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Abstract: The thiol-functionalized spent grain (TSG) was used to remove Zn(Il) from wastewater. The effects of
solution pH, reaction time and temperature and initial Zn(Il) concentration on the adsorption were investigated. The
adsorption mechanism was clarified by the adsorption equilibrium isotherm and adsorption kinetics model fitting
combined with Fourier transform infrared spectroscopy (FTIR) analysis. The results show that the thiol-functionalized
spent grain exhibits good adsorption performance over the wide pH range of 6—9. The maximum theoretical Zn(II)
adsorption capacity of TSG calculated from Langmuir isotherm is 353.36 mg/g, which is higher than those of other
modified lingocellulosic adsorbents reported (17.88—156 mg/g). In addition, the results of Zn(Il) sorption kinetics by
TSG indicate that the sorption process is fast and the equilibrium is established in 30 min. The sorption kinetics is well
described by the pseudo-second order kinetic model. The calculated activation energy (£,) implies that the adsorption of
Zn(II) on TSG is a chemical adsorption. FTIR analysis demonstrates that the hydroxyl groups and sulphur atoms of thiol
groups (S—H) of TSG complexing with the zinc ion leads to the adsorption.
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FERENALHRIMEICE, AHTELM. A
B, S ARG RS, TR B R
FERERA WK BT B %O, SkE
S BRI N R RS AT K
ATk, Sk, XA e AR KR
FEPEAK, MR T A BV Y B IR B, b A A
R . BB K AL EE 7 v BRI E s, B
TASHIE S WAy AR R 225, g
BEEAL BE R K D AR T B . AR AR
UG YA s ORI B s B Ak, LRI &)
PR AT 4 2 WA o Ok, i b 2 ek
SRR e R B B T I P R 6 sz E E

T ]S PG AL K, R A 7 v 80% LA il
PR A VR, ORRASRE . AR SR AR T A 4 5
Ky, MRS SHEIE, TLORAR. Btk B
WS —RHIA RN, TS I NFERR D e R, Sk
ILINReA o A JTET 4 28 M) 0 (1 S A o P vl DA v
LSO 4 B R B A T B ST A e
FER BT 25 1 I 5 B DL

VAT 2 A TRET 4 322 T 3 S Ak ok 1 £
ST, FONEAAT 1971 &, - HEHZRES, ¥
HEENE . VOARBESEEAAE RN A RS
PERA IR R il ASCHEE TR TP Ry k5%
SR OPESEREB P, I AR R AU B (NaHS O, H,0)
AT N, N-Z HUE FH Il (DMF) 2 S AT, 5
FEOMRSGARE RN 3 h 5, I NapS-9H,0 H T8 5t
WA BRI, RIS T s i S m e bt ), mTH
TR Zn( 11 ) o AR SCAE R BEA et 22 KW B Zn(11)
(I B WS B 2 5 2% AR BRI T R,
X AL RS R R K A EE IR R R .

1 I8

1.1 ER5iRF

JEUR I A KD S v, A
K 2RI B PRV, T 60 CHETF S,
300 um G, &R . AW SCE T 22 R H
RSG(Raw spent grain) & 7~ - & 7 : A BR BF
(Zn(NOs),"6H,0). #3418 « BilR Z 4 (NaHSO4- H,0)
WAL #I(Na,S-9H,0). N, N- - HI L iz (DMF). /K
LI Ry oy At

1.2 HENEFE S &5 RIE
SIS g Rl 0.125 g HEALFI(NaHSO,-H,0)

WA, IR 12.5 mL VA i (DMF) AT 25 mL #i
RO, T 120 CELEARN 3he RIVE )G, BEIZR
i A 30 g NayS9H,0 7E 125 mL Jo/K LRFA it
TR RO 1 h SRR, 2B KR A
GRUEH, TR 60 CHAF, BT 300 pm
i 25 H o A ST S A Tk S R A TSG
(Thiol-functionalized spent grain)Z 7 o

50 AN O I TR B AR R H e E KRATOS
22 H) ) XSAMBO00 Dt HL-FRETEAU(XPS) AT ICH 43 #T
L Cls(284.6 eV) N L4545 RE(B.E) AR EATIE IE . X
PERT S LASW BRI JS BIFE R A KBr R A H 56 1
NICOLET 7%y 1S10 B 7 AR 21 A6 35430 s 1
LLAMERE, PR FIE 4000~400 cm ™ 2 1],

1.3 IRPIsEEE A%
1.3.1 pH {H 540

53 50 mL HIEEHE A 0.2 mmol/L ] Zn(1l)
WL AN 0.1 g WRE5R, FH 0.1 mol/L HNO; 8% 0.1
mol/L NaOH i 17¥#5 1 pH {HAE 2~10 2 [a], & T
HH—6 B KB R4 (LR MR AR A 284 TR
AT HAE 25 C L H3E 200 t/min (I 4AE R HEFEIET 30
min. SEYEHCEIEWR, JEHH WFX-120 24 Jq IRl 53
JEICFETH AL B A AT A S ORI 4T Za( 113k
&, FEVEEAHN IR 22 BRI B . RSG %8 ik [F]
FESEI 4T 5250 5 TSG 475 HL.

BE BT 25 B R(%o) AR B 7 BB 4 g(mgrg™)
%) AQR) 5

R={P=P) L 100% (1)
Po

g= (Po—P)V )
m

e py KW B R B RS 1 R AR S, mg/Ls
o N R TR S IR, me/Ls VAR
AR, Ly m W1 E, g.
1.3.2 N3 5% 505

] — &4 50 mL 3% 4 20 mg/L ) Zn( 1)
Ben 0.1 g TSG, #E#634 200 r/min, WHESH R 5. 25
HT 45 C R 1E R KA s 745 P2 TR PR — s I ], 7EAS
[ B ) A EBORE s Tk B VW, R Rl o o B
THIE Horp Zn(TD)RHCRE,  JFoh-SAH I R B i FH T
B 12D
1.3.3 MR PR 45 Ui e 1l 5

m—%%1 50 mL #KEJEHETE 0.2~20 mmol/L (1)
In(IDEBCH BN 0.1 g TSG, e 200 t/min,
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TNV R . ARSI R, R R AR
PARIEATDE RO EAN A A [ L, AR
KH NapS 55 SR JE ) T m PR 4% 10 T 4 g 2 1
B S A LSS, I H S T ORE . RIS
PER N AN G) s ATCUE Y, i PG I 1 | W,
A, EE— VR, R AER R, S
LR T A BRI R R 22 Rl b R 5L B AU K AR
B, JFRH Na,S ZHATEIRLRY, il T 5kt
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>
HO— HSCH,COO—— HSCH,COO——

Intermediate
product

Thiol-functionalized
spent grain

Thioglycolic ~ Spent
acid grain

A3)

X G T AR (XPS) T LUK BT 31k i ik

PROL E RS . B 1 FTos o 2SR S A e

) XPS i, P 1 nfLARH LA Y, SR a b ol

PEJETE 163.6 eV AL HHIL T S 2p (B, X FNSCHR[11]
IB PISRIE T S 2p BT AR B — 3L

2.2 pH EXIRMIRER IR
pH B ZE R SR SOk AT SR IR B Zn( D) RS2
Wl 2 frzs. GRARW]: SCPERT A ZE R Zn(IT)7E
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Fig. 1 Typical wide-scan XPS spectra of RSG(a) and TSG(b)

100 -
80r

X
2
]
= 60
>
=]
g
7
40 1
=— PSG
*— TSG
201
1 3 5 7 9 11

pH
2 pH {ERFSRAEAL SO i J 22 R M Zn( 1) 52
Fig. 2 Effect of pH on adsorption of Zn(II) by RSG and TSG
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2.53 BT pH ARG 0.2 mmol/L &Y 25 14 K%
WS W, WE 3 . HE 3 TLUEH, 4
pH<6 I}, Zn THLL Zn(IDHERFELE: 2 6<pH<9
i, Zn HYFE A ZnOH Al Zn(OH),(aq) 2 A 2
TIEEHA; 4 pH>9 B, Zn(OH)(aq) TR %, H

I Zn(OH); MBS, it RO b R A B
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Fig. 3 Aqueous speciation of Zn as a function of pH
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Fig. 4 Effect of absorption time on Zn(Il) adsorbed by TSG
at various temperatures
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Fig. 5 Kinetic plots of Zn(II) adsorption on TSG at various
temperatures: (a) Pseudo-first-order; (b) Pseudo-second-order;

(c) Intraparticle diffusion
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In(g, —g,)=Ing, —kt (4)
t/q,=1/(kygl)+1/q, (5)
q, = kit" +x (6)

X g N ¢ N2 (mg/g); ge 2T b i
(mg/g): ki(min™"), ky(g'mg "*min " )AI ki (mg'g ' 'min ")
VEIPIES %8

GBI EN 1S HIIANE 1~3. H—Z3)
IR R 45 21 (R PRI W B 5 S 56 22 1R
Ko BRI, SREAL S EZE R Zn( IDANFF G4 — 2%
1D R 8 1 iR A A3 2 A
KEFIYRE, B 1. Wi gsh )2 fet 51
73 3] (1) BAR AR B 5 SRIRAE RE SR AT W) & . A
I, SRIEAL SR B Zn( IR 80 —sh Ji 245
CE W 145 Y v L4 i B 2 e A N Y A ]
BTG R,  ZRWIT il B AT R TR B SN R REA T, W
B B N R R AR SN o AR, N OB R AU, SR e R

T ARG S ZE T Zn( 1D 30— 23 112 250
Table 1 Pseudo-first-order kinetic parameters for adsorption

of Zn(1I') on TSG at different temperatures

T ek ey ot F

278 6.43 1.41 0.179 0.7960
298 6.44 0.23 0.178 0.9860
318 6.45 0.10 0.143 0.9857

F2 AFENELEE N S AR Zn( 1D R 28 )1 25
Table 2 Pseudo-second-order kinetic parameters for

adsorption of Zn( IT) on TSG at different temperatures

ex call ko/
K (Ifg‘g ) (mqg‘gfl) (gmg "min") R
278 6.43 6.47 0.413 0.9999
298 6.44 6.46 1.870 1
318 6.45 6.46 3.457 |

3 AR TSI Zn( DN RO 2 5L
Table 3 Intraparticle diffusion parameters for adsorption of
Zn(II) on TSG at different temperatures

T/K kina/(mg'g min ") x R

278 0.071 6.01 0.9541
298 0.026 6.32 0.9509
318 0.012 6.39 0.8835

FARAN 5, U AN B i R TP AR AR T A E
HAY O MR B R BARE,
R E) I ARG AT S R B e, L)
)R DA R, RIS TR I BT
PR AN IR B AR A s,
Fr LAYEL — 2 7)) 77 2 A58 BT LS4 T b e WS 4K e 1k
A2 Zn( TDFIALE]

EEN DI K=ot ST 5 P RS LY T g gl
kags»  HH Arrhenius 7712
Ink,, =InA-E, (RT) (7)

THELAS 2N SN RS AL RE Eyo I H ARSI T L)
PHWRBR 0 B0k, LR S BRI Dy i A AR
TP BT o 35 R A2 R PR TR AL REAE 8.4 21 83.7
kl/mol Z ], AREHEAL E I AL e e o' A
WFFErR, AL O 2SR B Zn(IDRITEALRE N 39.35
kJ/mol, Ui WISRIALNEZ G Zo( 11) 235 PEAL
Wk, X5 _EARFREIR 2.

24 WHIERZ

25 CINF, BREEAL Sk 228 Zn(1D) R B e ) B
ST L (R BE IS OK, HIER WAL 20 mmol/L I,
W B FEASTA SR o PR BT B (g ) R B 1 Rk
JE (co) 5= 2K Langmuir(3(8))M1 Freundlich(z((9))
SRR A TTRERATIG, LA R Kl 6 k.
P! de = P! qm +1/(bgy,) (8)
lgg, =1/n)lgp. +1gK; )
e bk Langmuir J7 P27 B 712 I8 o B2 (1) 48
B A(L/mg), 1/b K, WP 751150 MR o 5 £ WA e
K K(mg/g)F n 43514 Freundlich J7 R 08 b-E A%
(BN S PRIV A e

300
u qexp
| Langmuir
2301 Freundlich -
~20t 7 -
I?D -/’.,-’
on L prLs
2150 e
Si0f  SF
-
‘/
50t/
0 100 200 300 400 500
p/(mg-L™")
6 BRHEAL O REGT Zn(TT )R Bt 4 il 2k
Fig. 6 Adsorption isotherms of Zn(Il) using TSG as

adsorbent
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* 4 Fi%) K 25 “CHY Langmuir 1 Freundlich J5 %
A RAE S EUE MG EAH K R 2. Langmuir £ 8 {5
[ - S5 AH 2 T ) 550 2 BT, T Freundlich
B F T AR AR TR SR AW b o tH3R 2 wT4,
Freundlich W S5 iR 2k 26 AR OC R 58 mr, DALtk
Freundlich JyF£4% Langmuir J7 72 5 31 ¥ iR 554k B
PR AR Za (TRt R, 0 B S0 A et 22 R b
Zo( 1) I BLBEIFF AT 1) 35501 JZ RPN, T A28 M B
K EAIHLEL

i Langmuir W PS50 2675 #5045 21 5 284k ok
AR Zn(T0) A LI B 52 353.36 mg/g, L T
SCHRFRTE 1) LB e A o 4 4 25 SRR B 56 Zn( 11 )
Wbt RE (N3 5 FiAl), RWISRERA o R i — A
DR Zn( 1) Bt 551 o

T4 SREACCUE R BB 17 TR B A5 2 2 B
Table 4 Isotherm parameters for adsorption of Zn(Il) on
TSGat25C

Langmuir isotherm Freundlich isotherm

BAL'mg") gn/(mge’) R n  K/mgg') R

0.00779 35336  0.9000 1.93 10.19  0.9628

RS VAR JTETYEZR I TR B 5 5 AR B i
Table 5 Zn(Il) adsorption capacity of modified ligno-

cellulosic adsorbents

Adsorption
Material Modifying agent capacity/ Reference
(mgg’)
Azolla .
H -
oo AP
(aquatic fern) £
Sawdust
ium h; i 15.8 20
(Poplar tree) Sodium hydroxide [20]
Cassava tuber . L
bark waste Thioglycollic acid 93.3 [21]
Jute fibres Hydrogen peroxide 8.02 [22]
Carrot residues ~ Hydrochloric acid 29.61 [23]
Coir fibres Hydrogen peroxide 7.88 [24]
Coconut L
shell carbon Phosphoric acid 45.14 [25]
Sugarcane cs, 156 26]
bagasse
Spent grain Thioglycollic acid 353.36  This study

2.5 IRFIHER

ARSI R S 2 LB Zn(TT) L0 oM
Wil 7 frose AT AR B B %A 81 TR 6.
S FRERE T B R 3302~3352 em ™' AR B A
W KA YR 4 S K R3S O—H I iR 3)
55 {5 i (RNHCOCH;) - N—H (1 1 45 4 5 P77
1634~1652em™ AbfrIRE Ik FAPEERE T 75, /& C—O ¥
WEEIREN TR 1516~1531 em ™' AL 06k B bk
Je 114, & N—H 25 fhi4Rzh Al C—N iRl i)
BB IEN, KPS R IR RS A

BRSO S5 22 A 1733 711159 em ' AL T
PIAS BT b, i 2 AL C—=0 BEMRFIEE, Jo
el C—O BERFFIEIE, X R R R
T ERL RN . JE RS AR - LR
N, JERCT BB S IN T S DR AL, X R
FELTHNEE T 2564 om™" Ak H BB R 1g—37 3
R4 sl g, [ EDAE T XPS g B i H., %
F AR SR T 3302 em ™! Ak (1) 5 IS & 3341
em Ak, X BEEERE B SRS S T SRV .

M 6 SRBA AR Zn(TT) AT 5 2040
T ERFAEE AR T DUE H, FRE O—H Wi i 47
B I, W AT RIS AE 3341 em ! Ak, TR
Bt Zn(10))5 FeAEm i HERAE 3352 em ™' 4b; 53 oh—
Ab AR B AR ST 2564 em ! AR IR I £ I
Bt Zn(ID)JEH Ko FREEMSCE IR B R A A a2 DAL Ay
FREAG BANAESEEFEES, BT RERS
FER T S BURIE RSO A R AR TR RS . Stk
P PE A AE 2564 em ™' AL S—H AT LEIL B Zn( 1)
Jr T RAE B T 28 2 5 5 A B S 2B IR 3R 1
WA B PR R R T EEAEN, FEESE

S—H
1—RSG
2—TSG
3—7Zn-TSG

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers/cm™!

7 ZRESRAAEE RS A SR Zn(1D)JEILLAMERE
Fig. 7 Infrared spectra of spent grain before and after thiol
functionalized and TSG adsorption of Zn( 1)
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Table 6 Infrared spectra analysis of spent grain before and after thiol functionalized and TSG adsorption of Zn(1I)
Adsorption band position/cm !
Group Vibration form
Before modification  After modification Adsorption Zn
Hydroxyl and secondary amide v(O—H)+v(N—H) 3302 3341 3352
Thiol group v(S—H) None 2564 None
Ester group v(C=0) None 1733 1733
Amide [ v(C=0) 1652 1635 1634
Amide 1T OJ(N—H)+»(C—N) 1531 1517 1516
Ester group v(C—O0) None 1159 1158

S—H B P RBR 1 5 B I IR B B B S )
HE. HABThAERE R N—H. C—N. C—O0 H:HfE
W B 25 11T S 4L AN B e i B AR A AN 2
T FH T G AT TR PR 2 1 R AE A AN K

3 Zig

=

1) ShFAb ST Zn( DA B WM BE ST,
FLER MR B 50 IA 353.36 mg/g, B At b HEA R 47
Y 2R BRI Zn( I1)WR B BE .

2) SILALSCPER R B Zn( 1D 85 pH Y Rl
BN 6~9, X AR, 30 min BIGEEIFAT,
TP, AR T TR A
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