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Abstract

Metal-organic frameworks (MOFs), also called porous coordination polymers
(PCPs), are novel porous coordination materials that combined inorganic metals ions
or metal clusters with organic linkers to form one-dimensional, two-dimensional, or
three-dimensional structures, such as HKUST-1 (CuBTC), MIL, IRMOFs, ZIFs, and
UiO, etc. Recently, MOFs have attracted great attention due to their excellent
physicochemical properties, like small size, thermal stability, tunable properties, high
surface-area; therefore, they are widely used for the gas storage and adsorption,
catalysis, drug delivery, and so on. However, when MOFs are applied to the removal
of pollutants in solution, it is not easy to separate MOFs from solution. In order to
greatly improve their performance and application field, the MOFs grown on the
magnetic carrier possess high potential for easy control and specific usage. In this
research, superparamagnetic nanoparticles (Si02/Fe;O4, SM) were used as carriers,
then further modified to possess functional groups of amine (-NH2) and carboxylic
acid (-COOH), and finally to synthesis HKUST-1 by ultrasound-assisted layer-by
layer liquid phase epitaxy (LBL LPE) to obtain magnetic MOF-inorganic materials.
The parameters of growth cycles and ultrasound-assisted period were investigated to
evaluate the optimal synthetic condition. Physicochemical properties of obtained
materials were determined by ASAP, TEM, SEM, FTIR, XRD, SQUID and TGA.
The adsorption behavior of methylene blue (MB) and Ni(Il) were investigated to
evaluate the adsorption performance of the obtained materials. The resulted
obtained in this study indicated that the synthetic route developed in this study have
successfully developed the magnetic MOF of HKUST-1 and proven to possess

adsorption ability to remove MB and Ni(II) from solution.

Keywords: Metal-organic frameworks, HKUST-1, superparamagnetic nanoparticles,

ultrasound-assisted, liquid phase epitaxy



B &

T =
B R s I
N 01511 - T SR I
L PO PRTURP PSRN 11
Ze B A i \%
BB] B A it a e e e e e anr e e ra e e e anres VI
E R T 1
(T - T T SO 1
(2 e B TR S A S AT 1
A e 2 N TR S 3
5-% < 1;%&'1/?&;5 ...................................................................................................... 4
21 &G B F 28 (MOFS) AL 2 A 5 oot st 4
211 MOFS 2 B HE. i e msssssssseet s s s oot 4
2. 1.2 MOFS Z_ B B oot itine s ieseessesseesae s siesre e e ibesbe e dae b e testeeeesbeens 11
2. 1.3 MOFS Z_ 75 BE T oiiiiteeiiiineiessieesiee s es e e ahb e tin s e bee e dhrennbes st e e beeenbeeannee s 14
2.1 4 MOFS AF & 8 7 e ettt ettt be e eapee s 15
2.2 Bt 20 A1 0 i e s 16
2.2.1 Bl FesOa 32 BB B EEE et 17
2.2.2 BB A% SiOo/FesOa sz |l B, 17
23BN A HF B HF 2E(MOFS)H AL 2 A 52 oo 17
2.3. L MOFS 2o 1 55 ettt 17
IR 1 18
2.4 B IR TR Lt a et r e rens 18
DAL B I R TEE et 18
2.4.2 %8 e %t 4755 (AdSOrption iSOtherm) .......cccccevevvceieienvieeiee e, 19



2.4.3 EREE 4 H5¢ (Global Kinetics Model).........vcceivireeiecee e, 21
FZF T D 2 s 25
Bl B BREE et 25
B2 B ERZE T oottt 27
B3R EFALZ & R H B i 29

3.3.1 42 "ERA 1L 4 (Si02/Fea0a, SM)Z B H # Fh oo 29

3.3.2 B A2 18 (Si02/Fe304, SM) 2 & HEF PR FHRIZE o, 30

3.3.3 B LA & 11 4L(G-SM)2 B ) Fr-4d% i (grafting) ... 30

3.3.4 AT & - (SM-COOH)Z- L& B oo, 30

3.3.5 B HKUST-1 2 B H B oot 31

3.3.6 B HKUST-1 2o & B B F s ense s 31

3.3.7 B HKUST-1 2 B35 3 B it stti e 31
E A L TP TS T ST 33
41 Fidt MOF- #2148 & HAL 2 3 “ TR 33

411 B MOF-E#ATAF A HAZ W 28 F AT i 33

412 Bt MOF-2 82K F A48 & B2 P 302 B BRI BRZE e, 43

413 B MOF-& A4 e Mt £ 6 A BBER i, 47

414 B MOF-Z 4 A HAF S HAL 2 5 F it B2 F T i, 51

415 B MOF-Z#EF A7 & MR 2 S0 F T i 53

4.1.6 Bl MOF-Z 8 B HAF & MR Z R 1Y 55 B o, 56

417 B MOF-Z AT E M Z B E A T, 59

418 X MOF-# # A F4F & H 2 F T 77 BE(PHPZC) v 60

4.1.9 M MOF-Z 48 & F4F & HE$ MB S5 7 5 e, 62

4110 Rl MOF- 15 3 A7 & 4 NI 5 1T 3 oo, 67
F TR BT IE TR oot 73
B 2 R 74



% P &

Table 4.1 Specific area and porous properties of magnetic materials and HKUST-1

ultrasound-assisted times for 1, 5 and 15 MINUEES ........cccceveviei i 37
Table 4.2 Specific area and porous properties of SM-COOH and HKUST-1
synthesized for 10, 20, 30 and 40 CYCIES.......cccviiiiiiiiiee e 38
Table 4.3 Specific area and porous properties of SM-COOH and HKUST-1
synthesized for different concentration of Cu(ll) and BTC ..........ccccoeviieevieciieenee. 39

Table 4.4 Parameters and relation coefficients of adsorption isotherms of MB on
SM-COOH and SM-H-40 wi ..o ciiiiiiie e ens st sbe et sre e 63

Table 4.5 Kinetic parameters for adsorption.of MB on SM-COOH and SM-H-40.64
Table 4.6 Kinetic parameters for adsorption of Ni(Il) on SM-COOH and SM-H...68



Figure 1.1 Flow diagram in this StUdY..........ccccoeiiiiiiii i 3

Figure 2.1 Schematic diagram of (up) primary building unit (PBU), secondary
building unit (SBU), and linkers; (down) structure formation. (D’Vries et al., 2012)

.................................................................................................................................... 5
Figure 2.2 Metal modes and organic linkers into 1-3D MOFs structures. (Qin,
P40 ) RPN 6
Figure 2.3 The extended metal elements (marked in the frame) used to form the
SBUS INIMORFS. ...t sttt et aasste s ae e ann s inmt e a b ettt sb e et e sne et see e 6
Figure 2.4 Examples of coordination geometries of metal ions. (Kitagawa et al.,
2004)....ccovvvvieie ... M. S 72 PR, "2 N 7
Figure 2.5 Examples of organic ligands used for MOF construction. (Ma, 2011)....7
Figure 2.6 Structure of CPO-27(Ni). (Elsayed et al., 2017) ......c...cccvvevveiiiiieiienn 8
Figure 2.7 Structure of HKUST -1 e 8
Figure 2.8 Structure of MOF-5 (A), IRMOF-6 (B) and IRMOF-8 (C). (Rosi et al.,
00 ) e e o S S 9
Figure 2.9 Structure of MIL-101 and MIL-100. (Bhattacharjee et al., 2014)............ 9
Figure 2.10 Scheme of the layer-by-layer liquid phase epitaxy process for
SURMOF preparation. (Gulati et al., 2015) ....cccevvriiiniiieiece e 10
Figure 2.11 Structure of UTO-66. .....ccccviiiiiii e 10
Figure 2.12 Structure OF ZIF-8. ..o 11

Figure 2.13 The flow graph of one-pot synthesis of MOFs with functionalized
0rganic and MEtal NOAES. .........cueoieiii et 14

Figure 2.14 The flow graph of post-synthesis modification of MOFs by grafting
fUNCLIONALIZEA GrOUPS. ..o 14

Figure 2.15 The flow graph of post-synthesis modification of MOFs..................... 15
Figure 2.16 The flow graph of synthesis MOFs by in-situ encapsulation of metal
(OF MELAL OXIAR). .vveiveeiie ittt et sre e sre s 15

VI



Figure 4.1 Adsorption-desorption isotherms of N2 at 77.35 K on SM-COOH (O),
and SM-H-10 ([_]), SM-H-10A (A\) and SM-H-10B ().  All symbols are
defined the same as in Table 4.1, .....c.ooviiiiii e 40
Figure 4.2 Adsorption-desorption isotherms of N2 at 77.35 K on SM-COOH (O),
and SM-H-10 ([_]), SM-H-20 (A\), SM-H-30 () and SM-H-40 (V). Al
symbols are defined the same asin Table 4.2. ..., 41

Figure 4.3 Adsorption-desorption isotherms of N2 at 77.35 K on SM-COOH (O),
and SM-H-10C ([_]), SM-H-10D (/\), SM-H-20D (), SM-H-30D (/) and SM-

H-40D(P>). All symbols are defined the same as in Table 4.3...........ccccov e, 42
Figure 4.4 TEM images of magnetic materials of (A) SM, (B) G-SM, (C) SM-

O 10 ] T SRS 43
Figure 4.5 TEM images of SM-H-10 (A, B), SM-H-20 (C, D), SM-H-30 (E, F),
R B LI (T o TR S S SRR 44
Figure 4.6 TEM images of SM-H-10A (A, B), SM-H-20A (C, D). ...c.cccvevvvvrrinnnnn 45
Figure 4.7 TEM images of SM-H-10B (A, B), SM-H-20B (C, D).....cccceeevvurrurnnnn 46
Figure 4.8 SEM images of (A) SM, (B) G-SM and (C) SM-COOH. ...........c......... 47
Figure 4.9 SEM images of SM-H-10D (A), SM-H-20D (B), SM-H-30D (C) and
SM-H-40D (D). veuevereitiiiesierinecnasbe s evessesueseesesuesensessbsan s s5be s sk nbeeseshaneesesseseesessensesenns 48
Figure 4.10 SEM mapping of SM-H-40D............ccmiiminieenidaene e 49
Figure 4.11 SEM EDS 0f SM-H-40D. ......cccoiiiiiii it itesiese e 50
Figure 4.12 FT-IR spectra of various materials: ..o ieninieniniee e 52

Figure 4.13 XRD patterns of various magnetic materials in the angle range of (A)

5°t0 20° and (B) 20° to 80°. M: MAgNette ........ccovvveeiieriieiie e 54
Figure 4.14 XRD patterns of various magnetic materials in the angle range of (A)
5° 10 20° and (B) 20° t0 80°. M: MagNEtIte ........cccceerueiieiiiieie e 55
Figure 4.15 Saturation magnetization of SM-COOH (Q), SM-H-10A ([]), SM-H-
10B (/\) @and SM-H-10C (). tverieieierieriesiesierieiee ettt 57
Figure 4.16 Saturation magnetization of S-COOH (O) and SM-H-10 (Y\/), SM-H-
20 (L) @Nd SM-H-40 ()rrerrriiieirierieesiesieesieniere e saee e se e seese e seesenns 58

Vil



Figure 4.17 Thermogravimetry (TGA) curve of SM-COOH (—), SM-H-40 (---),
SM-H-10D (— —) and SM-H-40D (— =). cecoeiiiieie e 59

Figure 4.21 Adsorption isotherms of MB on SM-COOH and SM-H-40. (O: SM-
COOH and []: SM-H-40, — :Langmuir equation, .... : Freundlich equation. ......65

Figure 4.22 Adsorption of MB on SM-COOH (hollow) and SM-H-40 (solid). O
and [_]: Co of MB are 20 and 30 mg/L; (-): model fittings of SM-COOH,  (---):
model fittings of SM-H-40. (A) Pseudo-second-order equation and (B) Intraparticle
o[ 1] o] g <o U E= 1 o] o P ORURPR 66

Figure 4.23 Adsorption of Ni(Il) on SM-COOH (Q), SM-H-10 ([ 1), SM-H-20
(A), SM-H-30 (), and SM-H-40 (X/). (-): Pseudo-first-order equation model
fittings. Co of Ni(ll) are 10 mg/L (A), 15 mg/L (B), 20 mg/L (C) and 30 mg/L (D).

Figure 4.24 Adsorption of Ni(ll) on SM-COOH (©), SM-H-10 ([_]), SM-H-20
(A\), SM-H-30 (), and SM-H-40 (\/). (-): Pseudo-second-order equation model
fittings. CO of Ni(ll) are 10 mg/L (A), 15 mg/L (B), 20 mg/L (C) and 30 mg/L (D).

Figure 4.25 Adsorption of Ni(ll) on SM-COOH (O), SM-H-10 ([_]), SM-H-20
(A), SM-H-30 (), and SM-H-40 (\/). (-): Elovich rate equation model fittings.
Co of Ni(ll) are 10 mg/L (A), 15 mg/L (B), 20 mg/L (C) and 30 mg/L (D)............ 72

VIl



11 =3 %8
£ %7 ¥ 2 4 # (Metal-organic frameworks, MOFs)&_d % i 1 £
BB S ea 72 Ffigz = 8 %3 ez > 4o HKUST-
l@ﬂHQ\ME\RMOK\ﬂHﬁﬂMIi’ﬂﬂﬁﬂﬁ%ﬂ#Wﬂ%?ﬁﬁ
mﬂlﬁéf#‘ it dom > BILHEF B %ltf TS ENH NIV E)RE R AR

B Ao f Wk R B 2 BRBEE S 6 0 LT E KL REHIL

g £ 5 ZRFIMOFs g 22K 5 4 1 2 “fﬂ* P R ETRIR A
Ao Tl E A RS BRI S

SRR R
S

% 5% K 4P F 8% (LBL LPE) & 1 % 4 5 A2 iERsd+ 2 o 3p 4
B AT FOPE A A Y MOFs 548 2

&1Efﬂ‘lb§@i‘ "’F}%;éﬂ =~ B 3 P B T
f Km\@f“}$/§7}a ¥ 2

2t (Magnetic MOFs, MMOFs)» & = 1) HKUST-1(CuBTC)
ARBMZ KRS R ENEEAA Y Py TR W R o §

BREF23 A TEF WA HE PR o py pg FletH ¥ 4
Rdo 2 C Bablp2 e dp fpdas' P iz
LRI SRS R

G
R BB LG AR AT
EH EAF L N EARY 0 U R R R
MOFs ehf #cr 4 6 ff &0 AR ART BT ok it 4 o %
1% MOFs & # ¢ < -

2

g 1t ehip B
[ R s 0 MB 82 NI e i 7 o

A-

12 =% P ¢h

AEF P G B RS AR T R F 2 (Liquid Phase Epitaxy, LPE) &

= 2 gt HKUST-1 I 4= # RIZE3 TR B 5 4 4 20 5%t 2 "’T‘ cHp A TR B AR

o (R R BT S 2 B A ARER - A B A AER v TR * 2



B o B PEIER A P A Slcfr s A ird) HKUST-1 2 f& 242 v (74 - &

oy 2P eho At heT

LA iz & = 22§ 1 G-SM -

2. MU AR & S i W E HKUST-1 3475 HKUST-1 423 it # 24 ch 5 dicfr2 £
FH o TR EREFENIEE

3. HKUST-1 2_ 4~ 78 {* # ${4 g% -

4. 3= = HKUST-1 2 &g de 4 50 8 B F B g d & o

5 3®fz HKUST-1 £ 2.4 &7 514 o



1.3 = § e

N 2 FEREUARR] 0 4o Figure 1.1 #757 o

S102/Fe304 (SM) Fluorine adsorption
\ 4
G-SM
v
SM-COOH
Synthesis of MOFs (HKUST-1) Ultrasound-assisted synthesis

Preparation of Cu(NO3)2

solution

Preparation of BTC solution

.. The number of cycles

*  Reaction time
 Concentration of Cu(II)
and BTC

Characteristic identification with

TEM, SEM, XRD, FTIR, SQUID,
TGA, ASAP

Construction of adsorption isotherms and kinetics on MB and Ni(II)

Figure 1.1 Flow diagram in this study.

A

Stability

Analysis with IC and TOC

A

Conclusion




¥R PRTAR

21 £%7 B¥R(MOFS)H# 2 415

7 % 28 #F (Metal-organic frameworks, MOFs)» #& £ 5 % 3t fie iR
& 4 (Porous coordination polymers, PCPs)(Lee et al., 2012) » #= + & %3 i 5 -
AT G R T Ay T A R o £d g2 B £ BBAICT e
R REED A2 FHip FitH > MOFs £ 3 3 R il ~ #fi T ~ v 4
oA 0 2T et J’%#(Ferey, 2001) » H M F B 3I3F Sy R AR o
MOFs iz fa# # 8_%& 1959 & 4 Kinoshita % ¥ —"zi% o EEEILy LIE
AR B FATE d Yaghi (1995)%F #48 774 414 B 3| B JL » Yaghi /& 1 Cu-
BPY 45 & i (Cu(4,4’-bipyridyD)1.5 - NO3(H20)125)iefh 8 B S & s B 5%
U2 AR AT R B R S et s A A~ R T S
WEss BT A ILE NS ERHF SRS - MOFs
TS 2R el 0 BB R at W aE T B G R pe g
i il & a b S B T Al AR

\T‘::};

-~

2.1.1 MOFs 2_ %

MOFs shig 4 i & P43 AL #3E 3 8~ (Primary building units, PBU) ~ = =
1‘#%@ ¥ 7 (Secondary building units, SBU)fré& 4 % (Linkers) » 12252 - *2(1D) ~
= 2(2D)e = = (3D)enf=2E (D' Vries et al., 2012 ; Qin, 2016) > 4 Figure 2.1-2.2
T o A PBU cng Bfasgd ¥ £ % 5 - S22 @EER~F 0 4 Cr(IID)
Fe(III) ~ Cu(Il) ~ Zn(Il) > 4= Figure 2.3 ##7 » &0 36 & e i v e d
BALIRA L FI T BT 3 H(lonepair)iE L T d Fust R o5 gt b 2K
NEHF RE T FT T G 13 MOFs B2 et FEP R
EE B forfe A TR B THEIES RS 2 BRetape T
MAZF oS RS oo 6 M~ @ 8T e i) 3 (Kitagawa etal., 2004)

‘m\ “



4 Figure 2.4 #f7¢ » i F & 3 fe s # 0 F & 28 40 '%Jk (amine) ~ % i
(carboxylate) ~ % (nitrile) ~ 4 f4 2 (phosphate) ~ # ez (pyridyl) £ = v & (Imidazole)
(Ma, 2011) » 4v Figure 2.5 #75% o F]}* MOFs cnf&#g % 5 > MOFs ché &5 5 d
@ it £9 Yaghi f‘ﬁ"ﬁ#ﬁ DO RBEL LG - d N AR Ao
B o H i 7 4 L4 CPOs (Coordination Polymers of Oslo) ~ HKUST-1
(Hong Kong University of Science and Technology ) ~ IRMOF (Isoreticular MOFs)
MIL (Materials Institute Lavoisier) ~ PCNs(Ocket-channel frameworks) ~ SURMOF
(Surface-anchored metal-organic framework) ~ UiO (University of Oslo) -~ ZIFs

(Zeolitic Imidazolate Framework) % % 7] o

PBU SBU Linkers

- \7
o P & X o
() (&)
~ N7

>

f

u.‘..‘,

’, @ RPF-16
% along (011)

Chain node

£

Figure 2.1 Schematic diagram of (up) primary building unit (PBU), secondary
building unit (SBU), and linkers; (down) structure formation. (D’ Vries et al., 2012)



® _—
Metal node Organic linker

Self-assembly

3D
1D 20

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
I_ 2
1 | H He
woven Atomic Number »| 1 r—y
s 0 bol H 5 6 7 O 9 10
2 | Li || Be Syt B C| N Ofl F |l Ne
—‘:‘ :'.":: 1.008 «—— Atomic Mass t an ""‘”— ":" el ey
n Hydrogen <}— Name () W s 16 i [0
3 | Na E Al || Si S| Cl| Ar
g e || (| e ([ e || e
19 20 21 2 . 30 3 32 33 M 35 36
4 | K|[Ca|fSc| Ti Zn | Ga || Ge || As || Se || Br || Kr
37 38 39 40 41 42 43 “ 45 46 47 48 49 50 5 52 53 54
s | R Sr | Y||Zr||Nb|Mo|| Tc [Ru| Rh| Pd| Ag| Cd || In || Sn || Sb || Te 1 || Xe
ool | Pty | Bl | R T TS| PO | S | el | I | el | = | | Il | P | 0 | il |
55 56 s | e 7 7 76 7 7 7 0 8 8 CH| a5 86
6 | Cs || Ba y Hf || Ta Re || Os || Ir || Pt ||Au||Hg|| Tl || Pb || Bi || Po || At || Rn
e | Ml | AL | P | s ool | I~ | Bl | el i | | B~ | il || -2 | - |
7 — 104 105 106 107 108 108 o | T "2 s e s 116 "7 18
7 | Fr E 8371 Rf || Db || Sg || Bh || Hs || Mt || Ds || Rg || Cn || Nh || FI c|Lv| Ts || Og
s ]| e | B P | R | I | | R P | P | - | [ | o | PR | e |
vonthanice 1 % @ o] G @ 0 & 0 Gl @ & Commloumn
ceries | L@ || Ce || Pr || Nd ||Pm||Sm || Eu || Gd || Tb || Dy ||Ho || Er || Tm|| Yb || Lu
Actiide: ™ %0 91 92 9 5 95 % 7 |[os » 100 fov | [iez 103
seies | AC || Th || Pa || U |[Np |/ Pu|[Am |/ Cm/|/ Bk || Cf || Es ||Fm | Md|| No || Lr

Figure 2.3 The extended metal elements (marked in the frame) used to form the SBUs
in MOFs.


https://www.google.com/url?sa=i&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjIv-jyyIfbAhXKurwKHdRFANIQjRx6BAgBEAU&url=https://www.lifechem.tw/blog/160603&psig=AOvVaw1mw_d94BxScSeUf3ZfbhKn&ust=1526468555868786

%‘8@% %?ﬁ

Figure 2.4 Examples of coordination geometries of metal ions. (Kitagawa et al., 2004)

Carboxylate
O{V,O' Q. O
9 g
S. 7
-~ X

Lo M v]

T'DC

Amine Nitrile Sulfonate ~ Phosphate :5

o]
0=8=0 0=8=0

> 9 :5{)7[7 O

VAN

1 Is) 5

()

N N
[k
N<-~
LN—/ N
HMT DABCO f
4,4 BPY L~

BPCN TCTPM ADS BPDS EDP ADTP

Z Y

Figure 2.5 Examples of organic ligands used for MOF construction. (Ma, 2011)



(1) CPOs 5 7] :

CPOs .4 = # & a4+ (Co~ Mg~ Ni fr Zn %)¢7 § #peql 2,5-= 5 A %
FoOT A T U S g N 2 ik gk SR 11-120m 2
@ (Changetal.,2014) » » A4 5 MOF-74 > %3 B84 9 5 2.3x10°A (Elsayed
etal., 2017) » 44 Figure 2.6 #7771 °

Nickel nodes
(Inorganic SBU)

s
,i- -f'.'ﬁ 'Sﬁl-

1"
%‘/ 4-'
i

2.5 Dihydroxyterephthalic acid
(Organic SBU )

Figure 2.6 Structure of CPO-27(Ni1). (Elsayed et al., 2017)

s

- -_2 :" g "lﬁj:

(2) HKUST-1 /& 7] :

HKUST-1 % # 4§ 5 CuBTC & MOF-199 (Zhan, 2018) > #1999 & d Chui
% 5 s 40 27 b Cull)eiio SR 9135 % 2 9 B(13,5-F 2 9 )i =
Wi owr o B F RS GEIK A BICHkAS 4 BF R BE 3

<14 9 A x9 A (Chuietal, 1999) « i i FE-SEM # £ & 48 T 3540 4= % 15-
20 pm> F F FORME R F IF| FEM> 225 BET 2 o .9 1055 m?g
" (Linetal., 2012) » ‘% 4 Figure 2.7 #7577 o

Figure 2.7 Structure of HKUST-1.



(3) IRMOF /s 7] :

IRMOFs +# # & d & % B % ZnO £ 5 ¥ pe g 14- v Ak (1,4
benzenedicarboxylate,BDC)b’“rT#%“ » BF R E"ﬁT}"‘-‘iLMOF-S ’ lgaf@ RN
23 A ant Lo f 0 9 5 2500-3000 m?g! (Rosi etal., 2003) - AR PES

WIEE > e %’“’ > %k 0 B ide Figure 2.8 #1577 o

Figure 2.8 Structure of MOFE-5 (A), IRMOF-6 (B) and IRMOF-8 (C). (Rost et al.,
2003)

(4) MIL ,:z 7

MIL 45)& % & mf-r»{ MIL-101 » #.4 ~ 5 %8 &/ [ #% = K 4% (trimeric
chromium (1)) BTC i &7 *en %3 = A4 34T 6 5 29-34 A #h g
¥R e HFF XY 3000 m’g! o & Flerey et al.>t 2004 & ¥ IR
(Bhattacharjee et al., 2014) » %4 4o Figure 2.9 #771 -

MIL-101
&
::- -"

. 8

g A
%' <

MIL-100 LBK S
Tnmcnofchmmmm o . (\ 20

l’(‘ ,[ & fj\b

o

Figure 2.9 Structure of MIL-101 and MIL-100. (Bhattacharjee et al., 2014)



(5) PCNs & 71 :

PCNs & d 4Fdg+ & Pl A -%(OXO-cluster) k 4 1¥H & a8 Riswr =
¥ 4 (tricarboxylic acid) ~ 4,4’,4”-s-triazine-2,4,6-triyltribenzoate (H3TATB) 2 s-
heptazine tribenzoate (HTB) & 3 #$fef S & m = e L3 > £ 5 = )
733 3¢ (Zafar and Sharmin, 2016) o

(6) SURMOF 4 7 :

MR R jfi B te 0 B UEE KR 4P & oo 2 (layer-by-layer liquid phase
epitaxy, LBLLPE) & = MOFs 2 §*42+ » ¥ W@ 3| - K353 LF 2 F & Lo o
SURMOF % (Gulati etal., 2015)» 2 % .f‘:g,‘—f#&r Figure 2.10 #7757 ©

Sttty

M 1. Metal ions © ; 22 fo =l
H Y |/ 2. Rinsing "I"".“'"I
NREEERRRREEE R, = ’ (3 |
“\“ - 3. Linker b Ill
Aucoated 4. Rinsing ]
Si-Wafer

Figure 2.10 Scheme of the layer-by- layer 11qu1d phase epitaxy process for SURMOF
preparation. (Gulati et al., 2015)

(7) UiO ,x 7] :
Ui0 43 |s % & éfﬂjj‘fi,{UiO—66 s Hd ZrsO«(OH)s £ H R A B ¥ F - 7 i
diEn S TRt B B ASRURE R 0 B 4de Figure 2.11 #75F -

Figure 2.11 Structure of UiO-66.
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(8) ZIFs )i 71 :

Lt pokekfiate L ¥ EVER & Bkl G F B 80 F2 2 g
BF R L ZIF-8 0 £ § T A St e Fe i AT T
il H3L 25 L 3.4 A (Songetal., 2012) .f‘:;_%fﬁ_ﬁr Figure 2.12 #7755

Figure 2.12 Structure of ZIF-8.

2.1.2 MOFs 2. @ &

P> MOFs e i v 8 - B &L e > H B o 225 #3802
Ch#2) s Bod Besis S RF A E 3 v RV F L2 4K BFITE ~ Wik

gg\‘/zi AR Ui 1

(1) & &iE Ok Az

WF 2.4 & MOFs & & 13 3% (Zloteaetal., 2010) » ¥4 Fap+ # 524
B F SR LR 0 R A SRR B )Y - 2R A& (100-300
OC)‘fr’fﬁv"T,‘|-1§§7§$3\Ef—?}§3}%,?111ﬂz,r§? ik 8y B '}ﬁ&%?gﬁ‘
REIFE DY SRS S L AR L
MOFs 4 -

£ ih

(2) ik o 242
FI* Bk iF i RFS LI F @ T ARAE RSN AP Bk
it HRER G < g REFEFfoAS @ 2T :2 L 71 eh MOFs % R o

11



fmt.
bt
#
)
T+

FREEFAI000C MY - FRFERF 1R TE 2L 17T RFAR
TR~ BARR X By~ F R FORIE R ok 5
¥ EI7 &3 MOFs - Brd f5 84 B F SR IRE AR TN
A - fa2E ¥ & i 07 % (Stock and Biswas, 2012) o

(B) A2 ik & i -

GG REE EAR  R G P B MK B £ 2 MOFs » feid ¥ 1
P> &z it &% > 4o MOF-5 ~ MOF-177 (Tranchemontagne et al., 2008) 4+
HKUST-1 (Schlesinger et al.,; 2010) > # 12 &3 BT # 3] » #7& = 2 MOFs » #&

25 2 3kt ¢~ o) (Cuietal,, 2013) » B2k 2 a4k v 1R 0 &
S PR o Qiu etal (2008).% ~ = 1% dgg g &8k g 0 g&;ﬁﬁ;&@

Zny(BTC)2 0% + > r4fip fa 4% (Zinc acetate) ~ HsBTC iR 5 & fRAfr-k > 23 E™
BT - R ABE R Bk #E A 1409C T F i 24 ) PEAR
oo B (R s BAAR & 308 90 245V = & > i B MOFs 3k
% 100-200 nmoArmstrong etal. (2016)4- % * 42 3 4 /* 2 -k #1% i 7 HKUST-
1 AL eng = 7 {7 s 2§ R iE &% 12 mLDMF ~ 6 mL -k ~ 300 mg A fi&
4 (I)fr 300 mg BTC B » 486 5 35 » 117 5 5 500 W fr 20 kHz s 5 T 4¢
FART 30 A48 WER ISP AR T E & (R HKUST-1 5 -k #02 pIEE-7.5
mL DMF (Dimethylformamide) ~ 7.5mL 2 & ~ 15 mL -k ~ 500 mg &' f& 4 (1D fe
500 mg BTC* 2B % B¢ » A BR 100°C ™ & & 12 ] FF > Fm 3 & F RN
KAz arElE e HKUST-1 &8+ 95 10 gm>o k&2 %30 ym >

LA S B HESPLSD o

AHT+Fe=i2:

P KLY TR T ] PR E R B b A B
£ i » % 2005 £ ¢4 Muelleretal. = ¥ ﬁ B = #& 11 Schlesinger etal. (2010)71
* AR 8 S [Cun(bte)(H20)s] > £ ¥ ¢ ZRICE L2 f R 40°CT ¥

12



25 mLHsBTC 4 4ciz iz > M2 B 19V e v 1.0-13 A cig i 5 B S5 4518 >
£t g3 kfow 7 2§ § 1 4&(Tetrabutylammonium hydroxide, TBAH) »
i )I*u? 23 E_ ¢ e CuBTC itk d -

(5) = & & JF{paiz -

BoRBZLEFIFEEAAF >R F AV EVRTESF RoE VAR LH L
Wl S e Aeng S o f- T HRD Ry £ BB G PR L R A
RET P RIBFFLY o LB RIPILE O T TS BRI IR ELY
2 iSREA B AT ETHEF R - EPET > wF £ E MOFs L4 & 2 g
B E 73 WE AR R R T R RE

wul

(6) ¥4 & =iz -

MY aFETEE PG SXEHE 7 0P WA MOFs o Liet
al. 2009)s#7 3 4 ¥ = fd > V87 MOF-5 2 £ = » ¢ 7 W& =2 ~ #Hiv2
fook #oE oo WAL S 2 2 &+ Zn(NOs), - 6H0 f= H.BDC (1,4-
benzenedicarboxylic acid)iz % . DMF ® > #3355 i ™ # TEA (Triethylamine)
iR fo 0 Bk BRI A FE T2 AR TR F A
£ & * DMF 7% 7 f 100 °C 7 529 3-4 | B85 a2 B A#-Zn(NO3)2- 6H20
H2BDC 4= DMF = ¥ v < &4x ¢ » TEA BIEF B 30 45 » i £ 11— B+
EF RS BET AR R T AZETER2E L R DMF ik
F A 100°C T 5% 3-4 ] BF 5 oK 4E B 28 Zn(NOs)2- 6H20 fv HaBDC i3 f3 3¢
DMF ¥ » & 1000C T * 2 B k5@ F 24 [ pFo g {s £ & * DMF ikt
BT I 2 AT A @] MOF-S - m £ S Aeh g B F

\t F‘ ‘-
| et
Rd
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2.1.3 MOFs 2_# 3, it

W F HMEA RS0 4 & MOFs cn s 3 7 Ll g B § B
it e MOFs o % Lens ap it 2 385 w48 > & % 5 - % & &2 (One-pot
Synthesis) ~ {& 2 4% ;* (Post-synthesis Modification) ~ & = {8 £ i &% 2 iz & B

o AT

(1) - H&=+ix:

F DGR AR PE SRS SRR a5 i B MOFs
H & & g5 e Figure 2.13 #777 « Zheng et al. (2015)507% 741 Zn(NOs)2-6H20-
H,O -~ DOX (doxorubicin) f= 2-methylimidazole — # & = & 3 7 5 &0
Dye@ZIF-8, DOX@ZIF-67 v DOX@ZIF-8 > %1 # Fr e Spi~ Jk & JE 5 i3t

‘ft'ﬂ L ZIF $H %8 > TP ﬂﬂ’ﬁ L Byl o

¢ S
Figure 2.13 The flow graph of one-pot synthesis of MOFs with functionalized
organic and metal nodes.

(2) o342 -

AR A I MOFs 21s e e =& 7 = b ORI A e g v A
7 34 #-MOFs # ¢ i > 4r Figure 2.14 #7577 o Zhou et al. (2013)%5 = 5 { *
{602 42 JE 18 B § B AL 6P MOF-235-Pt» 7 5 L it i * o

Figure 2.14 The flow graph of post-synthesis modification of MOFs by grafting
functionalized groups.
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(3) &35 BAFiE

#-MOFs i* 5 8 R f {2 -4 pMAS 2 BF L &n LW R
W (LI MOFs 4F & % 0 e 85 ¥ Leh= 2 > 4o Figure 2.15 #771 « # i f @
MIE g A -2 B f 4 3] MOFs chat s d o F15 R & Bk
fer =t VUL BEIRE: ¥ * PF £/ 5 AurAg-Cu~Pd~PtfrRu %
(Li and Chi, 2014) -

@ % ® (%
® © .. ©
(9 ® 0ol
+ @ —— oL® |o
© @ .. (%
(9 (%] @ ©

Figure 2.15 The flow graph of post-synthesis modification of MOFs.

4) mize R
Fre A2 gHNEHT AP Rt 2 ¢ 57 F A% MOFs >
4o Figure 2.16 #7571 » £/ ~ £ B AEN £ i+ 7 i 5 £ 84 3 (Guest

molecule)i@ * o

.. @
® 0 o
+ + 0 — o_°
® o, %

Figure 2.16 The flow graph of synthesis MOFs by in-situ encapsulation of metal (or
metal oxide).

2.1.4 MOFs 4 &

515 MOFs & & - drad gLiq) 7 2 e flheit FRTEL > 2k
¢OF ki S et % (Kiisgens etal,, 2009) 5 @ Ll # MOFs H #8222 » &5
33 i 58 & (Ge et al., 2013) o @ #- MOFs 41 5 2 & 2 3 52 R 22 7 Je it
SR dey v SCNTs~GO % 5 TR RSN W EF A 4p L5 4pendf &
Pk AR E MR R E R EY R A K vApeai gl P F iR

o

15



# 3 59 MOFs 4F & #13# ¢ 32 MOF-73 # 2 B (MOF-organic Matrix) ~ MOF- & #
# B (MOF-inorganic Matrix) ~ MOF-# 1 2 B % -

MOF-73 # 2 7 4f & +#2(MOF-organic Matrix Composites)3i & & f]* * #X

KR AR PR RL P AL VR B 4 Ak
s * & 5 MOF-& % A 54 & 14 (MOF-Inorganic Matrix Composites)®
EPATEAFEIpF P Pdoz 5 P Gilica) ~ 4 F V5 - F M EESFTF T
(Cordierite) % o ¥ 1ME B 2 K3k o B A A N2 A X F a0 AR K3 g
MOFs 2. FF eni®* 4 o Zhanetal (2013)i% 5 p 2% & = 1) ZnO@ZIF-8 > I =
fe* kTR EE L oFuetal.(2013) % Silica 3% & i3 47 25 L {8 » 1L TR
S5V 4 & ZIF-8 48 0 (F 35 R 5400 nm 5 MOFs & ; MOF—IB‘{’}Z‘EL\’F’WE £+
A2 4 % 5F g g (Carbon nanotubes, CNTs) ~ & #2 % (Activated carbon, AC)
% (Graphite) ~ 7 & % (Graphene)fr¥ i % & ' (Graphene oxide, GO) » & 7 %

£
BRR T S BT SRR ¥

22 B2 A%

WE R BRI RN A G B A A R LT RHRAR S B
oot S EAMLE FRY o AR A H BL FesOu o F] FesOs chil i S ik 4 s

HE g om P LG43 efeg PR T L F R UREY wt L o
YA AL - KA SR ?dﬁ Br o B R E FIRE T 5 R aRT o T o A F-R
BF Rl dts s Mg L E v B s B B bldei R e
oo B FRBEIREE SAERME  JH A BT g B[
PR S TR AR T 005 B AR T B

PAB S h S o BRI R A B T EELY AR AR A 4
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S 0 TR R PR B T i G 2§ B R R
WE~ZF C4EE o d N E K B RV WL R o B e A
}j’%’i’réﬁ}ﬁ;f}d—&r?l/iﬁz\m-ﬁz\ ’ﬁ%}ﬁgabé@‘“q‘?‘ﬁf“}$f§v’ﬁi?”§.
BAlr B SR R0 R (T

2.2.1 B FeiOs 32 B o gr s

Bl FesOs 3Bl 0 2 8% 5 > my g v o P F R k2 > 2 R
A% Fe(I)2 Fe(Ill) fdb i &= » 3 % @ * £ -k » 32 50°C I 80°C T 4
FacP P RSB ek T IR FesOgdpde o B F 7 25
4o

Fe?* +2Fe*" +80H = Fe304 +4H>0

Wy A NG T E IR G R P R 0 AR

ETF AT Y g A S BER G

2.2.2 A SiOx/Fe;O4 32 fl & Br i

d 3k N FeOs A B R 7 5 MR Flt ¥ g% 5 B g
B H-Fe;Os%pkie BAT R > 7 WP LR S BRI S22 >0 T U A kR A
& 4t - Liuetal (2009) & 35°C #5 4 #1425 3 FesOu 34~k ¢ fifeg k%73
#d o AU oo § P = (Tetracthoxysilane, TEOS) i® 5 ## /RikjF 4 » » K B =
& {5 7 @ 7] SiOxFesOs i AT o

23R ERT BF % (MOFs)H#l2 4 &

2.3.1 21 MOFs 2. i %
‘A2t MOFs % & & & 3 £+ MOFs (Magnetic MOFs, MMOFs) 7]

2 X »ﬁ ? ;I}wﬁ; iﬁlfﬂ?ﬁ{r%? LY - WL B A A s w T i :é__ﬁ'f
T+ qﬁ%“m}@??’g&"’ﬂf*b“rc?l“%bk’l%ximgg,_;ﬁgﬁ\
PEFERWAES G AR LR
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2.3.2 40 B o it

2R * » 2 HM A6 2 L3553 2 %3 MOFs & 8.2 i v e d
LA R A T AR 2 R e WA R L MOFs k- 2 7 i
G B AT M An g 4 K o TR K PR AR & & i (Layer-by-layer Liquid
Phase Epitaxy, LBL LPE)% F|4& ~ crff /2 » ¥ LPE e £ 2 V¥ g 2t iz ie
PRk RHARKEA G & A (-COOH) 2 2 A (-OH) X 7 | F i AAE(T
Fom g AR 0 1]k EE M Eky £ a3 2 4 (Biemmi., 2009) o Silvestre et al.
(2012)1 £ 2 # e @H\w » 2 e 2mL L mM 3 R e F 2 U
ERFATREI S A8 MREFELRTTERRR G 2R E > SH YUY
D 1 MOFs $f ko B 7 12 #-FeOq 3 1 gl e pRec Jr o & 70 °C &4 i3 0%
ﬁﬁ%gﬂﬁ@r%ﬁ@&ﬁ’ﬁumiﬁ 5 & 1 Fe;04@HKUST-1/MIL-100(Fe)

£ # (Liuetal,,2018) ¢ & £ % £ 74 = ' Ml > & B2 FiR e w3 iR e
ﬂé?&ﬂﬁ@&ﬂ’ji-i@ﬁ% BErte fRifnh et g § ¢ 0o
HKUST-1 { ¢ p 227 & A% % & 1 (Shekhah etal.,2009) - Nijem et al. (2015) %
gﬁam;ﬁuﬁw&m&ﬁ%m%¥Mm%%&ﬁ&%’ﬁﬁﬁﬁﬁﬁé
TR EXTNBFARR T > BEDLPE 2L 5. 62 8 K7 ¥ X3 B

2.4 BN H

241 A ARG

Bkt ] #* Sk (Adsorbent) s it F B KA R P20 B f T (Adsorbate)
BN A B IR o BRFIFR VUL 5 $ T84 ex 5t (Physical
Adsorption)fr it & 4 e #(Chemical Adsorption) o 2w fif2_ 31 & {£# 4 § &k
p a3 Far~i{B 3 f 4 (Van Der Waals Force)frig {4 &4 > d >t 4 4075 &
R R oS R 2 B o - SR T RN S AT e s T 0 - AR
FE-E BRI T e RS R o g TN 2 oo s
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4 N

B
EER
=8

g G e P B Ed A3 BB R etk o BT T
FHEHB S RI TR P EEERE A, N iEAE 0 A ERS F RS

4 P R TR fL & e (Specific Adsorption) 0 AL & (F
LivEx ;%‘533_‘4— » B H R v vig o ¥ ERC A ST L R R —F’Kﬁ{;‘%\
5"].& s A 2 i; ‘:AKH-_I fg_-ro

4«%‘“

e
p'.
<

2.4.2 FF 3% #2535 (Adsorption isotherm)

Fo i RO 0 RMIE R P SO GO R 2 e B RN o F L2 X
B 5> 4238 3 Langmuir ~ Freundlich 2 BET o % * 3t & 57 B 49 S ' I % 2
FF o 4250 R 4 Langmuir ~ Freundlich isotherms =& f& > 1 & &4 Zies fa

IR

2.4.2.1 Langmuir isotherm

Langmuir £ 8 7 ¥ > 250 F # 0B B s gl g > H A A B 40T
(Derit @l & G & 5 77 5 4 B i (2 B (Active site) » 2 % — i s P = B 4R
F R B - cwﬁf;{w\; o
(2)F BeripF il JHe A S aiied dple e
(3) & AR TR ;«é:]&_ff_ﬁiviﬁfqt’ﬁ% g Rt s BOR g BEH v 2
BHE (TR e
()5 2 B xS B (A e 'R ) 5 H R R TR - SRR B e v
H - k2B o

Langmuir & /8 v ' > #2538 & 40T

qr Kv Ce

qe: 1+KLCe

Qe © BRI Rk & (mg g )
Q:ﬁw&wﬁiwkﬁm@ﬂ
P H K Aot E E(mgg)
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K : Langmuir %/ ¥ ¢ > 4258 2. § #(L mg™)

-k VA BB
1 1 1 1

= -
de qQuKrLCe qv

2L 1/qe ¥t 1/Ce (el 7 orad A% 2 BEERE qu 2 Ky & o

2.4.2.2 Freundlich isotherm
Freundlich ¥/ & %= A258 % * k&7 7 BB FIR % - & Bk A=
A A G BE S ea & p REEER e A 5 2B EE E R

Ereni 2 HaN 4Tl
qe —= kF Cel/np
Qe * FlAp T ik A(mg )
Ce : iR AR g F L ik & (mg L)
kr : Freundlich & 8 v !t 3 42 3% 2_ % #c((mg g7')/(mg L-Hng!

nr © £ 4 (Heterogeneity factor)

HP krEAXE £ r XA B ARG Snp>1 B 413 = (Favorable) » nr =

1 B & 31 B 7% (Linear) > nr <1 RB] % i3> "4 (Non favorable) o

b 58 A i Pt

1
Inge=Inkr+ —InCe
nr
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W

ﬂym%ﬁmamﬁ’d REFERLAFE PIER e 2 ke 0 d LA
«‘T\‘A j\ln\*"’r ’ Ceiﬁﬂétﬂé’: Je g.}i Q‘E‘i‘ﬁj"\f y b':ilﬁ_‘.ﬁpx 'Tf" ?] 1‘*b : q‘]”‘ -
BN L VTR L kA PR -

2.4.3 R ¥ 4 #3% (Global kinetics model)

2.4.3.1 # - F¢ > #23% (Pseudo-first-order equation)
BB R B - Fi# 4 pF o> ¥ 4% Pseudo-first-order equation & 45 it >
H 2784

dqt

_t = Kel (qe qt)

P2 Ak E B R R
qg=0att=0
qu=qratt=t

q - H>pri@tpro nﬂﬁf“’}»“ﬁi}éfi(mg g-l)
Qe : FAR AT Tk B (mg g)

ke © Pseudo-first-order equation 2_ & & ¥ #c(min )
C ol A - AN L
In (qe —qr) =In (qe) — ker t

F1% In(qe—q)¥ t (TR > @ FE M2 AL 2 R EERE ko 2 T & for

_E_qelﬁ°
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2.4.3.2 #t= F¢* #2353 (Pseudo-second-order equation)
BRI R s 2 FEd 4 pF o ¥ 1% Pseudo-second-order equation k #5
o B3 RN e ol

dqt
e ke2 (e - qv)
t

F N2 AR R ER

qg=0att=0
q=qratt=t

qe - H >l tpF rﬂﬁ"’l"ﬁ?}éfi(mg g-l)
de * FAR AT ik A (mg @)

ke2 * Pseudo-second-order equation 2. i# F % #c(g mg™! min ')

S SN i L | SO MR

t 1 t

qt ke2 qe2 Je

% t/qe¥tt (T8 > o 38 M2 A FZRERNIEPEL IR T e 2 ke
q F q

2
B o

2.4.3.3 Elovich rate equation
Elovich rate equation £ + ' fa# 4 v ¥ > 438 4prt > HIRBELZ 7L E =

Forgm e kR PR g 4 0 B 3 850 e

d
X ap exp (be q)
d¢
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P2 A R B R R

qg=0att=0
qgq=qeatt=t

q - H PRt B4R R A (mg gh)
ae : Elovich rate equation 2. % #c(mg g'! min)

be : Elovich rate equation 2_ & & ¥ #(g”' mg)

Bk SRS T

1 1
aF — +
qt o n (ag bg) + o In (t + to)

% agbpt>>1 ¢ ;Nv @i

1 1
2 ~
q - n(ag bg) + bEln (t)

1% g In (O FF W) » @ @ fF 5 A2 ALF 2 BFER bR ap o

2.4.3.4 Intraparticle diffusion modelling
Baletal. (1991)% A & 41 » PSRN e MK 5 975 S ' F B3o
SRR RN A o P TR SO R R N 2RI R AR 1S BT
DRIV Y o FRATE S FIRICH S F S FY S ) s PR
LA G A T AL HA Rt a2 ko B EEPERH AT 4
it L

q=kpt"?+c
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qu: B R pE o Fp etk & (mg gl
kp © 3E# P 284 $z(Intraparticle Diffusion, IPD)i# & # #c(mg (gmin'/2)!)
C: iird sz % fi(mg g)
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$=% %R E 2

31 RERER
1. # it 48 (Iron(I) chloride tetrahydrate, FeCl>+4H>0)

10.

11.

12.

99% w/w, reagent grade, Merck, Darmstadt, Germany

% 4% (Iron(III) chloride hexahydrate, FeCls* 6H20)

99% w/w, reagent grade, Merck, Darmstadt, Germany

% 'K (Ammonia solution, NH3)

25 - 32% w/w, reagent grade, Merck, Darmstadt, Germany

£ p pz (Isopropanol, CHsCH(OH)CH3)

99.8%, reagent grade, Merck, Darmstadt, Germany

# paw ¢ fig (Tetraethyl orthosilicate, TEOS, CsH2004S1)

99%, reagent grade, Sigma-Aldrich, Germany

& 1 40 (Sodium fluoride, NaF)

99%, reagent grade, Riedel-de Haén, Germany

# -k z & (Ethyl alcohol, C2HsOH)

99.5%, extra pure reagent, Shimakyu’s Pure Chemicals, Osaka, Japan
Bof AR T R

(3-Aminopropyl-trimethoxysilane, APTMS, H>N(CH2)3Si(OCH3)3)
97%, reagent grade, Sigma-Aldrich, Steinheim, Germany

~ = fz (Glutaraldehyde, OHC(CH2);CHO)

25%, reagent grade, Sigma-Aldrich, Germany

4@ % 4 (Sodium hydroxide, NaOH)

97%, reagent grade, SHOWA, Tokyo, Japan

W4k k47 (Potassium permanganate, KMnQOy)

100%, reagent grade, Merck, Darmstadt, Germany

A pedr (ID= -k o4 (Copper(Il) nitrate trihydrate, Cu(NO3)2*3H-0)

25



100%, guarantee reagent, Wako, Osaka, Japan

13. 1,3,5-F% = ? & (1,3,5-benzenetricarboxylic acid, CoHsOs, BTC)
98%, reagent grade, Alfa Aesar, Heysham, England

14, ;8.1 42 (Potassium bromide, KBr)
guarantee reagent, Merck, Darmstadt, Germany

15. % i+ 49 (Potassium chloride, KCI)

guarantee reagent, Kanto Chemical, Tokyo, Japan
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32R KA

1. Afp 4= 2 K H
B R4 TKS = 7
#] %5 : Reciprocal Shaking Baths SB-302, TKS
2. TEWER
g B A IS A
A5 - DOS60
3. IFATEBMMER
P CATRES I 2T T2 2 (Shin Kwang Co., LTD.)
A5 - 731
4, i BB ER(ZERFR)
IS RO
A5 - TN-S4C
5. 455 317
i - Master Flex
3] 55 1 7518-00, SN;H05000947
6. RFARTE
K FE - Scientz
A% ¢ SB-5200 DTN
7. Vortex
R - Scientific Industries, Inc.
3]5- © GENIE-2
8. I i=HukE X T
B - Shimadzu
A5 0 AP225WD
9. ¥ bk R kA Kk
R - Scinco Co., LTD
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3] 5 ¢ PDA S-3150D SYSTEM
10.& F #ip &

4] 85 © GET00048

# % : PVDF 0.22 um
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3.3.1 A B 4 (SiO2/Fes04, SM)2. L & % 3

|, %% 5§ %~ 27 1500mL 22 33-k? - 91 ~48084 %ﬁc‘ F OB Rt

. ¥3~200mL 2 2 33 K% »4475F REY »#FFE F 77285 70
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IV. § &2 85CrF e » & 4 ko> TRFRIFFNETCTTHFMIE3 »
o FESLCRRIBZEBE N FRBRET CEFRERAH -

V. B1RRAGE Y L JdFokie T 0 A ieifar Y Ml
Pre B IR B¢ oo

VI #if 222 g3 kfrg kB apa g1 1000mL - 35 =R &7
TRRE N TG BB B ZAET it
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7
=

YR T

1:»

Fe e dc 9
X o2 rEr@ER? MR FLIFETREAFAR B I
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3.3.2 B4 H(SIO2/Fes04, SM)2 & 32+ w2 HiRI3S

SRR MY (FesOa) 2 F 4k SiO2 E R & & > Tt 4

%R E T ERRPLRR o

%“‘\
44
(w

P B2 R E O~ SOmL s AR 0 FfRE~0.0221g 2 & it R
100 mL > fie @ = Smg/L A LAk 0 S S0mL & B UR 3 A RS e

VIAB A RTRAL R | ) B Y REE R TS 300 pm F ] ] B
AP ZHRERELEd 022 ym 2 HFERFEFTER B 2ZHRS

AR MBS K AT R F AT o

3.3.3 BALAF & HAL(G-SM)L W # % F-4RieiZ (grafting)

25k

#HT R APTMS A8 Rif4 L = £@A57 » FAEBAEL 20 A

P 150 pm AL S R ER kY e R R F PR S 24
) pE
FEBERE Rt BAGRE iR TS S okrieizin: F 2
B 2~3 pSlem o Fikis 2 d o B 40°C g Ik 0 T
G-SM -

3.3.4 BALAF & HL(SM-COOH)2 R # % 3¢

Poif BEMR £ HAH(G-SM) > 4 » 100 mL 2%z ~ = fER R 0 12 0.1 M
NaOH # # pH & % 11 -

Mg 150 rpm T AARS RTER K EFERRT  F BFF L
o e

Il F R dieM s BAEFRRA T UL BPF KFERRZZS o
v F v
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IV, ¥ 53§ £ KMnOs %8 3 100mL » 4 » 2773 i SR £ H3 ¢ » 3% 40
C2 fhid 500 tpm T TR F RET S 1P BF RELE
1135 BABGE R A A 30 E BT KRR R 0 B ts BT 40°C s ¢
%% > %% SM-COOH -

3.3.5 it HKUST-1 2 9 & #

I F L5 %4 CuNOs) e @l & 0.1 ~ 1 v 2 mM Cu ki3 % » 2 BTC i3 fi#
o ge > el 011 f2mMBTC 3R # * o

II. 4c»iF £ SM-COOH > 12.99.5%¢ f% A #ciE ik » 4c » 2mL Cu -ki3 % » -

B2 a4 & Cu(Il)3r & SM-COOH [t » L 122 FiBE 2 = {5 » 4

» 2mLBTC j3ik » A8l AR 125 % 15 # 48 -

. rio pRiEie 2 = o £ 4F 24 #3810 & 40 =% o

V. % 22 F s » g2t HKUST-1 12 200 mL % &(2 385 ke o fRiifg st 4
12 1)tk Bfs B0 105C8467 & * o

3.3.6 #ZJ+ HKUST-1 2. ¥ F & %

. 7 =g 2 T4 SM-COOH % 7 [ & # HKUST-1 0.001 g -

Il & %4 » 2mL 4450k R 5 10 ~ 1520~ 252 30 mg/L 22 MB 4 Ni(ID)i%
i > 12 Vortex B 7 30 4 45 {838 (T4t o

. 172022 ym 4 FEipBERe > >k E 570 nm T 124 Lk B HEF A
17 > B {é 12 Langmuir 2 Freundlich & 8 v *q = 475V 18 7 H3% -

3.3.7 #i: HKUST-1 2w fip# 4 &
| T BHcE T J{ﬁl SM-COOH % HKUST-10.001 g »

. A &4 r 2mL 474k & 5 101520 2 30mg/L 2 MB fv Ni(ID)i3 % -
w12 Vortex B if 4~ 10 ~ 20 ~ 30 v 60 4 4515 18 7 51 % -
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. 2022 yum$FiEpEFERS > TR E 570 nm T 121 kLR EFT A
17 0 B {8 11 pseudo-first-order equation - pseudo-second-order equation ~

Elovich rate equation % Intraparticle diffusion equation & {7 Hic#t o
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4.1 Bt MOF-R 2 i & P2 4 1 2

A E AR L & G ff 4 7 R (Specific Surface Area and Porosimetry
Analyzer, ASAP) ~ 7 % ;% 7 + % #c 48 (Transmission Electron Microscope, TEM)
#+a 7\ T F B s (Scanning Electron Microscope, SEM) ~ 12 * 3 di 3 = #b Sk 23
% (Fourier-transform Infrared Spectroscopy, FTIR) ~ X- #f 4% ¥& & % (X-ray
Diffractometer, XRD) ~ 42 & & 3 + # ik (Superconducting Quantum Interference
Device, SQUID) ~ % #4 & 4 17 ik (Thermogravimetric analyzer, TGA) % & B #2_
Zft MOF-# 8 A BT AF & Hll 2 o a@it 45t o H B % deT 977 !

4.1.1 ZEMOF-g B A T4 £ 2 " £ & fi & 47

ML A G A RETIISK T o I R Femie T s 2 F A
AL 48 G-SM &g d N - fER B4Rk &5 e T 6 @ 7 SM-COOH ~ 42§ i A
FIPEE U7 RS BAETHREH#£R BTC’ff"/,"‘Fﬁ'/F ek B W B AT G B
HKUST-1 (SM-H)¥ & i fff s it 0 % 35 b e 7 ok R P ot SR i
ek RO T Rl SEHREI A FOR L EIFR S TR
4o Table 4.1-4.3 777 - 425 AT PERFH HKUST-1 2 £ B2 5 @ adf i
BIREE1-5% 15447 > SM-H-10 -~ SM-H-10A 4~ SM-H-10B +* % & #% 4p
T N A AFAET 2 BTCA4ER R 1 A4 K49 F % 1 2 HKUST-1 2 =
F O AP RTARTER 1 A 4425 BTC 2 SM-H-10 %27 k&
Bl gl o

d Tabled2 ¥ 1 {83 @ fFd €47 S = fcehiz 4] > 7 b & Bk HKUST-1 v
Ao L F A B A B A e FRER A B A 10K S - P R
£ i ¥ &£ BET 4 30 m’g! > 2 SM-H-10 fv SM-H-40 %5 > # BET
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PR BEFR G TSIV ES AR b B Gt g P S e B T
A RIVHA DG 1%~ 33-38%Fr 60-66% o Fe PF¥ IR > TV ENEF &
= /%; B s @ B F "% 11> 4 7 HKUST-1 & SM-COOH & 41 4L + ehag # 4
B 7 Rk B enpedE > KA HRTIBIVER] -

%7 e SM-H-10 &t 4 o fp% v 1: 148 Cu(lD2 BTCER » o R &b
0.lmM#%2 3 1 fe2mM> k43 1824 & HKUST-1 ek & - d Table4.3 ¥
riE R ;ﬁ— d %% v 5%k R > d SM-H-10 ~ SM-H-10C = SM-H-10D 3£ {7
WL g 0 SM-H-10D 50t 4 & ## 14 SM-H-10 3 4c % 1 & » SM-H-40D 1* % & # 7
iE T 213.68 mPg! 0 kA 10 B EH T & BET X 30 m?g! -

“Eﬁ
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Table 4.1 Specific area and porous properties of magnetic materials and HKUST-1 ultrasound-assisted times for 1, 5 and 15

minutes
Specifications Units SM G-SM  SM-COOH SM-H-10¢ SM-H-10A%  SM-H-10B%
Surface area m’g!
BET, Ag 31.38  25.64° 62.965 65.658 57.340 67.684
Langmuir, Ag - - 84.641 88.842 77.431 90.866
Pore volume cmig!
Total pore volume, V, - - 0.225 0.294 0.192 0.202
Micropore volume®, V; - - 0.002 0.002 0.002 0.002
Mesopore volume®, V, - - 0.090 0.112 0.083 0.090
Macropore volume®, V, - - 0.133 0.180 0.107 0.110
Pore volume percentage %
Micropore - - 0.89 0.68 1.04 0.99
Mesopore - - 40.00 38.10 43.23 44.55
Macropor - - 59.11 61.22 55.73 54.46
Average pore width® A - - 148.650 183.399 139.361 126.425
a. Source: %=~ (2011)-
b. Calculated using Vi— Vi = V. + V,, with Barrett, Joyner and Halenda (BJH) adsorption pore distribution.
c. Calculated using 4V:/ Asg.
d. SM-H-10: LBL numbers of synthesis run for Magnetic HKUST-1 were 10 and reaction time of 1 min.
e. SM-H-10A and SM-H-10B: LBL numbers of synthesis run for Magnetic HKUST-1 were 10 and reaction time of 5 and

15 min.
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Table 4.2 Specific area and porous properties of SM-COOH and HKUST-1 synthesized for 10, 20, 30 and 40 cycles

Specifications Units SM-COOH SM-H-10¢ SM-H-20¢ SM-H-30¢ SM-H-40¢
Surface area m’g!
BET, Ay 62.965 65.658 94.893 125.502 141.266
Langmuir, A; 84.641 88.842 126.169 166.316 186.374
Pore volume cm’g!
Total pore volume, V, 0.225 0.294 0.224 0.246 0.254
Micropore volume?, V; 0.002 0.002 0.003 0.003 0.003
Mesopore volume?, V, 0.090 0.112 0.085 0.082 0.096
Macropore volume?, V, 0.133 0.180 0.136 0.161 0.155
Pore volume percentage %
Micropore 0.89 0.68 1.34 1.22 1.18
Mesopore 40.00 38.10 37.95 33.33 37.80
Macropor 59.11 61.22 60.71 65.45 61.02
Average pore width® A 148.650 183.399 103.603 89.629 83.335

a. Calculated using V¢ — V;
b. Calculated using 4V / Ag.

Ve + Va, with Barrett, Joyner and Halenda (BJH) adsorption pore distribution.

c. SM-H-10, 20, 30 and 40: LBL numbers of synthesis run for Magnetic HKUST-1 were 10, 20, 30 and 40, respectively

and reaction time of 1 min.
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Table 4.3 Specific area and porous properties of SM-COOH and HKUST-1 synthesized for different concentration of Cu(Il)
and BTC

Specifications Units SM-COOH SM-H-10¢ SM-H-10C** SM-H-10D*! SM-H-20D* SM-H-30D*! SM-H-40D¢!
Surface area m’g!
BET, Ay 62.965 65.658 105.423 125.062 155.099 187.825 213.684
Langmuir, Ap 84.641 88.842 139.745 164.851 203.681 245.773 279.470
Pore volume cmig!
Total pore volume, V, 0.225 0.294 0.236 0.225 0.241 0.260 0.256
Micropore volume?, V; 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Mesopore volume?, V, 0.090 0.112 0.100 0.090 0.100 0.105 0.096
Macropore volume?, V, 0:133 0.180 0.134 0.133 0.139 0.153 0.158
Pore volume percentage %
Micropore 0.89 0.68 0.85 0.89 0.83 0.77 0.78
Mesopore 40.00 38.10 42.37 40.00 41.49 40.38 37.50
Macropor 59.11 61.22 56.78 59.11 57.68 58.85 61.72
Average pore width® A 148.650 183.399 100.060 83.889 75.504 69.683 62.898

Calculated using V¢ — Vi = Ve + V,, with Barrett, Joyner and Halenda (BJH) adsorption pore distribution.

Calculated using 4V / Ag.

SM-H-10: LBL numbers of synthesis run for Magnetic HKUST-1 were 10 and reaction time of 1 min.

SM-H-10C and SM-H-10D: LBL numbers of synthesis run for Magnetic HKUST-1 were 10 and concentration of Cu(II)
and BTC were 1 and 2 mM.

oo o
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Figure 4.1 Adsorption-desorption isotherms of Nz at 77.35 K on SM-COOH (Q),
and SM-H-10 ([_]), SM-H-10A (/\) and SM-H-10B ({>). All symbols are defined

the same as in Table 4.1.
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Figure 4.2 Adsorption-desorption isotherms of Nz at 77.35 K on SM-COOH (Q),

and SM-H-10 ([J), SM-H-20 (A\), SM-H-30 () and SM-H-40 (V).

are defined the same as in Table 4.2.
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Figure 4.3 Adsorption-desorption isotherms of Nz -at 77.35 K on SM-COOH (Q),
and SM-H-10C ([_]), SM-H-10D (A), SM-H-20D ({>), SM-H-30D (/) and SM-H-
40D(P>). All symbols are defined the same as in Table 4.3.

42



412 #EMOF-2 BAFTH AP L P2 ¥ FIALER
T E R BB A SH =18 £ A APTMS o 2 244§ 1 (SM)~
= APTMS 8 4 2.1+ 4 #1(G-SM) ~ 7 -COOH T #: #1447 & ##(SM-COOH)
1B H AR R P o B HKUST-1 2 418 o] & & gt & % 4e Figure
4.4-4.7 #75% - Figure 4.4 (A)% SM > o P& 5 J|#7ids 448~ -] 9 % 10-20 nm >
PR RER 2 B3 SIO2 A Ce B F FesOs +5w > @ Figure 4.4 (B) 5 42
& 22 G-SM> 4 P APTMS 2 SM 4 & 42¢ 7 12 838 G-SM 3 B B e % o
Figure 4.5-4.7 5 424 4 2F LPE ;2 & = HKUST-1 & SM-COOH } » Cu(Il)fr
BTC #72} & 2. HKUST-1 % & & % # 4c 3fkch& e + - @ j£_SM-COOH g4
% B ok B (52 %7 » HKUST-1-7 5 = SM-COOH %4 m + 2 £ > 8 H £ o
ERF AR LR FE 2B BIROR G 0 & F P 2] %7 MOFs &h
ER >ERFABRTFRF 12 15 248974 4 c0MOFs ~ /| T & P 85 L §F o @
% SM-COOH 34 % BT 25 ED 4w & ;gie ErATit P RRZ SRR A A
% HKUST-1 427 i 32 ;% CuO & CusO 3 o & 36 d £ 47 § %= Heeh
TAl F 6 kARG B F R MOF-E AT AF £ A&« - @ JEEfE
BEAROTEM B Y 2P 3R R EM > 73 2 Fa &5 gk 7o

@)

200m 50 nm f;j; 50 nm

Flgure 4.4 TEM images of magnetic materials of (A) SM (B) G-SM, (C) SM-COOH.
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20mm

Figure 4.5 TEM images of SM-H-10 (A, B),. SM-H-20 (C, D), SM-H-30 (E, F), SM-
H-40 (G,H).
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Figure 4.6 TEM images of SM-H-10A (A, B), SM-H-20A (C, D).
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Lo o

Figure 4.7 TEM images of SM=H-10B (A, B), SM-H-20B (C, D).
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4.13 #IEMOF-g WA FH & L 26 ABESR

FI* Ffe T F RS 1T BBRREE L0 Bl AT ERBF
HE i 10K> d Figure4.8 7 W# MR - SME 7 BB % > B34+ 95
10-20 nm » §¥ TEM #rdp g ide= & > @ 11 APTMS i2 7 & & 2 F 9 G-SM >
TG P RRIRTRER Y% o d Figured9 ¥ UF IR 0 BRI R
AP RERIPEDOCIOME > » L ER- k- kBBl Fdek - g%
R B 4e > JE1F e HKUST-1 4% 5 > SM-COOH ¥ #f e fi » A% 7% P AF o J8_
Figure 4.10-4.11 Mapping §? EDS % % % 57 » SM-H-40D 1 Fe ~ Si v Cu ~
FOLFARFEI BT TEREFT O T E LA F o

4

Figure 4.8 SEM images of (A) SM, (B) G-SM and (C) SM-COOH.
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Figure 4.9 SEM images of SM-H-10D (A), SM-H-20D (B), SM-H-30D (C) and SM-
H-40D (D).
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Topm Electron image 1 Fe Ka1

SiKa1

Figure 4.10 SEM mapping of SM-H-40D.
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10u™ ’ Elecyon Image 1

§ i ) 3 4 g ]
ull Seake 2033 s Cursar 00000 ke

Element | Weight% Atomic%

SiK 37.92 55.15
Fe K 55.73 40.76
Cul 6.35 4.09
Totals 100.00

Figure 4.11 SEM EDS of SM-H-40D.
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W ER DS LA B € 4 E okl C-O-Co SRUELIE » o Bk B s 1370+
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Figure 4.12 FT-IR spectra of various materials.
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Figure 4.13 XRD patterns of various magnetic materials in the angle range of (A) 5°
to 20° and (B) 20° to 80°. M: Magnetite
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Figure 4.15 Saturation magnetization of SM-COOH (Q), SM-H-10A ([_]), SM-H-
10B (/\) and SM-H-10C ().
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Figure 4.16 Saturation magnetization of S-COOH () and SM-H-10 (\/), SM-H-20
(L)) and SM-H-40 ().
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Figure 4.17 Thermogravimetry (TGA) curve of SM-COOH (—), SM-H-40 (---),
SM-H-10D (— —) and SM-H-40D (— -).
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419 Bt MOF-g {82 Fif & HF ¥ MB =5 {7 5

Table 4.4-4.5 4v Figure 4.21-422 37 & 48 % 8 ¥ ¥ = 4255 fr i fE5 85
AR E S R MB R RAR & A a7 5 o J Figure 4.21 ¥ 4
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isotherm ¥? Freundlich isotherm = A2 ;% g e4p M 2 #ic~ w) 5 0.961 ~ 0.986
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Table 4.4 Parameters and relation coefticients of adsorption isotherms of MB on SM-COOH and SM-H-40

Langmuir isotherm Freundlich isotherm
Absorbent qL KL 22 R2® nF Kr 28 R2
(mgg')  (Lmg") - - - (mgg)Y(mgLnr! - -
SM-COOH 33.33 0.36 0.961 0.898 2.97 11.83 0.962 0.942
SM-H-40 40.49 0.26 0.986 0.956 2.31 10.87 0.996 0.996

a. Correlation coefficient for linearization regression

b. Determination coefficient calculated by R?>='1 — % , in which ye, ye and yn represented the predictive data,

experimental data and the average of experimental data, respectively.
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Table 4.5 Kinetic parameters for adsorption of MB on SM-COOH and SM-H-40

Pseudo-second-order equation Intraparticle diffusion equation
Absorbent Co Ker Fq 2 R2 c ki 2 R2

gm? - - - - - mg/(g min'’?) -

20.00 0.02 1.03 1.000 0.998 16.75 1.06 0.808 0.808
SM-COOH

31.06 0.01 1.02 0.963 0.914 14.91 2.71 0.901 0.901

21.02 0.04 1.02 1.000 0.995 20.14 0.95 0.611 0.611
SM-H-40

30.75 0.01 1.07 0.999 0.997 17.60 2.56 0.848 0.848
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Figure 4.21 Adsorption isotherms of MB on SM-COOH and SM-H-40. (O: SM-
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Figure 4.22 Adsorption of MB on SM-COOH (hollow) and SM-H-40 (solid). O
and [ ]: Co of MB are 20 and 30 mg/L; (-): model fittings of SM-COOH, (---):
model fittings of SM-H-40. (A) Pseudo-second-order equation and (B) Intraparticle

diffusion equation.
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Table 4.6 Kinetic parameters for adsorption of Ni(II) on SM-COOH and SM-H

i i i i i Intraparticle diffusion
Pseudo-first-order equation | Pseudo-second-order equation Elovich rate equation equation
Adsorbents Co Kee | Fq r? R? Ke2 Fq r? R | ag be | r? R? c ki R?
(mg/L)| - - - - - - - - - - - - - |mg/(gmin¥?)| -
996 | 019 | 1.74 | 0.84 |-197| 0.03 | 1.08 | 1.00 | 0.99 [3.92|1.432/0.94| -3.37 |3.10 0.59 0.82
SM-COOH 1499 | 0.22 | 3.12 | 0.84 |-22.74| 0.01 | 1.16-| 0.99 [ 0.99 |0.53(2:315/0.94 | -5.48 [1.96 0.96 0.83
20.03 |1 0.19 | 3.39 | 0.88 |-24.77| 0.00 | 1.79°| 0.76 | 0.92 }9.30 |0.307|0.92 | -3.76 (-0.83 1.46 0.83
29911 0.19 | 285 | 0.76 |-18.77| 0.01 | 1.20 | 0.99 | 0.96 | 2.69 [0.408[0.90 | 0.86 [1.54 1.14 0.87
996 | 0.18 | 1.42 | 0.86 | 0.03 | 0.04 | 1.07 | 1.00 | 1.00 |6.14|1.342{0.93 | -2.66 |3.43 0.54 0.80
1499 | 0.20 | 1.72 | 0.88 | -1.90| 0.03 | 1.08 | 1.00 | 0.99 |6.44 |1.632|0.92 | -6.23 [3.92 0.67 0.83
SM-F-10 20.03 | 0.21 | 3.73 | 0.75 |-32.84| 0.00 | 1.64 | 0.80 | 0.93 |12.24|3.493|0.93 | -1.70 (-0.40 1.43 0.82
29.91 [ 0.21 | 2.64 | 0.81 [-14.10{ 0.01 | 1.13 | 0.99 | 0.99 (0.87 [2.332{0.94 | -7.27 |2.81 0.99 0.86
10.12 ( 0.19 | 2.47 | 0.93 | -9.64| 0.01 | 1.24 | 0.97 | 0.97 |1.80|2.365/0.92 | -2.37 |0.91 0.95 0.80
15.03 | 0.17 | 1.22 | 0.98 | 0.75 | 0.03 | 1.07 | 1.00 | 0.99 |4.03 [1.826/0.90 | -7.39 (3.93 0.71 0.75
SM-H-20 20.02 |1 0.19 | 3.04 | 0.79 |-21.72| 0.01 | 1.28 | 0.97 | 0.97 |2.57(2.961/0.91| -3.01 (0.69 1.24 0.87
30.25 | 0.17 | 227 | 0.78 | -8.18 | 0.01 | 1.19 | 0.98 | 0.97 | 0.73 |2.704| 0.92 | -5.29 ([1.79 1.14 0.86
10.12 | 0.21 | 3.19 | 0.90 |-21.85| 0.01 | 1.28 | 0.96 | 0.97 |2.31 (2.494/0.92 | -2.16 |0.74 1.00 0.79
SM-H.30 15.03 | 0.18 | 1.09 | 0.99 | 0.96 | 0.04 | 1.06 | 1.00 [ 0.99 |3.95|1.906|0.84 | -8.53 [4.35 0.67 0.67
20.02 [ 0.23 | 451 | 0.78 |-62.44| 0.00 | 1.34 | 0.97 | 0.97 [4.18 |3.164|0.94 | -2.52 |0.27 1.34 0.86
30.25 | 0.22 | 4.36 | 0.80 |-54.33| 0.00 | 1.47 | 0.92 | 0.96 | 7.89 |3.497|0.94 | -2.19 (-0.15 0.94 0.79
SM-H.40 10.35 | 0.21 | 2.85 | 0.91 |-15.90| 0.01 | 1.21 | 0.98 | 0.98 | 1.24|2.36|0.92| -3.22 (130 0.94 0.79
1524 1 0.18 | 1.28 | 0.93 | 0.58 | 0.03 | 1.06 | 1.00 | 1.00 |11.35/1.62 | 0.92 | -6.93 [4.55 0.65 0.78
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Figure 4.23 Adsorption of Ni(IT) on SM-COOH (QO), SM-H-10 ([_]), SM-H-20 (A\),
SM-H-30 (), and SM-H-40 (V). (-): Pseudo-first-order equation model fittings. Co
of Ni(II) are 10 mg/L (A), 15 mg/L (B), 20 mg/L (C) and 30 mg/L (D).
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