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Effects of Activated Carbon Particle Sizes on Caffeine Adsorptions
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ABSTRACT

The effect of activated carbon particle diameter (i.e. US sieve No. 8x10 (dp = 2.19 mm), 18x20 (d, = 0.92 mm), 50x60
(dp = 0.27 mm) and 170x200 (d, = 0.081 mm)) on caffeine adsorption is investigated. BET surface area was increased
with decreasing particle diameter (d,), and caffeine adsorption rates increased with decreasing dp. Moreover, pseudo-second
order model is predicted the experimental data more accurately than pseudo-first order model, and the fastest rate
constant (kz) was 1.7 g mg" min" when d, was 0.081 mm. Surface diffusion coefficient (Ds) was decreased with decreasing
dp based on the minimum sum of square error (SSE). Practically, certain ranges of Ds are acceptable with high reliability
(R?) and it is determined that the effect of d, on Ds is unclear. The effect of pH on caffeine adsorption indicated the
dependency of m/L ratio (mass liquid ratio) and pHezc. The pHezc (i.e. 7.9 + 0.2) was not affected by dp. The higher
caffeine adsorption at pH 4 and pH 7 than at pH 10 is due to pHezc, not pka of caffeine.
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1. 2 2014)9) o1, oF= # ub ojyz} #u|, T}, 223,
N F=7 5 o 71A| AlFol oh=F xFHE o] 9)
3 Q] =4 A Ao A YeptRo] ook o] AEsIE7E FAEE A HAEsEe 1
g T59 oJorEd 9 uFREde] AR #F HE7} 22 2ol 20104 7% 71l Y%
o], ujgFol At A& W=7t 23] FU8k S ol A 2} 026 + 022 pg L, st B sp5=2] 2|3+
2 ¢33 QQth(Kuster et al., 2008; Snyder, 2008). 4= ©olzoa ) 56.1 ug L'2 AZEcKSim et al.,
AE &3 YF=49 FE= A s 4ad 2 2010). 7} 01S o)A =5k} zowm Hoao o =
@ 7Hs/d(Temes, 1998), AE ZFolL} S44uke] A7) Ak mH AAug, BUZ, 2k 5o 5
LA\ (Fent et al., 2006)7} AA|E3L Q17| wjRo| 542 0loy|i REL ofy|at RS X1 97| g
el AaA e o3t oloFEd A|AQ Faiol ol A E 53 7l AAE AYs] FaT
FERE ok &tk B3] 7HuRle) AlAe mEgeA Tl

|

=W AEFA E5HA HEEHE YFEd F T A AAZE Aol =R ool o] EE o] Q= 1
ZHAIRL ZHEIRI2(Kim et al., 2007) Ao} |shol =R Foll shkel FA AAY 2 g2 vy
A Q7 EHEol Of%t Tl Q] AR ALEE A (Sotelo,  Zol| gt o] Wasich
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O

11(Bueno, 2007), A1F 2 FE2 9] i Ho|
ol A TréH‘c?}i AEA fAE] B

3291 A 7|7} o] Frh(Ternes, 2002). 4:A]of 245}

Rl
o=

ox Al

i

= YorEdo AlA U 9 gk g Aot KB
7F AEH o R o]FolA Al U, LHEAY AT
aEE =o7] faiA AojstEe eLdEdd wWA
e, oF, o o3 59 15@ A7} 5?:151
I Qe FAlolth 11 F TS HFAFRE o]F
oA Ui H2 FHAE 7HA]7] Z EPOJUJ 71
=4& AAY 4= Ak dHA U3(Snyder et al,

g waAQ) Balsity el
W Z SR ST HTHMcKay, 1996; Karthikeyan,

ZHA|7F ol A dwr
o2 sHbEL, WRAY
(internal transfer)2 F= 2ik(pore diffusion)} EH
Shik(surface diffusion) 0.2 e 4= gtk FHIAMA
Z~(surface diffusion coefficient, Ds)«= S-ZA| 9] Alo]=
9] ¥goFS wWh=tly H1E o] £F31(Sontheimer et al.,
1998), ¥&2HA|9] AAH o] &2 A H(intraparticle mass
transfer)S W& 4= 2ItH(Snyder, 2007).

Eate] B (kinetic) A E& T skxel
BB o]3)sl= # o], kinetic data= pseudo-first,
pseudo-second order kinetic model 2 o] o] X tH(Malik,
2004). kinetic2 solid?} solution2] AH|FHo|A ] 52HA|
o F2F =5 AWk, AP olA F2F kinetic
W W Amel B3 wgel uAUZS AT
7] lﬂ}—‘?—oﬂ =9 5}tHHo and McKay, 1999). whafA B
o &4 F& AYHHS 4Esh] flsiA =4
9 kmetlc 2 W32 olsffstaL oS3tk o] F&
3t

pHoll 2 B2} ojake gole] pHel 24| &
Z3HpHpzc, pint of zero charge) Fi= ¥ 5-2FA| 2] o]
3} 7 3K(pka, acid dissociation constant) 0.2 &f A
olth(Malik, 2004).

B oA St g 2rle] me sjsel
9] %&* EAES kinetice 423335} t} kinetic S2&F9]
AE pseudo-first, pseudo-second order modeloﬂ
sto] HRAd4E =501l 7HEQlY DsE &
QA A710f w2t wlwetck w3 gole] pH
of WE Al B2 JFEe 5] I cherar
pH 270l 4 5852 488 Aasarh

ol L

it

rm Of e}

2 Aol AREE 71 Q1(CsHioNsO2)-2 Sigma-Aldrich
of A Q)8 AL, stock solutionS WHE0] 3] Al5ke] A}
/3+ch pHS 2A317] 98l 35~37% HCl (Samchun,
Korea)ﬂr NaOH (Duksan, Korea)& A3} tt. A&k

© CalgonAh9] F-400S 245k} 0|85}t g 7]
Zof AFEH distilled water(Z45)=
(Barnstead, U.S.A)2] 18 MQ oA

Millipore system
AHgshee.
2.2 EMEL X} 370 M2 kinetic & A&
e A A7) W 7|l & 545 H
wst7] fsliA Bt Ao =72 47HA] AR 2
71(dp) 2] EAES AAstal 4|51t Calgon F-400
o mApAbES o goke] EaEh F(Han et al, 2013),
US sieve No. 8x10, 18%20, 50x60, 170x200 A}o]*=9]
A E opening size7} 2> AHEH F AR Aok
% Row tap(Inter lab Korea, Korea)2 ©]-&35}o] 20&
S A7rESHATE A7k g B/ ¥ distilled water
2 103 A|ATE &, 95°C2] dry oven(WiseVen, Korea)
of Al 24417 skl A-LoA Bt Ao A}
g3taict.
1Y gaE AZS] 14 001 g9 sl
HyulZelago] 9o % distilled waterS EA 71|
XHTJ 10000 pg L 'o] stock solutionS WFE11, 440 + 50
ug L' 545ko] ALahelcy. 3j4sh 7sel ool
g SRS ATl w2t A7, B4 e
A 75 x 25 em@ AALZE o] wHE Ho] ZpzbE
Jar-tester(Sam woo science, Korea)E ©]-&35}%it}. 71y
9l gl 1 Loj 471%] Q1% 27]9] BAEHS 77} 29
Sl UAAIZE E<F oF 45 pmos wake T, 5 mL
nlo] = 53] 3(Biohit, Finland)S ©]-8-3}6] 40 mL W=
2 ST 891 1 L 2709 AEE RFske] 50
mL syringe (SGE, Austraila)@} filter holder (Millipore,
Germany) 18|31 0.45 ym S} Z}X](Millipore, Germany)E-
olg3te] ofatet F, R THuAS BAstor

2.3 S A EHSMS ALt

pseudo-first, pseudo-second order kinetic model®] ©]
AL 217 4 (1), G2 ZehMalik, 2004). g8}
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s
Gt BRI BRNSl BA AY T FAE I Y A Dsel gt
2249 2img £ SJolshl, ky (min')3H ko (¢ me
min")%= pseudo-first, pseudo-second order kinetic®] < T, = 4D, ¢ (6)
2
= Afgoltt. d
dg, ax= W
W = kl (qf: - qt) (1) X C[) Coo (7)
1 2.4 pH HIH0| 2 S2E A
log(g. — ¢,) = logq. — t @
t 2.303 Calgon F-4002 9fxlAbEZ B 5}o] US sieve No.
p 3255 90% ol st B AlA Y glo] o]
% ) @) B3kAch 555+ 5 ug L' 843k 7¢l §ajo] 3N
- HCIZ} IN - NaOHE FY3}o] pH meter(Thermo
" 1 scientific, U.S.A.)E ©]-&3}o] 27| pHE 4, 7, 10 £ 0.5
== @

qt kQ qz qe

A4 @9 @ 27 Al ()T 3)9) Aol 4]
(2)9] log(ae ~ q) vs t AFAL o834 kg, 4] (#)e]
v tARAE ol 8314 loE AT peudo-

t
first®} pseudo-second order kinetic model®] A SIS
T3] YA A (5)E AFESHe] sum of squares
error %(SSE)E =3} % th(Hameed et al., 2007).

Z(qe,exp_ qe,ml)z
SSE(%) = \/ v ®)
e AR A7)0 whE UL 7:“"[‘(DS)E =
57 1 H 34 Dse %7]13HS 1.0 x 10°5%E 1.0 x 107
s'7HA] WBATA 2] (6)0] Tﬂ%lo}oﬂ AR A
L}E]-IHL TpE 31, A(7)E E3) data AXE AALS}
& tH(Sontheimer et al., 1998). InTg vs AX T1&|Ze] 3
A4 o]t model AXE ALFSHAL, AypA o
2 Y(data AX - model AX)'7} A4S yepd uf, 7}

Table 1. Conditions of adsorption experiments

2 23k9ck 300 mL ZAEol 71 o SEs
7}2} 3, 6, 12, 30, 60 mg4 Qi1, 27| pH7} 24 7}
Hel §A(555 + 5 ug L) 300 mLE ¢ HE o]
IHAA oF 30 rppmo 2 5Y FF wwRksiich 5
3., 50 mL syringe?} filter holder Z12]37 0.45 pym o3}
A% olgato] olzie & 25 shuele BT,
Table 12 ¢J4 27] W pH ¥isfel w2 7Hslol 52}
Aga 248 Aelg Aol

I

2.5 B4 dig

719|912 5cm quartz cell(Analytik jena, Germany)©l|
20 mLe] MZS ol 270 nmoj|A] uv spectrometer
(Analytik jena, Germany)S ©|-&3lo] SHP=E =75}
A tHRodrigues, 2007). standard curves= 7[99 %
10~800 pg L' W 9]oll A ZHAHAI0" = 0.9999), oS
3l R 7HEQ s dSsted, 7Y
Method Detection Limit(MDL)2- 2.3 ug L' & AAk=|9ick.

4,0l U} A EAL setets] 91814 Brunauer-
Emmett-Teller (BET)®} point of zero charge (pHpzc)<

pp, 407-414

Initial conc. of caffeine AC AC particle size . .
Source water 4 4 . Initial pH time
(Co, pg L) (mg L) (US sieve No.)
AC particle size test
8X10, 18X20, . .
Distilled water 440 = 50 500 not adjusted 5 — 1527 min
50X60, 170X200
pH test
Tap water 555 + 5 10, 20, 40, under 325 47,10
p - 100, 200 +0.5
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H A3}t BET analyzer (BEL Inc., Japan)y= <%
99.999% N, 7}AE o]-83}o] 77 KojlA 0-1 bar7FA] &=
= BEA AddEed wE SRS ALkekel:
pHezcE 574317] 914 0.01 M - NaCl -g-Hof 0.1 M -
HCIZ} 0.1 M — NaOHE Y3l pHupa s 3-120.82 %
Aotk pHuwS 283 0.01 M-NaCl £ 50 mLe}
2R 0.15 g& 100 mL 24 wtjo} Heof go} HEe
ofl Al Rtslich 48417 F9F wRE g %, pHia S 578
S}l pHinar VS pHinitia 12 ZE $8F pHinitiat pHpina 7}
o= A HS pHezc 2 EHR15}I T Utrilla et al., 2001).

3. Zut A nE

3.1 UKt 370 w2 ESAMEF EM

Ao day A& =27, 359 27 5 =93}
o4 EA4o] I F2sol F3Fe A wwel AR
A 7]o]| w2 BET specific surface area®} pore volume ~1
23l pHezc e 451G 4% dAE 132 7t
Aslal, dy= T 7119] US Sieve opening size2] H-7Fo
2 ZoJatqlct. Kok 7HHgE #7]5 $Iste] US Sieve
No. 8x10, 18x20, 50x60, 170x2005 <=A{J = No. 8x10,
18%20, 50x60, 170x200°.2 "HH3}l¢ch BET &4 2
= YeERH Table 29} 7o) total surface area®} total
pore volume %5 d,7} ZbobEeE T gro] S,
micro®} meso pore Afo]Z=o A= dpofl wet grol F7F
k= AE ok ol2gt &% d, fao] whE H
#HA 7 Ao 7] dRd vE e 2
@} 2 A]5} th(Chung and Choi, 1984; You et al., 2014)
e FHASHE gQlstr] 91l S pHeze
Fig. 13} & 235 2t} pHezere SAAE dpoll uf

9+ 02 HAE HEHH L, 22 F400& AR
GBS dyoll WE EHO pHpes= & HIPL Gl=

Table 2. Results of BET as activated carbon different d,

124 | —8—— No.8x10
Qs No. 18 x 20
1M 1| ——-+—- No.50x60
— == No. 170 x 200 4
10 ?
//:
9 7
Y
T 8 Py~ T
£ e T T
5 7 Vo
/7
6 Y/
. v
4 -
3 -
2 T T T T T T T T T T
2 3 4 5 6 7 8 9 10 " 12 13

pH

initial

Fig. 1. pHezc of activated carbon as different d,.

3.2 EHAEH Xt 2700l T FHmRIe] X kinetic

SRk g9 A7l WE sislelel B AR
Fig. 26} o] Y 7HA] d, 5 7hw|ele] 27] Fafol

W=7 o] Folfom, 7tH| Q1o AALEE &7t A
= F3sHA w3tk 0.081~2.19 mm H 19| d,ofl A
Byl =Est= AR dyoll ot oh=A YEksal,
d,7t Zopxlel what Fh|Qlo] 50 %ol A A= &
8 A|7FS 9F 120, 60, 15, 2 min© 2 A3 11, 98 %
ol AAE = &8 AZR> oF 25, 10, 5, 3 hro]glth.

Aoz SAete 4t Ae5s FakeliAl of
= B4& Ho war FARRIch B g oiKim
and Uk, 2006). FE3}, d,2] H$7} 0413 — 1.05 mm<]
F-400& o]83to] %7] %(C0)7k 22t 88 mg L9}
98 mg L9l reactive red®} reactive yellow?] EzHAS]
A1KXiao and Bushra, 2001)2} t}34 E212l shale oil
ashE d,@] H9 0.1~0.3 mmof|A] drim yellow-K4G(C
=200 mg L9 &2k A¥o| 0|83t AuKAl-Qodah,
2000)= 7HHIQ19] &2t A Ao}t FUSHA dp7t 2t

4 BET Surface area Pore volume
v (m’ g") (cm’ g")

(mm) .
Total Total Meso Micro
No. 8x10 2.19 814.7 0.3967 0.09539 0.3528
No. 18x%x20 0.92 1028 0.5018 0.1237 0.4474
No. 50%x60 0.27 1088 0.5513 0.1522 0.4762
No. 170x200 0.081 1109 0.5709 0.1652 0.4958
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Table 39]| pseudo-first2} pseudo-second order kinetic
model 9] g, cal, HEAS (ki, k), R, SSES Ueh]
it
AN .

100

e 60
©
>
°
£
o 40
—o— No. 8X10
20 —>%— No. 18x20
—A— No. 50x60

—— No. 170x200

0 200 400 600 800 1000 1200 1400 1600 1800

time (min)

Fig. 2. Removal(%) of caffeine as time advanced.

= Bd9] g, calE H|wd HL uff, pseudo-first
order 2.t} pseudo-second order kinetic model®] q., cal”}
AERE o 2 RARRIC Bk ofjal pseudo- first
order .t} pseudo-second order kinetic model 2] e
woton] SSEX o we AnE melch uehy sl
Q1 5z kinetico]] pseudo-first order Xt} pseudo-second
order modelo] © ZH3dS & 4= 219l Fig. 39

pseudo-second order model ZAIE LFERY ST

3.3 e X}t 37\of wE EHEMA I
BT doll W2 DsE FHA A1) Y 2
AAGL latr] 918 doll ThE DsE AdbelL,

Table 49} 72 Zig Aok

S(data AX - model AX)' 7} ZAZHS LERY @2
o2&l ztog sy, 1 ul Ds+= dy(0.081 -
2.19 mm)7} Zropglef whet haskeict 2y Ad
Aoz 4,0 wat S(data AX - model AX) Z}o|7}
A7) & Ds 7He B, o= dpof wWE Ds ¥iS}
£ st Zo] o8-S vepdnt 7] Whae
£3o] 23}, p-Nitrophenol(CO = 10 mg L) 2]
A EF F-300(d, =0.1 —0.01 mm)< ©]-83l Sontheimer
(1998)+= d,7} 2ozl ol whet Dsi= #hasghehar wets)
a1, Joél and Odendaal(1996)-2 diffusion coefficient”}

Table 3. pseudo first and second-order adsorption rate constant (k) and adsorption capacity (qe) according to dp

First-order kinetic model Second-order kinetic model
ge,exp
| ky ge,cal 2 SSE ks qge,cal 7 SSE
(mg g7) S 4| R 44 4, R
(min™) (mg g7) (%) (g mg" min™") |(mg g") (%)
No. 8x10 0.77 3.0 x 10° 0.50 0.88 7.3 9.0 x 10° 0.87 0.98 2.8
No. 18x20 0.82 1.5 x 10° 0.96 0.98 5.5 2.0 x 10? 0.91 0.99 3.7
No. 50%60 0.89 2.7 x 10 0.65 0.94 9.0 7.9 x 107 0.93 0.97 1.5
No. 170%200 0.79 1.9 x 107 0.11 0.55 26 1.7 0.79 0.99 0.11
Table 4. Surface diffusion coefficient(Ds) for different d,
Theoretical Practical
D y(data AX — model AX)? - Dy y(data AX — model AX)? -
m® s7) (10 (m® s7) (10%)
No. 8x10 | 5.0 x 10™ 7.04 099  1.0x10™ — 1.0 x10° 7.04 + 0.704 0.99
No. 18x20 | 1.0 x 10 2.93 099  1.0x10™ - 1.0x10° 2.93 + 0.293 0.99
No. 50x60 | 2.0 x 10 0.914 0.99 2.0 x 10™M 0.914 * 0.0914 0.99
No. 170%x200 | 1.0 x 10™ 0.277 0.98 | 1.0x10™ — 1.0 x 10-" 0.277 + 0.0277 0.98
* values from minimum ¥ (data A X - model A X)’.
¥ values from =+ 10 % ranges of >(data A X - model AX)z.
411
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(c) (d)

Fig. 3. pseudo-second order model for caffeine adsorption on different activated carbon dp.

n
fu
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)
ob
£
(9]
ne,
offt
0
ol
rlo

ot

Y

SAA 9] 2FHo} d, B, TTIA Y 2HUY 250 pHE 4, 7, 10 +
wpel gebd 4 9l dp7} Zolyo] wet F ket AP 2
etskgich E3E Mathews(1989)= EAJEKd, = 0.5 — 7VE2 7}
1.68 mm)S A8k phenol(COCy =23 mg L) F&to st o

A dyofl T2 Dso] Wb gtk dEbich =, d9F 9 pHecd] FEFS HEE & 5 Atk
DsO| BAl= YA 2719 eI, AF &AL F2HA & 29 %57} 100 mg L' o]AFe) wf, 2 m/L ratio
2 = rhokst olpol| o8] GFS wrol Akl sk 7 100 mg L o] uf, Fhu¢l F&o] pHY} u]X| =
Aol olgri= AL & 4= Ut ‘ﬂfﬂml UrERUER] ottt 1 o]f-+= m/L ratioZ} 100
H AL AN}E H4 SY(data AX - model AX)'E mg L o3l ¢ tiiEe] sH|glo] AAE 4= 9l
#3ittd d,7} Faghe] wel Ds7b 7hAEe EOI]?,: = SR o] EAH] wwel 7l e
2|5k, Al Ex_i o=@ SY(data AX - model AX)® + 10%2] o] Hal7}h Holz] ¢k= Ao R WetET: m/L ratioZ}
AZE=E 7= Ds FH7ko] UEhr] wizel dyeoll o 100 mg L' ©0]3}¢l 9ol pH7} Fe42 o g
2 Dso] G ghsly] ook AL ohy FQiu) 7he|¢1o] A A= ATt 7FH Q19| pkai= 14.0 > Z(Sotelo,

2014; Nam et al., 2014), -8 2] pHol tf3t 0|23} A
T7F 2k A= Oﬂﬁok% 9= Aoz woigEc
pHpzo(7.9 + 0.2)R T} W& pHoJ 1%—__ oh A}o] H'ol
dA Hxo 719 2S &A1 Tap water®] =7] 0] 2787 Wiso] B4 Fulo] FAFE w1,

3.4 pHOj| 2 isotherm S%to| sk

412
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s

0.008
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0.005 v
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A 2
0.003 { [
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0.001 4 ® S . . ) %
0.000 : T T T
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activated carbon concentration (mg L")

(b)

Fig. 4. Residual (a) caffeine, (b) uv254 after 5days isotherm adsorption.

Atz olestE BT 474 Ao] A55lY]
o Zof|(Malik, 2004) 2/d%te] pHpzckth W2 pH 4
oA 7 F AAES EHIS AR AlmHth
Nam(2014)2 7} 21¢] 739 heterocyclic-N group©| &
dek ] carboxyl groupTt et WS 74A| 3L
Q131, electrostatic interaction} T} hydrogen bondingS
53 o ge S| ojFojrk wwsisl). 7
©]19] hydrogen bonding2 ZAEHS] pHpze R} WEe
pHol A A5 7] W& of(Sotelo, 2012) pHpzck T 45
pHOlA F2&FE0°] st A2 AtRET webA
m/L ratio7} 100 mg L ©]8}< ], pHpzeX T} Y-S pH
oA 7t Q19] F2Fo] H & o]FofRl o]f= BT
O] pHpze FFOo = HLHET

4. 8 =

2 Aol A= 7HEI Q1 9] kinetic g2Fof] ZH/dgHe] ¢
A A717F vAls G & S2toll pH7F vA=
e TolstA, et 2 ARL masat

1) d,7} Z&4= BET specific surface area®} pore
volumeo] Z7}81911, AlZkoll W Fhal<) AlALE
7} w2ttt kinetic modelo] Z-&-3sfj A1}, pseudo-first
1t} pseudo-second order modelo © g5t k,
s

) o240, 47 &4 D/t gastach 3
o} ARA o 2 S(data AX - model AX)2 = 10 %2]
AF =S 7IXE= Ds F7to] YEeElR =, 0.081 — 2.19
mm HOIA dpoll W2 Dse] Jape Brsieit

& 527} S7kak] wet o we sl
2t 47 ¥ 9{t. miL ratio7} 100 mg L-1 o] 4ol 4] %

s eko] ZAske] Flaele] FEo] pH7L 13|
g Ve ootk Zejth miL ratio7} 100
L

2 RS 20159E wSHsly|sR e Afdoem
TR TH2010-0024107)2] A ¥ Wol L3 ¥ 7]
T A AU -

o
H
2

B
(e
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