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BCE R R AR BT AU BEA , OB BN A A
A I A FIRERESE o Fe™ B B4 AL N Fe™, COT
Sy KR HCO;, Fe 5 HCOS 3 — 25 R AR K fift i
Az Y Fe COH) BLTE Y FT CO, AR 43 3 AT TR
BEAME 8 22 A F AT IR R9PE .

PRI, AR AIF 50 44 % 30 B 9] K 7 B oK AT
H AT IR B A0 1, i 3 e py T ¥ (response
surface methodology , RSM) Fl1 77 2% 43 #1 (analysis of
variance , ANOV A ) Bffi i 5 18 425 i 1) i AR 1R Bt S 4K,
A e AR 2 B S K R A R IR BEBCR ALY
Wi AL 2R, 45 G 8 8 MR A0 SR AE 23 BT R 1 35 K 1Y
TRBENLIAN A PP

1 RS E

11 {F 5B EA

6 BT FH B R B (Na,CO,) B liR IV 42k (FeSO, -
TH,0) R (AL (S0,),- 18H,0) F it Jhy 3 Hr 4l
G, 20 FFE 24 4 P A 2GR AT IR D ROk
Si0, (B it 73 %0 99.8%) W\ L it Bl 1 T A AL Y
Ty A BRZS ) i o fok 46 3 8l (FACHB-905)
W A E R B UK AR AR BT T

FH T 2 fe LR TR 15 2 M i S K R AL
BEIK , o S 5 1 A 0 R A T | VSR U R
28 /K (Smart2Pure 12 UV/UF, Thermo Scientific, 35
I ) C i it i, Pl SCHR L5 )T A, JHG 5 200 i o R A
0.98x10°~1.24x10° ~/mL. JH THIFERA G 2k 4%
i R AR BB A 105 I K 2 2022 4F 8 A HUA
0 BHAT R VD B Al 2 B 5 K ol i B WL
SEFR T BE K O S O A 2 . FE BOK R
SR,

Rl AT K BORA ) 2 R R A dik
Table 1 Major water quality parameters of the water sample
from Changsha section of Liuyang River
Bk SR/

(mg-L™") | (mg-L7")
7.89| 235 0.775 0.277 1.455 0.190
TE 1 0D i, 2718 680 nm P AL 1B ISUAH s TP 278 BBk

pH | ZKIE/C | TP/(mg-L™") | ODgy,

1.2 RIEHZE

K FH 75 3R TR 68 1256 58 A (ZR4-6, BRI
e, v D S TR BRI IR SR A BLS LI
ML 285 48 (AR 52 B RS 11 emx11 emX17 cm) , i
B K AR R R 1 000 mL, IR EE IR 5 1Y 45 E 45
BR N : L4 400 r/min B % s 45 P10 )5 K 30 s, HifH]
P B0 AR ER 4k A Na,CO,, 76 458 $F 45 H A
o 2E K Si0,, &% f5 UL 200 r/min B 5 5 10 1
1 min, F L1 50 r/min A9 %% B FE 10 min, )5 5 &
30 min.

1 TR BE B 1A 4351 R 30 .60 .90 .5 min ., 10
min.20 min.30 min.40 min i, T {5 W& E DL T
2 em AN UK FE I HE 3l B A7 (Zeta LA ) o FETR
BEH E SC U IR WRTE T 2 em AR 7KBE , I
pH 0Dy, TP FRAE AR AR PR . s FIRiy
PEELR N7 BT A AR AT B A A O
e FH B 503 R e WAk i 2R 5 IE A&
W o5 — v e R s T R O A7 48 (DW-
86W100J, H &g /K, h ED h , fE-50 CHYIRE T
TR 12 h, 18 VR T 2848 (SJTA-12N-80A , T il
X, ) i EL2S T8 24 b, SR U5 R TS AR
i AT RAE AT
1.3 SHFHZE

F B 11 (PXSI-216F, 5 % , o [E) i) & 5
K AR BEDLTE S5 K RE R pH, SR F A 3l 8 57 3 2 X
(907 Titrando, J7 3 , K1 ) 7F 2 W i TR 5 4= o P2 1)
pHo Z35IR FHER BB 40 0O BE 1 SR IFE W ik /3Ot
R VR RN R AT S 43060 B 2 I 5 D /K R B8 L
VE G K BER) TP BRI B RIS R 1 o0 5%
ANAT LA e H (UV-2600, 853, HAS) . R A
AN AT L4356 B 3 (UV-2600, 88, HAS) il &
RIS JF K AR BE IS KRR OD g0 2K FHAN KL S H
{7 A (Zetasizer Nano ZS90, T /R 3¢, T2 [ ) ] 72 1 546
JE K AR BE IS K RERY Zeta A . SR 3% R 54
H1 5% (SEM) (GeminiSEM 300, 25 &) , 8 [& ) 43 BT 3
R R ITE A o R A 5Lt AR 0 21 AP 1% A
(FTIR) (Nicolet iS5, F€ ¥k &, L [H ) 43 Hr e 22 4k 1)
BREM . R X FFLATEHX (XRD) (D8 Advance,
AT T PR ) 3 AT B AR W) AR ZH

K A Design Expert 12 (State-Ease , 32 [F )
) RSM, LA n(CO3 ) :n(Fe+Al) (n TR YA &)
M m(Si):m(Fe+Al) (m 7R A ) M A&, TP
FBRZEHN 0D, 2 B 28 R i e 1y 3, T &R
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Hin(Fe) :n(AD B B R 20 1, B R n] A
RN 0 B0 HEAT LA, AR SO A A W
I PLURHUAE AH G R BT O (R?) 55 48 b it
TF05 2250 M, VEA B A A8 0 6k i S o) 7 ek 55 W) 114
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Table 2 Level values of input variables
A e T
-1 0 +1
n(CO§_)1n(Fe+A1) 1.00 1.75 2.50
m(Si) :m(Fe+Al) 0.25 0.50 0.75

2 SRS

2.1 BEMR
2.1.1  PREEEBEAUE

TIRER SRR Y 13 IR B 5 M

— 75 5 1) 52 W) R AR 8 [R)AH B A G R 5 0 B0
FRARIEVE T, T B0 SRR PR 5 45 A8 B AT Y
RO, U B AR B AR R R

FEJT 2553 v, 45 W IO f Y [ AR TR Y
FUAGIGE R 40 o, R BIARERLAY PAE
/NTF0.05, I IZAE RS B P AT Sz M AR
PON DA A IR P 5 T LI NG
Xt o, BSZ IR S A B2 AR (. 3) B R
M 48 /N O B35, B n(COY) s n(Fe+Al) X B i
EWEROR B9 S 00 L m (Si) :m(Fe+Al) W B ¥ 45 W
SRR S, HL BT B PAE EE X R T
B/, IRAEHINAB ) PAEH KT 0.05, tb4h,r .1,
B 2 L1 23 511 M 0.686 5.0.666 5, K i # (P>
0.05) , Ut A B B A i, X0 15 2 X S R 3 8 7y 52
M /N2

tE e 7 g 74 3 5 (B I 3 (ry oy 23 IR R TP 25 B
% \ODsgoé_;‘lz/%% ) o
R3 ZHFZAFRES ERRBM
Table 3  Jar tests and experimental values for the two-

variable and three-level experiments

Fd R GZF G
Table 4 Significance of quadratic regression models
5 H B B
P1H PR e P1H R
57 <0.000 1 WE | <00001 | B
A <0.000 1 <0.000 1
B 0.0753 0.445 6
AB 0.1858 0.942 3
AA <0.000 1 <0.000 1
BB 0.003 6 0.016 0
KAUMHE 0.6865 | N 0.6665 | ANk

- LTPANG T iy L O

A B /% /%

1 1.00 0.25 75.45 80.96
2 1.75 0.25 82.19 83.46
3 2.50 0.25 6.38 13.33
4 1.00 0.50 76.10 82.59
5 1.75 0.50 85.07 89.64
6 2.50 0.50 15.16 18.21
7 1.00 0.75 81.66 83.68
8 1.75 0.75 84.62 85.29
9 2.50 0.75 12.07 15.38
10 1.75 0.50 86.65 95.00
11 1.75 0.50 89.71 95.00
12 1.75 0.50 85.27 91.55
13 1.75 0.50 85.55 88.23

By N\ g AR ) 97 2 ] A 5 AR s (1) ~

(2) ZR 2T b J5 e PR -
r, = 86.84 - 33.274 + 1.46B + 1.26AB -
39.424° - 4.43B°

r, = 91.25 - 33.394 + 0.92B + 0.104B -

(1)
(2)

38.704% - 5.27B2
(1) ~(2) H g R 30 0 — YR 350 4 3l 6 o B

FEJ7 2243 AT HR, 45 T o7 8 110 R [ U A AR 1
WEGITEAE TS, r Mo 78 22 R B0 5 R
2.58%.3.91% , /N T 10% , i W BB R 55 R
A3 54 0.998 3.0.995 6, P 484 4 TR0 w42 52 1
{5 M L3 )l 68.466 .41.546, X K T 4, Uil {5 5
SRR o ZF L BT A R A A R (] ) A A
JEA T

R5 R ER A G R

Table 5 Fit statistics of quadratic regression models

gtz AR 2% Z % R TRk
r 2.58 0.9983 | 68.466
m 391 0.9956 | 41.546

K =4 e 1 T P W B n (€O )
n(Fe+AD) F1 m(Si) : m(Fe+Al) K HAH B AE H % TP
F1OD g, ZBR A M, WA 1 PR .

M n(COY ) :n(Fe+tAD N 1: 1382 1.75: 1 B}, TP
F 0D,y 23 B R4 K5 2 n(COT) tn(Fe+Al) ik 5|
1.75: LI, TP Fl1 OD gy 25 B #8515 , 43 110 89.71%
95.00%; 4 n(CO% ) :n(Fe+AD M 1.75: 13 & 2.5:1
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Bf, TP 1 ODg, 25 BR R F R . M n(COT):
n (Fe+Al) 4b F A [7] 7K S BF , m (Si) :m (Fe+Al)
1Y 52 ) AN 35, 6 PAE K T 0.055 2 m(Si)
m (Fe+Al) 33T 1: 2 1, TP Fll OD,, 25 8 % AH X 85
o PR, PR  R R IR BE S 8 n (COS )
n(Fe+Al) il m (Si) : m(Fe+Al) A] 43 5 B Ky 1.75: 1
INER

TP E %%

1.6

13 a(CO%) n(Fe+Al)
025 1.0

(a) TP EBR#%

ODego 55 2/%

0.55

0.45 1.6
m(Si) :m(Fe+Al) 0.35

025 1.0 1‘3ﬂ(C0§7)73n(Fe+Al)

(b) 0D, L FRE
1 TP Fo 0Dy, 3 Fr & 04 v it oy i
Fig.1 Response surface diagrams of TP removal

and ODy, removal
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AR IR EES BT X BRI VD B A
WK AT A IR IR BEAL PR, R A4 254 (L) Fe £
AVTE) XHIR BE IS A AR A AR kg s RO 152
M) 40 1 2 BT 7 o TR BE JE LT W pH FRUE 7E 7.84~
7.90, Ui B [ A TR BE 4% 24 1 X6 UK K AR 1Y) pH 52
Wi L 3 o Bifi 2 4% 24 1 ML 0.175 mmol/L 34 % 0.350
mmol/L, 5% 4355 1 J5T 2 VR B N 0.278 mg/L & i 2
0.220 mg/L, 5% 43 Bk 1 Jo7 5 7k Ji2 DA 0.888 mg/L K i
/N 0.313 mg/L. TEHZ) &N 0.525 mmol/L B,
TR VR B R RN R A R I B R R R 3 S

0.178.0.205 mg/L, 73 HIMIE T C A= 16 AR HI K A #
1) (GB 5749—2022) 1 FiR A 0.200.0.300 mg/L, i}
W] H AR IR BEXT T3 AR Bk 0 5 i BOR BT
Bifi 25 45 24 B Ak S 4 2 0.875 mg/L, FRAYHR T Mk
B4 AR WS AT JIT U/ 0N, B A % A Jo Ak R /N I
B A, T i A BT T, U8 B B FeSO, - TH,O 11 4%
i R (R Fe 1), X642 i F 3 0 9 5 A kAN
Flo L5 2 IRERA AR BRI R ) BE T v
BOKAE H AT IRBEM B A 25759 0.525 mmol/L.

7.90 7.89 7.88 11.2
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0.175 0.263 0.350 0.525 0.700 0.875
254/ (mmol - 1L™")
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Fig.2 Residual Al/Fe mass concentration

at different dosages
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FE X D0 AT V0 B K AT TR Ak B
Ja A2 T AR A RN S E 3 T
TNo TETREESS UG , W SRR 2 2 W YLk A 17 -
L WK 3 (a) ~3 () firon o BEE & 25 5 M 0.175
mmol/L 3% ZE 0.525 mmol/L, [ 575 B Hebk i 24
RAFAR R B Ar 2, HOARE h A Bt 3, <
HWRANA— WE3(DATLIE I, Y42y ik 5]
RN, EEGE R 2, BIYCREE IR R ST Rk,
PR Ak B 0 B R AR D BEERR B R AR
B e, SE A I TR RN 2 2 he BEZ %24
T I AR SE A, AR RE RS i R Y B R
U5, A B A SR A B R A K T
F) i SR Y B B s b . B 3D AT LUE
2N 0.875 mmol/L B, H7E i v 214 1)
TR UE 2% 2 /0 A, SRR TC I B A IR .
PR B AR ROR 2500 W 0] BE AT v B
TR A AT 1R Bk Ak BRI, de AR 4R 25 5 HC 0.525
mmol/L /2 A IE MY o LLA , FREE I W €0 B Bl
BB N SE B A, T S A T X 5 2.1.2
rHBR AR R A IO R VAR 1 AR A R R — 3

T B2 15 7K 28 Sk IV RETT TEK  DLTT B
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R0 BH T P B K i K B B — S AR
PE, B APRIR BRI G T Ak BRI 22 1 7K 2R A [ 26
RIS YLK o

(¢) 0.350 mmol/L

(a) 0.175 mmol/L (b) 0.263 mmol/L
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B3 RRZHFTHELERLFHAL
Fig. 3 Self-flotation of algal flocs at different dosages
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Fig. 4 Surface morphology of Microcystis aeruginosa clusters

and algal flocs

ANTR] T P 4 Ca) PR I5E T 22 0 TR 199 Bl 2o ol 0
AN e R ARG AR E R S R e i
TR BE IR A K A8 7 WU AR 205 6 A e 2R AR ] I ™ A
/N, AN 4(h) BT 7R o EE 4 () B s /Y 3 2
PREY SEM P Hi 38 40 e e o 1] 22 4R 25 4 A i | 38

ZURF I T RN — B e B IR LR S5 4 o L[]
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Fig.5 FTIR spectrum of algal flocs
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Fig. 6 XRD spectrum of algal flocs
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S BT 6 AT RN AR TE 20.7° .26.4° .36.3° .
42.2° | 67.8° &b 1 5§ AiF 1§ 43 5 S AIPO, (JCPDS
No.10-0423)#(100) . (102) .(110) .(200) .(302)
A T, X 5 B S (a) B PO MM SRR s A4 . 7E
45.2° [ 54.9° 4b 1Y %7 AiE 1§ 53 51 R Fe, (PO,) ,-H,0
(JCPDS No.37-0481) 1 (=204 ) . (242) df 4% 1 ,
FE 39.3° | 49.8° | 59.6° Ab [ HE fE W 4 H R
Fe*Fe,* (PO,),(OH),(JCPDS No.33-0668) X Jif -
(211) .(-402) . (410) fi A& AT, X —2PHIE S O—P—
O Fe—O KA THEAEM . FEL IR K g™
V58 K A VR AR W TE RN R K
R I 22 B, T L iR TR O A B T TR X AR AR A
PR PRI RCR . IR, % BRI AE R B AL 4L
¥15) HIB A E 1Y 55K M Si0,, AT DL 48 46 FE
BRER IR St 7 W AT AT O i T R A R ER
IR BT, 7 K H TR IR BE AL L OCHEE T H
Po s e W 5 88 W 8 Eh K A 7 W DL KR K PR
Si0, Z (B A EAEF LR .

223 iR¥EEITE pH FI Zeta H AL T

T BH AT V> Be K BEFE A RTR IR BE i 2 v pH
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7.6 0
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>
72} s | 228
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7.0 E
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tls
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Fig.7 The pH and Zeta potential during the coagulation
BT AT LLE e RIK K FE Y Zeta B AL
~47.93 mV, 75 I AR BEF I, 76 PO 5 HE B B,
Zeta LV G [ FF 2 -28.71 mV, pH s 7+ = IF
TE IR E SOV Y T 20 s PN 28 B 8 K fEL 7.45, 1 22

P2 NRE . UL HE 7R TR R N R H AR Y Bk
ISR 7 ) 30 Ao 4 L FEL J22 A R P v A A R
TR 20 L A BRSO 6 SR . AR IR BERY P 8
P FEBY B, Zeta FO O B TR, IF R FEAE-23.10
mV ZE 47, pH & T B, 105 18 T 5 Fe0E 78 7.30 B
o HT AR FEVREE BN S AR kR K
it 7= 1) 5 ] g B0 T A L 2 ] %) i T LA o AT
DUCEESE R PSS
224 BEERAREFESN

FE B K IR BE L R p, SRR AR A RR
PRSI TR T Fe* 5 CO T R A BUK i R, 77 4
CO, M SR L EMEMEN. 4562211
T 2R AR ) R TH R S0 0 BT T A TR A AR v e AR
1 CO, UL BRI E B 2 AR SR 1w, HLS ool e 2
F o COSMTE A IR IR W B, 5 B AR & A il
L, B AR 2R L S ks VR
R Y EEAR AR A RS B A
J& WA I AR AT AR K, R RS R )
IR A, Sl 2R, Bl R B A At R PR R B SRR SR I
FES TR IE TR, 5 8 5000 5% R B Y
LR RN, R AHOR B AT LR, EEEE K
R 8 Ry R b B R A RE R

&
B

® S MIERMN
& BRI
S R
O CORiE

B8 HE¥haAFTEH
Fig. 8 Schematic diagram of algal flocs self—floating
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SR B R AT B IR 72k S 7K P S0, sk iR 4
TR BEAL B 5 3K, BR B SR e R 1 n(COY )
n(Fe+Al) Fl m (Si) : m (Fe+Al) B {E 2351 0 1.75: 1
A 1:2, TP Fl ODg, 25 B 28 43 0l 5 15 89.71% Fil
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Characteristics of self-flotating coagulation for treating algae-laden water

in Changsha section of Liuyang River

WAN Junli"?, ZHANG Yuhan'’, NIE Xiaobao'*, ZHANG Wei', FANG Xin', SUN Shiquan'”’
(1.School of Hydraulic and Environmental Engineering, Changsha University of Science & Technology, Changsha 410114,
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China; 2.Key Laboratory of Dongting Lake Aquatic Eco-Environmental Control and Restoration of Hunan Province, Changsha

University of Science & Technology, Changsha 410114, China; 3. Engineering and Technical Center of Hunan Provincial

Environmental Protection for River-Lake Dredging Pollution Control, Changsha University of Science & Technology, Changsha

410114, China; 4. Key Laboratory of Water-Sediment Sciences and Water Disaster Prevention of Hunan Province, Changsha
University of Science & Technology, Changsha 410114, China)

Abstract: [Purposes] In order to improve the chemical coagulation method for treating cyanobacterial blooms

and solve the problems of algal flocs separation and collection, chemical conditions of coagulation were
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optimized to increase removal efficiencies of target pollutants and reduce the risk of secondary pollution.
[Methods] Based on the water quality characteristics of algae-laden water in Changsha section of Liuyang
River, a new method of coagulation treatment with self-floation was proposed. Aluminium salts, ferrous salts,
hydrophilic silicon dioxide and sodium carbonate were used to treat algae-laden water. The optimal coagulation
parameters for algae and phosphorus removal were determined by the quadratic regression model of the response
surface methodology. The coagulation mechanism and self-flotation characteristics were discussed by combining
coagulation effect and characterization analysis of algal flocs. [ Findings ] When n (CO2 ) : n (Fe+Al) (n
for the amount of matter) and m (Si) : m (Fe+Al) (m for mass) were of 1.75: 1 and 1: 2 respectively, and the
coagulant dosage was of 0.525 mmol/L, the highest removal efficiency of algal cells and total phosphorus, as
well as the best degree of algae flocs self-flotating were achieved. Residual aluminum and iron concentrations
were within the limit values of water quality standard. The self-floating coagulation treatment of algae-laden
water was decided by the complex interactions between target pollutants and hydrolysis products of aluminum
salt, ferrous salt, and hydrophilic silicon dioxide. In the early stage of coagulation, algal cells were destabilized
and coagulated by compression of double electronic layer and electronic neutralization. In the middle and late
stages of coagulation, target pollutants were removed by adsorption bridging, sweeping flocculation and
functional groups of Si—C. The removal of total phosphorus and residual aluminum/iron depended on the
formation of Fe,(PO,),-H,0 and AIPO,. Effective control of residual aluminum/iron was related to the adsorption
of hydrophilic Si0,. The algal flocs could be adhered with CO, bubbles generated by double hydrolysis reaction
between Fe’ and CO3 through collision to achieve self-flotation. [ Conclusions] The treatment of algae-laden
water by self-flotation coagulation method is highly efficient, stable and safe, with great application potential in
emergency treatment or long-term treatment of algae pollution in the Dongting Lake water system.
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