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<ABSTRACT>

Development of adsorptive separation processes is composed of several steps such as
choice of adsorbent, measurement of adsorption properties, optimization of process
and operation and adsorbent design. For efficient, economic and green development,
procedures in each step have to be reconsidered and rebuilt. In this study,
computer-aided development of adsorptive separation was focused.

For measuring adsorption properties, a new determination technique based on rigorous
numerical calculation was proposed for single component completely mixed batch
reactor method in this study. The new determination technique of intraparticle
diffusivity and fluid film mass transfer coefficient enable to analyze experimental
results that cannot be analyzed by a conventional technique. Moreover, fluid film mass
transfer coefficient was obtained experimentally using shallow bed method, and then
an empirical equation was established from the experimentally obtained values.

For optimization of operation conditions, numerical calculation was applied for
determining optimum operation conditions for recovery of target component from a
ternary mixture using a single fixed-bed adsorber. As a result, the elution behavior of
each component was controlled by changing the desorption starting time, and then the
recovery of target component could be performed using the phenomena. The result
suggests that ternary component mixture can be separated by a single fixed-bed
adsorber.

For adsorbent design, molecular modeling was applied for design of a surface modified
adsorbent for recovery of S5-hydroxy-2-methylfurfural. Adsorptive interaction was
estimated by molecular modeling to obtain the optimum amount introduced of the
functional groups. The simulation result was good agreement with experimental results.
Then, it was suggested that molecular modeling might be useful for future design of
surface modified adsorbents. For adsorbent design for separation of benzothiophene/

naphthalene, molecular modeling was useful to estimate adsorption interactions.

Keywords: adsorption, numerical calculation, kinetic adsorption parameters, batch
reactor, shallow bed reactor, optimization, operational conditions, fixed-bed, molecular

modeling, surface modified adsorbent, adsorbent design
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Table 1.1 Separation selectivity and molecular properties [1].

ipol

Separation technique (Property*) Mv(\)zleeig}llltm Nf::ﬁlc:liar x;);l)eejzilz mlz)l.:l(:::t/' Charge eqcltlljlerfjr]n

Polarizability
Distillation (vapor pressure) O @)
Crystallization (melting point) O O O
Absorption/Extraction (solubility) O O
Adsorption (adsorption equilibrium/kinetic) O O @)
lon-exchange (exchange equilibrium) O O
Dialysis/Gel-permeation (molecular size) O O
Limiting filtration (permeability) O
Gaseous diffusion (mean free path) @)
Ultra-centrifuge (pressure diffusion) @]
Electrophoresis (ion mobility) O 0
Electrodialysis (ion permeability) O
Complexation (chemical equilibrium) ) O O

* Property for generating separation selectivity
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Fig. 1.1 Achievements and technical maturity for various separation processes [1].



Table 1.2 Industrial applications of adsorptive separation [2].
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Fig. 1.2 Development flow for adsorptive separation processes.
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Fig. 1.3 Aims and the relationship between product(s) with waste(s) for separation [3].
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Eo2E WMEUHAIEICR TR Ia2L—Ya ryOHH
EBI1E ZRABEREEZHVWEMEEREEROGHIRELE

2.1 365

AETIT, EELZEREDEOREL B E LT, TLREAFEIEICET 585 2 il
RV — v a VILEDSWIEREREEROFRRAEELRT LIERERE ST,

EEREFER LIZRE T 0 BRI KOECEALEBICELSER SN TEY
[1-4], ZTOEEBREHERBILT = / —NVED L S REBRIGRME DREIIR DR
RAETHDEEZ DN TS, £72, WEERBLZRTOHEICIE, EFE T A
— A EREEENRT A A NVLEBETHHIENLALNTWD, By, SRS %
DRFEFMH T A —FORFEIEIZE LTI, TNETICL SR SN TS 7255, 6].
AT TIIRERENRTA—FOREEIZER L, WEFHENRTA—FDOEDT
B DRLF IR E(Ds) H RIET H 7= O DEBRFIE L LU TiL, BT BB fh#RIE[7-9].
iy a—~y RE[10-12], ERREAB(CMBRIE[2- 4] BEENTWVD, TR HOD
FEORLE & R A% Table 2.1 12787,

Table 2.1 Characteristics of the traditional determination techniques of Ds.

Technique Long bed (fixed bed) Shallow bed CMBR
Mve;iuer:d Breakthrough curve Adsorption uptake curve Concentration decay curve
Fluid-to-solid film mass transfer ~ Fluid-to-solid film mass Fluid-to-solid film mass
Assumptions  coefficient can be estimated from transfer resistance is transfer resistance is
empirical equation. negligible. negligible.
Reliability due to the similarity of  Easy experiments and Small fluid volume,
Advantages . 7 . .
equipments analytical procedure easy experiments

Less reliability due to the
difference of equipments,
the assumptions

Errors due to the analytical Large fluid volume,

Disadvantages procedure the assumptions

EEBORELUIMIEBED Va0 AR L THD EWVIEHNDL, —HREIZ Ds IXEE
JETEHR N ORESIND, L, £ ONTIEIZIT Linear-driving-force (L.D.F.)ir{Ed
REEDEBE R (k) 2 HEE T A2RBADE TN TV A2, BEdHR O RIE S
iz Ds DEICIIBENE TN TV D, LN T, L0 ERERIEBREEZED D
IZiE, ERIRHER A FEA LR WEITEORENLETH D,
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xya—y NMETERLITNES T, EBRICLVREERZEHT A7 DER
BROGBHEMELH DL, R THRELBRTHLERHY, KEOHERAERTH &
WIHIRERH D, -, BITIES THHD, MEEBEICS T IR 2 8BRH L7
FEMT AT TN DT, L) EMRIEBEREEE DI, BEREEHEIZE S
BENTIENS L E ThH o1,

CMBR EBIIERFIENBHH CTEB L/ NI TEDLOERTLIHEREL DRV, B

WCEDENTELRG THHEVIFEERALTNL-D, B REE ﬁPTDs
ERETHOIEKRLERLZERFIETHS., LrL, KD CMBR EORENTIEIZ
WL, Ds ZIRET ABRICIEEEIZ S T 22 EBH L TV 5 szﬁmim
TP EETH D%, Ol 2 TEEILEIRANER TE 212 EMEE2E < LRI
BOWTHAIESN-ERERORBITIZIBOTOREHTH S, LovL, HEHRIEZED/N
SWRERDERINBERE T, BEREEETZZERICER T & ITTET,
B EIIREREEICEEY RITT, LER-oT, 20O LD 2%Tid, (EROMENTIE
28V DsERETHILIIRETH S, F/2, CMBR ETHERBRETHHEER
RHEMNS k ZRTETOIFEELREINTVA[13, 15], T OLOMFETIL. BEM
HHMEOVIEAEND kk DEEZREL TWAHN, FDOHETRIHOERBEIZHRL
ERBAEZTTAHIEEIIBAELNTHS, Lo T, LV ERIEEBEEEZEL-HIZIE, #l
TEENTFREBEHBEOLHMEANOREINLIRETH D,

Sonetaka 513 ¥ 2 —_y NEIZBWTEE REEHEICE S Ds & kk OREE
ERE L6, 17, ABFTIE, 20O HiEE CMBRIEIZSHA L, Fil-RREEL R
KL, FOFHERPEEETIE, Ds & kb OEIZTERICELVELNZEERZHER
(EDC) & BEE A EIC LV #E L /- HREEREHR(TDC) L O2&EBAIZEKIT L L
—T 74T 4TIV BLNS, FRRERT, HEROFELD LERBREIC
BRET D bk DE~DOEEN VRO T, KOEERMMENFSOLND EHFTE 5,

ELIZ, FERREEEZFEHRLTEDC 24 L, =fE0O CMBR EBIZBIT DR
BETLBURIT OB B A RS L7=, CMBRIEIZRB W T, ke (IR EE L RIE72 K OB
ThHDHIENMLNTVS[13,15,18), F7-. Suzuki H1F CMBR E&EIZH1T 2 EEHL
IR OEE 2RI L. TORFTHER S CMBR EEBIIREEIBENAER T

EOHEBEM AR EDA L BFEETH D LR LT2[19,20], LaL., BAMEZR
EBRFHETRROLNTVARNI LG | ARE TIIRERA 2% D CMBR £iE[12,
13, 151iZ364F 5 ke DEFFERFEIC OV TRETZIT o 12,
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2.2 HG

REPIZFEET SWEIIRERRL T OARBICHFET 2TEEELZBER L, RES
NEZBB Lictk, RERMILEKRE LICTFET OIRERIIRET H, BF, RET DY
BOBEERE IO TEVO T, WEFEEIFICHAERIZR T 2 WEBEIEE &k
FIERCERE I & - THRE D[21], KL FNIEBOBEIZIIR X 9T, BEFIRLF
DHFLNDOZERFERMA S L IIRATORE L LR L LI-MFLIERE . REFIKI T O
HILOREIIBE SNTHTFOREELELE L LoREILE E 3D B[21, 22], TEHER
WEIZBNVTIE, REAEERLPXEH TH D EEX LN TR Y[23]. H—KEILEET
VHSDMIZ KXY EERBIZEKIT HRBE OFE TRISKRE &, liRE 27 T\ 5[24,
25, 26],

F o, RITRAZ X ST, EROENT FETITRAEERIZES T IR 2 BHE L
T, BLFRIEBARB(D)ZRET B2, MEEROIEBNFET S X O RERSEH
TTHEOLN-ERBEROMITIIRETH D, £ TEBRFTIX, MEEEIZKIT HHE
BOFEREZEDOIREET NVOEBRXEZEHA Lz, Egs. 2.1-2.6 ([CEiRIE BB iR
(TDC) % HE T HIEBRNLTT, FNOLOEBRITa—FERE, b)—EKE. ¢) @A
EBEE, )ERAEICEW TREATANI EE N KAL, e) Freundlich BB 4R, DERIF
g, oA ERS LUK FRILERT TS, SO REICESEFH I,

ot r Jor or
[.C.:gm=0atr=0
B.C.: gm=gsatr=rp, (Ogm/Or)=0atr=0

BT P () [2 )22 Eq. 2.1

Y ESE p(i) kale-c) Eq.2.2
HFAREOELS (aai,) _ _Dsa,,(@g; ) Eq.23
S \__(V ).
ERYE IR [&}»&I&j Eq.2.4
_[P 4mg r*dr
A B g =>— Eq. 2.5
%ﬂr;
UG RIEE 1 ALEA g, = ke Eq. 2.6
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Egs. 2.1-2.6 (X TDC ZHE T A7 DIZEMNDE 3, AR T, HEEZEHT S
72917 Egs. 2.7-2.9 DERTE S E#E AN L, Egs. 3.2-2.6 & BERTEB(Egs. 2.10-2.14)
WCEH LT, ZNOOBRTELRIINRT A—FHEEEIWMT D B8 TES, HIxIE,
Biot #(Bi)iX Eq. 28 I RENA LI Ds & ke BT HAERTH Y, FBRICBITD
WEBE ERFRICE T OWEBENREDLLERT (8,17,

T:[Df jt Eq. 2.7
vy
Bi= ke, Eq. 2.8
D, B
R ﬂ:(u} 0 :(q_i] 0 z[q_ij ¢ :(@ —ce], c. =[cs -cej Eq. 2.9
7 ¢, —C, 9. 4, q9. — 4, ¢, —¢C, ¢, —C,
1 7 oL [59' j=[%]i[zez 2y Eq. 2.10
oT R° JOR OR
IC.:On=0at7T=0
B.C.: On=0satR=1,(00n/0R)=0atR =0
S BB _(?(%j _pic,-c,) Eq 2.1
9Q,\__[¥ Yaoc
A B 0 =3[0, R*dR Eq. 2.13
W & - R AR Q,=C Eq. 2.14

Egs. 2.10-2.14 DR T EFERII D Z R ET B 72D TDC (DsDC) % & 5 T2 HIZHIE
HERIZHENNLTZ, Egs. 2.10-2.12 B X WV Eq. 2.14 OESEM D HFREXE R ZHICH
[RESEE AV, Eq. 2.13 23 ETA0IC v 7Y UEERAWE, REHEIZIIE
WANEAEFI(Successive Over-Relaxation, SOR)EZFH L7z, A&FtTid. UULDOFHE
i% BorlandC++ Builder iZ X ¥ 7' 7 F LMb &4, £ D7 1 77 A(DC simulator) 2 DsDC
DOHEIZHER LTz, RFAOZEEIL. LENTRE SN F RO Ar O
RIEE. (r/Ar) = 30 ZHWZ[16], SHE S DDC %, k ZRET H72HD TDC
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(ke DCNZZHET D 12 DR T 20 BEROTR A (Eq. 2.15) & B A L7, Eq. 2.15 12 X D DsDC
Eq. 2.15

DT % TWEBRLT., RRETRET DH LV Ds & ke ODIREEDFMeFIIZHEL

Bl ECl T .

“Cli 242

k D
T,:( F Jz _ Bi[—fj’ = BiT
r,

Bp.r
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2.3 EB

2.3.1 RE

WEZBBROBERIVOREEEERIIIUTORELAFEA Lz, BREETHD
p-nitrophenol (PNP) & Z D/KIER D1t % Table 2.2 12, WEAITH DRLRTEMER CAL
(GAC-CAL)D ¥t % Table 2.3 12/~

GAC-CAL U TOFIETRILE -, £7 . JISHEDS DU 12-14 mesh & H
WTHRIAR 1.00-1.41 mm (25D Wit 7ot i ARRTEMER 2 BRET H 72 DMK THRE L,
383 K T 24 BFfiIfz @S/, it BSNIEHRE L OIZ AN, T3 —4#—T
RAFLT, ATALER ST GAC-CAL (3 EBRIZFER T 581 HE 383 K T 24 K #iREh
770

3% E : p-nitrophenol (—#& Fni L)
WER - RDIRIEMER CAL (REED LT )
A - flik

Table 2.2 Properties of PNP and PNP solution.

Property Value
Molecular weight 139.11 (g/mol)
Wavelength of max. absorbance (Aqax) 318.0 (nm)
Molecular diffusivity 8.20x107'° (m%/sec)
Density of PNP solution . 998.0 ( kg/m®) ®
Viscosity of PNP solution 9.81x10* (kg/m sec) ®

? It was obtained by Wilke-Chang equation [27].

® The values of water at 298 K was employed.

Table 2.3 Properties of GAC-CAL.

Property Value
Surface area 1520 (m%/g)
Pore volume 0.64 (cm¥/g)
Pore diameter 2.4 (nm)
Average particle radius (#12/16) 0.0603 (cm)
Apparent particle density 389 (g/L)
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2.3.2 BE P HEER

PNP @ GAC-CAL {Zxt9 2MEZIRBRIT NNy FR MLEIZL Y EIE X LZ[6],
GAC-CAL 0.5 g ZBETEIEEE D PNP AR 50 ml 23 A o 7234 7RIl 2 =14 . E
T CHILNDZEL 2k, BEMADPQISK)T—@MEM -, —BE%., LKL
FEFH(UV-1700 BERKNSHENIC L > TEREEGI8.0 nm) &2 HIE L., BRER(Eq
21600 LV FHBEARE L, Eq. 2171 LV FEREELRD T, HoN-RESE
BRIIBEEEEROBROER L EREEREMEOHEIZMER N, Fig. 2.1
WCHIE L= ZEREEEEROBREREZ T T, BRIEBRBZFBERE —BHLTWEZ
B, HEERIIERIZITOALTWAZ E2xbnb,

UV absorbance = 0.06743 x Concentrat ion [mg /L]- 0.002092 Eq. 2.16

qe:(co—ca)é; Eq.2.17

ge - FHEAEE [mmol/g)
VRE 1)

W RERIE (g

co : FIEE [mmol/l]

et ‘EHIRE [mmol/l]
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Fig. 2.1 Adsorption isotherm of PNP onto GAC-CAL and operational line for kinetic

experiments.
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2.3.3 i EEEEBR(CMBR )

AR T Z2FEEORBER EEREERE ., Stirred tank reactor (STR), Paddle basket
reactor (PBR), Baffle basket reactor (BBR)ZfEF L, LA T OFIE TR EBZ #RZE EL
Teo ZDDEB OB X% Fig. 2.2 1T~ T,

7. K52 D GAC-CAL % 24 F¥MiKICERL ., MANDETZERELT, STR 2
AT 2BRICITER L7 GAC-CAL Z#EICEHEALL, PBR, BBR ZfEH T 5BRICIZ SR
YMIFHEL, EEBEERIET, TD%, £2.8 g/L O PNP KBKRERAEL, BEITMNZ.,
TR L BRIAL T, ZOLEDORFEAEE ERIZH1TS 0 min THD, BEHEIL 298 K
ICBRELZEREFICRESNT, 2 TOERBIZEHLT 0, 50, 80, 100, 150, 200, 300
rpm DOFEFREE CEBREZIT o7, HEEE I EEREE FH(HT-4200 BRR A/ NEFHIZRHY)
XD ERI L7z, PNP KR OIBEZRIL, HAERFHEIZIVT 1 ml FERLIERDOSE
NI HIRTE LTz, BIE LT IBELE(L L V., BEBEMREER LI, KIEKROEHE
TN THDH 72D, AR TIIEIC—ETHD EIRE LT,

PBR

123 mm

Fig. 2.2 Schematic illustration of the CMBR systems used in this study.
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24 FEREEBE

= FESH OB AR EERIER (STR, PBR, BBR)Z AU YT PNP D GAC-CAL ~D W 35 3K E
EEBRDTOA., Fig. 2.3(@)-CIZnTRBEBRHBEDC)E H-, AR TRET S5
LWIREEDOHT AL, 5720, HEROBITE & FHRMBITEORFIZL D ELN
72 EDC 28T L, TN ZF4 Ds DEEZRE L1z, EHIEIZL V@ISR 2.4.1
Bl 242 BICENEFNEZHINTWD, Ds & ke DIEZRET D72 D OFRBHIED
ML ERIZEEEH L TH D,

2.4.1 RERDEFTFHEIZLD Ds DR E

FAZIB T2 £ 51T, CMBR IEDRERDFRHTIEIZ B TIL Ds DEAERE T 5 BRIZH
WEERRIZ 3517 D IR T & B L CTHERBRMAR(TDO) ZHE L, £ D TDC Z AWV T
EREEBEMBEDC) BT THI L TDsDEERET S, ZORTIE, Hohiz
EDC Z1ERDHTIEIZ I VBT LI-FERE T, CMBR IEICEL TLINE TICH
OMNDEFTIENRBEINTWA D12, 19, 20]. I Z TiX, Furuya 5 OFIE[12) % FE H
LToe € OB FIEOFEMIIE L i, 1212 SR I L, TEROIENTIE Ti,
FARBEEICR T AIEBEER A2 EBH L TV A1), kOETHRETE R,

Fig. 23 (2R L= REREER ORI D Ds DfEZERE LT, Fig. 24 IR T XL H I
570 EDC 12 TDC L REBILDRANRR DD, S ES AT T4 v T 47
T&ERPo7=2, —H L2V EDC B L THHMEEIC Ds DER RE LT-, Fig. 2.51Z
TTEIICBEBICHALTCEONE DsOELZHEAFEE NI LTy bLTZ,

Fig. 2.5 £V, Ds DEIIHBREORELZITHZ LIIALITH D, 2TOE%E
B LT, BODBEREE OEBIC W CEEE A AR 143 2 7 OBEBRITBUER A A U T
WABZ ENTFBEND, LR L DT, OMNDEDCIZTDC & D FEL I—T 7
4 YT 4T TERDST, £ 5D EDC 132 TEBVWBHE (N < 200 rpm) THIE S
ni=bDOTho72, TDC & EDC OERELR D L vvd Z &iE, TDC ZHR ¥ 2 Ef#E
NEBREZBHRTE QW RWVWEWNWD ZETHD, THERHSREBEEICBOTHE
ENT-EBRER CIIERLEEERAEBE CERVWEOEROBITEIERTE 2L
ZEETLTWVD, LERS T, DL D RAITFWILE & EIEIC BT D IRE0 & &
BICEET DX )RRV THRIE S - EBRE R ORI I ARG S L E
THB,

24



1 1 ll'l'lll L l!lllT‘l]’ L) lllllll' L] LA AL
A
ﬁ Bﬁm "o o Ompm |
ot 4 A 50 rpm
08} @g g v 80rpm -
—_ A Jh ¢ 100 rpm
= % o O 150 rpm ]|
3 RA =
S 06r 8o % L o
;3 I QA (Y uD ]
Q
& ) zA o
i 04r % oA O .
™ v

Ct
B
g
(]

o
[\

i

frf
P>
0
EID
1

0 et Sonnd lrlll].ll b I%WN
1 10 100 10 0000

Time [min]

(b) PBR

1 L 1 '!llll] L] L) lllll’l T L] l‘l"l' i V3 TTry
% Orpm

50 rpm
08} 80 rpm -

_ | 100 rpm
— - 150 ripm

s 200 rpm
g 0.6 300 rpm
,g I i
< 0.4} .
! i .
02 -
| 9@ o ]

®)

(@)
0y 10 100 1000g 5 E%000

Time {min]

25



| (c) BBR
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Fig. 2.3 Experimental decay curves of PNP for the three CMBR systems; (a) STR, (b)
- PBR and (c) BBR.
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Fig. 2.4 Curve fitting of experimental decay curve (EDC) with theoretical decay curve
(TDCO).
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Fig. 2.5 Dependence of Ds on the stirring speed.
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242 Dg & kp BRET D720 OEBRFNT F1E L BT R
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23 129.01 & 598 TH B LREINTZ, TDC X 2.2 HilZ/r L2 & 912 DC simulator {2
LR SN, Fig 2.6 IXERFME(TaA v FY v e 28k n=15.98, mp/V=087)Ixf
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025 X DI TDC DFITA LN Bi iTKFFE L TR Y | Bi DEIEWVIEE TDC OE
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3.7 Tos & Toatd Fig. 2.6 12”5 X 9 ITERILIRE C,=0.8 & 0.2 (x5 5 EIR STl
MTHD, Bi BREVWEWNWIZ LT kg DEDPRENE NI Z L THA-D, BEHRE
BEVIRIFINIEBAS R & 72 B, Fig. 2.7 &Y. Bi <1 O&H TIIWEHE I IEBELEHN
IR & 72 0 (1 < Bi <300 OFEF TR 7 NIEEL & BRIBEILB O 5 AR E EHE B L
300 < Bi TITRIFINIEBMER L 705 Z Lo d, £z, Fig. 2.7 OBFRE A0 iud
To2/Tos 75 Bi DIEZRETE 5, EIRTTFEM DI To/Tos DEIX Eq. 2.18 IZ7RT L 5
(CEBER DL t0/ths & —FT A72. EDC M 6HEG Bi DIERRD b b,

To.z _(Ds/er)Xto.z _to_.z
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Eq.2.18

Wiz, EFROFETHRE L-His Bi OE & EBRSLEH) S DC simulator (2 L Y Dg &
REST H1=HD TDC (DsDCY&EHET 5, £ LT, £ DsDC & EDC X ETEHLE
b, EL00h0MRE —S>OMBRN KT EETEITBE LT T OEE2RET S
(Fig. 2.8 Z8), Z ZTiZ. #il& LTBBR ® 100 rpm OFER DRI 1T o 2R % T
T, TO%, h—T 7 4 v T4 T ICE VB LN Tt DE 6.67<10™ (min") % Eq. 2.7
IZRATDZEICEYEq 219 DX HIZ Ds DIEEEHTE D, BBR @ 100 rpm D
BIZBWT, BHNiz Ds DEIEH 4.03x10% (em? s )Yy TH o 7=,

D

N

(;)r; =(6.67x107 /60)[s ' ]x (0.0603[cm])’ = 4.03x 10" [cm® /5] Eq. 2.19
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Fig. 2.6 Experimental decay curves calculated under experimental conditions.
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Fig. 2.8 Curve fitting of experimental decay curve (EDC) with theoretical decay curve

for Ds determination (DsDC).
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ke DIEIZH9 1.08x107° (cm s ) Th o 7=,

T -2 1% x X
kF_(—[—)ﬂpS r, =(1.59x107/60)[s "] x 0.174[L/g] x 389[g/L] x 0.0603[cm] Eq.2.20

=1.08x10 *[cm/s]
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Fig. 2.10 New procedure for determining Ds and & for the CMBR method.
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Wize ZDOXIICLUTRIE LT Ds & ke DIEITEREMH72 &L —FEIC Table 24 ICE &
DThHbH, RE LT Ds & ke DEPHEHE L72 Bi DX, toy/tos DIENGRE L=
WBIOELIZEF—HLTWADT, EHLEDs & kDEIZERTHD & Bbh b,

Table 2.4 DFERNML LMD L HIZ, 2 TOEEBICRBVWTEERINBIER /B8R SN
TWbd, Z07H 241 BiTHRLIZE D2, ERDEBRILEIRG & 848 U - AFTiET
IR HEIR(R+ 2 72 EE)IC BV CRIE L2 ERFE RO Cix EDC & TDC 235
F L —HE T (Fig. 24). BEOSWET{TR o>/, LU, Fig 2.8 8 LT29
WRLEEE DI, FILWEITEEERT A & C, UROBETIETT 4 v T 47T
E 72772 EDCIZEA L TR R N FIRE T H - T2,
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DIEDEM(Fig. 2.5 2829, Ds DEDEIIEBEHBEEIZBNT—ELR>TS
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EEZOND, EESLERNDREEEOEREMEIZZD L B THNORERE L/
LB, FFRIERPELS 2D LRI D, UEDZ &b, H-FRILEE
BEREL B DT 5 AR B R T BT BRI T, 5 UVWERT I RE R DR IE X
DL ERICHR FAILBIRREZRET 2 L BAIRETH D &R I L,

F7- AREICBIT S5 ERSHT T EEEED 200 pm LA ETHNIT E D CMBR
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2T, ERRVMEHERE T EEEER A 1T 2L, Ds DEZHEE T 2 DITHER DA
WiEEFERTH I ENTED LHEIND,

—F5., EBOICEONT k OELEHREE N2t LT 2 v + L, Hixson-Baum @
HEE[29)(Eq. 22012 & B ke DHEEE & 2512 Fig. 212 107 L7, EBRE L HEEIZE
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WIZETZ L M A R L TWAD I Ebhd, CMBR IEIZEBW T, ke IXHHEEE
ERBEREDOEETH L Z LML TE V(13,15 18], BEEE N OB N T
ENDx ITEE), ke ODEBRMEIZZ OBIRIZHES TV B2, STR & PBR (IZEAL T
Hixson-Baum RUZ LA HEEN S LD TN TWD, TIVUIERSFHEIZIAZHLDOTHS
LEZDND, BEBIIB T LEBROEMDEN ke DEICEET L7120, TNENLO
HEBCTEINTNZEZZ0ND, o, INETOMEDSE IITEHRICE AHET
372 BIRERA TV RBIZ L VTN TE Y, TOFBERICESERBANKYII-T
W5, HEREOBROME, EBEOYV A XY Lk DEICEET A Z LADIroTNE
D B EEOAT k OEEHEBEMTEZ L XEETH D, bk DEICEEL KIETH
TAZRE U CIISTRR(18, 301123 L < RN TV 5, ARSI TR E2 B  Z L %
BEE LTWRWESD, 22 CiIEREEIET 5,

Hixson-Baum D#RERR, (Ndvp/u < 6.7x10%

[deV j P O‘S[Nd”'pj PRy Eq.2.21
)7

A
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Table 2.4 Experimental results.

System Stirring speed [rpm] tooltos [-] Biot number [-] * Dg [cm%/s] ke [cm/s] Biot number [-] b
0 16.7 11.2 9.45E-09 1.19E-04 11.2
50 27.3 41.0 1.78E-08 8.17E-04 41.0
80 28.6 42.6 3.36E-08 1.62E-03 429
STR 100 31.4 190 2.52E-08 5.22E-03 185
150 >32 -€ 4.32E-08 - -
200 >32 -° 4.65E-08 - -
300 > 32 -° 4.03E-08 - -
0 17.6 12.4 9.45E-09 1.31E-04 12.3
50 14.3 8.6 3.03E-08 2.96E-04 8.7
80 17.3 12.1 4.03E-08 5.44E-04 12.0
BBR 100 233 23.7 4.03E-08 1.08E-03 23.8
150 25.0 28.5 4.17E-08 1.33E-03 284
200 >32 -¢ 4.03E-08 - -
300 >32 - 4.48E-08 - -
0 8.6 3.6 1.34E-08 5.44E-05 3.6
50 28.1 48.0 2.09E-08 1.13E-03 48.3
80 214 19.1 3.78E-08 8.10E-04 19.0
PBR 100 24.6 27.2 4.65E-08 1.42E-03 27.1
150 30.8 120 4.65E-08 6.18E-03 118
200 31.8 300 4.48E-08 1.51E-02 300
300 >32 -° 5.04E-08 - -

143

* Bi determined from the experimental time ratio £, 5/t 5.

® Bi evaluated from Ds and &g.

© Based on the value of #y,/fy5, the intraparticle diffusion control the adsorption rate. In the case, Bi is unnecessary, because the conventional procedure is used for
determining Ds.



(x10%)
5 —
4 1.
z L
(a]
5 3f
5 8
2 -
e @0 STR
y .~ . ... A BBR
/ e O PER
s man g e oo ot Fig. 354
| 1 l o l'-:l'-'r»f-":ufl 1 i
0 50 10 150 200 250 300 350
Stirring speed, N [rpm]

Fig. 2.11 Dependence of Ds on the stirring speed.
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=2

o

ap : surface area based on solid particle [cm?cm’-particle]

cs : fluid concentration at interface [mg/L]

¢, : fluid concentration (¢ at ¢ =0 ) [mg/L]

Dy : molecular diffusivity [cm?*/sec]

Ds : effective surface diffusivity (diffusivity based on solid concentration difference)
[cm?/sec]

dy : vessel diameter [cm]

kr : fluid film mass transfer coefficient [cm/sec]

m : weight of adsorbent [g]

N : strring speed in Eq. 2.21 [revolutions/sec]

qo : amount adsorbed in equilibrium with fluid concentration ¢ o [mg/g-adsorbate]
gm : amount adsorbed at r = ro [mg/g-adsorbate]

g : average amount adsorbed in solid particles [mg/g-adsorbate]

r : internal radial length (length from the solid center) [cm]

rp : particle radius [cm]

Sc : Schmidt number, u/p Dy

¢ : time [sec]

¥ : volume of solution in vessel [cm’]

u: viscosity of fluid [g/cm sec]

p : density of fluid [g/cm’]

ps : apparent adsorbent density [g/cm’]
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BXIVEH LEEMESERE L 2 hE L #HERXOZ L2 B LR E R
kR

B 1 ETHRA, EEYWEBEREIL Carberry 2[1]X° Wilson-Geankoplis H[2]
R EOEBAORBRICL VHEIN, FOMENPREBEERE -BIEFRFHMER I TY
Bo IRODORITREICIIT EER TR, WINROERR, B, 4L RHE Vo
ERZEZEHINTXTHL720, BEZBWTHERT 2IZIMEERMEICRIT, %
B BERFICBWTERREEZELCLAEMDLH D, TENICAV LN D BIESR
BT TSR A EREIC R D Z ST LA ERW(EEDEFD 10-30%)7- %
[B]. ®F VEERIN TRV ZhREYRBER D72 OIZITIER R B AE Y DR E D
RAIRTHDHDT, WEBNIH T HREMEBBREOAE LTV, £ b DHEE
DENEEBRIET DLERHLTHASI,

%1 E T 7= L DT, Sonetaka H ity m—_y RIEIZBW TEERMETEICE
D RLF NIREEREN(Ds) & R E BB R () DIREEZ RE L2 [4), T T T3,
ZDFEEHNTERBICE b7 RE EEERERE L Y EIRYEZE R E (k) D
EEEHL, —RENER SN D WL O 0EEDEBIREROHER L g+ 5 2
T, MEBIZBTLENOOHAEROZUHEARET LI, EERIZEZDZBREERICK
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WEZBWTILFER SN EEDEBEMRROHEREA & U TIL, Egs. 2.22-2.26 i
RLIERARH B,

Carberry 2[1]

J= [%—Fjsc”-‘ =1.15(Re, /g, )" Eq.2.22

u/e,

d,up
H

Re, =

41



Wilson-Geankoplis 7[2]

/
uje,

(—kp—]SC ' =1.09Re,”™
Chu et al. 7[5]

k ~0.44
J= (__’_ch =177 Rem, ' Remd >30
u

k -0.78
J= (—ich » =57Re,,” Re,,, <30
u

Wakao-Funazkri 7[6]

k.d
Sh= (b—”) =2+1.18¢" Re®*

Re = drtEsP
)7

Eq. 2.23

Eq.2.24

Eq.2.25

Eq. 2.26

INHORUTITFENEFNFEDH 0 | H Z21E Wilson-Geankoplis FUTIK L1/ /L XE
M TIILWVWHEBENEOND EENTWS, £, Chueta NITEERB~EIE
CBWCEATRETH S, BEMEBSHREIIARF T, 2 bo#RERL v v

— Ny KB & B REREERD b ERAY

/o DEEEZRBRLT,
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2.7 EBR

2.7.1 REK

REIZELTIIE 1 HERKROLDEER L7z, %AEEIZ p-nitrophenol (PNP), %
EBNRDRIEME R CAL (GAC-CAL), Bz MK ZFEH L7, Table 2.5 {Z PNP & PNP
iR DY, Table 2.6 |2 GAC-CAL O¥itkE % 773,

Table 2.5 Properties of PNP and PNP solution.

Property Value
Molecular weight 139.11 (g/mol)
Wavelength of max. absorbance (Apax) 318 (nm)
Molecular diffusivity 8.20x10™° (m%/sec) ®
Density of PNP solution 998.0 ( kg/m*)®
Viscosity of PNP solution 9.81x10™ (kg/m sec) b

* It was obtained from Wilke-Chang equation [7].

® The values of water at 298 K was employed.

Table 2.6 Properties of GAC-CAL.

Property Value
Surface area 1520 (mz/g)
Pore volume 0.64 (cmz/g)
Pore diameter 2.4 (nm)
Average particle radius (#28/35) 0.0505 (cm)
Apparent particle density * 854 (g/L)
Packing density ° 396 (g/L)
Bed void fraction ° 0.54

® The value was determined from the particle density
with pore volume. The value of particle density was
measured by immersion method using water.

® The value was determined by the JIS method [8].

¢ The value was determined from apparent particle
density with packing density.
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2.7.2 BELHEER

PNP @ GAC-CAL ~DERFEFIRBRITI NNy FH MIEIC LY AIE SN, FIEZ 2.3.2
L EETHD, PNP O GAC-CAL ~DREZIEMRIL Fig. 2.1 I RLE LI
Freundlich 2 5, FEBRIZ XL V5 5172 Freundlich 4% Table 2.7 121~ 3, ZZ T
% & 17 Freundlich B3 n X ERGRL & AR R R(TAUC) A HHE T 5 - OIfER &
nr,

Table 2.7 Experimentally obtained Freundlich constants.

Freundlich constant Value
k 111.4 (mg/g)
n 5.22

273 REFREER(V Yo —y NE)

& FEREERMHBRAUCHT Y ¥ rn—y FEICL VRV A )V ZAHEBICB N T
BIE &Nz, EREBOMKEK % Fig. 2.13 1277, £, EMR GAC-CAL K03 ¢
EEBELTHTILITELEE, 17 L7 LHKCER., BEL THILNOZER %
F L, EBREBICAIT 2%y b LK, —EIREQ98 K). —EIRED PNP &K
FHERHBRIEE, 0%, EENOITL2E2WMVHAL, RESRALTWD
GAC-CAL /D& DA T Uiz, BE¥E. GAC-CAL 20 7 A0 HHEY H L T 383
KDA—T T2 hEfg I W7z, 8k, GAC-CALOEEZRIE L. ERAIZEOE
EEME) S PNP OREEL RO, BRHHEZEZX TIOBRELZITVL, T LD
BRI AUC 2ER L7z, AUC % 2.7.4 BiDFIEIZHEVEEITT 5 Z & T ke DIENH
bhd, MELZENNIETIOEREZITH Z LT, BLF LA VA (Rep) & ke DE
R ELN D,
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- Supply tank

- Receiver tank

- Pump

- Shallow bed column
- Flow meter

- Tygon tube

D a~e . Three way cock

f, g : Stop cock

O E a - Activated carbon bed
B : Teflon stopper

y : Teflon net

~

"

J
MTMOoOOm™>

F
, N l ,
B

oo - 1150 mg/L
e J

Column diameter : 21x10°m
Bed height : 3x10°m

Fig. 2.13 Schematic diagram of a shallow bed reactor.

2.7.4 W& SRR R O FEAT

& PEEERMBRAUC)I Y Y a—_y MBI 2BREREERICIVE LN,
B E BB %5 (ke)IE Sonetaka ©IZ & V) $BE S N EHTIE[41Z AV TE D AUC 7>
HIRE LTz, % DIEMTIEDHEE % Fig. 2.14 (TR T, T DMBITIEICB W CEERFIEIT
Biot 3(Bi))DRE T 5, Fig. 2152 Bi ZRET H-ODT T 7 &1,

9, W E T ERR L W IRE L 7= Freundlich E%% n % AW TEERTEIZ L Y Fig. 2.15
DOREFREER LTz, RIBREREERIVELNT AUC 225 fo1/to; DIEZRE L.
ZDfE L Fig.2.15 XV Bi #WRE LTz, RELZBi & n ZAWVWTHREHEIC XV Hin
0 & AR ER M R(TAUC) ZHEE L, TDOTAUC & AUC 2 W —T 74 v T4 V7T
BHZET T2 Tt DEEZRD, £ b OE X VR FNILBERE(Ds) & EEY'E
BEREG)ZEH LT, 22T BN ORNETH D=0, DL Tik 2.8 &
BRLERICBVWTOHERLEET 5,857 DsDEIZRI3x10? (cm® s TH o 72,
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Numerical Calculation

( Equilibrium Experiments)——-»( To7/Toa vs. Bi )

Kinetic Experiment
Adsorption uptake curve

- " ~ Tor/Toa = boitha
( Determination of fo.7/foa D

Cemparison
agreement : end

Numericai Calculation

[ Theoretical uptake cuwe)

Curve Fitting (m),; N (Qvs. 1)
( Determination of Ds + =T
Ds=(TIAr? Theoretical uptake curve
{Qvs. T)
Curve Fitting (T’ff)+
( Determination of k¢ Bi=krrpcalDspsgp

ke=(T M)psrpgolce

( Evaluation of Bi )

Fig. 2.14 Flow diagram of the procedure for the determination of Dg and k.

( Determination of Bi )—( disagreement : redo
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Biot number [-]

3 o
10 : T T T 1 T l T T T ' T ] ﬂ T B
- o 3
[ Intraparticle diffusion control region S i
- Q -
107 v g E
F Intraparticle diffusion and g ]
[ fluid film mass transfer control region ]
- D -
- D .
1L .
10 3 g o 2
C Q ]
L 0 -
e U -t
- ] Freundlich coefficient, # = 5.22| 4
e G =
- o) :
" G Fluid film mass transfer control region -
= 0 e
_1 L l - | l 1 ' [l I i l 1 I 1 l i
10 1 2 3 4 5 6 7 8 9

To7/To3 [-]

Fig. 2.15 The relation for determining Biot number.
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28 RLEBE

2.8.1 #HERX LV IE LI REMEBIREK

£9. ARMOEREZMHITEB VT, KITR LN OEEYE S EIE k) DHEE
RERANWTE LN bk DfE% Fig. 2.16 12”7, Fig.2.16 KV bbb L5, BhLFL
A JIVAEEBRTIET_RTOZ T 7MRE—HLTEY, COHEREZEALTLIE
WERBFLND Z &R, UL, BT LA WV ZEER CIIHEE IS -
ENKREL, EOHBEXREZERATHINT, TORORELERE - BIERFICB T IEE
DEDL->TLBLEEZbND, £ I TEARETIE, B F LA ) NV ZEERIZBIT S
BRREILEEEICE B L, ERMICEONZ kDEL EREITIZ L L L

10-1 ‘:—'l—l"r'rﬂﬂl ™7 l!ll"r ™7 llIlﬂ' ™1 Illlw

107 .

§ 5

,_‘E;‘_, i

& -

10° .

s (CarbOITY

e Wilson-Geankoplis -

e (00 0 il )

Wakao-Funazukuri

]O“‘_l_l_u_u,u! [ ERTT B RN R TTIT ENEN R T BNy |
0.01 0.1 1 10 100 1000

Rep [-]

Fig. 2.16 The estimated ky under experimental conditions.
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2.8.2 WEFERZERBR L YV RE L EEDEBERE L #EXO

273 BiOFIEICELY vy n—_y FiEEZ RO TERE FERIZERBBRAUC) Z BIE
L. 274 #IOFEIZLEY AUC 2T L C ke DIEZHEH L7z, Fig 217 IZBIE S iz
IHLDNL OO AUC -7, £72. EBRBIZBONT k OEL EHO>OHEXNS
W X7 ke OfE & D8 % Fig. 2.18 127,

Fig. 2.18 £V | (BALF LA / VW ZE(Rep)FEIRIZ BV T, KIRFTDOEREMHT THS
N7z ke DEFBERESOHBERXOMIZA - TEY | Rep < 1 OFFE TiT Carberry 2,
Wilson-Geankoplis 2N & ¥TVMEIC 72> THE YD . Rep > 1 DEIF TIL Chu et al & L < —
BLTWB, Lol EBRMICELNS k OEOEZIIHERX L Y $ K%< | Fig. 2.16
TRLULIEERLTF VA /A ZEERIZBIT HEXIZHELS BoTnD T bbb, 20
et HEREROIIHSIC b DEEHEFRETH DM, BEER BIFRE
ICBWTHERNICE LN EEFERTAIZENEET LN E W) Z R ENnT,

—RENCEIEME B ERE (k) & MLOE F & DRI Eq. 227 TREND[3, 9], X
HDa & bITERTHD,

(I—CF—) = Constant (Re, )" (Sc)’ Eq.2.27
u

DFED . kefu TRIFLA AR E Y22y MRSODBEETREND, FlTRL
EHEXLITITINIIE> T3, Z 2 Tk, Wilson-Geankoplis XA ZEIZ LT, K
B TERIICEB bk DENOHEREEE L, ZOKE. Eq 228 D& H 723
HEoiiz,

[k—Fj(Sc)w =1.10Re,™ Eq. 2.28

u/e,

Eq.2.28 & AL IUE, 1BRIF LA /L XE(Rep) BB T ks DIEZHEE TEX 50
H LS, HEBECHERT — 40300 ED, KOFEEIVENTHA ),
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Fig. 2.17 Typical experimental adsorption uptake curves.
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107 Wakao-Funazukuri e -
ey C - o
g " 4
& " ’
10°F 3
-4 i i 3 3 a3l 1 1 i i@ i i

0 0.1 1 10

Rep [-]

Fig. 2.18 Comparison of experimental and estimated ky in relatively low Reynolds
number region.

50



28 £¢

RETIE, BE-ROIER SN TV 2 BEDEBS R ;) DHEXOEREFIZE
T ABEIMEERIELT-,

BRE R BEHE Y S 2L — v g VIZESWEREEEEROREEEZANT, V¥
O—~_y FERIVEBRMOIIREL b DEEHEXIVER L kOB L 2 &
THZ L THEROZ Y AR LT,

ZORER, BRIT LA /) WV XE(Rep) BIBIZEB VT, ARFTOEREFET THEONE
ke DAEIZ. Rep < 1 DELFH Tl Carberry X, Wilson-Geankoplis 2 & TV MEIZ A2 > TE Y |
Rep>1 DEHE TIiE Chueral & X<~ L7, LAL, Fig 21812 " L7z L DIz, &E
BRACELONT k OEOEX ITHERX LY K& Fig 216 TRLAEBRF LA /
VAR BT HHBEROE X (L 2o T,

bRy, #HEXZAOIIETOIC kOEAHERRETH D2, RELE:
BERFHIRB W THERMIZEGONTMEER T ENEE LWV EWV D Z 2R
e X7z,

1 ARFHCB W TERMICE LN Lk DENOHEREZEE L -FR.Eq. 2.28
WL, TORERONIUL, BRI LAV ZE(Rep) FRIRUZ W T kr DIEZHE
BTEDIRLLARVE, HL ETERFTOERZHET THRONTHERIZESHTH
L2, LV IERMREELRRIZT I, FRdERT — X OHBENILETH D,
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=2

Bi : Biot number, kerpco/Dspsqo

aul

co : initial concentration of solution

Dy : molecular diffusivity

dy : particle diameter

J:J factor

ki : fluid film mass transfer coefficient

qo : equilibrium amount adsorbed with concentration ¢y
rp : particle radius

Re : Reynolds number, dyuepp/y

Renod : modified particle Reynolds number, dyup/u(1-eg)
Re,, : particle Reynolds number, d,up/p

Sc : Schmidt number, y/pDy

Sh : Sharwood number, krdy/Dy

¢ time

T : dimensionless time, (Ds/rpz)t

u : linear velocity

e : bed void fraction

u: viscosity of fluid

p : density of fluid

ps . apparent particle density
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EIE WEFEBERHIIBITZVIazr—varyofilH
~ZRESBEYDO BB BT A BESEDOREL~

3.1 #S

AETIT, BN LER BEXFEENE LT, SEHE I 2L—va itk
DWW BERBEORBEEZBRE LR E T,

REFEOFNE LTI, BHWRE, BERBYRE. RBBRE., BEIBWRE, #Hi
BEERE, Ju~v MBI rAVWLNRTEY, BIETIEZENOIZBITARELEE -#
EDFRFHEITIZIZFHES L TV D[1-5], REERE - BIERFHIBW L, BEDIZE
NODREEICESCEMBEHEY I2L—Y 3 VI HBEEIRA~DERE DM
P L%, TOFENED CTHNITERICEREZIT> CEOMELHERT S, BE
RMREPHERINIIERZIZA T —LT v TEITV, BN EEBLZERIE S,
DXV I ab—ra VTEE - BERICBIT AREORIMICEEREE %
HoTW5a,

HEE-BEORBELICBWTEEARZ Lid, M ERREBE» SBEMREEIC X
0. GBEERAT O D E WIS TH D, BHEREBIILNEMREIE RL5DITILUARTH
Linn, ZOBENEHEIC R > THEEREBRE THBEEZITo72IE 228, 3 X MDA
oD, BWEEEBEOLA CEAKBEOIEKR, BIEEOREISBEORIRE A LD
BT BENRBREEAREICT A THA S, 22Tk, nEELEETH DK
=R RIBEMEE—DOEERREEBIZL VS DREEZIT O 2D DEESRED
REAICE L THEHE I 2L—a VERAWTHRE L,

WA, KR 2 BRI m A 3B R, BESN., BEROBESFIREIZZR > TV
DM, FIUES TEOEBESLERIEFET L VEELL TV, BERECE VT,
BBERE R B T ABRUBBBIIZH S REYW OB L ERASNIBIEQOD LS
THBH[6,7. Flo. VA 7N 70w T T T7 4R T LA v Frrra~v sy
F74—Teloru< NyELEEINTEYIS, 9], BESBERREICLTNS, L
MLRBNE, FN0OEMICITBERLREBLBRELET 20, HEBEOVHENL &
OH#RfE- DB A RBEV, 72, YREBLZN L OO BRI HLRANH 5
2, BAI X o TIIATLE(FIESEHZTOLERH D,

—FH. Rb RO BEEBE THLEERKEIIEEDLBEE N >BIELEL TH S
EVIFIERH Y BEIZHLENTND, ZOZ D, BRDIREMOIHEICHE
LCEEBHRE INBEE T AR LV RENRTaERATHY | ERIZZHSRE
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YD 53 %_ﬁﬁén1m6$m%§wuon]

BERBICLODZMAORIBESYDOHFBETIE, WELRIZBWTHBELIT 2125 23FF
THBHD, @ﬁ%h%h@ﬁkﬁ (IRE S HNEFE(RE SIS WIE D DI oBE-
ERENDZ &IZR2D, LIeh>T, ERBELTHOTHIUIERON 7 L2 BT
L7atR 725 (Fig 3.1 BR), REREIRETLREBELEI»GRD, BETRE

TIRHELEE SIS WVWEN, BLELRER THELREINSCTVHEN LERMES
ZHBENFIRETH D, D), MELRTOEMRGEXNIT, £07 & 23
b C&, B—DA T LTHBENRTEDFESELIH DL, LrL, BE—DEEBTOR-
PEBRIEC LY ZMO U LDREWDOLSBELRTT 556, THRINRERENER T LUE
DHBENRETH D7D, ZOEMERBENPLETH D,

Z I TARBRS TR, B—DEERB TO%R - PLEREIZL Y ZRrRIES %ODEZ’\/\
BEAAT O - DOBESBOBRBEILIZE L TR 21T, 2D REERBREIZ
HRERFHEIIINFE TIL LR ENTWS D)2, 12, 13], £ DERFHEIC gowtﬁﬁ
HEY I 2 L— g il &) RS dh#(Adsorption/Desorption Curve, ADC)%# &
ML, T2 EICBREEGORELZRK > T,
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20

15F

10

Cu= awea []

05F

Time [h]

A: adsorber |

B: adsorber Il

C: adsorber i

D: pump

E: three way cock

Mixture of 1, 2and 3
or =
Desorption solution f

Fig. 3.1 Example for separation process of a ternary mixture using a fixed bed adsorber.
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3.2 Hi#@G

2R REERRAEICKIT S ADC OFEHEICE L Tk, BEFEHEBERISMTE
R EIZIER U THD([12]. ZRTREEBICBWCRT | OBREE ¢, TERFORK
57 DRE ¢, 72 TR S DBEIZ %ﬁ‘zﬁﬁhé*&ﬁi%uanfﬁb DWW E
B3R ZF IR (Ideal Adsorbed Solution, IAS)FRE&IZ & V) BARL 4y D W & AT REMR > &
FRITE B5[14-17], EDOTZOARETTIL, 5% DRE FERROHERIZ 1AS B
BEB I N,
Ry i (=1, 2, )ITKT D LB R EE R WA BIEDEMNUT Egs. 3.1-3.5 TR
5, DRI, ayfefit. b)—EME. o) —EMAREE. )—TERE. o) REILEE
ﬁ}ﬂ@ﬂﬁﬁf—ﬁm’$@%%ﬂﬁi g)Freundlich FZER+IAS B &V 5 K
WEDNTW D, T, BEOTENZR T vt RZET HBIESRMET CidEhhmo
#%&iﬂffﬁf%ét&) ARECIIER T R OITBII B R I TV, ABFTHW
FEEXIZHSREEBREICBWTEE T AHERRELBEONL LAREEN
TV 5[18],

I 7 N FE S [Q@LJZ(DQJE[#@_,"] Eq. 3.1
ot r’ ) or or

BN R B ps(‘“’;f j —koale-e.) Eq.32

W TR EBE) [957} _ -Dsap(ag; j Eq. 33
~a 0, )_ (¥

2 P R [5} (mj( at] Eq 34
‘[p47rqmr2dr

T g o Eq.3.5

%ﬂ'rp’

SR ETE)  gnm=0atr=0andz=0
MEASHEWETE) cy=0atr=0andz=0

FR&MH Oqm/Or=0atr=0and gm;=qs;atr=rp
|2
¢, =4 p (Freundlich Z(+TAS #E54)
n.
So |
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Egs. 3.1-3.5 (X ADC 23t BT 5 7= DIZEPNLE 0, AR T, HEEEZ&ER T2
7= 912 Eqgs. 3.6 DERTEEAZEAN L, Egs.3.1-3.5 % Egs. 3.7-3.10 TR I AR

AR ER LT,
ERTTEHK

. D, . kr, 4, g,
Z —(A,B,ps/u)( - J, Bi = —Ds,ﬂ,PS , B = e a, = o, Eq. 3.6
T [%QJ{I)—{RaQ) Eq.3.7

ar, oR oR
o0 :

R E B (%) -mic.-c.) Eq. 38

e oc, oc, 0Q,
& E R N E I 7 +a, ar + ar " Eq. 3.9
RECLLEE 0,=3[0. R'dr Eq.3.10
WEASME(RETLRE) QOn=0atT=0andZ=0
MIESRGETR) Cy,=0atT=0andZ=0
BERE&M O0m/OR=0at R=0and Qn,=QOs,at R=1

Egs. 3.7-3.10 OERTEMBENIL ADC 25579
3.7-3.9 DENEWMS TR EL 72D

WCHRES &%mw\

BEBEAYIC D L7, Egs.
Eq. 3.10 2B T 579

TV EERW, £l ARES FEADKEFHREICITERIENER S,

Z-Vrﬁ T, UL EOEE L BorlandC++ Builder |
T L% ADC OHBEIZFER L, RFROSEEL. LIAT

&Y T RS TMEER, ZOT Y
I HRE S IR T PR D

NS Ar D ETEME. (rp/Ar) = 30 % AV Tz, AR CTHE M S L7 5HEFIEIZSCER19, 20]

IFFRIRTH B,
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3.3 HES&ME

AMEET CTIXRBIE S & LU T Phenol (PHL), Benzoic acid (BA). p-Nitrophenol (PNP)
DEZABERAENT, ZORICBWTiE, PHL B HEE SN VWE, BA B
HE R REN BT OHWE., PNP B3R LEEINSCTVHE TH D, ERT DT
A—# ¥ Table 3.1 DFEY T 5, Table 3.1 IZ/R LTo K4y O E L EEITEL S FR
KEBWRIZFT DRRIEWIR CAL ~DOREZ Ny FRMEZIVRELZHERTH
Do ZHUE, BB ORETHEBEFROHEICIASEHRVPANWLNTWVAEDTH D,
EBAE D T EROREBEICETHETH IR, ZHVUIERSOETH Ho 7 #E R
AR THLEIMNHTH S, Table 3.2 [IREARITH HIEMER CAL OMETH S, Zhb
DOEMEEZ VT, BRx REBIESREGTIZRIT S ADC B#E Iz, BMOFHESEIZ
LTI, 2R ENOEICEWTRT,

Table 3.1 Properties of adsorbates.

Parameter Component | Component 2 Component 3
Phenol (PHL) Benzoic acid (BA)  p-Nitrophenol (PNP)
Influent concentration {g/L] 1.0 1.0 1.0
Freundlich coefficient, £ [mmol/g] * 1.623 2.092 2472
Freundlich coefficient, n [-] * 4320 4.026 5.821
Intraparticle diffusivity [cm?/s] b 8.0E-08 6.0E-08 5.0E-08
Fluid film mass transfer coefficient [cm/s} ¢ 4.10E-03 3.29E-03 3.12E-03
Molecular weight [g/mol] 94.11 122.13 139.11

? Values measured by a traditional batch bottle technique for single component adsorption.
® Data of the literature for single component adsorption [21].

° Values were estimated by Carberry's equation [22].

Table 3.2 Properties of adsorbent.

Property Value
Bed bulk density [kg/m’] * 396.0
Bed void fraction [-] ° 0.442
Particle radius [cm] 0.0596

? Value determined by JIS method [23].
® Data based on manufacturer’s catalog,

¢ Value calculated from US standard sieves opening of #12/16.
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34 ERLEEE

34L%&ﬁ@ﬁ&$§hﬁ#é%$ﬁﬁﬁ%@%#_

TR XS ITRETRIZBW TR DBELTT 556, MR T 2IER I8 - E
RENBZ LIiThd, £, BETRICEVSEZITIHE, RLEEIILTVY
HIILBHEIRAES THHH, PR RENEETHIVEOSBEIRETSH 5
(Fig. 3.2), Fig.32 02005 L 512, BRERBNOBRESHANFEIZZEL THOLBET
L. FHRERENEETOIHEIIZRD ELXEZRPEAYE LTHRET 5729,
SBETERV, TZCRNORESABPEEICET HANCHELRG L, TORES
HEELSHEDZ L CERYORHEBOHIENETX 3,

Recoverable Recoverable
5 b
1.5+
S
S
r1p
S
0.5k
0 20 40 60 80 100

Time [h]
Fig. 3.2 Recoverable region with a typical ADC when desorption starts after

establishment of equilibrium.
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Fig. 3.3 1R & 912, BRsr OREBREZ(tp1, fo2, t3) & BAFNRER (51, tra, tr3) % S A
MEREZI & UCRRE LB D DR ZEB ZRIE LT, s & i IXFNEH Cpi = 0.05Cy;
& Cri(i=1,23)C—KTHRZITH D, BiEF ATV CIFRLE & A
BFWCHEL TR L, #HESLME% Table. 3312, E®ERE% Fig. 3.4 (a)-(H& Fig. 3.5
(a)-(DIZTT,

L] ' L] ' L) 'E 1 'l L) ' |
2=
15F
3
o Ir
G -
05
0

Time [h]

Fig. 3.3 Determination of desorption starting times (#g1, fx1, /B2, f2, I3 and 7g3).

Table 3.3 Conditions for calculation of the ADCs for differing desorption starting times.

Property Value
Influent flow rate [m’/h] 6.0

Bed length [m] 1.0

Bed diameter [m] 1.0
Desorption solvent Pure water
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Fig. 3.4 ADCs for countercurrent desorption starting at (a) #gi, (b) Zg1, (¢) B2, (d) 72, (€)

tg3 and (f) #g3.
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Fig. 3.5 ADCs for co-current desorption starting at (a) #g, (b) #g1, (¢) 82, (d) 72, (€) 783
and (f) #g3.
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Fig. 3.4 2B M ERBRFA BV TRRBMEZITo72 L&D ADC THD, E¥D ADC
WCBWTHEMDIIREDE L THMELTWAD, DBEXARETH A Z &I 2
ThBH. Fig. 3.4 (c)-(HD ADC TIZmHNIGE T H PHL OSBEZRRETH D, F7-.
Fig. 3.4 (e)-(H? ADC TIIHE TIEIH DM EZIZHET 5 PNP OBEILRRETH 5.
Lo, P TRET ARSIV, MithiE TS OB ISR B2 &
M ENT,

—%. Fig. 3.5 I3 MEREFZ B THEFRBMELEZT2EEDADC THDH. [
TBEZIT-72 ADC BT H L, RV ERSTOFREESICELLLELND,
12 Fig. 3.5@)-(A)TII. B2 THH BADBEMTIRETAFREIENH D I L2k
BT&E 3, F72.Fig. 3.5 (d)-(D TIXEE LKV A PNP REM TR T 28M%E 2 H 5,
& 512 Fig. 3.5 (a)-(NET?D ADC {2\ T PHL (I 5BERIEETH D, D &nb, I
G E THERBRZEZ B IE L L T, By OMHEEBEZEILIELZ ENT
EBHETRENTZ, CORBEFATH LT, ERADEDRICOBET 52 & 23ATEE
ThbH,

F I TLUHKOBE T, ZOFEICLVREENLHIEHT D Z & TR DT 7B
R e R E R RET LT,

342 EROOENERICTHEEOEE

REFRBRIETBOREREIKGETL-OBEICEEINS, 2 I THEEK
SOSBEMEREIC S 2 ARBEOEELAE Lz, HEEMEREIIHE SN ADC 5 EH
Enf-EREEERFCIVERINS, BT 2RESEBEL C, > 0.05 L ED, #
FE7Y 90%LL L X 2 ARIREBEZ S LM IH N THE XN ADC 726 BFELC L 5 KHE
DEBVWTER L, Fig. 3.6 IZZ0EHEOBEK L BEHRNEZ R, £72. BEIRE
FEHINENESS Eq. 3.1 #AVWTEH L7-. ADC DFEEMH% Table. 3.4 12
TL, BEHANEZK S ORIRE & BEIURE% Fig. 3.7 (a), (BIZRT,

Amount recovered [kg] 8
Input [kg]

Recovery [wt%]= 100 Eq. 3.11
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Fig. 3.6 Schematic diagram of evaluation of amount recovered.

Table 3.4 Conditions for calculation of the ADCs for varying bed lengths.

Property Value
Influent flow rate [m*/h] 6.0

Bed length [m] 0.1-2.0
Bed diameter [m] 1.0
Desorption solvent Pure water
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Fig. 3.7 Dependence of recovery on bed length; (a) amount recovered, (b) percentage
recovery.
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Fig. 3.5 @&V, ETORLSOEINEIFBENRKEL R DI HO>NTHEMT 5 Z LiX
oM THD, ZHUE REREBIZV—EICAETEXHENZW =D THDH, —H.
Fig. 3.5 (b)iZR L72[EURERIZES U TIiE PHL & BA TIZEE AR E VI EHEINT 5 28,
PNP CIZRBENKRETE R LBAOT A EBRENZ, - T, BREE)II/NET
FTHRETETHLRRABRMDHBEIITETH D LB I,

Fi & BRAEREZIC R L Tk, PHL TIIMEBRAERAIZ B < § 213 CEIREITEM L |
BN —TE & 72 B0, [EUEIIME BRLEREL 2 B THIZERA LTW5B, T,
Ui B B AR RF A S B WDIZ EEABITE R 525, Fig. 3.5 TR EIN D & 52 PHL D[EIYLF]
RERHEHEIIREIOIC—E L DD TH D, EINENLEZ T, 1 K5O PHL %
BT DI IEREL] gy E720L 1 DO HEZ BT DORRBETHHEAH 5,

BA TIIBERRLERFZ A B < 3 DIV EINE - FIN SR L, B3 & 5 L [EIX
T&RL B, 2FED ., T2 D BA ZEIT HIZIIMEBHIGRFZ ORENERT
H5D, B2HLD BA ZEIURT HITITREZ te) F 71T g 0 D E 2 BIGT 2 DD HE
THDHIEAD,

F7- Fig. 3.5 b b 00505, WMAERMGIFZ RV & PNP 2 iHE LET, EIX
MTERRV, ZuE, PNPIZZMOF TRERESNOTVWE TH LD, iE S
NI K BRIZEE LT WD TH D, F 3 s ® PNP ZEIRT DITITRA e E
it D OREEZRBTI2ORKETHLHTZA D,

B RSy DE BB EILZ U240 PHL 2389 95%., BA 3 60%., PNP 25 20% T 5 25,
BEA0.5m DL XD 1 s PHL & 55 2 a4 BA OEINEIZEE A 1.0m, 1.5m D
XA VIELS o TS, ZOZEND, BE L ENRIIIHER DS EE
oMb, BEIZBNICB T 2EMTOBREHFOBRIZERBRLTWDZ LG, EF
WEH LR T H-DICNEREEERS & OMEZHFAN, BEBICBITIREHFD
FERUZ DU TIESCER[12, 24, 25TIZFE L < RRE s LT\ 5, Fig. 3.8 & Fig. 3.9 T EH
DR L BN DORZEE ST 54 <3, Fig. 3.8 DY — I, Fig. 39D
— VI VREREREE EEINEEH 5 Th D, Fig. 3.8 bbb X Hic, BEa+
FIZREL RV E ZOERREFITHNRZ, EREREHFLR SN 5 RS DOH
BIIBEIZAFE SN THE Y | EEBREBRIBRICIIT 5 BN OBERFZ] & fafnisZ)
L VHETEB[12,24], 2 T, FSOEINE L EEOBRIZERREFBM S
NAFEBEOHEIMERINDIERZE g -1 (1= 1, )& 71y b LT, ZORKER
% Fig. 3.10 12" ¥, &R DOEULEEIL Fig. 3.7(b) TR TH 5 & H|Wr L7~ s (PHL),
g (BA). ter & tas (PNP)YMEFH ST, T2, & ORIBEREZ & faFnieZl & FEf £
tpi - tgi (i =1, 2)DIE% Table 3.5 1Z7-79,
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Fig. 3.9 Distribution of amount adsorbed for ternary component system when bed length

is sufficient to establish constant pattern adsorption zones [18].
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Fig. 3.10 Percentage recovery and the estimation of minimum bed length required for
the establishment of constant pattern adsorption zones. The constant pattern adsorption
zone of component i is established, when the time difference (¢g;+) - #g;) is equal to zero or

at least positive.

Table 3.5 Breakthrough and exhausted times of each component, and the time

differences for the estimation of minimum bed length to establish constant pattern

adsorption zones.

Bed length [m]

Breakthrough and exhausted times [min]

Time difference [min]

Igi Tg1 I3z e Ip3 le3 po-tg1 IB3-Ie2

0.1 20 60 21 100 57 420 -39 -43
0.25 82 140 97 250 226 640 -43 -24
0.5 199 280 238 510 532 970 -42 22
0.75 312 410 394 740 843 1280 -16 103
1.0 430 540 561 960 1156 1600 21 196
125 544 670 733 1140 1469 1910 63 329
1.5 661 800 906 1320 1781 2220 106 461
1.75 776 910 1081 1500 2094 2530 171 594
20 892 1030 1259 1680 2405 2850 229 725
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Fig.3.10 £ ¥, 2 TORmDEINEIZITZ ERAH Y, BEHARKEWIEEZFD ERIZ
O ZEIEIALNTH D, L im0 bEZ B LTz L &0 PNP ORYNEREZ T X
BIST, BRARETEDS L, EINEREDTAHHEAPR LD, KD DEIIXEA
FRRICET H5EEILPHL 28 0.75 m, BA 28 1.0 m, PNP 28 0.5 m (fg3). 1.0 m (te) Th
ol ‘

EFRBRETHDER I NS BREBEICE L Cid, £R5 OB & fafnieZ) o i
Eipgm -t (i=1,2) X VR TX5[12,25], BEEZE g -t (i =1, 2)DMED 0 £ 721X E
DIBEIZEE LD L EDRENKIEBE TH 5, Fig.3.10 & Table3.5 LV, 1S TH
% PHL OEFRREFE DR INDOIZEBREIZ1.0m THY, FE2/lMHTHD BADE
FEREHEDPERINDIHREBEIZ0S5m THE EHEIND, FICHRA-ERED
RELEBT DL By i DERREHFPER SN SIREBED & X5 i+l OEIER
PMEE ERIZEL TWA, PNP ((:)IZB L Cit, PHL & BA DEFBEREENEHR SN
LREEIZEBWTEIRENRFERIZR S TNDE, Zhit, BEPERSOERREE
T DDA THLHE. BN TERSERBESNTICREEE L URET 57
HEEZIOLND, ULOERIY ., DROICERSEFEIRTHI121F, ERRES 2
T 5 RIEER CTERIELZTHAORKE TH D LIRBINT,

LU, B3O THD PNP OEINEIHRRKTHH20%THY, Mgy, #
ZC, PNP OEIFEDE EIZOWTRE L7,

343 ERSOENBEE

AIEIC 1 EORREBIETCIIEIRD THLHPNP ORISR TH B LRSIz,
FAZHIBRATZDS, PNP I = TROBEE SN TVIE TH L70, filE I NI
SLKBRIZEE LTV, Lo T, ERNOREEZHEMIZEINT 5 Z & T, PNP
PENETCHENTEAEEZEZOND, 2T, BEIETERIZRBIT A8MH DBNEE
% ADC XV EHL, TREVEEERLZEH L, T2 TORUKE TR & THH%IC
Foth L72poy (PNP SRR S 22 WD FHIRE Cu 2’ 0.05 [Z72 o TeRER D Z & 16T,
FRHEEIX ADC O BRANC L AKBES AW TEH LEZEIUE TR E Cloiit Lz
EHDOMEEEFAENOEL SN, EHINTEEBHTDERE R E BB EL Fig.
3.11 1277,

Residue [kg]

Residual percentage [wt%]= - t[k]
nput (kg

x 100 Eq. 3.12
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Fig. 3.11 Dependence of residue of each component at recovery finish time on desorption
starting time; (a) residue, (b) residual percentage.
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Fig.3.11 (@& ¥, PHL IZBHIZIZE A EERE L7220, BA & PNP OBRZEEIIES
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FEE L. B2 SO BA FEIN LK o CHEBERZ2E X CRICHETHZ &
T, 80%LL EOEINETREINNFIEETH D725 9, PNP IXIEMHR DS Acetone F721%
NaOH IFERICE W IRE T& 5 L HME I TV 321, 26]72 %, BBERIZIZZ DWW huds
BEGDTHA9, LoL, NaOHBERZERATHHICIE, FOREICEENSLETD
521, BEXNETEDL PNP OBMHEE L OBRE, BEBNTREESFHELTL
FH7cD, ERPRETHL720, INBEXNREREETHDI LHREIN TS,

35 £&®

ARETTIT, DIRIOLER - BERFL2ENLE LT, B—0BEEBREEBICLY
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— g SNIESWTIT o7,

KR OB IR ERERZ Z B X B Z LICL VHIENFIRETH Y . Fh
AR L CHODE ORI R OBENR TE 5 Z &R ST, ME 90%LL E DAL
5 OREEIRERIZZF I PHL 25489 95%., BA 2% 60%. PNP 2% 20% T&h 72, PNP
DOEYPUZEE L TiX, 52 45D BA ZEIPHE TRICHBER X E X CRICHEST D Z &
T, BNETERNFRETH DA 9, FSEHNFEANCEINT 572D D FE 2 A
BEAABE AT PHL Tl tg1. BA Tid tm. PNP Tidi s TH o T2, £77. HRS OEILER
IR ERBANORER ORI L INIKTE L TR Y | $hEMITE K 2 EILT 51T,
ERREE AR T IREBRE CRIELTHONKE CH D LB I,

TOBBHT LY MERERFHCBV CEELRBERMGORKELICEL T, BER
WEEBIZL O ZRARIEBEY DRI TBEEERT D DICHENRBEEEFIRTE T,
BIEEOBRIRENE 2 5 2 & THEODFIZLOREDTHA I,

SBERNEEETH BRIV T, ISR R BEE THRERIT S 280 ) 2 LT
EOIZHLEETHAHED, BEBREL VO RENES» OBRELES ZRFETIR
S DLBENTIT 2 D AIREME 2R LT ARFHIBIT A RIT. fhORERIZBIT HEIEIC
HUTHISHARARTHLIT=OERERHTEAS,
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=111}

ap: particle surface area based on bed volume [cm®/cm>-bed]
co: fluid concentration at = 0 [mg/L]

ce: maximum fluid concentration [mg/L]

cs: fluid concentration at interface [mg/L]

¢y fluid concentration at ¢t = f [mg/L]

Ds: effective surface diffusivity (diffusivity based on solid concentration difference) [cm*/sec]

k: Freundlich coefficient [mg/g]

kg: fluid film mass transfer coefficient [cm/sec]

n: Freundlich coefficient [-]

qo: equilibrium amount adsorbed with fluid concentration ¢y [mg/g]
gm: amount adsorbed at r = r [mg/g]

gs: amount adsorbed at interface [mg/g]

g+ average amount adsorbed in solid particles [mg/g]

r: internal radial length (length from the solid center) [cm]
rp: particle radius [cm]

¢: time [sec]

u: linear velocity [em/sec]

u’: flow rate [m>/h]

z: bed length [cm]

&p: bed void fraction [-]

ps: apparent adsorbent density [g/cm3 ]

<Subscript>

i: component i (i =1, 2, 3)

73



BEIR

(1] HAEE, WEFZITOBUR & fF3kBYE, 7BEET, 40 (2010) 323-329.

[2] C. Tien, Adsorption calculations and modeling, Butterworth-Heinemann, Boston, 1994.

[3] D.M. Ruthven, S. Farooq, K.S. Knaebel, Pressure Swing Adsorption, VCH Publishers,
New York, 1994,

(4] A.S. Said, Theory and Mathematics of Chromatography, Alfred Hiithig Verlag, Heidelberg,
1981.

[5] P.C. Wankat, Large Scale Adsorption and Chromatography, CRC Press, Boca Raton, 1986.
[6] A.S. Kurup, K. Hidajat, A.K. Ray, Comparative study of modified simulated moving bed
systems at optimal conditions for the separation of ternary mixtures of xylene isomers, Ind.
Eng. Chem. Res. 45 (2006) 6251-6265.

[7] JK. Kim, P.C. Wankat, Design of simulated-moving-bed cascades for quaternary
separations, Ind. Eng. Chem. Res. 43 (2004) 1071-1080.

[8] J.W. Lee, P.C. Wankat, Optimized design of recycle chromatography for separation of a
single component from a ternary mixture, Ind. Eng. Chem. Res. 47 (2008) 9601-9610.

[9] C.B. Ching, K.H. Chu, K. Hidajat, Multicomponent separation using a column-switching
chromatographic method, AIChE J. 40 (1994) 1943-1849.

[10] B. Sankararao, S.K. Gupta, Modeling and simulation of fixed bed adsorbers (FBAs) for
multi-component gaseous separations, Comput. Chem. Eng. 31 (2007) 1282-1295.

[11] S.P. Deosarkar, V.G. Pangarkar, Adsorptive separation and recovery of organics from
PHBA and SA plant effluents, Sep. Purif. Technol. 38 (2004) 241-254.

[12] E. Furuya, Y. Takeuchi, Minimum bed length to obtain “constant pattern” in
bi-component fixed-bed adsorption, J. Chem. Eng. Japan 19 (1986) 62-66.

[13] Y. Takeuchi, A. Shigeta, Adsorption of binary and ternary organic solvent vapor in air by
a fixed bed of granular activated carbon, J. Chem. Eng. Japan 24 (1991) 411-417.

[14] A.L. Myers, J.M. Prausnitz, Thermodynamics of mixed-gas adsorption, AIChE J. 11
(1965) 121-126.

[15] C. J. Radke, J. M. Prausnitz, Thermodynamics of multi-solute adsorption from dilute
liquid solutions, AIChE J. 18 (1972) 761-768.

[16] K. Satoh, H. T. Chang, H. Hattori, K. Tajima, E. Furuya, Simultaneous determination of

multi-component isotherm parameters from single sample of liquid, Adsorption 11 (2005)

74



79-83.

[17] D.M. Misic, M. Suzuki, Activated carbon adsorption of organics from aqueous solutions,
Proc. 5th CHISA Congr, J3-1, Prague, Czech (1975).

[18] Y. Takeuchi, A. Shigeta, Adsorption of binary and ternary organic solvent vapor in air by
a fixed bed of granular activated carbon, J. Chem. Eng. Japan 24 (1991) 411-417.

[19] N. Sonetaka, H.J. Fan, S. Kobayashi, Y.C. Su, E. Furuya, Simultaneous determination of
intraparticle diffusivity and liquid film mass transfer coefficient from a single-component
adsorption uptake curve, J. Hazard. Mater. 164 (2009) 1447-1451.

[20] J.W. Carter, H. Husain, Adsorption of carbon dioxide in fixed beds of molecular sieves,
Trans. Inst. Chem. Eng. 50 (1972) 69-75.

[21) o EOJE, {EMERIC & D KT ER S ORE & RICHAECE T 5%, B0 51
FERBRFRFRE LR

[22] J.J. Carberry, A boundary-layer model of fluid-particle mass transfer in fixed beds,
AIChE J. 6 (1960) 460-463.

[23] JIS K 1474, {EM iR 3BRVE(Test methods of activated carbon), H AHIE =

[24] Y. Takeuchi, Y. Suzuki, E. Furuya, On the break time and concentration distribution in
multicomponent fixed-bed adsorption when constant pattern is established, J. Chem. Eng.
Japan 12 (1979) 486-488.

[25] E. Furuya, Y. Takeuchi, A simple design method of a fixed bed adsorber by use of a
personal computer, Research Report of the Faculty of Meiji Univ. 55 (1988) 35-44.

[26] V.K. Gunpa, S.K. Srivastava, R. Tyagi, Design parameters for the treatment of phenolic
wastes by carbon columns (obtained from fertilizer waste material), Water Res. 34 (2000)
1543-1550

75



FBAE WEARFICBIZLFETV VI OFH
1% 5-hydroxy-2-methylfurfural [=]1{% F Wk 25 %] 0 B %

41 %=

AETIE, RO REROMBEEZBEMNE LT, 2 FET Vv 7 &2 AVT-REES
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WWREINADT, YU BFNIT 2=V EEZEATHIEL, HMF 75 F 2 R IRECK
EIHDHIELNBAETH D,

REEHREFOREHIB O T, HESLEATIEREORIR, HEiic %
Thiidndisd, “DRVWEREDCDEARTREVRER” WVWORBEEHERD
ORIV IRUEREITHOMLENH D, ERATHETITRREE X M- TL
Fo, TORBENE. HFETV VT EERLERERISTFRNCIOVRET D2 L
MTEE, EREEEOT I LNTE, L0 RATREY., BREAR2EREN
AIREIZ A2 D,

EBIZEL O FRENDFIal—a VEAOTRESEFMZREE2IT-T
W5A[9-12], LML, BBFICHTHHFVIalb—Ya Ty FEMBEERICET
BHDNR%EL[13-15], BEREOEABOREBEILE TRETL TV B L DT 720,

FZTAREITIR, YIS NVOMALREIC Y = =/VEZEAL T, HMF EIH
REEHRER 2R T IBRIIBVT, HFET VUV 72 ERLEEREAREDTF
BlEIToT, £, 3TET VU 7(BELBRGFET U 7Y 7 k CAChe ver. 4.9.2)
FEALTEREMAEEAZRIL, RERTREEOCEAELTAIT S, —FH. EBRD)
HROIEBREFRBOBEREEEABROBEGEHRN., EROLEEEAELREL, X
FOBRELRT DI LICEVRERRHF~DOHTFET Y 7 OHBOER & &5
L7z,
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Raw Commodity Secondary commodity X
materials chemicals chemicals Intermediates Finished Products and Consumer Goods

TEXTILES
¢ carpets

Fig. 4.1 An example of a flow-chart for products from petroleum-based feedstocks [2].
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Biomass Intermediate  Building Secondary Intermediates Products/Uses
Feedstocks Platforms Blocks Chemicals

Starch

Hemicellulose

Cellulose'

Lignin |

oil]

Protein |

Fig. 4.2 Analogous model of a biobased product flow-chart for biomass feedstocks [2].
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Fig. 4.3 Decomposition of d-Fructose in HCI aqua [3, 4, 5].
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4.2 EB

421 HFET VT

& L E @k et fis+E5 Y 7Y 7 b CAChe ver. 4921250 FHIS
Nic, AR TIE, R THELIERT 5 Editor, T HFEICE W EERE(LE
B1% Mechanics, RIS TEGEEIC L #BERE(LE K5 MOPAC, HFELER
&% w1469 % Tabulator Z{E A L7z, £72, #LE = R/LF —OHHIZIX ProjectLeader
EERA L, BHEFEOFEMIT4DS BREBE IR L.

422 R

WA EEROBEL L OREEMTRER OERIZIIUTORELFEA L, REE
T& 5 5-hydroxy-2-methylfurfural (HMF) & W& & D > U 71 7L CARIACT Q-6 Dt %
Table 4.1 & Table 4.2 (27”7,

&8 : 5-hydroxy-2-methylfurfural (—#%& HRREILKTE)

REHK >V B4 CARIACT Q-6 (B U > T b%)
At : Ethanol (—#%  #iIE(LF)

FE{EARH] : Chlorodimethylphenylsilane (B IX{L % T 3£)

OGTERE - BEvEH| : Benzene (—#k  FIE/LT)

Table 4.1 Properties of HMF.

Property 5-hydroxy-2-methylfurfural
HW/@\/OH
Stractual formula o
0
Chemical formula CsHgO5
Molecular weight 126.11 (g/mol)
Specific weight (d,>°) 1.2062
Boiling point 110 (°C)
Melting point 31.5 (°C)
Wavelength of max. absorbance (Ayax) 283.3 (nm)
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Table 4.2 Properties of CARIACT Q-6.

Property CARIACT Q-6
Surface area 450 (m?/g)
Pore voluume 0.6 (ml/g)
Average pore diameter 6 (nm)
Particle diameter 0.85-1.70 (mm)

4.2.3 REEHHTAEHR OMER

Fig. 4.4 EBREBOEKRKE RT, TAT7 IR EBEODEDOI/ ol AF VT =
SNV T U EBEETHEANC BV EN6Sg EMA T, £V ATV Q-6 BF16.5
g LEBBRTEMAZ, Th%d FT77 MNTHR 363 K TRE, HELAENS 5 FFHKIE
SR, TO%, VIV EBBRSBEL, SNBSS mIZE DT AT
YEATWVD, BIBREN R R ETHRAE LU, ER%E, =\ FL—F2 EERFITX
DB EREL, VINTADOEEETRE L, £O%, EEIEIZLY Eq 4.1
FHAWCIORAFAT 2=y TV OEBAEEZRDIZ, fER L7 = = VEER Y H
7 Z LAt% PMSG (phenyl modified silica gel) & &R 3 5.,

Amountint roducedof phenyl groups [meq/ g]
_ Weight dijj‘erence[g]x Reactiveunits numberof C,H (CH, ), SiCI [eq;"mol]x 10° Eq. 4.1
- Molecularweight [(C6 H, (CHS )2 SiCl)— (HCZ)] [g;“"mol]x Silicagel [g]

ZIT,./auPAFAT 2= T U DRIGEMEIT 1 eg/mol Th D, RMIZHIT
HACFEREIE Fig. 45 R &N TV 5,
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Allihn condenser —»

Water out

Water in

A

Oil bath ; / Water

Fig. 4.4 Experimental setup for the preparation of PMSG.

CH CH
GO ¥ Cl=—=8i > Si—0—Si + HCI
/ l Benzene A / !

CH, CH;

Silanol group Chlorodimethylphenylsilane

Fig. 4.5 Chemical reaction between surface silanol with a silane coupling agent.



4.2.4 W EFEER

HMF © Y 71 7 V8 L0 PMSG IZK T 2 WEFRBIL/ N Y FR MEIZ LV RIE
Arz[16]. >V ANV ETIE PMSG 0.5 g 2 BEEEE O HMF &1 50 ml 23 A - 723
A TR Z 2%, BET CHRINOZER 2k &, HIEMAE (298 K) T—@ 52 fid
X, —BE%., AR ERHUV-2000 BiEkREHE)IC X > THRIEE280.3
nm)% HE L. BREMREQ 4D XD FERELZFRE L, Eq. 4.3 IZ K0 EEEEEEZK
hoYat

UV absorbance =0.11814 x Concentrat ion [mg /L]-0.02100 Eq. 4.2
14
L=\ —C ) Eq.4.3
q,=(c.—c.) q

g. : FHE%EE [mmol/g]
V:RE [L]

W RERE [g]

co . FNEE [mmol/L]

ce : FERE [mmol/L]
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43 R LEE

431 HFETV T

INETIIRBRCREEOHEIC L VREFSERXOEEZ TR 2HEN SN
TUV5,Otake H I3 E EHEE TH 5 Freundlich 124 1/n NEH L REE D HOMO
ETEEZHAWVWDZETPHTEL LHRELTWD(17], ZOWFFETIL, EEHRES
(LB BRIERER-7 = / —VERRICBIT AREV BT &, HOMO ETEEDAE
MREWVZE | In OEIVNESL<RY REEM) n 1T HOMO EFFEEOEE &3z
W5 E8EL TS, ZOREZRCBWTIRERISIIEFHEF A, 2F 0
n-stacking |12 £ ¥ XELE D,

AT TIE, HMF BREE L LT, PMSG O 7 = = )VEREZEY A & L
THEET 2, TNOIIEE_EREGOHDIaBETEA LTI D, EEEFREOF
B LY | n-stacking DRI % FHITE 5, HOMO EFHEEIICE1I7IZFE# T
WBDFET U T (HERBIIS FEGEE) AW FEICL YV RE L, Table 43 12
ZDRERETT,

AWMU BT DRER TIE, HOMO ETEEOSEHEIT 1.863 Th o1z, THK[17]
DAE(0.73-1.09) & BT 5 &, 22 D BVMEIZR > TE Y | WEED HMF &5F L k&
YA FDOT x = VEMTE n-stacking (IC X VFEAEIEHT L EHRISNSD, ZOEANZ
Eo5x, UBOSTFET) UL sREB T,

Table 4.3 HOMO electron densities of adsorbent and adsorbate.
Adsorbate/adsorbent Electron probability density (HOMO)

HMF 0.864
Phenyl group of PMSG 0.999
Total 1.863
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4.3.1.1 PMSG FKHE#& & D VERR
PMSG OREBEIILL TOFIEIC L v EEINT-,

1) YV AFNVOREET V% CAChe @ Editor (2 X Y ¥EFK L. Mechanics (/X7 A —
2 MM2)WZ & 0 #E B b 24T - 7=(Fig. 4.6), ¥ / —/VER O EEE 3.005 A 1%
Si-O HOKEEHEBEIZIKFET H2HDTH S,

Q) —PBEDT7x=NEEVIATNREICEALL, Z7uaPAFLT 2oy T
NIVT ) NVEERIGEL, Fig 4T DX IV Y AT NVREICT = = VEEZ R
%,

B) ZHOBDT7 == VEEVI I TNREICEALLL, ENOEZOD7 = = VERO
FIREIE Si-O HOBEIZL VFIRENTVWBDT, 3.005 A DEEHKE2->TEY,
3.005 A, 6.009A, 9.014A, 12.019A TH 3%,

@) Si-O HoEZIcv v 7 ZHITEE L7z%. Mechanics (/X7 X —4# : MM2) &
MOPAC (/3T A —4% : AMDIZ X 0 &R E (L Z 1T o T2, € DHEE% Fig. 4.8 (2)-(d)
W2 T,

Silanol groups

9 eedHe @

3.005 A S1-O chain

6.000 A

Fig. 4.6 The surface model of silica gel.

Fig. 4.7 The simulated result of one phenyl group introduced onto the silica gel surface.
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120194

Fig. 4.8 The simulated result of two phenyl groups introduced onto the silica gel surface
with intervals of (a) 3.005 A, (b) 6.009 A, (c) 9.014 A and (d) 12.019 A.
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4.3.1.2PMSG O 7 = =)V} HMF OHEES

MBG®7I#w%kHMF 7 FRID n-stacking 3 bR RAHEBEL P FET Y
EVEELE, FIEZUTO®EY THDH,

(1) 7 == VEBR—27FE A I, Mechanics (/X7 A —# : MM2)UZ L 9 & &1L
7z PMSG (Fig. 4. D EERL L 72 . HMF &0 F % — OB REEIZ /2 B & H IZRIZ
A L7, n-stacking (I - 2DFEFERNDV LT T o FEEMEIED N HDHME
EfEATH DLV ZEBHMON T D[18-21]D T, £ DIRELTFERE L LT,

(2) HMF & 7 x = VEBOEBENE(LT D X D IZERE L, Mechanics @ Sequential
Search (Z & ¥ & EEBfIZ 3517 5 Potential energy % 558 L 7=,

ULDOBFETFY L VFHESNTZT7 2=V EE L HMF OEBEE BT vy
TR NAF— L O%RE Fig. 4912787, Fig. 49 £V, 7=/, L HMF OFFERED

HTELLRENPEL, RTF VI LR AF—NELRY, BT ESL LMEEERN
BN, BRIV Y VERAF—NELRBIENDMNE, ZI2TlE, 7= %
& HMF O FEREAS 3.15 A@‘—Hﬁﬁ}?(Fig. AINIZBNWTRT v LT RXAF =D H K<
BoTWn%, LEB-2T, ZOLERLEEMLTEY, 7x=/1EL HMF O
n-stacking A& L RBH LEEZX NS, ZOEBIIANCEHE ST AEERIZS
TB57 x ) —IFRLEWD n-stacking DIEIZITVM20].
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Distance between HMF and phenyl group [A]
Fig. 4.9 The dependence of potential energy on the distance between HMF and phenyl

group.

Fig. 4.10 The optimum interaction state. The distance between HMF and phenyl group is
3.15A.
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DFEREBEFE X T, B0 57 == VEDORIREB.005 A, 6.009 A, 9.014 A, 12.019 A)
%ﬁ#émﬁG’ﬂféHMF-%@&%@%ﬁﬂb# FIREILLTO@EY TH D,

() E2AHBT o007 == VENREAINT- PMSG % Mechanics (/X7 A —#
MM2)IZ & 0 #BEREIL L%, —2F 721X " 2O HMF &3 F% 7 = = /LRI %
EREIZRAHEIICEAL, BEETTNAVEER L,

(2) Mechanics (/37 A —4% : MM2IZ L D ERL L 72 & REET L2 EExElL L,

ZOGFET VT ORRIX Fig. 4.11 ()-(@2)IIRENTEY, KLY, LTz &
Wb,

» Fig. 4.11 (a) (3.005 A) : 7 = = /L FEEDRIFE(3.005 A)HS A 72 n-stacking D BEEE(3.15
AL bELS, 7=V R ERET D20, HMF BF I3RS SRRV & Rbne
D

» Fig. 4.11 (b1) (6.009 A): HMF 4y F 23 PMSG O D 7 = = /L% & n-stacking (2 K

VIRESINTWD, ZO&E HMF o FEMAIO7 = =V E L ORRIZZENEN
F3ATHAHH, HMF 5F I3l o 7 = =)V F& & n-stacking (2 £ 0 58 < fFH A {E
RALTWAEEZ NS,

> Fig. 4.11 (b2) (6.009 A) : —>® HMF 7 FI33EIZ PMSG D7 ==& L ZhEh
n-stacking L TW5, L L, 7= VEORBIET ELH72D, 7= =/LENH
BNCIRT 63T 5,

» Fig. 4.11 (c1) (9.014 A): HMF 73+ PMSG OE{HD 7 = = /L F & r-stacking (Z &

VREINTVS, LML, 7=z=VEOHBBRHEETELZO, 7= VENRA
BN 5N TV 5,

» Fig. 4.11 (c2) (9.014 A): —=->® HMF 43132 PMSG O 7 == /LVE L EZNETN
n-stacking (Z XV HEIN T E, LonL, 7=z =L EOMRAEVTZH2> HMF
SFRENETRIEL TVWIEFIEHEITE 5,

» Fig. 4.11 (d1) (12.019 A): HMF 43 F13Z PMSG ® 7 = = /L % & m-stacking L TV 2V,
IDZELY, BABRET == VEMOAR—ANRFRINESZ LT, BEME
TERD R b L EEX DD,

» Fig. 4.11 (d2) (12.019 A) : —->® HMF 437 PMSG ® Z>D 7 = =)L EDH D X
AN— 2T m-stacking IZ XV REIND, LL. 7=z=VEORDOAN—AREK
TEDHEEZLND,
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PLEDZEE LY | Fig. 4.11 b1)DIREEN 7 = =)L & HMF S FOMEERAI R H IR
WEEZONDTZD, 6ABRER 7 == NVEBOERETH S L RBRENTZ,

(a)
3,
& Sl N
(bl) iy -y
2
‘ ; A o
t '
B k1]
= 3 / L .
U et = 1 J 4
3. ” M‘ ) & ¥ L : g i) L. ¥ (4 |
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(®2)

(c2)

i R
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(a1)

7*.
g
i'z ‘
(d2)
d

Fig. 4.11 The simulated results of adsorption of HMF molecule(s) to PMSG with
different intervals of phenyl groups at (a) 3.005 A, (b1, b2) 6.009 A, (c1, c2) 9.014 A, (d1,
d2) 12.019 A.
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4313 HFEET KX —

%%ﬁﬁﬁ%ﬁéﬁ%ﬁﬁﬁﬁ%ﬁﬂﬁﬁmf%ékwiéoLkﬁof\ﬁm%
FHTH7-DICEASFAENTWAFIEIZL &%mﬁﬁ%%%ﬁﬁé*kﬁﬂ%
ThdeELLND, ~&%_ﬁ%éh5ﬁf%wmﬁ& ITEBEFER[22, 23]
ETu T 4 TEGEHER[24, 25]08H B, ARETTIE \&mé%mﬁm;ﬁ@f%57
nr7 4 TEEERAERA LT

77 4 TEEERIZESITIE, RIST 50 FRIOKEITEF G5 & /%

DBENG, ZNEFNDO HOMO TR /F— & LUMO TR AF—DEIZL > TEHMA T
x 5[24-28], RWAEERANE LD ZHI1I2E, a) HEEATIHLESEY
HOMO-LUMO DT R/ F—EH/h&< | b) MAEERT AEER LHAHROIZERD
BV, ¢) HEERT 2HERLIET 2dPEEZ T T I20ENH D, ARFHIBNT
SIS T A5 FiX HMF & 7 == VETEEEINTEY, ZOMHEEEMA S n-stacking
ThdEEINdH, EEEDOb)E o)idfili7z- LTWn5b, 2F Y HMF & PMSG OFHAAE
D5 XX HOMO-LUMO DT RAF—EIZ L > TOLFE M TE D, €I T, HMF
CRRPERECBEBAETS PMSG L OHEERDBRS 2 FHITH-DICREY

ERMEVA PO TFEMETARANY—FEH L, 7 FPETRLF—ORBIILUTO
FINETIT o7,

(1) BB TC7==/LEEEA L7 PMSG % Mechanics (/X7 A —4 : MM2) &
MOPAC (737 A —# : AM1, PM3, PM5IZ L ¥ #E& & #{l L 721 Tabulator {2 X ¥ |
SFEEA AL LT, 7 = = /LD HOMO XD FiETHE SN 7o v
AFNT 2 =T 0 HOMO (Fig. 4.12) & A (n EF BB U RFEEICED
LTWAYDLDEEBLEZ, £/-. Zo07 ==L HOMO TR /L F—NDE
¥ % ORBIZEHIT 5 HOMO =R A¥—¢& LT,

(2) HMF @ LUMO =R ¥ —bERDFHEIZ L VEHERE LT,

HMF & PMSG O 7 = = /VEDOEETRLVXF —2HE L2 R % Table 44 1277
Table 4.4 £V TRTO/NRT A—FIZBITHEFHEFRICBNT, 7 = =/VEDRHE
6 A @ PMSG ® HOMO =R /L ¥—& HMF @ LUMO TR/ F—DTR/ILF—ZEN K
INTI2 B Z D™D, FICHEA72 X 512, HOMO-LUMO D#IE =R /L X —DZEH
INEVNE Y, STFREBEERNRLS D, LEN- T, 7=/l HMF 55+ D4E
BEERAEZ 7 2= VEORBRN 6 A DL EFIZRELEIRDIEZLLND,
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EHIT, 7= VEORREAN 6 A @ PMSG 28 HMF L HEEHATA 2L, 7=/
L HMF L OBEBEITHN3A TH Y, ZHIIED Fig 4.9 OET V) U FHER LTV MEIZ
25, ZL T, ZOET Y v IFERIX Fig. 4.11 |28 L7z n-stacking 12 & 2% E RIS D
FHEDO—FKERLTVWS, ZNDHDZ D, 7= /VEMOERNR6A DL EIZ
PMSG O 7 = =)L L HMF & ODMEERABRLE 2D, K< BESINHEEZDL

nd,

Fig. 4.12 HOMO of chlorodimethylphenylsilane.

Table 4.4 LUMO energy of HMF and HOMO of phenyl groups.

Energy level (eV)

Orbital Intervals (A)
AMI1 PM3 PMS5
HMF LUMO - -0.589 -0.488 -0.996
Phenyl groups of PMSG HOMO 3 -10.014 -9.240 -9.585
Phenyl groups of PMSG HOMO 6 -9.810 -9.126 -9.504
Pheny] groups of PMSG HOMO 9 -9.898 -9.538 -9.519
Phenyl groups of PMSG HOMO 12 -10.139 -9.241 -9.770
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4314 7= VEOEAE

INETORFHZIBWT, 7= VEOBIZ 7 = = VEORKR TR I N TV,
EBRIZBWTIHERTIEZRLS, EARETRDOOLNG, 2FV, 7= LVEORHBELE
ABIIEBTIVLERSH D, UTOFEIZELY, 7=2=VEOREZEREEARIC
EHLT-,

Fig. .13 10 RENB L& )10, &7 == VEII PMSG REA EFFICERT 5 LIRE
L. BV E S 7= VERTORBEL REERE L2, L7 ->T, 7x=/)VEMO
XENBEIIEQ 44K VHETE S, SHEHAE LTI, 1.00meq/g DT = =)V EE >
UHFNLREIEASNFLE, 7o VEMOREERT. ERCHEALEZVU D
AN DREFED 450 m*/g (450x10%° AYg) THB DT, Eq 45 1RENTVH LI HIZ
8.65A L7225, BREEMIIRKEERCV2#HIT-ETHD,

Shortest dis tan ce between phenyl groups[A]
~ Surface area [Az/gl Eq. 4.4
R

Amount int roduced leq/ g]

: x dvogadrd s const.[ljmol]
e active units number [eq/mol]

1.00x10 ' [eq/g] x 6.02 x 10 [1/mol]
1[eq/mol]

:\[ 450x10” [A%/g] _3.65[A] Eq. 4.5

Silica gel surface

" Surface area occupied
- 2 by one phenyl group

Phenyl group

Fig. 4.13 Schematic diagram of adsorption of HMF onto PMSG occupied with certain

square area.
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Fig. 4.14 Relationship of distance between adjacent phenyl groups of PMSG and amount
of phenyl groups introduced.

IOHENTEEOEARIZE L TITON, Fgdl 4IRS NAEARL T =V
MOEREDBREZ ST, Fig 414 LV, R 7 = NVEMOEHETHD 6A 17 =
=N EOENER 2.0-4.0 meq/g ILEBEN D, KRIZBITD VY AT NVET VITEK
MHEBEAZHEL TV DED T 2.0 meq/g FIENFRER 7 = = VEDODEAETH D LHE
Iha,

UEDHRIY, 7= VEOKBEREAENPHEINT, LL, CAChe iZX -
THERK S 4172 PMSG 7 /ViX HMF 43 FDOMAEEENREZZBRE L TRV, Lo
T. HMF 537 0O#E1E(Fig. 41592 EE T L, WE SN HMF 5FI13 7 = =V EFH
DG ALV REWFDGFEET.7S3 ALY, TORABOREY A MIBIT 3
HMF 53 FOREZIHTDZ EIEALNTH D, £ 2 T, HMF 43 F% PMSG R EiZ
B AEBEOMBEOREY A MBEEL, FORBMOREY A FBHESNDIKRTE
et L7z, £oReHER LK% Fig. 4.16 12777

97



H /\ OH

0

0

< >
7.753 A

Fig. 4.15 Structure of HMF molecule.

Silica gel surface

® x ® X @ x @ X @ X O
x ~ x ~Ad¢ x ~ON x
o ® X ® X @ X @& X @O
X X X X .,/\O/L, X
® X O o ® X @ X @ Phenyl group
78 A
S/O\/’ X X X X. /\Q/{)\O/\,HMFmolecule
® X @ X @ X @ - ® Xx X Interfered adsorption site
X X }f}\ X X X
® ® X ® x ® X @ ®
% X o X %f X 7 x
® X @ §. X @ X @ X @
6A .

Fig. 4.16 Schematic diagram of adsorption of HMF onto PMSG with phenyl groups
intervals of 6 A.

Fig. 4.16 {28\ T, PMSG OREY A FOBEIT 60 TH Y, |’E N TV S HMF
DFOEII 14 THDB, 2D, BEYVA U4 DIZOEX HMF 8 | FRESIND &
WHZEHERLTWS, ZORRIIVI DT NVICEATE 7T 2= VEOEEZET U
TRERDIER.0 meq/g)DFI25 %I T HNETHHETHELTWD, Lied-T, U
AENEKREIWEAT D7 2 = VEORKEZEARITN0Smeq/g THD LHRIEN D,
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4.3.2 BAEEER

423 BDHFIEICLY . AR T 2=V EOEAED PMSG 2B L, T LD
PMSG & Re4E D CARIACT Q-6 Z{EF L THIE L7z HMF OREZFIRHR % Fig. 4.17
129, Fig. 4.17 £ 9 BAS M2 PMSG D1 5 BERWE D CARIACT Q-6 £ Y ¢ HMF
DREEDPELSRS>TND, ZOZEnL, VY HTNVIHEALTZT = =/ ED HMF
WE~ODRITBELNTH S, —BHIZ, RAEHFHOEAERNSZVMNZE, BVVEE
B2ETDHLEENTWS, LOLRAG, KBEFHIBITHERIZE WV TIL 0.497 meq/g
IV 7= VEOBAENEWE X, HMF ORBFEEOHEMIR LN T, HIIRER
DA LTS, ZORBRITIEOSFET VI LDTRIZBIT2EAENEV
ERENAEL DO HMF TR E SRRV EWIFERE KT 5, £/, Fig 417 »»
5405 L 912, HMF OZEBITT R TERBEEREERLTWSD T, £ 6 0DFE
BE{% (% Eq. 4.6 @ Henry B OWEZEBRUZUE D,

q. = kye. Eq. 4.6

# = T.Henry E(k) 2 REE-REFBOBIMAOELITREOTHEEL L TER L,
Z 2T BEIRBO Henry B (k)i df/ ZRIEIC L HERTLENOEE 2 AT,

£ PMSG (233 5 HMF DR ESERO Henry EHE 7 = = NVEDOEAEIZX L T
oy bhL, BFETI VIS HOREEAEDOTRHEREHEL L7 T 7% Fig.
418 277, Fig 418 £V, 7= VEDOEARDKWVERIZE W TIZ, EAEDH
IMTEED, kg DSEINT 5, Z LT, EAEDLH 0.5 meg/g ICBWT ky BERKITARY |
FNEVHLEAENELRD L k3BT 5, 431 BITITo =0 FET Y 72 &
5F AR EEARIT Fig. 418 1R L L HICH 0.5 meglg THDHDT, ZOXRRER
IETY UIORRE—B LTV,
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‘ Solvent : EtOH
i ® Amount introduced |
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0.6} v  0.149 [meqg/g] -
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Fig. 4.17 Adsorption isotherms of HMF onto PMSG with different loading of phenyl

groups.
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FORR., 7= VEEHY Y WS NLVEPMSGOIERESHOL Y B AL ED L EW
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FHAELER2E Y a-stacking ICE DV BEFEINDHLEWNWS T LEREL TS,

$72. CAChe I L DHFET UV VT OFRERIZHMF 5 FONEEEDREZRL T
FRIL-BER T 2 =V EOEARIZ, HMF O PMSG IZXT 2 REZERICLIVEDS
NEEBRBEL IS —FLE, 2, FH6ITRT L)X ZEBESHR L ZRICANZ
WMEFRREET NV EZEALEEABEOTFANCEA L THRRICERMBE L IEVVEE 2o
776

IOBFHER LY, HTET VU I LA PRI RIIREFRRFICEN THL L0
IHENE LT, ,

BE, HF LUV TOERIZESNZT —F — A A FREBI O FIEORESLHN
BL2oTHRY, FOFOVEDTHLIREFEOREA ZLENICHELTT —F7— A
A FRERZERETAHAFECBLTHFET Y V2RV FEABREL, UEo &
IR E B, ZOBRIITREBERRHEOHMM~BERTEI2LDOTHAH, iz,
ZOFETREFIFRE 2T Tl MBERE R EICHICANFRETH L EELLND,

FB2EHTIE., 2 I THEAMRIZE-TX, Benzotiophene-Naphthalene 43 Bl F % &% D
MEIZDTFET IV Z72BAL. ZOEIEEZRET LIERERE T,
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% 2 ¥ Benzothiophene-Naphthalene 47 B F W% 57 D B %
45 #S

ARETL, FD S-hydroxy-2-methylfurfural FIUARERIOBBIZBIT 5 FET Y
VTR ROWTERERIREHED M RICE D E . £ DFE% Benzotiophene-Naphthalene 43
BERREROBERICER L, BIZZOFREOHEDELRI LIZBERETT,

EIEAEI R OMBEEAMEIIRRBEORERDUE DL SN TV D, IEFETITHRA
FCHREIR ORMFRE D LAAREM], RS TWD, BARTE 2007 FICTEH,
2008 FEIZH Y U U OREBEN 10 ppm L TFIZERS 2TV 5, FIERIZ 2009 75>
5 EU TH 10ppm LLTIZT 2 LWV I FEFIMBABEN TS,

FA—VEHRL(NANT 4 FEREDIILALORERSIZ. BEEBETT
Co-Mo/ALO; X Ni-Mo/ALO; it & i3 5K BLBARIZ L 0 AR bRES L
BB KBILRRRIIFEBTRT A 7 2 0T 47 = VFEERIZITH E VRN 2D
72[2)e BATETI, BRA4 R FIEIC K D BB BtOBEERRAHE I, IFEIN TS
[2-7]e KFBALBRRO 72D OF A LA SN, T XV FFERTF A7 = o R0F 4
7 x UBEEROREDL FREICR o TV D,

KEABRITIFIB-BETITONEZH, BE2XA M TEZRXAXT—HER o EX
Thd, TOREEME LT, MERS OBRBICREENOERASBRI S TE 2,
3,8,9, BE. REBEIIBAINE -2 LB LT, HEAECHREBFTITD
Na72H, BEDCLRERTHEMR S a2 TH S,

BREL R DB EET A7 = o RF A4 7 = UBEEERETIRICHBEL 25D, [F
BROBEL BT OEEERIKFETH D, HE PESBLULTHD D, b0
SEEIIRETH B,

EMBERDITREFHAEEATZZ AL TEY(10, 1], FHARBI PP LOFF
T2 RFFT = FHEEE ST A IO ORBRERERINERE I TVA(2, 3, 8,
9,12,13], SREHEFTIWERIE LTI ELT T4 v U570, HHRMERA I
TWd,

ZFITERBRN T, T4 7=V ESBEAORBRE Y ISV ESTFET V5
WTHERTAZEAENE L, F47 = kAL L T Benzotiophene, % DHEELHE
L EERRILKFEILES Y & LT Naphthalene 23 Vb1, BELUREHMEAS & LT
isooctane MMEH Iz, RITA A RHBRIZE D U B MIZHE LT,
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4.6 EB

4.6.1 3FET VT

WER T E L BERRESH S5 Y 7Y 7 bk CAChe ver. 492250 FHI&
Nz, KEFFECIE, FiooTHEEE ERT 5 Editor, 0 FHFEICL Y BERELE
1% Mechanics, ¥-#RBREVDTHUETEIC LV EEREILEZ XS5 MOPAC, 7 FHLE"R
E & A3 % Tabulator Z 5 U 7=, SHEFIEOFHEMIT 4.7 BREBEEH LT,

4.6.2 REK

WEZEROPEL L OREEHBEROERIZIILUTORELZEA L7, BEE
T % Benothiophene, Naphthalene & & AID 2 U A &' /L CARIACT Q-6 D#tE % Table

4.5 & Table 4.6 {27~

Wt %4 : Benothiophene (5% RBHELF)
Naphthalene (47#k #iEALF)

RER >V B4V CARIACT Q-6 (E+ 'V T THLH)

VA« Isooctane (2, 2, 4-trimethylpentane) (—#%  FliIE/LS)
FEMEERA : Silver nitrate ((ffk  FEIEFE(LF)
FEELRRF pH #%4A] : Ammonia solution (¥¢fk  FIE/LS)
PE&H| : Ethanol (—#& #MiE{L)
>V A NVEERER - Hydrofluoric acid (—#& X777 X7 7)
SRYAREF| : Nitric acid (1.38) (—#& HFE(LZ)
% FEWR : Potassium thiocyanate (—#&k #l1E/LS)
fe~E © Ammonium iron(IIT) sulfate 12-water (—#%k HIE{L5)
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Table 4.5 Properties of benzothiophene and naphthalene.

Substance Benzothiophene Naphthalene
S
Structural formula |
4
Chemical formula CsHgS CoHg
Molecular weight 134.19 128.17
Specific gravity 1.165 1.145
Melting point 314 80.3 (°C)
boiling point 221 218 (°C)
water insoluble 0.003 g (25 °C)
Solubility alcohol soluble 9.52(19.5 °C)
ether soluble 46 g (16 °C)

Table 4.6 Properties of CARIACT Q-6.

Property CARIACT Q-6
Surface area 450 (m%/g)
Pore voluume 0.6 (ml/g)
Average pore diameter 6 (nm)
Particle diameter 0.85-1.70 (mm)

4.6.3 SBHEFE VU B FILVDER

ERIBEF U I 7 AT STER (14 D FHEICE D EAERR L T2, B DR E OHBEERKIBIK
100mHZT VATV Q-65KT0 g2 BRI T BIRTIOOWBE LA ORIS S VT,
WIRO pH ITHEBR E 2137 VE=TKICE VB L, £D%., YV AT VEERSS
BEL., MikExd / — XV L, BBEE%E, = AR —&% BEERTIZLY
FlEFGBE I, FIZ343KOA—T7 > T3IhEgsdi, &gk, VA5 VOEE
2REL. EREEICLY Eq. 47 2AVWTROEFELRD -, ZOEEDOH. HKiZ
BreoBRNnE ), TUIFRANTHICERTREL TV, ERLIZRERE VS
WA Ag-SG & £FET 5,

Weightdijference[g]
Molecularweight{Ag - H) [g/ mol]x Silica gel [g]

Amountloaded of silver[mol/ gl= Eq. 4.7
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4.6.4 SRHEFEROLE

ER LT8R Y A SV OROEFBFERUTOFRIBEICLVERH SN, Z0FE
SBR[ 1512 B S W T T T,

AREMOEELED,

AG-SGHI 1 g #EREMICEV S,

HE R HATESE D,

K77 b T7 v{b/KFEEE 10 ml 2N REVEBRT S,
HENELITHE L%, Yo PR L TOMAL, BREEESHES,
AREE L-OMEE LD, ZRBEILEY L RIXENLTAT,

BEE, RN+ EREGROEEYED, BEGOEEZRD S, REICHRLS
DHLDOBRHIVUL, #MKREMZERLERET S,

8. WENDEELY ., ROMAFELETT S,

A R

Residue [g]
Molecularweight of Ag [g /’mol]x AG-SG [g]

Amountloaded of silvermol/g]= Eq.4.8

9. EFRDBEICIVELKELZVEDHBEZMATHEAEL., 100mliZART v 7§
Do

10. 30ml BV EY ., WEEEVEMZ., 0.1 NKSCNBRTRET 5, fErEIZIgk
a UNVERER LK,

1. i@ FTELY, BoEZFELEHT 5,

0.1[mol/ L|xTitre of KSCN[L]x10/3

Amountloaded of silver[mol/ g]= AG SG[ ]
—-o0G|g

Eq.4.9

FIES L 11 TEHINEEX &L, ERIZERMITONI-DE2HR L1214, 4.63
B CEHLABOHEBRE LU L, BioTWAHFEIEITFIE 11 TEHINZEER
DEFEL LT,
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4.6.4 W E R

Benzotiophene (BT)33 & (X Naphthalene (NA)D >V 1 7 /L (SG)E L N AG-SG (2%
HER G YRR BFRBRII NNy TR PEICL Y BIE SN2, SG F 7213 AG-SG
1 g #BEEIBE D BT, NA IBIRIALE : Isooctane) 25 ml 28 Ao 7= /3A TOVBRHIZ N Z 7=
%, BIET CHILNOESRXEx, [EBEPQI8K)T L HMBEM I Y-, BIERI%ZD
EEZLVEFEL Isooctane DEAZBMHL . #lIREXWEL]-, ZR%, ¥X/n
< N T 7(GC-18A SEAXESHENII L » TR E 58T L. RER(Eq. 4.10, 4.11)
LD FEREAREL, Eq 412180 FEEEREZ KD, ZHIFROREFER
TIE BT & NA OREIT 11 ICERE LTz,

AREA of BT =16334 x Concentrat ion [mg/L]— 2083 Eq. 4.10
AREA of NA =19873 x Concentrat ion [mg /L]- 908 Eq. 4.11
V
=(c,, —c. )— Eq. 4.12
qe,l ( . . )W q

ge : FEHAEE [mmol/g]

V. imE [L]

W REHE (g

co, LAY | DFRE [mmol/L]
Ce,  FXHT | DFHERE [mmol/L]
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4.7 R LEBE

471 BTEFTY ¥

SG BL N Ag-SG DEREET /L& BT, NA DHEEIILUTOFIEIC LV #EBEL., #uE
TRNX—REFHE LR,

5) £T. SGOEREY A N THBHV T/ —NVEDET L% CAChe @ Editor (Z & Y E
F% L. Mechanics (/X7 A —# : MM2)IZ & ¥ #E1&E & @1k & 1T - 7= (Fig. 4.19),

(6) Ag®E T /) —/LDOHDESy & EH# L Mechanics (/37 A — % :MM2) & MOPAC (/3
T A =4  AM)IZ X W IBEREILEITo T2, £ DIEE% Fig. 4.20 1277,

Fig. 4.20 The surface model of silver loaded silica gel.

(7) Tabulator (2 & ¥ 7> 78l & EFHBE DA% AIH{L L7z, Figs. 21-24 I DFERE
RERT,

(8) ProjectLeader (Z & W HEMER L VBT R NLX — L EFHEZHIML L7, Table 4.6,
Table 4.7 \IZZ DHER R EZ T,

(9) BT BEONA 0iEE D FEROFIETER I,
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Fig. 4.24 HOMO and LUMO of NA.

111



Table 4.6 Properties of SG and Ag-SG model.

Adsorbents  HOMO energy (eV) LUMO energy (eV) HOMO electron density LUMO electron density

SG -11.291 1.235 0.456 (O atom) 0.181 (O atom)
Ag-SG 9.752 -1.008 0.295 (Ag atom) 0.789 (Ag atom)

Table 4.7 Properties of BT and NA model.

Electron density

HOMO energy  LUMO energy

Adsorbates (eV) (V) HOMO LUMO HOMO LUMO HOMO LUMO
Benzene ring Thiophene ring S atom
Benzothiophene -8.430 -0.166 0.772 1.156 1.244 1.272 0.396 0.085
Naphthalene -8.711 -0.265 1.000 1.000

ARBENCIHBWTLREBEREERIZ 7 o T 4 TEUEBERICEI D PRS-, B 15
THBRFZA, 7T 0 THEHERICES T, EWBEERNE LS DI,
a) HEEATAHES>EY HOMO-LUMO O/ ¥—En/hX< | b) HEERT
HEERTAHROCERY GV c) HAERT 28ER LAEORATELET D
VENRD D,

Fig. 421 & Fig. 422 XV, SG(Z8R%E AT 5 Z & TLUMO #LEDREF EIZRY
HJ 728 Fig. 4.23 & Fig. 4.24 (Z7;7R L7= BT X° NA ® HOMO #E - W RHIZERZ D &
W, HHAERTAEEXA LN D,

NA (X OH/n FIEERAIZ L Y SGiZ, nd&(EEAIZ LY Ag-SG EHEERL., —75.
BT |3 OH/n #BE{EF-OH/S BEERIZ L Y SGIZ, n $EERERFE 21T Ag-S DEEFE
BiIZd D Ag-SG LHEEEATAHLHEIND[12. 13]. Lo 7T, LVEL< D&
FEETHIIHIDNESBET S5 ), Table 4.7 D HOMO EFEEIZDOEEn &
TEEAERLTND NUEUREMIEL TIEI BT O HOMO EFFEIEINA £V &
BV, FA 72 ]RBO HOMO EFEEIINA LV &S R-oTHEY | S EFEHZH
BiZEW, ZORRLD, NA LD BTDIZ) M Ag-SG DR LM HBAEERT A &
HERTE D,

Table 4.6 £ 0. SG & Ag-SG TiL Ag-SG DiF H 23 LUMO TR /LF— MR Z & 53
bind, £1-. Table4.7 L V. BT & NA TiZ BT ®iZ 5 5 HOMO = /L X —H3& <
2o TS, TORELY, SGIZREBRT 5 Z & TBT & NA HITHEEA»HEL
725, Ag-SG & BT DA HKH HOMO-LUMO DT R /L F —Z /NS VT,
BEHOMEEEANELS 220, BT & NAOSBENITZ D EHEIND,

IORFHIESE, BREERLIToT-.
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4.7.2 REER

4.63EIDHIEITLD ., e 72RBEBED Ag-SG 2#FE LT, TN 5D Ag-SG LK
CLE P CARIACT Q-6 ZfFFH L THIE L7 NA & BT DERSZREZLEL % Fig. 4.25
(@), MW RT ., Flo. ZEDREEZFIRBR AL Fig. 4.26 (a), (b)IZRT . Fig. 425 £ 0,
Bl 5702 Ag-SG DI ) MHAEME D CARIACT Q-6 LV L BT BXUINA OREENS
{IpoTWB, ZOZ b, YU AFNMIHEEFFLZRO BT BELUNA BE~DOZ
REIALHTH D, —BHIZ, REEHADOEAENRLZWNIL, SVWEREEEZETH
EEINTEY, KR TIToTmERBREH T TIEFORICIE-S TV D, F7-, BT &£ NA
OREBALETHLE, BEFTEIHOIABTDIZINREENELL RoTWVH I EMN
bﬁéo:@%%m%%%?uyf’ié%@k—ﬁbfw

Fig. 426 bbb L 512, “Ttkwf%ﬁﬁbfﬁwBT%iUNA%%
~OBBRMNRE 5N D, Fig. 425, Fig. 426 bbb L 51, HRSRTH D%
THNA LVL BT DI RWEENE Y, £/, ROEBEENZNLXIZEHED
MEEETIRES RS TNDLI EMnb, BEHEFEFTHZ LT, NA & BT 25875
ZEMARETHD LRSS, ZROFRIZEITH BT & NA OEREELD 111 OFFR

IBWTBT DI H)DBREEVNEVEWVD T EiE. BEORBIOMKIZIHE VT, F
f7:/ﬁ®%% IR DR THD Z L WREIND,

Fig. 4.26 HOBLMARIT Fig. 4.25 OHEMGRREZFRBEREZRLTEHBY, BT & NA
DD FREFRFBIIZTEMDRREFRERE —HL TV 5. ZOHRBITILIFEIO
SUBFNMHTAFRICENTHREINATEY[16], SE, $FHEFS ) A4/ LI
BONTHBHAI SN, BF, ERSFORETIIFERENE ZH7-0, BT HR K
DLWEENET T2, Mo RRESRBIITER S RREZRRE KL L
WH Z kiR, YU AT Y BT 2 BIRWICRE T HEAL L NA 2i8IRH
CRETHHMNDZODOREY A FHBFETAHAILEZTELTWD, LA >TINA
FEIRENIBMETAIREY A M EEE, BRETEE, BT 2 XV ERMIIKETD
WERNEERTEL7-A5, BEBETRIZERLORET A4 FOFFEITE TRV,
BECVVATNVOYMEFMEEIT) 2L T, BEARTHLIIZA D,
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Fig. 4.25 Adsorption isotherms of (a) NA and (b) BT onto Ag-SG with different loading

of silver for single component system.
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Fig. 4.25 Adsorption isotherms of (a) NA and (b) BT onto Ag-SG with different loading

of silver for binary component system along with those for single component system.
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AMETIE, FET Y 7ORBRRF~OBRZEBHELT, YU AT
CARIACT Q-6 {21 F 2812 X ¥ #R % 8% L /- Benzothiophene-Naphthalene 47 Bf 5 %
FRIOBERBIZBWTFET I 7 2RAVTRITETo -,

Z DfE R, Benzothiophene (BT)3 £ U Naphthalene (NA)D & (25t L CEREFE Y
AT NV(AE-SGUIRERF DLV Z7/USG) LD bW REMEEE R LIz, -, B
DR AR ECBTIINA LV EVRERZ R LIZZ &6, BT & NA O57BE
ITFTRETH D EHEINT,

IOERBRERIT. Ag-SG L BT B bHEAEERANEI B LEWVWIRFET Y U JIZ
LDTFRFERE LS —BLTEY, ZOBRFTBRICBW T, A FET V72L& 5
FRIFERIIREREZRHICED THL EVIHANE LN,

7o BESRE S RREERICBNT, MEOHEBMITFT—HT I LD
FEERBEFEOLIN, BT E NA IV U AT NVDORERRDZBREY A MIREFIN, DL b
ZODWREYA SRV ATNVCIFEET DI BT I, TDOZ ML, NA
RIBEIRWNCRE T DREY A FE2REE, RETENE, BT 2 L 0 BRAICRET D
WMERNEVERTESLEA D, BEBTIRENLDOREY A POBFEIXTE TRV,
BEIZVY BT NVOMEFMEIT) & T, FEFRETHHEEZLND,

ZOKBEFIIBEWTH BFORER A ALFANIKE L TT — 7 — A1 FRERIZHA
RIDEIZ, BFET IV IBENTHoT-, TORBELE 1 BOBRIRERLY .
FE2T U 7 EFIRT DRERIGREHEOML AT - R Bnt&%zgné
S, BICEAGHEHE AT, LR LT Z 8 THEICRERIRHEDORELIZE-S<
A9,
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18k 1 p-Nitrophenol DR EHR
232 BNOWMEFEERIIBOTEEREARET HEICEA SN UV BIIC &
% PNP DI ERODT —4 % Table 1 (a)-(d)\Z. 7 7 7 % Fig. 1 \Z77F, WAEEIL PNP

OBERBINERE 3180 nm (2B W THIE S -,

Table 1 (a)-(d) Calibration line of PNP solved in water.

(a) (b)
Concentration [mg/L] UV absorbance Concentration [mg/L] UV absorbance
Raw value After correction Raw value  After correction
0.674 0.0398 0.0398 1.407 0.0942 0.0942
0.786 0.0475 0.0475 1.688 0.1119 0.1119
0.898 0.0557 0.0557 1.969 0.1266 0.1266
2.807 0.1788 0.1788 2.532 0.1644 0.1644
5.613 0.3728 0.3728 2.813 0.1866 0.1866
11.23 0.7507 0.7507 8.440 0.5591 0.5591
Correction value : 0.0000 Correction value : 0.0000
() (d)
Concentration [mg/L] UV absorbance Concentration [mg/L] UV absorbance
Raw value After correction Raw value After correction
1.370 0.0947 0.0947 1.410 0.0947 0.0947
3.425 0.2380 0.2380 1.763 0.1216 0.1216
6.850 0.4783 0.4783 3.525 0.2410 0.2410
10.28 0.7255 0.7255 7.050 0.4885 0.4885
13.70 0.9640 0.9640 14.10 0.9573 0.9573

Correction value : 0.0000 Correction value : 0.0000



UV absorbance

y =0.06743 x - 0.002092

O y=006739x-0.00625 —
R2=0.99995
y=0.06637x-0.00139 -
R2 =0.99987

y=0.07066 x - 0.00330 .
R2=10.9%997

y=0.06797 x + 0.00208
R2 =0.99986

i i L 1 3

g

¢

5 10 15
Concentration [mg/L]

Fig. 1 Calibration lines of PNP.
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Table 2 (a)-(d) Adsorption isotherms of PNP onto GAC-CAL.

(a)

Initial C([)rl;cgt;:t]ration “  Adsorbent [g] Solution volume [L] (é;t:t)ioi\?:en;)c Dilution ratio Equilibriunﬁ;/nlf]e: ntration ¢ co-c. [mg/L}  Amount adsorbed q. [mg/g]
2809.1 0.0757 0.05 0.7196 x200 2140.6 668.533 441.57
2809.1 0.10675 0.05 0.6334 x200 1884.9 924.206 429.86
2809.1 0.1613 0.05 0.4960 %200 14774 1331.740 412.81
2809.1 0.2022 0.05 0.3936 %200 1173.6 1635.462 404 .42
2809.1 0.2535 0.05 0.2837 x200 847.67 1961.430 386.87
2809.1 0.2776 0.05 0.2323 x200 695.22 2113.884 380.74
2809.1 0.3064 0.05 0.1824 %200 547.21 2261.890 369.11
2809.1 0.3510 0.05 0.1127 %200 340.48 2468.622 351.66
2809.1 0.4084 0.05 0.6292 %20 187.24 2621.856 320.99
2809.1 0.4532 0.05 0.3710 x20 110.66 2698.439 297.71

(b)

Initial C?;E;it]raﬁon € Adsorbent {g] Solution volume [L] l(J;]ftZES]o:\l/)eaenlf)e Dilution ratio Equilibriun;r:g/nlf]e niration ¢, co-c. [mg/L]  Amount adsorbed q. [mg/g]
3171.0 0.5085 0.05 0.4736 x20 141.09 3029.908 297.93
2951.0 0.5085 0.05 0.3121 %20 93.19 2857.809 281.00
2902.0 0.5218 0.05 0.2465 x20 73.73 2828.267 271.01
2848.0 0.5074 0.05 0.2440 %20 72.99 2775.008 273.45
2811.0 0.5020 0.05 0.2375 x20 71.06 2739.936 272.90
2759.0 0.5060 0.05 0.2299 x20 68.81 2690.190 265.83
2702.0 0.5186 0.05 0.1625 x20 48.82 2653.181 255.80
2671.0 0.5426 0.05 0.1199 %20 36.18 2634.817 242.80
2573.0 05118 0.05 0.1393 x20 41.94 2531.063 24727

Al



(©)

Initial cc[);zrlit]ration 0 Adsorbent [g] Solution volume [L] L(J;%:?slo:},)eaenkc)e Dilution ratio Equilibriun[lrsg/ric]entration Ce co-c. [mg/L] Amount adsorbed qe [mg/g]
145.65 0.5072 0.05 0.0111 - 0.1956 145.454 14.34
291.30 0.5116 0.05 0.0186 - 0.3069 290.993 28.44
436.95 0.5095 0.05 0.0125 - 0.2164 436.734 42.86
582.60 0.5022 0.05 0.0250 - 0.4018 582.198 57.96
728.25 0.5089 0.05 0.0273 - 0.4359 727.814 71.51
873.90 0.5016 0.05 0.0603 - 0.9253 872.975 87.02
1019.6 0.5006 0.05 0.0823 - 1.252 1018.298 101.71
11652 0.5028 0.05 0.1108 - 1.674 1163.526 115.70
1310.9 0.5137 0.05 0.1598 - 2.401 1308.449 127.36
1456.5 0.5040 0.05 0.2126 - 3.184 1453.316 144.18
1542.1 0.5305 0.05 0.2457 - 3.675 1538415 145.00
1682.3 0.5036 0.05 04117 - 6.137 1676.143 166.42
1822.5 0.5130 0.05 0.5712 - 8.502 1813.968 176.80
1962.7 0.5163 0.05 0.7502 - 11.16 1951.503 188.99
2102.9 0.5187 0.05 0.1101 %10 16.64 2086.212 201.10
2243.0 0.5016 0.05 0.1774 x10 26.62 2216.421 220.94
2383.2 0.5139 0.05 0.2424 x10 36.26 2346971 228.35
2523.4 0.5049 0.05 0.3569 x10 53.24 2470.181 244.62
2663.6 0.5061 0.05 0.5056 x10 75.29 2588.318 255.71
2803.8 0.5001 0.05 0.6626 x10 98.58 2705.225 270.47




(d)

Initial concentration ¢,

Adsorbent [g]

Solution volume [L]

UV absorbance

Dilution ratio

Equilibrium concentration c,

¢y [mg/L]

Amount adsorbed q. [mg/g]

[mg/L] (after 1 wecek) [mg/L]

1272.6 0.5043 0.05 0.1317 - 1.984 1270.661 125.98
1388.3 0.5108 0.05 0.1748 - 2.623 1385.717 135.64
1504.0 0.5165 0.05 0.2415 - 3.613 1500.422 145.25
1619.7 0.5154 0.05 0.3098 - 4.625 1615.105 156.68
1735.4 0.5019 0.05 0.4463 - 6.650 1728.775 172.22
1851.1 0.5106 0.05 0.5535 - 8.240 1842.880 180.46
1966.8 0.5214 0.05 0.6924 - 10.30 1956.516 187.62
2082.5 0.5092 0.05 0.1021 x10 15.45 2067.058 202.97
2198.2 0.5531 0.05 0.1002 x10 15.17 2183.035 197.35
2313.9 0.5010 0.05 0.2158 x10 32.31 2281.586 227.70

(e)

Initial C(E;:/rit]ration € Adsorbent [g] Solution volume [L] li;;t:nt-)sloif::lf)e Dilution ratio Equilibriun[lncl:;)/t}j:]e ntration c. co-Cc [mg/L] Amount adsorbed q. {[mg/g]
145.65 1.0781 0.05 0.0056 - 0.114 145.536 6.75
291.30 1.0388 0.05 0.0095 - 0.172 291.128 14.01
436.95 1.0192 0.05 0.0165 - 0.276 436.674 21.42
582.60 1.0182 0.05 0.0330 - 0.520 582.080 28.58
728.25 1.0599 0.05 0.0372 - 0.583 727.667 34.33
873.90 1.0461 0.05 0.0586 - 0.900 873.000 41.73
1019.6 1.0166 0.05 0.0330 - 0.520 1019.030 50.12
1165.2 1.0876 0.05 0.0919 - 1.394 1163.806 53.50
1310.9 1.0571 0.05 0.1544 - 2.321 1308.529 61.89
1456.5 1.0258 0.05 0.9460 - 14.06 1442.440 70.31

A
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233 BOREFEEERCMBR ENZBWTHRIE S N7- PNP OEEREHBD
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Table 3 Experimental decay curves for STR at stirring speed of (a) 0 rpm, (b) 50 rpm,

(c) 80 rpm, (d) 100 rpm, (e) 150 rpm, (f) 200 rpm, (g) 300 rpm.

(a)

[nitial conc. ¢y [mg/L]

Adsorbent [g]

Stirring speed [rpm]

Equilibrium conc. ¢, [mg/L]

2807.6
5.0009

860.1

Time [min]

UV absorbance

Dilution ratio Conc. ¢, [mg/L]

C, = (ereco)(coce) [-]

1
2
3
5
8
10
20
30
40
50
60
90
120
150
180
240
300
420
540
720
1140
1440
2880

4320
5760

0.1776
0.1753
0.1715
0.1742
0.1696
0.1703
0.1770
0.1731
0.1509
0.1538
0.1511
0.1367
0.1344
0.1260
0.1185
0.1135
0.1062
0.0964
0.0928
0.0833
0.8086
0.7659
0.6180
0.5850
0.5779

%1000
%1000
%1000
x1000
%1000
x 1000
x1000
%1000
x1000
%1000
%1000
x1000
x1000
%1000
%1000
%1000
x1000
%1000
%1000
x1000
%100
%100
%100
x100
x100

2664.9
2630.8
25744
2614.4
2546.2
2556.6
2656.0
2598.1
2268.9
23119
22719
2058.3
2024.2
1899.6
1788.4
1714.3
1606.0
1460.7
1407.3
1266.4
1202.3
1138.9
919.6
870.7
860.1

0.9267
0.9092
0.8803
0.9008
0.8658
0.8711
0.9221
0.8924
0.7234
0.7455
0.7249
0.6152
0.5977
0.5338
0.4767
0.4386
0.3830
0.3084
0.2809
0.2086
0.1757
0.1432
0.0305
0.0054
0.0000
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(b)

Initial conc. ¢y [mg/L] 2810.7
Adsorbent {g]} 4.9998
Stirring speed [rpm] 50
Equilibrium conc. ¢, [mg/L] 844 .4

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

C; = (cece)/(co-ce) [-]

1 0.1836 %1000
2 0.1827 %1000
3 0.1797 %1000
5 0.1683 %1000
8 0.1670 %1000
10 0.1617 %1000
20 0.1523 x1000
30 0.1371 x1000
40 0.1385 x1000
50 0.1322 *1000
60 0.1260 x1000
90 0.1157 x1000
120 0.1128 x1000
150 0.1057 x1000
180 0.0974 x1000
240 0.8953 x100
300 0.8329 x100
1440 0.5944 x100
2880 0.5801 x100
4320 0.5471 %100

5760 0.5673 x100

2753.8
2740.5
2696.0
2526.9
2507.7
2429.1
2289.7
2064.2
2085.0
1991.6
1899.6
1746.9
1703.9
1598.6
1475.5
1330.8
1238.3
884.6
863.4
814.5
844.4

0.9711
0.9643
0.9417
0.8557
0.8459
0.8059
0.7350
0.6204
0.6309
0.5834
0.5367
0.4590
0.4371
0.3835
0.3209
0.2474
0.2003
0.0204
0.0097
-0.0152
0.0000
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Initial conc. ¢y [mg/L]

Adsorbent [g]

Stirring speed {rpm]

Equilibrium conc. ¢, [mg/L]

2807.4
5.0017

861.6

Time [min] UV absorbance

Dilution ratio Conc. ¢, [mg/L]

C, = (cr-cc)/(co-co) [-]

1
2.5
5
10
20
30
40
50
60
90
120
150
180
240
300
420
540
720
1140
1440
2880
4320
5760

0.1774
0.1715
0.1569
0.1464
0.1265
0.1171
0.1094
0.1040
0.0989
0.9956
0.8925
0.8513
0.8032
0.7412
0.7102
0.6520
0.6321
0.5923
0.5814
0.5846
0.5789
0.5842
0.5789

%1000
x1000
%1000
x1000
%1000
%1000
x1000
x1000
x 1000
x100
%100
*100
%100
x100
x100
%100
x100
%100
%100
%100
x100
x100
x100

2661.9
25744
23579
2202.2
1907.0
1767.6
1653.4
1573.4
1497.7
1479.6
1326.7
1265.6
11943
1102.3
1056.3
970.0
940.5
881.5
865.3
870.1
861.6
869.5
861.6

0.9252
0.8803
0.7690
0.6889
0.5373
0.4656
0.4069
0.3658
0.3269
0.3176
0.2390
0.2076
0.1710
0.1237
0.1001
0.0557
0.0405
0.0102
0.0019
0.0043
0.0000
0.0040
0.0000
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(d)

[nitial conc. ¢4 [mg/L]

Adsorbent [g]

Stirring speed [rpm]

Equilibrium conc. ¢, {[mg/L]

2807.3
5.0167

799.3

Time [min]

UV absorbance Dilution ratio Conc. ¢, [mg/L]

C = (crce)/(coce) [-]

1

o0 W W NI

20
30
40
50
60
90
120
150
180
240
300
420
540
720
1140
1440
2880

5760

0.1763
0.1725
0.1670
0.1650
0.1646
0.1558
0.1437
0.1373
0.1317
0.1265
0.1222
0.1066
0.1025
0.0959
0.8916
0.7550
0.6531
0.6134
0.5973
0.5714
0.5575
0.5533
0.5453
0.5369
0.5619

%1000
x1000
x1000
x1000
x1000
<1000
%1000
x1000
%1000
%1000
x1000
x1000
x1000
x1000
x100
<100
%100
x100
x100
%100
x100
x100
%100
x100
x100

2645.6
2589.2
25077
2478.0
2472.1
2341.6
2162.1
2067.2
1984.2
1907.0
1843.3
1611.9
1551.1
1453.2
1325.4
1122.8
971.7
912.8
888.9
850.5
829.9
823.7
811.8
799.3
836.4

0.9195
0.8914
0.8508
0.8360
0.8331
0.7681
0.6787
0.6314
0.5901
0.5517
0.5199
0.4047
0.3744
0.3257
0.2620
0.1611
0.0858
0.0565
0.0446
0.0255
0.0152
0.0121
0.0062
0.0000
0.0185




(e

Initial conc. ¢ [mg/L] 2806.7
Adsorbent [g] 5.0085
Stirring speed [rpm] 150
Equilibrium conc. ¢, [mg/L] 878.8

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L] C,= (c-c.)/(co-cc) [-]

1 0.1742 %1000 2614.4 0.9003
2 0.1666 %1000 2501.7 0.8418
3 0.1619 %1000 2432.0 0.8057
S 0.1595 %1000 2396.4 0.7872
8 0.1479 %1000 22244 0.6980
10 0.1436 %1000 2160.6 0.6649
20 0.1271 x1000 1915.9 0.5380
30 0.1188 %1000 1792.9 0.4741
40 0.1089 x1000 1646.0 0.3980
50 0.1049 %1000 1586.7 0.3672
60 0.1029 %1000 1557.1 0.3518
90 0.9559 x100 1420.7 0.2811
120 0.8790 x100 1306.7 0.2219
150 0.8464 %100 1258.3 0.1969
180 0.8132 %100 1209.1 0.1713
240 0.7556 %100 1123.7 0.1270
300 0.7303 %100 1086.2 0.1075
420 0.6782 x100 1008.9 0.0675
540 0.6549 x100 974.3 0.0495
720 0.6339 x100 943.2 0.0334
1080 0.6124 x100 911.3 0.0168
1440 0.6155 %100 9159 0.0192
2880 0.5974 %100 889.1 0.0053
4320 0.6003 x100 893.4 0.0075

5760 0.5905 x100 878.8 0.0000




®

Initial conc. ¢y [mg/L] 2801.3
Adsorbent [g] 5.0006
Stirring speed [rpm] 200
Equilibrium conc. ¢, [mg/L] 879.3

Time [min] UV absorbance Dilution ratio Conc. ¢; [mg/L] C; = (c-Cc)/(co-Ce) [-]

1 0.1771 x1000 2657.5 0.9252
2 0.1667 %1000 2503.2 0.8449
3 0.1613 %1000 2423.1 0.8032
5 0.1536 x1000 2308.9 0.7438
8 0.1461 %1000 2197.7 0.6860
10 0.1415 %1000 2129.5 0.6505
15 0.1327 %1000 1999.0 0.5826
20 0.1272 %1000 19174 0.5401
30 0.1188 ~ x1000 1792.9 0.4753
40 0.1133 %1000 1711.3 0.4329
50 0.1075 %1000 1625.3 0.3881
60 0.1027 %1000 1554.1 0.3511
90 0.0939 %1000 1423.6 0.2832
120 0.0878 %1000 1333.1 0.2361
150 0.0828 %1000 1259.0 0.1975
180 0.0801 %1000 1218.9 0.1767
240 0.7500 x100 11154 0.1228
300 0.7153 x100 1063.9 0.0961
1440 0.5914 x100 880.2 0.0005
2880 0.6002 %100 893.2 0.0073
4320 0.6013 x100 894.8 0.0081

5760 0.5908 %100 879.3 0.0000




(&

Initial conc. ¢y [mg/L] 2801.3
Adsorbent [g] 5.0006
Stirring speed [rpm] 300
Equilibrium conc. ¢, [mg/L] 882.2

Time [min] UV absorbance Dilution ratio Conc. ¢; [mg/L]

C; = (cece)/(comce) [-]

1 0.1804 %1000
2 0.1720 x1000
3 0.1672 %1000
5 0.1578 %1000
8 0.1509 %1000
10 0.1464 %1000
15 0.1375 x1000
20 0.1327 %1000
30 0.1230 %1000
40 0.1171 x1000
50 0.1123 %1000
60 0.1074 %1000
90 0.9540 x100
120 0.8943 x100
150 0.8395 %100
180 0.8127 x100
240 0.7527 %100
300 0.7181 %100
1440 0.5988 %100
2880 0.5967 %100
4320 0.5932 x100
5760 0.5928 %100

2706.4
2581.8
2510.6
2371.2
2268.9
2202.2
2070.2
1999.0
1855.1
1767.6
1696.5
1623.8
1417.9
1329.4
1248.1
1208.4
1119.4
1068.1
891.1
888.0
882.8
882.2

0.9505
0.8856
0.8485
0.7759
0.7226
0.6878
0.6190
0.5819
0.5070
0.4614
0.4243
0.3864
0.2791
0.2330
0.1906
0.1699
0.1236
0.0968
0.0046
0.0030
0.0003
0.0000

xiii



Table 4 Experimental decay curves for PBR at stirring speed of (a) 0 rpm, (b) 50 rpm,

(c) 80 rpm, (d) 100 rpm, (e) 150 rpm, (f) 200 rpm, (g) 300 rpm.

(@)

Initial conc. ¢y [mg/L] 2800.7
Adsorbent [g] 5.0002
Stirring speed [rpm] 0
Equilibrium conc. ¢, [mg/L] 386.2

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

Ct = (ct'ce)/(CO'Ce) [']

1 0.1669 %1000
2 0.1757 %1000
3 0.1731 %1000
5 0.1741 %1000
8 0.1759 %1000
10 0.1703 %1000
20 0.1725 | %1000
45 0.1523 %1000
50 0.1718 %1000
60 0.1699 %1000
90 0.1523 %1000
120 0.1255 %1000
150 0.1127 %1000
180 0.1157 %1000
240 0.0967 %1000
300 0.8517 %100
420 0.7929 %100
540 0.7429 %100
720 0.5942 %100
1080 0.4908 %100
1440 0.4274 %100
2880 0.3215 %100
4320 0.2583 %100
5760 0.2856 %100

2506.2
2636.7
2598.1
2613.0
2639.7
2556.6
2589.2
2289.7
2578.9
2550.7
2289.7
1892.2
1702.4
1746.9
1465.1
1266.2
1179.0
1104.8
884.3
731.0
636.9
479.9
386.2
426.7

0.8780
0.9321
0.9161
0.9222
0.9333
0.8989
0.9124
0.7883
0.9081
0.8964
0.7883
0.6237
0.5451
0.5636
0.4469
0.3645
0.3284
0.2976
0.2063
0.1428
0.1039
0.0388
0.0000
0.0168

Xiv



(®

Initial conc. ¢ [mg/L] 2804.2
Adsorbent [g] 5.0001
Stirring speed [rpm] 50
Equilibrium conc. ¢, [mg/L] 834.6

Time [min] UV absorbance Dilutionratio Conc. c;[mg/L] C,=(c-c.)/(co-Ce) [-]

1 0.1763 %1000 2645.6 0.9195

2 0.1710 x1000 2567.0 0.8796
3 0.1698 %1000 2549.2 0.8705
5 0.1672 x1000 2510.6 0.8509
8 0.1616 x1000 2427.6 0.8088
10 0.1586 x1000 2383.1 0.7862
15 0.1526 x1000 2294.1 0.7410
20 0.1495 %1000 2248.1 0.7177
25 0.1436 %1000 2160.6 0.6732
35 0.1366 x1000 2056.8 0.6205
45 0.1310 x1000 1973.8 0.5784
60 0.1226 x1000 1849.2 0.5151
90 0.1111 x1000 1678.7 0.4285
120 0.1018 %1000 1540.7 0.3585
150 0.0947 %1000 1435.4 0.3050
180 0.0918 x1000 13924 0.2832
240 0.8739 %100 1299.1 0.2358
300 0.8055 %100 1197.7 0.1843
1440 0.5739 %100 854.2 0.0099
2880 0.5778 x100 860.0 0.0129
4320 0.5663 %100 842.9 0.0042

5760 0.5607 x100 834.6 0.0000




©

Initial conc. ¢, [mg/L] 2800.9
Adsorbent [g] 5.0004
Stirring speed [rpm] 80
Equilibrium conc. ¢, [mg/L] 874.2

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L] C,= (c-c.)/(co-Ce) [-]

1 0.1819 <1000
2 0.1748 %1000
3 0.1741 %1000
5 0.1661 %1000
8 0.1588 %1000
10 0.1526 %1000
15 0.1450 x 1000
20 0.1366 %1000
25 0.1259 %1000
35 0.1183 %1000
45 0.1125 x1000
60 0.1074 %1000
90 0.9631 %100
120 0.9065 %100
150 0.8439 %100
180 0.8138 x100
240 0.7516 %100
300 0.7125 %100
1440 0.6106 x100
2880 0.5981 %100
4320 0.5983 %100
5760 0.5874 %100

2728.6
26233
2613.0
24943
2386.1
2294.1
21814
2056.8
1898.1
17854
1699.4
1623.8
1431.4
1347.5
1254.6
1210.0
1117.7
1059.8
908.6
890.1
890.4
874.2

0.9625
0.9078
0.9025
0.8409
0.7847
0.7370
0.6785
0.6138
0.5314
0.4729
0.4283
0.3890
0.2892
0.2456
0.1974
0.1743
0.1264
0.0963
0.0179
0.0082
0.0084
0.0000

XVi



(d)

[nitial conc. ¢, [mg/L] 2801.3
Adsorbent [g] 5.0010
Stirring speed [rpm] 100
Equilibrium conc. ¢, [mg/L] 898.5

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L] C,= (¢i-ce)/(co-ce) [-]

1 0.1797 x1000
2 0.1761 %1000
3 0.1727 %1000
5 0.1638 x1000
8 0.1547 %1000
10 0.1499 x1000
15 0.1400 x1000
20 0.1331 x1000
30 0.1227 x1000
40 0.1155 x1000
50 0.1094 x1000
60 0.1047 %1000
90 0.0952 %1000
120 0.0874 x1000
150 0.0818 %1000
180 0.0797 x1000
240 0.7649 x100
300 0.7051 %100
1440 0.6119 x100
2880 0.6079 %100
4320 0.6106 x100
5760 0.6038 x100

2696.0
2642.6
25922
2460.2
23253
2254.1
21073
2004.9
1850.7
1743.9
1653.4
1583.7
1442.9
1327.2
1244.1
1213.0
1137.5
1048.8
910.6
904.6
908.6
898.5

0.9447
0.9166
0.8901
0.8207
0.7498
0.7124
0.6352
0.5815
0.5004
0.4443
0.3967
0.3601
0.2861
0.2253
0.1816
0.1653
0.1256
0.0790
0.0063
0.0032
0.0053
0.0000

xXVvii



(e)

[nitial conc. ¢y [mg/L] 2802.9
Adsorbent [g] 5.0060
Stirring speed [rpm] 150
Equilibrium conc. ¢, [mg/L] 868.6

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

C, = (crce)/(co-ce) [-]

1 0.1744 %1000
2 0.1697 %1000
3 0.1647 %1000
5 0.1567 %1000
8 0.1464 %1000
10 0.1388 %1000
20 0.1267 %1000
30 0.1162 %1000
40 0.1079 %1000
50 0.1039 %1000
60 0.0983 %1000
90 0.9305 %100
120 0.8513 x100
150 0.8097 x100
180 0.7969 %100
240 0.7365 %100
300 0.7009 x100
420 0.6658 x100
540 0.6364 x100
720 0.6208 %100
1080 0.6052 %100
1440 0.5905 %100
2880 0.5858 x100
4320 0.5836 %100

2617.4
2547.7
2473.6
23549
2202.2
2089.5
1910.0
1754.3
1631.2
1571.9
1488.8
1383.1
1265.6
1203.9
1184.9
1095.3
1042.6
990.5
946.9
923.8
900.6
878.8
871.9
868.6

0.9041
0.8681
0.8297
0.7684
0.6894
0.6312
0.5384
0.4579
0.3943
0.3636
0.3207
0.2660
0.2052
0.1733
0.1635
0.1172
0.0899
0.0630
0.0405
0.0285
0.0166
0.0053
0.0017
0.0000

xviii



®

Initial conc. ¢, [mg/L] 2801.2
Adsorbent [g] 5.0007
Stirring speed [rpm] 200
Equilibrium conc. ¢, [mg/L] 870.7

Time [min] UV absorbance Dilution ratio Conc. ¢; [mg/L]

Ct = (Ct'ce)/(CO'Ce) [’]

1 0.1804 %1000
2 0.1727 %1000
3 0.1661 x1000
5 0.1586 x1000
8 0.1483 %1000
10 0.1429 %1000
15 0.1360 x1000
20 0.1250 %1000
30 0.1187 %1000
40 0.1115 x1000
50 0.1069 %1000
60 0.1014 %1000
90 0.0917 %1000
120 0.0852 %1000
150 0.0803 %1000
180 0.0768 x1000
240 0.7559 x100
300 0.7202 x100
1440 0.6091 x100
2880 0.6029 x100
4320 0.5850 %100
5760 0.5983 %100

2706.4
25922
24943
2383.1
22303
21503
20479
1884.8
17914
1684.6
1616.4
1534.8
1391.0
1294.6
1221.9
1170.0
1124.1
1071.2

906.4

897.2

870.7

890.4

0.9509
0.8917
0.8410
0.7834
0.7043
0.6628
0.6098
0.5253
0.4769
0.4216
0.3863
0.3440
0.2695
0.2196
0.1819
0.1550
0.1313
0.1039
0.0185
0.0138
0.0000
0.0102

Xix



(2

[nitial conc. ¢y [mg/L] 2801.1
Adsorbent [g] 5.0001
Stirring speed [rpm] 300
Equilibrium conc. ¢, [mg/L] 880.2

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L] C, = (ci-co)/(co-Ce) [-]

1 0.1774 %1000 2661.9 0.9275
2 0.1676 %1000 2516.6 0.8519
3 0.1488 %1000 2237.8 0.7067
5 0.1528 %1000 2297.1 0.7376
8 0.1459 %1000 2194.8 0.6843
10 0.1364 %1000 20539 0.6110
15 0.1316 x1000 1982.7 0.5739
20 ©0.1244 x1000 1875.9 0.5184
30 0.1169 %1000 1764.7 0.4605
40 0.1105 x1000 1669.8 0.4110
50 0.1033 %1000 1563.0 0.3555
60 0.0990 %1000 1499.2 0.3223
90 0.0917 %1000 1391.0 0.2659
120 0.0841 %1000 1278.2 0.2072
150 0.0796 %1000 1211.5 0.1725
180 0.0767 %1000 1168.5 0.1501
240 0.7578 x100 1126.9 0.1285
300 0.7181 x100 1068.1 0.0978
1440 0.6347 x100 9444 0.0334
2880 0.6122 %100 911.0 0.0161
4320 0.5983 %100 890.4 0.0053

5760 0.5914 x100 880.2 0.0000




Table S Experimental decay curves for BBR at stirring speed of (a) 0 rpm, (b) 50 rpm,

(c) 80 rpm, (d) 100 rpm, (e) 150 rpm, (f) 200 rpm, (g) 300 rpm.

(a)

Initial conc. ¢q [mg/L} 2801.9
Adsorbent [g] 5.0009
Stirring speed [rpm] 0
Equilibrium conc. ¢, [mg/L] 863.3

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

C: = (crce)/(co-ce) [-]

1 0.1782 %1000 2673.8
3 0.1783 %1000 2675.2
5 0.1744 x1000 26174
8 0.1761 %1000 2642.6
10 0.1779 %1000 2669.3
15 0.1674 %1000 2513.6
20 0.1609 %1000 2417.2
30 0.1541 %1000 2316.4
40 0.1580 %1000 23742
50 0.1567 %1000 23549
60 0.1473 %1000 22155
90 0.1362 %1000 20509
120 0.1300 %1000 1959.0
180 0.1209 x1000 1824.0
240 0.1113 %1000 1681.6
300 0.1041 %1000 1574.8
360 0.0967 %1000 1465.1
480 0.0898 %1000 1362.8
900 0.0797 %1000 1213.0
1440 0.6685 %100 994.5
2880 0.6067 x100 902.9
4320 0.5972 %100 888.8
5760 0.5885 %100 875.9
7200 0.5800 x100 863.3

0.9339
0.9347
0.9048
0.9178
0.9316
0.8513
0.8016
0.7495
0.7794
0.7694
0.6975
0.6126
0.5652
0.4956
0.4221
0.3671
0.3104
0.2577
0.1804
0.0677
0.0204
0.0132
0.0065
0.0000

XX1



(b)

Initial conc. ¢, [mg/L] 2800.7
Adsorbent [g] 5.0015
Stirring speed [rpm] 50
Equilibrium conc. ¢, [mg/L] 869.3

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L] C, = (cico)/(Co-Ce) [-]

1 0.1852 %1000
2 0.1833 x1000
3 0.1783 %1000
5 0.1766 x1000
8 0.1705 x1000
10 ‘ 0.1666 x1000
15 0.1598 x1000
20 0.1531 %1000
30 0.1428 %1000
40 0.1346 x1000
50 0.1270 %1000
60 0.1222 x1000
90 0.1082 %1000
120 0.0991 %1000
150 0.0919 %1000
180 0.0858 %1000
240 0.8214 x100
300 0.7794 x100
1440 0.5996 =100
2880 0.5914 x100
4320 0.5841 x100
5760 0.5895 x100

2777.6
27494
26752
2650.0
2559.6
2501.7
2400.9
2301.5
2148.8
2027.2
1914.5
1843.3
1635.7
1500.7
1393.9
1303.5
1221.3
1159.0
892.3
880.2
869.3
877.3

0.9880
0.9734
0.9350
0.9220
0.8752
0.8452
0.7930
0.7415
0.6625
0.5995
0.5411
0.5043
0.3968
0.3269
0.2716
0.2248
0.1822
0.1500
0.0119
0.0056
0.0000
0.0041

xxii



(©)

Initial conc. ¢y [mg/L] 2800.4
Adsorbent [g] 5.0104
Stirring speed [rpm] 80
Equilibrium conc. ¢, [mg/L] 854.8

Time [min] UV absorbance Dilutionratio Conc. ¢, [mg/L] C,= (ccce)/(co-ce) [-]

1 0.1760 x1000
2 0.1764 x1000
3 0.1703 x1000
5 0.1703 %1000
8 0.1650 %1000
10 0.1597 %1000
20 0.1471 x1000
30 0.1395 x1000
40 0.1221 x1000
50 0.1125 %1000
60 0.1040 %1000
90 0.0947 %1000
120 0.9229 %100
150 0.8677 %100
180 0.8276 x100
240 0.7589 %100
300 0.7206 %100
420 0.6658 %100
540 0.6296 x100
720 0.6089 %100
1140 0.5985 %100
1440 0.5820 x100
2880 0.5846 %100
4320 0.5743 x100
5760 0.5743 %100

2641.1
2647.1
2556.6
2556.6
2478.0
23994
22125
2099.8
1841.8
1699.4
1573.4
1435.4
1371.8
1289.9
1230.4
1128.6
1071.8
990.5
936.8
906.1
890.7
866.2
870.1
854.8
854.8

0.9181
0.9212
0.8747
0.8747
0.8343
0.7939
0.6979
0.6399
0.5073
0.4341
0.3693
0.2984
0.2657
0.2236
0.1931
0.1407
0.1115
0.0697
0.0422
0.0264
0.0184
0.0059
0.0079
0.0000
0.0000

xxiii



(d

Initial conc. ¢ [mg/L] 2801.2
Adsorbent [g] 5.0007
Stirring speed [rpm] 100
Equilibrium conc. ¢, [mg/L] 884.6

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

Ce = (erce)/(Coce) [-]

1 0.1838 %1000
2 0.1766 %1000
3 0.1735 %1000
5 0.1638 x1000
8 0.1558 %1000
10 0.1519 %1000
15 0.1432 %1000
20 0.1345 %1000
30 0.1234 %1000
40 0.1156 %1000
50 0.1094 %1000
60 0.1044 %1000
90 0.0933 %1000
120 0.0868 %1000
150 0.0819 x1000
180 0.0781 %1000
240 0.7589 %100
300 0.7128 %100
1440 0.6040 %100
2880 0.5962 %100
4320 0.5958 %100
5760 0.5944 %100

2756.8
2650.0
2604.1
2460.2
2341.6
2283.7
21547
2025.7
1861.1
1745.4
1653.4
1579.3
1414.7
1318.3
1245.6
1189.3
1128.6
1060.2
898.8
887.3
886.7
884.6

0.9768
0.9211
0.8971
0.8221
0.7602
0.7300
0.6627
0.5954
0.5095
0.4491
0.4011
0.3625
0.2766
0.2263
0.1884
0.1590
0.1273
0.0916
0.0074
0.0014
0.0011
0.0000

XXiv



(e)

Initial conc. ¢y [mg/L] 2802.6
Adsorbent [g] 5.0031
Stirring speed [rpm] 150
Equilibrium conc. ¢, [mg/L] 842.3

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]) C, = (ci-ce)/(co-Ce) [-]

1 0.1761 x1000
2 0.1713 %1000
3 0.1704 x1000
5 0.1653 %1000
8 0.1544 x1000
10 0.1503 x1000
20 0.1321 x1000
30 0.1215 %1000
40 0.1123 x1000
50 0.1056 %1000
60 0.1019 x1000
90 0.9423 x100
120 0.8748 x100
150 0.8369 x100
180 0.7798 x100
240 0.7400 <100
300 0.7128 x100
420 0.6558 x100
540 0.6312 x100
720 0.6238 x100
1080 0.5957 x100
1440 0.6067 %100
2880 0.5773 x100
4320 0.5659 x100

2642.6
25714
2558.1
2482.5
2320.8
2260.0
1990.1
1832.9
1696.5
1597.1
15422
1400.6
1300.4
12442
1159.6
1100.5
1060.2
975.7
939.2
928.2
886.5
902.9
859.2
8423

0.9184
0.8821
0.8753
0.8367
0.7542
0.7232
0.5855
0.5053
0.4357
0.3850
0.3570
0.2848
0.2337
0.2050
0.1618
0.1317
0.1111
0.0680
0.0494
0.0438
0.0225
0.0309
0.0086
0.0000

XXV



®

Initial conc. ¢y [mg/L] 2801.2
Adsorbent [g] 5.0007
Stirring speed [rpm] 200
Equilibrium conc. ¢, [mg/L] 843.8

Time [min] UV absorbance Dilution ratio Conc. ¢, [mg/L]

Ct = (Ct‘ce)/(c(]'ce) [’]

1 0.1796 %1000
2 0.1720 %1000
3 0.1663 %1000
5 0.1578 x1000
8 0.1494 %1000
10 0.1454 x1000
15 0.1366 x1000
20 0.1295 x1000
30 0.1206 %1000
40 0.1138 x1000
50 0.1078 %1000
60 0.1050 x1000
90 0.0956 x1000
120 0.0895 %1000
150 0.0852 %1000
180 0.0818 %1000
240 0.7383 %100
300 0.7028 %100
1440 0.5780 %100
2880 0.5669 x100
4320 0.5737 %100
5760 0.5709 %100

2694.5
2581.8
2497.3
2371.2
2246.7
2187.3
2056.8
1951.5
1819.5
1718.7
1629.7
1588.2
1448.8
1358.3
1294.6
1244.1
1098.0
1045.4
860.3
843.8
853.9
849.8

0.9455
0.8879
0.8447
0.7803
0.7167
0.6864
0.6197
0.5659
0.4985
0.4470
0.4015
0.3803
0.3091
0.2629
0.2303
0.2045
0.1299
0.1030
0.0084
0.0000
0.0052
0.0030

XXVI
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[nitial conc. ¢y [mg/L] 2803.0
Adsorbent [g] 5.0007
Stirring speed [rpm] 300
Equilibrium conc. ¢, [mg/L] 869.3

Time [min] UV absorbance Dilution ratio Conc. ¢; [mg/L]

Ci = (crec)/(co-ce) [-]

1 0.1805 %1000
2.25 0.1692 x1000
0.1647 %1000

5 0.1567 %1000
8 0.1475 %1000
10 0.1425 %1000
15 0.1355 %1000
20 0.1277 %1000
30 0.1183 %1000
40 0.1121 %1000
50 0.1057 %1000
60 0.1006 %1000
90 0.0911 %1000
120 0.0835 %1000
150 0.0791 %1000
180 0.0759 %1000
240 0.7485 %100
300 0.7098 x100
1440 0.6101 %100
2880 0.6071 %100
4320 0.5928 %100
5760 0.5841 %100

2707.9
2540.3
2473.6
23549
22185
21443
2040.5
1924.8
1785.4
1693.5
1598.6
1522.9
1382.1
1269.3
1204.1
1156.6
1113.1
1055.7
907.9
903.4
882.2
869.3

0.9508
0.8641
0.8296
0.7683
0.6977
0.6594
0.6057
0.5459
0.4738
0.4262
0.3771
0.3380
0.2652
0.2069
0.1731
0.1486
0.1261
0.0964
0.0199
0.0176
0.0067
0.0000
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Table 6 Experimental adsorption uptake curves at particle Reynolds number of (a) 0.189, (b) 0.348, (c¢) 0.507, (d) 0.666, (¢) 0.826,
(f) 0.985, (g) 1.206, (h) 2.418, (i) 2.952, (j) 3.544.

(a)
Initial concentration ¢, [mg/L] 1018.0
Equilibrium amount adsorbed with ¢, [mg/g] 419.9
Linear velocity [m/sec] 3.77C-04
Particle Reynolds number [-] 0.189
Activated carbon [g]
Contact time [min]} Weight difference [g] Amount adsorbed {mg/g] Q, = q/qo [-]

Before experiment  After experiment

3 0.3003 0.3152 0.0149 49.62 0.118

5 0.3008 0.3162 0.0154 51.20 0.122

10 0.3000 0.3319 0.0319 106.33 0.253

20 0.3006 0.3534 0.0528 175.65 0418

40 0.3004 0.3760 0.0756 251.66 0.599

60 0.3006 0.3844 0.0838 278.78 0.664

120 0.3005 0.4105 0.1100 366.06 0.872

240 0.3002 (0.4187 0.1185 394.74 0.940

300 0.3001 0.4193 0.1192 397.20 0.946
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(b)

Initial concentration ¢, [mg/L] 1014.2
Equilibrium amount adsorbed with co [mg/g] 419.5
Linear velocity [m/sec] 6.94E-04
Particle Reynolds number [-] 0.348

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g] Q, = q/qq [-]
Before experiment  After experiment

1 0.3000 03149 0.0149 49.67 0.118
3 0.3009 0.3177 0.0168 55.83 0.133
0.3004 0.3212 0.0208 69.24 0.165

10 0.3007 0.3371 0.0364 121.05 0.289
20 0.3006 0.3473 0.0467 155.36 0.370
40 0.3008 0.3777 0.0769 255.65 0.609
60 0.3006 0.3901 0.0895 297.74 0.710
120 0.3004 0.4051 0.1047 348.54 0.831
240 0.3001 0.4193 0.1192 397.20 0.947
300 0.3003 0.4204 0.1201 399.93 0.953
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(c)

Initial concentration ¢, (mg/L] 993.4
Equilibrium amount adsorbed with ¢, [mg/g] 417.9
Linear velocity [m/sec] 1.01E-03
Particle Reynolds number {-] 0.507

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g] Q.= q/qo [-]
Before experiment  After experiment
1 0.3009 0.3077 0.0068 22.60 0.054
3 0.3004 0.3197 0.0193 64.25 0.154
5 0.3000 0.3215 0.0215 71.67 0.171
10 0.3000 0.3388 0.0388 129.33 0.309
20 0.3001 0.3546 0.0545 181.61 0.435
40 0.3005 0.3738 0.0733 243.93 0.584
60 0.3006 0.3899 0.0893 297.07 0.711
120 0.3000 04119 0.1119 373.00 0.893
240 0.3006 0.4205 0.1199 398.87 0.954
300 0.3002 0.4170 0.1168 389.07 0.931




(d)

[nitial concentration ¢, fmg/L] 995.1
Equilibrium amount adsorbed with ¢, [mg/g] 418.0
Linear velocity [m/sec] 1.33E-03
Particle Reynolds number [-] 0.666

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g] Q.= q/qo [-]
Before experiment  After experiment
1 0.3008 0.3085 0.0077 25.60 0.061
3 0.3000 03214 0.0214 71.33 0.171
5 0.3000 0.3340 0.0340 113.33 0.271
10 0.3006 0.3442 0.0436 145.04 0.347
20 0.3005 0.3761 0.0756 251.58 0.602
40 0.3003 0.3947 0.0944 314.35 0.752
60 0.3003 0.4078 0.1075 357.98 0.856
120 0.3009 0.4138 0.1129 375.21 0.898
240 0.3002 0.4104 0.1102 367.09 0.878
300 0.3007 0.4168 0.1161 386.10 0.924
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(e)

Initial concentration co [mg/L]

Equilibrium amount adsorbed with ¢, [mg/g]

Linear velocity [m/sec]

Particle Reynolds number [-]

999.4
4184
1.65E-03
0.826

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g]  Q, = q/qo [-]
Before experiment  After experiment
] 0.3007 0.3166 0.0159 52.88 0.126
3 0.3006 0.3225 0.0219 72.85 0.174
5 0.3005 0.3325 0.0320 106.49 0.255
10 0.3006 0.3482 0.0476 158.35 0.378
20 0.3008 0.3693 0.0685 227.73 0.544
40 0.3005 0.3969 0.0964 320.80 0.767
60 0.3005 0.4105 0.1100 366.06 0.875
120 0.3004 0.4149 0.1145 381.16 0911
240 0.3003 0.4158 0.1155 384.62 0.919
300 0.3001 0.4173 0.1172 390.54 0.933
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M

Initial concentration ¢, [mg/L]

Equilibrium amount adsorbed with ¢, [mg/g]

Linear velocity [m/sec]

Particle Reynolds number [-]

995.6
418.1
1.96E-03
0.985

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g] Q:= q/qo [-]
Before experiment  After experiment
1 0.3004 0.3149 0.0145 48.27 0.115
3 0.3002 0.3281 0.0279 92.94 0.222
5 0.3006 0.3351 0.0345 114.77 0.275
10 0.3004 0.3513 0.0509 169.44 0.405
20 0.3007 0.3734 0.0727 241.77 0.578
40 0.3005 0.3913 0.0908 302.16 0.723
60 0.3001 0.4036 0.1035 344.89 0.825
120 0.3000 0.4121 0.1121 373.67 0.894
240 0.3006 0.4135 0.1129 375.58 0.898
300 0.3000 0.4146 0.1146 382.00 0.914
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(2

Initial concentration ¢, [mg/L] 1191.6
Equilibrium amount adsorbed with ¢, [mg/g] 432.7
Linear velocity [m/sec] 2.35E-03
Particle Reynolds number [-] 1.206

Activated ca_rbon [g]

Contact time [min]) Weight difference [g] Amount adsorbed [mg/g] Q:= q/qo [-]
Before experiment  After experiment

5 0.3081 0.3520 0.0439 142.49 0.329

10 0.3097 0.3742 0.0645 208.27 0.481

20 0.3081 0.3976 0.0895 290.49 0.671

30 0.3077 0.4055 0.0978 317.84 0.735

40 0.3103 04111 0.1008 324.85 0.751

60 0.3062 0.4207 0.1145 373.94 0.864

90 0.3088 0.4205 0.1117 361.72 0.836
120 0.3048 0.4246 0.1198 393.04 0.908




)

Initial concentration ¢, [mg/L] 1198.2
Equilibrium amount adsorbed with ¢, [mg/g] 433.2
Linear velocity [m/sec] 4.71E-03
Particle Reynolds number [-] 2418

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g} Q.= q/qo [-]
Before experiment  After cxperiment

5 0.3050 0.3474 0.0424 139.02 0.321

10 0.3047 0.3675 0.0628 206.10 0.476

20 0.3070 0.3839 0.0769 250.49 0.578

30 0.3041 0.4048 0.1007 331.14 0.764

40 0.3053 0.4138 0.1085 355.39 0.820

60 0.2930 0.4006 0.1076 367.24 0.848

90 0.3033 0.4131 0.1098 362.02 0.836
120 0.2995 0.4148 0.1153 384.97 0.889
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M

Initial concentration ¢ [mg/L] 955.2
Equilibrium amount adsorbed with ¢, {mg/g] 414.8
Linear velocity [m/sec] 5.89E-03
Particle Reynolds number [-] 2.952

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed {mg/g] Q;=q/qo [-]
Before experiment  After experiment
3 0.3002 0.3316 0.0314 104.60 0.252
5 0.3008 0.3400 0.0392 130.32 0.314
10 0.3009 0.3569 0.0560 186.11 0.449
20 0.3006 0.3733 0.0727 241.85 0.583
40 0.3000 0.3818 0.0818 272.67 0.657
60 0.3004 0.3925 0.0921 306.59 0.739
120 0.3004 0.4076 0.1072 356.86 0.860
180 0.3000 0.4108 0.1108 369.33 0.890
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@

Initial concentration ¢, [mg/L] 938.3
Equilibrium amount adsorbed with ¢, [mg/g] 4133
Linear velocity {m/sec] 7.07E-03
Particle Reynolds number [-] 3.544

Activated carbon [g]

Contact time [min] Weight difference [g] Amount adsorbed [mg/g] Q.= q/qo [-]
Before experiment  After experiment

3 0.3004 0.3337 0.0333 110.85 0.268

5 0.3004 0.3436 0.0432 143.81 0.348

10 0.3004 0.3585 0.0581 193.41 0.468

20 0.3008 0.3776 0.0768 255.32 0.618

40 0.3006 0.3943 0.0937 311.71 0.754

60 0.3000 0.3989 0.0989 329.67 0.798
120 0.3004 0.4106 0.1102 366.84 0.888
180 0.3001 0.4101 0.1100 366.54 0.887
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Fig. 2 Breakthrough curves calculated for determining desorption starting times.
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Fig. 4 Adsorption/desorption curves for desorption starting at 7g;.
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Fig. 6 Adsorption/desorption curves for desorption starting at #g;.
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Table 7 Recovery and residue evaluated from ADCs for different bed lengths; (a) PHL, (b) BA, (¢) PNP. Amount recovered and residue is shown in

brackets.
(a)
Bed length [m] Recovery (Purity > 90 %) Residue
4:)| lg ;7 lez I3 I3 gy e Iy2 fe> Ig3 I3
0.1 00 (0.0 0.0 (0.0) 0.0 (0.0) 0.0 (0.0 0.0 (0.0 0.0 (0.0) 0.1 49 03 (4.8 01 (63) 02 (1.8) 09 (158 0.1 (0.1)
025 32 (39.2) 1.7 (119 1.3 (13.6) 1.7 (6.7) 1.7 (7.4) 1.7 (2.6) 0.1 (1.3) 1.2 (89) 08 (85 08 (32) 12 (52) 0.6 (1.0)
0.5 164 (82.2) 158 (56.5) 152 (64.0) 169 (33.0) 169 ((31.7) 169 (174) 0.0 (0.1) 1.9 (6.7) 1.7 (7.0) 1.1 (22) 12 (22) 1.0 (.0)
0.75 288 (924) 303 (739 299 (759) 335 (453) 335 (397 335 (26.2) 0.1 (03) 20 (5.00 20 (52) 12 (le6) 12 (14 1.0 (0.8)
1.0 409 (95.1) 448 (829) 454 (80.9) 484 (50.5) 484 (41.9) 484 (30.3) 03 (0.7) 21 (3% 21 37 12 (1.2) 1.2 (1.0) 10 (0.6)
1.25 519 (953) 58.6 (87.5) 604 (825) 634 (556) 634 (43.1) 634 (33.2) 00 (0.1) 20 (3.0) 20 (27) L1 (1.0) 1.1 (0.8) 1.0 (0.5
1.5 62.7 (94.8) 72.0 (90.1) 752 (B83.0) 782 (593) 782 (439) 782 (352) 0.1 (0.1) 20 (25 20 (2) 1.1 (09 1.1 (06) 1.0 (04)
1.75 737 (95.0) 832 (91.4) 90.6 (83.8) 930 (62.0) 930 (444) 930 (36.8) 02 (-03) 19 1) 19 (1.8 1.1 (O7) 1.1 (0.5 09 (04
2.0 845 (94.7) 945 (91.7) 105.1 (83.5) 107.8 (64.2) 107.8 (44.8) 107.8 (37.8) -02 (-02) 19 (1.8) 19 (1.5 1.0 (06) L1 (0.5 0.9 (0.3)

TA[X



(b)

Recovery (Purity > 90 %) Residue
Bed length [m]
g I g2 l2 In3 g3 Iy Ip) s g2 Ip3 I3
0.1 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (©0.0) 00 (0.0 0.8 (39.0) 03 (5.1) 08 (364) 05 @47 0.6 (109 04 (0.9)
025 0.0 (0.0 20 (146) 0.0 (0.0) 00 (00 00 00 00 (0.0 23 (283) 05 (G4 16 (l67) 12 49 14 (62) 08 (1.3)
05 00 (0.3) 104 (3700 6.1 (255 00 (0.0) 00 (0.0) 0.0 (0.0 55 (276) 13 (46) 33 (140) 1.7 (32) 1.7 3.1) 1.0 (l.0)
0.75 8.1 (259) 189 46.1) 176 (447 1.1 (14) 0.0 (0.0) 0.0 (0.0 78 (25.1) 24 (59) 32 (82) 17 (23) 1.7 (.0) 1.0 (0.8
1.0 159 (37.0) 279 (51.7) 29.7 (53.0) 23.0 (239) 0.0 (0.0) 0.0 (0.0) 123 (286) 59 (109) 47 (84 1.7 (1.8) 1.7 (1.5 1.0 (0.6)
1.25 23.0 (42.2) 37.1 (554) 414 (56.5) 395 (347) 0.0 (0.0) 0.0 (0.0 179 (32.8) 103 (154) 6.7 (9.1) L7 (1.5 1.7 (1.I) 1.0 (0.5)
1.5 303 (45.8) 46.1 (57.6) 53.1 (58.6) 52.1 (39.5) 0.0 (0.0) 0.0 (0.0 24.1 (36.4) 156 (19.5) 94 (103) 1.7 (13) 1.7 (09) 1.0 (04)
1.75 372 (47.9) 535 (58.8) 64.3 (59.5) 64.7 (43.1) 0.0 (0.0) 0.0 (0.0) 23.6 (304) 156 (17.1) 56 (52) 1.7 (I.I) 1.7 (0.8) 1.0 (0.4
2.0 442 (49.6) 614 (59.6) 752 (59.7) 772 (46.0) 0.0 (0.0) 0.0 (0.0 296 (33.2) 213 (20.7) 7.8 (6.2) 1.7 (1.0) 1.7 (0.7) 09 (0.3)
()
Bed length [m] Recovery (Purity > 90 %) Residue
B lg 14:73 2 33 3 B g1 [£:}) iz 53 lE3
0.1 0.0(0.0) 0.0(.0) 0.0(.0) 0.0(0.0) 0.0 (0.0) 0.0 (0.0) 2.0 (99.7) 4.6 (76.7) 2.1(99.6) 4.7 (46.9) 4.6 (81.2) 5.0 (12.0)
0.25 0.0(0.0) 0.0(0.0) 0.0(0.0) 1.8(7.2) 0.7(3.2) 2.74.2) 8.2 (100.0) 13.3(95.0) 9.7 (100.0) 13.5 (54.0) 13.4 (59.4) 14.4 (22.5)
0.5 0.0(0.0) 0.000.0) 0.0(0.0) 8.0 (15.6) 8.0 (15.1) 8.2 (8.5) 19.9 (100.0) 28.0(99.9) 23.8 (100.0) 30.7 (60.2) 30.8(57.8) 32.3(33.3)
0.75 0.0(0.0) 0.0(0.0) 0.00.0) 13.7(185) 14.1(16.7) 14.0(10.9) 31.2 (100.0) 41.0 (100.0) 39.4 (100.0) 46.3 (62.5) 46.5(55.2) 48.2 (37.6)
1.0 0.0(0.0) 0.0(0.0) 0.0(.0) 19.0(19.8) 19.9(17.2) 20.0(12.5) 43.0 (100.0) 54.0 (100.0) 56.1(100.0) 65.7 (68.5) 66.2 (57.3) 68.3 (42.7)
125 0.0(0.0) 0.0(0.0) 0.0(0.0) 19.6(17.2) 258(17.5) 25.8(13.5) 54.4 (100.0) 67.0 (100.0) 73.3 (100.0) 86.3 (75.7) 87.4 (59.5) 89.9 (47.1)
1.5 0.0¢0.0) 0.0(0.0) 0.0(.0) 192(145) 31.8(17.8) 31.8(143) 66.1 (100.0) 80.0 (100.0) 90.6(100.0) 108.1(81.9) 110.1(61.8) 113.0(50.9) -
.75 0.0(0.0) 0.0(0.0) 0.0(.0) 18.6(124) 37.7(18.0) 37.6(14.9) 77.6 (100.0) 91.0 (100.0) 108.1(100.0) 119.5(79.7) 121.4(58.0) 123.8(48.9)
20 0.0(0.0) 0.0(0.0) 0.00.0) 18.1(10.8) 43.5(18.1) 43.6(15.3) 89.2(100.0) 103.0(100.0) 125.9(100.0) 140.9(83.9) 143.7(59.7) 146.4(51.4)
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JVEE A L. 5-hydroxy-2-methylfurfural (HMF)D W% & RIS FRIZ I To R 2=, &
VATNVREOESIIIEZBR L LTOFIRICL W Z20REEESBEIN
oo YBRICRTET Y V7ICEATARIIETHIBK TH 5,

(D) ¥V ASFNVOREET V% CAChe @ Editor (Z L DERL L., > 7 / — /L ELHADER
43 % Lock L 72 Mechanics (/X7 A — 4 :MM2)IZ & 0 #i&&#E b % 1T - 7= (Fig. 9),
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> = /VEUSDE 5 % Lock L72# ., Mechanics (/X7 A —4% : MM2)Z L 0 #EiE &
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B) H7 2= VEOEEERITFig N ICESEBEHREIN, EHEW A EERRELE Y
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BEXEM LT,

Surface area|A’/ g| E
. 2 ’ -1 q 1
Occupied area lA Jx Avogadro' s const. [mol ]

Amount int roduced [mmol/g|=

[1] I S. Chuang, G. E. Maciel, A detailed model of local structure and silanol hydrogen
banding of silica gel surfaces, J. Phys. Chem. B, 101 (1997) 3052-3064
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Fig. 11 Top view of silica gel surface; silanol and/or phenyl groups are located at

intersections.
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Fig. 10 Modeling of PMSG with different amount introduced of phenyl groups; (a) 2.91

(d) 0.73 mmol/g.

(c) 1.46 mmol/g,

mmol/g, (b) 1.94 mmol/g,



EREINT-ERD 7= NVEOEAEEHT 5 PMSG (45T 5 HMF 43 F DR EM
Pst Lz, FEITLLTO®Y ThH,

(1) PMSG DET IV EIZ—2F I =20 HMF 5 F% 7 ~ = /L EBIZRERREIC 72
H5E5ICEAL, ®WETT VELERK LT,
(2) Mechanics (/X7 A —F : MMIZ X V1ERL L - &R EBEET V2B EREL LT,

SFET Y T ORERIL Fig. 12 @-(AICTHEINTEY MEVUTOZ EARbmnd,

» Fig. 12 (a) 291 mmol/g) : 7 = =/LEDHIR(3.005 A)2FHE 72 n-stacking D FEE#
G153 AV bvEL, V=V EERET DO, HMF 5 FIZRE\EINR N &
Nbmb,

» Fig. 12 (b) (1.94 mmol/g): HMF 55 FIL PMSG O 7 = = /L BEIZHE SN B, L L,
WES A SN THL 7= VEPEE L TETWDH, BEINT- HMF 45F1%
> HMF 53 FDRE X EET 5,

» Fig. 12 (c) (1.46 mmol/g): HMF %3 FiX PMSG O 7 = = /L EIZEE SN D, LAl
WEHYA N THLH 7= VEPBIRLTETCNSHD, BE XN HMF 5FiT
1> HMF 53 F DRk F 2 HET 5,

» Fig. 12 (d) (0.73 mmol/g) : HMF 23 I3 DkE Y1 M EAET S Z & 72 < PMSG
DT x = NVEITRESIND,

ZDETIV U IEREID, 7oV EEREET MOREYA FEBRETLIL
S BELTHMF 5 F23REIND Fig. 12 (AP &EBERT7 2= VEDEARTHD
ERBENT, Lo T, BEAR T ==/ EOEARITF 0.7 mmollg (RBHTI
meq/g K [EE)TH D LRI N7,

A32BUI R LTI E IR ER 7 2=V EOEABOERMEILR 0.5 meq/g THHD
T, 7TV U7 LA FRMEISEVVBIZR > TWAZ EBbE, ZOFRLY, &
DEROXREBEIIIEVVEEENRLYZREL-RERANRAET NVEZRANTH, 7F
EF) LD TRIRRIERERREFICEDNTH S LR INT,
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Fig. 12 Adsorption model of HMF molecules onto PMSG with different amount

introduced of phenyl groups;

mmol/g.

(c) 1.46 mmol/g, (d) 0.73

(b) 1.94 mmol/g,

(a) 2.91 mmol/g,
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1% 7 REEHRER(PMSG)DERICBIT HEHiFlILE 7 x=
JVEDE A &R

42 38R LT FiETITh - REHER K EFI(PMSG) DERIFE R 4 Table 8 1277,
Flo, FORBRIVEONT-ARROEREFHETICBITLENRA I/ na P AF LT
SN TUDOEET 2= NVEOBABOEMAE Fig. 13 1277,

Fig. 13 OBMREMFERTHZ Lick v, EAFFEAED PMSG 2E84 5 Z L4379
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Table 8 Preparation of PMSG.
Chlorodimethylphenylsilane [g]  Silica gel [g] PMSG [g] Amount introduced [meq /g]

3.0480 5.0130 5.3677 0.527
7.0270 5.0103 5.6472 0.947
0.2684 5.0095 5.1166 0.159
2.0197 5.0900 5.3753 0.418
3.0289 5.0045 5.3380 0.497
4.0222 5.0266 5.3846 0.531

5 6.5290 7.0168 0.557
5.5622 6.5270 7.0432 0.589
8.0268 6.6198 7.2136 0.668

9 6.5189 7.0960 0.660
10.1351 6.6078 7.1621 0.625
0.5024 6.5138 6.6440 0.149
1.7980 6.5024 6.7562 0.291
1.2336 6.5844 6.7912 0.234
1.1090 6.5213 6.7402 0.250
0.4377 6.5203 6.6467 0.144
3.9959 6.5385 7.0454 0.578
1.1624 6.5482 6.7778 0.261
0.8140 6.5342 6.7236 0.216
0.3643 6.5417 6.6378 0.109
0.9423 6.5851 6.8313 0.279
4.0181 6.6133 7.1128 0.563
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Table 9 Calibration line of HMF solved in ethanol.
(a)

UV absorbance

Concentration [mg/L] Dilution ratio -
Raw value After correction

5.045 - 0.6496 0.6496
10.09 %20 0.0657 1.314
25.23 %20 0.1575 3.150
50.45 %20 0.3075 6.150
75.68 x20 0.4564 9.128
100.9 %20 0.6104 12.208

Correction value : 0.0000

Q)

UV absorbance

Concentration [mg/L] Dilution ratio -
Raw value After correction

5.110 - 0.5967 0.5965
10.22 %20 0.0572 1.140
25.55 x20 0.1460 2916
51.10 x20 0.2958 5912
76.65 %20 0.4445 8.886
102.2 x20 0.5965 11.926

Correction value : 0.0002
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Table 10 Adsorption isotherms of HMF onto silica gel and PMSG; (a) Non-modified, (b) 0.149 meq/g, (c) 0.261 meq/g, (d) 0.279 meq/g, (¢) 0.497
meq/g, (f) 0.589 meq/g, (g) 0.668 meq/g.

(a)
Initial concentration ¢, . UV absorbance (after 1 weck) . Equilibrium concentration c, Co-Ce Amount adsorbed q.
Adsorbent [g] Solution volume [L] Dilution ratio

[mg/L} [mmol/L] Raw After cor. {mg/L} [mmol/L] [mg/L] [mmol/L] [mg/g] [mmol/g]
101.1 0.8021 0.5044 0.05 0.5851 11.702 x20 98.87 0.7841 2266  0.01797 0.225 0.00178
202.3 1.604 0.5023 0.05 0.3793 22.76 x60 192.46 1.526 9.822  0.07789 0.978 0.00775
404.6 3.209 0.5059 0.05 0.7644 45.86 x60 388.04 3.077 16.560 0.13133 1.637 0.01298
606.8 4.812 0.5058 0.05 0.6888 68.88 %100 582.86 4.622 23.981 0.19017 2.371 0.01880
809.1 6.416 0.5019 0.05 0.4562 91.24 %200 772.13 6.123 36.994  0.29337 3.685 0.02923
1011.4 8.021 0.5100 0.05 0.5661 113.2 %200 958.18 7.599 53.223  0.42207 5.218 0.04138

Correction value : 0.0000

AL



(b)

[nitial concentration ¢, UV absorbance (after 1 week) ) Equilibrium concentration ¢, CoCe Amount adsorbed g,
Adsorbent [g] Solution volume [L] Dilution ratio
[mg/L] [mmol/L] Raw After cor. [mg/L] [mmol/L] [mg/L] [mmol/L] [mg/g] [mmol/g]
101.7 0.8062 0.5040 0.05 0.3883 7.762 %20 65.52 0.5196 36.143 0.2866 3.586 0.02843
203.3 1.612 0.5007 0.05 0.7376 14.75 x20 124.66 0.989 78.676  0.62392 7.857 0.06230
406.7 3.225 0.5097 0.05 0.1445 28.86 %200 244.11 1.936 162.558 1.28912 15.946 0.12646
610.0 4.837 0.5061 0.05 0.1726 34.48 %200 291.68 2.313 318321 2.52435  31.448  0.24939
813.3 6.450 0.5049 0.05 0.2348 46.92 %200 396.98 3.148 416355 3.30179  41.231  0.32697
1016.7 8.062 0.5036 0.05 0.2294 45.84 %200 387.84 3.076 628.830 4.98676  62.433  0.49511
Correction value : 0.0002
(©)
Initial concentration ¢, UV absorbance (after | week) o Equilibrium concentration c, Co-Ce Amount adsorbed g,
Adsorbent [g] Solution volume [L] Dilution ratio
[mg/L] [mmol/L] Raw After cor. [mg/L] [mmol/L] [mg/L] [mmol/L] {mg/g] [mmol/g]
100.7 0.7988 0.5036 0.05 0.4036 8.068 x20 68.11 0.5402 32619  0.2587 3.239 0.02568
201.5 1.598 0.5010 0.05 0.7064 14.12 %20 119.38 0.947 82.091 0.65100 8.193 0.06497
402.9 3.195 0.5012 0.05 0.0928 18.52 %200 156.59 1.242 246.348 1.95359  24.576  0.19489
604.4 4.793 0.5019 0.05 0.1515 30.26 %200 255.96 2.030 348.441 2.76321 34.712  0.27528
805.9 6.391 0.5020 0.05 0.1592 31.80 x200 268.99 2.133 536.872 4.25751 53.473 0.42405
1007.3 7.988 0.5002 0.05 0.1955 39.06 %200 330.45 2.621 676.886 536785  67.662  0.53657
Correction value : 0.0002
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(d)

Initial concentration ¢, UV absorbance (after 1 week) _ Equilibrium concentration c, Co-Ce Amount adsorbed q,
Adsorbent [g] Solution volume [L] Dilution ratio
[mg/L] [mmol/L] Raw After cor. [mg/L] [mmol/L] [mg/L] [mmol/L] [mg/g] [mmol/g]
101.1 0.8015 0.5015 0.05 0.2919 5.834 x20 49.20 0.3902 51.862  0.4113 5.171 0.04100
202.1 1.603 0.5002 0.05 0.3670 7.34 x20 61.92 0.491 140.215 1.11194 14016  0.11115
404.3 3.206 0.5015 0.05 0.8167 16.33 x20 138.05 1.095 266219  2.11117 26.542 0.21049
606.4 4.809 0.5004 0.05 0.0957 19.10 %200 161.49 1.281 444905 3.52819 44455  0.35254
808.5 6.412 0.5016 0.05 0.1153 23.02 %200 194.68 1.544 613.858 4.86802 61.190 0.48525
1010.7 8.015 0.5032 0.05 0.2076 4148 %200 350.93 2.783 659.736 523184  65.554  0.51986
Correction value : 0.0002

(e)

Initial concentration c UV absorbance (after 1 week) Equilibrium concentration c, Co-Ce Amount adsorbed q.
Adsorbent [g] Solution volume [L] Dilution ratio

[mg/L] [mmol/L] Raw After cor. [mg/L] [mmol/L] [mg/L] [mmol/L] [mg/g] [mmol/g]
100.7 0.7989 0.5016 0.05 0.0830 1.65 x20 13.82 0.1096 86917  0.6893 8.664 0.06871
201.5 1.598 0.5013 0.05 0.0436 2.60 x60 21.81 0.173 179.667 1.42480 17.920 0.14211
403.0 3.196 0.5020 0.05 0.0932 5.57 x60 47.00 0.373 355956 2.82281 35454  0.28116
604.4 4,793 0.5022 0.05 0.0703 7.00 x100 59.07 0.468 545.366 4.32487  54.298  0.43059
805.9 6.391 0.5021 0.05 0.0446 8.86 %200 74.82 0.593 731.102  5.79780 72.804 0.57735
1007.4 7.989 0.5025 0.05 0.0593 11.8 %200 99.70 0.791 907.696 7.19823  90.318  0.71624

Correction value : 0.0003
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®

Initial concentration ¢ UV absorbance (after 1 week) . Equilibrium concentration c, CoCe Amount adsorbed q,
Adsorbent [g] Solution volume [L] Dilution ratio
[mg/L] [mmol/L] Raw After cor. [mg/L] [mmol/L] [mg/L] [mmolL] [mg/g] [mmol/g]
101.7 0.8067 0.5020 0.05 0.0589 1.18 x20 9.83 0.0779 91.893 0.7287 9.153 0.07258
203.4 1.613 0.5026 0.05 0.0568 342 x60 28.77 0.228 174.669 1.38516 17.377  0.13780
406.9 3.227 0.5016 0.05 0.1196 7.19 x60 60.67 0.481 346.215 2.74556 34511  0.27368
610.3 4,840 0.5025 0.05 0.1076 10.78 x100 91.07 0.722 519.250 4.11776  51.667  0.40973
813.8 6.453 0.5014 0.05 0.0581 11.66 x200 98.52 0.781 715241 567202  71.324  0.56562
1016.6 8.062 0.5022 0.05 0.0784 15.72 x200 132.88 1.054 883.715 7.00805 87984 0.69774
Correction value : -0.0002

(8)

Initial concentration ¢, ] UV absorbance (after 1 week) Equilibrium concentration ¢, Co=Ce Amount adsorbed ¢,
Adsorbent [g] Solution volume [L.] Dilution ratio
[mg/L] [mmol/L] Raw After cor. [mg/L] (mmol/L] [mg/L] [mmol/L] [mg/g] [mmol/g]
102.5 0.8127 0.5009 0.05 0.0579 1.15 x20 9.57 0.0759 92.907  0.7368 9.274 0.07354
205.0 1.625 0.5023 0.05 0.0270 1.60 x60 13.38 0.106 191.578 1.51925 19.070  0.15123
409.9 3.251 0.5076 0.05 0.0931 5.57 x60 46.95 0.372 362.967 2.87841 35.753  0.28353
614.9 4.876 0.5043 0.05 0.2047 20.44 %100 172.84 1.371 442.043 3.50549  43.827  0.34756
819.8 6.502 0.5152 0.05 0.0580 11.54 %200 97.50 0.773 722.337 5.72829  70.103  0.55593
1024.8 8.127 0.5040 0.05 0.0758 15.10 %200 127.64 1.012 897.163 7.11470  89.004  0.70582
Correction value : 0.0003
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465 HIOREFEERIZBW T EERELZRETHIRIERASINZF A e~ V7T 7 4 —|Z L5 Benzothiophene ¥ L O
Naphthalene DR EAR DT — & % Table 11 (a), bIIRT, FREBIIEANEERFHEICLVFHE SN,

Table 11 Calibration line of (a) Benzothiophene and (b) Naphthalene solved in isooctane.

(a)
Benzothiophene [g] Isooctane [g] Concentration AREA AREA,, Standard deviation, s s Weight, w
[ppm] [mmol/L]

116 0.0020 17.2565 0.60 12020 12372 12286 12226 183.5102177 2.96947E-05 6.196163548
238 0.0041 17.2569 1.23 22298 22936 22745 22660 327.4482147 9.32642E-06 1.946068484
493 0.0085 17.2423 2.54 35631 35263 34450 35115 604.3114539 2.73828E-06 0.571375641
962 0.0166 17.2582 4.96 86294 87738 87867 87300 873.3180024 1.31116E-06 0.273588947
1894 0.0327 17.2627 9.77 179766 181606 172738 178037 4680.096295 4.56552E-08 0.009526509
3575 0.0617 17.2572  18.44 321486 335210 317004 324567 9485.910042 1.11133E-08 0.002318918
5487 0.0947 17.2582 2830 502871 526526 496539 508645 15805.44958 4.00301E-09 0.000835275
7241 0.1250 17.2627  37.34 711537 736475 637913 695308 51245.91864 3.80786E-10 7.94557E-05
9099 0.1571 17.2665  46.92 870115 902853 769525 847498 69481.98847 2.07136E-10 4.32214E-05

Weighted line of regression ~ AREA = 16334Conc. +2083
Slope 16334
Intercept 2083
Sawyw 2767.85



X[

(®

Napthalene [g] [sooctane [g] Concentration AREA AREA,, Standard deviation, s 52 Weight, w
[ppm] [mmol/L}
0.0018 17.2387 104 0.56 10292 10176 10473 10314 150 4.46E-05 8.43333
0.0042 17.2489 243 1.31 25618 25183 24413 25071 610 2.69E-06 0.50742
0.0089 17.2386 516 2.79 53571 56740 51744 54018 2528 1.56E-07  0.02957
0.0161 17.2453 934 5.04 95644 99598 93945 96396 2900 1.19E-07  0.02246
0.0326 17.2423 1891 10.21 199565 191703 203333 198200 5934 2.84E-08 0.00537
0.0642 17.2435 3723 20.10 407955 416836 392652 405814 12233 6.68E-09 0.00126
0.0970 17.2441 5625 30.37 604141 522181 577497 567940 41808 5.72E-10  0.00011
0.1284 17.2414 7447 40.21 841129 808901 795106 815045 23619 1.79E-09  0.00034
0.1644 17.2476 9532 51.46 1070033 1019826 1091508 1060456 36788 7.39E-10  0.00014

Weighted line of regression
Slope
Intercept

Seelyyw

AREA = 19873Conc. -908

19873
-908
334.26
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4.6.5 EiOWAFEERIZIS W TH DIV B - Zm REREFIMR D HIRE L7 Benzothiophene #5 & T8 Naphthalene O
Freundlich £#%#{ % Table 12 {2777,

Table 12 Freundlich constant of Benzothiophene and Naphthalene adsorption onto silver loaded silica gel for single and binary

component system.

Freundlich constant, £ Freundlich constant, 1/n Freundlich constant, »
Amount loading of silver Adsorbates
single-component binary-component single-component binary-component single-component binary-component
Q6 Naphthalene 0.0060 0.0055 0.8319 0.8265 1.2021 1.2099
Benzothiophene 0.0096 0.0094 0.7513 0.7443 1.3310 1.3435
Naphthalene 0.0051 0.0042 0.9515 0.9818 1.0510 1.0185
0.00152 [mmol/g]
Benzothiophene 0.0092 0.0090 0.7952 0.8181 1.2575 1.2223
Naphthalene 0.0041 0.0043 0.9435 0.9118 1.0599 1.0967
0.01170 [mmol/g]

Benzothiophene 0.0097 0.0096 0.7405 0.7450 1.3504 1.3423
Naphthalene 0.0064 0.0053 0.8539 0.9334 [.1711 1.0714

0.20769 [mmol/g] .
Benzothiophene 0.0102 0.0099 0.7777 0.8081 1.2858 1.2375
Naphthalene 0.0068 0.0071 0.9334 09115 1.0714 1.0971

0.24212 [mmol/g] .
Benzothiophene 0.0117 0.0117 0.8220 0.8075 1.2165 1.2384
Naphthalene 0.0083 0.0073 0.8884 0.9284 1.1256 1.0771

0.28369 [mmol/g] .
Benzothiophene 0.0126 0.0125 0.8121 0.8107 1.2314 1.2335
Naphthalene 0.0067 0.0061 0.9320 0.9607 1.0730 1.0409

0.39945 [mmol/g] )
Benzothiophene 0.0104 0.0123 0.8524 0.7991 1.1732 1.2514
Naphthalene 0.0060 0.0057 0.9300 0.9648 1.0753 1.0365

0.43349 [mmol/g] )
Benzothiophene 0.0123 0.0117 0.8246 0.8269 1.2127 1.2093
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