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Efficiency and mechanism of Cu-FeO,@AC activated
peroxymonosulfate system for algae removal

CHEN Haotian, XIANG Ping, JIANG Wenchao, LI Yuping, ZHOU Yuan, WANG Kai
(College of Environment and Ecology, Chongqing University, Chongqing 400043, P. R. China)

Abstract: A recyclable composite catalyst, Cu-FeO,@AC, comprising Cu-Fe bimetallic oxides loaded on granular
activated carbon, was developed for exploring novel algal treatment technology in eutrophic water. The catalyst
was prepared using hydrothermal and high-temperature calcination methods and characterized via XRD, SEM,
FTIR and XPS. Investigations into the effects of Cu-FeO, loading ratio on AC, PMS quantity, initial pH, and
different reaction systems were conducted to optimize algae removal. The study also explored the algae removal
efficiency of the Cu-FeO,@AC activated PMS system. Free radical shielding experiments and XPS analysis were
carried out to explore the reaction mechanism of the Cu-FeO,@AC activated PMS system. Results showed that at
an initial pH of 6, initial algae concentration of 1.4x10° per liter, catalyst dosage of 0.2 g/L, and PMS dosage of
0.5 g/L, the algae degradation rate reached 97.25% within 90 min. In this system, algal cells were adsorbed onto
Cu-FeO,@AC, facilitating valence conversion between Fe and Cu. The synergistic action of AC and the composite
catalyst produced holes, -O3, -OH, SO;- and singlet oxygen, effectively removing algal cells.
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AR 5 R FH K 3R R iR e 4 1k ) 5 2 A AL ] Cu-FeO,@AC, I #£ 5% Cu-FeO,@AC i 1k PMS 14 %
1 I 8RB S5 AL o R R BE A R AE T B XM ORI E S R S AT IR R R T AN KT,
Cu-FeO, @AC i fk PMS & Z 9 B %, I IE B T X4 J& %A k¥ Cu-FeO, f 4 72 16 P e I Ak PERE S (2, o
IO %] P S R B AL TR
1 #RERE
1.1 Cu-FeO.@ACE&#HBH &

FRHL2.416 g Cu(NO,),-3H,0 F18.080 g Fe(NO,),9H,0 & T 100 mL B AR 1, Jil A 30 mL #8 47K , % i F fi
PEE T RU R RGN 16.000 g NaOH 140 mL M 46 K 7 i , 2 H G, I in A 8] i & AC Uk (20~50 H ) $ii
FE3 h, UL 1o BETR A WMARE A K IV R 4, 180 °CTF IV 48 h, ¥ F1JG Ve 3 Uk & v M I T8, P 5 3
$1,400 °CHBE 4 h, 15 2] H A M ¥ Cu-FeO,@AC,

*x1 EAMH Cu-FeO @AC H Fe(NO,),"9H,0.Cu(NO,),"3H,0 F1 AC I &
Table 1 Dosage of Fe(NO,),"9H,0, Cu(NO,),"3H,0 and AC in Cu-FeO @AC

Bmim/g
g
Fe(NO,),-9H,0 Cu(NO,),"3H,0 AC
Cu-FeO, 8.08 2.416 0

Cu-FeO @1AC 8.08 2.416 0.2
Cu-FeO @2AC 8.08 2.416 0.4
Cu-FeO @3AC 8.08 2416 0.6
Cu-FeO @4AC 8.08 2.416 0.8

1.2 Cu-FeOx@AC EAMBIRRIE

EOBE Y B 43 38 5 XS4 A ST {X (XRD, PANalytical X’ Pert PRO) 43 #7 o % I 49 4 8 45 SEM (ZWISS
Gemini 300, f# & -~ /K 28 5] A 7)) WA BT S5 RRAE , A4 RE 3R 18 13 X 1) o0 28 41 58+ EDS fig i X (OXFORD
Xplore , #¢ 6 4= HAL A A T 4087 o &k A X & B3l ad ICP (28 [ 8 Bk KA F] iCAP PRO) N 2 . & A # kL
“EHERY 2 5, 6] FTIR (Thermo Scientific Nicolet iS20) 76 4 000~400 cm™ 5 38 Bl P9 20 b7 o i i X P06 7
fEii% (XPS, Thermo Scientific K-Alpha), T fift 52 W /i J5 B BT & S0 K 57281k .
1.3 RGNS mITERE

DA 2 104 B M BFFE X 42, 1 0.5 mol/L i NaOH F1 0.5 mol/L B HC1# %5 pH % 6, 4] 4h 3 41 i % )& K 45
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F+ 1.4x10° 4~ (OD,=0.14) , PMS ¥] i3 it 5t ¥ B 0.5 ¢/L, & & i AL FI 5 n i 0.2 /L, JZ ¥ 90 min, $iif $¥ 38 7 Al
Cu-FeO @AC AL IR A Y51 I Af o 38 240 M550 R F G 2 50U (Motic BA310) #E I BR 1T 5t 4k,
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2.1 Cu-FeO@AC # BB RAE

Cu-FeO, F1 Cu-FeO,@AC & & #1 By XRD Bl , &l 1 s . Cu-FeO,7E 20 ffi 24 24.15°.33.16°,35.63°,
40.86°.,49.46°,54.07°.57.59° .62.44°F1 64.00°4b A7 A~ [F] (1) 171 55 0 , 5 Fe,O, 45 #fE 813 (JCPDS PDF# 80-2377)
AW A 5 7 24.15°,33.16°, 35.63° 4k (R AE AT 51 16 , 15 CuO A b i €% (JCPDS PDF# 72-0269) — %, #1 4
W, T B A 4 2k W 4 8 B Ak ) Cu-FeO,, /& Fe,0,F1 CuO W& &1 . & &89 XRD K& A H T Cu-FeO, Jf G
W1 ARk, 3R Cu-FeO, T 4R AE TG Pk o b, AN 2 U8 TR A 1 i B 2544
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Fig. 1 XRD results of Cu-FeO_and Cu-FeO @AC

K H SEM Xt AC ¥k [ Cu-FeO, Ml Cu-FeO @AC & & M B £ WL S 217 ML . 18 o & 2(a)(b) WL F , 16
P ¢ 2 T HURE RSP , BA & K B FLBR S5 M, hy Cu-FeO 78 1% 7 ¢ e 1 (9 S sk $2 43 7l . MR 2(e)(d) B
Cu-FeO, A ph 45 1 i1 #4458 DR TR ) B, 5 A 250K 0K 4B F 2 350 2044 i, B 2 3008 BRIk I fu 3 67 R
LM HETE /INEORL A —E AT RIS . IE 2(e) (D, Cu-FeO, 7 B3 M b2 J5 , # kR B4 B
kb fiiH EDS 43 4T Cu-FeO,@AC & A5 A R T i X 19 70 3 Fh 28 K f i, Q181 3 T, ml 01 4 & b RE AR
O.C .Fe . Cutf il , Ho CuliF 2 4 20.14%, Fe 29 15 16.29%,0 £ 15 41.00%, 1] 113 i Cu-FeO,@AC B & ¥
B Fe,0,:CuO 7+ F [L 29 2:5,

M &l 4 7] 1 Cu-FeO, Ml Cu-FeO @AC & & # B FTIR £ AL L5 . W3 i KB F 1, £E 532 em™ Al
450 cm™ BF I A0, AT IS P T Cu—O # Fil Fe—O AU 4R 311, 45 & i & SEM 5 XRD H] Al iiE5E T CuO J Fe,O,
T o 16 M 7% 1 3% Cu-FeO,J7 ,3 450~3 400 em™ 2 [B] H B T BH 8 A9 WSO , 3 mT BB PRUOA IS PR e A £ &
B EUE RE AT, B A 46 PR 3 5 BOTE £0 40 6% e X3 B R WG Y. AE 1626 em ! Ab B FRRAE G, W] fiE R
T C=C ¥ B I P ok 00 MR A B R ER B C=0 15 B AE 1 450 om™ BT 1 30T Wk
W BB TE MR R T TR PR C—O BERE M, X 1 450~1 000 cm &b 4 W IS R TOBH SR I B R R



FAVE: M 2 X ,% :Cu-FeO,@AC #H L PMS K & Ik & 55 AL 25

K B 5 A MR R T B T Cu—O—C i S Fe—O—C #"™, KK FH , X T Cu-FeO, Fll Cu-FeO, @AC
A MOBER UL, BR T RN SR B W R R AR T D AR AL W B AN 22 B R AR U 1 S Bt g 1
Cu-FeO @AC & & M B A (8 B B Al 3, B — @ fs e v, T s AT .

(a) AC(x 4 k) (b)AC(x 10 k) ¢) Cu-FeO (x 4 k)

(d) Cu-FeO (x 10 k) (&) Cu-FeO @AC (x 4 k) (f) Cu-FeO @AC (x 10 k)

B2 AR RE
Fig.2 SEM images
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Fig.3 Energy dispersive spectrum of Cu-FeO @AC Fig.4 FTIR spectra of Cu-FeO_and Cu-FeO @AC

2.2 Cu-FeO.@AC F1#k Lk Xt B B R BE MO 52

ﬁﬁ*ﬁﬂﬁixlﬂ)\ﬁttﬂﬁzﬁﬁﬂﬂrcu -FeO,@1~4AC PEAT R SC 6, W& S TR o 16 B 4 Fh AN ] £y
1Y Cu-FeO,@AC #FBHEAT T ICP L, I 8 T 4k e RfE &K AC Byl a , imE 2w, MKES
AL, A # R Cu-FeO,@1~3AC 4 4 3 R H8 ] LLEA SE 78 60% & LA | {H & Cu-FeO,@4AC B IR 3 AR
JE50% , i1 6 TT RL )2 AW, X T Cu-FeO,@2~4AC K i, B 45 AC 7652 & M % v L 35 39 i, B 3 R AR KT
M, nTRE R A 2 i 2 19 AC K Cu-FeO fU 3Lk, BHHF T Cu.Fe G R I AK R th 5 PMS [ . 1H 2 BR i R
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Cu-FeO, @1AC<Cu-FeO @2AC, K 4% ICP il i 7] A1, Fe . Cu JC & 1 # f& Cu-FeO @1AC<Cu-FeO @2AC, M|
AC {5 It Cu-FeO, @1AC>Cu-FeO,@2AC, 5 iR HEM AR AT o 1M bR # %8 Cu-FeO,@3AC < Cu-FeO,@1AC, #iz 4
AT RE R N B % Fe .CuJC & MRS, S 5 M Fe' .Cu” M £ X BRE R LT, LA B H AC I
AR RL T P R A R B RS R, SR AR RER R T RE . SR G RE G MR Cu-FeO,@2AC 3R M Ik
£, BRI AR S5 22100 52 50 v, BE B Cu-FeO,@2AC & A ik

100 -
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Fig.5 Efficacy of Cu-FeO_and AC load ratios on algae removal
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Table 2 Capacities of Fe and Cu elements in activated carbon

ok T ot & JLE AR C/(mg-g") JCE TN A%
Fe 547.42 54.742
Cu-FeO @1AC
Cu 318.18 31.818
Fe 568.40 56.840
Cu-FeO @2AC
Cu 338.33 33.833
Fe 557.72 55.772
Cu-FeO @3AC
Cu 323.48 32.348
Fe 498.80 49.880
Cu-FeO @4AC
Cu 281.33 28.133

2.3 #1% PMS JRE R FE X BR 7 R BE RO R M
SN W) I PMS T W B, 23 52 0 B i R0, il 6 TR L 24 PMS i 0.1 g/L B, S 43 L BR R R
76. 38%,ﬂ“”7?iﬁ%¥ufimzt§*PMSE%WW&??EME’J%%N MELLP R R ) A AL, 2 5 Hiw
ey i a2 N . B PMS B vk B O B AR R PR R AE B LTE, Y PMS WA WK E N 0.5 g/L
aﬁ,ﬁﬂé%ﬁﬁ%%ﬂ;ﬁ%ﬂkw.zs%o 24 PMS Jot = ¥k B 35 F) 0.6 g/L B, BRERIF0G F R, vl Re R F 2 2 0
PMS 524 By A H 2 Az RN THFE T A 2 505 Y W A SO Y -OH, SO+, 5 BBk e A fig 48 25 (K (1) ~

(2)) o 7ELiSEPI R P WA AU L .
HSO;+S0;-— SO:+ S0 +H", (1)
HSO;+:0H— SO;+H,0, (2)

2.4 1% pH X BRE R AR B RN

TR B85 W0 R S8, VS W pH {2 5% ) S By Y T BE S 8 2 — 2 S TR GE pH A X BN AR R B 9 KRR 1Y 5
M, 3 S AN TR Y pH {H (pH=3.5.6.8 . 10) #4755 5 o ANET 7 T LA 1, 7E 90 min Y 52 b B[] P, 35 2 B 38
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BT LA 5] 95% LA b, Hor 2 pH=6 i}, B R n] 15 97.25% . 15 G825 22 48 e o 22— J2 7 B AR & pH {76 3 Fff
AT T e A A o ol i R 1) K AR, pH — B AE 7~9 22 [R] P4

P, M T4 G235 1 R 48, Cu-FeO,@AC i 1k PMS 1K R HA 12 19 pH & FHYE B, 5 A8 4 T 4 B 5 i
it e, pH DR B Y 7K 4
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Fig. 6 Efficacy of different initial PMS concentrations on Fig. 7 Efficacy of different initial pH values on

2.5 AEME R BRI AR

TEANFEAE PMS [ 5544 T, R I AC.CuO 5 Fe,0, H 4k , Cu-FeO, Fl & 15 41 Bt Cu-FeO,@2AC FR i , 5501 UL
K 8. SRR E 3 Fil 5 1A bA RE X 4 £ 3l 28 8 00 W BN SR AN R L R 3K 30% 0 AC LA X E Y W B 56 T Gk
28.37%, (H 11 2k — % L] Cu-FeO, PR S5 , WG B 38 R sk T F 2] 18.16% , T fiE S M /& AC 1 f1 2% T Cu-FeO,
PR (AT AC BB S8 0 55 T A R X e I ) R

TEAFTE PMS I, R [A 4K & 16 4L PMS B i A9 500 L, I 9 s o R A AL R, 5l i PMS JL
SP- T 5 240 R ) A AR TG S S BRI 9.12% . KR AC+PMS BR¥EE 1] 1K 42.07% , M4 T PMS HLAM A7 7E
BIVR R BREEREETE T 33% 2647, M40 A 1A A 9F 55 m 0T IR0 AC X6 388 B W B /B o 8K, Cu-FeO +PMS 14 % Bk
BORAUN 46.96% , 1 H AC+PMS 1 5 Bk 18 R I JC K A9 ek it , H. CuO 5§ Fe,0,+PM S 14 5 [k 5 A AN i 30%,
F W] 3 A B AR FT Cu-FeO #RICTL AR 4F 1ib 1% 1k PMS, 2 5 Fil H AR K A W) (19 4 X R o BF5E Cu-FeO,@2AC+PMS
P Z AL L& B, RV 15 min, B SR GE B TFE 66.56%, B )5 B SRR AR TE . 1E 90 min (9 520 B E] P
SRR A RE EAE 80% , M L T AR ARAN ACHE T 1T 31.72%, a] fEJ A28 A B9 AC 5K 5524 T Cu-FeO fi 1k
FIE AR 98> T Cu-FeO i Ak 30 Z 18] ) FH 3R, 60 T 5 8 V1% 22 o il AL, (6 45 5 2 (1 Fe™™ .Cu™ & i T3 b
PMS X —if F#

100 T 100 - —=—PMS AC+PMS
CuO+PMS Fe,0,4PMS
= AC —4— Cu-FeO_+PMS Cu—FeO @2AC+PMS
80 I —— CuO 80 |- *
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—4— Cu-FeO,
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% * 0| ;= B 24
& 40 &
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Fig. 8 Adsorption capacity of different catalysts for algae Fig. 9 Different systems’ algae removal capacity
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2.6 Cu-FeOx@ACEEWMBEENAMEMAR

B OD,,,=0.14 F4 3 ¥ (%) 1A 3 20 M 25 18 O 45 71 1.4x10°>) 200 mL, 4 45 pH % 6, il A 0.5 g/L 4 PMS,
0.2 g/L B A AL Cu-FeO, @2AC, BB /NEF B — K FE . I 90 min J&  BFIRCEE IR G IR 48 LIRS
Y350 ARGk 5y 25 . F NaOH FUEE 4li7K 22 Uk i AL 500, 458 1 /55 3 2.0 HILAE 5 000 r/min Y 38 B2 R 850 [T S fi
el B JE AR ABEIK TR OB TEE DHILNTEVE 2 K o AR A 60 °C B 25 T4 T
M TR TR . EiRad FEAG 3R 5k, F 9 2 &1L 57 Cu-FeO,@2AC Y 5 &2 FI| 4 .

W10 7% , 55 1 YR SE5 90 min P9, B35 5 1T 35 97.25% , 4l 43 1ol 92 38 AT LA 25 B 4 3B 4% 5 45 2 R R
FHJE L B3 RAT A 87.91% , HIAL T 45 — IR 5L B A0 T [ 9.34% , % I & A i 4L Cu-FeO,@2AC HA K 41y ] [m]
WOR FHPE o DN 3 UK B S 56 1 Uy i) 20 1l 288 95 2 B 2R Y 1 o8 32 F R i 2% , T B 2 4 K R Cu-FeO,@2AC
% T W O 8 335 A L R A A 7 Aol e A R TR T R X R RS T B RN AR R P Y Fe .Cu
TEEW D, B Gt SRR SL I, IR MR 61.54% ., MAKKRE , E A MALH] Cu-FeO @2AC HA —E 1)
R

10 EAEAFHEEERERR
Fig. 10 Reusability of composite catalyst

2.7 Cu-FeOx@AC {4 PMS & Rz #1 I8

1 55 3k 9 42 J@ 3% Ak PMS Y S REAILER , 2 B4 T -OH . SO;- 1Y H i 5 AL 52 % BEAE , AL T 23 7 (h) Fil B
LBECONMAE A B M ALI . T IR 5T Cu-FeO, @AC 1% 1k PMS & 2 A9 5 B HL B, 5 2 & i AL 57
AL PMS IR 28 EZAE R0 A S AT TR RS .

WE 1R, ISR A b B K F] % Cu-FeO @AC 1% 1k PMS 1A 2 [ i %, F sl — i % -OH
1 SO, K F , KL 8 k(-OH)~9.7x10" L(mol-s)™" .k(SO;-)~2.5x10" L/(mol-s); Ifi A T W5 2 & JH i -OH ¥ K
U, RN H B k(-OH)#E 3.8~7.6x10° L/(mol-s)Z [A] , {H X} SO+ # il #f F 22 (k(SO;-)=4.0x10° L/(mol-s))***,
'0, 42 PMS F= A= A R [ L RO R 22—, B LA AT g R AR R 1O, 1 VAR K (k(-OH)~1.5%10" L/(mol-s)
k('0,)=1.2x10° L/(mol-s)), i iz # 2% B 5 1 A5 b ) 4 3R 02 45 7248 710, 5 3l R R4 8 40 B th J£(-05), -0,
Al RS T Fe . Cu yt F AEAH 06 4 5 b = 25 20, in X G)~(7) i 7Rk 38 3 #% I EDTA-2Na(Z, % 4 2, R
TR, AT AR R A A A AR RE 1 B9 A5 (W) 480 4 mmol/L EDTA-2Na &, 1A £ 1Y B iR T &
& 49.66% , % W 7E & A AL 716 AL PMS IR R BR e B b, 28 R & — AN EZ s R L (R Y X R R
4 mmol/L B, B 238 U 47.52% , R UIAE S H AR5 3L ) 09 B A B v -0 beas o 3 EH .

Cu(I1)+HSO;+H,0— Cu(I)+-05+3H +S0?%", (3)
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Fig. 11 Effects of shielding agent on algae removal rate of Cu-FeO @AC/PMS system
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Table 3 Effects of shielding agent on algae removal rate and contribution rate of radicals

VR = K 5 2 /%
W /(m-L™) AT I KA i BT B2 it 2 B 130 EDTA-2Na
0.4 97.25 64.64 91.47 — 80.50 —
0.8 97.25 53.38 59.38 — 59.41 —
2 97.25 — — 56.29 — 81.49
4 97.25 — — 47.52 — 49.66
VR R Fl H 25 5T R 2R /%
KE/(m-L")  -OH + SO;*("FE¥) SO;» 'O, 'O,+OH (BEE) -OH (T ) -0, (W# M) h' (EDTA-2Na)
0.4 19.60 16.13 4631 49.78 3.47 — —
0.8 26.68 3.64 14.12 37.16 23.04 — —
2 — — — — — 24.62 9.47
4 — - - — — 30.25 28.95

FH XPS #F 5% & A M BN 1 5 0 BN S A, dE— R RBREALEE . A 12(a)XPS 43 & a] %1,
EAME Cu-FeO.@AC = E i Cu.Fe O . CAl . XFHo /WA Ja , 8 ALk i o BE ARG Br R, Al RE R B &
A AE 15 1k PMS B, 3B 43 4 G B s i R 0T A i3 SOL- O, f-OH W =4, R Bk i & m
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BICR C 1s =53 HF XPS B 41 12(b), C 1s B3 F W53y 34N AR YO I C=C—OH ##(288.18 V), C—0
C—O ##(286.38 eV),C—C 5#(284.78 eV). £ & & RMEIL PMS IG5, C=C—OH §y g m 4 i, C—0 1
WA UL A AR 2 2] T A AR A 52 e X A0k B2 T g 5 i Ak PMIS 77 A -0, - OH A7 P

M 12(c) T Cu 2p BY =5 43 HE A W, 76 I R0 1l 953.78 eV Al 933.98 eV I A~ 3= 04 43 51 %F i F Cu 2p,, .
Cu 2p,,,941.78~944.08 eV Z [H] (1Y) AU f& T3 5L 06 | W] HE XTI 1Y & Cu 2p,,°"s BR#E RV , (943.00+10.00) eV
B 30T A TR U i e iR /0N L AR Cu 2, 19 32 W5 I RS 3 B 45 6 R B m Y b D7, U W B T RE A TR I I AR
2 A AR R T A7 AE Cu(ID)5% 728 24 Cu(DRYIE & , I % 21 & R JT R Z 18] B A 28 4 4, DL (8)~(10)

Cu(Il)+HSO;— Cu(I)+H +SO5, (3)
SO;5-+S05-— S0;-+S0;-+ 0, (9)
Cu(I)+HSO;— Cu(Il)+-0OH+S0:", (10)

& 12(d)J& 8 JC K Fe 2p XPS 520 ¥l . 7F 723.78 eV M1 710.88 eV &b ()14 43 5l & Fe 2p,, 1 Fe 2p,, 5 T 41
o AWl AR, 7 Fe gt 2 A7 76 Fe(I) A Fe(IIT), H.7F 719.28 .713.68 eV 4bF Fe(II) fil Fe(IT) 13 A2 W A7 7 .
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6] Fe(IN) [ %% 1k , 3F B 724.28eV Ak ) Fe (111U Ifi B /s , 1T AE A7 7E Fe (111) [] Fe(I0)% A8, o 4 %k 2 Al 77 76 L
FHEHF , WA (11)~(13).
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2) 24 9) b pH=6, 3 41 i 2 & 0 B T+ 1.4%10° 4, F 4L 7] 0.5 g/L, PMS 0.2 g/L B}, F%f# 90 min, {& Z Xf
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#Tt
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