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Adsorption of Phenol and Bisphenol A from Aqueous Solution
onto Bamboo Charcoal, Activated Carbon and Cyclodextrin Polymers

P, A

Yasuji Thara, Kazuya Aoyama

Summary

The adsorption isotherms of phenol and bisphenol A onto adosorbents were measured in aqueous solution at 25 C . The
adsorbents used were bamboo charcoal, activated carbon, and cyclodextrin polymer beads prepared from the reaction of a —,
S —, and y -cyclodextrins with epichlorohydrin. The adsorption affinities and saturated amount adsorbed were obtained from
the absorption isotherm measurement for phenol and bisphenol A. The relationship between adsorption affinities and properties
of adsorbents were discussed in order to determine the adsorption behaviors of phenol and bisphenol A. The results indicated
that fine pores size of adsorbents played an important role of the adsorption. Molecular modeling studies were performed by
means of Monte Carlo simulation on molecular mechanics (MM) to determine the preferred complex formation of phenol and
bisphenol A by cyclodextrins. The formation of the complex involves the phenyl group of the guest molecules which mainly
interact with electrostatic interaction and hydrophobic interaction by van der Waals forces. The structural information about the
preferred complex formation by inclusion from the molecular orbital (MO) calculations was also obtained and the results

were compared with experimental data.
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Table 1 Physical Properties of Adsorbents
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R 86.97| 1.18| 0.66|11.19] 202 155
LS 91.62| 032| 0.74] 7.32| 1620 1100

a-CDPB 4769 744| 0.31]44.56] 1110 -

f-CDPB 4843| 7.19| 0.32]44.06] 1410 -

y -CDPB 4942) 7.78| 0.18]42.62 457 -

'IESCERSEN, MR T
EME x 1000

8-CDPB x 1000

7 -CDPB x 1000

3 WERIDEFHEMRETE

CEASN, RIBERICIE, ZHLEOIL1EZE < R
N, FOLOKRESIZEYVEEESELESNEY,

/A FFXFAN) VR —ADEE, IvE
WA EIL f-CDPB 355 b KREL LD, RWTa
-CDPB, y -CDPB ®JiCd - 7. CD 4 F Dz O I1£%
WENENR R -TEY, HTRT LI, B-CDPB
MNIATEORHEIHEL TWILHDEEZ NS,
H3IZRT L 912, SEM &g LR, 4hH
W7 A ISR O MLE IR EAY 610C TH D, LLni
L 22058 R EE A 300 - 550C Db DL H Y,
i OMILOBEDIE S5 2 D fifLAa 1d - & D
ERDLZENTERD o7 FALIREICX Y, =AW
OWHEIGFE DR EEZITTWEDTHILEEZD
NB%, FrAROEE LT L22EER I, @
NHROMILA R SN, ki L% 5IRET
Holo RV —IROI 70 FFA M) ViZENTFR,
3-5ADBIROE =X HBENTNDE I DD LN
720

3—2 BEEFICLIRBEEHNEORE
UL, Mk &iEtiexr v, REHEWEE L
T, 72/ —NVEVYRAT7x2/)—VA®D2HED 25T I
B DWW AT TRERIE L Z Red 72, K4 12—5%
WO R ERRICE D72 ) — VAT 2 ) —
WADWAERE D BRI ZIL DR R E R L7z M5 d
ORI, MTROSE, WGHHERIZHETZDM
BRI DS, RERREE IR CBORE A L, &
L4415 [ C A IRE IS L, WORE 0D & & 5
L0500 OWHENBD LN ENICK LT, EAT o
J =V OWFE DY AIK 72 BT T = 7 — v & RlER
WP IRREIET 278, WERIZ 7=/ — Vet
NP BEEERBE LN, VAT 2 —IVADTFIX
BTRTIICTZ/— VD2 EDOKRE EHH
D ATRIZNS VG T2 XD EWAET L L) ThH b,
T2, RO EITRERRY, 72—V &Y
YZA7 2/ = VADORBPBRERNKEL, T2 P
FEREMIT 72/ —)VT 168 B, VA7 /—)
AT216 KL B b 2 DB bh/, M50y s
OFF A MY Y E— XL WA T, rriithn
WIZHART, B TPEIET LI b ol
72, FORYVEEITIT =) — VY4, o-CDPB 2%
b KE L, RWT [-CDPB, y -CDPB DT - 726
LL, YA7x/—VADOWZETIX, B-CDPB 28
b KE L, RWT y-CDPB, a-CDPB DIETH - 72,
CD ZFOWNILASZNENRL D, WEHFTORKE S



98 IR RS KeEbiamdE 4595 20084 3 /1

o Zz/—L
0 EAZz/—ILA

i EER

Absorbance

0 50 100 150 200 0 100 200 300 400

Time (h) Time (h)
M4 MRROEERICLE I/ —IVEEXT T/ —IL

ADERE IZKIE T RERERYZEE

25C. #rix 02g.
[7x/7—1] =15%x10°M
[Ex7x/—)VA] =50x10"M

wEPER 0.01g.
[7=/—)V] =125%10° M,
[CA7=/—)VA] =50%x10"M

= «-CDPB
s j-CDPB
4 r-CDPB
EEPES EA7x/—)LA
14 16
r 14
1.35
A A 1.2
8 13pe
H N R !
5 tas * 08
‘é - = n 08
1.2
04
1.15 02
14 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80

Time (h) Time (h)
M5 KFUP7AFFXRJUE—X (CDPB) (&3%371./—
WEEZT 1/ —IVADEEICRIZ $RERENZE L
25C. CDPB 0.05g.
[7x/7—1] =10x10°M
[ExX7x/—VA] =50x10*"M

LY, FORERZILLOEELOND,

WIZ, FRLOEEREIERER 2 2510, KWAEFN$
H7x/)—NVEVYRAT /) —)VADOKERET, 25CI
BU DR R K720 B 6 W2 M ONTE I
WCEB 72/ —VEVYRT 2 — VAOWFEERMZ
L7z SORNIBWT, RERNE AR o SRELH &Y
BHThbr7r/)—NVXIIY A7/ —VADER [C]
(mol /1), #EdIZEAEH 1 g 4720 A= [r] (mol
g WAEHD) R, B6DIhSDWEAELRMID
O EIT, WTFhoBab 72/ — IV RUTE X
T/ = VAREORINE EHIHIML, HHIEEC
%5 EFET—EE L) FEHISETLIITHL, 7=
J =V DY RIS 2T D D3 AT

ZLMEEND LI THbD, $/2, AT/ —)VA
DR MBIE 7 =/ —VERBICERA 7 2 ) — )b
ABRBEORME & DITHWML, HHMEICLRD LITIT
—SEE ) THICET A I EDAD LN, ETER
WX AR EMMTIZ, 72/ —VIhER T
J—=IWADF RS L Tz, MRIRETPHICE
L, 220G SN EB¥bhrolze T2, RO
Yt TOWERIIBIHIHP L TWDL I EDRBDOS
Nize M7127x2/ —=VEUPERAT7 2 /) —VADIFE
@ CDPB 12X 5 & mMAEMME R LT, 72/ —
DOWEAE TIZIREORE & & IIFITHE RIS B8
BmML<TEBY, 72, ZoOIEIX a-CDPB 7% b
K& <, RWTB-CDPB,y-CDPB DIETH >720 L
L, ¥A7z/—=)IVAOWE T, rix, Ekxe
FRRIC, EA 7 =/ = )VAREORINE & I8 L
HEHWEICR D EIZZ—RBE R PHEIET LI LN
bS5, FoHEIL F-CDPB b A&, &
\WT y-CDPB, a-CDPB DJET& o720 CD 451D
NILOK & SHWABIHEE RITL, BAESNLHT
DREZIZE Y ZNENRL Y, FRED DD SN
bOEEZLND,

o &R

2z /= ERT7x/—ILA
1.8 18
16 16
T s ! 14
T 12 ot T 12
2 Q. 1
2 sy 08
g o6 / 0.6
o 04 04
0.2 == = 02
Pyl o
01 2 3 45 67 8 8 0 05 1 15 2 25 3 35 4
10*[C], molil 104 [C), moll

M6 MRRVEMERICLZ T/ —ILEEXTT /-
ADFEEEERR, 25T

m o-CDPB
® [-CDPB

4 ry-CDPB
/=N ERAZx/—iLh

35

30

25

r, mol/g adsorbent

0
01 234568678910 0 05 1 15 2 25 3
104 [C], molll 104 [C], moll

X7 KUL7O7F%xXMJLE—-X (CDPB) Ic&3%37z
J—IVRUERXT 1/ —IVAOEEHREERLR, 25T



PHSHEZ, SR - B R LB PER D WA LB AT 9 4 A A D w4 99

o 2z/—n
O ERJx/—LA

70 1.4

60

1.2
50 == |
40 | | 1

30

1/, g/mol

0.8
20

10 0.6

apo-o-——er—©
0 0.4
0 0.5 1 15 2 2.5 0 05 1 15 2 25

107 (1/C], Vol

104 [1/C], I/mol
M8 MEREVEMRICLZ 7/ —IVEEXRT /-
ADFEREFRFOPEHTO v b

ERZx/—JLA

60

m «-CDPB
e [-CDPB
40 . r-CDPB

1/, g/mol

A L

10| g~ —

QW"”,’

0 2 4 6 8 10 12
103 (1/C), Umel

M9 >/7O0FFXMYLRYT—E—-XICLBEXTT
J —IVADFHEREFBFOEH Oy b

Table 2 Adsorption Constants of Phenol and Bisphenl A for Adsorbents in Aqueous Solution at 25 °C

Phenol BisphenolA
10'nK (I/g) 10°n (mol/1) 10"nK (1I/g) 10°n (mol/1)
()73 3.36 280 354 2.60
Yri# + B-CD polymer” 6.18 29.3 218 2.37
Yrix+ B-CD” 417 34.3 1.37 2.08
TEPER 1.64 152 351 177
a-CDPB 314 40.7
S -CDPB 341 36.8
y -CDPB 72.3 479

a) 1.3 x 10° mol/1
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Table 3 Thermodynamic Constants for Adsorption of
BisphenolA by Polycyclodextrin Beads

AH AS° AG°

(Kcal/mol) | (cal/K mol) | (Kcal/mol) *
a -CDPB 291 -32.1 -19.6
f-CDPB -134 420 -26.0
y -CDPB -347 62.5 -22.1

a) At 25T

3—-3 SAFETFTIHERVCIEOHR

Tr¥a—F -2t yrial—arilk
D, CDEBREMEWEOUHIEHN THELNL G THE
GRORZEREZRE L, FEBARE & HBRET L 72,

CD X, ZFVa¥s ) —AHN»OL5 a-14 K&
DOBRAY) THETH D, ELARITEVIITHZ AT 5
MR DR E % LT\W5b, CD O FE—foKEEIEM
(Primary face) 134k <, & =KL (Secondary
face) 1FIAVye THUE, 7V a— AR OIAREEE & 4
THAREHEDOEEZ 5L, CD OREIE, B
IRITHRIZWETD % D32 DZETHONEITBKITH
% 72 OBUREALE Y B OBUK R %2 & D BRI A
MABHFAET D LM AL ERASN TV D, F 72,
CD OWILOERIE a-CD=57A, B-CD=78A, y
CD=95ATH Y, WEHFWSATH L., WHELD
GFL LR, STO—IEIoFIEICNES R
5HOTRIFNER S 2WE Y, KifETix 1, 2 ®
A NGT-L 3HD CD (3a, b, ¢) & OMEASEH %5
T4 (MM) R OEEBRN S TRLERE (MO) 12
LY mRE L7z,
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L CEEST % kst =& v 7 b Spartan® MMFF%4
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RN, BRBEFHEWE 1 KO 2 OREME % R
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BEBEFVEHEELT, CD OIEF KO J5HIC
FNENORF T A NFFDODEAT 2/ —IVA
PERCELIEIFAL TERAEDELAED 4 FiHH
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Table 4 Change in the Energies and Their Components of Complex Formation of Phenol and Bisphenol A with CD Hosts® © ©

Phenol Bisphenol A
a-CD p-CD | yCD(1:1) | y-CD(1:2) a-CD B-CD »-CD

Totals -14.1016 -18.4809 -18.9576 -23.9910 -13.5063 -20.7974 -14.2079
Streching 0.0000 0.0000 0.0001 0.0000 -0.2350 -0.2000 -0.1836
Bending 0.0000 0.0000 0.0000 0.0000 -0.3678 -2.0673 0.9977
Strekh-Bend 0.0001 0.0000 0.0000 0.0000 0.0328 -0.2096 -0.0082
Out-Of-Plane 0.0000 0.0000 0.0000 0.0000 0.0308 0.1116 0.0219
Tors. 0.0000 -0.0001 0.0000 0.5110 0.7301 7.6527 1.6218
Elect.

1-4 Interactions 0.0000 0.2926 0.0854 0.0216 1.0755 -0.8380 -0.6354

Nonbonded -6.2168 -10.3476 -12.8148 -10.6453 -1.3374 9.3540 -5.2667
Vdw

1-4 Interactions 0.0000 0.0001 0.0001 0.0000 0.2759 2.1347 0.1276

Nonbonded -7.8848 -8.1333 -6.1427 -13.3457 -13.7112 -18.0074 -10.8773

a) Based on MM (MMFF% force field) Calculation

b) Kcal/mol

¢) Change in the energy [total energy of indusion compound (Host-Guest) }total energy of Guest)
+ (total nergy of Host)]

kAT, 72/ —VORGEDLERT /) —IVADE
T & ARSI & 2 VR L7278, »-CD A& 1:
RO 12 HEREHEE LitHEERAL, UAT7 2/ —
WAL CD O¥id, #19000-21000 %) AL HE % 5825
SHEMAMEZ AT, REEMETNTRD (o) D
PR EPSD Y2 IV —Ya vy THESR.
EHIEHRBNICZOZEAE RO /NMEEZF T

MMFF% J1¥5 T4 -7z a-CD(3a), B-CD(3b), K
¥y -CDBe) & 1,2 #HW7- 4 MO ZHEEKRD (a)
(A ovaIL—varprsEohimiEEltsh
TP HAKRE K2 KO3 R Lz, HEKRDH
THZEMEZ LN TNR: o 1 BHERIBE R L7
A, 7 2= VEEDTIE CD DR RIZEAZEARE
I DR D H Tz
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Table 5 Calculated Complex Energies by Different Calculation Methods
Phenol Bisphenol A
a-CD B-CD 7-CD (1:1) | y-CD (1:2) a-CD B-CD y-CD
MMFF94° -14.1016 -184809 -18.9576 239910 -13.5063 -20.7974 -14.2079
AM1Y -6.8277 -7.5991 -6.4962 -11.1569 44749 -6.0503 -3.9731
pPM3Y -7.1186 -12.6664 -10.1001 -15.1320 -6.2148 -14.1805 -10.6011

a) Kcal/mol

b) Change in the total energy [total energy of the inclusion compound (Host-Guest)]

- [(total energy of Host) + (total energy of Guest)]
¢) Based on MM (MMFF94 force field) calculation
d) Based on Mopac (AM1) calculation
e) Based on Mopac (PM3) calculation

FroKarR—%2 Y PHOTANVF—ElE KA
R o #H, EhosENEFNETANF—, i £
£, PR, SFRAVEM, KTh, #ERTY7 7~
TNVT=VANDOEI Y R—=% Y MRS, TOEDRP
SIS R X ), FEANERICBIT 5L Efbos
IANF—I1E7 =/ —VOREHR 14-24 keal/mol, F
72BPADY; 4, # 13-21 kcal/mol #4 L% 5 %
Pabhize 7/ —VORRETIE, ZOTHRLF—
D#X a-CD, B-CD LUy-CD DIETH Y, FFiZ 12
BAKRDY 24 keal/mol & # WV T AV F— 2535
b, EBRRERLRDIAE o7z EXT7 2/ =
ADYE1E B-CD A 208 kcal/mol & 1Z 1T KD T %
V¥ —EZR LD, p-CD i 14.2 keal/mol, a-CD
1X 135 kcal/mol& < %2 ), TN 5 DHERIZFERT
BonWAEERE, ZOHFEATIF—%L, HET
LHIENRRBDOLNT, T2, H£arR—% v Milox
AT =0 S, TNENBREIIRL 505, §FERS
SR T 7 v FNT— IV ATIORIENKE L, KE
RiE S OBURTERS &1 & 0 WA B E 3N
CEMRBENT, T2/ —VEERAT ) —)VAD
FHHER EEBRER L OMBIISDLEZ A, AATH
505 AT, FBRETRTEMBTERAS R
B, EBOMEEIIKRBEP COHETH L5, 5%, K
BT TV CORHERRZ RO, TR L LME
THLERSLDDEEDNS,

I, MMEHE (MMFF94) 1Z ClRBEEILL 728
BHERIIOWT, PR TIERE T 7 7 A
Td 5 MOPAC2000 % HI W THi R & £ 5 L 7=
MOPAC2000 &£ V), BiEET/R LAz LD, WREE
KA E, 4T 4 )V ¥ — (Electronic energy, Core-
core repulsion), &S T4 T#LE (HOMO) &,

K ZeHE (LUMO) 28 L7z, £5IC&£ U1
EWOTANF—EALE R LT 5 T I8EHRE (MM)
OFME LM, REEELEY 707X A MY ¥
&7 ) =V BPA WIS AR O
LT AN F -2t (ComplexEEMAED T A L ¥ —)
i, AEEGKROIFILVEF-HN5CD L1 R 2 D
HMOTIANF 2R Lb0EFWIAETHY, £
DENKREL BB I EUEEARPREL TVE EW
A bo EMBOELE T 5 L WIS =2V
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DALE AR EILEND 2L 2R L TWA, MM
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-CD (1:1), B-CD, a-CD DT WE Bt AL ¥ —
BRSNS, VA7 2/ —VADYEIX B-CD, v
-CD, a-CD T h FEEAIRIC L D EWBIDFD 5
Nizo F72, A AMEFZX MHTRZ o 72KEREGD
WEEMEAURENZ, FCD EIE 72/ — VDT Va—
WKBERDEEFE L CD O 2 MkERIE & DRER G
a-CD Tlx7 =/ — VKD KFEEL CD OE—H
KEEEOWH L ORFEHEG, SHI2y-CD TlR7 <
J = VIKBEDKFZEE CD OBRHNOZ—F VEEEGD
BELORETHDb, NSO PITELIDKT Y
R=% Y MIOFHELANF—DOHH O E A LT
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GEEIIKELFGLTWA I EERL TV,
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