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Summary

The objective of this work is to investigate the adsorption characteristics of
bisphenol A (one of phenolic endocrine disrupting chemicals) by surface modified
activated carbons prepared with various P2Os concentrations using the activated
carbon (WCP-AC) prepared from waste citrus peel (WCP) which is abandoned
in large quantities in Jeju Island and the coconut-based activated carbon (C-AC)
which is marketed in large amounts. The surface properties and the adsorptivity
of bisphenol A of the activated carbons before and after surface modification
with P2Os are compared, and the adsorption parameters are calculated by appling
adsorption date to adsorption isotherms and adsorption kinetic models. Moreover,
the effects of P2Os concentration, solution temperature, pH and ionic strength on
the adsorption of bisphenol A onto the activated carbons before and after

surface modification. The results obtained are summarized as follows.

The contents of C, H and N of the activated carbons after surface
modification are similar to those of the activated carbons before surface
modification, but the content of P»Os for the former increases greatly than for
the latter, due to the impregnation of P2Os into the pores.

For the activated carbons after surface modification, the surface pores
retrogrades due to the impregnation of P:Os into the pores, the specific surface
area, total pore volume, average pore diameter and iodine adsorptivity decrease,
compared to the activated carbons before surface modification.

The adsorption equilibrium of bisphenol A by the activated carbons before
and after surface modification is obtained at nearly 48 h, and the amounts of
adsorption equilibrium of bisphenol A for the latter are higher than those for the
former, although specific surface area, total pore volume, average pore diameter
and iodine adsorptivity for the latter is lower than those for the former.

The adsorption of bisphenol A by the activated carbons before and after

surface modification fits the Langmuir isotherm better than the Freundlich

_Vi_



1sotherm, although it can be described by both isotherms. The maximum
amounts of adsorption of bisphenol A by the activated carbons after surface
modification with 1,000 mg/L P-Os are 1.3 ~ 1.5 times higher than those by the
activated carbons before surface modification.

The adsorption Kkinetics of bisphenol A by the activated carbons before and
after surface modification fits the pseudo-second-order model better than the
pseudo—first-order model. The values of rate constant of bisphenol A by the
activated carbons after surface modification with 1,000 mg/L P:0s are 122 ~
190 times higher than those by the activated carbons before surface
modification.

With increasing P20s concentration in surface modification of activated
carbons, the amounts of adsorption of bisphenol A increase, but do not increase
above 1,000 mg/L of P20s.

With increasing solution temperature, the reaction rate increases, but the
amount of adsorption equilibrium decreases, especially for the activated carbons
before surface modification. The adsorption of bisphenol A by the activated
carbons before and after surface modification occurs by physisorption and
chemisorption, respectively, from the activation energy obtained by applying the
adsorption data with solution temperature to the Arrhenius equation.

The amounts of adsorption of bisphenol A by the activated carbons before
and after surface modification are similar in the pH range of 5 ~ 9, but
decrease greatly at pH 11, and increase with increasing ionic strength due to its

screening effect and salting out effect.
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Table 1. Comparison of physisorption and chemisorption

38,39)

Classification

Physisorption

Chemisorption

Adsorbent &
Adsorbate

non specific

highly specific

Heat of adsorption

low
(<2 or 3 times latent
heat of evaporation)

high
(>2 or 3 times latent
heat of evaporation)

Temperature

only significant at relatively
low temperature

possible over a wide range
of temperature

Adsorption rate

rapid

slow

Coverage monolayer or multilayer monolayer only
Reversibility reversible irreversible
Activation non-—activated activated

Electron transfer

no electron transfer
although polarization of
sorbate, may occur

electron transfer leading to
bond formation
between sorbate and surface
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2. Film diffusion

1. Bulk solution

transport ' transport
4. Adsorption I |
/11 :
3. Pore transport
\ Ji .
T | Y
Activated carbon structure Static film Bulk liquid

Fig. 2. Mechanism of adsorption process.40
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2.4. Bisphenol A

1891 HAlob skekARk fepdel oJd] A @4d® Bisphenol

A(4,4-1sopropylidenediphenol, 4,4-(1-methylethylidnene)bisphenol)i= Al a2 of <
FZZ717F @Y s iR F8E WES siehe R Ao FEo]l v Aot
(Fig. 3). ¥4 CisHig000] 2L opAl =3} o g 2 &afjdrt. L 9o & 3
£ Table 29} 2t}

%
2

H,C CH,

HO H

Fig. 3. Structure of bisphenol A.



Table 2. Physical and chemical properties of bisphenol AW

Parameter Value
CAS No. 80-05-7
Molecular Weight 228.29 g/mal
Formula C15H1502
Specific Gravity 10.060 g/ cm
1.195 g/cm

Boiling Point

Melting Point

pKa

log Ky

Water Solubility

220C (at 4 mmHg)
398C (at 760 mmHg)
150 - 155C
157°C
9.59, 10.2
11.30
3.44 - 3.55
120,000 wxg/L

300,000 xg/L
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3.11. &4¢

2 AFoA AMES Sdae Y FEAAxSd ¢ dAdar|2 B4 AgEes
A5z Az FHYHWCP-AC) 2 AHFHL e oFAghdL duz
CalgonAte] A EHC-AC)oW, #H7FZFto 2 RE A %3 A A7) w79t
ABE A73SEE ol &3til Ny U974 &st2% 350C B &pr[zF 1.5
AZkel ZAAA A RE e B3 A 5o gk KOH A4 &S 300%= 3
I, BB 900°C, BABAIZE 15/7ke] oA g AlxedY a4
gk 42} =71 140/200 mesh AE o] &3t U A7|Z she] AMgsESiTh

31.2. 249 g4d/RE

2 Lo Hlo]#A PyOs(Daejunghwageum Co., Korea, >97%)7} 250, 500, 1000,

1500 2 2000 mg/L e S8 1 LE 91 7)o 47 248 10 g& 7}t
300 rpmol Al 24417 AREAIZ] § oJiEte] FRFE FE3] A oS 105

of Abgstivh. e ®W/hd Al ARER P05 wEel mEk WCP-AC-P250,
WCP-AC-P500, WCP-AC-P1000, WCP-AC-P1500, WCP-AC-P2000, C-AC-P250,
C-AC-P500, C-AC-P1000, C-AC-P1500, C-AC-P2000°. = 43} t}.

CToll A dBAZE &< AxAIZ T JA=71 5 140/200 meshAll & o] -&sto] 73t

3.1.3. Bisphenol A A&

2 Algdo] A% bisphenol A+ Dr. Ehrenstofer GmbHo A AJ4tE =% 99.5%
A A TAte] ARESEAT o] AleF YA TS F kol HPLCE methanol 2~ %l
molal, THFTE 7Fske] 1000 mg/Le] ¥ %=% stock solutions #| 23} )

G 2HA) 8ol A8 bisphenol Al H%+= 20 ~ 80 mg/L7} ¥ =& @AKo R 7
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o] 7] o] A,

B : AAo] A3 0.1 N-NasS:03 &2 A(ml)

f 0.1 N-NasS:03 &4 9] factor
f 01 N-NaS:03 &4 tf-g3t= I 849 factor
12.69 : 0.1 N-NasS:03 €9 1 mL9 2°= AT H(mg)

St A= FA(g)
3.23. HEZHA MFEY @ HIFEE

B ool AHSE BAY 3 AP MEAYS} AFEYS BET MEAS
A 7] (Micromeritics, ASAP-2010) % Mercury porosimeter(Micromeritics, poresizer
9320)& o]&3te] EASATh AIEE 2% 30T da 297]olA s E7)A
k&l BET HEW 354715 ol&ate] 77 KolA dAa F2ol os) vxw, A

93 L AFRLE SR

Z A& 59 (single point total pore volume)= ¥3}tYHoA S2H F AAho H
y=25YH ALEJAT BJH F4 A3 53 (cumulative pore volume)© BJH(Barrett,
Joyner and Halendar) methodell ©]3ll A|2FE QT M FE2s AaariE Fd27%

of gk 33 (dV/dlog(Dp))el &E= e AT

4

w3 gAer 9@ fEE3Aee] gwW Fo By ey FAEAEuH
(scanning electron microscope(SEM), Hitachi, S-2460N, Japan)< o] &3&}o] #2s}

At

3.3. F¥¥44

E 2238 Fig. 49 et #Ax=

mg/L ¢ bisphenol A € 1 L& ¥

S wyk7lel A 300 rpme] HRE A

Ay}

ALg-3h ek,

2
of7)e] BT W ALBAE 005 g 7}

Rl

=

)

of wel 48 ~ 120 AlZHE<l L HkEH A
AAE AZF tAo 2 2 mLe A 8E FH3dle] syringe filter(0.20 pm, Mixed
Cellulose Ester)® o] 73t & hisphenol A2l Ao AF&3sF4T) o] o] wEEAo &

kil



w9 &S WCP-AC @ WCP-AC-P1000S A-43}¢] hisphenol A 40 mg/Lol Ul
a 4841 7HsoF wutEtA A =3sA T pHO FEFL 2AMEF A (pH 5), SAFEE

(pH 7) 3 ¢ty olekE 4 (pH
© 95T, 40C 2 55T A, ol
o] Rl A HESA
£ ZFo] bisphenol A% FEE LC/MSDel ¢3te] EAs¢l=d, HPLC
pump(Agilent Technologies M1312 Binary pump), AF5AEF%Y7](Agilent
Technologies M1313 autosampler), Zt¥ compartment(Agilent Technologies M316
thermost column compartment)E ©]&3t o, +48 ZHLS Zorvax ODSHU

mm x 120 mm, 5 um)E AF&3A 11, ¥4 2712 Table 39+ #t}.



L o

- 00

1. Thomometer 2. Erlenmeyer flask
3. Water bath 4. Stirrer bar
5. Activated carbons 6. Stirring hot plate

Fig. 4. Schemetic diagram of batch reactor.



Table 3. Analytical condition of LC/MSD to the analysis of bisphenol A

Analytical condition

System Agilent Technologies LC/MSD
Column Zorbax Eclipse XDB-C18
Mobile Phase CH3COONHy : CH3CN = 55 : 45

Flow rate 0.6 mL/min
Injection volume 100 ulL
Ion source API/ES
Polarity Negative
Fragmentor 80V
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Table 4. The composition of C, H, N and ash on surface modified activated

carbon samples with P2Os5

Composition(%)
C H N Ash
WCP-AC 69.76 0.65 0.18 6.66
WCP-AC-P500 - - - 751
WCP-AC-P1000 70.92 0.61 0.17 8.43
WCP-AC-P1500 - - - 8.70
C-AC 66.17 0.73 0.19 3.49
C-AC-P500 - - - 454
C-AC-P1000 65.94 0.69 0.11 59.99
C-AC-P1500 - - - 6.24




Table 5. Chemical composition of ash on surface modified activated carbon samples

Sample P20s K>0 CaO S102 AlOg3 SO;3 Fe:O3  MgO Cl TiO:  MnO  CuO NiO

WCP-AC 3.86 39.99 2611 5.04 6.42 1.16 2.80 2.36 1.78 1.66 1.15 0.48 0.49
WCP-AC-P500 46.26  27.18 8.04 2.24 2.63 1.56 2.92 3.16 1.78 1.53 1.08 0.52 0.53
WCP-AC-P1000  62.37  15.20 792 1.37 2.93 1.94 2.92 2.08 1.78 1.28 1.65 0.48 0.32

WCP-AC-P1500 6511  14.48 6.08 1.39 2.97 1.02 2.84 2.99 1.78 1.30 1.67 0.65 0.16

Sample P05 K-0 CaO S102 AlRO3 SOz Fe:O3  MgO Cl TiO:  MnO  CuO NiO

C-AC - - 3.88 64.86 1461 1338 3.27 - - - - - -
C-AC-P500 53.58 - 2.33 1933  14.10 7.60 3.06 - - - - - -
C-AC-P1000 64.93 - 2.62 8.61 10.92  10.34 2.58 - - - - - -
C-AC-P1500 67.74 - 1.72 9.98 9.58 8.99 2.40 - - - - - -




412 24 ZHEA W3

A 1W 59 Bxe dEdHe SAdEH FAAAN Fag AAR
A, WCP-AC % C-AC% o5& POs2 z¥/ldd WCP-AC-P10003%
C-AC-P1000°] £¥ FHE SEMO = A3 Azl Fig. 50 yvebillth 13l
A B kel o] WCP-AC-P1000 2 C-AC-P1000> £¥7/H4 o] &/ gt
Hl 3 (WCP-AC, C-AC) &S = POs7F HAAH WA tHETFo] Hug
ARt

PN
&

o

WCP—AC(%1000) C—AC(X1000)

WCP—AC—-P1000(x1000) C—AC—-P1000(x1000)
Fig. 5. SEM photographs of activated carbons(WCP-AC, C-AC) and surface
modified activated carbons(WCP-AC-P1000, C-AC-P1000).



o]#]g A¥}i= Table 6] el vFAA, F Aladiy 2 Hit Algarie 4
ol o Hets] & 5 ok mWhE de AL W EwF

2 PGt AlTA71E WCP-AC 9 4% 27 1559 m’/g, 0.6476 cm’/g, 9.7494,
C-AC® #% 894 m¥g, 05710 cm”/g, 1421A oo} P2052 ZH/|A Fo
AL P05 FE7F 2S5 E 5 WCP-AC-P500 ~ WCP-AC-P15009] 7
- 1410~1277 m*/g, 0.5562~05174 cm’/g, 9.350~9.142A &2 WCP-ACel| H]
& HEWEAL 10~18%, = ATFIE 14~20%, BTHNFTI7E 4~6%02 7}
3kl om C-AC-P500 ~ C-AC-P1500 zHz} 894~653 m?/g, 0.5710~0.3617
em”/g, 1421~877TA % B EHA L 15~27%, & A5 18~27%, HAl
A7)E 2~38% HATS & F AT S, FAE] AlFUWE PO HEE

of wet HgHH, & Aleid, Hd Aearis A #Zags 4 AdgTh

O

Table 6. Comparison of specific surface area, total pore volume and average
pore diameter of activated carbons and surface modified activated

carbons with different P-Os5 concentrations

Specific surface area Total Volume Average pore radius
(m*/g) (cm’/g) (A)
WCP-AC 1559 0.6476 9.749
WCP-AC-P500 1410 0.5562 9.350
WCP-AC-P1000 1288 0.5268 9.236
WCP-AC-P1500 1277 0.5174 9.142
C-AC 894 0.5710 14.21
C-AC-P500 761 0.4655 13.87
C-AC-P1000 668 0.3725 1041
C-AC-P1500 653 0.3617 8.77
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lodine adsorption capacity
(mgsfg)
0
2

1200 ~
) I I I
0

WCP-AC WCP-AC- C-AC-P1000
P1000

Activated carbons

Fig. 6. Comparison of iodine adsorptivity(mg/g) of activated carbons
(WCP-AC, C-AC) and surface modified activated carbons
(WCP-AC-P1000, C-AC-P1000) at 25C and pH 7.



42 A& 2 FHAMA A9 Bisphenol A §3 %5 H X

dder 2 gwfd &4%9 bisphenol A F2EES HlaEt7] 9fsked, 40
mg/L bisphenol A< 1 LE 2L 42 Zgt2~=9 FHekar o 7)o 100/140 mesh
9] WCP-AC, WCP-AC-P1000, C-AC, C-AC-P1000 & 471 &g 2 1xd
M FAE 005 g& 71 § 300rpm o2 WA 7|HA F 5 ke A A 1A
Zk, 2A1%E, AAIZE, 6A1ZE, 12A1%F, 2441 %F, ABAIZE, T2A1%E, 9641 120A1 (S 2 A
g9 AAAE A Azke] Wste]l wE, bisphenol Al &

oY
o
ftlo
A\

2
ol
ol

g opekst Fele A @A ekl 23k bisphenol A9l FEHIAIZE 72~192 Al
ZFETHE u)$- w2 R oW, Yamanaka S0 HIE] 1241704 % =@ WA o]E=
dAete] FF, & AR A7), wwrEE Fo Zpolw Qi FAHFE =LA
of ApolE H Aom Atmdn TYolM YERA @9kt THE bisphenol A
o T W g xufd A i E v 23 FIdS 1)

Fig. 82 Fig. 704 A}&¥ A&t ti3l bisphenol Al B3 F 22 (q)S ¥l
wskel  uyEkd Aoty gl ®olx= ukel #Zeol  WCP-AC,

Z+zy 510 mg/g, 636 mg/g, 344 mg/g, 538 mg/ge=Z WCP-AC-P1000 >
C-AC-P1000 > WCP-AC > C-ACY 2=, WCP-AC-P1000> WCP-ACe
Hl & 1.3, C-AC-P1000= C-ACel Hl3] 164 =& SFEFS HAdS ¢ F

AATE =, 71FE FAES P0OsE o] g3t EwW/HASE A W bisphenol A
ol A S7ES AdAFGA & = AAH
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—8— WCP-AC-P1000
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e 95 120
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Fig. 7. Adsorption of bisphenol A onto various activated carbons at 25C and
pH 7(concentration of bisphenol A : 40mg/L; amount of activated

carbons : 0.05 g).
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Fig. 8. Comparison of bisphenol A adsorptivity(ge) between activated carbon
and surface modified activated carbon 25C and pH 7(concentration of

bisphenol A : 40 mg/L; amount of activated carbons : 0.05 g).



43 @4¢ 2 gd/MA A9 Bisphenol Aol Hdt F 2 dalng A&

oA ALg3E FAEe] 93k bisphenol A &2Fe] 3|82 F A ko] A
B BA2S A7) 95te] Freundlich =22 2 Langmuir 2220 % &3}

AR olud RUAEe BHe] 545 BYBET A e &

LHER o] X}

¢ = K,C'" 1)
ol 7| K= S HY #AEE sebdE e, n
91 Ao gWel tig FHshd vhs ¥ Lol xdETh

N

1
logq.= log K+ Elog C, (2)

o714 o 4 T 4 F Ceol thetel wASGW 5% K% ng T

9]
AR
Langmuir 2222 HE FAEAT] 4528 glo] Witk 2] 714 stoll
A dojd oM taat o] xddEh

qIIl}leC’e

ANA g O1EAA Ho FHFES GEUY, b AfES] Fae} oliA

o ol Huw o7IM 1/¢,5 1/Celll této] =ASHH Langmuir 224 ¢ 4

H

B G St D7F AT o] FF R4S 8kal bisphenol A FE5

< AHR7] fste] WCP-AC, WCP-AC-P1000, C-AC, C-AC-P1000 4&< <



e 7 005 g5 20 ~ 80 mg/LE TDAIA S = ZH 3 bisphenol A & o] Fof
2 & FEFAFHa)e S48, 2 A3E Freundlich #3524 4

hwl

(2), Langmuir &% 522 24 2gste] 7 A3E 2+t Fig 9, 109 =A]
stglom, ol =AY 3 72} FR TS0 depn| = Table 73 2t

Fig 9, 10 2 Table 99 r*(Langmuir 2 : 0.9661~0.9945, Langmuir 2 : 0.9067
~ 0.9530)0l A4 o= mpe} o] Z gAdEke]| 9]k bisphenol

Lo ARAAES wHolu gloH K; e WCP-AC-P1000 > C-AC-P1000 >
> C-AC w22 yeyth ol A3 Ae} nparixa 71E S
oy A e SR o $Fsthe As Al vk =% 1/n #
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Table 7. Langmuir and Freudlich parameters for the adsorption of bisphenol

A onto various activated carbons

Langmuir parameters

Freudlich parameters

Activated Carbon

am(mg/g)  ku(l/g) r’ Ki{mg/g)  1/n r
WCP-AC 526.23 0.485714 0.9945 309.36 0.1327 0.9101
WCP-AC-P1000 666.67 1.153846 0.9882 412.07 0.1468 0.9436
C-AC 392.39 0.127517 0.9661 158.03 0.1290 0.9067
C-AC-P1000 586.31 0.835 0.9715 411.33 0.1364 0.9530
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Fig. 11. Adsorption of bisphenol A onto various activated carbons fitted by
pseudo—first-order kinetic equation at 25C and pH 7.
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Fig. 12. Adsorption of bisphenol A onto various activated carbons fitted by

pseudo-second-order kinetic equation at 25C and pH 7.



Table 8. Kinetic parameters obtained for the adsorption of bisphenol A

onto various activated carbons

Pseudo—first-order

Pseudo—-second-order

e(ex
fbon i@g ko  afteam 2 /e adeal
WCP-AC 510 01179 40878 09649 000076 52631 0.9940
WCP-ACPIOO0 636 01264 49611 09655 000093 66666 0.9936
C-AC 344 00929 29237 09572 000021 35061 0.9906
C-AC-PIO00 538 00938 42785 09437 000040 54839 0.9985
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Fig. 13. Comparison of adsorptivity of bisphenol A for surface modified
activated carbons prepared using different P2Os concentrations at 2
5C and pH 7(concentration of bisphenol A : 40 mg/L, amount of

activated carbons : 0.05 g).
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Fig. 14. Effect of solution temperature on the adsorption of bisphenol A at

WCP-AC and WCP-AC-P1000 at pH 7.0(concentration of bisphenol

A 40 mg/L, amount of WCP-AC and WCP-AC-P1000 : 0.05 g).

Table 9. Effect of temperature on Pseudo—second-order Kkinetic parameters for

the adsorption of bisphenol A onto WCP-AC and WCP-AC-P1000

at pH 7.0

Activated Carbon  Temperature(C) ko R’
25 0.000582 0.9953
WCP-AC 40 0.000930 0.9995
99 0.001521 0.9997
25 0.000441 0.9981
WCP-AC-P1000 40 0.000903 0.9997
99 0.002667 0.9998
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Fig. 15. Effect of surface pH on the adsorption of bisphenol A onto WCP-AC
and WCP-AC-P1000 at 257 (concentration of bisphenol A : 40 mg/L,
amount of WCP-AC and WCP-AC-P1000 : 0.05 g).
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