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Abstract: BT-g-CMC hydrogels were prepared by simple chemical cross-linking between HNO; treated
BT (NBT) and sodium carboxymethyl cellulose (CMC), which were then characterized by FTIR, XRD, TG,
N, adsorption-desorption and SEM. Next, the hydrogels were used to recover phosphorus from wastewater,
upon which their adsorption performance such as kinetics, isotherms and mechanism of H,PO; were
investigated. Finally, BT-g-CMC1.0 hydrogel with a NBT/CMC mass ratio of 1.00 : 1 rich in phosphorus
was experimented as slow-release fertilizer (SRFs), and evaluations were conducted on its water retention
ability, controlled-release behavior and fertilizing effects on pot plants. The results showed that the
BT-g-CMC1.0 hydrogel had a good affinity for H,PO, at 298 K with an adsorption capacity of 18.78 mg/g,
and equilibrium time of 120 min. It was also found that chemisorption played a leading role in the adsorption
process that was better described by pseudo-second-order kinetic model and Freundlich isotherm model.
Moreover, SRFs exhibited excellent performance in water retention, slow-release and plant growth
promotion. When the amount of SRFs was 0.30 g and leaching for three times, the immobilization rate of
Cr(Ill) in soil was 82.9%.
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AT N3] 100 mL 0.1 mol/L Y FeCls I H LATE ik
S, Uk, HaiEoKYER, 60 CTFHEZE T 4 h,
H 45 A9 NBT/CMC JFi it He k1,00 : 1 ) BT-g-CMC
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$90.50: 1, 0.67: 1, 1.50: 1, 2.00: 1 K= H5351
fir 44 4 BT-g-CMCO0.5 . BT-g-CMC0.67 . BT-g-
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1.4.1.2  pH %} BT-g-CMC 7K 55 W JhHP: ik 119 5% 1

TEARE pH (2, 4, 6, 8, 10, 12) Y 50 mL
JE AR A 50 mg/L KH,PO, ¥ W TR A 0.05 g Wzt
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W sl 125k K 0.05 g BT-g-CMC 7K EEIR
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Fig. 1 Schematic diagram of leaching experiment
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0y T 0% FAFFL B RAARL N 0.014 em®/g, F-IMEHIFLEE N
o8l o T 5.620 nm, %W BT-g-CMC1.0 &4 FLAAR,
% 3 4 BT .BT-g-CMC1.0 H1[]{& . BT-g-CMC1.0
%" 6 i) SEM &,
4|
Z
=
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HAXTEE S (plpo)

K2 BT.NBT KW HPO,TT)A BT-g-CMC1.0 A FTIR
P (a); BT KXWk H,POLRIJG BT-g-CMC1.0 Y
XRD 1[4 (b ); BT-g-CMC KB TG 2 (o );
BT-g-CMC1.0 1) N, Wz Fff-Jie it & (d)

Fig. 2 FTIR spectra of BT, NBT and BT-g-CMC1.0 before and
after adsorption of H,POy (a); XRD patterns of BT,
BT-g-CMC1.0 before and after adsorption of H,POy (b);
TG curves of BT-g-CMC hydrogels (c); N, adsorption-
desorption isotherm of BT-g-CMC1.0 (d)

i 1& 2a A W, 7F 3627~3344 cm ' Zb gL H]— A
EETE MG, O I S R S 4k A R (Si—
OH. AI—OH. Fe—OH. Mg—OH #H1 H,0 ) Hyfi
4 4R 5 BT 2L FHT HNO AL B ) NBT A9 32 648 5
XAEH A, HNO; 4 BEJS BT (454 Bt imtsl, 1e
BT-g-CMC1.0 )i, —OH 7& 3627~3344 cm’
Ab P W AU e A= 2188 o RIS, FE 2933 em ! Ak H BB
H I s, 9 JE T —CH,— 1Y 25 il B s W i e, i
Al—OH—Mg 7E 796 cm ' AbAAFAEIGE TN 25 . LAb,
Si—O—Mg £ 603 cm " &b (i REAE I AL UG ) 5 348
XA i —ESE T CMC 4%k 3] BT | BT-
2-CMC1.0 W fff H,POL Ji5 7 2357 F11024 em ' &b H BYL
WA 550, 23 5105 8 T P—H A P—O B 45 35 50 .
ItAh, BT-g-CMC1.0 W Fff HoPOLJ5 7 467 cm ™' 4b Y
Mg—OH HRFFIEIETE G, I HPOL K BE M 1K
R, H1 2b AT, BT 7E 20=5.56°4 — M4
1§, 5 BT B(110)f 1 —2; 7F 20=20.86°, 35.62°
Ak ) A B 5 SE B A R (101) AT (107) & T — 3K

(JCPDS No. 29-1499 ); fij 26=21.84°, 26.64°kb#
i 9% 5 Si0, BI(101)FI(107) 4 i —3X ( JCPDS No.
46-1045 ). #:A 5 BT WIS SEEATE 2% , B CMC
WA BT . MK 2¢ A, BT-g-CMC2.0,
BT-g-CMC1.5,BT-g-CMC1.0 . BT-g-CMC0.67 il BT-
g-CMCO0.5 {2 T A 18 3 SRR EE B B, 2051 A
71~80 °C. 188~341 °C. 341~455 °C, XfR T /K4
HZ% %, FHEFREIBKFT CMC Hh C—O—C B
2 FREFHIIE R EaE AW, K 2d WL,
BT-g-CMC1.0 ) N M JF -5t B 45 3 2 o IV 280 25 4
H3 RR#EaIZk . BET He& AN 10.346 m*/g, BIH

%3 BT(a),BT-g-CMC1.0 H a4k (b) } BT-g-CMC1.0

(c) B9 SEM
Fig. 3 SEM images of BT (a), BT-g-CMC1.0 intermediate (b)

and BT-g-CMC1.0 (c)

H & 3a AT 0L, BT YT 230 AL AR N
FOREER, REBCE T, BASBEKZEME, HIE 3b
AL, 5IA CMC J5, BT JEASEUE -4 /) 3 1 A8 15
FUREFA, X R CMC )51 AR BT . A&
3¢ AT, Ziat FeCly f—3cHk )5, BT-g-CMCL1.0
TR BE R 3% 1T AORDRS B A BB o — 20 35 i, s B A
RIS, N2 55 HE 2 GRS, B e i HoPO,
149 2 86
2.2 BT-g-CMC 7K BB Rt H,PO;HY IR Bff 1% BE
2.2.1 NBT/CMC Ji % 3t H,PO, B % 8 % v

e 1.4.1.1 WEEER 550, %% T NBT/CMC Jit Lt
X} BT-g-CMC 7K EERL B HoPOL (52, Z5 5L ULIE 4,

189+
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T T

17.7F _/
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Fig. 4 Effect of NBT/CMC mass ratio on adsorption capacity
of BT-g-CMC hydrogels

I 4 /A1, BEE NBT/CMC i Hay i,
BT-g-CMC JKEEEXT HyPO b M B 52 S K i



57

PR, A M /R L Y 2 A K I 1 ) A S L

° 1381

DR, BT-g-CMC1.0 %f H,PO4 ) W2 Bt i ok,
7 18.78 mg/g. XIHAPTF NBT H1 &4 ) Kit—OH
FZREEAA F T3 HoPOLAIMFE, 24 NBT/CMC
i >1.00 : 1 B, BT-g-CMC 7KEEEXT HoPO, Y
W BT LR T Rl , s EAY NBT |
BT-g-CMC 7KBE I FLBR T, F3 BT-g-CMC 7K
e L R T ARSI, N ITTRRAI 17X HoPOL Y W B 3t
222 HEikAn4s pH 3T HoPOL B W 2 8 %ok

R 1.4.1.2 TSEEAF, IR T KHLPOL IR
BRI AR pH X BT-g-CMC1.0 W[} HoPOL 52, &5
HRILE 5,

35+

TN
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o 8 R

10f \\\‘
5 L
2 4 6 8 10 12
#tkEpH
&5  KH,PO, ¥ W 990 iR pH XF BT-g-CMC1.0 7K 881 W Ff
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Fig. 5 Effect of initial pH on adsorption capacity of BT-g-
CMC1.0 hydrogel

HIE S AT, 24 KH,PO, TR INHILG pH M 2 3
Jn# 6 i, BT-g-CMC1.0 X H,PO, W [ i M 23.29
mg/g #INE] 34.12 mg/g. #RIMI, 24 KH,PO, I AY
WIHA pH BEHN3] 10 BF, BT-g-CMC1.0 X H,PO;# %
B 28 T 2 11.82 mg/g. KHLPO, 1RV T FH A 77
w4518 HPO, (pH=2.13~7.20), HPO;

(pH=7.20~12.33), PO; (pH=12.33) 1,
BT-g-CMC1.0 Xf H,PO, i)W Bt i 78 pH=6 A ik Fll fix
KAE, HIEFEMTF: (1) 4 pH>7 &, K&EH—OH
25 HPOJE G AW fft s (2) pH AGE MV T
HoPOSITEAS , I L2 5 M W R 551) 2% VT P W82 B 57 5

%1
Table 1

(3)Y4 pH>10, BT-g-CMC1.0 X} H,PO, I i+ 2
Ji R R4, 3T fig S BT-g-CMC1.0 2% [ B W% BH4S7 55 9k
B3R . 24 pH 16 6 A4, WP HPO, 2L
HLPO I NAFAE, A F T e el
23 WMsh =

IR 1.4.2 WA, FHEE T W B A ] X
HLPO, £ R[] BT-g-CMC 7K SEME 1 I b2k (0 S
R 6,

20

—
w
T
4
L

L s BT-g-CMC2.0
e BT-g-CMC1.5
4 BT-g-CMC1.0
v BT-g-CMC0.67
¢ BT-g-CMCO0.5

e fif- L /(mg/g)
=

(%]
T

0 1 1 1 1 1 1
0 20 40 60 80 100 120 140
i [A] /min
W B A [10) X6 H,POLZE AN ] BT-g-CMC 7K B | 1 Fff
A0
Fig. 6 Effects of adsorption time on adsorption capacity of
H,POj; on different BT-g-CMC hydrogels

FH & 6 AT UL, i W B RS e 38 m, AN [A] BT-g-
CMC JKEEENT HoPO, AW B S LA AT, 7E 120 min
PIREISFA, A, 120 min /F A Jo S22 5 (1 W B s a]

o R0 — A — G 8 ) 2T 5 T % W f
FLEE, L (7). (8):

K6

B SR, g, = g [l —exp(-Ky] (7)
2

LGBy, g = —2del (8)
1+ K,q.t

A ¢ EEEEE], ming g, MIFE] ¢ B HPOS )
W ¥ e, me/g s g RV E 21 HoPOL Y W B 2, me/g 5
Ky A — 2 B R R K, min'; Ko AL g
MR, g/(mg-min),

% 1 IR BT-g-CMC /KEER T H,PO Wit 20
k= 28

K] BT-g-CMC 7K BRI AT H,POLW I 3l 12 S50
Kinetics parameters of H,PO, adsorption on different BT-g-CMC hydrogels

U— W3] S A

L= R 3 Iy F A

Ky/[g/(mg:

Geexpl/(mg/g)  ge.cal(mgl/g)  Ki/min'! R Ge.ew/(mele)  gocal(mgle) 77 TN R
BT-g-CMCO0.5 17.66 15.13 0.0239 0.9659 17.66 20.83 0.0018 0.9872
BT-g-CMCO0.67 17.88 13.39 0.0474 0.9541 17.88 20.41 0.0024 0.9848
BT-g-CMC1.0 18.78 15.35 0.0401 0.9821 18.78 21.74 0.0012 0.9945
BT-g-CMCI1.5 17.13 16.12 0.0362 0.9817 17.13 21.37 0.0018 0.9832
BT-g-CMC2.0 17.07 14.74 0.0385 0.9953 17.07 19.72 0.0029 0.9969

ﬂf qe, cal j‘:’ Hfmﬂ‘ﬁ%i@%ﬁ&ﬁ%; qe, exp j‘] HZPO/)E(J;'[S?T:%QM{T%O
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Fig. 7 Adsorption isotherms of H,PO, on BT-g-CMC1.0 at
different temperatures

HE 7 AT, HPOLHY ge BEE W46 0T & e B 1
HOMmiE N, JFELARBAT . X, B
R BE Y HoPO AN i 1 W BB 5 W BfE 5] =2 ] 1Y
UK Sy, Wi HIE T BT-g-CMC1.0 5 H,PO; Z 7] 1Y
REASMEA , 7EARIRE (298, 308 fI3I8K) T, B
#H HPOJHIWIGR BT v BE AN 25 mg/L ¥4 M %] 150
mg/L, BT-g-CMCI1.0 KEERXT HPOLHY ge 43I0l DA
16.6. 15.8 Fl 14.8 mg/g HHn%] 72.4. 68.6 Fl 60.6
mg/g. SR, HoPOL M BRI 66.6% . 63.3%F1
59.1%FF#AKF) 48.2% . 45.7%FH1 40.4%, XN,
Bl HoPOLJTTH VR BE H 34, BT-g-CMC1.0 K BEIE
R I M S BRI A A S, NI S B
B I B SR 7T, 24 HLPO, B i 32 BT-g-CMC1.0
HE AL BT, TR HoPOL TCIE B
P, H,POL Y2 B KRR

2 2 WATREE T HoPOLTE BT-g-CMC1.0 E 1)
W B 2 IR 2R S8

FI ] Langmuir F1 Freundlich #EIAfF5E T BT-g-
CMC1.0 7K &E 1 iR W AL

. § K,
Langmuir W B4 E 28 7 /2« g, =qm%< 9)
Lie

Freundlich W it iR T2 : g, = Kol (10)
Krp: go HPHEFT HoPOLHY RN &, mg/gs gmax N
HZ H,PO,HYHE IR KM, mg/g; pe IR
BT R HoPO, YT B, mg/L; Ky o Langmuir

SR, Limg; Kp A Freundlich 28R %X, (mg/g)
(L/mg)"",

#2 BT-g-CMCI1.0 /KEEREFE A R T X+ HoPOL W 55

Table 2 Isotherm parameters for H,POy adsorption on BT-
g-CMC1.0 hydrogels at various temperatures
Langmuir %% Freundlich & %!

T/K Kr/[(mg

Gmar/(mg/g) Ki/(L/mg) R’ n  /g)L/m R
2"

298 123.5 0.0205 0.9605 1.4678 4.2892 0.9654

308 125.0 0.0166 0.9457 1.4209 3.5733 0.9666

318 112.4 0.0143  0.9298 1.4440 3.0334 0.9761

i< 2 W] %1, Freundlich 25 i £k B0 80 B 56 S 4 ik
HoPO, Y Wit e, 39 B A WO o o WO o o e s
FFEH, R BT-g-CMC1.0 78 W% ff i A&
PEAE T S R, MIMTTERESS 19 HoPOL W B i A2
G E €A IR T
25 WRBHHLIE

T BE— B BT-g-CMCL1.0 (W2 FHLEE, BE
17 T W B HyPOLTIT I Y BT-g-CMC1.0 7K BEE XPS 43
Br, S5SanEl 8 iR,

i & 8a A] LIWIEZH], BT-g-CMC1.0 WAl & A
Fe. O, N, C. Cl 1 Si JG%; BT-g-CMC1.0 W[
JE&A OO N, CHISim&E., HKE 8buJhl, WkE
f) BT-g-CMC1.0 1 132.94 eV AL T —AN8 0 P
2p W, E—BESE T H,POL B & T W AE
BT-g-CMC1.0 I, H,PO; (134.0eV) L5 A RE T %
F| 132.94 eV WEIL W, H,POA BT-g-CMCI1.0
ZIHJER T 9 1Y Fe—O—P fbB N 2 A, H
JE RS H,POLABH B T 5 Feo "Ml Fe? i s i A
PEHGEMEAL . I 8c AT UL, 7E Fe 2p IS4t
G, 710.67. 715.41, 723.50 F1 727.98 eV AL
SR T Fe* 2psn. Fe*' 2psn. Fe*' 2py, Hil Fe?*
20120 W IfF HyPOL T, Fe? 2psn JFe* 2py Fil Fe*' 2py)s
BRI 247 i) T R B 45 A fiE (711,08, 724.15 F1 728.48
eV) B3l, RKMTE Fe 2p iy Pl REAFFE L THERS
LM T Fe MAWIUITE. MK 8d AT, O 1s 7F
530.94. 531.86 Fl 532.81 eV ALAIES HIXE Fe
—O. Fe—OH il H,0, MW} H,POJ5, Fe—O [l
AN 70.7%FA%F] 53.6%, X5 Fe—P HEANIE AL
AU B & 8e I L, N—H Fl C—N #9254 fie
M 398.70 F1 400.56 eV WA NE] 398.92 F1 400.97
eV, XFEW, BT-g-CMCL.0 FBEREH RS S T
H,PO AW . AL 8F AT, 7E C 1s BB 43 HEG T
o, 3 NPT I T 283.53 . 284.91 Fil 287.57 eV,
A RHE T Cc=C/C—C, C—O0 Hl 0—C=0/N—
C=0. W/ H,PO, )7 , 3 MIERI L5 A B A I,
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Fig. 8 XPS spectra of BT-g-CMC1.0 before and after adsorption
of H,PO,
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Fig. 9 Water-retention capacity of soils with mass fraction
of 0, 1% and 2% SRFs ( BT-g-CMC1.0 )
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Fig. 10 Release behavior of SRFs (BT-g-CMC1.0) in soil
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Fig. 11 Pot experiment results of Chinese cabbage
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Fig. 12 Effects of leaching times and SRFs( BT-g-CMC-1.0)

amount on immobilization of Cr(Ill)
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