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Adsorption characteristics and mechanism of phosphate

in wastewater by iron-zirconium modified biochar
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Abstract: Aimed to control the eutrophication of water at present, a new phosphate removal adsorbent ZrFe-HBC
was prepared by using Penicillin microbial residue as raw material to prepare biochar, then loading iron and zirco-
nium ions on the prepared biochar by co-precipitation method. The characteristics and mechanism of phosphate ad-
sorption in water were studied. The results showed that ZrFe—HBC had a multi-level pore structure, and iron and zir-
conium ions were bound to biochar in the form of oxides. The adsorption process of phosphate by ZrFe-HBC met
pseudo-second-order kinetics and Freundlich model, so the adsorption process was chemical adsorption of multi-
molecular layers. The adsorption capacity was 18.26 mg/g at 25 “C. The adsorption capacity of ZrFe—HBC increased
with the decrease of pH, which was suitable for phosphate adsorption under acidic conditions. The coexisting anions
would compete with phosphate for adsorption sites,and CO,” would seriously interfere with phosphate adsorption. 1
mol/L. NaOH solution was selected by experiment for desorption, and after five adsorption—desorption cycles, the ad-
sorbent stilled maintain 78% adsorption capacity. The adsorption mechanism of phosphate on ZrFe—~HBC was ana-
lyzed based on the adsorption experiment and characterization results. The results showed that ZrFe-~HBC mainly
adsorbed phosphate through electrostatic adsorption, ligand exchange and surface precipitation.
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I4) B T2 6 W o4 B 5 2 R AR

A 5T DL B 25 TR R O ORI A A W ke, B
5638 3 B R B v VRO O T R R A AT T AL &
B SRU AR AR L T TR Ve o) & v FL IS Tk A= W o, SR 0 LA
YT VE R AE TS AR Wk b Bk L A R AR B otk
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FHBER — S # R PO, =P BT 5 ¥ B 100 mg/L
Y8 T2 R VA VL, P L R S 36 5 SR R R AN TR Ve

HER BB A AR TR 25 E R, LR
TREC O, O A K ORI (1 ORLZF 4k SORLAR D5 5545 Bl
W, FKF80% i Ay o H L nl J5 42 80 “CE XL T
BEFEHET E 0 BE S MR 60 H (0.25 mm) i , 78
TSR .
1.2 BEEYxREE &
12,1 &SRB & EH R H &

VT B 2 TR AR FR A G AL AT 1 1R
TN B, A 8T K, T #E B AR E B
2 h, 3 P45 G T B O ML R BRI K T AT [ A
B 110 CHEFS HHE T A5 8 0 L R B . T
T AL A BT A S RS S AR
SR L 10 °C/min THE 2 600 °C, I 76 IR B R
FE2 h, FE RN G5 e B2 =R 5, 3 mol/L#E
PRV, B0 B T A R L B KIS Uk &= b
FERET 15 21 5 FL B v AR 1k HBC
1.2.2 %k AEMA Y R &

B J AL ES I = S fb ek LIEE S T RN R
7:3 R 0.1 mol/L, il A% 200 mL 25 5 F /K H
FATIREIE A 2 g HBC, ZERL St PEgs FHEFE T h,
SRIG B A 1 mol/L NaOH 5 1 4 %% pH & 10, 4k 4%
PEFE 1 b, 5 1R R B B 30 min, i 385 B Tk
S GV TR EA 2 L R T v R RS AT
T 110 CHERE TP T A5 808k BS et i% ZrFe-HBC.,
1.3 WRHTEIE
1.3.1  #1% pH 3t ZrFe—HBC & M 8% 82 2 49 3% %

FREL0.05 g ZrFe-HBC T #EFE IR 1, Jin A 20 mL
PO, P W) B J5 59K B R 100 mg/L A4 B iR 26 5 i, I
TR EG pH M 2~12,7F 25 °C 200 r/min 2514 F 15 i IR
¥ 24 h, 1 0.45 pm JEHE, I U8 Y PO P
132 BW3hHF

FREL 0.1 g ZrFe-HBC T #EJE I o, Il A 30 mL
PO, =P W) I 5 ¥ 2 R 100 mg/L Y Wi iR 5 5 T
(pH=7) , £ 25 °C .200 r/min £ {1 T 186 i 4% 1% %= B E
B ) A5, 4 0.45 pom B8 BE, I U8 H Y PO, -Ps
133 BWEFRELRMMAHNF

FREL 0.1 g ZrFe-HBC T 4 % i L Jin A 30 mL
— R BN AS R 49 4 o e v B (1~100 mg/L, DL P3T) Y
W R Eh ¥ W (pH=T7) , 73 I #E 25,35 .45 “Cil & 4 14
T, 4200 v/min 5 {3 4R 55 24 h, i 0.45 wm JE B )
FE A UEW Y PO, P,
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4 HHETE I, BEAL4S 34, 45 FREL 0.05 g ZrFe—
HBC THEIEI i A 20 mL PO, —P 4] #f 5 4 vk J&F
100 mg/L (4 W 2 £5 7 W (pH=7) o 1] 4 41 T2
73 53 85 I NaNO, . NaCl, Na,CO, Fl1 Na,SO,, % 21 4% 4
& R W NO,™ L C1 L CO,> T SO,> Ay i 12 9k i 43
%14 0.,10.100 mg/L, 7E 25 “C 200 r/min £ {4 F 10 &
PR 24 h, 32 0.45 wm PEHE, W22 B8 W Y PO, P
135 BHRABLEER

FRELO.1 o W% B0 A1 1Y ZrFe-HBC, & T 50 mL ¥
JE 40514 0.1.0.5.1 mol/L ) NaOH . NaCl, HCI % ¥
W, FE 25 °C L 200 r/min 25/ R E IR R % 24 h, o
0.45 wm JE JE 0 52 38 W P PO, -P I T 5 B

ZJEFRHL 0.1 g fi# W J5 1) ZrFe-HBC THEJE M , 7%
FH TR A5 PF T BEAT IR B — M5t R 3 S 6

2 HRE5WE
2.1 MMEEWMRKBBRERMES R

2o 5, CME ET A HBC X PO =P (416 AN
W 5 %5 1 ok 2.83 mg/g, MU IS B ZrFe—HBC 1 A1 1
B 25 2 3K 1) 18.26 mg/g, T iR 5 W B 1 3 K T 6 4% LA
b X525 TRk B BT R BE IR £ 1Y R RN ) 5 HBC
(T FLBR S5 AR AR o 38 150 T B HE A0 o el bk
AWy e Xt PO P W B 8RBT LR 1 R R AE )
7 JEORE 5 WM T 1 2 T BOW B A R Y 25 5 AR R
YF, ZrFe—HBC Y R 35 W BFPE RE AL

R B A R K R ER A IR B SR
Table 1 Adsorption effect of phosphate on different modified biochar
FE b A= 5 SRR BT W B 7 (LA P ) /(mgg™) 27 K
HBC G S — 2.83 —
ZrFe-HBC RSN Zr Fe 3L HTVE 18.26 —
Zr-BC FARFEFT Ze - A 12.17 (17]
MBC Eifi FeSO, 15 i —#A fifk 24.62 (18]
15 e A i 15 KI5 e By B ZnCl, ¥ 5t - A fift 9.62 (19)
Mg-BC Tk Mg ¥ Tt — A figt 17.10 (20)
BMC600 A7 FEPLFE HL Fe 0, 291 (21)
i 2 N IR A — I B S 6 Xk AR RIS B AR R ATRAE L EE R LR 2.
R2 HUMAMIEEYMRNILBEEY
Table 2 Biochar pore structure before and after modification
i ML RE B (m?-g™") AL LR R (m?-g7) LA/ (em?-g™) -1 4L4% /nm
HBC 991.39 901.45 0.435 1.757
ZrFe-HBC 695.89 507.48 0.335 1.928

Wi 2 Fron , il £ B A5 HBC B A %5 b 3% i
BT — A B R . PR
1.757 nm, B0 AL b 3% w0 AL 4 HBC & b 3% ALY
90.2% , J& T i FLAE Wy o, S B A 1Y) W B ) ik . 3l
it YT PE X HBC 47 4 )8 2k S )5 L ZeFe-
HBC L H 28 1 FL5 AL 28 A7 BTk 2b | Bl fL L 2 T R
WD R S LR N E 1.928 nm, X EH T4
e AL A B A A AR R AL R R R AR T
A By AL 2 T BUMAL B A AL R AL
(14 B 2 T RS T 38, PSSP 5 AL AR AT B RS, {H 2
PEA ) AR I8 T AL AE Yok o DL 25 UG EA kLB R
ey C ) 3k T A o i e S FLBR 2 b R A
o) 25 38 ZE 5 o0 SCAL i A5 AL b 2 T R R R O

e TR EE s TR B AT 4 f 3] g 2 R A7 A5

X 1% B 1T I 1Y ZeFe—HBC $E47 SEM Fll EDS AL,
e il NS I NS

A 1T 0 A B AT OO, W R T
ZrFe-HBC H A KL FLBR 451 , F 1ML BS , Bt & A K
URLR Y . 45 A R 2 BE s A3 BT L A R S B
9.1% 1) Zr 5 8.3% [ Fe 7E 9 it F2 11 , PR 1032 UKL IR
VBT e A AR T AE Y R T 2 R ERES A AL .
I 25 45 1§ 15 ZrFe—HBC B A & 5 14 L 3 1 AR
(] Fsf Sy W82 B 2 AR T R i B Ao R B A RS
A L B B ZrFe-HBC R HDHLRS FE L T B, 1508
T, U0 D G O AL B i R o e, L P R AR R T

UURERL S . REIE 70 M7 7R, ZrFe-HBC R TA I ) 1
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Fig. 1 SEM of ZrFe-HBC before and after adsorption

(a) W BTl

(b) Wt 5

B2 WG ZrFe-HBC B EDS

Fig. 2 EDS spectra of ZrFe—HBC before and after adsorption
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Fig. 3 FTIR spectra of Zrk'e~HBC before and after adsorption
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VS pH — 7 T 23 IR Tl T AR AE K VR W I AEAE
W2, 59— TP T A o ety 1 2R T L faf 2 R
] 9] 4f pH AT ZeFe—HBC W BB % 6 7O 52 i 0L P 4.

35r =

30

25 1

& 20} ey

W Bt 75 B (AP (me-g !

YliEpH
4  FE pH XF ZrFe-HBC R P #5 S £ Y 22 1
Fig. 4  Effect of initial pH on phosphate adsorption by ZrFe-HBC
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—J5 T, Y pH FE 4~8 B W B it B o B, B ZiFe-

HBC X i 2 5 1 W A B3 e vl Wi B A I A0 L iE A7 AR
HoA G AL . 25 B8 B S RT5 7K pH — B 4b T 5~8 18
FEL PN, T 12 R R 3500 6T 52 B 5 7K A A e P 3 1y e o
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Fig. 5 Effect of coexist anions on phosphate
adsorption by ZrFe-HBC
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I B 2 75 G A R I 6, G S8 LK 3.

& 6 7] LLE Y, ZrFe—HBC 7E /i 120 min P X} #
FRER A TRAE BT , W BAE et TR 1) 1 PRI B A 1 A 91 %,
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Fig. 6 Fitting curve of adsorption kinetics
of phosphate on ZrFe-HBC
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Table 3 Adsorption kinetic parameters of phosphate on Zrke—HBC

Bl 2E R k (/&/(mg‘g_l) R’
WE— 2% 8 )% 0.147 2 min™' 16.512 3 0.886 0
W98 Ji% 0.0131 g (mg-min)™' 17.300 9 0.959 5

SRR BT, Bl I ) ) R AT, T VRO B 2 a0 , A Jo 4
) 3 3% Wi /N, ZeFe—HBC 3% 11 W B 5t 4 T 1
AL R B T A8 [ i 26 3 30 WK RS 1

H1 [ 6 il 2 3 A 1, X T ZrFe-HBC [ MZ B A7 4
HE g8 )y e AR R 5 R B(RP=0.959 5) KT
— B 1R A SC R A (R=0.886 0) , 23l 71
A BT G T G 5 0 ZeFe—HBC X B 12 55 A0 W B, 0
B ZrFe—HBC XS R 6 19 W B LA~ W B g 320
24 WRMERE

AL A 45 i £ T T i A A~ 8 I 3 TR A 5 i
Bt i SE ROV R F ST ZeFe—HBC X R 5 A W% Bt
AER R R A Langmuir A F1 Freundlich #5289 X5 %5
WHITUE . WA RILE T, WA S L4,

P 7 AT LA 2, BE A 0 R R vk P R3S N, ZeFe—
HBC W B 07 25355 B RRER ) 426 Sl WE 5 S0, ZrFe—~HBC X}
T T %) R A k2 38 R 5 B TR O T e
ZrFe—HBC X B 1 i F9 1 BA 55k 328 3 946 o, 35 I 32 0%
IR WA i RE T i A R T R B L A HEA T
MR BRI G H 45 R/ FE & D IRIEZ T Freundlich
A RP KT Langmuir LAY R?, Freundlich 52 5
AT DL G W A 38 ZeFe—HBC X 8 12 £5 Y W B el 72 156
W] ZeFe—HBC %I Wk f9 0% BHA 1] T 22 20 7 )22 W B
[A] B Freundlich #5781 44 n AE 5z il 7 W% BRF 2847 74 XE 55 2
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Fig. 7 lsotherm adsorption fitting curve

F4 WHMEREMSSH

Table 4  Fitting parameters of adsorption isotherm

S/ Langmuir Freundlich
C g /mgeg) K, R 1/n K, R
25 18.6524 04788 0.8890 0.1493 104699 0.9954
35 197293 05465 0.8436 0.1589 10.9420 0.9842
45 198585 1.1759 09318 0.1182 13.1560 0.9947

JECT N 4T LUE B B IR TR Un R
Wi /N, ZeFe—HBC 1) WL B4 BE 12 8 3 51
25 WM FEHR
W R A g 2 R 5 T LA 8l A BRT O8 F a E  A

PACAE T, S B o A F B RE AR Ak AG KSR
AH 55778 ASTIRBL . LA InK X 1/T 818 5 o A7 2 i
PLA 45 L5 8,

1401 u

13.8

13.6 -

—

1341
132+ .
13.0

12.8 -

0.003 15 0.003 20 0.003 25 0.003 30 0.003 35
T

8 MAFHEHML
Fig. 8 Thermodynamic fitting curve
H1 8 AT AT, InK, XoF 1/ T2 MR 5C RS Ml )
A5 AH'=35.146 6 k]/mol, AS’=225.733 4
J/(mol-K) . HILIGR &I 2B 4, KRS,
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x5 RNESY

Table 5 Thermodynamic parameters

F6 ARKEMRAETPO, -PHERE
Table 6  Desorption capacity of PO,” =P in different

concentrations of desorption solutions

T/K AG/(J+mol™)  AH'/(KJ-mol™)  AS*/(J-mol™-K™)
298 -32.420 6

308 -33.846 8 35.146 6 225.733 4
318 -36.972 0

25 Al A, 3 AR B AGH /N F 0, 13 W
ZrFe—HBC X B 2 £5 (9 W BF 2 B K #4709, HBE &
T BE (0 T AGP WIS, RO R Ak HEAT W e
KX 5 W S TR S 1 45 R — 3. AH' R 35.146 6
kJ/mol, 1 B ZrFe—HBC W B 1o 72y W #hoad 72, ¥
T A F T W B 8 24T 5 H > 20 kJ/mol , i5d B W% B 5t
FE 2R I, X 5 B ) 2 R A R 3
AS >0, i B ZrFe—HBC X @ 1Y W B oo i 2 40 154 T
RS B EE 5 ZrFe-HBC A5 8048 £ F1 ) .

2.6 WRBHLE

h T 1) W ZeFe—HBC X Bl R 5 (14 W B AL B, Xt 3%
TIE25 S B S 30 AT T 255 40 BT o N, W BRE— I B 52
45 R WK, ZrFe-HBC B A B 5 M TSL A , i 45 s
B A5 Kl 2 S I 3 R B R0 A TR A7 s (DB
ZrFe—HBC [t & (8% 55 S Ak W T A3 Jo i vy W2 5T 4
WAL . i SEM-EDS MEL W B il 5 ZrFe—HBC %
T 45 ¥4 2 1 728 A, W] ZeFe—~HBC 1Y 22 T H [ 25 90k:
TR IO P KR 25 1T A2 DA D63 (9 2 1A [ st A 0 1 o
R, UL Zrke-HBC 7E W st A& rh & A4 1 FRTHTIT
TEML . FTIRMHT IR, YW A5 RS ZeFe-HBC 1Y 5
AUE TR M WG(E & AW AS 508055 , IRl B Zr—O0 Fll Fe—O
FHOC e (A R B T S B 1 O—P—O B BT 2K,
VA MR EE 55 ZrFe-HBC KA TALE N, F8H
PSS 3 2 2720 2545 W B 20 g 2 R B A T 2 11
Oy MTEE ST A5, ZeFe—HBC X BAEIR £ 1 W R 2 LAk 2 1)
B S AR A R R 20 2R, R A sE
A FH AT G e W B A %) E R BREAILER . i) B pH X
TR ER WL B St Y 52 e R 1], >4 pH << S I, B4 1% 5 WA Y ot
TG, LI B T BB R B AL . ZRA DL L
I3, ZeFe—HBC M FFHILEE AT LLAZE5 A ph 5 el 82 e i
PR A8 0 A2 I DT VE L [RIVE R 1 250 )2 MR o
27 BRSBERAHR

3 B CAAS ] e (1) NaOH NaCl HC 8 M i W i
X W2 B4R R Y ZeFe—HBC BEAT AL , 45 5 L35 6.

12 6 AT 41, NaOH X} ZrFe—HBC 14 fift W 50 5 B

it /(mg-g™")

R 1 mol/L 0.5 mol/L 0.1 mol/L
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Fig. 9  Effect of recycling on phosphate adsorption and desorption
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