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Abstract

A magnetic phosphorus adsorbent coated with zirconia magnetic fly ash (MS@Zr0;) was prepared
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by one-step chemical precipitation method using magnetic fly ash (MS) as magnetic nucleus after
ball milling. The structure and magnetic analysis of the system showed that ZrO; was uniformly
coated on the surface of the magnetic beads, and the mass percentage of ZrO; in the sample was
about 23%. The specific magnetization of MS@ZrO: is 17.25 emu/g, which can be efficiently sepa-
rated and recovered by external magnetic field. The adsorption experiments of 20 mg/L phos-
phorous wastewater by MS@ZrO; show that the specific adsorption capacity of phosphorus can
reach 18.80 mg/g under the optimal conditions: MS@ZrO; dosage is 0.4 g/L and pH is 2, which is
close to the maximum adsorption capacity of 19.05 mg/g calculated by Langmuir isothermal equa-
tion. The experimental results of adsorption thermodynamics and Kinetics showed that the ad-
sorption process of MS@ZrO; for phosphorus was in accordance with Langmuir model and qua-
si-second-order kinetic model, indicating that the adsorption of phosphorus was dominated by
mono-molecule chemisorption. The mechanism of phosphorus adsorption can be explained by
Zr0; surface hydroxylation and ion exchange model.
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1. 5|8

KM EE TR R BRI R A BEEE IR K, SECEIRE ALK, HRKPERR, A
K IR EEIETS, PSR, TR EMIAE 1] AR, M TEUTER, B ERK
JRE E IR B K, KA R B IR S T 0.02 mg/L BRI E /KR B & 3740, Rk, BRidi2sd N
R BK AR BB T TE2] [3]. ARG RRBER AR BB E DTS didiik. AMESE[4] [5] (6], 1EAE
RIBRTEARG M AR A&VEET7] 8], HXEFATEEAFIRER. W52 ST A m
] RR[9]o WP T BRI . ARG, AT ROyt BT st R BER 2 — o % WL AR B 771 A T
Ml B e AL TI5E, Hh oI R AR ke . Le R AN S M A e S RF m B 24 i
WFFIGR[10]0 R, SEACESE Ny — M AT OB B 25 5 H AR PR 2 B8 2 ki . RIS
(11 BAE A st A2 A 7= A (1) B B i A0 SUE A B A kL, il T A K& AL T AR PR ), XS i
Langmuir 5 KW EIAR] 22.62 mg/g. 48 7KER[ 12 ] 4% FRIRETE GRRBS /2R S AN B IR P 2 T IA 99.75%

W B2 BT A FH B0 B 75 B T ORE G LR TR R LB PR, DRI DAL 23 55, X — ¥ R R
TR BERIAET RO o AR RIX — MR, [ AN ST ER R R e S ION T RE Y BRI R B
FURRBAE, P ML B B 7 v AR R 7 B (131 H TR 2 B B U B AR FesO4 A%, {2
BRANK Fes0, TEE I A E H O R Iky5 9L 14], ANEREAENRETE R 7 A 2 2 M A,
TR E P T2 B IEVE IRIAZ o DA [ PR A KRR AR S B A K R BR(MS)PE v bidiAz ,  HAH
P TR AN LR TE SR L A [15], o ol A T I B ) Ry BRARURDRE o F |l TR BEAK 1 B 85 ORI L 3R
AR/ NER ], AReEK 807, Fx KT AL 16].

A5 DABR B A 55 R S KA SR RORE A%, 8 — 5 A B2 e v 4% 1 S A A B ok S R T Bk
(MS@ZrO,) WL 7], X ATFAE SIS . S RBEE AT 7 RGURAE . B FH ) 46 R R R B 5 k25
T PR AKBEAT R B, TR 052 i 1ol I B 1 = 22 R 3 R B 8 5 %
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2. R 55*
2.1. LEAHREUEERE

SEIOAT A K REBR(MS) it VR SR L), BB TSI = Al SIS 2G5 . SR ES
(Zr(NO5)y), iR — S (KH,PO,), VU/K &40 18 5% (NH4)sMo,0,44H,0), 2 7K ¥ 47 2 86 41 (KSbC4H,0
1/2H,0), ZEEABI(NaOH), PR MLER(CeHsOp), HALFA(NaCl), KERZEEHNI(NaHCO;), BiEREI(Na,SO,),
FAH(KCY), FEBEMgCly), FAF(CaCly), Znl¥hntas, 5 H FigEZEFIERAF .

SCIGFT A S 0055 PRI S A R A T XGB04 AT B FNERBENL, MR BIEH T S GXG-08SD
RIEGESE, o iER AR AR UV-5100 BLERAMT WA e fETE, WM& R KA G IR A F 1J-6B
RUNHK 0 Bl PR 28 55

2.2. SEWFE

2.2.1. ¥R AR BHIR(MS) B R4 B IR ISR A Bl &

FIF TR 200 H LLN RO A, T REG E R 50 N 300 mT #H4TRE 85, 3 A b ik
PRI o ¥ 3% ARG R AR F AT L SRER B ML AT BRBE , #5384 300 r/min BREE 10 h, DAIR/INEEME R K
MRifE, IR . BRESZ S 28 TG ME, BaMT&H, Bvk SR RSk Bk .

BT g MK G BRAURL 55 A RS T V4% 1:100 B[ ELIR A FELL 700 r/min (REFERLEE 12 h, Hidkd
FEHKE 3 mol/L 1) A BN T LA 3~5 B0/ (10 34 P 22 % N 42 pH = 10.5, [ M. 45 3 Ji5 A R S 2R
FI ARSI F AT HE Ay B8 o AR BRI REVED) SR AE BB TRF M L 110C TR 12 h, BRAH ST E (R
F| MS@ZrO, W it ) .

2.2.2. BRI

1) bR ih 2k

R AR R e e s PRV o VAT R PR A P A TR I PR R P2 4 mg/L B I R VA - 23 il 1) 50 mL
WEME OmL, 025mL, 0.5mL. 1.5mL. 2.5mL. 5mL. 7.5 mL [ 4 mg/L IR ShIE W1 28 1
KERBZEL, MESZREMA 1 mL FTESECN 10% PR MERE W, FIA 2 mL SHEREE 7, 18
B IS R B 1S min J5 A SRS 66 FETHAE B N 710 nm IO B H0E £ FH Origin X AH U5
BRI —AruEr 2R, FrutE T RN

y = 0.49364x —0.00046, R* = 0.9999 (1)

X, x: BEE T (me/L): y: WOBE . R*=0.9999, XUtIEIRIE N 0~0.6 mg/L N, BERREEIKELED
K 710 nm T 5 WISRE BB IR R
2) TR B
e & 20 mg/L HIBERR ERVAVR, J3 ) 1) HHh DN A 3] 550 5 AR R P R B 7], 508 pHL, 7E 23R T 43 31 BA 300
/o AU RE 3 he BEREESRE, (EA R THRIN EIERBOGEE, ShRdEf&xs b, T
WP BRI B R o AR R
n=(C,-C,)/Cyx100% )

0, =v(C,—=C,)[m 3)

A, p: WS Cor BRERPIIKIE(g/L): Cor TIRHIEEL): O WM RE(g/)s v: LI
(L)s m: TP RN & (g)-
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2.2.3. BERBFRIE

i 4 B 7 2585 (SEM, ZEISS SUPRA 40, £8[F)F1 X 2k #7541 (XRD, BRUKER D8 ADVANCE,
rh D SRR R TSR S 2 AR AT R AE,  FE A BOREYE: AE B I IR B AR S RE 1 (VSM, HH-20, 1[H)
HBEAT 53 HT
3. BERETE
3.1. BEMEMFRIMS@ZrO,) W RAE

3.1.1. FEBES

MR REER Ry SR B ERIURL A B MS@ZrO, ) SEM WK 1 firzc. |1 1(a)al i, JREE) MS kifz
K, Z0A(E 10~80 pm, JEMONKIRAL ., KRB, MS WEBRIEAMBRIIIR, A NARNTEAR, [
IPRLAE /N E] 0.5~6.0 pm (WL 1(b)). &85 EEME, MS ZRiH H I4E/NBRL (L 1(e)MIE 1(d)), XL
INFRLFEARASEIN,  Ri4E 2 43 A 4E 100~800 nm 22 8], K [ T4 & B F2.

Figure 1. SEM images of (a) original MS, (b) ball-milled MS, (c) and (d) MS@ZrO,
1. (a) [RYBHEER, (b) BREERAER, (o). (d) MS@ZrO, K SEM Elf&

3.1.2. X-@mETH

st RO AT R A s AR, SRR EEAT T XRD Wt s 2 B, BRERJS MIREER(B)IAT RIS S
JRHEER(C)IATFUEAR LG, A R, URHEREE R 08 T AR RSN TS, FE A H S iR 251
R . (R BREKREER Y XRD 5 (A)E A &AL, B IRE TR KRG ER BT A AT 0%, (HR
ST U (B B AT BT BRI RL A BT Ak, X BLiZ A B TS A B U 7E Rk SR 38 1 P i A . (H A3
HEREMZ, 1£27.62°, 35.41°, 39.16°F1 48.64 Kb I T AT 16 . JBIE X LUARYE PDF v, RIIX 2L
AT S A B (JSPD#: 83-0940) TS RFIEIE . IX Ud B, 6078 7 W4 BR 3 T (1 B4k & /N IR Ay S8 A

DOI: 10.12677/hjcet.2022.123025 181 L TRESHAR


https://doi.org/10.12677/hjcet.2022.123025

HRE &

Relative Intensity (a.u)

Zro, A — MS@zr0,
B Ball milling
C Original
ZrO,
' ' Zjoz zr0,
A
B
C
1 1 L 1 L 1 L 1 L 1
20 30 40 50 60 70
Position (2°Theta)

Figure 2. XRD patterns of MS, ball-milled MS and MS@ZrO,
& 2. MS. BKE MS 5 MS@Zr0, By XRD 751

3.1.3. #ES T

i VSM R [R1 2k (K 3) AT A, SRR OB AR R B0 R R AN BN Rl 5 4 i 7
U AT AR A M VAN SR BE Dy 22.36 emu/g, BUMESE Y 17.25 emu/g, BUSREERA PTFRAC. X0 K 9 Wik 3% 1
B 1 ICHENE R A, AR AT S RV AN 5 AL AT A SR B BB LI 2008 23%. B4R MS@ZrO,
RIRENEA P T R, BT 2 e gy B A SR . el 3 rP R R AT R, AN A B T R B T 3 e A
WOy, RSB BRI AR A A AR A B2
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Figure 3. Magnetic hysteresis loops of MS and MS@ZrO, (Inset: photo of the magnetic
separation of MS@ZrO,)
3. MS #1 MS@ZrO, BYHiF EI 2 (& : MS@ZrO, i B F)
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3.2. WEIRBHERERR ST

3.2.1. MS@ZrO, By IR M4 hE

4 R ANFENEW pH T MS Hl MS@ZrO, % Z B BS 1 It & o e IR, MS Xl 85 -1 (1 I B 12 e
595, HAZ pH MmN, i bR UGA #) 1.68 mg/g. 1M MS@ZrO, (1) LW I B AE B it 26 A T iE 17.4
mg/g: W FIBINE N 0.4 g/L, BEEBORIEN 10 mg/L I, pH=2. BEWIHEREE pH I8z s/,
Y] MS@ZrO, B I 52 pH HISCIAECN B3 . MS@ZrO, HITE R 564 W B 2k 5 5t £ 7T B2 R A ol
W B 2 Bk [ T R A B I ZrO,,  ZrO, B BEAE pH 2~3 4640 N &AL 17].

20

18
]

16 ./ \
14 .\ MS@Z10,

12 T

10

|
\
l\.

Adsorption Capacity (mg/g)

Figure 4. Adsorption performance at different pH
& 4. [ pH THIMR P BE

3.2.2. Zr(NO;), A E X Ik MR H RN

Tt I P I 36 2 BLAEE AR [) Zr O 60 7 58 ) T P 0 T R W P 8 AN [ 51236 45 SRR BA (1K) 5(a)) s
AL TIE 20%2 B 1R BRSO 5 0 R RS, RN 23% ORI i, £ 12.20 mg/g. 4 ZrO,
L7 TR 23% IR BRI AN S5, K R R AR R K Bk 2 THT e 1) o IR B d i, R R
FLRTHAVE B, 900 ZrO, (78 5 AN 2o 380 0k 25 15 W W PR SO Py Bz i s A P TR s P Bl R B 2 SR
Bz, AN 1.59 mg/g, SXAEM T So MM HHE A Tk R T B PO R B 23 SR T RGBT (100 /K R SR

3.2.3. HAMENR 74 o0 25 IR BHEUR A9 R D

SEBRRLH B0 2 R Al R BN EE MR RS IR S mg/L MBS B
K, TR FF NN 0.1~0.6 /L BEATIRFHSEES, SRIGat Rl 5(b), #WER 0.5 g/L i, LR
83.42%, INEN 0.4 g/L b, EBRZFEN 82.92%, LK ERFBHEIT . WFIEMERIG I, T AL
WpEZ 80, H LR B dsb, IR B2 R R B AR ARG . FESERRN R, BEEARAIE b R 2
HRAEEAINE.
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Figure 5. (a) Effect of ZrO, ecoating percentage on adsorption effect; (b) Time-adsorption rate curve of different adsorbent dosage

5. (a) Z10, BB EXTIRMIIRAVFN; (b) AEIWRHIFIRINEHIESIE] - IRFH Lk

3.2.4. MS@ZrO, B MY EO I8 T B 2%
MS@ZrO, X i W B 45 26 i V) 6(a) Tz - R A Langmuir A1 Freundlich #5785 I it 45 35 2% 1) i 12t
1THE (5 6(b) A 6(c)), Langmuir A1 Freundlich W P #5782 8 200N «

C./Q. =C.[ Qs +1/ (K, X Dr ) )
ngC,:lgCe/n+ngF %)

KA, Ouay: 3T Langmuir 77 25 H 15 KWK & (mg/g): K;: Langmuir % %(mg"); K= Freundlich
Al gy
WA

(b) - (©

19Q,
>
¢/, (gl)

= 298K

Langmuir fit
= = Freundlich fit

. L . L L L 1 ! L | L I
0 5 10 15 20 25 -1.0 05 0.0 05 1.0 15 0 5 10 15 20 25
Ce (mg/L) IgC, C, (mg/L)

Figure 6. (a) Isothermal adsorption line; (b) Freundlich model; (c) Langmuir model
& 6. (a) FEMWMIZZ; (b) Freundlich #£#!; (c) Langmuir {23!

A Langmuir 2536 77 FE L& 5 2 B9 A% R 3L R = 0.9979, KT Freundlich 258 J7 P40, & 15 B AH 54
AR = 0.8380, Ui MS@ZrO, WK it i )3t F2 5 75 & Langmuir B8, J& T 5.5 1 2T 18] B Langmuir
SR T RE AR AR KT BN 19.05 me/g, 55206 KAH 18.80 mg/g $23k .

3.2.5. MS@ZrO, B B H IR B =Y 3
18 Y HE— R AN HE — 203 J1 R SRAT MS@ZrO, W b 1 I FRREAT A 7, 7 RE IR
HE— BN 2R
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In(Q,-0,)=mQ, -K (6)
1 5 2R
10, =1/K,0: +1/Q,
K, Ky Ky: W ERE H([g/(mg min)]; QO ¢ B ZI W & (mg/g)s = WP IA],
MG MS@ZrO, Wi A I8, & 5 SR (P8 7) T 0, S8 B0 5 v — 2 sl Ja BB (R A 2 R 30N R = 0.9785,
SYE TR IR L R B RP = 0.9985. WAR, MS@ZrO, W Bl (it R BR 745 & v — 4 zh oAy, R
MS@ZrO, X 1 Pty B =5 2 A A0 22 B I 2

O]

12
°oF . (a) - (b)
I 10
0.6 -
04| __8r
—~ Tg’
9 oz} 5 el
g E
g £
= 00 E 4l
02|
2+
04 |
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Figure 7. (a) Quasi first order kinetic model; (b) Quasi second order kinetic model
7. (a) E—RENNFREY; (b) EZRHNSIFIEE
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Figure 8. Effect of coexisting ions on phosphate adsorption rate
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3.2.6. #7FFABAE TR MS@ZrO, W K7k Fr i%ER = A9 R

TR — A S A AT, W Cl. SO . HCO; « Na'. K'. Mg™ fl Ca®'%%, X Luf
FHES T 1T B8 2> PRI PR 70 Bl IR Ak AR R Bt o SR 00 e O AL 8 %o Bl IR B PR 52, 3 ) 3 R SR VA R (S
mg/L) A [F] R R BT HE R SEG, 250015 8 From. M 8 sTELEH CI'v SO, « HCO; -+ Na'Ail
K HIFEAEXT MS@ZrO, WL Bt 7K A B R 6 0 0 THT 2 AR M k55, 7T LLZBE AN Mg” fl Ca>" St MS@ZrO,
W B K PR IR 2R AT — R IR MR, X EN HCO; « Mg il Ca” IIN IS & SEUA I BR TE G 58, {12
BET MS@ZrO, X /K B R R I B« SRIR 25 SR IR, MS@ZrO, MR it 7138 F T 52 4 K Ak

3.2.7. MS@ZrO, B M I8
WA 2N /1 22 AN BAUAT R, MS@ZrO, HIBE I 72 BL 7 7 R A2 I v o el TR B 3 22
HRUFTRE G RITHT ZrOy, T LART LU 7K A S04 5 W B Tl (A WL KA R R R B B 7). MIS@Zr O Yof 128 P W Y
WU o S R PR A0 e 2 T R A 2R Y, LR IR B AR W R R rh e 2B R R I [19], KRB

N 8 [20]:
aZrOH , +H PO, +bH'

aq (aq)

= Zr,H,PO,, +cH,0, +(a—c)OH’(aq) ®)

MR MRS W F B AR A E R R A8 MK pH BN, MERIMRES
PR F AT LA IE AT SO, RAIN L 9. RILAERRTE S R, SR it KRN S A0 B X B 1R & 19 5
TR, AP SOR A E AR sy, IR 8, MR AL T 3 AL, 0 AR ) [
WAERECAMGE[15], ERMRHRACRAE % . R, B8 pHIGK, RiHEGAdA. — 77 OH & b5f
AN B AR R T s e L, AN T BRI S SEEAT (21 53— J51H, 7E pH v 2~10 JEHEN, BERELE
TR R 3 B o O 1) H,PO, fl HPO, , 33X i i 2 3k [ 25 7 B8 {0 ) 368 3 i P R 51 R P 72
MS@ZrO, %, HARNIEFE L 10 f150 11, SEORMBCRAE.

Zr-OH+H" — Zr-OH, 9)
Zr-OHj +H,PO; — (Zr-OH; )(H,PO; ) (10)
Zr-OMj +HPO;™ — (Zr-OH; ) (HPO}") (11)

GEAR S, LA MS@ZrO, FITEFANIEL A : Zr0, FHHILM - B TAcHr.
4. &g

1) AERES J5 BIR BEAKREERAE AR, 38— P T IEVE R 4 T MS@ZrO, MW B 7. A% i
FEREA SR BE N 17.25 emu/g, WIERGIATE R T SEIR = 00653 25

2) WRBHRIGR I, MBI RIKE N 20 mg/L. MS@ZrO, i PEW I IS E N 0.4 g/L. pH=2, L3
B =B B 18.80 mg/g, H Langmuir 2536 7 FE TS A H ORI B 28 19.05 mg/g. ¥ pH. W 77195
o2 5 D] 2 0T Tl WA P R R

3) W B P g A B B )22 528, MS@ZrO, FH (KW B 2457 A Langmuir #5784 R B — 2%
1A, DL T IR R B A . AT RERI B SO HLER : ZrO, R IR IEAY - B9 128 e

mBEEE

ZRUE HARHEIE S (1908085ME127); KA AR Gl i Mk 6 45 8 Bh I H (202110361076); B 5K H A%
41 F(51374015),
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