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Abstract

Pharmaceuticals and personal care products are widely used in an excessive amount
and improper usage, which can significantly affect the aquatic ecosystem. This study
investigated the application of the commercial granular activated carbon F-400 as
adsorbent on the removal of emerging contaminants of five pharmaceuticals, such as
caffeine, sulfamerazine, sulfathiazole, naproxen and ibuprofen, from aquatic solution.
The physicochemical properties of the adsorbent and adsorbates, and adsorption
behavior of single component and mixtures were examined to understand the mass
transfer mechanism. The Freundlich and Langmuir isotherms were used to predict the
adsorption equilibrium for single component. The multi-component adsorption was
estimated by ideal adsorbed solution theory (IAST) combined with Freundlich isotherm.
The traditional dynamic models were used to predict the internal and external mass
transfer coefficients from CSTR data... Finally, the rapid small scale column test
(RSSCT) was used to simulate the large-scale column, of which the obtained data was
compared with those of Linear driving force (LDF) model combined with Freundlich
isotherm.  The whole obtained data were used to evaluate the applicability of activated
carbon on adsorption removal of pharmaceuticals and personal care products
investigated in this study.

The results of adsorption equilibrium for the sigle component indicated that both
isotherms were able to well describe the adsorption equilibrium and naproxen had the
highest adsorption capacity. All the values of heterogeneity factor (ng) were greater than
1, indicating the favorable adsorption of five components on F-400. The IAST
combined with Freundlich isotherm mostly well predicted the competitive adsorption
of five components and it was found that Ko, significantly affected the predictive values
in the mixture so as to diverge from the predict values. The internal mass transport
were well predicted by pore diffusion and surface diffusion models, and both film
diffusion and surface diffusion are important in the adsorption kinetics. The kinetic
parameters obtained from surface diffusion model combined with the LDF model were
used to predict the adsorption breakthrough of the mixture in the adsorption column,
indicating the effective prediction of some components. Comparison of adsorption
capacity with pure water system and river system as background solution, the adsorption



amount was reduced due to the competition with organics in the river. Combined with
parameters calculated from the data of adsorption isotherms and Kkinetics, the adsorption
system was able to be planned and designed for the adsorption removal of PPCPs
investigated in this study.

Key Words: Pharmaceuticals and personal care products, activated carbon, adsorption
isotherm, mass transfer, rapid small scale column test



FE R oo |
ABSTRACT ..ottt sttt b e bt aeae et et ne et et neenens I
SRRSO v
e I SRS IX
BB B B ittt e et a et ne et nene e Xl
B B T T it e et et e et et et e e R e E et et e Reate st et e reare et e renens XV
L - = OSSPSR 1

1-1 BT B B e et b bbb 1

1-2 5 B e e AR L B 2
YoF < [EJ%‘}"}%,E ........................................................................................................... 4

2-1 #3785 4+ (Emerging contaminantS ) .......ccoceeveveieieieiese e 4

2-1-1 Z4 &2 3 £~ %4 * 5 (Pharmaceuticals and personal care products,

PP CPS ) ettt e e rene s 5
2-1-2PPCPs 2. Tp B A T R E FT T R e, 7
2-1-3 72 %5 (1bUprofen ) i, 10
2-1-4 % H 3 (NAPIOXEN ) coveeeeeieiesiesie ettt 11
2-1-5 ez F] (CaffeiNe ) oviiciiicie e 12



2-1-6 & 9= eRer_ (SUIFAMErazZiNe ) .oooveeeeeiiee e 13

2-1-7 v ek (Sulfathiazole) ..o 14
2-1-8 FTE 5 AP adL 7 JF oo 15
2-2 &1 R (Activated carbon, AC ) oo 16
R L S 16
2-2-1-1 #*= 1 & (Powdered activated carbon, PAC) i * 2 & ... 16
2-2-1-2 k= & (Granular activated carbon, GAC ) i * 2 & .......... 17
p R - O 17
2-2-3 FE M AL EL TEAR B oottt ies st et res ottt e eee e en e, 19
2-2-4 FENE R 2L TR Bl it ieeessesiissinn e e et 21
2-2-5 A R B PPCPS Zu B tiureeersstivsin it 22
y I T et et O 26
R R T R Y 26
I O R R 3 T 26
2-3-3 Langmuir 8 5 M 2 B35 Lo 27
2-3-4 Freundlich 3 8 55 2 255 o 28
2-3-5 12 B %43 ;% 123 (ldeal adsorbed solution theory, IAST ) ........ 29
2-3-6 B E AL A BT oo 34
2-3-7 &% A4 (Types of hysteresis 100ps) ....oocvcveveeceieiiiiinnnan, 37

\



R R RS O 39

2-3-8-1 ¢k E & @ ix (External mass transfer) ...,
2-3-8-2 p 3%F & @ i% (Internal mass transfer) ...,
2-3-8-2-1 # & #4cH5% (Surface diffusion model ) ..oovvvvveeeveeeieeeen,
2-3-8-2-2 3 A8 (Pore diffusion model ) oo,
2-3-9 & F &) HR kAT B (Diffusivity ) 22 B2 50
2-3-10 ;3-%7 % #c ( Determination coefficient, R?) ..oooevoveeeeeeeeeeeeeeeee, 51
2-4 H5-] HRPCE 47 % (Rapid small-scale column test, RSSCT) ........cccceveee,
2-4-1 s i+=%$s 4 538 (Linear driving force model, LDF) .................. 56
B2 R BT B e s
3oL B B L BT B e e et e ettt
311 BB e 64
3-1-2 B FEA] i 64
B-1-3 B e e et b e ars 65
B2 B BR TE B eeeeee ettt bbb r e b e bt re b eae st ene e
3-2-1 B A 1 B AT e 65
3-2-2 BIFFER A ITRE o, 65
3-2-3 B IFA] T BETEZE B oo 66
3-2-4 B HFF BR K B oo 66



3-3-1 B A F AT oo 68
3-3-2 FE A IE 7 I oo 68
R I B 68
3-3-4 B FFE A FER e 68
3-3-5 B H BT B o e 69

3-3-0 R T T e 70

3-3-6-1 4 3k 2k B 2 e

N R O T R T S

-4 o AT T E
R BRI e e I L e

A-1 B AR 2- P TTTE B A FT e

A-0-1 T 8 3T oo s 76

B-1-2 B B 25 B oottt 76

4-1-3 1 A B BT B A I s 77
o S

4-2-1 H — ST R T S oo 82

4-2-2 12 e vt e 3234, (ldeal adsorbed solution theory, IAST) ........ 89
4-3 18 5T 3 30 e e e abe e

.12



4-3-1 k3R @i (External mass transfer) ..., 92

4-3-2 p3RFE @iE (Internal mass transfer) ..., 93
4-3-3 Sl AR F BEZFTEBE 100
BB 5 HLF P e 105
BT R BT EIIE IR e 116
DL ettt be bt et ens 116
5-1-1 S M4 T8 I e 116
5152 B HEF BE oveeeeeienieeees e sssnsde e ittt ettt ne s 116
2 SN M4 . . 0T SRR 118
S 2 )I?e ..................................................................................................................... 119
fd— B - IBUPROFEN 3 1 T 8 8 4 il 124

VI



F P&

Table 2-1-1 The results of hospital discharge water test (Unit: ng L?) ............ 8
Table 2-1-2 Risk quotient (RQ) for pharmaceuticals and personal health products
(PPCPS) ..ot eeeeeee e et ssees e s ee s s es e s ee s s es e s en e enrens 9
Table 2-1-3 Physicochemical properties of ibuprofen ...........ccccoeevviiveinennn, 10
Table 2-1-4 Physicochemical properties of Naproxen ............cccceeevvveeieeinennen. 11
Table 2-1-5 Physicochemical properties of caffeine ..........ccccoceevevveiiicinenen, 12
Table 2-1-6 Physicochemical properties of sulfamerazine ............ccccccoeevenen. 13
Table 2-1-7 Physicochemical properties of sulfathiazole ..............c.c.ccccoe... 14

Table 2-2-1 The properties of the materials used in the manufacture of activated

carbon ( Dabrowski et al., 2005:) ..t i reesereeseeeseeeeseeeseeesre e 18

Table 2-2-2 Advantages and disadvantages of commercial activated carbon ( Mohan

aNd PIttMan, 2000 ) .....oeeeeeeeiiiie s iarisire s iaesite s e sdes st e b e e s eeseneesere e e e e enaeearee e 21
Table 2-4-1 Different forms of the intraparticle mass transfer equation......... 63
Table 3-3-1 Analytical conditions used in UV-Spectrophotometer................. 71

Table 3-4-1 The flow gradient of acetonitrile and DI-water in HPLC analysis72
Table 4-1-1 Physical properties of F-400 .........ccccoceviiiiiiiieieecee e, 78
Table 4-1-2 Surface area and pore volume of F-400.........ccccccoovvveieiiieninnnnn, 79

Table 4-3-1 External mass transfer parameters for adsorption on F-4002 under various
initial concentrations (Co) in the single component system............cccccvevvennenn. 96

Table 4-3-2 Internal mass transfer parameters for adsorption on F-400? under various
initial concentration (Co) in the single component system.........c.ccoccvvvverienenn, 97

Table 4-3-3 Values of molecular size calculation by Stokes-Einstein equation102

IX



Table 4-2-1 Compared with pKa and pH values of five contaminants........... 84

Table 4-2-2 Parameters and correlation coefficients (r?) of adsorption isotherms for
the single component 0N F-400 ... e 85

Table 4-2-3 Values of isotherm parameters and correlation coefficients (r?).. 86

Table 4-2-4 Isotherm parameters of competitive adsorption .............ccccceenen. 90
Table 4-4-1 The adsorption capacity of column packed bed.............cc.......... 107
Table 4-4-2 Design parameters of column packed bed..............cccoeeeiiennie, 108

Table 4-4-3 Design parameters of rapid small-scale column test in this study108

't Table 1-1 Design parameters of column packed bed for ibuprofen adsorption

't Table 1-2 Design parameters of rapid small-scale column test for ibuprofen

10 S10] 1011 o] o I S O o o A TR 125



P 4

Figure 2-1-1 Possible sources and routes of PPCPs residues ( Heberer, 2002 ) 6

Figure 2-2-1 General flow scheme for the production of activated carbon ( Sontheimer

BL AL, 1988 ) . i 20

Figure 2-3-1 Scheme of eyhylbenzene, p-xylene, o-xylene and m-xylene entering into
MIL-10L POFES. .ttt e e e e e e s nnnaeeenes 27

Figure 2-3-2 Liquid-vapor equilibria according to Raoult’s law for: (a) pure
components and (b) a two-component mixture (Sontheimer et al., 1988)...... 33

Figure 2-3-3 Liquid-adsorbent equilibrium as respresented by ideal adsorbed solution

theory (IAST) (Sontheimer et al., 1988). .covu...ciiiiee i, 33
Figure 2-3-4 Types of physisorption isotherms ( Sing etal., 1984 ) . ........... 36
Figure 2-3-5 Types of hysteresis I00pS. ..o e e e iie e 38

Figure 2-3-6 Completely stirred tank reactor:(a)slurry reactor and (b)basket reactor
(Sontheimer et al., 1988). .......ccvoir i it 40

Figure 2-3-7 Concentration profiles for a single particle assuming no internal mass
transfer resistance (Sontheimer et al., 1988)..........ccccccieviieiiicii v, 44

Figure 2-3-8 Concentration profiles according to the film-surface diffusion model
(Sontheimer et al., 1988). .......ccveiiiiieiic e 48

Figure 2-3-9 Concentration profiles within the adsorbent according to the film-pore
diffusion model (Sontheimer et al., 1988).........ccccceiiieiiiiiineiienee e, 49

Figure 2-4-1 Concentration profiles according to the LDF model with external mass
TrANSTEr TESISTANCE. .. .viiiieieie e 61

Figure 2-4-2 Concentration profiles according to the LDF model without external
MASS tranSTer rESISTANCE. ........civiiiiieie e 62

Figure 2-4-3 Comparison of kinetic curves calculated by the LDF approach and the
XI



Figure 3-3-1 The device diagram of CSTR.........ccccooiiiiiiiiiiieeeee, 69
Figure 3-3-2 The device diagram of column packed bed............cccccovevvrnnennnn. 70
Figure 3-4-1 The flow gradient of acetonitrile and DI-water in HPLC analysis.72
Figure 3-4-2 The flow chart of adsorption equilibrium. .........cccccoevvviiinnnnnn 73
Figure 3-4-3 The flow chart of adsorption kinetic in CSTR system............... 74
Figure 3-4-4 The flow chart of adsorption dynamic in column packed bed... 75

Figure 4-1-1 The particle size distribution of F-400 at (a) 30-40 mesh and (b)80-100

Figure 4-1-2 Adsorption and desorption curves of N at 77 K on adsorbent F-400 at
(a) 30-40 mesh and (b) 80-100 mesh.. O -and [ : adsorption curve and desorption

CUNVE, TESPECTIVEIY. .. vveieie et bttt asite e st e b am et e e e eneeeneeenneennes 81

Figure 4-2-1 The simulation of Langmuir (—) and Freundlich (--) adsorption on F-
400 in single and binary components system.(a)Sulfamerazine (b ) Caffeine (c)

Sulfathiazole (d) Ibuprofen (e)Naproxen. \/, A, O, [0 and <:experimental

data, reSPECLIVEIY. ..o s 87

Figure 4-2-2 The simulation of Langmuir (—) and Freundlich (--) adsorption on F-

400 in single and binary components system. O, &, A, V and [

experimental data of sulfathiazole, naproxen, caffeine, sulfamerazine and ibuprofen,
FESPECTIVEIY. ..t 88

Figure 4-2-3 Competitive adsorption of caffeine, sulfamerazine, sulfathiazole,

naproxen and ibuprofen on F-400.( a )Sulfamerazine (b) Caffeine (¢ )Sulfathiazole

(d) Ibuprofen (e) Naproxen. O : experimental data. — : model fitting.91

Xl


file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520921387
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520921388
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520921389
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520921390

Figure 4-3-1 Adsorption on F-400 at various Co, with surface diffusion model in the

single component system. N,=500 rpm, ms=0.35 g, V,=3.5 L. (a) Sulfamerazine

(b) Caffeine (¢ ) Sulfathiazole (d) Ibuprofen (e ) Naproxen.>, 1, A and O :
experimental data of 20, 15, 10 and 5 mg L™, repectively. — : model fitting.. 98

Figure 4-3-2 Adsorption on F-400 at various Co with pore diffusion model in the

single component system. N,=500 rpm, m¢=0.35¢g, V =3.5 L. (a ) Sulfamerazine (b )

Caffeine (c¢) Sulfathiazole (d) Ibuprofen (e) Naproxen.>, I, A and O :
experimental data of 20, 15, 10 and 5 mg L-1, repectively. — : model fitting. 99

Figure 4-3-3 Variations of the liquid diffusivity (D) with filter velocity (ug) from the
experiments of caffeine, sulfamerazine, sulfathiazole, naproxen and ibuprofen in the

short-fixed bed reactor. ms=3 g. . (‘a ) Sulfamerazine ( b ) Caffeine ( ¢ ) Sulfathiazole

(d) lbuprofen (&) NAPrOXEN. .. i iiieimreesieeiteeseiireire e ste e ereeseesreeereerean, 103

Figure 4-3-4 Variations of the liquid diffusivity (DL) with filter velocity (uF) from
the experiments of caffeine, sulfamerazine, sulfathiazole, naproxen and ibuprofen in

the short-fixed bed reactor. O, &, AN/ and [ : experimental data of
sulfathiazole, naproxen, caffeine, sulfamerazine and ibuprofen, respectively.104

Figure 4-4-1 Adsorption on F-400 at sulfamerazine by means of using RSSCT system.

Compare both and \/ prepared with DI-water and VW prepared with river water.

— 1 MOAE] FIEEING. ceeeeiieeeee e 109

Figure 4-4-2 Adsorption on F-400 at caffeine by means of using RSSCT system.
Compare both and /\ prepared with DI-water and A prepared with river water.

— 2 MOAE] FIEEING. .eeeeieie s 110

Figure 4-4-3 Adsorption on F-400 at sulfathiazole by means of using RSSCT system.

Compare both and O prepared with DI-water and @ prepared with river water.
X1


file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920818
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920818
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920818
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920818
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920819
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920819
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920819
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920819
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920820
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920820
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920820
file:///C:/Users/apple/Dropbox/DATA/論文(new)/總論文/活性炭對水中藥物和個人保健用品吸附行為之研究.docx%23_Toc520920820

— MOEl FITEING. 1oeeeeeee e 111

Figure 4-4-4 Adsorption on F-400 at ibuprofen by means of using RSSCT system.
Compare both and [ | prepared with DI-water and [l prepared with river water.

— MOl FITEING. 1oveeie e 112

Figure 4-4-5 Adsorption on F-400 at naproxen by means of using RSSCT system.
Compare both and <> prepared with DI-water and 4 prepared with river water.

— MOl FITEING. 1oveeiece e 113

Figure 4-4-6 The comparison of RSSCT adsorption on F-400 effluent concentration
at various contaminants with DIl-water configuration. O, <, A and V

experimental data of sulfathiazole, naproxen, caffeine and sulfamerazine, respectively.

Figure 4-4-7 The comparison of RSSCT adsorption on F-400 effluent concentration
at various contaminants with river-water configuration. O, <, A, V and [ ] :

experimental data of sulfathiazole, naproxen, caffeine, sulfamerazine and ibuprofen,
S OO A =] | e S SRR 115

'+ Figure 1- 1 Ibuprofen removal in RSSCT with activated carbon F-400 for particle

diameter of 1.044 mm. (O : experimental data. — : model fitting. ....... 126

'+ Figure 1- 2 Ibuprofen removal in RSSCT with activated carbon F-400 for particle

diameter of 0.117 mm. [ ] : experimental data. — : model fitting......... 126

XV



{* B
as ¢ H 2w @t e (m2gt)
Ce: ipApr ik & (gm™)

Ciiidm® s Ficok R (gm3&molm?)
Cii P A A G 2B E R

Cpit 3%iF P ' Ak & (gm32mol m?)
D: 7§ »cd & fhic ik

Do i@ = rt Hichie a5 47 e lic (m?st)
Dp,i 0 }3RF £ B3%2 34 4 icdc (m?s?h)
Dsi: 30 £ Bi%2 4 6 e # 8k (M?s?)
ot & 4P 978 * PGACHT 28 i

EBCT : 2 AR

dr o Z % FFATHS P 7 HRIEEP) TS T 47
K © Freundlich 8 =x ' = f2.5¢ % #c

KL @ Langmuir % ;g s = 4258 % 35 (meg?)
k : ;4% & ¥ # (Boltzmann constant )

L: @B ks apenilst (m®)

LC: ARt (22 H0F )

m: jsed 2 apHEF R (kg)

ng - Freundlich isothermz_ £ % |+ (' Heterogeneity factor )

XV



ALt IR B K H G fFF R B F (mol mstagm?st)
fs it % o FFFCH P =gp P ch 3 & (S =Surface)

Q: #fF & (mLmint)

Qe AR F T Tk E (gkgt)
q B i s E kA (gkgta mol kgt)

qu: E & & fot € (gkg-1)
Qo @ FU* SR a8 A 4ok B2 FH s (gkgt)
R : % ## (Reynolds number)
rse - Stokes—Einstein (SE) 4 3 Z ;&
S ! 5 % £ #c (Schmidt number)
SC: | #4¥ t (7RSSCTH o)
Ve Bl ¥ AEET 2 M E
Yo ! BRI 2 & (gkgt)
Ye ! F AR 2B (gkgt)
Ym B &S E T EE (gkgt)
Z:gHgk (M)
BLi: R Heh v B i¥ il (ms?)
et kI
ep ¢ R MPA|Z PN IRIL B F (kgm?®)

pL: kDR

XVI



pp . #p% & (Particle density )
0qidr ¢ FApE BB R 0 & T FHECEALDIRD 4
S: @Ak AR (M)

uw:f=d & (Tortuosity)

XVII



11 73+
“%m¢%§%»1¥ﬁwmr?%%rﬁ?ﬂﬁﬁ%ﬁm%%Aﬁ?
M HFend FEo AR e i ARY R RS T F L A
WEESFTRAF LT B PERL ERR %%ﬁ%%ﬁﬁi&ﬁ*
wfaﬁkaﬂﬁﬁﬁﬁﬁﬂiéﬁ:nﬁ%ﬁ?#gw»% R LR
SHEBFANEHE BERTTLE LS BREY 3 AT T RiER
oo R R EA TR K AP azazz%ﬁzwo%frﬁzﬁwﬁva

BHOATRIAET AR AL ZRRF I BT UL A MR
#4&%ﬁ£?&%ﬁﬁ“§ﬁ%# P REEF RS A RSB AL T

FEABRBY AN HAPSAREY o AT i P RRRLP
HWENRTHR > Sl F 52 AL £ z’v’ﬂii:& 2

Zi A Rt & (Pharmaceuticals and personal care products, PPCPs )
E-AFLELFT - A ﬁﬂ%;}wfr,pwéé\é’ IS ARL ITE K
PPCPs &t % 24t~ % S EERU R N SR SR
TP B Y OPPCPs erg 4 2 BB E BHrus 2B 59 i ig2 - o
HiEA T N R 2 TR > FRE B 5 FAM S PPCPS ¥ oacfrE & LA en
AR - FF ARk BIES 0 MER I PPCPs f bt pEFER Y R
RYEPFRF AFERG 0 APHPPCPs enlf 17 - 2 F)5T €2 58
2URAARERT oAV EFRF S R D E o Aéﬁf%&ﬁ.
BTk P 5 A PPCPs 2 Tt ckp it H s kiR I‘Z'\{i‘l/ BOF AR AR
AREPirildean m ARB Y TEFATT R AL FLFlAAY R
gﬁﬂ%%ﬁ%%§?%ﬁﬁ@%ﬁﬁW%ﬁﬁ?ﬂﬁﬁ°

RAESEWEAY SR R Rz - 0 B R R 2 R A
HIEd - L RILEARE (A o ol W AR B R S T
éi%%ﬁﬂbﬁﬁ%%’??*ﬁﬂmiﬁﬁxﬁi%aL%é%i%

B RITE RIS LS 2 - > Rlh IR F s b AR



A s hon V- LR AR 2 FF2 > AP LB Fa @
i HERBURIAL R R iR el B e ¢ 2
BT e s K L I KT R0 2 - 0 ARk AP L
EPEFFIER LA ER I TR R RS G R 2 F
;ﬁﬁ@AQM?*%Uéiwhkiiiﬁd§P%°

1-2 =% P &

AR I SRR F-A00 R d R kALY § F T BATRS 4
# Caffeine ~ Sulfamerazine ~ Sulfathiazole ~ Naproxen 2 % |buprofen » & 12 %=
TR RBIFIS RS 23K 2 F (T Y P e T RS A

(S o7 LS o S A L 4 = e 2

2. ZF 2T JEATRS B2 B IE R R E FSHIR ek L2 SRAP R
3. I fATES L mkifd 4 HG A REE 4 Sl

4, BRI PR ST AATERG A RE PR LRI TR S
5. X IRim UURRRE R kB2 SN SO R

v 7% H4e Figure 1-1-1 #7577 -
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Figure 1-1-1 Flow diagram of this research.
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2-1 #7235 % ¥ (Emerging contaminants)

FRRAFHE LI EAEFEF 5 LB R B P L AR
*ﬁﬁﬂ#@%¥%##Wméﬁﬁn%@%$?%ﬁﬂﬁ’ ,
@Iﬁﬁ’ﬁr%#ﬁt“&%#ﬁii BB KM Y BOKERIZEAEY AR T ¥ AT A

T e rEEY  EAESERBFTLEALREE
B A e g PR —JF}—‘A IeE 3 g5 53 i pcE 0 H 3 REpt - g
J@$£ﬁgﬁgaﬂi TR F AHRER Y EF A AP YA A

MEARY iz ALAP? A gl%ﬁ'?&fy‘\g\:@ AR C T
FoATFALL U A MEEed BRBL G RGN E S Lo R
PR S ATEA LS NS AP SR AR A T3 5 E AR

AR B A A AT R R F R A MR R - AR
BY kR R A Aug/l Cppb) FIng/L (ppt) 2 B o FF b A A
AT E S 4#mw¢m{¢?m,@¢—£=ﬂﬁ?ﬁﬂwﬁﬁ@Pw%

o EEEETA U AP TR GE et B F T dicdy o HAP M b 'R Dy £3T

@73\\«-

MEE AP OGS B e R ER A ERRY &
( Pharmaceuticals and personal care products, PPCPs ) ~ p 4 j& + #f 4= &
( Endocrine disrupting chemicals, EDCs )~ # i* #| #8 % = ¥ A& fiz %7 ( Phathalate
Esters, PAEs )~ > & it & # (Perfluorinated compounds, PFCs )~ B. % ( Pesticide )~
% £ % (Heavy metal ) f=2 # 444 (Nanomaterials) & (= & 4 > 2014)-

Aem~ Y ks PPCPs» 1 ® e PPCPs i& {5 4p B © jt3dsm o



2-1-1 R L i%xig?* 5 (Pharmaceuticals and personal care products,
PPCPs)

Z 2B A iRt 5 (Pharmaceuticals and personal care products, PPCPs )
F- gy 2 e gg&%ﬁ?* ja%\;a;;jzggp\ Lt B A s %gp;‘széc
Al H @ B AERAE S SEA 0 B PER A RS A £ 5 AN
3o iT#E K PPCPs v 2<% » %fr&%iﬁﬁ e Bop ¥ v &

&vﬁw¢m@&¢a~wwwﬂw¢nw SERLE SIAE R
A 5 .Ei@/i LE K R SRR T R E Y > PPCPs ey B3 R B
L

T EAREERBEY TR - o

e

AP s H LG FARE RS BN HF e A

Aﬁyhbﬁéfww*;aﬁwigr@—ﬂﬁmgw,%a,ﬁzwﬁﬁugﬁa.
2
4

o AR
=N
2

G = p e A A ];E'ru E Sl RV G ﬂfr'j’ wmIpH gk B b Fl i F
“%m%%WW&&%%ﬁﬁl&k&mPMPs¢#£Bﬁmmgéﬁﬁﬁﬁﬁwﬁ

o RAFEIR G > AP PPCPs criffii s - 24 FivPHAP:TE A K
AV EFE s s %@ & g (Daughton and Ternes,



% & Mwn u #1PPCPs 5 % fi 20 A BEenF AT (7 5 0 doF Fss
Ko F oy A NREBEERTS L AREY PEHFART T AR
¥ m#i%?fa_v‘ & % %< § e PPCPs T%;v,§k?5?* e g\ —“‘&H'ﬁ‘é‘:f‘fﬂ |5 3R Ay
¥ 5142 > Figure 2-1-1 27 %8 ¢ A 4 PPCPs eh¥ it kikfrig /& (Heberer,
2002 ) -

Medicinal products for Medicinal products
human use for animal use
Excretion Excretion waste disposal ' axcretion
{hospital efMuents) {orivate households) (unused medicine)
lusualhr / l J,
’ municipal waste water l domestic waste l Y manure
1r. ........................................ w“.“‘”--“ - ~ -
sewage treatment .
plants {::Ps} sludge’s ) E waste disposal site l
et —
Surface water | <

— Groundwator /

aqua cﬁ:res l \ w\\ _____ \m

pharmaceutical Drinking water
production plants

Figure 2-1-1 Possible sources and routes of PPCPs residues ( Heberer, 2002 )



2-1-2PPCPs 2. B A # ER2 = 1 R o

142 e (A 2 2014) “iF7 #4221 4 kit & (PPCPs) &
kY kR E L o B Y AP R4 RS Caffeine ~ Carbamazepine
Fenoprofen ~ Ofloxacin ~ Sulfamethoxazole 7 #& % 4 - % ERE Smiad - |
Ampicillin ~ Acetaminophen ~ Caffeine ~ Carbamazpine ~ Diclofenac ~ Ibuprofen ~
Naproxen ~ Ofloxacin ~ Sulfamethoxazole 4 Sulfathiazole % Z > > 1 %%/
T P 3] Caffeine ~ Carbamazepine ~ Erythromycin ~ Naproxen -~ Ofloxacin ~
Sulfadimethoxine ~ Sulfamethoxazole 4= Sulfamonomethoxine % &4 - # ¥
Caffeine ¥ i ATk 3 K47 446 1) (240—20599nglL?t) 2 ¢ f—_l-.%g EXE Sy
PR LR o ¥ da¥r Caffeine 1 & %k p SO O ST S g_ﬁ’*?},}”cf—‘ s A )
F10 {855 0P KRR 6 fng LT —pg LT > feBp v e e gl

% #g i (Verlicchietal., 2012 54k = >2008) > d #& I cnfd s ek & 7

B %Fm"x,” -k #_PPCPs e & 754 Kk » Table 2-1-1 5 3 * %51‘;2%%;‘,‘@
K2 kRl %

“/f Tt AR > I R ' T Bl (Risk quotient, RQ) ki P iR 4
P AP 2B S I RE P e kR (Measured environmental
concentratiom, MEC ) E’?p Bl &Rk R (Predicted no effect concentration,
PNEC) e+t & - PNEC 5 2 #= & [£p|3# ¥ 4L (Ecotoxicity Data) & = F]+
(Assessment Factor) et & > 4 43 RRET AT A r Lk A BPER
( Half maximal effective concentration, ECso) ~ £ #c3k 7+ JE & ( Median lethal
concentration, LCso) % & BL23| 8 5k & (No observed effect concentration,
NOEC) S #ciE "= F|+ ¢ FIEEH I P A H 3 HRRETHH 3 b o gt Q),%
H 01 ECsfr LCso (5 2 3 HpEFT A (Ck2 484 > Green Algae ) £3% 1
¥+ 1000 %3+ 8 %5 4 4 2 PNEC -

AR RERART R RQFFA =5y RQSOL > L3250
EIRE Y LR ME % 0IUSRO<LIEF RGP TR Y L9 B R %
% RO>1 273 F ki ? ER3 AL R -



BB A iR 5 (PPCPs) chh ' 7 # (RQ) 4 Table 2-1-2 #77 »
WHEARS S 0L BMBESGE TUEARGE LG R RDEST N

FRBEAPE LB LPTE G G T §HIRE 2 A AR
BAREF > oAty o HY ERAREY LTI

-E‘T_E’ﬁ

b *% 2. % 3= (Caffeine ~ Naproxen ~ Ibuprofen ~ Sulfamerazine ~ Sulfathiazole )

TRET R

Table 2-1-1 The results of hospital discharge water analysis (Unit: ng L)

F A R g
Acetaminophen 3400-5001
Ampicillin ND-6184
Caffeine 0591-15427
Carbamazpine ND-228
Diclofenac 736-1535
Erythromycin ND
Fenoprofen ND
Ibuprofen ND-2293
Naproxen 296-1939
Ofloxacin 609
Sulfadimethoxine ND
Sulfamerazine ND
Sulfamethoxazole 272-3269
Sulfamonomethoxine ND
Sulfathiazole ND-105




Table 2-1-2 Risk quotient (RQ) for pharmaceuticals and personal health products

(PPCPs)

e s PNEC

REEH (ng LY i
Acetaminophen 829658 0.006
Ampicillin 289942 -
Caffeine 1274314 0.01
Carbamazpine 55256 -
Diclofenac 41414 0.02
Erythromycin 118983 -
Fenoprofen 40592 -
Ibuprofen 41133 0.06
Naproxen 137944 0.002
Ofloxacin 4183702 -
Sulfadimethoxine 401915 -
Sulfamerazine 1593375 -
Sulfamethoxazole 985988 0.003
Sulfamonomethoxine 1721088 -
Sulfathiazole 687665 -




2-1-3 # ;& % (lbuprofen)

* kA - A2 B L # (Nonsteroidal anti-inflammatory drugs )

R ah b g EAvpuh JRE > e 4 $ @l 2 05 4 2L (Biopharmaceutics
Classifcation System, BCS) # 2 %424 5 % Il sg# 5> N4 E 5 g o
g% 5 2 M-k (Nokhodchietal., 2015) - #% # £ Eﬁk—gahwﬁt e @ M
dmPe e A5 S F RO R B UG AR Y i X R RSV }:'1g ko vE
o IR gE e 5 (Konstan, etal,, 1995) i &g T A8 5 &3 B 5 %
4% (Z28) kP EvTRSEd AEEBE 222 & 0% HpIREEL R
2 BHEFHAE S LDsyA B 5 636 2 740 mg kg™ www.drugbank.ca ) Table
2-1-3 3 TR T ILE LR HE TR

Table 2-1-3 Physicochemical properties of ibuprofen (www.drugbank.ca)

YRR FRE
w2 LR Ibuprofen
IUPAC ¢ &  2-(4-1sobutylphenyl)propanoic acid
A 50 C13H130z
B3 E 206.29 g mol*
CAS %Ee 15687-27-1
+ o F ik v 4Bk
L F R o
H,C CH,4
OH
0]
5 B 75—77°C
Kow 3.97
pKa 4.85
R 25°C T ki f# & 5 2lmgmLt s ot EaE ~ 3k & 4

%KA:\ F ﬁﬁ/{j\;ﬁfl

10



2-1-4 % ¥ 4 (Naproxen)

242 8- Ay bR *fr’ﬁ’%””ﬂ'h‘ Ben2h g FIER L B LR
FUCERBRME L S BER SRR EAMER 2T A AR
aéa&ﬁ4¢wy%ﬁ%#¢ﬁwmrw,ﬁaﬁgw;s 34440 R 7
ZE 2 SAz A2 BB RMEE Y RAZ ﬂé‘ii—ﬁ (IRY e B
WAL 3 A hR Vs "R P %R Bop ek "% > (Tashkhourian and
Afsharlnejad 2016) "ERETALAFLAAIBFT S 256 EF PP T
3% (38 ) FhBREVREI ARFEM =2 825 HPREHS
BZ | BEFS G LDso 4 % 5 248 2 360 mg kgt (www.drugbank.ca) e
Table 2-1-4 % 2 § 2 #3122 L My if o

A

Table 2-1-4 Physicochemical properties of naproxen ( www.drugbank.ca )
R e

B LR Naproxen

IUPAC & &  (2S)-2-(6-Methoxy-2-naphthyl)propanoic acid

A 50 C14H1403

B3 E 230.26 g mol*
CAS %%t 22204-53-1
7o Frix vd Bk
CH;,

HO/\O
13 155 °C
Kow 3.18
pKa 4.19
R R 25°C TR fER 5 159mgmLty BT ERE s - F PR X

11



2-1-5 eweF] (Caffeine)

e B R AL F B S e T BT g deee B kR 4 3R
AR p A erEde R e Fl o B )T R R S G Bk o d T
AR g N F) 5 e IR P E 2 (7 S A3 FORPE B H T e R
B RXFRTEPIAF] > Ra T HE kT FH R N2 A7 o U
B2 - ol vt b FenrtRAGR A A B AR A AR
T AR F ;._iixl%ig 2Pk R o IR v‘*v"?ﬁ?‘iﬁ'%i
FixrvEE #5 L 70—76 ¥ 5. (Fredholmetal., 1999 ) » rheet &) 4 it 8 &,
BRI ES M#F%4&(£“)gf?ﬁyﬁiiﬂ£%L%m
127 mg kg™* (www.drugbank.ca) - Table 2-1-5 5 eseet 3] 47 12 2 b 54 5 i
TR i e

Table 2-1-5 Physicochemical properties of caffeine ( www.drugbank.ca )

LAY A vhr P2 ]
w2 LH Caffeine
IUPAC # & 1,3,7-Trimethyl-3,7-dihydro-1H-purine-2,6-dione
A 5N CgH10N4O
B3 g 194.19 g mol
CAS 5 58-08-2
* m FH mrko 4 kB H 4
i 33 . T
N N
T
N
HBC/ T
© CH,
13 238 C
Kow -0.07
pKa 14
%R 25°C ™ -kiz f# R % 21600 mg mL™t o Bin sTiERE ~ P
it~ o B

12



2-1-6 & %&® oier_(Sulfamerazine)

FR® eiper - T (TRLFR PR RIS F 0 ¥ NNk A e
BA MR KA FERS AR BOREHER DT JIRE 2 i
BT A2 ) 2 e E N A S o R e L B R &
DMK B Rt e R L EF RS R FAEE{fcR i
SR F 2 & SR LRE FLF % 4+ (Sponzaand Demirden etal., 2007 )
CERETLELERRIFTS 4% (5 r ) FR /TEALRFTY 25
2EEHG NEREF TS 285 EBRET R ET LR m o
Ppriaffz &~ %> HRIREH | KE3 138 LD » % 5 25000 mg kg™
(www.drugbank.ca ) > Table 2-1-6 % $ta =7 eigegdr L2 it F M B Okl
it o

Table 2-1-6 Physicochemical properties of sulfamerazine ( www.drugbank.ca)

R S A% e

w2 LH Sulfamerazine

IUPAC # & 4-Amino-N-(4-methyl-2-pyrimidinyl)benzenesulfonamide
A 3 C11H12N1O,S

AR 264.30 g mol+

CAS %% 127-79-7

+ o ik v 4k

573+
XL

H.N

% BE 234-238 °C

Kow 0.14

pKa 6.99

A fER 20°C * k3 f2 A& 5 202 mg mL*

13



2-1-7 & =& (Sulfathiazole)

ﬁmgmafﬁ#%?mémﬁéﬁ’%@%ak RS HA A
2 G AEFE AR wE R 2 B e E FRE % (Lestonetal., 2015)-
Te H- B R +?5Fm‘ﬁ}\ IR 3R A & AR B R B D
KREY ool B IR ED ATRE Y - £ B AR a*%pufik P4
P (blropE @2 -2 ¥ fadbicd ) P2 R3PRF AL e 2
#14 £ ¥ enE o+ iv* (Lestonetal.,,2014) > g T oL KFa
Tl B 0% 255 JEdf g /TR BF TS 2A5 A BEET Y
d B JE R PR 2 s B HpREH ) &4 125 8 LDso = 4500 mg
kg (www.drugbank.ca) » Table 2-1-7 % ¥ e kb o L 2 {4 B 7 e 4l

Table 2-1-7 Physicochemical properties of sulfathiazole ( www.drugbank.ca)

SRS AORR

w2 LH Sulfathiazole

IUPAC # & 4-Amino-N-(1,3-thiazol-2-yl)benzenesulfonamide
A 5N CoHoN30,S;

B3 g 255.32 g mol+

CAS %% 72-14-0

* m FH A PR Pl X

NH,

[ 5 2 /C[/
T

13 200 C

Kow 0.05

pKa 6.93

AR R 25°C T k3 3R 5 373 mg mL™?

14



2-1-8 ATEF F P mdL 3

FIR S G SRk AT % 2 R L AT b A
BeR R f R E HATORME &2 Ko A4 s B E (Membrane
bioreactors, MBR ) ~ & 14 & = ¥4 (Adsorption by activated carbon, AC) ~ i+ #
§ i 34 (Chemical oxidation technologies, COTs ) ##_% % it ( Ozonation)
v UV, H,0; ~ % %% i 42 (Advanced oxidation processes, AOPs ) 12 3 &
w2 (Membrane filtration) > 2 ¢ & 5 #c® 5 (Microfiltration, MF) ~
Az 18 /g (Ultrafiltration, UF )~ 3 - i g ( Nanofiltration, NF ) % i /% % ( Reverse
0smosis, RO ) » 1 ™ iz dt fg® 3 2 (7 4

¥k e ® (MBR) v @seenigfiis i 2 (i § »ed 'f L85 05
AF o F L LT F AP Fq:‘ff’n.ﬁ—/éo\{-ﬂﬁ.’uﬁ; - B RFRETRERE oL
3 4 #%‘m&f;mMBRs »MBR ¥ = £ & 3 6 AR Apfois ik 2 e Ry
BooBigi® MF & UFScgipE > 5535 £ (COD) - # BiFFAM{Rm
Ry &t o

F ok E R (Powderedactivated carbon, PAC ) fosg izt & (Granular
activated carbon, GAC ) £ 7 %+~ e84 1% 5 BOR ALY e 'l A2 R @ o

AR el R ¥ o £ Pl 223 #84 (Natural organic matter, NOM ) % & i+

B A Bt e %K °

WE

EEJEH L B F 3N ARk P 3 “%,’ﬁ‘&'{j‘_ e & 7 MR kR (T
£_MF v UF) 2 *‘@;« % (3 A_NFf-RO)» 4pfz. ™ %é—*ﬁ
WHE LY » Bl RS 6T 8 JILfid

P85 -3 (COT) frg & d i 3w (AOP) ¥ * Rafd 2 » 128Kk
;Efgg@gér’g};f@,r}"ﬂ:ﬁ%‘r.gFﬁ&&,—g@;}nmm};a%zb 4F R B
k¢ 2 Aldhp d A FER DT A B &I 5 R (Goritoetal., 2017) -

15



2-2 # R (Activated carbon, AC)

FRRE- R SIS R Ak e fh B d RS
PR S F 2 AR A I A At s P SRt BIVE NS
Fedm i BN EAL R B R T BT TS A S 2 PRETR T
BRIV N o a3 AR BB R o ] s e JATTE
RYFRE 20 fFl 5354244+ (Yuetal, 2016)

AL B AT A F E R A IS o B A
SRE AL 0 B AP B Rl ARG ok fen g R Y R
ﬁmx;ﬁmi_ I o i A K AR 2 A B A R ag*,yu P eh

§_7 400—850°C 78 B T % jéﬁ*é\ﬁ* Kb ‘*’\‘Qr’l‘ﬁ’}lmzf{]’}*" 2 & ip B
FAEERATE R A0 oI R KB R o P REE
AR SIH REBAN I E ARSI EARS S BIIE
Pk ke et SRR ) R AT L 2 A L et
o ol B R R B R K * e 2 (Ahmed, 2017) -

2-2-1 B R
2-2-1-1 #;k =R (Powdered activated carbon, PAC) e * % B

w20 A48 o ?é'b‘.ﬁ B HcE Sl BRI R Y 0 B fod K’/Tt
REfrhral f 0 1930 & 2 0 F R AORAILY R EIRA SR
i frdorkends B0 p 1930 £ 12 %k > PAC o * ek 4 1 HE 4 gt
PAC i ¥ A4 » 50 P il fofh @ » & AR ¢ 1 04 10-30 A 48y
PE R o

4o% PAC AipBY F F L Opri o gfggmwﬁ;; 4iem k3 H
Mo Ra 2 F@LERSNPAC HEES  Fla ki vl g wEL
SRR BER AR ERREFT T M F e PAC 3?1‘ EBmEN BT 0 R

%‘\pmﬁ*%‘rﬁh 57 PACHriip i 2 FenR imledg» &£ &3 7 B
»% & (Sontheimer et al., 1988) -

\4_. \m&

pid
E
£,
g b
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PAC » A% & BRI IE 74 i - 1955008 3 3R Aol i Al ohi
o PAC AR B » G H IR ¥ U RY et 87 ol I A X o d 30
BAERF L 7 RS ek o

2-2-1-2 #pE R (Granular activated carbon, GAC) e ® 3 &

AR B 0L AWK R A AR AT e B AP
?gﬁgwafifﬂﬁ¥£,ﬁ%wdpﬂﬁﬁﬁkﬂ%—’ﬁfﬁ*ﬁﬁﬁﬁq

PR ARG AT AR RIS e E o S H B PP R AR
%F’% iRl AR A o GAC {8 RAL* A A Az ek

R BRI AR AERY o Aid - S EF Y > GAC frit B B

Wit L5 g FIRARKARN S T H* o 3 K> 1970 & 8 ] 40 1 AC * AR
R % GAC # 4o o

2-2-2 &R RR

RL 1 ¥4 F AR SRR A 1900—1901 £ » F kAR g
19 2 24 E A5 REEE j—é']ﬁ_ﬁ%\{d ErEH A g fwn] eﬁgm;g
En * 0 EFRIHI KL FRAARE S ARET g NIV FER R
?’@l'ﬂr'ﬁﬁm/ﬁ!ﬁi”‘ TS RA I R AR AT E T B
PR IEF AR BRI B PR TREERAF BRI R SR
B ¥ AuE At (1389 &) % (105 & )&% (5 &
oR & )~ R (35000 ¥R E ) v E R % (35000 MR ) o Table 2-2-1
PRBRRESETfoE R )L REAE SR AR R
( Dabrowski et al., 2005 ) -
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Table 2-2-1 The properties of the materials used in the manufacture of activated
carbon ( Dabrowski et al., 2005 )

Lk - . o e L 7R
(F2£%) (FE%) (ecm*g?) (F£9%)
# 40—45 55—60 04—-05 03-1.1 ?%%1 3t
A 40— 42 55— 60 055—08  03—12 ?%%1 h
% 35—40 58 — 60 0.3—0.4 — ?%%1 h
P 40—45 55 —60 1.40 — %j f@% I
. 55— 70 2540 1.0-1.35 5_6 e ;it =
e 65—80 2030 125—-15 2—12 ji%%%j M
rw g 70-85 15—20 1.35 05-07  FEEL .
L og g 70—75 10—15 1.45 5—15 %’“%g ; 3L
A 85— 95 5—15 15—1.8 2—15 ?%fé o

18



2-2-3 B REERR

B R G F A ABAA A RREoRE S R 0 B R e B
AT R e R B R g RRI G A S iE P GV E
HE o R A G T B2 2000mPgte i ALY BB 4 £ BRI
Mk R HME DT S WE DT 2 AR gﬂﬂ,a:ﬂ SR A T
B B F AP RGeS B A B P ILR B R AR
R R R S B T A A fRE 5t

1. &40 v (Physical or thermal activation ) @ #7228 #4754 & 2 A 500
—600°C F it gy “f TR WP B 2R ts £ 2 800—1000°C
T R freng 'L;‘wéf ¥ E‘i AF A RF %s;ﬁ%‘“a\f?f“ ’
YU B S R eat T -:r%'ff'%\ BRI TR e 7 RO
R ﬂ‘i*fﬂ‘ff_ii‘_ A P LR S e G 'J}i’.li PR S S é‘f?l]ﬁﬁi‘l Rl

FHE %) (Yuetal, 2016 ) o

/

2. - #55i (Chemicalactivation ): i £ 551t # 2 fgh i % d-m 875 4o H >
FEF V& (ZnCL) AEifE £ B F L r S spd ¢ o 3 B e
SR SR A pZ SRR = S JRL R St A W A
(KOH) /& it 7 12 & # S e i fplend 6 fF fed R0 - 2 B ~ PR 3
FUASBIeT £ s 2 F MR ST BR O AR{oRR s SR

LR ST

PRI EECPL RSB ATT OIF R EME FIER o CEE
RF - BHIoA FILBENFA BHIoME L HFILELR R (800
—1000°C ) % *+i- & & ;8 B (200—800°C ) » Figure 2-2-2 % #l (£/& M & e
#2 % (Sontheimer etal., 1988 ) -
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Raw Material

v A J

Reconstitution > Sizing
Pretreatment

v v v
Carbonization
Activation

Grinding « Sieving

v v v
PAC GAC

Figure 2-2-1 General flow scheme for the production of activated carbon
( Sontheimer et al., 1988 ) .
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Table 2-2-2 Advantages and disadvantages of commercial activated carbon
( Mohan and Pittman, 2006 )
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2-2-5 & AR PPCPs 2 i *

Table 2-2-3 7| It 2 i f % FE e st bt 775 ¢ 2. PPCPs 4p B é)ﬁ?& b
oA RiEE (kR SF 24 BIRT T RRBRER) R E
£ (e ° Baccar ¥ * (Baccar et al., 2012) 77 7 i€ * {Eciff B R = i cim R
% 18 H3PO, it & 5 it v *q lbuprofen 12 2 Naproxen > H # lbuproxen = %4 %
¥ #] (qu=12.6 mgg?) > Naproxen (q.=39.5mgg?) st~ » 5%
] 5 lbuprofen » =+ & ch® & ¥ ac L7753 ' {oid i - Mansouri & A (Mansouri
etal., 2015) & * * B4 %% = 54~ (Lignocellulosic precursor) % =z &4+
oo %38 COp 4 2L iE i+ (u=282.6mgg) fr HaPOs i+ 35 i+ (qu=160.9mg
gl) BlFEE M A H Ibuprofen s 7 5 0 BB T > B CO P E v B
HORE G RRF ATV oA F o B (VB E (L gt 44 Ibuprofen i
% #L{c4 o Alvarez-Torrellas-& A (Alvarez-Torrellasetal., 2016) & * 75 * &
& F-400> % 30°C 4+ 250 rpm #F =512 25 mL 3 100 mg L™ 2_ lbuprofen
do ~ 2 e B ersovi &) (7.5-500mg )0 R BRiE ARE R frdk e id R R R R
BT P Pl T frd (B P SR R A 1 R 3 £ 5 208.5mg gte Cazetta
% 4 (Cazetta et al., 2016). * 40 mL & & 25 mg Lz lbuprofen » 4c » % F
%‘r ¥ w *i#] (Co-doped mesoporous carbon, NSMC) (5-50 mg) » # 30 °C ~
220 rpm FH T_iE 2T E 3 x4t R(q=56.78 mggt) s F2 3 4 7 Langmuir
Bt Bk i AR 2 By U hH K ERY o i BT e
R AR TR o

Cuerda-Correa % + (Cuerda-Correa et al., 2010) & * Cobat ( Suresnes,
France ) # & 1 BP-1300 :& {7 Naproxen = %4 §=F % - #-0.004 £ 0.1g
F I B ewR A o ser 90mL JEA 50mg LY e Y o 4 20°C 2 B qa#
B (40rpm) TE A g0 R P ARBRfoie R IFL AT F R R
K p% > Naproxen ewx g % £ # % (qu=129.43mgg™) @& * Az -k 5 A Hps
St E B 5 9051 mggte gt F Rk SLPE > SR R R Ao
frfha o Bl el ip B ARA T B A T id Pl oo BRI R H R R TE S
AFPE e k? 2ty B2 gy o920 - 2y (W
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etal., 2008) “rF g & * p ZR-KAE S FAT S RPE > TG & e a0 pH
A B R URERIE L AR PE > Naproxen (R E B R
B AT arok? P BirRBF T L aEF 2 fﬁﬁ“‘ ¥ =
( Co-adsorbent ) -

Portinho % 4 (Portinho et al., 2017)#¢ * § % & ¥ 52 &' & = 2. % 5%
P 38 17 5 1R e vt Caffeine 8= 3 > % {e Freundlich % 8 4@ 4p v+ (r?=0.983 )
2 Langmuir & g 519 3 ey (qu=367.216 mg g™t ) # i & 2 54 (r*=0.895)>
PLIRG R A e L 2RI F I K f2 ] | Sarici-Ozdemir 2 2 Onal (Sarici-
Ozdemir and Onal, 2018) & * & & (A 3 4~ (polymeric waste ) % (/5% »
F¥7 R REFAT (298~ 313 2 323K) > 3 I Caffeine 2. &' % £ 5
FE RS % M A4 (35088 ~ 357.14 ~ 363.63) -

Zhang % * (Zhangetal. 2016) MRp L e RTERE AR (Y R) &R
ZoE M R AR E SR W F B P Sulfamerazine A 4ok B G
5000 ng Lt % 600 mL gj4k ® & %4 » 510~ 15~20~ 30 =50 mg L™
z_wx v > 12 300 rpm ek B iR F 4R 48 ) pE (S a7 o 1T K A 57 o d Aten
A - S a3 % B JA e o e 3 f SRES Y A AET T
LML R 5@-% i ekt AlApLt (do§ 1 4R > 8732ngmgT)  E A AL
3 K,ért B 4 e (233ngmg?t) @ 4 7 5 & 1+ Korzh % + (Korzh et
al., 2016) £ #% =% *i+#| F-400 #- Sulfathiazole i* % p 42 h ¥ 5 H ¥ R
ag&%ﬂr Egr P FL 3 raxcEa g 22 22 R f%iﬂ”%\,fw%ﬂ’{
BoX el B AT 1B K A B BT e e k£ o (1-100pg L) > A g
St EE S 28mggle Li & 4 (Lietal,2018) :E# -4 3 5 % 55
TR BRI G AR HIR R RIREEY > L T ERFR e R
A @7 2 kAR (50pgLt~100pgLt~02mgLt~08mgL?t~1mg
L1z 5mgL?t) & 10°C ™ #-1g = 534 72 50mL %% @ > 12 100 rpm
BRTEAFF R w24 FREETR ﬁi frd 47 7% % ¢ doR MREE 4k
B o # 3 % 3 Sulfathiazole #ex it 3 € (u=833.33 mg g') & « *
Sulfamerazine (q.=178.57 mgg?) -

23



Table 2-2-3 Applications of activated carbon adsorption PPCPs

Pharmaceutical

Activated carbon

Experimental conditions

Removal or adsorption capacity

Reference

Exhausted olive-
waste cake

Co=10.04 mg L
Carbon dose:0.3-1.5g L

q=12.6 mg g*

(Baccar et al., 2012)

Lignocellulosic
precursor  (olive

Co=5-100 mg L
Carbon dose:0.3 g L™
Activator: H3PO,

q.=160.9 mg g*

Co=5-100 mg L

(Mansouri et al., 2015)

stones)
Ibuprofen Carbon dose:0.3 g L% q.=282.6 mg g*
Activator: CO,
Co=100 mg L* (Alvarez-Torrellas et al.,
F-400 0L=208.5mg g*
Carbon dose:0.3-20 g L 2016)
Co-doped
Co=25mg L*
mesoporous carbon 0.=56.78 mg g* (Cazetta et al., 2016)
Carbon dose:0.125-1.25¢g L.t
(NSMC)
Co=50mg L* =90.51 mg gt in Milli-Q water
BP-1300 om0 Mg A gg™ in Milll-Q (Cuerda-Correa et al., 2010)
Carbon dose:0.044-1.111 g L* .=129.43 mg g* in river water
Naproxen Exhausted olive- Co=19.78 mg L™*
q=39.5mg g* (Baccar et al., 2012)
waste cake Carbon dose:0.3-1.5g L
Biochar Co=4.605mg L* qL=290 mg g* (Jung et al., 2015)
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Carbon dose:0.2-1.6 g L™

Caffeine

Grape stalk

Co=20-5000 mg L*
Carbon dose:15g L

.=367.216 mg g (r>=0.895)

(Portinho et al., 2017)

Polymeric waste

Co=20-1000 mg L*
Carbon dose:2 g L™

q.=350.88 mg g at 298 K
q=357.14 mg gtat 313 K
q.=363.63 mg g at 323 K

(Sarici-Ozdemir and Onal,
2018)

Sulfamerazine

Coconut shell

Co=0.005mg L*
Carbon dose: 0.005-0.05 g L.!

q.=233 ng mg™*

(Zhang et al., 2016)

Raw peanut shells

Co=50 ug L'3-5 mg L?
Carbon dose: 20 g L !

0:=178.57 mg g*

(Lietal., 2018)

Sulfathiazole

F-400

Co=1-100 pg L
Carbon dose:0.1 g

qL=28 mg g*

(Korzh et al., 2016)

Raw peanut shells

Co=50 ug L-5 mg L
Carbon dose:20 g L

0r=833.33 mg g*

(Li et al., 2018)
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2-3 MR
2-3-1 i A%

A TR A AR AES I A ko XV AN PR A L E RS
T > H P oL ame ot B e #gczxﬁi@g e F R 4
L F * (Vander Waal’s forces ) » @ 1 5 w5 ¥ig & 75 o it o i 120 P i 4E

~hH

2-3-2 P2 FlE

R EUE LRSS R C LU VAU S
£, 0T 5|]$}§IE;L

1. e

a. 3 fz;;b{,"%«‘,gi_in,\ g—g"—ﬁiﬁ'g’w%\,ﬁfgﬁﬁ%?

VIGOAR 5 F o

b FtiF t R DIVFARS VB TRE RE N 0 F 2 FIVFAR RIS 2T
FREEE ~ o @ {5 4T

2. BIFE

& AR AT R AR PIRELE » S AR IV P R E S R e

b. A Fa5% u% T ks a3 A5k o B e £ 0 12 Figure 2-
Bl FEb o AR AFEEINF ] DT FEH T FART AR
BEFHROERS 180 MG A Mo P F 2R T4

PELIE N BRI o F]t 0 A 3 AR G R B R g RIFD) S
%1% (Yangetal, 2011) -

a. i pH T - At pH R R T g JIS R S pH &
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g se > BG4 T £ %4 (Coulombic repulsive electrostatic forces)
B < Fxwog R b (Joshietal., 2017) o

b. BBER " AHEEETFEREBA R FIZEFERAF > &+
T erdk A (viscosity ) fE B s s AR R B ePuf B T PR
BAFE BEHea B e E (Olfat, 2003) -

CH;

Figure 2-3-1. Scheme of eyhylbenzene, p-xylene, o-xylene and m-xylene
entering into MIL-101 pores.

2-3-3 Langmuir % 8 =& %t 4258

FORSES TR EFHRARAML G oA A0k
(Langmuir, 1918) > & d 44 B G H H 4 F 74 @ ) o Langmuir %

B AR S B BT R RSO T A T S 2 g2 RN

=qLKLCe . a_
LT G, (5% 23D
Qe : BB T Hk AR (gkg!)
Co:iRpp T gmk R (gm?)

qu: 8 & &foxitE (gkgt)

KL @ Langmuir %8 & > f258 % #ic (m3g?t)
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X — (3% 2-3-2)

H=- 5 2-32FpFFR G e iF5 2-3-30

(% 2-3-3)

*q% 3 2-3-2 0 ok U 1/Cleﬁ1/CeleﬁV+‘?"Eﬁ » 15 54 2-3-3 #-Ce
Qe ¥} Ce'v»kfsﬁlﬁ‘}'"ﬁﬁ TEERBIP 2 AFEEA T BFiarg 2 Ko

Byt 2-3-2% 5% 2337 s m ek RER € FRnE k0 7 @
F AR m,};&%rﬂ RLEMETIA Feanie % 4 75 bviFi e ? 2 F
teien R Bl fst 2-3-2 7 5 H P g C R MOER RN 0T
By g TR E ¥ -3 6 038233 e kARFRHY € FIRIE
gk R LR AT AR I ERGEERTLEEF T ERLEGOER
MY FALRLERFRASETZSR ( £85 28 S8
TR LR R B 5 R Py F RS gAY i &
AU RS Bdp kR o B2 R R oo

2-3-4 Freundlich % 8 v %f £2.5%
Freundlich (1906 ) &% — .88 > 0T % — fH 383 S0P pL 58 SOMfaR o
1
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PRAR T R A (gkg)
Ce: iRApBIF LT HmER (gm?)
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Kr : Freundlich & ;8 e %¢ = 4258 # #
F+ £ 74 (Heterogeneity factor )

A e 2-3-4 7 F e Pt > T F 2 log Ce fr log Qe RS §F 0 A
é;\.&r‘f o

1
Inq,=InKg+ n_lnCe (3 2:35)
F
"IN Ce#f Inge 1EH » ne 5 A% o log Ke 5 #5E  FIAPER Qe o Co=1
P % F >t Freundlich 8 s it % #ic Ke o

A 5 HERTT 0 gt sk v Langmuir B A2 {E S R iR AR o
Adamson (1967 ) # 7 » Bk AEF B4R DR A 3 4o vk e ehjie A S 8T ' 0 B
Freundlich = 427 ¢ Langmuir %8 ex w4 0 > R 255 4p £ 5 5 q )

h w75 o

'

fr Langmuir % 8 =% *fq‘fﬁi‘ﬁﬁﬁ » Freundlich’ % i =i f i< 2% § 0k B #
FIP 7 e i M RRAFABERAT 205 st R Ft o dok
Bt FEfE R P iﬁv;ﬁé}ir%} s Freundlich = #2538 ¥ &0 * N4y it 9 sk #ic
Py ot b F AR S g B Rk R A Bt R Freundlich dp B ¥R R ™ '8 A
H4v o kR VY M3k @ o Freundlich dp il s% %103 10 15 ik
BT ZESHAREZA L RRE g

2-3-5 I E e Kt R 2% (Ideal adsorbed solution theory, IAST)

IAST Bt st 4 & o o BH S 0% * B - 3 e rqdicdhst ¥
FRRA e s S o (8 RGE B ey #2302 R ahd 2 oo

|ASTf§a+t.-’Iﬂ ks GR A F LS B R N R T
#- |AST ‘ff':t“i = Lﬁ{n\’ﬁ ¥ e ﬁ JLJ'L”LE %ﬁ‘f\?;ﬁ »‘}*"FE',& 5? 4 ek
i T ’}?{‘E‘Q 5701‘?\‘%?#9 R ¢7fé AR E - SO G R T
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n=m; (c{)=m; (c})="+- (5% 2-3-11)
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a) Pure components b) Mixture

Vapor phase Vapor phase Vapor phase
oy 03(T) O UL
P1 P1 ﬂ1+ﬂ2 P2 n1+|"|2
Liguid phase Liquid phase Liquid phase
Ny ' N2

Figure 2-3-2 Liquid-vapor equilibria according to Raoult’s law for: (a) pure
components and (b) a two-component mixture (Sontheimer et al., 1988).

Pure component equilibrium

component (1) n1\ "2 component (2)
Smn R 2 (1)
N\ 2
1 1‘3 2 2 2
.
1 13 : 2 2
R 92
Spreading Pressure:
L. My =T1=T
Mixture equilibria
¢y = C?(nm-T)ql 1 1le
qQi+qs 1 2. 2 Inert
2 1 surface
C SrmDa Y, 2
c, = ———=
qi+q; qy+aq,

Figure 2-3-3 Liquid-adsorbent equilibrium as respresented by ideal adsorbed
solution theory (IAST) (Sontheimer et al., 1988).
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F
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Figure 2-3-4 Types of physisorption isotherms ( Sing et al., 1984 ) .
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2-3-7 & Fe ¥ (Types of hysteresis loops)
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Figure 2-3-5 Types of hysteresis loops.
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aw%4§’uw FAF LIV R BRG] L Bt en vt [ ek i |
S F ks s B REFTE BEE Y 0 R Aok & ook e
AU AL B e IR KAwE HTF R
PFE BRI AT RTG  TR T RSB AE - R4
MERR R A PO A TR AR o

)

bt R e B f R T R
1 REL AREEET > LRV S -
2. EPEIP 2R IR B ol P e S R AT

R Rt b ST A L R
o

5. B AR RIFITNABIR AR 2R feho

A ACE TS BEY O ARRAHARE LIRS L G e
PR g AR A BT B E R iR AT R o

HP 2R EF W (Completely stirred tank reactor, CSTR) M R
Beod 4 By Sof A T oA de kR HEOHE SR T ALK o
F sty & Figure4-3-1 %757 o ¢ * CSTR k3+ 5 % B rﬁﬁ&—ﬁ AR e S
LR BRI EAO R T A E B N H G E RE AR TR d
A ERTINTEREZAF AR I AN RFE REAAM 0 FG
Rk B de iR 2 RN B oo W RIR e SRR 2R
FOTHR B G ART SRR AR > MR B S R S AR
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TR ARk R A 7 o

Filiing C'.-f Sample Filling Sample
port port port U— port
' |
Mixing Mixing
Adsorbent turbine Adsorbent —17 turbine
in basket Q
L-J .l T . -l - w,
(a)Slurry reactor (b)Basket reactor

Figure 2-3-6 Completely stirred tank reactor:(a)slurry reactor and (b)basket
reactor (Sontheimer et al., 1988).

2-3-8-1 #t IR @i (External mass transfer )

EERAP BRI G T A SO BRES PSR LG o R
X AT 2 L ALY BIEOE R o o Fugure 2-3-4 41 o ipfh i B f

Fo K TR @i WA G P IRE R i@ i (External mass transfer ) & sE3E 4T
( Film diffusion) -

HF AP F BB LE P BRBRAI N #4 F  Fpg R
ZF BT ETGE B MG S R R R B R e T A ¢ et

ig'{’t7 kaﬁ,%ﬁ‘& N IzNLlf‘::L‘; T\—/T ) E} JJ'TX%(/\ ﬁi‘\/l”“l .
_ dq. .
NL’ i:_L. —_—_m — ( ;\‘ 2'3-15 )

Np i@ 273 3l e 245 2 (the loss of mass from the bulk solution
to the adsorbent )

L: @B ks pipamls (m®)
m: jsed 2 s upH R (kg)

ci i Bk B iR (gmP & molm?®)
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q F BT isREp kR (gkgt & mol kg)
¥ g _Fick % — 47 & (Fick’s first law ) {8 0 @ g 4o cndic 5 4y i

dCi

ng =D, i (3% 2-3-16)

"t FHEEGHFOFEREES (molm?st & gm?st)
Dy, i@ s f 0 e Ap A e (mPst)
o ERADER (M)

BRETRGET VR RABEREY R kG ER RN DT R BE
Ao FLEEH A TR0 E S ARl

i, =By (ci-er) (7 2-3-17)

B . ¢ iR A IVE R B A A ki (msT)
¢} R ok P R kR (gm®)

;¢ 2-3-17 % i3k Figure 2-3-4 ¥ 5 pIRE R @i 4 FRT gk R
AN ’;}_L’éfé ‘T%“}‘%T Hﬁ}L"F}’E’?'J‘ F m Rk T ?&/}E fﬁCi ‘ff'-l 5 E 4R /}Efiqll i
4oz 2-3-17 % 1

q,(0=q,(r, =q,(dp/2, D=f(c;) (7% 2-3-18)

FRTg (5% 2-315) e R @ & (5% 2:3-17) ehie &7 94} -
B A2 o bR SRR R
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S-Tagp, (o)) (& 2-3-19)

st HEFEA St g (mPgt)

ToE Ak R AR L K p N 2-3-19fr % 2-3-15ch 4

= Puras(eie (3% 2-3-20)

R 2321 SR E A A G AL AN B Y 6k p BRI L I
I]jm.f:g:ar °

6
dP'PP

ag= (5% 2-3-21)

pp - A% & (Particle density )

S0 s 8 g R PR 2 e f 4 R IS AT
Hd R o FE B AT 5B g ALk (9 2] o

BOGERMAF BEY BETORIGE &R 0 3¢ 2-3-19F * A HEUTFE @

NN 24
¥ ko

L1
m-ag (Ci'ci*) dt

BL i ( b 2'3'22>

PO RRNT BN RET LT AR R B o3 R Y ik
BApre > RG ER Bl 0 R IV E BiE 4 e oo
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m-ag
Ci |t—>0:CO, i €Xp {'BL,{ L ‘t}

(3% 2-3-23)

(3% 2-3-24)

BB N dodke /o P B P RR TR 0 B g R FE Mo

¢ _ m-ag
__BL, i' —t

L
t—0

In

Co, i

(3% 2-3-25)

ok SlcL-mirasg s @ Ao IRNEE B ix BB T A F R

AN

B I o
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Adsorbent

ci(t)

Bulk solution

0 r —

Figure 2-3-7 Concentration profiles for a single particle assuming no internal mass

transfer resistance (Sontheimer et al., 1988).
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2-3-8-2 pRFE @i (Internal mass transfer )

B H B A B R AT S R R ow o Pl (hE A ow ff
SO R F AT 5 Ik s R 38 IR DB AR T M T s R R
it PR o ARG I Fhac (Pore diffusion) 5 gt e ,Jf;m, 3 nE
FUERE ~ o RIEAAL S & & #Ec (Surface diffusion ) e £§§ WA B cha B
Ttk p > Damkohler (1935) {- Wicke (1939) i}_vk M B G erid i
Rosen (1952 ) ~ Edeskuty f= Amundson (1952) 4 %[ it 4 & #HFIc{et Fhit

2R AR S L U R R ab;w"ﬁé@ Mo TR BES AR
FORtR o PIMFEBEoN IR BERG e LS L - AR e 4§

2-3-8-2-1 % & #H4cH-:Y (Surface diffusion model )

FEY kR AR EES AL B AL G R85 e
PR R oo AT PRGBSI AU5 3 AR S i
FEEK AT Fre Gt A § LR I 355 (X O {os RS ©
AR RO RIS AT B ER AR R R4 G
FF W B AR Y e TR e

BHEA| N e g PP & Fick’s % - e iE

. 6q; .
ng ;=ppDs;; 3 (3% 2-3-26)

“ng ;B4R R £ (S=Surface)
pp - A2 AER R R (kg m9)
Dg; @ # o #Ffc e (m?st)
8q,/8r : B4Rk R B R 0 & T JRECE AR RS 4
Q1 F F IR eI B R b R R R 0 T L E A
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Nr'Nr+dr:Nads ( 5\: 2'3'27>

dr: &5 BARREN OFE T4
Nrﬂerﬁdr%\, T AR A B PHECITY ¢ vxquﬁg*ﬁﬂﬁxfrﬁg?l 4o ¥ & Figure

2-3-5 AR ® R FRACE R A & 2327 B S

: dq.
Nr+dr=-4n(r+dr)2pst,i(%) (% 2-3-28a)
T r+dr
\ oq ‘
Nr:'47TYZPpDS,i<§>r (3% 2-3-28b)
09

N,qs=4mr’d, (5% 2-3-28¢)

ppg

#-3¢ 2-3-28a 1 5 2-3-28C AN 2-3-27 0 & d—0 2 15 ¥ 1@ 3]
TR R AR e A S et e

dq. 82q. 2 0q.
Hip, [y 2 T X 9.3
ot DS’I(Sr2 r 8r> (5% 2-3-29)

46



2-3-8-2-2 s 48 (Pore diffusion model )

O ST i b s ST Gt R R R S ALY g

Y - AT a0 L Fick’s % - &7 E R 3P 0p o5t

4

np ;=Dp ; >l (5% 2-3-30)

Dp; : 3“#Hiciide (m’s™)
cpi At P BEHEER (gmt & mol m3)

AT FHATH > B AV TR MR K op e ¥R AR R R T 7 Figure 2-
3-6 &g DR AR e EARE R T S e A S 2N RSB E B R cak
A58 (3% 2-3-18) F hF R T e 2 3t PHi B S RSt ifi’ilj » % 3\
2-3-29%}3@#5 g B > Pl (BT 2\

0q. dCp ; Schi 2.9Cp ;
— +gp ——=Dp ; == 7 2-3-31
Pr7st O ot P‘( or2 r or (5% 2-3-31)

gp ¢ B HHA 2N IRIL F (kgm?)

6}%‘&?—2@3’@_% BT R R B S B R iE R W3 PE4reh Biot

number #_& 4T

BL i. dP
2 Dp

Bip = (5% 2-3-32)

\f} X3 L#% l{l//‘f\ﬁiq\\:{ FUL ﬁ/:‘,gﬁt‘l L’J’J% {IT:‘)}V' 5171\;.’1’]7 - Hb‘frllgﬁgﬁ
licd B d 203 Hjcdgsl Az enit i g F]S (Labyrinth factor) {of £ i@
FIE S ERFICEERRE 0 T Tl F RS 2-3-33 3k § FlF Az
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& (Tortuosity) %+ g :

:SP' DL,i
Tl

(3% 2-3-33)

Dp ;

u: ¥ ¥ F]+ (Labyrinth factor) 4= & & (Tortuosity )

cilt
qi(dP/zit) t( )
\ Bulk solution
Adsorbent
A, fei(t)
< ':'S,l e ﬁ|_|
qi(r.t)
0 [ dp/2

Figure 2-3-8 Concentration profiles according to the film-surface diffusion model
(Sontheimer et al., 1988).
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ci(t)

Adsorbent

qi(r.t)

Bulk solution

(9] [ dP/2

Figure 2-3-9 Concentration profiles within the adsorbent according to the film-
pore diffusion model (Sontheimer et al., 1988).
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2-3-9 A F & /] ¥R WHAT ¥k (Diffusivity) 2 #2588

Jpp e R fo @ IR R @i BRI TP F £ % 0@ R
BiE B P A RGBT RS AR e G AREY TR
AT ;&—g?u # BN ApM Rkt E > 2T L Wilke - Chang
(1955) #77|d edp b 4

T(MWQ)%3
74101 ———— ;0 2-3-34
DL=7.4107% — s (7 )
vp i BRI W AET 2 3 EAA E (Lmolt)
@ kERES 2.6
13.26:10°
) (5% 2-3-35)

DL:—

i1y, 0.589

;U 2-3-35 P E A EE 28 S8 vg & B4 AEF A& (Dynamic
viscosity, n ) °

dod B A F BACBER A F T Ik o R EA G EkT £ Stokes—
Einstein = 4218 3] :

kT
= (& 2-3-36)
6 TN Ig
k : & 3% & ¥ #& (Boltzmann constant)
c © Stokes—Einstein (SE) 4~ % X = (A)
PR T R L ARIE I A F BT e B R A S frR B R
TR E AT AT E ST T B

i)
LR RBE TR R mswfn— B s 417 SFBF LB
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KEF| PLETiER KT E BiE4p k2 3-8 Do (Sontheimeretal., 1988 )
2-3-10 ;%74 #k (Determination coefficient, R?)

JI* BRI de 4 kdg ke 4 7 5 0 4ok 4p 4t e (Correlation
coefficient, r*) % » et £ ’fr"'f‘? ME s AR E % 0 B R r AUk
( Determination coefficient, R?) %7yt 7 5 chif * |22 5 »zis (Changetal.,

2004) v Mm%t I,‘ﬁﬁi:m‘g"—jr ,7\ 4T Eron

R2=1- E((y yc)] (& 2-3-37)
YeYm

e 2 & (gkgD)
Y, SR 2 @ (gkg!)

e T e (gkgl)
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2-4 )RR LA R ( Rapid small-scale column test, RSSCT )

DA R E A (GAC) SR 3 W 2 EPE T By 0 5T WL
R RAL AT RO F R SRR R R B ehbeid 2 2 e Frick e

Crittenden % 4 B ¥ /FJ@W W m‘ﬁ”‘x" 20 A5 Meid o] RBCE
Frpl3® (RSSCT)» H % Z & & * 45 32 enfis o mq\ur]k;;];%‘r % 5N

EW S e RSSC-I_",‘Z-El SRR O R ECE EaEN R fFlJ e
G E Y LA F kil sk e AR PR (EBCT) 7 11 17
Ilfe= A F 4Ap i eadk 17 o

@ % RSSCTL PRy iz B & B2 (1) 7 e d L7477 o
~ ] R4 PERE P2 (5 RSSCT (2) foififl#cE 55 7 > %= ﬁ L2 B

BrRy 33 ZRERSSCT @5 2o i FRI(3)F%HEZ RS E ok
PV RFREPMEFFY o gy RSSCTEE /7 3 7 1 iﬁﬁf&’“*
7R OERF o & > & RSSCT e 'L 3 & 7 135k o

s

Berrigan 4v Crittenden % A 3¥iw3d3h 3+ RSSCT * 2 e B » £ 4 i
ERERERfoR T A A AT A4S ] kFr T RSSCT ek 4 f 7
v EBCT chif 8 1 (1) #2388 @814 SOTHA (2) d 440315 b
BE (3) Bk o HICHON TR BZ e 4 o 3T T 0 Mehffac o 1
<A (>300MW) @ % 0 PSR B g A a4
EE A (5 100—-200 MW) RIE - RER - Ra o ] & Ffod
FIWPFaps (£ v R ERPA T ERE R EHFRT 7T )4
FERABERF] Aok R BE TR A n{i’# LvE A 3o

RSSCT 1 EBCT » EBCTsc ¢ 342 B £ if fe 4 jhi s dok © 4at i

fod o AT GBI PRI P17 2B ] B ot N auE

BN A frE FlE R AR b kR AR 0212 4o% RSSCT e 2 40 ¢

CHAN AR EER R E R S S LR R R
[ @ 4ot @ EBCT R i 4 41
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EBCTsc:[dp, scr_X tsc (5 241)
EBCTic |d, rc t o !

SC: /| HHH

LC @ 2 HE

EBCT : Z A&/~ (min)

dp @ B AR

t: gk SRR

ET R EY X TR AT BRI R T Y A G ST
#] o Xd TEA

D d 1%
s,sc:[ p,SC] (& 242)

Ds e |4, 1c

Ds : GAC % w 4% ik

HL IS 0 X T S

(5% 2-4-3)

X
Dy, s [dp, sc]
Dp, LC

Dy : GAC &3t $4¢ 4 #ic

dp e

¥ 195 RSSCT A & & @ 4w 2 40 F 17 ASL R A &~ A
RHRRY FioE H T RS AT RSk (FE5 % 0 specific
volume ). 2 Rfi-< < ¥ A AP E F et + 2-4-1 h RSSCT f?T‘-%-vr’#B B
2RBCE PJT Ok M Af ¥4t RSSCT )%%ﬁv"f 14 EBCTgc » 2 #Rp- ~f 1
% % £ % RSSCT }\ﬂurtu RSSCT ¢ GAC hf £ » A2k # %3¢
RSSCT & & # % 12 RSSCT it & » %3’ GAC Ma pF » £ & ch i i * 18
FoddRRer AT ERE - A A AEE T E B S8R Gt
AR, Pk X 3§ BRI S ¥ ﬁr;}a‘r{‘"‘“fé_ » W% EBCT.c
{e EBCTsc 4p B % » ¥ 7233 RSSCT 4% (¥ pF [ o

53



1. & 2 +7 (Constant diffusivity, CD)

b % BRR AR FEACS A SRS (X=0) 1 P 7 12 4% RSSCT 4r
?_“J’ﬁffﬁ—? ’h BFW AT AR e 0T %;%d RSSCT %ﬁ .| $E A %.fr
LR LR E R R 18 A e R Gl

2
_lsc

EBCT, ¢
ek ) oA AR A T R lcAn B 0 BT 0 @ R @ e
R EE R A A TR BE R nE R BT R

(3% 2-4-4)

dp 1]  tic

T (3% 2-4-5)

VR4 f g
2. & 3E%c (Proportional diffusivity, PD )

R A B S g P e LR P FigE S
ot (X=1) =t ) » e g % o™ & 58k E ¥ RSSCT a3k 3+ 4o
dod i@ pt N E D] EBCTsc > 7RA RSSCT fr 2 RBCE Lihf & B2 % &
PR R R IRATIE S AP SR BT S fev A g p AL R AR
B et

EBCT, . e (5% 2-4-6)

¥ - 25 > & RSSCT fe2 R4 1 7 iy a4 d 2 frfohmF & i
SIACAR D2 ErdAT o o ATRER P FATIEA LW EERFTEBEH Y <ML
$oo Ft e iE 3 RSSCT ok f ApEe 1R b o Hagfe st 30 £ Bixsldech
WicE @ 3 P RSSCT &% -

EBCTsc _ [dp, sc] tsc
dp, LC

A3 245 w22 RSSCT ek 4 f 0 X > 50 % MR e
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RSSCT ¢ L& & - Crittenden 3% 11 1 ™ & 3¢ ¢

Vsc _dp..c Rese, min
Vic dpsc Rec
Resc, min & #& % RSSCT ¢ & $gfeet %K%‘ﬁ‘f& @3‘5%2—?17 g TR ? 112
o] T # 8 o Resemin 18 5 13 ¥ § B ki e & > fe 4ok RE4T 4 fo
FHERDFEL 0 PT URF R AE o

(3% 2-4-7)

9

B ARt B e s 50 M A O » ok § R 4 B AR
NEF i BT s p 4L o 4ok RSSCT fe= 2RHCE 4L i % & e
—5‘,
5

a4 ‘:iq

"M R ED R & FE GAC AJZ RSSCT fr«’ R SIS S S L
ZMica 3 BILERER T ob o 4o% RSSCT ¥ B feni 4 T 5% 53
B A RHCF HAo RSSCT B énflifi % R 4ot M3 £ B 2 BRI A '&E :

Mg=EBCTj ¢ [ D, SC] Qscpb LC (5% 2-4-8)
Msc : RSSCT ¢ eia i i &
Qsc : RSSCT ® 2z i &

poLc - 2 ARBCE 2 A % A (Crittenden et al., 1991)
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2-4-1 smpB%ds 4 #;8 (Linear driving force model, LDF)

RN FRACHS e MR R ol KRRk, o S EREE RS
Wivo TR CEE Py 4 o7 R R SFH 4 (LDF) 2 2 (Glueckauf
and Coates, 1947; Glueckauf, 1955) - d »>+ H i H m@:?éfﬁ ) fé;}ﬁ R
R SRR ﬂfpr] TR RN R Y Gk i AR o LDF N F AR G A
Z o FHETHCF E’ﬂf's? v HA ML S * gy Fick 227 ARMER £ 5
BB R AT R AR RS 2 AR -

é‘LDF ﬁ_‘\l"w ’ T;‘;{\'!}fod‘ﬁl i\‘n éﬁ;‘)éi o5 %'»i J-+ l‘/ti Rg__%%‘{’}’g_;\ v m
%R RIS R P %iqgms—}’\ o Bt 0 BRI R R R AR & G ch T i
JREAR T 8 a2 P enE L Ar i o Tt > B enE Vit G

ns=ppks(q.-q) (5% 2-4-9)
Pp * FERF R (pp = Ma/VA)
kg @ REAep FFE BiX hic
qq ¢ SRR oG e R 3V E
q:pkr Tt

Figure 2-4-1 v 2-4-2 5 % fafch 4 Bl & 6 SRS ik
B A G 3B

* PR AR D5 2-4-10 ¢
X mp d(_l VL dc .
—_— = o 2-4-1
STAL AL A, dt (5 0)

TR DTE R ART A AR 249 T Rk
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dq
dt

ayy | A AR M T YR @3 vk & G (ASVA)

ks—(q -q)=ksayx (q,-q) (5% 2-4-11)

PO R o R A e R s FTEBE RV UL
AL R & o BP0 G AT B S EE R AP M (am = AdMa) ~ A
A F R F A (avr = As /VR) © Table 2-4-1335 7 S F B ¥ 4 = 4260
FRAR R L g L T g E N R R R A2(50 2-4-10)>
29 RN B A SRR TR B3 750 o

?ﬁ-‘a @,W—'ﬁ_\m% H?'T]/}\‘P '1@_@%)\:{]"}m—§ﬁ‘f“ﬁ\ !Ffrﬂ I§ﬂ= 1‘*;@3;

k*s :
dg «
—i(a.9) (£ 2-4-12)
dt S
fr’
Ksaya N
ks=ksayy=——— Ie =ksanmpp (3% 2-4-13)

Glueckauf (1955) 4 B E & &% 8k sfo & o #p4c hdkDs2 B 5 f12
THGVR R

« 15D
ks=— > (3% 2-4-14)
Tp

hoTable 2-4-1#757 > $F30 3k A5 w3 > Kisd T 5880 ¢

kg=— (5% 2-4-15)
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kS:_ ( ;\: 2'4'16>
I'p

B RGO ARER N AR S FHE 0 N3 2-4- 120 P
T fefe SRR 2N gs=F (cs) AP L o A dndrd B ik E

q=0, c=cy at t=0 (3% 2-4-17)

ppks(dg-0)=kp(c-cs) at t>0 (5% 2-4-18)

FF 24185 B D I (hs = fip) B 7§ AR
WAL B A FapMaiiRT AR E T g o

B BT TS TR BES RN R i e R

M e F) A5 50

Tp=kst (3% 2-4-19)

fo— BBiot#icF » &0 0 P IMfep FUFTE @izt

(74 2-4-20)

Sk IR R R AR TSR AR (X) fesoq @l f R R (Y) 13 A p
#i (Ds) -

B PFR @S AN S

—=Y.-Y (& 2-4-21)
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¥=0,X=1 at Ty=0 (& 2-4-22)
YS_?ZBILDF(X_XS) (}‘\ 2'4'23)

FE B S R F R F] S SRR AR - A R

Y ~f(X,) (5% 2-4-24)

fogp BT 4

X+Dg¥=1 (74 2-4-25)

@ HuAX=f (Te)e

hod PR EcE B B 8% 24-18F S ehiE 2V 0 gk o BIEAR
VA
Ys=f(X) (5% 2-4-26)

] % cE  *tcs (Figure 2-4-2)

B S BT o LDFHCR] U 5 MR (e v £ G AT L AR 50
7 o Figure 2-4-34 51 i 3 3 g Sk Aceniie T o LDRRCY frHSDM
TIHE a4 By RN LDRE R BB Y NS 2414 B E R
W Dse TR B Gilice g p b MR F k5 2 o R LDFHC R phoo# 4 §
WA AR S R g 4 o

% LDFRCS o £0F 5 4 6 fRECHER enff R AR Favie v 74
BIVFHATH G Mo de g & & B frdt FATB T 0 ok B AT TR BT T

x

E
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Dy =Dyt 22 2 oy Deco
S,eff S~ <~ ~US

) pp 89 Ppd,
Fow o RLDRCS Y R TR @ Tl § oo A il

o

(& 2-4-27)

* 15DS eff ISDS+ ISDS Co

(% 2-4-28)
S, eff— I‘Z I‘% 1‘2 Py +
S 2-4-27% 15 4> ADs=0efR T o R A 1335 Dpit B ok d &

WA e o Ft 0 BRIV RACTUFIER 0 S 24281 1 %

. 15Dp ¢ ‘
K off=—7— L2 (3% 2-4-29)
5. Ppdy
BB AT R RA (pe=Ma/Vr) frz M F (BMFETHAE)

gk % 7T

Ps

. ;v 2-4-30
pa 1- -E€p ( 4 )
k*s,eﬁTVDPi P enfd the ¥ 008 R 250
* 15D¢(1-¢ C
_15Dst o) <o (5% 2-4-31)

S, eff I‘% pB qO

Bz o JEEP 0 oo PHATeI PR ATE 0 B B LDFCA] ki1 12 (Eckhard,
2012) -
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Adsorbent
particle

Bulk solution

qs(t e(t)
T q i i
ac el
| | |
| | |
| | |
| ] ]
e fp+b
r —m

Figure 2-4-1 Concentration profiles according to the LDF model with
external mass transfer resistance.
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Adsorbent
particle

\

s

q(f)

s(t)

_— Solid-phase film

Bulk solution

cslt) = cff)

Figure 2-4-2 Concentration profiles according to the LDF model without

external mass transfer resistance.

e

f—=

10
_ 0B —— HSDM
& S LDF
| .
5 0.6+ . n=104
= " D, = 1.351 % 10 ¥ m?s
I:Jq‘
I 0.4 .
= 3
Il
D p2 :

C'D T T T T T LT |-h--'_-'-|--'

000 005 010 015 020 025
Tg

Figure 2-4-3 Comparison of kinetic curves calculated by the LDF approach and

the HSDM.
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Table 2-4-1 Different forms of the intraparticle mass transfer equation

2o e B - R BE RAPERET i oA e i RAPDTRETERE S 2
dg 3k
EGEIE R dq —Kea _Cl__s
= q,-9
dr s VA(q Cl) As 3 ( )
VAT T
Adsorbent volume E: pP(l_gB)( _) Vo 1p dc 3ks pp(1 sB)( )
dt qs 9 dt I'p q E
dg 3k
e E A da_, _q__s
—kea q-q
dt STVR gy Ag 3 S o) ()
AR o\l TEB
Reactor volume de Vg Tp E_3ks pp(1-2p) ( _)
- dt o dt I'p €p qs 4
2 B | dq 3k
\Z)g"d'fgl{lj ?ﬁ:& dq K —_—S
= “ksampp(a,-9) s (a,-9)
Adsorbent mass E . my  IpPp de 3ks pP(l -g3) ( )
d ) dt I'p q E
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4

SRR

1l REHEAERE
3-1-1 =7
1. # % % (Ibuprofen)

Reagent grade > # B TCI = & 1 & > % & >98.0% -
2. % 4 4 (Naproxen)

Reagent grade » £ ® TCI = & 4} % » % & >99.0% -
3. exeF|(Caffeine)

Reagent grade > % B SIGMA-ALDRICH = # 1 5. > % & >98.5% o
4. =7 ez (Sulfamerazine)

Reagent grade > # B SIGMA-ALDRICH = & 11 & » % & >99.0% o
5. & MejF ek (Sulfathiazole)

Reagent grade > % B Fluka = & ) & » % & >98.0% o
3-1-2 %R
1. skt st e (granular activated carbon)

F-400 > % B Calgon Carbon = & 1 & > R 4= #L 5 & % (bituminous coal) >
s < o] & 12-40 mesh(1.680-0.420 mm)z_ fF o
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3-1-3 # &-
1. 7 g (Methanol)
Reagent grade » # & J.T.Baker =~ # ! % > 99.9% w/w o
2. ¢ p(Acetonitrile)
Reagent grade » % & J.T.Baker =~ # ! % > 99.9% w/w o
32 REKHA
3-2-1 s W 1L A 47
1. & &+ & +7 ik (Laser Diffraction Particle Analyzer)
Coulter LS 230 » # & Beckman Coulter «@ & i} & o

2. W F g FF &3 e Tw & 45 & (Specific. Surface Area & Pore Size
Distribution Analyzer by Gas Adsorption Method)

ASAP 2020 » # B Micromeritics 2> & ! & o
3-2-2 B FERA T RE
1. % #b-¥ 0 & &k g 2+ (UV-VIS Spectrophotometer)
S-3100 - & B Scinco = & d} & o
2. & *xi 4P & 47 & (High performance liquid chromatography)

LC-20ALPGE System » p #>#% % B 3|35 % SIL-20AHT » UV 1§ i) B 7] 5
% SPD-20A > i 318 % LC-20A > p 4 Shimadzu = # 41 %- o

3. HPLC %4 #5 ¢ 11(Column)

TSKgel ODS-80Ts » ¢ L% <t 5 46 mm1.D.x 15¢cm -
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3-2-3 B R T BJLR B
1. & %=(Sieve)
30-40 mesh ~ 80-100 mesh » % /#* Kuang Yang = & %]ig o
2. ‘%45 (Oven)
DOS60 » F&it & %7227 o
3. iz ®(Desiccator)
2TfHF AP o
3-2-4 ZWRHERA
1. p # £ % F (Auto sampler)
CHF-121SA » ADVANTEC® 2 2 4 & ©
2. ER AR A % (Shaking bath)
SB-302 > 4 4 TKS = @ #[ig o
3. NN F B E(CSTR)

s W E £ 225ems B B 28cm - B+ 7 £ 5 0.006
m? -

4. R v x j#&¥x(Bottle)

KG-33 7257 fa k33 4 & ~ GL-45 83> F > %8 4% 5000 ml » 4& ® SCHOTT
DURAN 2 2 %1% -

5. %% FF (Tubing pump)

Master Flex 751800 - % ] Cole-Parmer = @ %% -
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=4t g 4(Column)

AR FRprE2ems hiEdems F & 30cm -
A2 4 i & F B (Ultrasonic vibrating)

SK5210HP » # B KUDOS = & #]:% -

Az -k 13k 2u(Epure water system)

MINIPUREQ » £ "EfL 55 o &

#c i = I (Digital balance)

ATY124 > p ~ SHIMADZU = 7 #§l:¢ -
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3-3 Rk iE

3-3-1 WP H AR
Boif B A1 R F-400 0 12 6 6 A 1 30-40mesh L #-H s v

-FT—EFFA\T" 80-100 mesh > ™4 3 K E % B AR Lé] KA R
s XEE L7 AZE0.1%) B

FoA {8

e

/.E./F kB )‘JL’FFIJLKZE'E (‘)

R A £ R

3-3-2 prRiFFiz iR

#* 4= 0.02 5. % % (Sulfamerazine - Caffeine - Sulfathiazole ~ lbuprofen
Ei? R NP EmEEIAA L FER S 1000

Naproxen) & » 20 £ = z_
TEALY AR HRTE T AR

mg Lt e 3| fie 4% 2_ % i i) » 1000 ¥ 2 %
MLPEER S 20mgLte

3-3-3 £ EBHE R
#ee el R AR I T g Ak R (Co) o B~ 100 £ £ i) » = 4 407
FLP 0 FFLZ R AASFELPN Sox 0,00 s E A (30-40mesh) 0 4e » = & 2xiE
R PR 02 100 rpm i# B A TR R L oo T RS B TR R
0.45um JpipiBip v T AT o AT ERIZER (C) TP EEHAE
B d AR Figure 3-4-2 5 F kAR o

3-3-4 wid 4 R 5%
FeP 035 s WigiEME R > FERSRE P F BEREE A
(degas) - fiz %l 4~ 4% ;% ( Sulfamerazine ~ Caffeine ~ Sulfathiazole ~ Ibuprofen
2 Naproxen) Co=1-40mgL™? > B~ 35 223232 CSTR ¥ BH %% § (62
EEEE ~ 7 454n 5 N (Stainless steel basket ) » £ fodf itk - Az B 73T it
oo NF FaE R 4 (500rpm)

W E2 CSTR & Jig ¥, » 4 Figure 3-3-1 #7 7
AR D ORI i 5D 2 0.45um IR R o 1R A 17 2 Bolh 0B
E ”?l%?/;ﬁﬁ:‘:f—]%] °

Fed2 T g F @R kR R § 3% > Figure 3-4-3
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Of

Figure 3-3-1 The device diagram of CSTR.

3-3-5 FHBR &

#* #=% &( Sulfamerazine - Caffeine~ Sulfathiazole~ Ibuprofen f= Naproxen )
055 v 4e g ke 81 502 - BEIEISg - i d g
L~ (5 20-30 2 ) TR 24 L EE P IRARIZS R
FEp- %) 10 A3 ]“a‘fk (80-100 mesh) » 4 » if Az ¥ k{5 4 F B iR K
= (degas) e ZEZR4F ¢ & L NFE FIF P BAT S KD ¥ b A (G
ﬁmgﬁﬁgﬁﬁ”>’r*”iﬁ%ﬁ’ﬁﬁlﬁﬁkﬁ%aﬂ g
A= BB A F B E R (BB T-8 a8 ) FETKR 2
BB ahA— o L Bt A A B IR R R
WA R kALY EEF G B R B K ¥ 4 Figure 3-3-2 #5% o
REFPpEHERE2 G0 ORI F R I 77 B nie
FHRERINEREREMER 5 & F 1 045um g Eig s T

Py
o

o5 7
¥
1—3

o

bR W

~

&
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{74 97 0 Figure 3-4-4 5 F S AL o

Figure 3-3-2 The device diagram of column packed bed.
3-3-6 % &4 7
3-3-6-1 & kgt

Bafo A K ER A A QL) B LBOREFRD B ERPER
AAERE B NERGEALE EEOEAL G TARANELEF R
(i 31,?]» A E TR 0 A 490512 4o Table 3-3-1 #f7 o & - 5
RETASKRELY FRFBAT RS GFEELS RS AR
BAFHREEPE

3-3-6-2 % et kAR K 1T R

Feflif 4 iR A gl FRISOR T > prElFR R G A 045 pm
W f B 2 AR ARIBRT 20480 R R FiE o BY
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BECTHn M UV R B -FF s popB dogigd | pfro@s
MERTAELFA ZFREBRAL IV EAFAT R T APATFIEE
BEar pREHRREEEAAT - REA SRR L FRFR FLRS
ATFREITIIHF L P HTHT R SRIE TR AR REE
BB o

Table 3-3-1 Analytical conditions used in UV-Spectrophotometer

Compound Wavelength, nm
Ibuprofen 220
Naproxen 230
Caffeine 271
Sulfamerazine 261
Sulfathiazole 281

71



3-4 A5 i

AR R BT iR AR K AT R(HPLC)IE (7 4R 54 45 » 4 Bl % 5 84 4
e (A)2 & A2 4ok(B) v i 2 Imimint > A 45L& 5 270 nm > A 45 0F

YT

Table 3-4-1 The flow gradient of acetonitrile and DI-water in HPLC analysis

Retention, min A, % B, %
1 10 90
5 90 10
6 90 10
8 10 90

12 10 90
100
80
B
60 DI-Water
S A
40 AR
20
0

0 2 4 6 8 10 12
Time, min
Figure 3-4-1 The flow gradient of acetonitrile and DI-water in HPLC analysis.
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A e dT

\

pefl 2 o kR
Co=1-20mg L™

\ 4

E&ﬁivﬂﬁ@ffiﬁ%c * AR R 0 T B
BIRTPBHFE I BE T
(B B=298 K » % &=100rpm)

9

1k & 14 0.45 umijg 5 18 g {4 & {7 4 7

$

RS D YRR R R

Figure 3-4-2 The flow chart of adsorption equilibrium.
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e K R oeE A

) 4

Aol e ik B
C,=1-20mg L™

[ J
i
[ J
[ J

F-35Lex i T 2 A =t # 2 CSTRE
}:@ﬁ A Pﬁf’iﬁ&ﬁ*ﬁi v;‘xﬁ’;%)ié—‘l' i

(8 & =298 K » gk & & =500 rpm)

& 12045 pmig BF i g 16 1B 7 A 4T

4

d Tk R 2 A bR S LER Y B R
SRR PN IR R B

Figure 3-4-3 The flow chart of adsorption kinetic in CSTR system.
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A

) 4

e R & e v B R
CO: 50 mg L'l

N

MR B G~ IR R
2 N8 B3 ?, .

I\

SR SRS S F RS

9

R R E AT RIR R TiE R e e

[ e 514 0.45 pmih 57 48 i 15 18 (7 4 44

Figure 3-4-4 The flow chart of adsorption dynamic in column packed
bed.
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(R 2 arl
4-1 e 2 P I B A 45

1% BB R G2 AMTHRE 5583 50 2 M FIRAF Y S
t+ % Calgon F-400 #4p B 4~ i* Fridded 4-1-1 #7577 o A5 1% F s s
+7 & ( Laser Diffraction Particle Analyzer) 2 * % 6 #F 823~ F » 17 &
(Specific Surface Area & Pore Size Distribution Analyzer by Gas Adsorption
Method):& i F-400 z_ 4~ i #=2_-

4-1-1 giE A 45

¥ee Ga T RS2 B MR F400 1 F sk is A 17 &k (Laser
Diffraction Particle Analyzer )i& {7 § j5 & # 2_ & 47 % % 4 Table 4-1-1~Figure
4-1-1 #t5+ - Figure 4-1-1 ¢ 30-40.mesh z_ F-400 ipa B+ & %% & 350-800 um
2. B T iade g (Mean diameter) ~ ¥ #ck e (Median diameter ) 7 % % #c
# 1= (Mode diameter) % %5 525~ 551 % 568 um ; Figure 4-1-2 ¢ 80-100
mesh z_ F-400 + 5% P A 5% 3¢ 70-220 pm 2. » T35k 8 ~ ¢ Hop i 2 B
Hop s A B 5 117 ~ 122 2 154 pm. > 30-40' mesh 12 2 80-100 mesh 2. & e =
<+ & W 5 420-595 um % 149-177-um °

4-1-2 BR¢E

AT G B E R (2007) i@ * 2. F-400 4p Fe o TR ASERR R 31 H X
(2007) 2. T4 E 718835 o 1345 Table4-1-1 > =448 F-400 2_ 3F >
% & (Particle true density, p ) & 2129 kgm® - % 252 1/[(1/p )+V ] &
$pde 4 o % & (Apparent particle density, p ) 30-40 mesh % 80-100 mesh 4
W) % 1006 2 1017kgm™ >+ £ & # ( Specific external surface area, a,) & !
*2586/(p d, )it A A w5 1136 2 50.42m7 kgt o & % & (Filter layer
denSIty p) » AP RFMRT Gokipid gk F B ERIMA £ B A
=5 & /M E @ ~u 5 358 2 383 kg mP o a5 (Particle
porosity, ,)% % 3¢ 1. 5 (Filter porosity, & )4 w2 25%1-(p /p )% 1-(p /p )
B %5 053% 052+062% 0.64-

’F‘—LE "" ,)‘LEI 47m|
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4-1-3 Ve £ & FEIF BHEASN

i r Lk G ff It A~ A 17 ik (Specific Surface Area & Pore Size
Distribution Analyzer by Gas Adsorption Method) 4 47 7% 148 F-400 I 41| *
BET 142 Langmuir = jZ3- B @l2 0t & 6 ff ~ § F SR R TUF S
B BRI A 0 % % 4o Table4-1-2 2 Figure 4-1-2 #7577 o & 3] F-400 7 30-
40 mesh p=4* BET 4 Langmuir = ;2 B] 2t % o ff 4 %] 4992 - 1334
m? gt % 80-100 mesh R4 %] §_967 §= 1300 m*g* -

B EE A F-400 g § SR R oS —ﬁ e4p ¥+ 4 (Relative
pressure, P/Po) . 0.0—0.3 # B p¥ e % £ (Quantity adsorbed ) & 0 3% jbr
< 3 300cm®g* STP> & 0.3—0.8 §= Bl ez i & + 4 4% & 300cm®g? STP>
m AR 4 0.8—1 %I}fléﬁ&“ﬁiiﬁiﬁfi 3340 cm3 gt STP 2+ - 15 &
R AT LS gt et A s Type | A5 o R b £ o6 ST 2k
S B ARER A L B Gui BT ARG RS AR E R o

BEH Y S ipd R4 6 0805 FRHIX G fos il Mz >
Ey o A i AR B BRI R o RO RS o
v g7 & ¢ (International Union of Pure and Applied Chemistry, IUPAC ) 4 #g
Alen Type H4 3] > & & s B8 s )3t i o

1295 BIH 2 3 5 ex A e JF 4848 > 30—40 mesh 2 2 80—100 mesh
2 MBIV A A W 5 0524 40 0513 cm® gl o eIt F A R A W S 44 o 42

% BATF IVIF A E R o R or SR S BT RS T I S A o
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Table 4-1-1 Physical properties of F-400

Properties Units F-400

Mesh size — 30-40 80-100

Average particle diameter®, d,, mm 0.525 0.117

Particle true density®, py, kg m3 2129° 2129°

Apparent particle density?, p,, kg m3 1006 1017

Filter layer density®, pp kg m3 358 383

Specific external surface area’, a;, m? kg 11.36 50.42

Particle porosity?, €, — 0.53 0.52

Filter porosity", &g — 0.62 0.64

a. Source : % =% (2007) -

b. Analyzed using laser diffraction particle size analyzer, LS230 Small Volume
Module, Backman Coulter.

c. Analyzed using automagic gas displacement pycnometer, AccuPyc 1300,
Micromertics.

d. Calculated using p,=1/[(1/pm)+V].

e. Inawater-filled bed.

f. Assumed as sphere and caleulated using .a,=6/ (pp><dp).

g. Calculated using Sp=1—(pp/pM).

h. Calculated using spzl-(pR-pp).
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Table 4-1-2 Surface area and pore volume of F-400

Specifications Units F- 400
Mesh size — 30-40 80-100
Surface area® m? gt
BET, As 992 967
Langmuir, AL 1334 1300
Micropore areaP, A; m2 gt 855 816
Pore volume cmi gt
Total pore volume, V; 0.524 0.513
Micropore volume, Vi 0.233 0.218
Mesopore volumeS, V, 0.186 0.192
Macropore volume®, V, 0.105 0.103
Pore volume percentage %
Micropore 44 42
Mesopore 35 37
Macropore 20 20
Average pore diameter® A 21 21

a. Analyzed using accelerated surface area-and porosimetry, ASAP, ASAP 2020,
Micromertics.

b. Calculated using t-method.

c. Calculated using Vi—V=V.+V,, with Barrett, Joyner and Hanlenda (BJH)
adsorption pore distribution.

d. Calculated using 4V./Ag.
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Differential Volume
15+ —_— 1603_24-43-01_01.S|S

Volume (%)

——mﬂﬂ—rrrrrn_rﬁ'ﬂ_ﬁ_ﬂ-rrm_ﬂ_ﬂ_m_ﬂ-ﬂ_' r‘-d»
0 T T T T T T 1 T T T T T 1 T T T T
0.04 0.1 0.2 0.4 1 2 4 6 10 20 40 60 100 200 400 1000 2000
Particle Diameter (um)

Differential Volume
9+ _ —— 160324-43-02_02.3ls

Volume (%)

0 L T | L | T | L T [ T | T L T
0.04 0.1 0.2 0.4 1 2 4 6 10 20 40 60 100 200 400 1000 2000

Particle Diameter (um)

Figure 4-1-1 The particle size distribution of F-400 at (a)30-40 mesh and (b)80-
100 mesh.
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= 300 p0D oD
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2 0}
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= o)
-
4 0
0
O(P 1 1 L 1
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Relative pressure, P/P
}
o (b) 5868 g900Ee0S
= 300 om0 8 8
n o
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£ @)
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= 0]
2 0
< 0
S 0
o)
E‘ 1008
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0
OQ 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P/P
Figure 4-1-2 Adsorption and desorption curves of N, at 77 K on adsorbent F-
400 at (a)30-40 mesh and (b)80-100 mesh. O and [ : adsorption curve and

desorption curve, respectively.
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42 RiESH S
4_2_1 E - Vix;ﬂ-%ﬁ'g;‘g—c}“(fﬁ{; :\‘;

r2 Freundlich 4= Langmuir % JF = *q = 4238 30750 &% v v ) F-400 ¥
T BT AP FRNE S TER

B wfe 47 4ok B 4 B 5 4-8+12~16~20 12 2 40 mg L & Ibuprofen ~
Sulfamerazine ~ Caffeine ~ Naproxen % Sulfathiazole /3 /% » & T 5 ® & 5
0019 F &4 5 100 mL & 75 % > E 5T s £ 8 ficdp £
Freundlich f- Langmuir 3 8 =i > 4238 8 (7N 00 5 447 2 pH &R 2
2% 2 pKa 't fide Table 4-2-1 #7771 » 9 2% % % 4v Table 4-2-2 ~ Table 4-2-3 %
Figure 4-2-1 ~ 4-2-2 #7751 o

r2 Freundlich %8 s s A2 Sy s Mpl it 7 fBi5 44020 7 5 0 1Y
In Ce ¥t In qc (TH] > & FoPEPIFEL 1 AFF LENE > & K ERF
*oexp (B2FE) K Kefeonp & 8] & & Freundlich L ¥ #ic? s ¥ i 4
foe 't ag B o T 4875 2 4 Sulfamerazine » Caffeine ~ Sulfathiazole ~ Ibuprofen
% Naproxen 2. Kg & 4 4] 2 62.79~-100.30 ~ 101.36 ~ 82.66 ™ 2 117.25 ((¢
kg1)/(mg dm'3)nF'1) » @ NpiE A W5 329 ~4.67~353-3.66 2 350 #TF N
By <31 A7 0T EEERP T PITARB R o

v Langmuir & 8 Song S A2V R bR e 2 Rt T 5 0 1 Ce ) CelOe
W FRErFR L AT RE Qe E o 1 (BEExgL) BT
REKLE Qi ® Lo 2 8 Esoqgs o KL i Langmuir & s g aen
I =¥ # - Sulfamerazine ~ Caffeine ~ Sulfathiazole - Ibuprofen % Naproxen 2z
KLEA % 5 083+3.05-185-049 % 0.86m3g™t> B & 't & quit» % 5
144.93 ~ 163.93 ~ 208.33 ~ 212.77 * 32258gkg™ - F #% %% &7 > T fEATE
A AP EEACESY Naproxen £ 5 &% 2 57 & ~ lbuprofen =t 2 >
Sulfamerazine 2. &'t % & & B 14 o

v Langmuir % JF = ' H-4% Sulfamerazine ~ Caffeine ~ Sulfathiazole ~
Ibuprofen %2 Naproxen 2_ 4p B % #& ( Correlation coefficient, r?) 4 %] % 0.994 ~
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1,000 - 0.999 - 0.702 = 0.931 - & Freundlich % i v ke s 48 M 4 Hel o
= 0.967~0.806~0.884-~0.973 2 0.976 - = i@_fﬁ B Fe N E T U A R
TEg LN e E L R

F P — ke pe flic(Kow) 2 3= 3 £ ¥R 2 - > %3 A4 2 Kow
BAXF 0 F ek 0 F-400 5 R d R TE RS 0 1P %
Sulfamerazine ~ Caffeine ~ Sulfathiazole ~ Ibuprofen %2 Naproxen z. Kow & 4
bW % 1014 ~-0.07 ~0.05~397 % 318 Sulfamerazine -~ Caffeine 1 %
Sulfathiazole 2. Kow @ # i » & F M K fo M igiifod > 4pit 2.7
Ibuprofen §= Naproxen 2. Kow & ﬁkr% SEURMET &b B 5% B F-400 %
LA T AN B G R D S o eI R R AR o

FOpH B S RREER S o d N ET AR FF o sgRE R F-
400 2_ pHpze (R P46 Tdr o 02 pH &) 2 83 (% = >2007) &+
R DT I REF WP R b el o Boig BT Sulfamerazine ~ Caffeine
Sulfathiazole ~ Ibuprofen 2 Naproxen z_ pH«E » %] 5 5.79~5.80 ~5.83 ~5.16
A A8l (FETE ) Fipik pH B <pHpe M » 2B 4 5 ¢ F 2 7 5 503
% pH & =pHpe B5 > iAo d 2 b L0 F 8 % pH E > pHpge P o e i

RIE+ f 7 oo ft—%f- FoRent h s 20 F-400 2oy F T 0 F
pH BRE NP o F-400 £ R g e 0 FXSIIES A 2 B B AE
MR RILE £ o

BEHERI BT L2 pKa b (FEfedesd 8) > £ pKa Eas| > f2ap R
B 0 FaliA%E S ApF o FpKa EAR < 0 fRHLR M 0 RIELIEARSS o Table 4-
2-1 % %342 pKa & (www.drugbank.ca) ™ % ;5 %42 pH & (P2 i) -
RE BT v)‘k (Taoand Tang, 2004) 45 1 » 4 pKa fEfr pH A% ITRF > ¥
LR “JWW&‘%T"’?' § B AP G o AL R M pH B 4o
B BB € REZ 0 0 A MR R o B g 2 pH Efr pKa ot
o ¥ g IR Naproxen e o 20 [ B R APIT H = % lbuprofen» H &= f&
AP S B2 FApiERiR 0 F pKa BEfkF o fFRR Ko F-400 HH g E
A2 TR € K
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#-F B2 % % Kow 2 ~ pH & ~ pKa 12 % e 530 2. pHoze 49 3 v 417 12
#ar> F-400 s tfadli s 44 2 B8 a R Kow B4 sild o a
Naproxen ¢ ¢t 7 8;5 44 7 pH EAp$# i< 7 54 F-400 ¥ 544 € &

FRAZBIFEILE E o

Table 4-2-1 pKa and pH values of five contaminants

pH values at pH values at
pKa - .

initial equilibrium
Sulfamerazine 6.99 5.53 5.79
Caffeine 14 5.49 5.80
Sulfathiazole 6.93 6.01 5.83
Ibuprofen 4.85 4.98 5.16
Naproxen 4,19 4.09 4.81
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Table 4-2-2 Parameters and correlation coefficients (r?) of adsorption isotherms for the single component on F-400

Langmuir isotherm

Freundlich isotherm

Kr
Adsorbate
o[ ; }3<L-1 (2a R2 cke'! ne (2 R2
g kg m*g 3
(mg dm™ )ng!

Sulfamerazine 144.93 0.83 0.994 0.979 62.79 3.29 0.958 0.967
Caffeine 163.93 3.05 1.000 0.861 100.30 4.67 0.880 0.806
Sulfathiazole 208.33 1.85 0.999 0.944 101.36 3.53 0.942 0.884
Ibuprofen 212.77 0.49 0.956 0.702 82.66 3.66 0.965 0.973
Naproxen 322.58 0.86 0.998 0.931 117.25 3.50 0.970 0.976

a. r’: 4p i % #c(correlation coefficients)

b. R% ;%7 % #ic(determination coefficients)
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Table 4-2-3 Values of isotherm parameters and correlation coefficients (r?)

Langmuir isotherm

Freundlich isotherm

Kr
Adsorbate
qu B 3KL B 22 R2b mol kg™’ Ne r2a R2b
mol kg m° mol
(mol m3)ng™!
Sulfamerazine 0.55 219.72 0.994 0.979 1.30 3.29 0.958 0.967
Caffeine 0.84 592.28 1.000 0.861 1.60 4.67 0.880 0.806
Sulfathiazole 0.82 471.36 0.999 0.944 1.91 3.53 0.942 0.884
Ibuprofen 1.03 102.06 0.956 0.702 1.72 3.66 0.965 0.973
Naproxen 1.40 198.28 0.998 0.931 241 3.50 0.970 0.976

Cc. 1% 4p M % #c(correlation coefficients)
R2 ;%7 % #ic(determination coefficients)
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Figure 4-2-1 The simulation of Langmuir
(—) and Freundlich (--) adsorption on F-
400 in single and binary components
system.(a )Sulfamerazine (b) Caffeine
(c¢) Sulfathiazole (d) Ibuprofen (e)
Naproxen. YV, A, O, O and <
experimental data, respectively.



300

O 1 1 1
0 10 20 30

3

Ce, gm”
Figure 4-2-2 The simulation of Langmuir (—) and Freundlich (--) adsorption on
F-400 in single and binary components system. O, <, A, V and [
experimental data of sulfathiazole, naproxen, caffeine, sulfamerazine and
ibuprofen, respectively.
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4-2-2 32 R ex %t R 2% (ldeal adsorbed solution theory, IAST)

FOARY FANB AP AN ERE > R R A SR R
PEFASRRE 2 TR Y g e AL B eniv 4 >R E Y RIG R
SR 2 B eniTd 4o T o T Tk sLig i3 Sulfamerazine ~ Caffeine
Sulfathiazole ~ Ibuprofen 12 2 Naproxen =3 5 #icyp 2 2 @ * |AST #3VFf &5

2. FZ R o UEE_Cort 3 \:}Lif,—]-é’?l];ﬁ’;%_ » BT R é‘.“l"f?]‘?i%gﬁff@ﬁ 2 B
Ko ER TS E TS o

Fl# b T fAR 2R % IAST % & Freundlich %8 =g 5

B0 5 8ciE 3% 4o Table 4-2-4 #7557 o IAST [k 57 % & enddics - ¥ - Freundlich

i;ﬁﬁ%ﬁx(KF A e LR Bk T )\ ME R Y B - e T2 A A

ERER (Co) M2 s g /o TRz 8+ & (Max.m/L) > $i7

BV ALY B RS A2 sAps iy o Tl 5 IAST 221254 5 R H -

BoMt kB2 B ORFE BUR AR o Fph A EEH - BOFsnt ke ik K
R R e § R £ srifend ROKR B 0 a0l R -

Figure 4-2-5 % 7 A HiR Esig2 T frFl4p 0 2 R Ap kR 2 0 &>

At ke K/T‘ 7 Caffeine 3 & e g A4 - 2 4bn "ﬁ 2 ?E o Efef & E
BT A7 ¥ 0@ * |AST & B - Freundlich % w4 5 »% g & 7

R
MR L A A T L I Kow (B R (Caffelne % Sulfathiazole ):

FEREE B moAm Kow E# B pF (Sulfamerazine ~ Ibuprofen % Naproxen ):
TR AR e T B BIE ST - KA M- & > @ Caffeine Hkkiw A .iig

|¥ 5c 5 ¢ Caffeine 2z Kow 5 f &> @ (FF B3 v B2 B ApEf ~ i3
BEAAPFOREIAST AR EH - TR 25V &2 L FIF R @vwﬁ

89



Table 4-2-4 Isotherm parameters of competitive adsorption

Parameter Co Kk 1/ng
Units mol m™3 mol kg/(mol m3) ng? -
Sulfamerazine 0.0822 1.297 0.304
Caffeine 0.1037 1.596 0.214
Sulfathiazole 0.0799 1.911 0.284
Ibuprofen 0.0945 1.718 0.273
Naproxen 0.0812 2.413 0.286
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Figure 4-2-3 Competitive adsorption of
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Naproxen 7 4-4sk B 20~ 15 2 %2 10 g m3 ¥ Big i& 4 7 11- 20 A dek R 5
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Table 4-3-1 External mass transfer parameters for adsorption on F-400% under
various initial concentrations (Co) in the single component system

Adsorbate C,gm’ B ms’ r
20 8.98x10° 0.974
15 1.65x10* 0.949
Sulfamerazine
10 1.87x10* 0.986
5 2.92x10* 0.987
20 2.22x10* 0.989
_ 15 2.40x10* 0.989
Caffeine
10 2.57x10* 0.993
5 2.67x10* 0.998
20 2.13x10* 0.985
15 2.52x10* 0.976
Sulfathiazole
10 2.70x10* 0.994
5 3.47x10* 0.997
20 7.48x10° 0.940
15 1.51x10* 0.958
Ibuprofen
10 1.64x10* 0.910
5 2.00x10* 0.992
20 1.13x10* 0.961
15 1.69x10* 0.981
Naproxen
10 1.80x10* 0.986
5 3.09x10* 1.000

a. ms=0.359g, N, =500 rpm, V. =35 L.

b. BL: external mass transfer coefficient (film diffusion coefficient).
c. r2- correlation coefficients for linear regressions.
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Table 4-3-2 Internal mass transfer parameters for adsorption on F-400? under
various initial concentration (Co) in the single component system

Adsorbate C, ¢ m® DY ms’ DS, m’st Dy, m?s’ Bi.d
20 3.72x10™°  9.01x100  1.70x10° 10
_ 15 323x10°  3.62x10°  6.83x10° 18
Sulfamerazine 10 304x10™  6.12x10°  1.12x10° 19
5 3.02x10"°  1.15x10®  2.17x10° 28
20 519x10™  6.37x10°  1.20x10° 15
Cafteine 15 4.44x10"°  8.06x10° 1.52x10" 16
10 3.07x10"  9.63x10°  1.82x10° 23
5 1.62x10° 1.57x10°  2.96x10° 44
20 331x10™ 5.32x10°  1.00x10° 19
Sulfathiaole 15 3,25x10°°  7.44x10°  1.40x10" 22
10 3.04x10°  1.15x10°  2.17x10° 24
5 2.95x107% | '371x10°  7.00x10° 32
20 0.89x10™  1.38x10°  2.60x10” 3
buprofen 15 223x10™°  3.34x10°  6.30x10° 22
10 1.60x10™  3.39x10°  6.40x10" 31
5 136x10"°  7.27x10°  1.37x10° 43
20 3.04x10"°  7.41x10°  1.40x10" 11
Naproxen 15 281x10"°  9.05x10°  1.71x10° 17
10 246x10™  139x10°  2.62x10° 20
5 153x10™  1.93x10°  3.64x10” 55
a. ms=0.35¢g, N, =500 rpm, V. =3.5L. Db. Ds: surface diffusion coefficient.
c. Dy: pore diffusion coefficient. d. Bis: Biot number.
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Figure 4-3-1 Adsorption on F-400 at various
Co with surface diffusion model in the single
component system. N,=500 rpm, ms=0.35 g,
V. =35L. (a) Sulfamerazine (b)
Caffeine (c¢) Sulfathiazole (d) lbuprofen

(e) Naproxen., O, A and O :
experimental data of 20, 15, 10 and 5 mg L%,
repectively. — : model fitting.
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Figure 4-3-2 Adsorption on F-400 at various
Co with pore diffusion model in the single

component system. N,=500 rpm, ms=0.35 g,
V. =3.5L. (a) Sulfamerazine (b) Caffeine
( ¢ ) Sulfathiazole (d) lbuprofen (e)

Naproxen. &, O, A and O
experimental data of 20, 15, 10 and 5 mg L,
repectively. — : model fitting.
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Table 4-3-3 Values of molecular size calculation by Stokes-Einstein equation

Adsorbate D2 m?s? rse, A
Sulfamerazine 2.11x10" 1.156
Caffeine 2.09x10" 1.167
Sulfathiazole 2.27x10" 1.077
Ibuprofen 2.05x10° 1.194
Naproxen 2.11x10" 1.156

a. Dy.: diffusion coefficient.
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Figure 4-3-3 \Variations of the liquid
diffusivity (D.) with filter velocity (ug) from
the experiments of caffeine, sulfamerazine,
sulfathiazole, naproxen and ibuprofen in the
short-fixed bed reactor. me= 3 g. (a)
Sulfamerazine ( b ) Caffeine ( ¢ ) Sulfathiazole
(d) lIbuprofen (e) Naproxen.
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Figure 4-3-4 Variations of the liquid diffusivity (D.) with filter velocity (ug) from
the experiments of caffeine, sulfamerazine, sulfathiazole, naproxen and ibuprofen
in the short-fixed bed reactor. O, <>, 4\, V. and [J : experimental data of
sulfathiazole, naproxen, caffeine, sulfamerazine and ibuprofen, respectively.
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Table 4-4-1 The adsorption capacity of component in column packed bed

Dl-water (mg g*)  river (mg g?) model (mg g?)

Sulfamerazine 53.02 44.22 15.06
Caffeine 44.86 32.71 71.71
Sulfathiazole 63.82 44,73 66.19
Ibuprofen 150.03 51.35 34.78
Naproxen 158.29 99.85 108.87
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Table 4-4-2 Design parameters of column packed bed

Parameter Units

Filter diameter, d¢ cm 2
Cross-section area of bed, Ac cm? 3.14
Mass, m kg 0.01
Carbon-bed volume, Ve cm® 23.55
Bed height, L m 0.075
Influent concentration mg L+ 50
Volumetric flow rate, Qr cm?® mint 8.5
Filter velocity, ur m hr? 1.62
Empty bed contact time, EBCT min 12.83

Table 4-4-3 Design parameters of rapid small-scale column test in this study

Parameter Units X=0 X=1
Particle diameter, dp, sc pm 117
Scale-up factor, dp, Lc/dp, sc 4.49
Column diameter, de sc mm 20
Cross-sectional area, Ar sc cm? 3.14
Filter velocity, vsc m h-t 0.36 0.34
Empty bed contact time, EBCTy. min 64.58 14.39
Mass of carbon dosage, Msc g 13.2 13.2
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Figure 4-4-1 Adsorption on F-400 at sulfamerazine by means of using RSSCT

0.0

system. Compare both and. \/ prepared with DI-water and V¥ prepared with
river water. — : model fitting.
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Figure 4-4-2 Adsorption on F-400 at caffeine by means of using RSSCT system.

Compare bothand 2\ prepared with DI-waterand A prepared with river water.
— : model fitting.
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Figure 4-4-3 Adsorption on.F-400 at sulfathiazole by means of using RSSCT

system. Compare both and O prepared with-DI-water and e prepared with
river water. — : model fitting.
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Figure 4-4-4 Adsorption on F-400 at ibuprofen by means of using RSSCT system.
Compare bothand [ prepared with DI-waterand [l prepared with river water.
— : model fitting.
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Figure 4-4-5 Adsorption on F-400 at naproxen by means of using RSSCT system.
Compare bothand <> prepared with DI=waterand € prepared with river water.

— : model fitting.
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Figure 4-4-6 The comparisonof - RSSCT. adsorption on F-400 effluent

concentration at various contaminants with DI-water configuration. O, $, A
and \/ . experimental data of sulfathiazole, naproxen, caffeine and

sulfamerazine, respectively.
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Figure 4-4-7 The comparison of RSSCT adsorption on F-400 effluent

concentration at various contaminants with. river-water configuration. O, <,
A, \/ and [ : experimental data of sulfathiazole, naproxen, caffeine,
sulfamerazine and ibuprofen, respectively.
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'+ Table 1-1 Design parameters of column packed bed for ibuprofen adsorption

Parameter Units

Filter diameter, ds cm 2
Cross-section area of bed, Ac cm? 3.14
Mass, m kg 0.01
Carbon-bed volume, Ve cm?® 23.55
Bed height, L m 0.075
Volumetric flow rate, Q cm® mint 630067
Filter velocity, ur m hrt 9.95
Empty bed contact time, EBCT min 7.12

't Table 1-2 Design parameters-of rapid small-scale column test for ibuprofen

adsorption

Parameter Units X=0 X=1
Particle diameter, dp, sc pm 1.044
Scale-up factor, dp, Lc/dp, sc 4.49
Column diameter, d sc mm 20
Cross-sectional area, Ar sc cm? 3.14
Filter velocity, vsc m ht 88.78 27.6
Empty bed contact time, EBCTy min 0.089 0.8
Mass of carbon dosage, Msc g 22 61
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' Figure 1- 1 Ibuprofen removal in-RSSCT with activated carbon F-400 for
particle diameter of 1.044 mm. O : experimental data. — : model fitting.
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%+ Figure 1- 2 Ibuprofen removal in RSSCT with activated carbon F-400 for

particle diameter of 0.117 mm. [ : experimental data. — : model fitting.
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