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ABSTRACT The use of antiscalants in reverse osmosis (RO) systems is essential to prevent the crystallization and precipitation of
Ca®" and Mg”" ions, which can lead to undesirable consequences such as an increase in the required dosages of hydroxide and carbonate
for hardness removal, increase operational costs, and negatively impact the evaporation—crystallization of salt. This study aimed to
investigate the industrial antiscalant ingredients and antiscaling mechanism in RO systems, which is crucial for achieving thorough
hardness removal and no industrial wastewater discharge. We comprehensively analyzed the water quality of RO concentrate and
fractionated it using ultrafiltration based on molecular weights. Fourier transform infrared spectroscopy (FT-IR), UV-visible
spectrophotometry (UV-Vis), and excitation—emission matrix fluorescence spectroscopy (EEM) results revealed that the primary
constituents of the dissolved organic matter (DOM) were microbial metabolites and humic acid substances with a molecular weight of <
3 kDa. These substances comprised functional groups such as carboxyl, alcohol/phenol hydroxyl, and unsaturated hydrocarbon

structures. We further analyzed the main composition and structure of antiscalants using 'H, "*C, and *'P nuclear magnetic resonance
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(NMR), confirming that the dominant component is hydroxyethylidene-1,1-diphosphonic acid (HEDP) based on the chemical shift
characteristics of methyl carbon, quaternary carbon (19.02x10° and 69.96x10° in *C NMR), and C—P structures (19.94x10° in *'P
NMR). Anion exchange adsorption experiments were performed for HEDP removal in RO concentrate to evaluate the effectiveness of
the antiscalants. Approximately 88.55% HEDP and 38.86% COD removal substantially reduced the amount of carbonate required for
complete Ca®" precipitation, with the needed concentration decreasing from 2845.8 to 826.8 mg-L™'. This reduction demonstrates the
dominant role of HEDP in hindering Ca*>" crystallization rather than Mg*". Interestingly, even upon the reintroduction of HEDP, the
required carbonate dose only increased to 1626.3 mg-L™, indicating that DOM removal through adsorption exerted a dispersion effect,
which led to the effective inhibition of Ca®" crystallization and aggregation. The study findings elucidate the synergistic antiscaling
mechanism between HEDP and DOM, providing valuable insights into the methods for enhancing hardness removal in RO concentrate.
This synergistic effect not only improved the efficiency of hardness removal but also contributed to the overall zero discharge of
wastewater in RO systems. By understanding and harnessing this mechanism, more effective strategies and regulations can be developed
for engineering applications, contributing to significant advancements in industrial wastewater treatment technologies.

KEY WORDS reverse osmosis concentrate; antiscalant; hydroxyethylidene-1,1-diphosphonic acid; nuclear magnetic resonance;

antiscaling mechanism
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10 kDa 1 3 kDa NMW.
1.2 BEIR

& H1 Model 8400 # g £ 4t (UFSC40001, Milli-
pore) , TEEEA [F] #8270 7 5 19 P AR £F 4 R UE
(10 kDa F1 3 kDa) X} 7K #4722 8. N, J& 145
il £ 0.1 MPa, o 8 i 8 e e b P IF R R — 8 i
W, W TR 6 0 1 (R0 TR AR AL R S vk 4 1R
FRU) . TR 5 O W W 40 W B R R AR, He
TH43 0 3 4: <3 kDa, 3 ~ 10 kDa F1>10 kDa.
1.3 UBEFHAZE

fh2f i A (COD) . M. IEBERR LR 2 I A
M7 COD R 7 i85 LR(2038325-CN) . i 1
il 375 (2742645-CN) F1IE 4 8 191 il 12077 (2742545-
CN) i :f P A5 3 66 BE 11 (DR3900) Y 2 . 4% Per-
kinElmer HL /&% HH A 55 55 1 1K & 41 9% 3% 1% (Optima
8300) 1l & 7K o Ca®* Fll Mg> & T B . =458 6%
1% (F7000, Hitachi) . 14} 15 (Nicolet iS20, Thermo
Scientific) . %84h Al W3 (U-3900, Hitachi) H F 43
Bk v s it A ML A5 A8 T 25 . R H A2 i i
1% 1% (Bruker Avance NEO 600) , DA 5 /K Ky & 7 7¢
600 MHz F#45'HNMR, “CNMR. *'PNMR. HSQC
W vl 3%, B PR 7 43 25 4. A A sl e 1L
(916 Ti-Touch, Hit -t J7 i ) Il % # ¥ ' Ca®', Mg ¥k
FEBE pH 5 8500 i A4 7% o i £k
1.4 WEHEZEHEIAE

K RS0, CI. Ca™', Mg A ML vk JiE
B i 3 AL R K (X5 Ca™ L AU Mg™, DL K&
& Ca’, Mg”"Fl HEDP) , FI| &5 + 52 46t W fff 44kt
W K T B A LB 52 4 25 B, A5 20 I ISR 1Y
JK L TR W B ER IS B K 4 hn 4% B2 HEDP
(LA PIT), B E B JFEK. PL 0.5 mol-L 'Na,CO; Al
0.2 mol-L""NaOH XUt 1 A ¥ 4y i 22 W, # ik 7K
FE 430 AN pH (B 8.0 7% % & 12.0, & 0.5 4> pH if
SERUB AR £, IFBOREIN 2 Ca®, Mg™ Wk B AR 1k,

2 HR5UW®

2.1 HHKKEERKKRIFE

JEKE A 4% RO WK, pH AN 8.4, HL T %
28.35 mS-em ', £ 7% A B JE  AE SR K R 43 R
SR 3.46% (BN ZE & 5 A B i 5l i 2
Lb ). 3 ik A R B 45 B R R BT (ICP-OES) 5
B 5 e UK R JEHLES T 2R Cat, Mg
SO;™ . CIFHINO3, H¥k 435170 100.77, 46.95. 7.19%
10°, 5.61x10° 1 551.61 mg-L". 2R F$H 86 1206t
R 0 5 AR K B A BN i A T BHLI 245 570 s

B 5 A A RRAE. S5 AR W (3R 1), Tl BHI 7
W R A R A 137.00 g LY, Horh e ALEE & AV
4150 mg'L™', COD ¥ & & 145.08 g'L ™", iF B i fH
e 245 500 (9 32 22 o3 S — Rl LIRS R BELIG ). de
KA FE Ty GBIE/— R BB/ —RIBE), B
ML He 5 43 ) R 0.97, 5.77 il 18.88 mg'L™!, COD
W FE 43 ) 39.04, 66.61 £ 229.88 mg L™, i} B J&
KA LB EEORIE T HOK TSR S R
B 2 Gu N A LR F B3R ).

R ALIEASTHK N TV BHIFZ 7 E2E R
Table1 Main components of industrial antiscalant and -effluents

obtained from treatment units

Compo- Ultrafiltration/
nents (mg'L™)

Primary Secondary Industrial
RO/(mg'L™") RO/(mgL™) antiscalant /(g'L™)

TP
(POI") 1.05 6.20 23.70 137.00
P
(PO 0.08 0.43 4.82 0.15
op 0.97 5.77 18.88 136.85
(PO3™) : : : :
COD 39.04 66.61 229.88 145.08

iE— 2B JRUK T i A L AL o FRAE, 22
AT a8 g9 (<3 kDa, 3 ~ 10kDa, >10kDa),
RAGAS A o3 KA T o0 A Hs g kA ALY &5 & SOE
. H U5y KEEH COD R 4351 R 173.12, 36.36
F120.36 mg'L™', /5 JF/K & COD ) 75.31%. 15.82%
1 8.86%, 3= W /K s fige kA ALY iy 0 F e F 4
I ATE 0 ~ 3 kDa. =45 0G1S (EEM) 45 5 &0, A
[F] 53—tk 20 43 KRR B 96 RO B AR FE W I 25
KA AL 2 ST — o 1 5 A XK (1) 28
MR A H; () K EARE N ; (D) K& 1R,
AV) BRI P (V) R FE R
IKPEAE 3 A FEZ I AL B, C, HIME 5Kk %
WKy 5k 249/399. 290/379. 314/400 nm Kt [ &
LR 0T L W i A A L SR T TR
Yoz, &l 1(a) s, Hrh B 5 C B9 000 B AH
ZEARKR, B 2w T AW, B EK A L &
B 53 Ry Ve fi P A A AR ) T RN 2K A TR
JFi. <3 kDa £ 43 /K BE () COD 15 Hefie i, Hodoeok
1% 5 F KL —2 (K 1(b) ). 3 ~ 10 kDa 2 43 KA
AR 9O A RN B, HOA i A HLY) DL E BLIR
KWl & wu e T R A M A
WA 1(c) 7R . >10 kDa £ 43 7K B (1) 56 6 5 J3 4%
I, ALY &, A0S A M n E B IE W) i Al
VS VR AR A B (18] 1(d) ). R BT IR iy
H ALY 2 3 kDa 43 T 5 DL T W% A 9
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Fig.1 EEM spectra of different molecular weight: (a) raw water; (b) <3 kDa; (c¢) 3—10 kDa; (d) >10 kDa

AR 7 ) R 28 TR 40 T ) i

AN] 43 12 4 4 0 58 A1 - AT DL I i o 1% (UV-
Vis) Gl 2 fir s, 29K /N T 250 nm £ 4153 6 i
JERARRL, B 210 ~ 230 nm H 3 “JF 167, A fE1E 3t
BB B BRI 07 T AR S 15 250 ~ 300 nm
X3, >10 kDa 5 3 ~ 10 kDa 20 43 A8 WG 1 35 3t
T, MMi<3 kDa 415 5 JF K B 3% 2 0L, W2 o i
B REAR, AR S A A KT HFRIEE S
A AE<3 kDa 21 77 . 45 & R K A (3R 2), e
AgsalAznss Agso/Aszes 1 Ayes/Aces O WA A
BLP 25 40 v R IR 1 B 56 | 0 ik A AN 1 0 ik AT g B
PRARBE . D5 AP U T AL AR 7. BF9Y R I, <3 kDa
gﬂﬁﬂ"] A253/A2031‘E5JE7J(¢§5&, >10 kDaLﬁ 3~
10 kDa 2053 JL-F- 2%, Ui B J 7K Hh 5 A AN FR0 R AR
FEP ORI R I M F G E2 47
FET <3 kDa 41701, 220531 Asso/Ases Tl Aggs/Agss
BUE R, RV 43 1A DL 1 iy 07 & PE R
T AR FE 385 — 3L

23 LT AN (FT-IR) 45 & 3 s, 76
3419 em ' Ab A7 TE B v W LI, Sl R R —O—H

3r . -= >10kDa
/"I 3—-10 kDa
A <3 kDa
0y —--— Raw water
o 211
s |t
] |
< |
2 i
2 i
<t
'
[EAN
[N
(N
ot e -

200 300 400 500 600 700 800
Wavelength/nm

Bl 2 R[ESrT 5 S Ah-l IR IO
Fig.2 UV-Vis spectra of different molecular weight
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0 FE N2 g, MR C=C M4tk 3h; 78
620 cm' Ab By W W% 1T fiE JE T =C—H %l 3R 80
1620 F1 990 cm™' 4 W 43 il AR R 45 S C=C i 45 ¥z
ARG =C—H & s AR LR, &
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Table 2  Specific absorbance ratio of different molecular weight

Absorbance ratio Raw water >10kDa 3-10kDa <3 kDa
Assy/Asys 0.27 0.04 0.05 0.26
Arso/Aszgs 18.21 11.22 11.79 13.92
Ayss/Ases 5.00 2.50 1.94 2.14

620 1132

1370-1580
990 oas
1620 2050-2350 3149
Raw water

/\/‘\-\ 0k |

\ / \
|
j\/ B 3-10kDa

\

Relative intensity(a.u.)

S . e B
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm™'

B3 AT RESNLIINERE
Fig.3 FT-IR spectra of different molecular weight

# C=C, C=C, C—OH fil—COO & fit Kl By A Hl
Y FBAFAE T <3 kDa 4l 4y, H AT /MG FRE 5 i
AKILFHA], 3 5 5 A0 17 WL IO 45 S — 2. 45
SR, RBBEROK TR BHEA N FES AR
5B RS AR, K5 Cca’t Mg
%G, RO T AN BEA — & e, 7 TA
BB 1B K A | R A% SR R
2.2 T BEYRFIRL 53 fE T

FIFTH, PC FPP A% A 4R 5 8 58 v SR A A
DX Tl BHL3R 751 43 7 25 44 . B3R 750 (%) "H NMR 3%
([ 4(a) ), BrAb2A00 5% 4.83x10°° b ) 7K 5 571 &
JETFAR 5 A0, ALAEAL A RS 1.39x107° 4b M Bl — 41
B = EE 0, W REBE A OE bAT R AE TR
W 4 2 435 TEAL 22 P #% 2.86x107° ~ 3.64x107° if £F
2% A5, vl RE R ik (—CH,—) B &R
T 10 R 0E W i 0 T 2443 B0 & 4(b) 2R PC NMR
T AE AL 2O S 19.02x10°° Ab HY B — A4 55 B 4 v
[ BRI, 1T BE A PR 3 Ak ) R OE I R 0 5 AE AR A A
£ 69.96x10 ¢ Abf7 7 — 24 = H 25 1 ml fEJg T 5
il 1) AR AIE T WA 0 . e A, FE AR 2E RS 50.54%1075 Al
176.61x10° i 55 W 43 531 V3 J& F f il (—CH,—) Al
2 B (—COOH) 1. *'P NMR i A 75 Ak 27 15 7%
19.94x107° Ab H3 31— 58 B 45 e 1) 0, AR 43 TR AR

ok 89.09%, Tfij 75 £k 2% {31 # —0.45%10°°, 4.24x10°°
F19.31x107° b AT ol 55 1Y 2% B g, A&l 4(c) .
T 114 Ak 27 37 B TE 8%1076 ~ 30x10° 38 il Py 8 2
A HLBEZE# (C—POZ™) | 6x10° ~ 8x10°° 2 1E B iR
AR 4x107° ~ 5310 SR BERRER A5 H . —10x10°~ 0
A SRl i B IR 45 4 2L, TR, 2 Tl LI 75 )
BT BN C—POsH, G5 A HLIE . IEBE R E:
FE IR iR 55 /D /4% 0. — 4EAZ % (PC-"H HSQC) H
R AN A8 S (] 4(d) ) 43 5 o B3 &0 HE O
e Pt S5 AR 1 R DG 0, 33X E — 2B TIE S Ak 2 o
% 69.96x 100 it 5 ZUANHH I I i b Ry 2R 25 44 . 45
R, % Tl B 7] 53 7 S5 40 vh 2 25
e . ZRAie L B 5 2Rl A 1% B 1 5 AT, 4 0 3% BE IR
FIAY 2 B R o 1] BB R AL 2 X R (HEDP) , 1k
e FE s frs, H5 HEDP 9 'H, °C AP #%
i LR U LA, R B L RR AR e 55 T Ml BH B )
AR —F: '"H NMR 3% B L&) 243 (1.02%10°°) J2&
H Al A 2R L A S B 5 1R, PC NMR %
T B BAIE E 19.02x10°°, tH T &R 5 2
A BEBR LA 1A P23 AH 1 5 B4 14 69.64%10°5,
69.96x10°° F1 70.87> 107 #H X 5 F A Ik 24, LA 4%
JOT R 3 Y T EE LS R AT RE R & A W 3k (—CH,—)
F¥R 3 (—COOH) 55 A HILIR 4y Jit .
23 REERKPHE YR H

K FH U 72 R R TE 0 oK [ 18 33 e /K v i
B ACR ABH IR AL, 8 i 1ICP U 5E Ca®*, Mg™
B B RE pH 5 O3 # it 19 AR k. e B S BR
B W KK T 254, 3 IS in Ca™* . Mg®, HEDP,
Na,SO, 1 NaCl F F#5 il = £h /K . 2475 % & pH A
k105 B, A E Ca> (A5 4 i b /K H B CaCO; UL
PE, T 2 pHIH N 1.0 B, 3 W b Ca®™ ¥k BE
100.77 T F# % 3.54 mg'L™!, XF i 49 COZ~ i 42 JA
23.55 H#4 %) 390.90 mg' L, 41 & 6(a) fF s . AL &
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Table3 Changes in raw water quality after adsorption and re-
preparation with HEDP

RO concentrate/ After adsorption/ Re-preparation with

Parameters = o1 (mgL) HEDP/(mg'L")
COD 229.88 163.68 192.79
Total 23.70 272 19.61

phosphorus

Inorganic 4.82 0.20 0.20
phosphorus
Organophosph ¢ ¢¢ 2.52 19.41
orus
S0 7172.00 6930.50 6923.80
cr 5614.40 5420.10 5408.90
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T L
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