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(peroxymonosulfate, PMS) & FE fith i 155 9% 48 1k 1. 7. (advanced oxidation process, AOPs) &b # & 7K Hh
R ff 5 e O F R 32 B 6 1, R R I . RAMRAR S . It . &R B T A E AR AEE 4
JE AT T V5, AT A RS A PMS, I 77 AR 2 RS BB SR WK RS (Fe™) BT LLA ALTE A
PMS P2 AR TG MY RN, S FEE B (S AR AR, S Ah, BRI IR R B AE PMS 77 AR 19 SO; AT L
HE— 25K K CUAR S & 38 (C)PT. TS /K NHGZE CLAE R R il Ak iR (L), 568
T EA IR,

AWFFEUNH . PO, b HERTG YW, 38 1 10 % W P $E 0 FeCl, 1 PMS, 25 7K H (1) NH % £5 14
AL BN, DLSEEUNHGH) JC F fb 5B, A BF AR B Fe'fE — 8 A5 1 5 POy AT AR A R Ak
(FePO,) VL ¥E 52 BB 09 ML s 0 PR AN #80F NH; . POSIR] 25 25 B K e [0 i fg ook R LA, ik — 2B 5 ¢
PMS W HAHEEE . Fe*'/CI I . pH. FEAECO T HA 25 2 Filt (R 2 X I B ZICR OS2, DL R Tl % K
A BRI SRR R 2%

1 SKIERS
1.1 I

W2 B ((NH,),S0,). Wiz — &8 (KH,PO,). FAMIEL (FeCl). # AL (NaCl), W EE (CH,0).
T B (CH,0). filf 32K (CHNO,) . iR (H,80,). A A ki (NaOH), ik iR 4l (Na,CO,) I JiF 7 iR
(HA) 9 [ FE 254 AL A BR A 7). 3 — B £h (2KHSO,-KHSO,-K,SO,, PMS) Il§ [ Sigma-Aldrich 74
3 L7 BB A () S5 A PR D o 5,5- F K 1A Ak ik i ik (DMPO) I [ AR Ak 2 BHR: (-
) HIRA . 5B, ST K B Ak .

1.2 KPR

JZREARFR 250 mL. 3 ¥ NHI(LA N 31) FIPO3 (LA P ) UG W EE N 10 mg- L' B IFLA AT, A
A SE 2 [) PMS #l NaCl, & ¥ pH J H,SO, 5] NaOH i 45 3 {4 F5 46 5 5 1/ I P PE % b HR 4 5t 1
(300 r'min™"), JIA FeCl, 3 sl i ; 437 0, 5. 10, 15 F1 30 min #EA7HURE ; AR5 2052 0.22 um A9
UEMEIS , SRAERANAT WA G BE T HEA T A AT NH I PO AR AX Mk B . Se gt #2 ., pH FH AR H,SO, 5%
i NaOH PR ¥F1E 2 o I i 75 KB SR R R B TR, BR % 4R B 2 o, FLAl R R R 3 e =
i (25+3) °C T 4T

FELL EROVARR A, 438 T PMS #E (0. 5. 10, 15, 20 mmol-L™"), Fe*/CI (0. 1/82, 1/42,
1122, 115, 1/12), pHQ2. 4. 6. 8. 10, 12), #&J¥ (20, 30, 40. 50, 60 °C). Na,CO, K (0. 1.
3. Smmol-L™") Al HA ¥R (0. 5. 10, 20 mg-L™") ¥ NH; MIPO; 2=k B4 51 .

TEVEAT B 2RI, 289 A 0.1 8% 4 mmol-L™" B EEEAE 5 SO F1-OH ¥ K %5 0.1 2% 4 mmol-L™
AT WEVE A -OH Al CL-EEKF 5 0.1 3% 4 mmol L A 2K AE Ky -OH KK . 7EMI M SL 58 2500,
S NH MR 3 119 48 AR 1 L S BRI O
1.3 S HNESE

VA5 VR T ) 3 NHL VA R P B 4 ECaR) 43016 00 B 0 5 5 e A PO R FH 61 7 4H 1R 8 43 1Ok
BEWIE o VW) pH A pH 3T (PHS-3C, LT REAXES) ) #EATAIN . A Hy 2 A D >R FH P 1 e
AR AL (ESR, Bruker A300-10/12, #E[E) 58 i ULIEWIE AR 3% A 5 4 He + 8 405 (SEM,  SU-
8020, HAH A BRAR) AT RAE. ARG HE T X FHEATH (XRD, X/Pert Pro MPD, MAZHF}5)
WAL ER A BRA A, fr 22) PEAT RAF o 8 5L b 28 3 21 71 6 3 (FT-TR) 2R H Nicolet 5700 A% i { itk 17
M
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Pl 1R TR B R HNHY L POYIN R BRACA . I 30 min i, FAEE N PMS il g £
I H,0,, NH;H £ BR 24N 7.5%, PO BA 451 LBk . MMM B FeCl, T4 PO; 43 LBk, 1
NHFHE A B A LB s 7E FeClL/H,0, 1 5 Ml FeCL/PMS 1R R i, PO K B 2R 34 W 3k 51 100%, {1
NH 4 22558 5 AUA 19.9% F1 23%., HARIEAR R CIHE 78 /2, 78 FeCL/PMS 1K 2 H i SME Al NaCl, JE
P /PMS/CIR R . NH;, PO] 9 K FRK 5 5] 100%. 535h . 7EPO] 5 B AR i 9 f A
WA AN FeCl,. FeClL/H,0, K & . FeCL/PMS 1k & L & Fe*/PMS/CIA £ o i W 3477 48 T Ui
Wy SRHTISA AR TR U TR AR B R = A Bk S POY R AR R, A I
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(a) ARIFARENH, PO {ER N30 minif i £ (b) RIFIfE R TNH, L5 %
1 AEMEEXNH] PO, KRN
Fig. 1 Effect of different systems on removal of NH] and PO;"
MW 58 Fe*/PMS/CIA Z Hf NHI 1) 25 B3 15 0]
O, R R AR P R B R AT T A (I 2). L ogl —a— TN
B 25 S50 0306 7 99 1 NOSRING; 1 A g —omNi
IF) T A NHEF S (TN) 247158 o ] A b Zeor v O~
W, H o FREARGE - BA STl =
i, Fe i fk PMS 7= 4 S0;1, SO AT #f — 4 ?
B CUEAL R CLMYy TR BR P 4514 T, NH; 22 ~_
5 CLAE ARG AL N, S B0E 36 25 B0, Y P e
BUPUVE ) T 250 K R P h PR K A~ - SRt} amin
B Visual MINTEQ #5481 43 B (18 3) "I 1, Y4 B2 KRR NIHREEK

i pH AR BIBT, = #4k FnIE B 78 v O h A7 Fig. 2 N species concentration changes during the reaction
LA WARE . W pH b 2~7 B, IEBEE W EZE D H,POFAE s MW pH K 2.4~4.3 i),
AT EEEL) Fe(OH) {7 . 4H,PO, 5 Fe(OH)” R AEVTVER N , 254 T M (Fe(OH)*")(H,PO,),
BB K S AT A i FePO, DLTEH o 25 pH KT 4.3 I, ¥ 10 A9 = Hr 8K 2 1l Fe(OH), #E i Bt
. 520 FePO, ULTE W) MK 1

Kt — AR TE Fe? IPMS/CUAA R AR OLTE =W 48, R A XRD., SEM LI K FT-IR 25 F BOW ILE
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Fig. 3 Proportion of various P(V) and Fe(Ill) species at different pH
PR AT T RAE R pH O 4. RV 30 min J5 AR LI TTVE)), SR ANE 4 s . XRD 45K,
T, SR i 1T ST A FePO, 45K, 454 JCPDS(No. 30-0659) Arfi & -2 [, SEM &R il
DUVEY e B A5, SR U BE s BRE . 5 FePO, IUURIEIE 55— 3PP, FTIR 45 £ %75, 1000 cm™
g PO 3 FA R XF AR (1 25 il 4R 3 06, T AE 1 642 em ' Al 3 371 em ! Ak 4 06 43 51 X R K 43 7 R
H—O—H 1 O—H KA 125 thyRsh 2, X UiHILE Fe? /PMS/CIMAZ H, M4¥AW pH 4 4 I, KW 30 min
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Fig. 4 Characterization of precipitates

DL SRR, fE F/PMS/CIR R, MW pH b 4, 0 30 min 5, ¥R ANH LT 4
TREEAL N, SEE T EAL FBR . W P A PO I F 21T L AR B FePO, YTTE B 4= 3B Rk .
22 HESH

Rtk — 2L W AR R RN LB, 1 P A A (MeOH) . AU T B (TBA) Flf 3 28
(NB) 3 Flt I py JE R K50, 8 2k O 8 X NH 25 BR AR B 52 i ok H e AR R b R A E R A 20 A 3
MeOH HJ & K SO; (kso,=1.6x10° mol-(L-s) ") Fil :OH(k.,;=1.9x10° mol-(L-s) '); TBA H] ¥ K -OH(k o=
6x10% mol-(L-s) ") Fl Cl-(k ,=3x10° mol-(L-s) '); NB 7] K -OH(k.;=3.9%10° mol-(L-s) ")**!, 4N[& 5(a)~
Kl 5(c) Uin, BEEERZHF A 4 mmol- L™ MeOH B}, ¥ H IINH;FEA K A 9% 2Bk il A4 mmol-L™
TBA I}, NH 25 5 R F B2 14.3%; 1 i1 A 4 mmol-L'NB B}, NHIAY 2 B 32 21 &8 /0N il 410 i 1
o BORH T YRS SO, B KG, CIE#AMR Cl, NHRIFAREMSIIABELRR; KR
Y CLRER K S, NHIPY L BRAZ 252 5 1 -OH KA, NHI RBRSZ N, RN, 780k
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0r Q
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5 S[E)ER G 3 NH, 2 BR B9 22 id LA K2 ESR &l i

Fig. 5 Effect of different radical scavengers on removal of NH; and ESR spectra

B A B Fe 5 PO R A I I, A i FePO, UL UE S5 LM [0 0 . R AT 1, SO, Al CI-7E Fe*'/PMS/
CIA R P SCEINH, . PO} 1 [R] 25 JC 5 b 2 bk Bl [l e b 38 J 2R o e 2 AL 228 4 = (1)~
R (12).

Fe’* + HSO; — Fe** + SO - +OH" (1)
HSO; +H,0 — SO? +2-OH+H"* )
Fe** + PO} — FePO, | (3)

SO; +CI” — SO;” +Cl- 4)

-OH +CI” — CIOH-~ 5)
CIOH-~ — CI-+OH~ (6)

NH; +Cl- — NH, - +CI” + 2H* (7
NH, - +HO-Cl — NH,Cl + -OH ®)
NH,Cl +Cl- — -NHCI +CI” + H* ©)
NHCI +HO-Cl — NHCl, + -OH (10)

NHCL + H,0 — NOH + 2H" +2CI- (11)
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NHCI, + NOH — N, + HCIO + H* + CI” (12)

SR ESR #E— M e R R i A i 3L, SC8e % b L DMPO Sk, xR & =R 0 H i
FEFEATRER . m & 5(d) "I, KR H T DMPO-SO; Al DMPO--OH Jill &y i il R 45 AF 05 2 3%
SERAEST, 7 Fe?/PMS/CIA & 7= 42 7 SO #il-OH.,
23 PMSREXEBRMRAZM

R Z ) PMS MR BE 25200 SO, 1Y = AR S, i T2 I NH ) 2% B 3R FIPOS Y IRl 3. 4] 6 &k
7~ T AN [A] PMS 80 i 6F NH; 25 B DL K PO [RNSCIE &0 Y 52 0 o >4 PMS ¥R B2 2f 5 mmol- L™ B, J2 Jif
30 min B BRI AR PO 8B 25 Bk, H UGB NHI 25 BRSRAUH 31.7%. s B, 2 P o e i A &
FEASO KD, FESO AL CI =AY Cla i, Joik R/ S ALNH; . Bl PMS ¥ B B9 34 in
SO, Y = f B Wi 3 K, NHIP R BRFE B W8 & o 24 PMS A9 28 20 mmol- L™ B, A S W h
NH; . PO; (145 [ 25 Jo 3 4k 2 Bk Kl 1 1T lig

770N PO;”

G——0 D\n

80 F 0.8 F —o— 0 mmol - L!
7 —o— 5 mmol - L!
o o—O0———— %
s 60 F _oer WA A—— A
%\4_ Q_ —A— 10 mmol - L!
& 7 © 04t o ~V—15mmol -1
A 40t Vv WL_I
Z 02}
o v
20 ¢ T~
T
ok T
0 . . . . . . . .
0 5 10 15 20 0 5 10 15 20 25 30
PMS#¢Ji£/(mmol - L) S g i /min
(a) AN[FIPMSHELIENH, " PO 7 K30 minfi 1 25 B (b) PMSHIAINAEXINH, 22 B 5 0

6 PMSiZMENH;. PO; Xa0%Mm
Fig. 6 Effect of PMS dosage on removal of NH} and PO}~

24 RENERBRF MW
FETURE N 20~60 °C, NH;, POy WEBRTELL, Z5RWME 7R, MERENT R, 2T

NH,’ PO

100 1.0 @
30 | 0.8 F
—o0—20C
s 60H oer —0—30°C
W L —A—40C
& © sl —v—50C
40 H —0—60°C
02 i
201 =
\E\O
ol \X\V\D
0 | s s s s s s .
20 30 40 50 60 0 5 10 15 20 25 30
R/ C J2 % i ] /min
(a) AR FNH, PO, 7L 330 minfif fr) 233 (b) I RINH, L BRI

7 BEXNH]. PO, ZMEIS M
Fig. 7 Effect of temperature on removal of NH, and POi_
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bk, MEETHE 60 °C B, NHjAJAE 10 min W AR, AFT R AR . — 7w, WM T &1
Y PMS BTSRRI TR R s v A SRR T AR SO, SO A B LR Y
T i AR KB
2.5 Fe*'/CI' 3t A BRER A S M

AN[R] Fe®'/CUXT SO, 1y 7= A 6 ZMAE T . AN ] Fe® /CUR 52 i i 2 i 52 o),
BUFe™/CU4 50 0, 1/82, 1742, 1/22, 1/15, 1/12, S50 8 . KE#E Fe'/ClHYHE K, NHIAY
F R MPOT Y BIBCR B 7 . 24 Fe?'/Cl Ry 122, PO IEASEA WL, [HILIRNHI ZERFEHA
47.8% X FEIE I T M VR P PR EERLIR, P AERY A R B PY, O R DUNHR AL . Y
FeX/CIHENE] 1/12 I, NHIY LB A5 h 100%., X 0] g2 dF, 418 0k & iy FeCl, i, 14
F SO, CL 1 = i B Z 3G, (R A N 2 B R B i 4 5

NH,' PO,

1/82 1/42 1722 1/15 /12
Fe?*/CI”

(a) N[FRJFe*/CIFNH," PO} £ [z )30 minfii [ J:fr 4

100 N .
N a —o— Fe/Cl=1/82
80 - 0.8 \D —o— Fe/Cl=1/42
V\O\n
60 7 0.6 F N\OE(‘?,
« ol
o N . S —
& % © o4t —A—Fe*iCl=122 "
IR % —v— Fe*/Cl=1/15
ozl \ —o— Fe?/Cl=1/12
20 7 T~
B
ol I

0 5 10

15 20 25 30
J2 J3 Ff i) /min

(b) Fe?/CI X NH," LR I4 5210

8 Fe*/CI'XINH]. PO, ZMHIS M
Fig. 8 Effect of Fe*’/CI” on removal of NH] and PO;"
2.6 pH X EBRMRAF M
AN[F] pH XfNH; . PO 2 BRASCR B2 AN & 9 frzn o 4 pH o 4 I, %M P BUNHFIPO; SR |
AT A5 4 2 R AR . 24 pH 2ok 5 ok G, NSO 25 B AT PO T MCHR 2 5% B SE IR 2 ph T

NH,"RX PO,

—o—pH=2 —0— pH=4
_ 1.0 r p p
100 N —A—pH=6 —v— pH=8
o N o —o— pH=10—<— pH=12
L < 0
80 08 \D Y
7’ \J \
V.
- % 0.6 sq .
;:4 X 5 \
3 - A%
& © 04+ \g\
X 40 \ \4
A v
02 y TTe—
20 % ~ A
o
0 I
2 4 6 8 10 12 0 5 100 15 20 25 30
pH J52 7 Hsf ] /min

(a) AIFpH FNH," PO 7£ % 330 minfit 1) 235 2%

(b) pHXINH, Z:BR Y520

9 pHXINH;. PO} £B&#IS M
Fig. 9  Effect of pH on removal of NH] and PO;"
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W h PMS TE R R 45140 T £ DL H,S0, MBS AFEAE, SO, ANREA 4B P, 78 pH 24 8 Fil 10 1) fh B
PR B, NHIP 25 BRRBEAL . X 0T A8 2 i T Fer % 1k i Fe'™, A= Ut 38 5 SO Ak 71 a2 15,
HSO; &8 T 3E A 320 A 2™ Y pH JH& 21 12 BF, NH;P & BRR i pH o4 8 F1 10 119
LA BT . X2 TAE A A SRR EE T, NH EEAEE MRS S NER DT,
SEINHI R A BT e . 24 pH o 2 1, PO (Y MR B A A4 T IR AT B« 1) 2B il A0 ik R 2k 11T
TEA — TP R, AN REAE BUTVE L BR s 2) W Ry HAT LA 5 SO, ~Hil-OH ) b, TH#E
WRPE B R, B ILR 13~ (14); 3) AT e T Fe(1)(H,0))*, T 27 5 1 Fe? Uil
B M pH b, K AR R & O, T HL AR ARk B I BE AR (4x107°) G /)N B R ik
(9.91x107"°) W EERR, Fr A S LA U E E LR DITE,, S EPO; A E T .

-OH+H" +e” - H,0 (13)

SO; +H"+e” — HSO; (14)
27 BAEFNERYRAEN

TR R A S R EALBA B 7, MIARBF G 0 B v i B R fF /PO 5 CL, I A48 T K h

A COT X N F 52, B Fe®/PMS/CIAR R AE/K T & COT MG DL T, LA K CO; vk B & A6 78 AL it
XFNH;. PO ZBREysEma . & 10 AT K1, COMYMIA R ik B A2 AL X PO; 1Y i BR B AT A 52, AT
NH A LB A W B0 Y% P A A COY R, IR P NH T 58 42 25 Bk s M COT e 1,
3. 5mmol-L™' Bf, NHIZERFRDH N 76.8%. 73.6%. 63.9%. MR N AIfEH : 1) COX 7 W
AR K f HCOS, 3% 2 FPEs & 580, & AERIR N, W=l (15~ (17) Uras, B> T SO, A sk
FERY 2) cOT T LA -OH KA i PIE (18)), #ET A2 T NH AT 25 F% -

SO; +C0? - SO +CO;- (15)
CO> +H,0 © HCO; + OH (16)
SO; +HCO; — SO + HCO;- (17)
.OH+CO> — OH™ +CO;- (18)

N, R po;?

100 1.0 =
NN e mAco:
os | —o— 1 mmol - L' CO;~
80 7 ' —A—3 mmol - L' CO~
7 06 L \, —v—>5mmol - L' CO;~
_ % S ~——
E =
& b 044 I o\ \
# 40 O~ " v
\%
02 F L
20 T~
T
0 T
O J 1 1 1 1 1 1 J
0 5 10 15 0 5 10 15 20 25 30
CO > ¥ i /(mmol + L") J2 o7 ) /min
(a) ANFICO2 Y& FNH," PO, 7 i 30 minf i) KRR (b) CO . F MR RXNH, 22 B 520

10 CO; XINH]. PO, k[N
Fig. 10 Effect of CO3~ dosage on removal of NH] and PO;
2.8 [EIEER (HA) 3T EBRHR A
JEFE 2 (humic acid, HA) & —Fp T 1Z 4776 T Hb 3K 1 138 7 19 K SR 7H HLJF (natural organic matter,
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NOM), Xf7KkA4b Bt FE R4 KO, Kk, H2 T Y4 HAWE N 0, 5. 10, 20mg' L', XHARM
NH;. PO, Zb AL SR, S5 R WE 11 fros. BEdE HA W B 938, NHIRY EBRZ 8 — & %,
PO Y BRI A Z 2 . XAl AR T, HAME I —F R TAYLY T, 7 LURINHLSE 45 i
R E E Y, SEUR R PNHE AR BIPE], HaX A BE HA S 5 B0 38 i w3 .

N, R POy

100 § § § 1.0 - =
0.8 —o—RIMAHA
80 |
7 7 —O0—5mg-L"'HA
01 —A—10mg- L HA
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Abstract  This study achieved the simultaneous and harmless removal of NH] and PO;~ and the recovery of
phosphorus from wastewater by using an approach that exploited ferrous chloride (FeCl,) to activate
peroxymonosulfate (PMS) and thereby producing sulfate radicals (SO;,) and chlorine radicals (Cl-) to solving

the very problem. The mechanism in Fe*/

PMS/CI" system was investigated. The effects of different reaction
conditions including PMS dosages, Fe*"/Cl", pH, temperature, coexistence of CO; and humic acid (HA)
concentration on the degradation of PO,” and NH] were evaluated. The results indicated that the removal
efficiency of NH, reached 100% and NH; was harmlessly removed in the form of nitrogen (N,). And the
removal efficiency of PO, was as high as 100% and was recovered in the form of iron phosphate (FePO,)
precipitates at 30 min when the pH of the solution was 4.0, the PMS dosage was 20 mmol-L™" and Fe**/CI” mole
fraction was 1/12. In Fe*’/PMS/CI” system, high PMS concentration, high Fe*"/Cl and high temperature, were
proved to be favorable in the degradation of NH;. However, these conditions had almost null effect on the
recovery of PO, . The removal of NH] was slightly inhibited in the presence of CO}” and HA. The radical
quenching experiment and ESR results indicated that SO; and CI- played a major role in Fe*’/PMS/CI” system.
This study can provide reference for the treatment of nitrogen and phosphorus wastewater and phosphorus
recovery.

Keywords peroxymonosulfate(PMS); ammonia nitrogen removal; phosphorus recovery; chlorine radical;

sulfate radical





