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B ER . B FERRERGEMI T Ca-Fe YKE SRR KR PR LBRECR R, Wk
Ca-Fe KA AAPRI KRB ZBRALH]
1 MRS5HEE
1.1 SEWRFISHR

SCH T B 4 R £5 (Ca(CH,CO0),'H,0), JR £ (CO(NH,),). & —- B ((CH,0H,)). & 1k ik
(FeCl,-6H,0) . &bk (FeCl,-4H,0). S & ALHN (NaOH) . Wik —E4N (NaH,PO,). LB (C,H,OH) ¥ 443
Pral, WEFEZGERARARAR, S LB FK.
1.2 Ca-Fe ERiMMKRE SMRIEHIE

2 QA5 J5 A B A8 o R T BIR 1A KB b v T A 22 LA A 5 AR A P % 0.53 g (3 mmol)
Ca(CH,C0O0),"H,0 Fi1 0.18 g (3 mmol) CO(NH,), 7l #f#F 25 mL F1 5 mL &, SRJEH LiREs
WOMAZ] 100 mL BB . ARIR A5 5 BB Bl b SOvi &8 (B i D13k 800 W)
W, TE 50% BRI DPR TR 10 min, RVESHFIGARHMEER, Hr=YH OBk 3 Ik, RIGTE
40 C FilfTEZ T, RS amnaRiA, PR S R RTIRIARE TS, 78 500 C a3 RGP BbE
2 h(FHEER N 5 C-min"), FRIGZHEEM AT

YR PR = ERAHI & . SR A B A AR R 1. 4% 0.54 ¢ (2 mmol) FeCl,-6H,0 1 0.20 g
(1 mmol) FeCl,-4H,0 #A%#T 20 mL Z ", # 0.32 g (8 mmol) EEALANZMT 2 mL /K, &
Je ks _EIRVEWAE 100 mL BB MRS, B TR R Ngs T, 78 80% MA i th D3 T R
20 min, RWVZEHG, W EER, HOEERREEITREIRLE 60 °C F2s & F T, JAFg9rRmueit
=Ek,
Ca-Fe SEMEAORE AABHAHI% . RIS REER SRR, FREL 0.12 g DU =2k 0.25 ¢
iAo A 2 ABER, 43-5IA 10 mL ZEEHF TR SR LA 2 FaliddR & . %, Jf
TEES IR P 30 min, SOVESHRFEITEL OB, TE 60 °C &0 P TEZS T4, K75 Ca-Fe 40KRGMERE &
kL

SR A R, H EA R FRE
B R Ca-Fe R AMEL, HEAMERT
ST, PGSR TR PR TR FeOde  RUE(FeO)%

x1 TREMHGHR

Table 1 Different loading rates of synthesized materials

T REEIEL (ICP-AES) Wll5E Fe Fl Ca 7 &, C-1 0.125 0.12 417
WA E A Fe,0, BSEbringR, H c2 0.250 0.12 24
REERILEE 1, FEfeeesciad B, BRir sl c3 0.500 0.12 11.9

Gb, I RRARRAS C-2,
1.3 Ca-Fe BRI E SRR IARREIERR
PEBEIR — S8 (NaH,PO,) Il T 2555 FKBC BRI S B K &, S R s i S e /K 43 ot
W B2 WS . (E M SEab s FErh, B 50 mL 1 mmol- L™ (& B K TRk, ] 1 mol' L™ 1Y
HCI H1 NaOH & 1 & W K B 46 pH A 50 mg WeFfF5], 785 FRPeAr B TR R b, LU
150 r-min”' JR7H UV 24 h, FOWVZERIGERE, HH 0.22 pm 383008, FHMERAOTR T, R E AR
AT T, DT, AOC pHL HEfbES Rl APEUHE . RREIBRRIGIRIE . MR T (KT Mg™,
CO,”. SO X AWK BRBEAFZ IR AR IRIFSY . 383 SHARER S G e Vi h Bl 15
FIrA SERREHEA T 3 Ik, BOLFHA(E.
1.4 SHEE
AHFFER A X FHEEATHHMY (XRD, D/MAX 2 600) JUER R 2B TS PR A4 ; i #2141
WY (FTIR, INVENIO) XA EERTH B BRI 7087, RADGHE FRERE{X (XPS, ESCALAB 250Xi) 74t
BHTCE NS I RS T B WS (SEM, Zeiss Gemini 300) WRESRE S ITESHARAE ; St LR
Y (BET, ASAP2460) Il5E MRk LR THARIFLIE 04 s SRS EEEEL (T2602S) I RE B 5t
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2 GR5VE

2.1 Ca-Fe E4UEKHME SMRIBISRIE

El 1(a) MIKIRES G138 Fe,0, BIFAY XRD 3%&. ATUL, 29.41°, 39.40°, 43.14°%7 & HBLIAT HHIE A
Jrfff (JCPDS 05-0586) [UAFIEIE, WERIZREE HomFl, RUISCE TG R CaCO,(rflA) HA RIFHIZE &
PEo S MBS, BT AR RSN, 78 37.07°(222) AbH L T T ARIENE, R Fe 0,
(JCPDS 85-1436) H4FIERTESIG . Bb4h, lad FTIR Xpr=#ik—440 81, WE 1(b) B, 7 713, 876
1429 em ™' LA PR T 07 fife A hBkIRER Y R i sl ), 1795, 2513, 2870, 2978 em ' AR
VERIRIRER Az S A LLAMGRE T Rl — RS T A AFEAE . 113 Fe,0, ZJRIME AR

e CaCO CaCO,-Fe,O
° AF6304 3 37 MYy
CaCO,-Fe,0,

° e © o oo
A o® CaCoO,

® W’\V"‘

CaCo,
R M
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26/(°) PeH/em™!

(a) XRDJ&j% (b) FTIRE %

(c) CaCOBHEHISEME () CaCO,-Fe 0,5 & bHEHISEMPE

Fe

5 um 5 pum 5 um
(e) CaCO,-Fe,0, 5 A 1 FH ) Mapping 737 5]

El1 CaCoO, ZRF5HEATM CaCO,-Fe,0, &AM RIAVLERMFLEMAIRIES T
Fig. 1 Characterizations of hierarchically structured CaCO, and CaCO;-Fe,O, composite,
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5 HEEAR L, FZXBITE 590 cm ™' BT HELT 1 AMECTERIM, 2Nt T Fe,0, MPUE 4
AL AN ALY Fe-O B A Hi A IR sh AL L R sl = 4185 634 em™" BRFIIT HY B A4 I WiC 06 UH 1R F—OH iR 3
UM AE 3430 cm™' T 1 080 em ™! AEMIALIE KoK A EORI—OH B BB A IR BIFFEIE, FTIR FARLS
SR, mi A NS RO SRES T T Fe,0,- CaCO, EA 1%L

it — R SEM X il & 0 7 A A S AR TIE SRS 73 it . B IE] 1(e) AT UL, Tl & (4 7 il
A1 CaCO; 8 3~5 pum ARSI RGAEBRIREEH , I FUMCKESHIAERR Fi ZFLAIK A AHE A XK A TR
& 1(d) AT UL, 7EREAEEIA Fe,0, 5, JTAa MIAEERIREE MR R AR W s, SRR 1H R IR O B A7
1E, SEM Z5H Wbl ALl 4 Fe,0,-CaCO, E&HEL. Kl 1(e) HEAH#HK Mapping 7
MEL5REH, Ca, Fe, O, C HnRam TRk, Xit—2Uif Fe,0,-CaCO, B AMEHI L.

FIH XPS /i B AW ROTE A MM 5454 . 18 2(a) i Ca-Fe 3L AAPRHY) XPS 42i% . HilA 2(a)
L, EEMEEA Ca, Fe, O, CITR. ¥ 3(b) ' Fe2p 1Y XPS /HEEEERI, 1E 7102, 712.2, 723.5
H1724.7 eV AbH LG5S Fe?' (1) Fe2p3/2. Fe' [ Fe2p3/2. Fe* 1 Fe2pl/2 Fl Fe’ Y Fe2p1/2 (A
S, SERIERAY ALY L Fe* Fl Fe RGN, Fe2p3/2 MR IEXT Fe,0, BYEALSI MU, il
KPR IR AEIEAS . — BRI, Fe2p3/2 TRIEAINIE L FIEEUE S 6 eV, W] Fe A+2 fr; 25(H N
8 eV, W Fe J+3 M7, Frfl#nE AR Fe2p3/2 i TAIEE (718.9 eV) 5 FIE(H (712.2 eV) ZIEIAY
F(H N 6.7 eV, FWFEIIAEAE Fe* M Fe*'. [Hitk, XPS /Mgt fit—HR I Fe,0, MM T fif, B
i Ca-Fe JE4KEZ AL, IH Fe,0, RIEASLEMR il FEh A% B2 k.

Ols
Ca2
Fe2p P
Cls
1400 1200 1000 800 600 400 200 O 740 735 730 725 720 715 710 705 700
iageV N Y
(a) CaCO,-Fe,0, F G KHIYXPS 22iik (b) CaCO,-Fe,0, & A M iFe2p Rl 1%

2 CaCO,-Fe,0, EAMHRIH XPS &
Fig.2 XPS spectra of CaCO,-Fe,0, nanocomposite

T A b T AR SO A4 ) B 3R T AR LR R T 0 M. A&l 3 R, 2907 i Al CaCO,-
Fe,0, E G MEHY N, - R 2 TV BIZEH, S A MBS REIS LI 2114k B . (i fe [l
W, KHEARAEAE ALY, J7 A EBR I CaCO,-Fe,0, B A& #HRHK H 2 i AL A FLAR AL 43 51k
717 m*g ", 0.02cm’ g A1 57.79 m*g', 0.35cm’ g, HITACKREEA 1Tk, ESMRHIK R mFIFL
IRFENN, PTRAEE ZATE NS, AT IR LR,

H & 4(a) AT WL, Ca-Fe KL SAPRHORELIRE K 18.50 emu-g ™', E-AMELEA RIFHIRINE, BELH
SEMEME G THE BT 2. 1R 4(b) EDWA S TR BHIRERIN., ZAMIMEE B, ARIREIS Rl 1
VRS T, LA ESSHRE, ERIS Y Ca-Fe JEREVEGK S-S FRHELAS BLIFIORE S B TERE
2.2 Ca-Fe EHURRLME SRR ARSI AR IME R

ERNARR S, AR pH F PO HANFMAFAIE, R R 2w f far A ANl . R,
B ERIT pH XA R L BRBE 2 (BRI ER R BE ) 1 mmol- L™, KANET[E] 24 h), W&l 5(a) Fis, 4
pH Ky 3~6 I}, RAMARBEEA R ZERR, JHBERLR pH BT B0 bR B2 AR
B FEVILR pH N 6~8 I, BEAYEBRFMM 77.21% il FRFEE 31.39%; X4 pH KT 8 i, TR, w
RVJE pH T, ERNGEAEPPA SR pH 501t pH A ASRIFREE ARSI, B0kt AFRtY 28,
TR EARRE) pH FEANFNERE ., EREAT, o AR RNERE, 4 pH/NF 6.5 B,



9 1 FAES: Ca-FelbRiMAUKRE AR BIRK AR Rl i) 25 i [T 2941
20 0.04
—m— [
16 - —— fi -
~ 003}
z £
en =
+ 12 &
= - 0.02F
| 5
B = ool
4+ ~
ol . . . . . . 0 . . . .
0 02 04 06 08 10 12 0 50 100 150 200
HHXFHE S (PIP) fL#%/nm
(a) CaCO, R fif A7 /WL - A W S5 TR 2R (b) CaCO LY Jr AT FLAR ST
300 - 0.5
250 | —=— MR ~ L
~ —e— fiN Ié‘\ 0.4
[ | [S]
:: 200 5 osf
S 150 f -
ﬂg 5 02+
= 100 F E\
50 - = olr
of or
0 02 04 06 08 10 12 0 50 100 150 200
AHXFHE S /(PIP) fL#%/nm
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Fig. 3 Nitrogen adsorption—desorption isotherms and pore size distribution of CaCO, and CaCO,-Fe,O, composite
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Fig. 4 Magnetic hysteresis loop and magnetic effect of the CaCO;-Fe;O, nanocomposites.

#id 50% B RA, FRESRCT B EELL H,PO, N E, Ca®™ 5 H,PO, A WUiiE, MImscEixt
TR R, 24 pH N 6.5~7.50F, A 109%~20% BT A A1, 7 5 2m i e s F s
PRI 2Bk . FEBMEARA T A LN R AERSAR, [FE OH &S PO PoAESE S, M8 &
BRomRefil, 25 DA, FEm bRttt , O b Bict Ca™, it SHERRARIE s B R R
Yy, PHEIERER RRR; BEE pH IR, Ca> MIREHGEIR/D, FEOHAZR Pk BRI,

%l 5(b) HALERIR A F Ca-Fe JEE AMED TR L PR RBER MRS L (BRAWIH R 1 mmol L™,
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SNHIUE pH A 5.0)0 AEERIR 7 it R (1) BB IR A SBT3, SISk 1 h, BEREBRE R
26.7%; TE 1~4 h N, EBRFEILF R, SBUHERERES; 78 4~24 h, TR BRABRR AW T &, <
N 12 h G EBRARIAE] 80.7% . LU LZEREM, i B n e it 322 A AR A ROVET 1 h N, TR Bl SO
RGN, Dy R Ca> SRR A AN, TR bRt — TR . Ca-Fe HYIKE S
PRI 2Bt SS SAE BRI DT f A U L—8. SR, AERNHETTE] | h, BAMEXKIAR P8 LB
BORI RS T A, 12 h J5RBRE T3 86.7% . HAMBIRIBHALERRE T A EER, J&H T1E Ca-Fe
BAMEIE G, Fe M5 ATFEE SARRIIE MK EENZNL, MRS T Ca-Fe A HRIER T
HL TR, IR R 4SS BERERS:, I T Ca-Fe &AMk SHERRER A BUASS L B 2 24230

120 12 100 [
100 F S 111 wl
80 - 10
& = S st
% 60 9 \é i‘%
40| g—a—e—1—F {s = 40+
L e EBRE _ —=— CaCo,
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Fig. 5 Effects of different factors on the phosphorus removal of nanocomposites
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MR PR XK AR B S BR AR (BIRAROAEE N 1 mmol-L', SUS0IER pH=5.0, SZALTE] 24 h) UL
Bl 5(c)o BEH WA R AW, AR BRI B . SRR 0.2 g L7 Hy =
0.6 gL I, BEIEERR 67.4% N 90.7%. HHEWIMFIKEERAFEHIR, LRRZBEAEPF-fr. XIEh
TREE WA ESE I, EZ R AR, SRt T AT, RN pH BB LT
o ROIESRAT AP LERR RIS, AR AR PRSI iER 1.0 gL

PR AIIG pH N 5.0 R4, SRAT
BRI fa e BE X A2 AR S BRI R . 18] 5(d)
R, EEIRAIET, HPGHE N 0.1 mmol L™
HERZE 25.0 mmol- L™ I, A2 BIRIWER) LBR A

2 ERMIFIX AR RERIEL S
Table 2 The phosphorus removal performance of
different Mg-based sorbents

KM 2.01 mg-g ! SR AT 18921 mg-g ', Ca- ok WitipH EBRAE/(mgg") 7% 3CHk
Fe HEAL bR AH B 2 bR REIE R T Ry it s 65 0.10 2
(92 BR 255 (0.10 me-g )P, i FSCHk s Ca/FeZ G} 5.4 161.40 30
i) Ca/Fe &M KE (161.40 mg-g ), LB AR kA 7.0 160.94 32
Ak (16094 mg-g )P, Bk Bl M RE AR AT BEBCHERER S 7.0 71.05 33
(71.05 mg-g | FALBEEREVEAE e (149.25  qustackmsbe s 3.0 149.25 34
mg-g )| La-Fe S (123.46mg-g > (£2). La-Fe2 1L 7.0 123.46 35
141 5(e) Jy Ca-Fe JEEL A HAHT Fe,0, H1% CaCO,-Fe,0, 5.0 189.21 ENTE

Xl R A B AS (BEARA SR 20 mmol L™,

FVARTS pH 5.0, RVEFE] 24 hy, ATLAE 1, RABESRRGOR T A X BRI T R A L BrbERE,
HXH R AR A 218.43 mg-g ', FEEE SRR Fe,0, MERIIAWIE K, AR KA #2255
o RIS XOE R TS Fe,0, ECRIUNN, AMFRIFESE SR T a0 & 2, 3
FEMBDIBE) LR EREIC DR i A e 2 A AR R0 PR 21 = SR

FESERRR F, KRl E S SR, IR T K Mg, CO il SO X ARkl bk
BERRE . FRIE SO AT, FEARRIONZRAE T, IEAFEs RIS B AN RIS S A AR R PR RE ™ A
—SERIFER . UBEARILAHE R 20 mmol- L™ i, KX ZBRICIE MR, SR Mg® STt 25BRrsA:
SAHIEIVER, Mg e 2 mmol-L™' A1 10 mmol-L™' B, &2 AFRINIHE LA R 5] FIFEE 15431 mg g
M116.47 mg-g™'c XUTRESEHT, AR pH BEE R TAWRT R, Mg™ &K A 2 8 b5
AR, FEARRIERRY, IR A B BRUKARRE 1, B AR L BRFFEALE, ]
B &3 CO,>Fl SO XA R B LR BAEAMBIEN, JFHKEE SO MR, X8 pRraImHI/EH
AW, Ca® 2555 CO Al SO ZATTER N, COFl SO>S H PO, S ERMGEd A&, M TREEH
B H, PO, AR B
2.3 Ca-Fe LKA E SRR LRI

J T k20 BB Ca-Fe JE4 40K 2 & A BT B 09 5 BR AL, @4 XRD. FTIR. SEM. XPS
S SRR IS B = T 2AE . IR 6(a) s, XRD 45 FEMATERIIAHEE ] 1 mmol-L" 345
TIPS R LR A AR B AR X AT e T SRR B B 22 LA A = ek . it
Gb, RN A B RS AR R R P T RE AR S TE e, 3 XRD TCAERRGIN . BRI iRk
B4 20 mmol- L' A, FE#FE 11.68°, 17.97°, 23.39°, 29.25°%:A & EL T CaHPO,-2H,0(JCPDS 09-
0077) HIAFENE , FBILE RN IR R iR H PO, 5 Ca® & AEAb2E W A2 i CaHPO,-2H,0., Y4},
XRD EEHRIR T LIINE] Fe,0, FIFHFIEAFAE, ULIHE SARIIY Fe,0, 7RI LR A LA B B AR
b, IHHIN JEHAR A RGN, v RE s B AN =Y T A SR . G551 S 2 PR 2R S IR 4 A
WM, Ca-Fe R AW BHE RN IR LAR B B Selad I E 8 25Bk . B OB i T, B FE AR IT
FEAT DVRFIRACERANKEE A, Ca-Fe LR BRI A P K SR iy Ca®, iRl 7(a) W 0L, i
RZ T Ca® BT RIREEAE RN 30 min J5 B B3k 228.2 mg L'y SULFEING, J5fiffa 97K gsHE T — i
H', SEUNERR pH BT, K 7(0) SR, VAR pH WHILRF B 5.0 Z2AZ 4T 8.2 244
TERNHEAT 4 h J5IRR pH KT 7.8, A H, PO, FE L, HPO M IERAEAER ., Mitk, [NAKZR st
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+ CaCo,

2 1-L! -F
] AFeO, 0 mmo CaCO,-Fe,0,
|

20 mmol -L-' CaCO,-Fe,O,
A '

mmol - L-! CaCO,-Fe,0, 1 mmol - L' CaCO,-Fe,0,

* L]
1

W A SIS oA

L]

l CaCO,-Fe,0O, CaCO,-Fe,0,
M £ o A

| CaHPO, - 2H,0 JCPDS 09-0077 \ ’ \’ u N

I I
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20/(°) Pe¥em™
(a) CaCO-Fe,0, 5B 2 J il 2 R I XRD L (b) CaCO -Fe,0, 5 17 I i HYF TIR [ i

E 6 CaCO,-Fe,O, FERNEREMIRKE T8 XRD 1 FTIR EiZ

Fig. 6 Typical XRD patterns and FTIR spectra of CaCO,-Fe,O, nanocomposites after the removal of
phosphorus at different levels
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Fig. 7 Ca and Fe concentration and pH at different time

BB TR Ca>™ 5 HPO,> 2 i /E /. CaHPO,-2H,0 (20 °C I CaHPO,-2H,O FY % B FL % £ 4.3x107),
B A RRE 2 S-S LR SC BB R 2R, 8] 5(a) SR SR B BRAE RN, 1~4 h B H A5
W, RGP A SRR AT TRV 4 h PIIRRIY pH £ 7.3~7.5( 7(b)), BLEHAW ) H,PO, " %
PL HPO, IIEAEAES, HT Ca(H,PO,), EFEERCR (20 °C B Ca(H,PO,), MBI ECH 1.8), AZrk
ghih, SFEUNAT . (EARERENE, RNVARPELR Ca Biltdses, SAM Fe WL T 0.01 5 mg L™
(E 8(b)), EKIITERNLIRET Fe,0, PR, ARITFREYIBAIEIL.

TEA RIS G E R FTA3r~H10 FTIR FEHENE 6(b) Fias. TEBEOILGEHE N 1 mmol- L' i, Fifr=4y
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Fig. 8 SEM images and mapping analyses of CaCO,-Fe,0, nanocomposites after the removal of phosphorus at different
phosphorus concentrations
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Fig. 9 XPS spectra of nanocomposites after phosphorus removal
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Crystallization recovery of phosphorus from water by Ca-Fe based magnetic
nanocomposites

YU Shenghui’, WANG Yan, ZHANG Yuanzhao, FENG Xinyi, GUO Junkang, ZHANG Lei

School of Environmental Science and Engineering, Shaanxi University of Science & Technology, Xi'an 710021, China
*Corresponding author, E-mail: yu2008hefei@163.com

Abstract Human activities induced the loss of non-renewable phosphorus resources into aquatic environment,
leading to eutrophication of waterbody. Crystallization recovery of phosphorus is crucial for wastewater
treatment, surface water management and sustainable development. In this study, Ca-Fe based magnetic
nanocomposites (CaCO;-Fe,0,) were synthesized by microwave-assisted reflux and ultrasound method. The
effects of solution pH, contact time, initial phosphorus concentration, coexisting ions on phosphorus removal by
magnetic nanocomposite were systematically examined by the batch adsorption method. The results
demonstrated that the phosphate could be effectively recovered from water by CaCO,-Fe,O, nanocomposites in
the pH range of 3.0~6.0, and the maximum removal capacity of 189.21 mg-g '(P). The phosphate was removed
via sorption-crystallization coupling mechanism, and in high phosphate concentration effluent, P was harvested
in a CaHPO,-2H,0O form. Considering the easy magnetic separation, high phosphorus removal capacity and
environmental friendliness, the prepared Ca-Fe based magnetic composites have potential applications in
phosphorus resource recovery.

Keywords calcite; magnetic nanocomposites; phosphorus; sorption; crystallization recovery
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