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Adsorption characteristics of lead ion in aqueous solution by volcanic ash
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Abstract

The feasibility of using volcanic ash for lead ion removal from wastewater was evaluated. The adsorption experiments were carried
out in batch tests using volcanic ash that was treated with either NaOH or HCI prior to the use. Volcanic ash dose, temperature
and initial Pb( 1) concentration were chosen as 3 operational variables for a 23 factorial design. Ash dose and concentration were
found to be significant factors affecting Pb(Il) adsorption. The removal of Pb(1l) was enhanced with increasing volcanic ash
dose and with decreasing the initial Pb(11) concentration. Pb(1l) adsorption on the volcanic ash surface was spontaneous reaction
and favored at high temperatures. Calculation of Gibb's free energy indicated that the adsorption was endothermic reaction. The
equilibrium parameters were determined by fitting the Langmuir and Freundlich isotherms, and Langmuir model better fitted to
the data than Freundlich model. BTV (base—treated volcanic ash) showed the maximum adsorption capacity(Q, ) of 47.39mg/g.
A pseudo second—order kinetic model was fitted to the data and the calculated ¢, values from the kinetic model were found
close to the values obtained from the equilibrium experiments. The results of this study provided useful information about the

adsorption characteristics of volcanic ash for Pb(1l) removal from agueous solution.
Key words : volcanic ash, lead, isotherm, adsorption, factorial design

FHO : s, o, S24, &5, 014A

1. M & T2 (Cw), o}A (Zn) & Xk st sa555°] X
gtx]o] Qt} (Gilles and Lopez, 1994; Thornton, 1983).

el A 3E Fate] APEA o2 Ak g Foll Ak 54 5455 (N, Cu, Cr, Hg, Pb,
Fols ol Tasel v 23] Q7] el Q1 Zn &)< HF ol s viAlE Eoto] Ztolu oY
FAZ MEE 75 TRl viAlE SR v A2

2 <+ Az AE v A2 548 AU, AikAl AEEA A
sity, AA-F Az, 255w, 39 T FEAS FA5st glofl Qlo] o8 7H B3st EAE o
= A oA gk Hrels 7EERE(Cd), F(Ph), (Klaassen, 1986).
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3 e 571524 o] Tt (Bailey et al., 1998;
Streat, 1998; Myasoedova and Sawin, 1984). 53] A
SOl E= o] 2 kA| S| |2l AT st v
HAS 71 Qo] 7]E8] o] mdk A Y] glgo R
3 by Qo)

32 (volcanic ash)b Si0x %+ Al,Os7F F2. FAA R
2 O gFEo] Sl FU)EDe| =R n]AA (fly ash)
Z

(H

b

—1?‘~

710] zeolite A2 Sigh Al FLO T o]gH 4= 9lom

enmi, 1987; Park and Choi, 1995), RIS Alo]
o] 7Fsstal 7P IA7L e AR AeEthd X
T FE ARG Aokl A IR FEo]

OFOHUESIO

7Fed Zolt} olgdt HAeA & AFelx= sAHA
(volcanic ash) & F5% S&AZA &43l7] 3 el
A& sk Qs 71xAkR ’\1 shitAle] 35S =

Ak itk FAROR
o WAe) ok walet

a1 291
S o] 83k *"iﬂﬂ NE
ke

= A 718 o] 83k skAl
213 (factorial design) 7
Pb(Il) AA & 7

A Aoz 7| Qe sk, 1 A rAE o
ﬁk,] 712 selsluAt sk}, el o ERke-o) Hhekg

< spotaly] e d9EHA QIAks FEte] ko) e o
S AP TF A o A gate] FHEE S Bkt

Table 1. Chemical composition of volcanic ash. [Unit : wt%]
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R e EEHo] ol SaSES AAsk= e 2. X E A giH
= oy 7B g0l e, 7= shehA] JA, F3
o3 & F 7 on, AdYAE TR sk 21 M=
oPAHFRoIU gheofaby] Fie A8H AL ol W Eelth P el AIFEEoA a4 gl oL} o)
ol W& FolA o]lw ¥ FAYS Tas ol ZA)go] 9= AR A FolA AFREE S o]
& HE L FEOR AAD 5 Qlo] 8] ARkl v 89 AIFEY dRs QRS Sl A 5 el
Jow wEHa glov, w7tk A (resin) v AT 2015 3 9t} B AFoA] AFABR ALEE kA=
(activated carbon)Z #1231 SHA Aghs vl Q) A ZIAF(EE L) UX|of FASAFEEE <]
ok A de] AFEE T Qs FERRE AlsetolE, e S slolel(F)” o0& 919 AL AlFuro} ARSIt
7ML, SYLFrL AR SO FIEHA G} ol L wskrA] A Az 7tuAeREel A Frhdde] A Row U
Az7es o R 3E WA, ok g A T2 vk 2|31 glom &7 A olubE AR AFRE T Q) B

AL A AFE-3E slAkA| 9] 8lEA AAE Table 190 UE}
W ko) o] Aol Si0p9F ALOsE 3w o] Qlar w%F
o dPYFE D WY EFEFE F CaO, NaO, K0,
MgO 58 FHaha glom ol &7lo] AlA B sk
o shetays A AR 54 meln

(Lackschewitz and Wallrabe—Adams, 1997).

22 Aol stetA X2
sPakae] o8k WD) o)L AA 75 S SJato] Ak
of ok sAlE A gl WA shabel sheta A

gof] ALgE g M) H]E 1:20(WivP) Z 8lo] A1S o] %
sk 79 IN HCl €< 1L 3k 50 g& ¥ 1AIRE 53t
WS A7 & 3lgeste] SRR AlFEelth 9715 ol
g A 1IN NaOH S 1Ll kA 50 g& YL
IAIZE 2 RESAIZ] & 3]8te] 23] Al FSeIT) A2

pH 7 olatel|x] pH7t WiglalA] & o 7k F-aagl om
Al 3 50 CellA] 24A13F 7AZ=3to] ARESIGITE H# =2ol
Ae "o ARs olgst] AHEE  sRAlE
ATV (acid—treated volcanic ash), 712 2]+ 3}ikA|
+ BTV (base—treated volcanic ash) 2 212} %7]8}51H.

Component SiOz AlLO3; | FexCOs CaO MgO NazO TiO2 K20 P20s MnO
Content® 66.8 12.7 2.3 2.1 0.4 3.1 0.28 2.7 0.08 0.08
Content® 7 13.8 3.7 1.4 0.2 4.6 0.26 35 n.a. 0.15

«Content® : content of ash used in this study

*Content® : from Lackschewitz and Wallrabe-Adams, 1997

* na. not available
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sl ogk Ph(1) F2d 2 24 (batch) 0.2
Fstgion,  AgeA  ARESH Pb(I) FEIE
Pb(NO3) 2 (Aldrich—Sigma Inc.) & 7ol LA A
Z3p3ick Ph(ID 2l Qlo] 4=8-91¢] 7] pHell wh&
11]7{ EQE OLo].y_ﬂ 0]6} Alﬁoﬂ}qg Pb(H) :.;1:7]_
50mg/L°J 89 100mLS 250mL Erlenmeyer flaskell

23 5N HyS0, = 6N NaOHE o] §3te] kg
AL WAl Sialol 5gole) 27] pHE 275 W9l
7} 27skSleh 19 vk s1ehA 02 A e SHHA] Al
1g8& 242 H71eE & 20CAA 150rpm .2 180+
QF HESAIZTH

T899 Ph(I) FEol wWE Jas gohnr] flste]
25mg/LellA 200mg/L <] Pb(Il) F-&HE |33}
pHE 4% 243 th5 7|9} 22 o s saflsgich
T2lal WES & SgNe 045um membrane filter
(Millipore) & ©]&-3sto] o3&} om, Pb(I) 2] &
AAEHE47) (model novAA 300, Analytik jena,
Germany) & AHg-8to] 481310, 8-4¢] pH= pH
meter (model 7104, Orion, USA)E o]&3slo] =731
o} 9ESAIZE toll X E2E Ph(1D) 9] k2 v 21 (D)ol &
Aste] Akttt

q=(C—-C)VIm )]

1714 gt AR el E2E Ph(ID Y] Fmgle), G
g 9A1e] 27] Pb(ID 5 EmefD), (i A2 1o
Fgolel] EAISH: Pb(ID % (mg/l), Vi= g

7R sk o ok (g)olth

A

L0, 182 m

Xhﬂﬂ il *}O]«] ﬂz—f}x—i &2 (chemisorption) ©l| 7|
Qg Ao = 1x]— v elo)| v wake] HWEA e o)A 2] Sk
& ekl f8sith fAl 23k BEAlE oAk tiek

FRG} B gl vt FRF) BAE o] §3el 4 (2)
9} o] TAT 4 v,

d
= kg~ @
t

A7IAM, kyi= FAF 228 W& 44 (g/mg/min) ©] 31, ¢,
= B EHNA Y] FAng/e), ¢ ARE telA e &3

ZF(mg/g) oItk BAZAE t=001A t=t, ¢, =014 ¢,=¢,
2 slo] 2] (2)F AWehd o 2k

t_ 11,11, "
G o, e Uy G,
1714 = %7] &4 (mg/g/min) ]t
A Ph (1) F288 SAE 71871 98l 1A
FAAE] A FFel gyl HEEE Langmuirst
Freundlich &2 #&ste] a4t (Ho and

McKay, 1999). Langmuir 5= S22 443t 1
A} ©=(monolayer) S8 3ith= )

o} #o] "

_ qmaxKLq

A7, .= BREENM ) FAF(mgle), 4
FelelM el A F2% (mg/g), C,= BRYENAS 5

| F2A 2 F=(mg/l), K2 S2uAE HER
£ Langmuir <= (L/mg) ©]t}.

Freundlich =E®& Ed9st FAHy} oF
(multilayer) &2 7193t 9loH, v 24 (5) & o]
R Rl =

— qul/n (5)
A7IA, ¢ & FFFEHANA S (mg/g), Kpi &2
g (sorption capacity) [(mg/g) (L/mg)""], C= B3

glofAe] gy 249 % (mg/l), I S3H%
(sorption intensity) & YERH+ Freundlich A<=o]t}.

25 29IAA (Factorial design)
Factorial designa A&y e]| FeFs v]x]

vFe A
iAol ofste] ehhs S F AREe] g atgol
olate] Uehhs 932 47keh7] 913l AH-E= EAI%H

7R vere] QAkE st AAIE 4 9o oAbl

Fo] T7FE AisAo] o Hiteix i Ao
2 QIS A AR % AAA F} (G rses et al., 2002;
Chegrouche and Bensmaili, 2002; Al—Asheh et al.,
2002). Factorial designs 423 -9 7/ A|313 5
BHE AT w2 A Sl Ade] ThsaiAH
(Seyhan et al., 2007) A} Ao st 52 2=4d
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S Folg 4= glry, A= 22l
T (leveD oA A1) 218l 2851 Q=
designs g3ty A H7HF(m), &
1 37}1] A7l gt foldt s
% (high(+), low(-)) 2] 2° e
o}O% 7} A& (run) BE 23] WML & 16Q§
= 7185k 7 2519 =52 Table 2°1 A
£ ATE F3to] e A7 A 20E Z‘J"—’E 0}01
A3t (Duygu, 2009). AA| A& &A= 2919
ogk Wsts Aes] sk flste] #H (random) &4
ojFolxlom, AHE Fato] 42> AFHES Minitab
(Minitab Inc. Release 13)< ©]&3lo] 433th

26 €A™ QIX} (Thermodynamic parameters)

0] Ao W SAEES] 7hA e Sl upE W3
= o84 Q1AL 2 Gibb's free energy® AHo| 7Fsst
" Vinay and Prem (1997)°f u}g} th 21 (6) 2 o]

AG°=—RTInK, ®)
o714, AG°E AFellvAl (kI/moDolil, R < gas
constant (8.3145 J/molK), 7" &= A% (K), 182
Kx doIskzl HE AME eRdth ARFouA] A GO
= E O A (1D o] x¥T & Uh

A Go: AHD_ TASU (7)
o714, AH° = enthalpy(kJ/moDoll, AS°E

entropy (kJ/moD) & YERI™, AH9 AS°E 21(8) 9]
van't Hoff equatione ©o]g3sto] 8 4= Ut}
AS() AH()

R N Vs

®)

Table 2. Summary of the factorial design for adsorption by

volcanic ash.
Level
Factor :
Low (-) High (+)
(D) Dose (g) 0.25 1
(T) Temperature (C) 20 40
(C) Concentration (mg/L) 25 100

3. 41 3 u&

31 Mxel 2ntet pH A&k
SPAEAl 2] A el wE Ph(ID 9] &
317] 9ate] Ph(Il) %7} 50 mg/L]] 529
§]T,__z_\] gg} )\1—540 Asuo}Oﬂonil Flg 1& =
& Aotk AkS o] &3 AA = 28]y AAR
S 7N G71AEE ok 20%0) 717R- Pb (1) Al

ﬂ"‘}xﬂ Zoll E38tE]o] ¢l SiO.7) NaOH
SN} Hkgste] Fzat FElEHA ShtAe] o] wdeg
A MR o AA7EE| o] o|ojX| = FARAF M=

BTVE AHE3I3IEE Ph(1D) €] A5 pH 5 oPdelAl= 573}
-8 (hydrolysis) ol 23t AR E gAJo] 7153 JHo)m
2, pH 5 o1 G99 AlA= A} F27]%0] BF
Folst A o7 B %= 9ity = Ph(I1)S 2 pHellA Pb**
o] e & EASIH} solution®] Fxo] Al&shk= pH 59}
6ATo]oll A FE Ph(OH)2(S) & dAdska, pH7t 138 23

hel Pb(OH) o7k -3l =le] Ph(OH),* & st whebd
pH ©F 5.5 ofselld= F2ho] i AlA 2] F8 wiAYZL
Bl REal pH 5.5 ool A= F2A oy Alg tiellA]
we] o] F2 wiAYFe] Bt (Reed, 1995). o2&t
FEE wiAlsl] f1sko] 2 Aol += pH 2~5 WA
BTV%} AHgsto] S Fskginh skAle] A ot
gold stAlE Bl SalARL & - ool 48249
DH7]' 7.5 oPdow F23] STkt Al 27] AdElR
Aasllet ol 9 (Toscano et al., 2008) o4}
o] sibAlel] e TEAkskE B AUl E sk
o] 2] (9) ¢} Hol] 7]l GaNHW] W] Aoz dArke
o 18y BTV AR A] sPA ] 2dade] s olla] vheks

100

& 2 £

Removal efficiency (%)

PN

0 L I

INHCI

Raw INNaOH

Fig. 1. Comparison of Pb(ll) removal efficiency between

treatment methods.
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d pHe 1 Fig. 2011 ekl uhel
2ol pH 5 olslellr FHago] 7 F2 pHl 45 4
pHE A17gso] ofelx|= AdE 7] Pb(I) 819 pH
£ 42 st APssint.

dedd vvlEksd

MxO + H0 <> [MxOH]" + OH" €)

32 22 &4 Z3IHFactorial design)

20 AgAGol what Fay S2 Aol gk Adghe
Table 3] #|AJ8H5 0™ F=2Q1x}e] &k (main effects),
1% g9 (interaction effects), A, ¥H2+= Table 4
of YeRJith #2412 Fisher's F test?} Student's ¢ test
= 0]85}9.01 Student's ¢ test:= QAR 3] £
S A7) flall AHEE AL p—valuet IARE Abol 9
A5 2g sEe] WskE vehdie felds g1k flst
of ARGHITE ANIA O R ¢ gke] A7 |7F 275, p whol 2
5 9 & FI8E veile Alg #AE Btk Box

al., 2005; Montgomery, 1991). 2z} 91x}o] =g v}e}
fl Argo] Adghel fFolgt aakE vehd=Alol thigk o
= F2AE 7EO0E ~value #h AFEOE g @t
drjzto =z sk JHE AER gl 7Fs3lt). Fig. 3

A S E AFE] S FEGE 2 =0.058F
dAah o] FAE A Wol Q= k= AF o
Fositha Ade = Qlvk &, <Q1ak

Z(_‘

-

231 D«C 9} T*C, DxT*Ce] i Q
eItk Table 30l4] dolxl Al vFo® Ph(ID 9] &
Hagol Fofsithal A= aﬂr%} ke 4 319
RS e o 4(10) 3 2

y = 42.76 + 14.81x, + 2.59z, — 13.94z,
—8.29z,2,—1.06z,24 (10)

o714, F&WH y+= Pb(Il) adsorption (%)< L}ERY
o, 59RE 2 2, x4 27} dose(g), temperature

Table 3. Full factorial fit for Pb(1l) adsorption(%).

S 50 Term Effect Coefficient t-Valug®  p-Value®
3 |
; =0 | Constant 4276 14763 0.000
g 60r m 29,62 14.81 51.14 0.000
2 50 |
€ ol T 5.17 259 893 0.000
T 30| C | -2788 -13%4 4812 0000
=] L
- mT | 053 026 091 0391
By ' . mC | -1658  -829  -2861 0000
2 3 4 5 T+C 212 -1.06 -3.67 0.006
Initial pH of solution
m+T+C 1.37 0.69 2.37 0.045
Fig. 2. Effect of pH on Pb(!l) removal by BTV in the pH range * S.E. of coefficient = 0.2897
of 2~35. a : Student's t-test value. b : probability.
Table 4. Analysis of variance for Pb(ll) adsorption data.
Source Degree of freedom | Sum of squares Adjusted sum of Adjusted mean = p-
(df) (seq. SS) squares (adj. SS) | square (adj. MS) Value® Value
Main effects 3 6725.75 6725.75 2241.92 2000 0.000
Two-way 3 1118.09 1118.09 372.70 27761 | 0.000
interactions
Three-way 1 7.56 7.56 7.56 563 0.045
interactions
Residual error 8 10.74 10.74 1.34
Pure error 8 10.74 10.74 1.34
Total 15 7862.14 7862.14
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Fig. 3. Pareto chart of standardized effects for Pb(ll)
adsorption(%).

(C), concentration (mg/L)= UERAL) o] Edle w2
W 23 7 25 positive (4) &1 Hhdof| &
E¥ negative(—) &= YeR 1L 3R A7FERo] Pb
(ID #AAel 7F¢ & F3E vAE= 2108 IRIFGIT

lo]]

33 2z 9o A&k
HES-2 571 20, 30, 40CY wj BTVel 23k Pb(Il) A|A
a8 727+ 61.7, 65.7, 75.2 %ol on ek 717+
0, 3.3, 3.7 mg/g 0. & 257} A3kl wlel Ph(Il) &
Aol wE

R0 2% SR, 2o

+ van't Hoff 2ol &3 A& vephd Zlo]m
2185 ANZNE 5 d8H] QIR Table 50l &
okslo] JeRfIth & (- : negative) 9 S WERE= 2
F oA AsHA G7) = FEo] ApA o2 ARkg- vk
o= {]3}?%5}—5 A& rlsh A GY ol 5 ()9 #=
L27b 571kl whet fHaeke A o] FEEE
14—15}@1:}. HINT Ko 150 avk=
oA $91E Ashe Ao=A A

34 BTvel &% sYstnt SaHd
NaOH=Z AA2]gt 3kakAel BTV7}F Pb(11) 2] &2 ol AF
gy o g 93 avE vepdd wel BTVE ]88}

T2e RS eItk 271 Ph(1D) =9} HHEAIE
o] W3l w2 BTV Ph(I) &&= (q) 2 BTVl o8t

BRFUAA Po(ID) SIS SE45F dopu]

Asto] A} 23k Fojet walo] 244 Ah= Fig. 59
@om o] melg FE ¢ F8 A== Table 6° 2

v=-3.0946x + 10.948
R2=10.9902

3.10

3.20 3.30 340

UT (1/K) x 10°

3.50

Fig. 4. Van't Hoff plot for adsorption of Pb(Il) onto BTV.

Table 5. Thermodynamic parameters for Pb(1l) adsorption.

q A G’ AH° AS°
Temp.(C K,
POV A (imo) (dimo) (Jimol)
20 1.50 —-26.65 0.026 0.091
30 2.01 -27.56
40 2.95 -28.47
5.0
(@)
40 |
/
& 3.0 L/
23
)
v 2.0 [
& » - -
1.0 —=—25mg/L ——50 mg/L
—+— 100 mg/L ——200 mg/L
0.0 © . .
0 30 60 90 120 150 180
100 025mg/L 0.5198x +1.05
Smg/ ¥ =0.5198x +1.05
20 ®50mg/L  y=0.2917x +0.6905 (b)
80 0100 mg/L, ¥ = 0.2681x +0.5437
~ 70 | m200mg/L y=0.2281x +0.3497
o g
g 60
o 50
E 10
& 30
= 20
10

120
Reaction time (min)

(1] 30 60 920 150 180 210

Fig. 5. (a) Pb(1l) sorption capacity and (b) Pseudo second-order

model fit for BTV at different initial concentrations.
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okslgit). ot Fig. 59 &2d 43S Langmuir 2} Table 6. Pseudo second-order kinetic constants for BTV at

Freundlich 5-22]o] 423 ZA¥}:= Table 77 £t}

BTV Pb(I) &2 Freundlich #2 (R*=0.9216)
1} Langmuir 22 (R?=0.9995) o] &) Aoz =z
EH Y= Langmuir 22l 243 A3}, skA]of 9
SEPb(ID) #Hoh T2 (Quad T2 A (&) = A7
47.39 mg/g9} 0.12 L/mgelqt}. Freundlich Aol A
Kpgkol 275 1/n9 ol W&7s T2 9l g B &
=4 Fago] Bas Yulsk=t, K9 1/ne] w247
13.75 (mg/g) (L/mg)"™ 9} 0.250131¢}.

Langmuir 5% S22 7|24l EA42 o5 4 (1D
¥} o] Fxhgl 4442l separation factor (R,) & YR

= Y+ (Michelson et al., 1975).
Ry= oy (11
LT 1+ K,Gy)

o7IM, R, = %L%Z}E

748, ¢ & 571 Ph(I) 4%
Aol F%-(mg/L), K, < Langmuir 5 LERAT
Table 8¢ “ebd 3}9} 2ol B 3 o% o] FEiE v
k=t McKay et al. (1982) ¢l k2™ 04 1A}0]¢] R,
#2 o)A (favorable) F2H2 oJn]gic), & Ao A
£ 27] 3% 25~200 mg/LolA R, 3= 0.24 °lA4 0.4
ALEE FAo] 394 0% o]FolFlES e St

4.2 B
9] A4 AFE ol9)e] Aeloln S Tak 5
7} 9k PAIR Sk Bl et A A gl A
dlofc}. 12} oju] #Ae ol9le) B $xw Tea)
B e LR R RIS EE S R B ISR
sl gtk RS S2A dE =2 AFESH] YaidE 3
abje] #A40] @TEEE St B4 Az ol
e} ki Hol7k Yomw FAAHNS gsHE B
A|elollx] wb Az o) Algo] vetdal] st a-e
283457 SaAE SIS Eas) ohd A
2 AHsjo] ALgalol a4 ol9)9) e A o
o A7k Ao sk, )] S8 PhD ol 2e] AAZ
3t FRARA S B85 D FHAEA] of
o A9 e e ARG AU

D s8] pH 2~5 W lelM 9] s FHAgeN &
7] (NaOH) = o8-8t A2t skl Ph(TD) &
g &(658.9%)°] AHHC) §How AAF A¢

different initial Pb(1l) concentration.

Co q. k, Yo 2
(mg/L) (mg/g) (g/mg - min) (mg/g - min)
24.77 1.92 0.257 0.952 0.9996
53.2 3.43 0.123 1.448 0.9996
101.1 3.73 0.132 1.839 0.9997
211.8 4.38 0.149 2.860 0.9998

Table 7. Isotherm constants for Pb(11) adsorbed onto BTV.

Langmuir isotherm Freundlich isotherm

Qmax KL RZ Kr 1/n R2
47.39 0.12 0.9995 | 13.75 025 0.9216
Qrax * 2 S==Hmg/g)
& D E& oHX] (Umg)
[(mg/L)(L/mg) o

Table 8. Type of isotherm for various 7.

R, Type of isotherm
R, > 1 Unfavorable
R, =1 Linear
0< R, <1 Favorable
R, = Irreversible

(13.4%) R} 2 02 Yepyit

2) 29148 BX Az FAE g 7P & FaAE e
e QA= skl ArFFe® JEehder, us
(interaction) &3} FollAE A7 7] 99 5
=7 7B 3 A vebdek

3) WS 2571 20°C, 30C, 40CE A53o) nje} 52

T HEHOR 3.0, 3.3, 3.7 mg/gO® A% FUIEIC

z‘>:7'<1—1ﬂ]-££>_ Z]—EL}E,EE 7@@1- H]—?ﬂ:oi X]sﬂg‘—
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