80 <1000
Ksp (CaF) 0.068 8.54 <80 <400
Ksp (SiO2) 1.31 6.98 <80 <200
3.4. hidiALE

3.4.1. AEIBEYEFIEE S FRAE(EE 2L

AN [RITEE B AT BELYG FRIEAN I 4 5 2 TN A0S B 13 4 1 5 o0s b 51 5 s

HI/&1 5 AT, B THECTT 5 DAAMRHAR BRI FIS/E S BRI 7 Ki KT 2.5 I, Ca?* B 1~ vk 4i 5
i 25 SR T IRVR A £ T AE SO 5 BSR4 R4 R 7 Ki KT 3 1, Ca & 1 IR 4 (i £k
ATV U6 25 S 1 R A 2o U0 LI BRIBR S T REDUAR TSR i b, X IR AE Ja iz AT 11kl fit
R IR R 7R i g m . 3 MBS IR, BURMGES WP i) Ca* Rk BER BE B IR 4 A )1
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Figure 5. Comparison of calcium ion concentration ratios of different scale
inhibitors at different concentration ratios
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3.4.2. ANEIFRYRFIMEEEXTEL
SRCPHYG FIAS F BN A R HAGE R AR LSS R IK 6. HsEihst Bal%l, 76 1~5mg/L HhnEu
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Figure 6. Comparison of membrane flux under different dosage conditions of antiscalant
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FEBLK ISR Ki = T 3 B MR R R RS, A R0EE R T RS
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B, MR B ER Oy By AR BE B 2 AR A . BIL, TR BA T Z & MR R A BEIE A, BRI AN
MR A L K T RS R BRI SR S VA PR SR A5 0 1R, TR ROR R R o ARSI T ML XA
Rl B 26 A (s R RE K & A AN /KEE) T & B R P RER DL AT IR A AT AL ;. ® $emi

DOI: 10.12677/aep.2024.146167 1337 N RI R Y


https://doi.org/10.12677/aep.2024.146167

FL6E, B

BB RGN EVE SIBAT R ARSRIIBE T AT DAFE B3GR BC T DAL B 2Rt b, 5 B IR R RO O . RS
VbR B QDR ST, RZ WATAE I [RI2AT 2640 T R EE R SR R E M, SER B 75 d, IR
R R 47 R R 0 BRAS

E&WE

B UM A LD TF R A AR K TS G I BOR B R (R <% 5. 02-2205)

SE

(1]
(2]

(3]
(4]
(5]
(6]
[7]
(8]

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

BRBAEE, M5k, B 298 L0 LK B R T 9t 5 A 3], 24404 AR 5%, 2024(14): 84-86.
Lin, Y., Jin, X, Khan, N.l., Owens, G. and Chen, Z. (2022) Bimetallic Fe/Ni Nanoparticles Derived from Green Synthe-

sis for the Removal of Arsenic (V) in Mine Wastewater. Journal of Environmental Management, 301, Article 113838.
https://doi.org/10.1016/j.jenvman.2021.113838

o, FA, i, S ORIEPIK A TR TS N[, [T AT, 2023, 50(22): 106-108.

P, EEM, SRS, AR AEMIHIRIE S SRR R AL B S W], VA (a8, 2019(6): 127-129.
BRoCE, XAHSC, sRarAh. BRYERT LR AR R S R[], WBUE AR, 2023, 41(6): 157-163.

Andrade, L.H., Aguiar, A.O., Pires, W.L., Miranda, G.A., Teixeira, L.P.T., Almeida, G.C.C., et al. (2017) Nanofiltration
and Reverse Osmosis Applied to Gold Mining Effluent Treatment and Reuse. Brazilian Journal of Chemical Engineering,
34, 93-107. https://doi.org/10.1590/0104-6632.20170341520150082

Jiang, S., Li, Y. and Ladewig, B.P. (2017) A Review of Reverse Osmosis Membrane Fouling and Control Strategies.
Science of the Total Environment, 595, 567-583. https://doi.org/10.1016/j.scitotenv.2017.03.235

Madaeni, S.S. and Samieirad, S. (2010) Chemical Cleaning of Reverse Osmosis Membrane Fouled by Wastewater. De-
salination, 257, 80-86. https://doi.org/10.1016/j.desal.2010.03.002

Peters, C.D., Li, D., Mo, Z., Hankins, N.P. and She, Q. (2022) Exploring the Limitations of Osmotically Assisted Reverse
Osmosis: Membrane Fouling and the Limiting Flux. Environmental Science & Technology, 56, 6678-6688.
https://doi.org/10.1021/acs.est.2c00839

Sim, L.N., Chong, T.H., Taheri, A.H., Sim, S.T.V,, Lai, L., Krantz, W.B., et al. (2018) A Review of Fouling Indices and
Monitoring Techniques for Reverse Osmosis. Desalination, 434, 169-188. https://doi.org/10.1016/j.desal.2017.12.009

Pefia, N., Gallego, S., del Vigo, F. and Chesters, S.P. (2013) Evaluating Impact of Fouling on Reverse Osmosis Mem-
branes Performance. Desalination and Water Treatment, 51, 958-968. https://doi.org/10.1080/19443994.2012.699509

Matin, A., Rahman, F., Shafi, H.Z. and Zubair, S.M. (2019) Scaling of Reverse Osmosis Membranes Used in Water
Desalination: Phenomena, Impact, and Control; Future Directions. Desalination, 455, 135-157.
https://doi.org/10.1016/j.desal.2018.12.009

Si, W. and Guo, Z. (2022) Enhancing the Lifespan and Durability of Superamphiphobic Surfaces for Potential Industrial
Applications: A Review. Advances in Colloid and Interface Science, 310, Article 102797.
https://doi.org/10.1016/].cis.2022.102797

Zhang, Z.Y., He, G.F., Wang J., et al. (2024) Membrane Scale Inhibitor and the New Research Progress of Its Scale
Inhibition Mechanism. Journal of East China University of Science and Technology, 50, 4-14.

Antony, A., Low, J.H., Gray, S., Childress, A.E., Le-Clech, P. and Leslie, G. (2011) Scale Formation and Control in
High Pressure Membrane Water Treatment Systems: A Review. Journal of Membrane Science, 383, 1-16.
https://doi.org/10.1016/j.memsci.2011.08.054

Ma, W., Zhang, Y. and Li, H. (2022) Synthesis and Performance Evaluation of Carboxyl-Rich Low Phosphorus Copol-
ymer Scale Inhibitor. Journal of Applied Polymer Science, 140, €53333. https://doi.org/10.1002/app.53333

DOI: 10.12677/aep.2024.146167 1338 AR ATHT


https://doi.org/10.12677/aep.2024.146167
https://doi.org/10.1016/j.jenvman.2021.113838
https://doi.org/10.1590/0104-6632.20170341s20150082
https://doi.org/10.1016/j.scitotenv.2017.03.235
https://doi.org/10.1016/j.desal.2010.03.002
https://doi.org/10.1021/acs.est.2c00839
https://doi.org/10.1016/j.desal.2017.12.009
https://doi.org/10.1080/19443994.2012.699509
https://doi.org/10.1016/j.desal.2018.12.009
https://doi.org/10.1016/j.cis.2022.102797
https://doi.org/10.1016/j.memsci.2011.08.054
https://doi.org/10.1002/app.53333

	反渗透膜阻垢剂配方优化及其阻垢性能评价
	摘  要
	关键词
	Optimization of Reverse Osmosis Membrane Scale Inhibitor Formulation and Evaluation of Scale Inhibition Performance
	Abstract
	Keywords
	1. 引言
	2. 材料与方法
	2.1. 实验材料
	2.2. 阻垢剂复配配方
	2.3. 阻垢剂筛选试验
	2.3.1. 静态试验
	2.3.2. 中试试验


	3. 用于污水处理系统中PPCPs的分析方法
	3.1. 结垢样品分析
	3.2. 阻垢剂配方及反应条件筛选研究
	3.2.1. 阻垢剂配方对比研究
	3.2.2. 阻垢剂投加量对比研究

	3.3. 水质结垢倾向控制指标验证
	3.4. 中试试验
	3.4.1. 不同阻垢剂钙离子浓缩倍率对比
	3.4.2. 不同阻垢剂膜通量对比


	4. 结论与展望
	4.1. 研究结论
	4.2. 未来展望

	参考文献

