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Adsorption of Pb** in aqueous solutions by millet chaff. interactive
effects between the key factors and mechanism study
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Abstract: The Box-Behnken design ( BBD) methodology including four factors: pH, initial Pb**
concentration, adsorbent dosage and contact time was employed to study the adsorption process of
Pb** from aqueous solution by millet chaff. The effects of four factors on the adsorption and
interactive effects between the factors were evaluated. The results indicated that the interactive effects
between pH and initial Pb** concentration, pH and adsorbent dosage, and initial Pb** concentration
and contact time were significant. The equilibrium adsorption analysis using different isotherm models
showed that the processes of Pb** adsorption on millet chaff were dominated by chemical adsorption
though physical adsorption phenomena were also observed. The maximum adsorption capacity ¢, of
millet chaff were found to be 10.33 mg-g™', 10.56 mg-g ™', 11.10 mg-g ™" and 11.22 mg-g ' at
293 K, 298 K, 303 K and 308 K, respectively, indicated that the adsorption capacity of millet chaff

increased with the increase of temperature. Thermodynamic parameters such as AG, AH and AS
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were calculated and showed that the adsorption process was endothermic and spontaneous, while the
entropy of the system increased. The SEM and FTIR spectra analysis indicated that surface
morphology of millet chaff were significantly different after adsorption procedures, and the functional
groups responsible for Pb** binding were hydroxyl, carboxyl, and alcoholic hydroxyl.

Keywords : millet chaff, Pb* , response surface methodology, interaction effects, thermodynamic.
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1 MRS (Materials and methods)

1.1 SEEeAE R
SERHMEER AT RS A TS P AR AT, LB PR R E TP s 1, 105 C BT, Ry e
it 40—100 HF (KA R 0.15—0.38 mm) , B T T4 £ 1.
1.2 SEEaR) R AN A
Pb(NO;), NaOH HCl ¥ 7 Afrafi. 3= 230 R PR 44 B Bl 7B ( Quantad50, 6 [ FEI A H])
R LD 73 B A (IR Affinity-1, HA B A D), KU 6L BT (AAT7002, Jb 5t = B R
Hovwl) TR (AUW220D, B R E i A PR E]) , pH 1 (PHS-3C, AL BHMYU AR A BR
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13,1 DB PR 2258 1830 i) I T VAR
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R4 RN 3 KPR AR OC R U2 1, HARIRES )y 28 W3k 2.7F 298 K A% 100 rmin™' F5 44
T, 4 BRI Ty 28R W T, SR 5 e U (e s AR ) el T A MR D1 0 B T U 4 R VAR
Ak W B RN R AR IR (1) AN (2) TR
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1.3.2 #AJ12ERE5E

76 250 mL HEIE M TR A R0 B4 (20 160,100 160,180 220 mg-L™") A PH* ¥AWK 50 mL, 1 fff
#10.200 g, ZEA[FIRE T (293,298 .303 313 K) #%3% (100 r-min~' )24 h J&, i &I 5E eV P Ph> i .
B 250 mg- L7 Bk BE SR A SRR T R T 1 2743 HT

R 1 BBD B E N R SHRP&

Table 1 Range of different factors investigated with Box-Behnken design

o) # Pf FKE R IE Coded levels
Coding Factor Unit -1 0 1
X, pH 2 4 6
X, Ph2* WA e RS mg-L~! 65 170 270
X, R 6 750 2 g-L7! 2 4 6
X, 8% o6 sk 1] h 1 1.5 2

2 R 5118 (Results and discussion)

2.1 KRHNZRACH AL
SERAE B 22 BRKE W PH™ 1 BBD 3R 56 3 11 e 25 R UL 36 2. %6 36 2 W8l i i Design-Expert.
8.0. 68K AT 5 2253 Mr , HLAS W3R 3.Pb> KBRS 4 A58 PR 2R ity e 1y i — ik 21 K (3)
7=-79.3063+31.6676X,+0.1016X,+0.4935X, +16.2286X,~0.0266X X, +1.1068X X, +0.0860X X, -
0.0041X,X,-0.0804X,X,-2.5036X,X,-2.5199X;+0.0003X;+0.3079X; +4.0730X; (3)
TH X 3 BARHTAL SRR X, X, X XX, XX XX LR XS X RO (P<0.05)
DA pH {E  PH> WIIRMR B W R pH {H5 Ph> W1 AR BE A9 A8 AR L pH {55 W B 570 9 2 A 22
HAEF P> W Ve BE 5 0 R T 9 5 B AR TR pH A\ Pb> W0 A e B8 149 °F- 75 2800 Wk 385, LAt PR 3RS 2Bk
FEA R M RN AN 1 KRG S U R AL R = 0.9863, U6 W 5 BRI G BB, M % (Adeq
Precision) /R85 5 5 M A R 3B KT 4.0 ARHFFORE %5 B g 29.484 Ui WA A AT DLAR 4 iz ke
SLHHER.

x2 BBD AW 5%

Table 2 Box-Behnken design and response values

e Tfiﬁﬁiﬁ L B T fzﬁ@lfﬁ LR O
No. Removal Predicted No. oded value Removal Predicted
X, X, X, X, rate/ % value/ % X, X, X, X, rate/ % value/ %
1 -1 0 -1 0 4.01 1.33 16 0 -1 0 1 51.77 50.43
2 0 -1 -1 0 36.09 37.15 17 0 0 -1 -1 24.74 26.05
3 1 0 0 1 49.04 51.39 18 1 0 0 -1 48.36 46.11
4 1 0 0 41.80 40.45 19 0 0 0 0 35.30 34.71
5 0 0 0 0 31.17 34.71 20 0 -1 1 0 56.20 50.59
6 -1 1 0 0 3.50 5.41 21 0 1 -1 0 29.27 29.24
7 -1 0 1 0 2.44 4.20 22 0 1 0 1 33.65 32.35
8 0 0 -1 1 35.43 36.16 23 0 0 0 0 33.31 34.71
9 0 0 1 -1 43.99 42.78 24 -1 0 0 1 3.66 5.02
10 1 0 -1 0 39.07 38.68 25 0 1 1 0 41.18 39.24
11 0 -1 0 -1 34.22 36.88 26 1 -1 0 0 63.63 61.23
12 -1 -1 0 0 3.01 3.88 27 0 0 0 0 36.75 34.71
13 0 1 0 -1 32.99 35.70 28 0 0 0 0 37.03 34.71
14 1 0 55.21 59.25 29 0 1 1 44.67 42.88
15 -1 0 -1 3.32 0.09
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AT 2 A TINE e T AR TR T - S o D (A 2 0, S R AR X S50 Y 4 v
FFLA R BE 3l 3 5K (3) 15 B AR 50 Y8 BN, SEORBRX A P Ph™ 1 e AR W B 25 44k . pH (B R 6.0,
Pb* VIV JEE 65 mg- L™, R EE 6.00 g- L' RIS A] A 2.0 ho i — 2D AT B AR 4540 T B WL R S5 36,
7 R B 2 BR 2 H 79.60% , 5 TRIIME 78.96% A1 5 H3ir , Fe WIALLA J5 2 AT LAASELq 1 T 00 R o o 2. [ o AR
PR 3R B HAN BN B X, X, X, X, XX AT IRA T

R 3 PbEBREM IS IR
Table 3 ANOVA of Pb* removal efficiency

2R S5 1 A B ¥y F{d P1H
Terms Sum of squares Degrees of freedom  Mean square F value P value
FEHI (model ) 8361.81 14 597.27 71.83 < 0.0001
X, 4457.24 1 4457.24 536.07 < 0.0001
X, 69.10 1 69.10 8.31 0.0120
X, 303.99 1 303.99 36.56 < 0.0001
X, 17.45 1 17.45 2.10 0.1695
X, X, 124.48 1 124.48 14.97 0.0017
X, X, 78.39 1 78.39 9.43 0.0083
X, X, 0.03 1 0.03 0.00 0.9533
X, X, 2.97 1 2.97 0.36 0.5595
X,X, 71.33 1 71.33 8.58 0.0110
XX, 25.07 1 25.07 3.02 0.1044
X3 659.00 1 659.00 79.26 < 0.0001
X3 62.65 1 62.65 7.54 0.0158
X2 9.84 1 9.84 1.18 0.2950
X2 6.73 1 6.73 0.81 0.3837
5%2 Residual error 116.40 14 8.31

i 2% Pure error 92.06 10 9.21 1.51 0.3671
S22 Sum of Squares of Deviations 24.34 4 6.09

SR Total 8478.22 28

T e REL R =0.9863, K IEJA TRAE R AL R, =0.9725.

Coefficient of determination (R*)=0.9863, Adjust coefficient of determination (R3,) = 0.9725.

2.1.1  pH XF B4 5 M

12 X IR BRI B ) A X, (IR BRF R ) ) AR 0, X, (pH {EL) A1 X, ( Pb> WIAR MK BE ) 7E S i (715
BN (=1, 1) XFEBRR A B 1 AT, 2% pH (EAE 3.00 DL R B, ZBRRAAERAR KT, Ph> 47 15 i
AT BRSNS ;2 pH (E K T 4.00 B, L BRZ W &7, Ph> W45 v B2 19 52 i 128 3 b 91, 7€ pH
BT 6.00 B Ph™ 2 BRZR 5 KAA, BUIF Ph™ 00 4h e BE A0 5 M RUR A A5 3 B 38 B, 25 45X (3)
X, 10 REOMZe 3 WM 22 5T, pH AEXT T Ph> 1 08 B 25 55 255w B 852 R 1 LAt PR - () 5 . — A
St pH (B R DN TS M 4 iR S W BRI - COWR B39 2 10 3 A, 00 741 1 R 4 i 5 A I
B s @K EAELEN) H,07 5 4 @ B T3 4 R B o, 08/ 4 T B8 7 i W B 5 2o 11 1 ] 60, B pHL (B R AIE
Ph> L B IA R, 0 1 A9 AR A FH RN 5 4 W B A P 2, k) T HA R R vk 5 B R
B2 ZERFZE pH XF Ph™ B2 IR, 24 pH>6, Z2BRR A9 L7+ HEEIH A F Ph(OH) , ULy i F-3F 0 bt
PER™ 24 pH=6.00 B, SERMEXT Ph> A9 SRR 8 B B i, 2 X LA 52 o, AN B PR TS pH (AL
2.1.2 W BRI AR B XoT A RfF A% 52

K2 2 X, (PO HILR R FE ) F0 X, (W BMERHE] ) St (A 0, X, (pH {E) F1 X, (MR BRIV BE ) 78 4 i {1
B (=1, 1) X EBRFRA R8T 3% 3 07 220 a0, X, A X, 38 BN 8 3l i [ 2 aT %, 24 pH fEAE
2.00-4.00 05 [l N, BE M B0 e B2 T v, 25 B 38 4 R A /b 45 2 63 S ol it A T 50 9k 32 748 Ak AR fR R AN
AR T BE pH 2B S, Ph> 2 Bt R bl 15 56 700 vie J3 - v ) 28 A B I B S, pR A0 T, 2 R o e



134 TLIFHEAE  SEORBEMZ R Ph™ Bt S PR 2858 5000, B % BFATL BRI 5 127

THE M T A 2R 1 S A e R A T AR, ST TR R IR R (B pH BRI B R, KA
TER H P04 I 51 AW R, o5 39 5 B 7 a6, 3 00 R 2 63k =30 it 0% R 5 o 2 2 T2 A AN LA, 1 pH
{EDNS R BR AT B 2 IR pHASAF I X6 W RS I8 RSP RES A £ T A2, 25 pH T ) B H40AEH]
TR IR BRI A RE I R SR IEXT Ph™ B A B AR
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Fig.1 Response surface and contour plot for the effect of effect of pH and initial metal concentration on Pb** removal
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Fig.2 Response surface and contour plot for the effect of adsorbent dosage and pH on Pb** removal

2.1.3  Pb> WUV B X R B 4 52 1

P 3 J2 X, (pH {8) Fl X, (MBI EE ) St (Bl 0, X, (Ph> RIHAME B2 ) Fl X, (R BB [1) ) 78 B {87
B (=1, 1) X EBRFR A 456/ 1.3 a5, RIS R e pH R, BiE B PR E TR, LR
IR RS VAR T O S AR A i R O ) o ) T PR R B e v B A ) el [
2 ) 4% S5 BH 7 (4 6 7 Rit , A2 0 W W B (LB 25 8 1 M BE T R AR 2 v A O LR T Y
Pb>* S A I Ph> = A R g, DT TG 14— 25 W B, DRI abbe i 3 e B 1 R L B R A 2 L T Rt 34
Modher 45" (RHIF5E 5 TR, 224 15 770 26 17 49 PR R A37 o5 R o (5 B, RUAY B HRE AR K A i IR, 5
FrR Tkt — T, SRS A — 3L

— BN pH (BN R i S (14 R R R R e e i ARG R P e R A JEE R kB R
294 0.3—1.0 mmol - ™", H* & FBE /R 5 Z AL 19 pH (B FBI7E 3.0—4.0 Z 0], iR HE A 1 3 LBRR
M2k o, #E 0t pH (EVE N, 38 R BR R M 2 i RS J7 ) & A= 02 B8 A7 AE — 2% Bl H I Pb™> B 7
JEE JR v B AR A T 2 FLER I A R PR R 2, SR WA ZEAR W) B JR VR FE AR AL R, P B 1R H™ 5 e 5 0 R A 3%
SR 2 AR RL .
2.1.4 W RFRSF [] XeF % B 1 52 i

L 3 WL, 2 Ph™ B -k B A A (AR T B B F B () 184 hn 2 B e 2 B g b T g i 1A 3 4%
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ZBRF ML T, 65 mg- L7 & AFF BRI 2 37% T+ 2 49% , i 458 TR BE TH i I , 2B 3R Bt g o st
(] A2 A AN IR RRFSFTE] 1.0 b 31 2.0 h Z[8] 25 PR AR FEATCAR {3 2y T 24 8 1 MR BE AR, 8197
Z 1A% SRSl 850N < v e AW S 0 e B A T I [ T >4 8 v B T ), BT e R
Z IR T BE g A B 1 i, DA TI 457 L 17 380 30K ORE R~ 457 ) k], B A 5 L T PN 3K B A G5 A
AP SEAR — BRI R A W RO A — B AT AR A L S T R RIFL IS E | L 1 R A 11 W B o 2%
23 E 240 min PUEAEPAT Y S E 3 AL SERAXT Ph* B AR AE 60—120 min B BeAE LA
Y A, 2 B R S 107 A S ST ) P 2 288 T 7, SEOROBE AT LU DR AT R W B P 1.

Removal rate (1)/%

Removal rate (1)/%

D: Contact time/h

17000 o 1.00

i 117.50 ‘\‘.ﬁ,ﬂ\\"A 65.00 117.50 170.00 222.50 275.00
1.00765.00 oo I —
,.Q‘o\ : Pb(II) concentration/(mg-L™")

Bl 3 Ph™ 4 e 5 W B A D0 P 25 SR 3 5 i 6 i I T P 70 458 25 e o5 i 2 ]

Fig.3 Response surface and contour plot for the effect of time and initial metal concentration on Ph** removal

2.2 MRS AR
2.2.1  GFERWEBESE

ZEE R PREATT 0 2 Xof R o 3k A 1 18 B AR, M L P ok i R o 515 8 o A 22 ) ) S G R
ST LA B W SR R RE 72l s R AR TR B T (293,298,303 ,308 K ) SEARAMEWL Bt Ph™ 43 2, £
H Langmuir , Freundlich 1 D-R AR HZad A7 o4, o B ol X (4) .(5) .(6).

ce/qe = 1/qu|A+Ce/qm (4>
Ing, =InK;+1/nlnc, (5)
lnqc=lnqm—ﬁ[RTln(1+l/Cc)]2 (6)

A e, A FHTRAE (mg- L"), g, MBI AR (mg-g™') g, A BB (mg-g™') LR N
P 2EH R BUE S 8.314] - (mol - K) ™, T A XHRE (K) K, Ky \n B IR WL L.

ANTRIRE A XS SEA M W B Ph>* B i BB S S 4N 3R 4 s Gl i Hh ek 4 A RP(E P,
Langmuir A7 AT LG G- b 1 38 SR XS P> B 7 19 48 IR W B 72, 7 293,298,303 ,.308 K %14 T (13
KBS B35 BE ¢ 439004 10.33.10.56 11,10 11.22 mg-g ™" Bl T 16 TH s W i 500 %5 Ph>* 85 1 W Ff ik
1B X SRR AR E Y A R T E AR B T AW R AR B 8 T W N, R
A T B S g kA T

R4 AFEEE T RIS 25

Table 4 Fitting parameters for the adsorption isotherms at different temperatures

Langmuir Freundlich D-R
7K
In Ly R? Ky n R? 4 B R?
293 10.33 0.1282 0.9968 3.4774 4.6533 0.9449 9.19 3.00x107° 0.8376
298 10.56 0.1191 0.9884 3.0762 4.0683 0.9123 9.36 4.00x107° 0.8084
303 11.10 0.0748 0.9942 3.4586 4.6642 0.9904 9.12 2.00x107° 0.7635
308 11.22 0.1326 0.9929 4.8038 6.1425 0.9272 9.95 7.00x1077 0.8982

Langmuir A5 5352 M 6 771) 26 TR0 770 DA e IR B A v, 2 Lt 4 0 o I 082 o 22 8 8 8 A AR
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W A 55 7 R 550 2 T B2 PR32 40 A0, T TRl A 2B B A2 7 T Freundlich A5 18 W% B 57 35 1
RESEANTYS) 40 A 1), 6T 22 2 % B R0 7 190 A6 T R FFHASE R | 22 P 1 3 40y BELORE o o 2 21228 R[]
JEF Langmuir 1 Freundlich 578 45 5 W B 58 400 & R* 3971k 0.9884—0.9968 F1 0.9123—0.9904,
PR 7R 15 J IR A R R DG | 106 S A SRR W B P> 85— g o 782 by BRA 0 BHERE B S A 2% W R
Langmuir A5 70 Xt B0 A 4004 2085 SR T A7 38 W92 B ot A 2 B2 B 00 7 2 (0 fk 24 W B D-R BERLAY R?
HALHN 0.7635—0.8982, 7F 3 P A rh 4l 5 880U R fe 22, S B T 3L = B T iR T FL A e W B 3 oo 9 47
FLBE 40 BT 45 SR T R SR 2 T8 08T T S M AL 5440, DT 5380 D-R SRR BEAR A4 3R SEOKABE XS Ph™* 5
Rl ipuRiN
2.2.2 WA SR

SEORBEWL R Ph> B T BRI 122280 AG AH  AS K 81 43 It 2250 K, 36 5 Frs il = (7) .
(8) .(9) 15455,

Kd:(c()_ce>/<CPXW> (7)
InK,=-AH/RT+AS/R (8)
AG=AH-TAS (9)

o K R IR AT B R B, R AR IEE R840, BUE 8.314 J-mol ™K™', T 26 X il B (K) , AG Ry W it
SN Gibbs H FHBEAE (kJ-mol ™) , AH NN KGAE (kJ-mol™) | AS i KW AR AE (kJ +mol - K™") i it Fik/Ay
K, FE R T W ST MM T RN T B S EE T 2K 2 AH AS {8, # iR 2IAR T
1 AG {H.

M2 5 vl FEAS R TEEE T B Gibbs H HREAE AG GRZ/INT 0, 2 B SEORBEN T Ph> 2 i
T A AT SO RS AR IR LT 0, 3R W BT S Ay IR S 0 P i R A ) I £ 4 -, 7R i S
ZER W B AIF 5 P A5 50 I O B S R RS AS >0, 26 I R I ik AR TR L RE B A, W S5 O IFSE A
W Bk S A A I, RGERIH 3 2 IR ELEE R WAMR SRS KT 0.

RS ORFERREE T SRR Ph> fR )= 28

Table 5 Fitting parameters for the adsorption isotherms of Ph** on Millet chaff at different temperature

T/K K, AG/( kJ+mol ™! ) AH/ (k]- mol ™! ) AS/( kJ-mol . K! )
293 64.750 -18.579
298 65.868 -18.896
8.478 0.063
303 69.692 -19.214
308 76.782 -19.531

2.3 HHEB

3 2k A A L S U T R B S ) SECKBRAE i 2R A T4 AT H 1 4 SEDRAREIR B P> TS SEM &
T, W2 R T SRR A7 6 AS KLU P 48 408, B M MRS | FLBR S5 0 R & 38 IR S5 T g2 30 D-R 7
TR TC T AT 3R VR 60 3 %) i PRV A s SRR 32 T A8 A5 06, e A T A SR , ok P Ak ] i 2 A I
BT &R T E R E R S 2 KA RN TS, Langmuir A5 R 4D A B00E 245 A — 5, i —
AU A SEORARE IR [ Ph> 2 F2 BRI T 205 2 A 2= i
2.4 (HHEMLAMER S

38 3o R L P2 A A3 AT A R B T I ) SRR AR S 2R A7 40 7. TR 5 R SRR IR B P> il 5 Y
FTIR PG BT SEK B Hh 1 3421.7 em™ &by 352 BE—OH il 45 1% 2 W Wi U, 2902.9 em ™ &b Sy 0 1 1Y)
—CH, 5 A i A e sl 0%, 1633.7 em ™ Ab R JE i —C =0 MR IR 2h I, 1051.2 em ™" Ab Ry 6
LRy C—O B IR S IE S FEM IS, 3421.7 ,2902.9 1633.7 . 1051.2 cm™" &b it W AT I8 580 )3 2
AR, I A 2 3415.9 .2897.1 ,1635.6 ,1039.6 em ™", FH UL FIWTEEIE SR | FR P2 L 45 I [ 76 SR RE I
B P> i AR AR TR R B ) Ph B 5 BRI 3R A G B & A B4R Y . Ph™ +R
—2H ==R-Pb+2H", Bl B B H &, IR IL, VAT pHL 2 52 M R BF ) S S DR 1, TR) I i% 5 1
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