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Microbial aging can improve the Cd** adsorption performance of wheat straw hydrochar in aqueous solution
HUA Yun'?, LIU Yang’, FENG Yan—fang™, HE Hua—yong™, YANG Bei’, YANG Lin-zhang’, XUE Li—hong™*'

(1.College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China; 2.Key Laboratory of Agro—
Environment in Downstream of Yangtze Plain, Ministry of Agriculture and Rural Affairs, Institute of Agricultural Resources and Environ-
ment, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China; 3.Institute of Agricultural Information, Jiangsu Academy of Agri-
cultural Sciences, Nanjing 210014, China; 4.School of Environmental and Safety Engineering, Jiangsu University, Zhenjiang 212001, China)
Abstract: Hydrochar has good prospects for agricultural and environmental application. However, modifications are required to improve
the Cd** adsorption performance of wheat straw hydrochar in aqueous solution. In this study, microbial aging was conducted under anaero-
bic fermentation conditions to improve the hydrochar derived from wheat straw (WHC). The surface characteristics before and after hydro-
thermal charcoal microbial treatment were systematically characterized by means of scanning electron microscopy (SEM), specific surface
area and pore analysis (BET), infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Moreover, the process and
mechanisms of Cd** adsorption by hydrochar were studied using adsorption experiments. The following results were obtained : The specific

surface area of hydrochar increased nearly 5 times as the duration of microbial aging increased. The pH changed from acidic to neutral. The
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surface negative charges increased after aging. The O/C increased, but H/C decreased as aging progressed. The strength of surface C—C bonds

decreased, while the relative intensity of oxygen—containing functional groups increased. The microbial aging process significantly increased

the Cd** adsorption capacity of hydrochar. The Cd** adsorption capacity of microbially aged hydrochar showed positive correlations with the

pH and temperature in the system. Chemical adsorption was the major Cd* adsorption mechanism of microbially aged hydrochar; it consisted

mainly of monolayer homogeneous adsorption, while the complexation of functional groups, surface electrostatic interactions, ion exchange,

and 7 bond coordination also played significant roles in Cd** adsorption. This study illustrates that microbial aging can significantly change

the pore structure of hydrochars and improve the Cd*" adsorption performance of wheat straw hydrochar in aqueous solution.

Keywords : hydrochar; microbial aging; Cd™; adsorption mechanism
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FEH, T JEAE 150 L PRAR & AR HELAINA 100 LA W
F1T kg Z2FAE Ry o5, P03 o 5% 43 DA i A
W) %, 5 A 3780 ¢ WHC, WHC F J& i I 4% 2%
AL G 25 20,4060 d 1 AR TS B bk ISt
T, BV AT A5 B AR Y BR A K ok . Hirp, R AR R
W1 4 pH 2 7.34, 45 3 (1 7K B¢ BF B 1 i (0.3
mm) , % BT T AR T H . W6 K i 5
A= R R AR K B i IR PRAL R B[R] (20,40
60 d) 43 il #% ic 7 WHC ., WHC - M20, WHC - M40,
WHC-M60,
1.2 RIESTHT

IR B 77 2 A i A T A BT AR L, 43 TR
A5 AR FRORASE i 1 T I 8 RN R AL T K 3R e ) T T 2
A AW . Ko kel e . pH I pH
T RE , KR 1:100m/V) o JTER AR TR 4
AU %E (Vario EL cube, 7% [E Elementar) ; bt 3¢ 1] f1
K4 A 8 He 3 -5 LR 2 B A0 2 (ASTQMO002-
2, % [E Quantachrome) ; J5 A4 K 7K #4221 H RE
{72 A 2o 4 57 2141 3% (FTIR ) {X (VERTEX 70,
8 ¥ Bruker, $H I 4% 500~4000 cm™) Fl X5 2ol
F-HETE (XPS) (Escalab 250Xi, 2 [ Thermo Fisher Sci-
entific ) W& FFHEA 70 2 43 Hr , W B Fs 95 W 1 Cd™ ke i
30 2 L SRR R A5 2 R BT A A T 7 (1CP-OES,
% [1 PerkinElmer) o
1.3 R iE 518

25T RS2 56 < B 1000 mg - L7 (4 CA>REE, 23
4 AR B AL 10.20.30.,40 .50 mg - L7 K5 B 4 o
HEF 50 mL 1Y ELOE L, R IFRI0.05 g K FARAT:
T EOE T R E R IR A (553 160 remin™)
PR3% 24 hy R B, 2L U8 fE B AL BT

Wz B 2 27 525 FRE0.05 g ZK #4% F 50 mg- L
1) CA™ W b, R0 A6 pH ol 7,48 % 24 b, 23 SIHEA
(] i ) B SR I 00 G ik

H W K B W B 4 R S T I AR, D Lager-
gren FUL— 2 3 R 5 it AL 9% Ry R R AEYT,
[A] B FH Langmuir #57  Freundlich £ %4 £ Temkin J5
FEXT N B S IR B A TS . L, Langmuir B AU {)
B2 SRS 5 R E F A AH B TR 53 5
Freundlich £ Y& — A~ B0 AR 5 A%, FH 4k
Yy R TH B A 2E W o Temkin J5 F2 25 FE A 2 24 7K #4
W2 S R R AR A i, G e 2 o6 e i o e 2B A
HAER, S0 0 B A T R R R R AR RE RO R A
I 0 A R o e e M A1

1.4 IREE 3Tk # R IR B Cd> B 22

FEpH R 2~ 11 YL Py, & pH M 2.5.8.11, %%
T ORA] pH X K $ W BfE Cd> 52 o A= 4 e DA 1
o LR IS 2000 8 CA> 4 B R 30 mg - L™ A VA TR
oL (3 1 mol - L' NaOH H1 1 mol - L™ A HC1 15 &
W) pH, 7E 25 °CH IR 4 37 4% T R % 24 h (160 -
min™") , JBOREIN 3 CA> R B o

[F] Fof 2% 82 17 it B2 Xk K A W B Cd> A 52 ) TiE
il CA* V& £ 30 mg - L™ PV, LR B Js2 1 ik B 4 3l
WEE R 278.15 K. 298.15 K. 318.15 K., 145 W% it - 4 J5
HEA T RAED A

2 HRE5HMH

2.1 THEIBRIL A EE R Z Ak R IR AL 1 R AT =2 M
Tl A= P A A Ak B 2 FE 7K A A AR o= A
S AR LRI B MR AR ] 38, 4 Fi A= 4
P EBW T 6 (32.56%~26.83%) , R4 €5 F 11 29.87%
B3] 14.83%, pH 1 4.18 B K F) 6.27, 1415
TR Ak A 2 TR A0 67 A, L HL A it B AR AL
I ] B 48 0 T 8 A (= 11.32~-35.57 mV) , X 7] fERE A
R 7 1 FEL A7 (14 R 4 3 AN G 3 2ok LA R
B H 2
2.2 WEMBRL AR ZEFKARILELZ BRI
THAE Dy MR AL AT B X 7K B B FLIR R & 77 AR

R BEMBRLKAROEREUER

Table 1 Basic physical and chemical properties of microbial

aging hydrochars
Wl b whe ~ WHC- WHC- WHC-
Test indicators M20 M40 M60
72K Yield/% 32.56 3031 28.74 26.83
K5y Ash/% 29.87 21.57 19.78 14.83
pH 4.18 5.20 5.67 6.27
Zeta HL{Vi Zeta potential/mV  -11.32  -19.89  -25.63  -35.57
C/% 51.05 41.63 39.07 43.15
0/% 34.76 36.47 44.91 51.06
H/% 3.55 3.18 3.50 3.50
N/% 3.00 2.02 2.22 1.13
SI% 0.64 0.70 0.30 2.16
H/C 0.07 0.05 0.06 0.05
o/C 0.68 0.59 0.76 0.82
0+N/C 0.65 0.56 0.63 0.52
T : Zeta LAV FE pH=T 2/ F L, CLO VH NS FYAR X & s AR 4

XPSFEAM K
Note: Zeta potential was measured under pH=7;and the content of C,
0,H,N,S of hydrochars is measured by XPS analysis.
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SEM T R AL R B 2 B3 m B K #ok 5
CA™ (WL BFRAE A . e 2 Fios , Bl WR AR R] A 3 i
IR L TR T 1.98 m?- g '35 21.53 m* g,
BT 9.871%

IK AT R HT KA 8/ (1), R B L TCHL 43
Bl /D, 33 AN TRT B GIE A B Y £ L B AT BB AT I, 10
25 5 AR AR R 4 R 0 P R S AR 2 v
IS IR B MERE . — MK AL (550 nm) F 2531 78
DR TAT , X EE 4 S (AW B /0N 5 H L (2~50 nm)
SRR 4 JE Y R B A i, B AL R E
XP U B T RS2 R . N 2 iR, Bl 4 R AL o) ]

R2 BEMFREKAROEE RERRILESS
Table 2 The surface area and pore size distribution of different

microbial aged hydrochars

L4243 41 Pore size distribution/nm

FEAR TR fLF&

gy LRI :
Treatments Spe(llgﬁ(lq Pore \/3()11171111(-:/ e Rl KAL
area/m”* g cmtg Micropore  Mesopore Macropore
WHC 1.98 8.90x107° 1.78 18.90 59
WHC-M20 2.23 10.00x107* 1.51 19.87 96
WHC-M40 8.74 1.40x107 1.42 24.87 125
WHC-M60  21.53 5.60x10 1.28 35.54 188
5T () — WHC220-Cls
Fit=Sum
L 4r Background
= — C=C
£t — -0
2 — C=0
2 -COOH
= 2
=
=
1 -
O L 1 n 1 n 1
280 290 300
25418 Binding energy/eV
T (@ —— WHC220-M40-Cls
— Fit-Sum
~ Background
2F C=C
C-0
C=0

-COOH

55 Intensity/x10*

280 290 300
454 HE Binding energy/eV

B HE T, FL 2 M 8.90% 107 em® - g 14 i1 5] 5.60% 107
em®e g VAN T 529 4% . FLAR AL R A T U BR
k.60 d iy 7K # o R FLFLAZ B B340, H 59 nm 3 i )
188 nm, B il T 2.19 4% , [Alisf v £L 19 FLAR 4 B4k 60 d
Ab 3 A S T A A
2.3 YRR BN Z FF KR EIE R R
2.3.1 XPS/r#r

X528 Ha T BE 3% (XPS) FI A Fb 45 v 1 e T =
g, i ) B WHC 5 A 9 o WHC - M20,
WHC-M40 F1 WHC-M60 &b B L 1hi 0 2 45 5 RE AR 1k
e it — A F 5T K BB R CA> A W LR 30 ek 4 0
RE R C=C B A4 o7 B 7E 284.5 eV, C—O H i v B 78
285.7 eV .C=0 H ) {3 7 287.0 eV 4t , T -COOH £
{7 B TE 288.9 eV Ak o THAE W R AL 7R B 2550 1K
POoRF WP ERER . W1 PR, 2 ik M Ak b
PHIS B K B0, 76 288.9 eV 45 G REAL B b 0 04 [t 25
s A ERF T (7% 338 Jonn s i B 8, T4 AR 2 - COOHL,
XU RAR 5 Bk B S AR R RGN, 5 48U e TN
C=0 f-COOH 133581k . F3FH T £ HHRERIH
AR L, Horp, C=C8 = B R/ 1y %, WHC-M40
W/ T 38.75%; 1 7 EUE Re A Y T B 2 1 i

(b) —— WHC220-M20-Cls
Fit-Sum
Background
— C=C
— C-0
— C=0
-COOH

5 J¥ Intensity/x10*

280 290 300
ZEARE Binding energy/eV

2 —— WHC220-M60-Cls
Fit=Sum
Background

— C=C
— C-0
— C=0
-COOH

% Intensity/x 10"

280 290 300
454 HE Binding energy/eV

1 AR BR AL 7K P B9 X -5 8 e FEFRETE Cls 1K

Figure 1 X-ray photoelectron spectroscopy Cls spectra of hydrochars aged by different microorganisms
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WHC-M40 1Y C-O # F= £ 1 424.31%,-COOH +
JEE RN 253.70% , WHC-M20 1] C=0 & 3 11 57.88%
5 WHCHIH , 234 YIBRL 2 )5 B K #4051 C=C 4
JIT 5T 07 B U T AR X 9/ T C—-0 AT C=0 ‘H B AT XS
o7 Py U TR AR AR S T 6 s s B ka4 [
I DA 3 0] LATS Y, WHC-M60 FT i b By C=C 8 iy
B WHC-M20 F1 WHC-M40 &b 3545 B 8 A0, 156 BH B4
k.60 d {9 B A WL e Ak 3 4801 e AT ) P k2
2.3.2 FTIR 20 #7

AR\ L A Wi I A S NS A DL RS e 1))
X} LB AT 34T o A S 2 WS K I T A
WAL R IS B LT AN RRAE , 028 B B R AR5 W
CA* (M 72 o & 2a R AS R Bl 2 9 R Ak i ) 3 7K
o T B RER A sZ I . L FTIR 204, vl LUK B,
WHC R %A F & 195 el , 75 3338.2925.1700,
16001496 .1276.1205.1031.877.811.642 cm™ At A
A AR s . L HR 3340 em! BT S T 004 Sk B
B EE-OH M 45 R 31 , 2920 em™ kb M RS Wi C-H 1Y
44 B0, 1700 em™ B RO 3228 IR 2 R
Y C=0 {45 4% WU, 1600 em™ F1 1510 em™ Z 8] K
C=C 45 4R 3h% , 1220 em™ F1 1120 em™ Z [i] 5 C-0

3 XPSHMTHEXEREARBEYFEE(%)

Table 3 The intensity of related functional group was

analyzed by XPS(%)
b
- A c-C c-0 C=0 -COOH
['reatments
WHC 87.03 6.21 4.06 2.70
WHC-M20 68.43 19.50 6.41 5.66
WHC-M40 53.30 32.56 4.58 9.55
WHC-M60 75.67 13.57 4.57 6.19
c=C P&
(DR C=0 | C=C e
Y on GH L —coOH - WHC220-M60
E WHC220-M40
) r\ /‘\ (WHC220-M20
%g @ SAIN f s
EF| A :
=4 WHC220
= é‘ S A
§ /\ / .
o)
-
4000 3000 2000 1000
%% Wavenumber/cm™

F 4 IR 3l , 780 em™ Ab A 55 Pk C—H B 46 R 8 -
MAR 5 B K R 43 )5 WHC X, - OH W i iy
A7 8 i 3340 em™ i B8 2 3354 em™, HAP 4R 4R sh AL
HH 2390152920 em™ AL 14 IR 7 1 C—H B9 45 4 3
20 A YW AR S (4IRS ek 55 , 100 B T I
C-H 1AW 430 /0 5 TRl R 1700 em™ 4 £ -COOH Fil
1220 em™ 2014 C-O 5 U AR I 45 41k 3l 0 28 Rk 2
SYEEEE)IIES

T % b AR B W B CAP AT IS 2T A GiE A |l
PL& B fe A iy — 225 40 (& 2b) . WHC-M60 7E W
B Cd* HiFJ5 7E 672 em ™ b Y 55 M C—H MO & A
TR MR, R 2SR Rt i
F 5 C* LS4 ; [ B E 2934 em™ 20 19 i 7 P C-H
W AC 0 JLF- 438 2%, wd BH I i 1% C-H 'H R 11 ] fig
Z 5T CATE K IR F 10 0B o 7E 1512 em™ ALY
C=C.1255 em™ #b Ay C-0 . 1542 em™ &b B -COOH %
W2 A W £1%) fof 246 41 2 R A 7 W R G Dk 55 , 1
C=C.C-0.-COOH ¥ HREHZ 5 T Cd™ MM fid
ZE P A YRR A R K Ok R i E B E R
TE Cd™ (14 W B 3 A e B S ZEAE . 456 XPS I
FTIR 920 B ] 15 8] C-C B RERI I & =i, T A H
e C-0.C=0.-COOH [y 3, [m] B 3 2 7K #4
W Bt Cd> 1 I B9 A8 fk AT LIS 55 B R A AT LS
ARt 5 Cd R ER N, FAEREHR C-0.
~COOH 1] 5 CA* R A28 U
2.4 KEINEZGIT AR K R Cd* B2 0E

W 44 22 1) pH 7 4 VR B 2o i b e 38 S A
o M35, 2 pH i 2 FH 2 8 i, AN [E] K e xf
Cd™ 4 W B 1 52 b FF (4 8 5, WHC, WHC - M20,
WHC-M40 . WHC-M60 (1) W Fff 2 5351 14 /111 7.36 ,2.18

W At CsC ORI
(b) OH c-H C=C<y| c-0
FRERIY C=0

é L —-COOH -— WHC-M60+Cd

s N N L
=)
w WHC-M60
& 7
=2

(=]

2

-

4000 3000 2600 1000

T Wavenumber/cm™

2 EZFFKIRIRE AR B0 4 Bk AL e 18] 7k 7 B9 FTTR X Bb 53 47 3 B A0t A 40 BR 4K 60 d B9 7k Bk IR Bff ™ BT FR B4 FTIR 3%
Figure 2 FTIR analysis of WHC and different microbial aged WHC and FTIR analysis of WHC-M60 before and after Cd** adsorption
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Table 4 Adsorption isotherm model and kinetic model fitting parameters of different hydrochars
SRR B Isothermal model
Treﬁ fEmS Langmuir Freundlich Temkin
Qu/mg- g Ki/L-mg" R Ke/mg! 110 g 1n R AcLeg? Br R
WHC 8.80 0.01 0.990 0.280 0.586 0.989 0.296 0.972 0.975
WHC-M20 13.27 0.01 0.988 0.368 0.695 0.981 0.230 2.112 0.941
WHC-M40 12.69 0.02 0.997 0.444 0.762 0.993 0.231 3.146 0.986
WHC-M60 13.44 0.11 0.996 2.903 0.372 0.922 1.314 2,777 0.966
) J1 2K Kinetic model
Trﬁi%ms W—23h J12% )7 78 Lagergren pseudo—first—order kinetic Qe =5 1127 )5 & Pseudo—second—order kinetic
Qei/mgg”! K, /min™ R mg g O, a/mgrg’  Ko/mgeg min” R
WHC 1.38 0.02 0.98 3.02 3.68 0.02 0.98
WHC-M20 1.37 0.04 0.78 3.45 3.08 0.01 0.86
WHC-M40 1.85 0.04 0.99 5.24 5.40 0.01 0.96
WHC-M60 2.13 0.04 0.96 7.24 7.87 0.01 0.99

T« Ko B — 9 80 25 5505 Ko A W R T 2685 285 Qi SR A — G2 80 7 2 7 R LB A5 B (R W BFF 5 Qcona I Bl 3 205 AR AV A5 200 119 WL B
185 Qu A BRI B 25 4 5 Ku oW Langmuir 772 R 50, ST BEA ¢ ; K A2 Freundlich 75 72 % %15 n J2& Freundlich J5 2 % %05 A+ Fll By /& Temkin J5

TR

Note: K; is the pseudo—first—order kinetic constant; K, is the adsorption rate constant; Q.. is the adsorption amount obtained by pseudo—first—order

kinetic fitting; Q..ccona is the adsorption amount obtained by pseudo—second—-order kinetic fitting ; Q. is the theoretical saturated adsorption capacity ; K. is the

Langmuir constant, which is related to adsorption energy; Ki is the Freundlich equation constant representing adsorption capacity; n is the Freundlich

equation constant;Ar and By are the Temkin equation constant.
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