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Abstract: In order to achieve the reduction, harmlessness and recycling of the municipal sludge, nZVZ-
MSBC was prepared from loading biochar (MSBC) obtained from municipal sludge with nano-zero-valent
zinc (nZVZ), then compounded with polyvinyl alcohol (PVA), and finally cross-linked using Ca®' to
synthesize nZVZ-MSBC/PVA beads for adsorption of phosphate from water. The micromorphology and
structure of nZVZ-MSBC/PVA beads were characterized by SEM, BET, FTIR and XPS. The effect of
m(nZVZ-MSBC) : m(PVA) on phosphate adsorption performance of nZVZ-MSBC/PVA beads was
evaluated, with the kinetics and thermodynamic process explored and the adsorption mechanism speculated.
The results showed that nZVZ-MSBC/PVA beads prepared with m(nZVZ-MSBC) : m(PVA)=1 : 1
[nZ-C/PVA(1 : 1)] exhibited a three-dimensional porous structure and the best phosphate adsorption
performance from phosphate solution at pH=5. The phosphate adsorption by nZ-C/PVA(1 : 1) beads was an
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endothermic process, and fitted into pseudo-second-order dynamics and Langmuir models. The maximum

adsorption amount could reach 274.30 mg/g at 318 K. The adsorption process was dominated by monolayer

chemisorption, with the adsorption mechanism attributed to electrostatic interaction, hydrogen bonding,

surface deposition, complexation and so on.

K ey words. municipal sludge; biochar; polyvinyl alcohol; adsorption; phosphate; functional materials
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& P E IR B R A, YK A B A B T
o, TECE VR e RE SR, T TR
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W FREHLEE . LASA g ekt MSBC FH T 7K Hh i %) i it A
RS,

1 SEEES

11 ER, KFE5EE
MG, BA 22T 5 KA BT,
KH,PO,. PVA ( B4 1750 ). ZnCl,. NaBH,.

CaCl,. Wi (H;BO,). KBr. NaOH., HCI %1%

M abra; LBk, Al
Sigma 300 A7 & G 4+ B35 (SEM)

fEE Carl Zeiss AT ; ASAP 2020 %Y [b 3 1m0 5 FLER

B, EE Micromeritics 2YH; VERTEX 70

AU R AR e 21 AR 6354 (FTIR ) , #2[E Bruker

/N Fl; ESCALAB 250Xi B! X SF£O6HL T RETEX

( XPS ), E Thermo Fisher Scientific 2y %] ; UV-1280

B AN -] WA 66T, H A Shimadzu /A Al ;

SHA-BA RUEEAKER A, & N AEE SRS s

DZG-6050 R EL25 TR A, bR AR (S SE A AT BR A

F]; FD-1A-50 BUELZ5 8 VR TR ML, bt 1l Ee B SE 5

IR A

12 Ak
B 10.00 g £k . HET . Kpfi . i (100 H )

AT TS B TR E S, 7 Ny AU R RL S °C/min

FHERZ 700 °CIAFF2h, ARBRIEREE, ZKM%E.

TR GBS, 1 E AR MSBC 6.80 g
%45, # 1.64 g (12 mmol) ZnCL ¥ T 50 mL 2=

BTk, FHIA 1.00 g MSBC, il N, 48 30 min;

RIG , SIRBRE R A 50 mL( 0.36 mol/L )NaBH,

IKIE, KR 24 h )5, 480, Kk, K OEEDE,

BRI AR 12 nZVZ B MSBC 1.50 g,ic i nZVZ-

MSBC,
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¥ 1.00 g PVA % T 50 mL i3 50h 2% 1)l
FRKER ., 53 PVA MIRIE®R . KRG, WG
m(nZVZ-MSBC) : m(PVA)=1 : 1, 7E PVA MlIFRIA W
FA 1.00 g nZVZ-MSBC, &/t HE0 H At
1o 5 mL S CEF3k HAR 0.7 mm) BHIRA W
WA 200 mL 508 2% CaCl, KIER T, 2%
BHFE 2 h, FE 12h, HEETFK. KBS
YEk 3 IR, 458 CRUHETIE 24 h HRERAN
nZVZ-MSBC/PVA /NEK, 120 nZ-C/PVA(L : 1),

K H BRI B g A B, AL m(nZVZ-
MSBC) : m(PVA)=0: 1, 1:2, 2:1, ¥Hl&H
nZVZ-MSBC/PVA /MK 53 51iC 8 nZ-C/PVA(O : 1),
nZ-C/PVA(1 : 2), nZ-C/PVA(2 : 1),

1.3 RIESMK

SEM ik: I —¥H ¥ (LEI) X, Hji
60 pA, HLTHIEEJE 10 kV, nZVZ-MSBC/PVA /)
BRULT (60 CEZ T4 12h) J7, VIBURE#m, m
& Ja AT IR

BET illlif : nZVZ-MSBC/PVA /NERHET (60 °C
HAETE 120h) J5, URARWMA T, 77 K Fill
TR S I BT £, IR BET Rtk

H, BIH i 1HE LR 50 o

FTIR izt : RA KBr JEH X nZVZ-MSBC/
PVA /NERFE ORI 5 AT I, i 4 L 4000~
400 cm ™',

XPS i : fEIETEH 0~1200 eV, fii Ffl Avantage
AR RO A TR IE RN A WA
1.4 WRPHSEIE

TG, ¥ KHPO, i T 5 B /K e vt e vk
B4 100 mg/L ) KH,PO, ¥, #RJGFHL 50 mL &
HIEHIEM P, AWESS 0.01 mol/L ¥ HCL F1
NaOH JH37&# pH, MMA 25 mg nZVZ-MSBC/PVA
INBR. BRI, BRI ARG AR, fE—EIRET
DL 150 r/min W5 SEAT IR RTS8 . RN —E RIS
FHANGE TR EE /IR, BV, 7% GB 11893—1989
KRB BRI E AR e EETR ) IR Ab-
AL L2566 BE I E HAE 700 nm AR AW OEREE , 8 A
RS (y) -KH,PO, BTt MR BE (mg/L) pnifiith & s
FE y=0.8329x+0.032 ( R*=0.9991 ), % % W+
KH,PO, M fE Ve B . W B S 3647 647 3 4, U
B, REAX (1) 8 nZVZ-MSBC/PVA
ANERXT I R B A (g, )o

q=(po—p)*Vim (1)
K g, R eI B e, mg/g s po BT p, 43391 KH,PO,
BRI LGN ¢ B AR RIS, mg/L; VORI AR,
mL; m AW /INER B T &, mg; ¢ MR B, min,

1 EREMET, HWEL A 0.01 mol/L iy HCI
1 NaOH 83 pH (2~12), %% T Al pH Xf

nZVZ-MSBC/PVA W [t e AY 2
15 MRREE

Wi th—gsh Al (A (2)) ffh — %
g 12w (A (3)) #18 nZVZ-MSBC/PVA /)
BRH B 14 R o 1o 7

q,=q.(1-¢"") (2)
k,q’t

q, = 29, (3)
1+kyq.t

Krr: qo U g, 53900 Ry~ A W o 12 R S o ey 2 o
i, mg/g; ki AP —Z sl AL R R AL, min
ky MR R 2R R R R, g/(mg-min).

ASUARE PR 2 TET ) PR W2 B0 50 P WA R 5 v o WA
TR AL A1 S E A, i Weber-Morris A5
(A (4)) SkplA sl

q, =kt +C (4)

e g R ¢ B BT, mg/gs ks SR YT
HLH S H 80, me/(g-min'?); € JORL P 4™ TS AL 1
fil W H KL, mg/g.

i id Langmuir 57414 | Freundlich 55 #5270
F1 Sips AL (A0 (5) ~ (7)) RIS FRLE
SLEAEIR

_ peQmKL
Qe = 1+ p.K, (5)
0, =Kpp!" (6)
0, - EnlKsp)" (7)
1+(KSpe)

L. QO WFEIRAE TR, me/g; p. BT
BOR ST ISP B B, mg/L; On NBETE
24 h WAEN AR, mg/g; Ky A Langmuir &
#, L/mg; Kr M Freundlich #%%, (mg/g)(L/mg)""; 1/n
HARLNMEHEL Ko Sips H4L, L/mg; m 24 Sips 4L

2 HRSHE

2.1 nZVZ-MSBC/PVA /I\sk#I & EHrR 1L

1.2 %M, BEARE ZnCl %N ( MSBC
¥4 1.00 g) il £ H9 nZVZ-MSBC X 8 i) Wz BiH 2 AE
SR 1,

£ 1 A[FE ZoCL FHMEHI4H9 nZVZ-MSBC /R FHE"

Table 1 Adsorption amount of nZVZ-MSBC beads with
different addition of ZnCl,”
ZnCl, 84 /mmol
1 2 4 8 12

I -/ (mg/g) 36.48 5759 8257 91.83  93.93
O ff 23 444 . nZVZ-MSBC #5750 mg, 50 mL
WIGG BT MR S 100 mg/L 19 KHLPO4 I, M 298 K, WK B
[8]h 24 h,
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MFE 1 LIFEH, BEE ZnClL BRI AR, ke
i X B AW TR R 2 ZnClL B INEEIAE] 12 mmol
A, M RFEE A F) 93.93 mg/g. Rk, %A ZnCl, G
M 12 mmol #£ nZVZ-MSBC,

1.2 WEM, BT A m(nZVZ-MSBC) :
m(PVA)HI £ 1) nZVZ-MSBC/PVA /]NER X 14 W ff
PERE, S5 2.

2 RIRJFCRHAC HL il 4 i nZVZ-MSBC/PVA /NERX
HR B 4t
Table 2 Adsorption amount of nZVZ-MSBC/PVA beads
with different ratio of raw material”

m(nZVZ-MSBC) : m(PVA) nZVZ-MSBC/PVA /MK Wit i/(mg/g)

0:1 nZ-C/PVA(0 : 1) 10.81
1:2 nZ-C/PVA(l : 2) 70.26
1:1 nZ-C/PVA(L : 1) 122.62
2:1 nZ-C/PVA(2 : 1) 108.35

W K523 % . nZVZ-MSBC/PVA #5725 mg, 50 mL
WA B S 100 mg/L ) KHLPOL IR, TR 298 K, W% FftAt
[a] 4 24 h,

MFE 2 ATLIFE H, 4l PVA il 451 nZ-C/PVA(O : 1)
INERRFB W BN 10.81 me/g; RN nZVZ-MSBC
B nZVZ-MSBC/PVA /INER Xl () W B 2 Bt i 1
nZ-C/PVA(0 : 1), Ffi&F m(nZVZ-MSBC) : m(PVA)
B3R, #1450 nZVZ-MSBC/PVA /NER X ) W
T S PUSEHIN S /N BB 24 m(nZVZ-MSBC) :
m(PVA)=1 : 1 B, il nZ-C/PVA(L = 1) B
B AR R, O 122.62 mg/g, J& nZ-C/PVA(O :
DR ER 11 52, RE K m(nZVZ-MSBC) :
m(PVA)E 2 : 1, {il#&# nZ-C/PVAQ : 1) Ml =
(108.35 mg/g ) JFIRFEAL, X AT ABZ T i & 1Y
nZVZ-MSBC £ZM/NERIGFLEAS K . BRIk, Je 2l
X nZ-C/PVA(1 : DAYTEREST %25,

22 RIEERHH
22.1 SEM
K 1 4 nZ-C/PVA(1 : 1) B RTJS 1) SEM K,

200pm &

K1 WeR#ERT (a) J5 (b) nZ-C/PVA(L : 1)f% SEM [&l
Fig. 1 SEM images of nZ-C/PVA(1 : 1) before (a) and
after (b) phosphate adsorption

}J\lgl la AT LLEH, nZ-C/PVA(L = 1)F 1m0 E M5
WRAFIZAK ZFLE5H, FLBRZ LR LA 99K ;

ME 16 AT LA H, nZ-C/PVA(L = DS, JEA
F2 5 B FLI TN BRACH 7 B 2 A K Bk G i, B
B — e L AR, X AT AR i TR IS T R
PR R UTUE
222 BET

23y nZ-C/PVA(1 = 1)U Bk AT 5 A9 BET it

45

# 3 nZ-C/PVA(L = 1) BT8R IS B9 b 2 T AURN L &5 44
ZH
Table 3  Specific surface aera and pore structure parameters of

nZ-C/PVA(1 : 1) before and after phosphate adsorption

BET &%
nZ-C/PVA(1 : 1) .
e E A/ (m?/g) fLi&/mm  FLRF/(cm’/g)
% o iy 87.44 34.82 0.16
W% 5 107.20 24.80 0.14

MR 3 ATLAEH, WHHTAY nZ-C/PVA(L = 1)L
RIEHN 87.44 mYg, WEMBER o i BU% N =
107.20 m¥g, XJEE N, nZ-C/PVA(L : 1) iwE
FE/NERFTHIY B T 9K BURL , HK 1 HC e e A
WM, nZ-C/PVA(L : 1)fLEEH 34.82 nm, fLIk
R 0.16 em’/g, =4 Z ALY, MBS,
nZ-C/PVA(I : DAL . LIRS A TR, T fg
TR B R SR ULTE 48 T /NERALIE
2.2.3 FTIR

€12 4 nZ-C/PVA(L = 1) BB 9 FTIR 35141

R HHE

1030

4000 3000 2000 1000
Pe/em™
2 nZ-C/PVA(I : 1)U I8R5 AY FTIR 3% &l
Fig. 2 FTIR spectra of nZ-C/PVA(1 : 1) before and after
phosphate adsorption

M 2 AT LIE Y, 3408 cm ! 4bh—OH i 4atEs)
g5 2922 cm ' 4bh—CH W45 4R shiI%; 1030 cm™
bl C—O0—C S AE R shide, X LLIEHh PVA
A RRAE DY 1611 em ! Ak 1T fEE IR K H—O0—
H 13l ahE"; 663 cm™ &b Zn—O0 HEA 45
PRBh . WERRHBAE S, R 22 B2t SNRRE I 5 A T 9
i, 7¢ 812 cm ' BT HBL T B ARAEIE, X AT HESE
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L P—O HES R, Ui SR & T B R
RN
2.3 pH X3 R Bt i BE O 20

¥ 25 mg nZ-C/PVA(1 : DJIIA 50 mL 4 i i
WeE M 100 mg/L ) KH,POL W, 817 pH,
£ 298 K W fff 24 h, %% pH XJ nZ-C/PVA(1 : 1)K
FPERER M, AR 3,

W it i/ (mg/g)
g

K3 pH X nZ-C/PVAQ1 : 1) BFHAERE IR i
Fig. 3 Effect of pH on adsorption property of nZ-C/PVA(1 : 1)

ME 3 LA H, BEE pH MR (2~12),
nZ-C/PVA(L = 1)XJ Tl 1) W2 B St 2 B 51 186 K5 087N )
;2 pH=5 B, IR H R, 4 171.12 mg/g.
XAEH N, nZ-C/PVA(L = DRYRBHEM S HPOLE
W L ES R EEAT 56 Y pH<S B, nZ-C/PVA(I -
DRI IE AT, 5 AT HPOLZE S,
HLRH B AR IR 7 Bt s[RIy, BRARERVE WY pH
MU, 7F pH<2.30 B, HAEKT RBAEEREN
H;PO,; pH=2.13~7.20 i}, HFEZH H,PO,, K,
24 pH Ik (pH<3) H}, BfFZLL H;PO, WTE A7
e, A, RAHS HPO, S5 T W,
00 I B AR

MYAW pH THE (>5) J5, WP OH #4m,
SEUNER R I AR AT, AR R, AN
T H,POL Wt T H, T HyPOLTE MR 17 3%
10 LSS T2 S 32, 2 pH T I, HyPOL K
TE S Zafy B ff Y B8 -, IR ZETH AR TR 2 10 1E
B fap RIS PR S, DRI, 36 A B e
24 W NWFERWERST

35IHE 298 308 FI318 K T, ¥ nZ-C/PVA(I : 1)
25 mg IIAF] 50 mL #J4h iR E R 100 mg/L 1Y
KH,PO, 7, Wefft 0~1440 min, Witz $di 2
Ph—H A —HATIPL S, R ILE 4, WA
1S HLER 2,

ME 4 ATLLEH, nZ-C/PVA(L = )X B 4 W Fff
AR, JFAG AP TR BE, 120 min PRI AT IR F 5
KB 80%; YU B B[R] 240 min B, W

Mk #a V-2, nZ-C/PVA(L = 1)X] i 1% W Fft it T4
Fs YURTES ] A 24 ho B, IR BRI . X R
)L T ) R B Hh 2 T LA & B, T e TR T A
nZ-C/PVA(L = 1) i i W B

160

a
120 -
&b
&
E sot
i
=2
=X 40+
—=— 208K
—— 308K
or —+ 318K
0 400 800 1200 1600
B} 8] /min
160
b
120 +
=S
& 8ot
it
=
X 40f
—=— 208K
ot —— 308K
—— 318K
0 400 800 1200 1600
fisf ] /min

El 4 nZ-C/PVA(1 : 1)fE 298, 308 #1318 K F W i3 &
S — AL (a) FIPHZGRR (b) EER
Fig. 4 Fitting results of nZ-C/PVA(1 : 1) adsorption process

using pseudo-first-order (a) and pseudo-second-
order (b) models at 298, 308 and 318 K

FEIh B P W B B B, IR AR SR W Y
H,POL 5 /NER (1) T RE 6 AT 7= A Bl AR . o i
1) nZVZ ki Tl S MBS T, ISR /NER R
(RS B F NV T A SO AT Y HoPOL R T K&
IEHLfT, (R R R R R s T, I, A IE
T T2 A TR TR, (R A RN
%A, DB B I 85T iGE i B, it
Wi B ek R A v, R e 48 o A

MFE AT LIEL, RERET, th_%sh fi%
R R HIAE L] 0.99 LU b, U4 Y 55 K
5 5 R S 56 K0 4 AH 2 AR /0N, U6 BH /N ROkl 114
WA Th — G s S 2 A0 3 3 I A 2 W A A O o
i AR S i PO IR A I R R (A 4 A PR
B, GnfL B 5070 AN R AR B AR T, 3 A 455 1k 27 W
MR MR B 7583, nZ-C/PVA(1 = 1)UL AESR
4 8 B 15 HoPO, K A A=A 1E T A2 2E 5 1) W B
H 1w AR A A A FL Bt A R A 7 R A I B
(.
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R4 WM HESK
Table 4 Adsorption kinetics parameters
RO Dh— Gy th sl
R/

K qe q ki/ 1 5 q/ ky/ 5
(mg/g) (mg/g) (min") (mg/g) [g/(mg min)]

208 127.18 119.36 0.01309 0.9677 130.97 1.38x10* 0.9914
308 134.81 12435 0.01281 0.9619 136.71  1.29x10* 0.9904
318 13899 128.80 0.01382 0.9592 141.17  1.37x10* 0.9912

€] 5 2 nZ-C/PVA(1 © 1)7E 298,308 Fil 318 K
W2 i i B2 28 Weber-Morris 5 848 2 A 45

120 1

Bt &/ (mg/g)
3

40 + —=— 208K
—— 308K
—— 318K

0 10 20 30 40
B} ] 2/min 2

Kl 5  Weber-Morris #5151 & 4% 5
Fig. 5 Result of Weber-Morris model fitting

W SF it AR A 3 NRYEL: R, ORI
DA BRI BE . IR S ATLAE Y, IRBRHSRRAGILA
A3 Bt I —BI RN AR k(EECR, 298, 308,
318 K I} A {EZM 1K 6.6961 .6.8163 .6.9770 mg/(g-min'?),
Xof 7 R I B B, 3 — B B 1)) e 4 1 A T 46
W o 3o Ay /N 1 30 B S22 el sl SR e R B 5 5
T B W B R R A BT R R, 298, 308, 318 K
kB850 1.2813 1.5803 ., 1.6466 mg/(g-min'?),
VLM BRI N B BE s s, FESA IR
BT HPOLJF IR BT 2/ NK NS, & FE
B FLIE FAE B HE AR RE, I W B FLIE NS 0 3
Brmi b, SXBEIAA 2 W B ik A e e s R o 3 % | R
F et R s FERURL N B R, NER NS 0
ASE 1 2R B 6 4 o I L R I At G SR
X HEASE = BB, BV R A9 sh 5 P B Be, 7RI
BB, M o oo ek 8P A, A R O ) o
ARPREFFAAE
25 WA FERWERST

K 6 & nZ-C/PVA(1 : 1)7E 298, 308 Fll 318 K
T 2 ] Langmuir. Freundlich 1 Sips S8
BRI G LR, £ 5 WSS ES5.

HE 6 B, YT HPOL W) I T it ik B
M 50 mg/L F+ %] 300 mg/L 5}, nZ-C/PVA(1 : 1)ik#|
WG 66 P~ Ay st 14 R B e S M s M) e R v >
500 mg/L J&, Bl 00 4R T v BE 3G 0, fe R I
AR R, FR, B RN TR, ARG
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Fig. 6 Fitting results of nZ-C/PVA(1 : 1) adsorption process

using Langmuir (a), Freundlich (b) and Sips (c)
models at 298, 308 and 318 K
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Table 5 Adsorption kinetics parameters

T SCUGE Langmuir 574 Freundlich #% %) Sips R
K Ou/(mg/lg) Ow/(mg/g) Ki/(L/mg) R? K¢/[(mg/g)(L/mg)""] 1/n R? On/(mg/g) m  Kg/(L/mg) R?
298 232.06 260.82 0.1377  0.9939 50.087 0.2465 09707  260.85  0.5929 0.0353  0.9957
308  253.18 338.81 0.1160  0.9980 49.202 0.2707 09849 33893  0.5179 0.0154 0.9986
318 274.30 428.40 0.0919  0.9953 48.178 0.2932 09876  428.54  0.4903 0.0077 0.9965
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phosphate adsorption
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