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The Study of Adsorbent Development Coated with Glycerol, Iron and
Aluminum Using the Exfoliated Vermiculite as a Floatable Device for
Removal Phosphorus in the Small Lake

Ja-Hyun Kim

Department of Environmental Engineering, Graduate School,

Pukyong National University

ABSTRACT

This study performed to make adsorbent for removal of phosphorous. We
used the vermiculite as low-cost adsorbent. It can be expanded by several
times 1in volume when heated rapidly and float on the water surface.
Phosphorous is adsorbed on the surface of metallic oxide and has strong
affinity for mineral surface. So we coated with Al and Fe oxide on the
exfoliated vermiculite ~surface ~and heated after coating with glycerol and
H»SO,4 to produce porous carbon. Samples “was characterized by instrument
analyses and phenomena of phosphorous adsorption were tested using batch
kinetic and adsorption tests. In batch test, raw exfoliated vermiculite did not
remove phosphorus and Al+exfoliated vermiculite(43.38 96) better adsorbed
than Fe+exfoliated vermiculite(4.41 %). In EDS and XRD analyses, Al
constant was increased from 6.16 % to 10.21 9% and presented an intense
peak at 45.58° because of existence of Al In the Langmuir isotherm models,
the maximum sorption capacity(Qn) was 0.537 mg/g. In condition of different
initial phosphorus concentration, it was well described by the pseudo
second-order model. When initial concentration was increased from 5.3 to 40.8
mg/L, the adsorption capacity(qe) was increased from 0.035 to 0.377 mg/g. In
EDS anaysis, C content of raw exfoliated vermiculite was near zero but
C+exfoliated vermiculite was 62.2 %(380 ), 53.8 %(580 ), and 38.1 %(780

C), indicating the formation of a porous carbon layer on the surface. In
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TGA, weight loss between 450 and 620 C was caused by carbon oxidation
and C+exfoliated vermiculite heated at 380 C had the highest weight loss. In
the batch test of C+exfoliated vermiculite, the higher the carbon content of
adsorbent surface, the greater the adsorption capacity for phosphorous. In the
isotherm models, maximum sorption capacity (Qmn) was 0.708(380 T), 0.486(580
C) and 0.183 mg/g(780 C) so, C+exfoliated vermiculite heated at 380 C was
the most efficient adsorbent. In condition of different initial P concentration
and dosage of adsorbent, C+exfoliated vermiculite heated at 380 C was well
described by the pseudo second-order model. The adsorption capacity(qge) was
0.069, 0.113, 0.115, and 0.146 mg/g at initial concentrations of 5.2, 10.6, 15.4,
and 20.4 mg/L, respectively. When dosage was increased from 1 g(25 g/L) to
4 g(100 g/L), ge decreased from 0.122 to 0.104 mg/g. In the respect of the
economic and environment, using exfoliated vermiculite as low-cost natural
minerals and glycerol as a co-product from the bio—diesel process is good to
produce adsorbent for removal phosphorus. Also it.can be easily removed in

the small lake with a floating form.
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Jo
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Adenine Dinucleotide) &% 74 d&o= A-&3th HI AL AE
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Triphosphate) & oUW A tiAlel = A #ost= dEoloh(Hdg & A
Az, 20115 Rout et al., 2014). ol d A&EA o %<l QoA T,
A A, 4R & FAC HFeE FAEHH A

HH(Yang et al. 2013).
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of YRS

[P0
Cr poy

- [H5P0i]

5 [P0, ]

Fraction of C+ poy .
]
(&g )

e o)
20K, 4 6 pKs2 8 10 12 PKyz 14
=2 =12 =123
pH
Fig. 2.4. Distribution diagram for HsPO, at 25C (Snoeyink & Jenkins,
1980)
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Table 2.1 Classes of phosphorus—containing compounds in aquatic system

(Snoeyink & Jenkins, 1980)

. Tonization
Group Species .
constant(25C)
H3PO4, H3PO4 pKa1 = 2.1
Orthophosphate HPOs, PO,” pKa2 = 7.2
HPO4 complexes pKas = 12.3
H4P207, HsP2O7 pKa1 = 1.52
H2P2072_ pKa,g =24
HPQO73_, P2074_ pKas = 6.6
HP-07" complexes pKas = 9.3
Polyphosphate
H3P3010° pKaz = 2.3
HoP:010" pKas = 6.5
HP:010", P3010” pKas = 9.2
HP;010" complexes -
Metaphosphate HP30927, Ps0q° pKaz = 2.1

Organic phosphate

Very many types including phospholipids, sugar

phosphates, nucleotides, phosphoamides, etc.
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2.2 A4t e w37 %

Table 2.2 Representative heterogeneous and complexation equilibria of

phosphates (at 25C) (Snoeyink & Jenkins, 1980)

Heterogeneous Equilibria pKso
Calcium hydrogen phosphate CaHPOIY< Ca>* + HPO +6.66
Calcium dihydrogen phosphate Ca(HoPOu)ys) = Ca®' + 2H,PO +1.14
. Cas(PO,)sOH) = 5Ca* + 3P0, +

Hydroxyapatite oft +55.9
Ferric phosphate FePOys) = Fe® + PO;” +21.9
Aluminum phosphate AlPOys) = A" + PO +21.0
Complexation Equilibria pK
NaHPO, = Na' + HPO, +0.6
MgHPO,” = Mg®' + HPO, +2.5
. CaHPO, = Ca”* + HPO,* +2.2

With orthophosphate 0 e o
MnHPO,” = Mn?* + HPO/ +2.6
FeHPO, = Fe’' + HPO,/ +9.75
CaH:PO; = Ca® + HPOS + H' 5.6
CaP,07" = Ca” + PO +5.6
With pyrophosphate CaHP,O = Ca” + HP,O +2.0
Fe(HP:07),> = Fe*' + 2HP,0;" +22
With tripolyphosphate CaPs01> = Ca® + P3Oy +8.1

- 8 -
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2.3 219 AA B

231 =734 < AA

s - H AT T JAE 2 A=A AgUEe Qg 24E
2] A] (activated sludge)®} main streamolA] <1 A A7} F&2 o] FojA+=
A/O FA, side streamolA < AA7} F2 o] F A= PhoStrip &7,
AL 3|2 HES- 219l SBR(Sequencing Batch Reactor) & S°] At
olfl g W £ HAEES F7lES Tlets Al HAFERE US
SAste] SR E HArigoamN d¥o AL AASE
ol (B & FAA, 2011).
g4 <9l AA WAYSES Fig. 229 YEFNSAT. Q9] AESHY A

I
s AAtE AEWe #71 A" =49 PHB (Poly-B
~hydroxybutyrate) = #&3ste] A3t ojuf, ATPZHEH ¥ A<l
2 (ortho-P)& A2 wro =z WEA7|H o]gfst ygd 2 AME o =4
Hol = ATP7E #aiE w T H = YA & ol &gt 1 F71A4
20 2o R AgHY @V 2N WEd FERY § we
Fo] & HFHS HAHoZ 80~90 % A A A7F o] FojA A Hr}.
o, Q1 AA A= AlXol] AFstid PHBE & o 2 Y=
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A=stdl ¢ AA F&Fs Fv A=e 2

H

, PH, @714 9]
Aid A A(NOs-N), &EAAFH(DO), SRT(Solid retention time), & 71
2 3 7] %2 HRT(Hydrulic retention time)®] At} dwWkd o=z pHE 65
~80° MA7F AR Aom dHA loew DOsEE d7]=dA= 00
~0.2 mg/L, &7]Z%lAE= 30~40 mg/LE FAstefof ghrba & A tH(A
34 5, 2012).

Substrate
Y
Y Fa":""“‘?“'“e Bacteria absorb BOD by
Bacteria releasing phosphorus
ATP —+=  ADP + PO, + Encrgy
Y

Acetate plus
Ferment at 1on d
Product s Anaerobic

P
Phosphorus
Remov i ng
FHE Bacteria
: Y
A Bacteria store phosphorus
P during growith to compete [or
BOD when they get back to
Gb anaercbic zone
ADP + PO, —Erergy _ oo
Aercbic

COyH.0 New Cell
Product ion

Fig. 5.2. Mechanisms of biological phosphorus removal (A3 & AARA
2011)

Y
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2.3.2 =234 < AA

shebs A2 2EdHom EdsstA] #dom 27y 37k 54
= H7tstel 2849 5% Jdaddem HAAANTMorse et al. 1998).
w&ol2a Qo SEE I Gal=rt vl wEel A s o
el == pHol Wzste] Qlo] oWl el EAjst=x]ol wet A7 &3}
74 pH HI7F @i (A &, 2013). 718 ®o] o]l &5 FHol22
"Ed, 29 sol oy Qibdgor HAATZ] s A= A

,?‘
¥ t}(Thistleton et al.,, 2002)

T ik AIPOE &9 AAHH, 1 mg-Pol diste] 0.87 mg-Al
o] ~2¥th F2 AMEHE dFHF SHAE Alum[Al(SOs)s - nHO0]

= EF[NaAlQoJolth. &Fujge] ot <l Hxe] 72 ukg
218 thg 2 (1)% #ZH(Tchobanoglous, 2004).

a9

AP+ H.POS™ = AIPOs + nH' (1)

FEol EASE Qe AAFe”, Fe')ol o8] FePO,2 HH AAE
th FEAHoZ | mg-Po U 1.8 mgd Fe*' T Fe''7b g Qs
HAel pH Hele 45~5001A 7 &g < AAE A= o =2
pH7} & ¥ (Thistleton et al., 2002; A A3 & AAZ, 2011). A #5 =
dhomes AL E[FeSO,s - TH0l 2 A o] H[Fep(SOu)3 - 2H:0],

_‘l‘l_
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34 L A [FeCly - 6H.0] 2 d3}A|o] & [FeCls - 6H-0] 5ol (7 et
& AAZR 2011). A& o83 A HHe] 7[E w2 s 4 (2)9 7

T = =1

t}H(Tchobanoglous, 2004).

Fe'" + H,POS™ = FePO, + nH' (2)
(3) Zrgrol o] g3 2 HA

[Ca(OH) Jelth. M 3]& H7bstd WA F%9 CO, NH,, HCO; 53 HF

So] doju=d, ZHFEES o83 WgA2 2 (3)2 ZHH(Tchobanoglous,

2004; A% & A, 2010). A3 S ol&3 HA= SIFF 332 pH
9.001 3 PO, o B3 Ca™9] A& M= 1.490]t)h st vk & &

o At el mtadlg s 22 o] o] EE o] Jlow QlikdE

of Jek2 7] tHGrzmil & Wronkowski, 2006). &3k A& 374

Fel zelA 7t BASA el AAH o Aol g el $H Ag v

Mo we Aol wpeu

o,
)
P2

2l
5

rlo

O{N

=
) 9)

o+

10Ca> + 6P0O4 + 20H = Cao(POs)s(OH); (3)

_‘|2_

Collection @ pknu



2.4 &2 (Adsorption)

241 F%9 449

ge) £3 ol gakm G WHe FAAE o) Gate] ¥/ Fhol Eo
P 9B FAANE Atk od, ¥HE 2AL AFII

(adsorbate)ole} 38tv F23 st AAE  F2Al(adsorbent)2hal 3HTh

(Sawyer et al, 2005). 4wtz ow 2o e ST 31852 o

32l Al 7HA FEHE WA dARE o]t AR RE Foj ] F2)
2

ol o= TRl Hst=A dAst= A2 ofel=ol WEt(Sawyer et

& 2 & 2H(Physical adsorption)< 7FSRES- o7 F2} Alo]e] ofsl 2lE
T+ van der Waals 2o} zrgo ofs] dojupm. Fat+= 11
-2 F&E = Aol oty AA FHE AFEA olF
FAALE FARAY FHe FFHo oY e HAXN T& I T

3} &5 2H(Chemical adsorption)< & &2 Xt} covalentt} shortrange

)
Bkl
2
1o
Jm

o
I
tr
&
&

electrostatic bond’} #Z& ©] 73k 3o 23l Fo|t}, GRS S =A|

(infrared spectometry)®] Zl-g =¥ E & (vibration spectrum)& &3l <<l

°] 7hssheh(1=d, 2005).

i
&
ol
B
2
=3
=
S
>
o
=
XN,
~N

3+5 2H(exchange adsorption)S 3] & %

_13_
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Table 2.3 Characteristics of physical and chemical adsorption (McBride,

1994)
Property Physical adsorption Chemical adsorption
Heat of adsorption < 10 keal/mole > 20 kcal/mole
Temperature range Only below boiling Both' low and high
of adsorption point of adsorbate temperature
Slope of adsorption Greater at higher Less at higher
Isotherm adsorbate concentration adsorbate concentration

Dependence on
properties Relatively little Great

of adsorbent
Dependence on

properties Great Great

of adsorbate

Activation energy for

i Low or none May be high
adsorption
Number of layers of i )
Multiple (at most) Single (at most)
adsorbed molecules
- 14 -
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o]
G ol o5& A E ¥
zhekolty, WA, (1)& Bulk
= o] F(Advection) & EAI

>
¥
3
3
=)
=
=%
@.
o
=
3

goe] o %
o o

& (Pore Transport) o2 & 24|

ransport) &2 Film
2k 9 Filme §33

FratdAolr. ()= &0l

bol F 37

FEA7}A|

e
o
|
ol
Q
Ir
=
H
k>
ElOb

St AA A b

T3¢ B BAe B 2] e o|Fol QAL FHAA EWL W

A3} REg-sho] F-2hel o)) o] FojX (M A, 2007, & -5 2012).
F
Bulk Boundary . Adsorbent
solution laver | particle
!
bulk film f intra—particle
- | T = ®
Solution _ Adsorbed state
, & — —— IIq; —
(1> (2 llt;SJ' (4}
Fig. 2.3. Mass transport steps of adsorption into porous adsorbent

(Reynolds, 1977)
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A FH = EAY dAE &5t A (site)7F L 1 A7 Y

L
Ho
>,
)
ol
ol
il
M
D)
ol
=
rir
ox
=
r =l
=2
30,
s
ol

227 (site) o] ==

V = kP(Ns - Na) (4)

o714, P 7h2gh, Net= F34Ee ¥ % NaE F2489 24 58

V'= k'Na (5)
(i) FFAe oA E FF BAFLVG 22 BALV)E 2

V=V (6)

_16_
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(iv) A D3 2 G)= 4 Bl Hdste] delsetd

N (k/K) P

Ny = T+ WK P (7)

oA71A, TR FFU Ng& bE, k/k'E ai 83t Langmuir?)
2 24 (8)e] "},

(8)

2
N
R
o
rr
ol
S
o
il
o
ofy
hh:
r (o]
Z,
wn
2
%
ofl
ol
B
A
=
ool
=
ol
o
o
=k
ol
=

[t
9
rl
9
ui
9
=
N
)

o
ol
2=
g
2
ol
rr
Z

9
=
ol
Lo
2
AC
o
ol

rr

-1 FHRASLA NsoZ dhel Al 159 FAEE Sust 25w

rlr

R 9)
o NS@'—l
A7]1A, ai = ki/ki'elth. ®H, W FHA S S5 Neghal sho] 4

_‘|7_
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(10)3 2ol yerd 5 3t

N, = Y N, (10)
i=0

ke
o
2
ol
By
M
2
ol

NAE 2 D3I} 2ol YeR At
Ny = iiN&- (11)
i=0

BET2 9] &<l c= HEH7] fal ofeiel o] H=tt

ap = aLOeEL/RT 2
a, = alOeEl/RT = caf (12)
a1 ggo=,
Ng, = Ng;_,(a,P) = cNg,(a,P) (13)
N, = Zi)uv&. = cNSOZi)i (a, P)' (14)

el 4 (133 A ()7 o] e F ap
4 (16)3 ol thEd 5 9l

Il
oo
fru
oiff
o
W)

™

] (15)}

4

_18_
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Ng= N, + EON&‘ = N, + CNSOZ:)x" = N, (1+c 1—:1:) (15)
i=0 x
N iz = Ng,cx = Ng,c (16)
4 ZEO . dx 5 (1_517)2
99 F HouuE NaE 275
e
N s (1—x)(1—x+ca:) (a7)
NaB 5% q, NoB BEAS AFAY v, o= Aelshw, BETH
& 2 (18)3 o] dHTH
v, CT

P = (18)

B A Fd 9ol FA L $F9e) Fo] don, o1 9l
Abgo] &=%o] Ithil Frenkel2 7FA43sSith. Van der Waals ¢l
3 ESEHE HAE $599 F& FAst v A LA ZHFE

¥ won o o 9 Z+ EAzke] g T oA (attrac

o
p—‘
(@)
(@)
(o)
o
S
(@)
=]
g
o,
(@)
=]
D
p—‘
0
<
rir
M,
o
o,
(@)}
ofv
=2,
o
,
e
vy
rol
o
[

tive

U $%9 F9

BA7r mA mEabel FALe] Wi A A zud oA LY o

_19_
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Eiasy

A 2]

129 942 ¢ Ps}

2l A=

Y

s}

35714k P,

23]

3, 2005).

—

(O

(19)

[ Ra

Lol #]#

q—

29 919 57 LY A

0N
B
)

o

ﬁ,.o

(20)

of Attt 47A =

_EH

_EH

Ujo
~

_EH

—_—

<
o

B

A& (Linear), Freundlich, Langmuir,

BET”7} 1t} (Sawyer et al., 2005).

Al
2]

(1) Linear &2t5 &

_20_
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!

(Sawyer et al,

o]t}

2005).

(21)

= K,C,

e

tA ] A=, mg/g)

(mg/L)

K, = &4+ (L/g)

(2) Freundlich

ol
il

B
2]

B
<

_EH

|

el

7=
2

Z}

Langmuir &

Freundlich

<
s

oF

pui N
110

Freundlichel] 2] &

7] &, 2011, Sawyer et al., 2005).

e
RLN

12 A 9kE G}

(22)

- 1/n
q. — KfCe

tA o] A=, mg/g)

(mg/L)
il A1 4= ((mg/g)/(mg/L)"™)

- B
-

K¢

I~
_ﬁoﬂﬁ

o noj 1

ol W, no] 184 &

3

==

, 2011; Rout et al., 2014).

dolth (U&7l =

S

_21_
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K} nel gt 4 (23)3 2] log a/log Ced T2 vpehio] 3

PN
T 3

logg, = logK; + %log(Je (23)

Langmuir 352242 345 F23S AWstcd o83 dd 3
F2A 7 FEAY Gd 2P (site)ot AFsH FHAL] BEE W AA

o] FoAle tete] 2 =S spAstn A shel A (24)= vhEbY

.= Q.= (24)

714, qe = S FAF(IFAE e dF/FAA A7, me/g)

ol, Ct ARFE FHAY AL TFHHIL gt Quol HZsheh
EF Qu? bel #E A (259 2ol (1/q)/(1/C)e T ZR rEhyof

24 2o 7lev)9 dHomREYH F3 &

_22_
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(25)

5222 Brunauer, Emmett, Teller’} t}

i~
_EH

BE

o

o

Al S
=S

o]

3t Langmuir & 25

_(H

—_—

<

B

—_
10

B
!
ojo

K

No

7_}

1

o
(26)3 #o] YEeRATH(Zelentsov et al., 2012)

P
2]

Hol| =x % o] Langmuir &35

()
N
Ce
£
_
| B
Sfe:
S| F
q
SN}
=
Ce
_
=)
I
=

AL
00

o)

K
o

) X*I
_E‘b

o
I~

_EH
‘_a
o).

I~
_EH

dm —

Ct CET AXA =9 &

S A] 8t

=
=

Ce/[a(csfce)] EH CP/CS
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(27)

S

O

a, Kppr

1
a,, Kppr

a(C;_CQ)

0
_EH
=)

—_
file)

K
‘Bl
22

0

A4r
e
av

ol

22

~

;OL
o

ﬁo

ol
i~
_EH
Tor

()3, 2004).

1 2 dl(the pseudo—first-order kinetic model)

5} 7]

RRERE

[e)
IT

FAF 17 59

(1)

I~
_EH

mdloe 1898 Lagergrend] 2

Z
&

Tor

s
o)

2011; Yang

=] %
Hh& 5=

7l &

=
-

ER 21 TH

2 (28)3 o

A A= 9 8T

et al., 2013).

(28)

dg,
dt

— kl (qe - qt)

Aol A= mg/g)

_24_
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t = AZFH(min)

o2 Al 4 29 AL & dom AT HEF

o7 31
loglqe-q) & AR2ZFoz 3= 1928 23 kit ¢85 T+ & Atk
log (g, — ;) = logg, — kyt (29)

ol & W Hl(the pseudo-second-order kinetic model)
A2 AAGe SHAEFFTHE v o R 3 3
om 2 (30)3 o] T AT

+7] & ¥rdE, 2011; Yang et al,
2013).

E = k}2 (qe - 4 )2 (30)

olg Aral] e T AL AL 4 gom
=

ANZHDE 7IE2F o2
St t/qi s Al

24 koot a8 T 5 Ak

t 1 t
=+ (31)

Qt k2qe Qe

- 25 -
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| 31 4 (surface to

% wELAYol

3}
=

1

fly ash,

AZITHI 3, 2004).
Aahol 1y

) N

)

|

2.5 & & A (adsorbent)

volume ratio) ¥}

&

=274

2
=

i

A

o &,

n_mo
W
v
o
o
oj
ol

P

e

Tor

ek u) v (Activated Alumina)

b

= O

) A

(1

e
oy
Ho

3

;8

o

=
=

AlOs H,O4  Al,O3-3H20

7A
B

Ho

22|

3

o] 15~500 m%/g2.

iy A z2A 2 AF-&E th(Knaebel, 2005).

=
=5

3

Gt

ks

A Z

~
A
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H9E Zenh B8 oEFEE 040~076018 AL REE 1.8~0.8 g/m’ol

tH(Suzuki, 2000).

(2) Ae]7}A(Silica gels)

e AebAe SiE wH Sstdon vay vy BUR &
AsAT £35S0 HE EFsE 1 mEe A F4L g 2

o]
o= folS SHAAA AZITHSuzuki, 2000). olu, AgIte] FE, &
H

=, pH 2 X3 225 WA PN gD

ok

oH(Y 34, 2005).

(3) Al=e}o] E(Zeolite)

AT Es F2A o2 27| AAaE dAdHo A= AlOsgt SiO4
HEZG=ae 78 +x7F 3Ador Fas AdHo] s dFH -
A 2] A o] E(Alumino-silicates) = 7-4 =
(cavuty) ¥} 35S A48+ ESZ(channe)® o] Fol# qom & Ext
Avtet &5 Qo EAste] wErbedt Fol3 Hxo AAAAE
Aztetth, dA7MA] FAAE A SOl EE 1500 Fo=2 wg ohst 3

Ao R AgholEY ol wHBTHL 06~23 meg/g BEE 45

IS
%o
£
©
4
BN
=
I
of4
oft

rr

of o]2n3tA2 dg A& 3 JH(Wang & Peng, 2010).

(4) & ¥r(Activated carbon)

A e o217 A (Coconut shell)Al, A1 €HCoal) Al 2] 9B 2HE A x5

_27_
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22|

22|

A7) 9] m A gl

=]
LN

2 HA 71A
Ao 2 1000 m¥Y/g2)

_ﬁoﬂﬁ

ol

i

g Al

o Al

H

rvzel

s

H, d=F 10~30A

o] Folx ATHAF, 2005).
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Table 2.4 Representative physical properties of commercial adsorbents

(Deng, 2006)

Specific ) Particle
Pore diameter . )
Adsorbent Nature surface area ] Porosity density
5 (A) 5
(m™/g) (g/cm”)
) Small pore 400-1200 10-25 0.4-0.6 05-0.9
Activated ;
" Hydrophobic amorphous
carbon Large pore 200-600 > 30 ~05 0.6-0.8
) Hydrophilic
Zeolite } i 600-700 3-10 0.6 1.0
/Hydrophobic crystalline
) ) Hydrophilic crystalline
Activated alumina 200-350 10-75 0.5 1.25
/x-ray amorphous
Small pore il 750-850 22-26 0.47 1.09
. Hydrophilie
Silica gel .
Large pore  /'iydrophobic amorphous 300-350 100-150 0.71 162

Collection @ pknu
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3} = (affinity) & 7FA a2 48 A

252 FFA 2 &¢Fv g & A= IF

WA olgtar delA QTHShin et al, 2004; Yaghi & Hartikainen, 2013).

25 (complexing)

L ]
v wole

8}

i

(32)

= M-A + OH

I} (Antelo et al., 2005; Arias et al., 2006).
27| (protonated group)ell <]

M-OH + A

Z}-
A}

g 2} 3t

B
FA

W

(33)

_30_
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Dok o B o e S ow B o oo L% . F ER -
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o ¥ oo W oz W oy o W g mmﬂrﬂtﬁ.%ﬁ;ﬂoﬂ%
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2.6 & ¥ A X (Exfoliated Vermiculite)

A (Vermiculite) ] 842 Mg -Fe’ - Als(ALSi)4010(OH)2 4H,0 %
Beof Hl23 s A &Fug, vtadls, 2o FASAE R
njittgo] 2182 AgEo] 9l

Mo

[t

HEZSE APWA st FuA o7
om o 219 ¥l T F3be] =o] FhHW LA AHRAT T,

1992; -84, 2005, Huo, 2012). &xtd o2 A& = 23 A X (Exfoliated

vermiculite)> HAAAS 800 Colde oA 7[Eele] wxd Ao
2 \AXAo] FiREHo=z WHAn o v H(exfoliated) FHEN7F H&EHTE o
w, 7td T FE EHow HEHuUl 8~30w A= SUFsta - H =T}

64~396 kg/m°olA 56~192 kg/m’e 2 743 H|Zo] 0.09 K} yto}
Eo & <4 9tk Table 255 2HxAAMo 3lstzAS Yelylod
Table 262 =84 A2 & YEWHATH(ESA, 2005).

Table 2.5 Chemical compositions of exfoliated vermiculite

SiOz A1203 MgO F6203 CaO Kzo TiOz Hzo 7] E]'
36-46 | 6-16 | 16-35 | 6-13 g5 86 1-3 8-16 | 0.2-1.2

Table 2.6 Physical characteristics of exfoliated vermiculite

LAY | FREA AT L5 7 H| g
?_]@r/ﬂ
(kg/m® | (110C) ° (C) (C) (kj/kgK)
64-160 | 4-10 % | < | 1150-1250 1200-1320 0.84-1.08

_32_
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m Az 2 TH

3.1 AHARE & A

e

Aol AgE FHAE TxEe FRAlE AMgsksith Raw 2

X A2 (Samwha Vermiculite, Kwangjoo Korea)= Ao ZAg] H = 79|

3o

7 mmZ el 1 A7 ok FREE AH & F AAAdHA 1

rJ

dFnF d FZ®HE A% 5 A ALNO3)3-9H,0(98% purity,
Junsei Chemical Co., Japan), Fe(NO3)3;-9H-O(98% purity, Junsei
Chemical Co., Japan)E AF&3t3t}h. Tmdk A= F8€H S 93 A e
Glycerol(99%, purity, Junsei Chemical Co., Japan)¥ H>S04(95%, purity,
Junsei Chemical' Co., Japan)& A}-& 3}

Ago] AFg%E 100 mg POs~P/L(= 30645 mg POs/L)9] A4t %
o 2 KH>PO4(99%, purity, Junsei Chemical Co., Japan) 0439 g5 1 L9
go] 2o galste] A|xsk o Calibration standard$} T X9
NS ol E A5t Ao ALEsI T Bg NaOH(96% purity,

Yakuri Pure Chemical, Japan)& ©]-&3to] <A(PO,) &He %7] pHE 7

M
o

op

~8%2 z43¥ o pH+= pH meter(Ecomet P25, ISTEK, Korea)E ©]&

_33_
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3.2.1 A+ 2 Z A A=

A+ E A XS Yaghi & Hartikainen (2013)¢] WS A3l =13}
gtk 05 M AINO3)39H,O0 1 L& Hs) mykstdA NaOHZ pHE
12.0:05% ZA3H ). o] §dd Raw HEAA 100 g& Y2 A8A] ZH

%
O 70 TolA SBoA 7Hdaty Z7] 4X7HE AolFEL) o] RS F
3 Al hydroxide’} WMol qwe] HFsA ) 7tdoe] THEHW
o] &2 pH7F 7~89] HEE AXdd FHAZ AHT F A=
(CT-DMF 1, CORETECH, Korea)E ©]83le] 500 CeolAl 1A+ &<t
7+ gt

3.2.2 Fe+d XA X A=

S Raw 2EAA 100 g& o] 24243 110 €T oz B4 7}
(e=]

stoh o, Z7] 4AIZEE AolFw, 7t

3.2.3 C+xAA A=z

_34_
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C+xX A2 Medeiros et al.(2009)2] WHE F743te 1830
500 mL 2 "lA 4 mol% H.50.5 *3at= A& 96g9t x4
A 24gE TS T HAV|EZE o] 83Fe] Medeiros et al.(2009)2] =
w2} 3807C, 580°C, 780C oAl z+zt 714
w=ot7] el AR et vt Jtdes TR Axd &
ZtA o] pH7F 7~80] H =5 Dol252 AHF F 80T A 2443t

A

Azxske] Abgstsith o W, Alxzd FHA= @

et A2 ¢ Al 3t} (Medeiros et al., 2009). Fig.

Hydrophilic Glycerol/cat Polyglycerol Porous
surface layer layer carbon
layér
!mpregnaﬂon pn!ymerizaﬂun carhanlzaﬂorl
CRTRES
EV Ev %

Fig. 3.1. Modification of vermiculite by catalytic polymerization of glycerol

and carbonization (Medeiros et al., 2009)

Gh catalyst catalyst .
HO\)\VDH — = D\)\/O ——»  Cgpy + HO
(n-1) H,0 + +
glycerol polyglycerol

Fig. 3.2. Formation of carbon by thermal decomposition of polyglycerol

(Medeiros et al., 2009)
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33 A 54 &4
3.3.1 H|EHZF A
SAA e v EHAS =457 Y& Brunauer-Emmett-Teller(BET)™H

S o] &3 Gas sorption analyzer(Antosorb—1, Quantachome, USA)Z A}

&oto] ANy, 77.35K)9) & - 2295 o] &3 M-P(Multi-Point)H &

3.3.2 SEM-EDS &4

FAFA 28 ) 7 (Scanning  Electron Microscope, SEM)S A A4l & o] &

ste] ARel 9x @u 2 A7E ABT 5 dom XM BREA

o

(Energy dispersive spectroscopy, EDS)S ©¢| &3] njA xHe] G4
2 T4l Thestd 2 AP oNA AET AlvZx A9 CrI A
Aol JAda magd e A
X-Ray Spectrometer, HORIBA, Japan)’} $2¥  SEM(S-2700,
HITACHI, Japan)< AH&3F4

=

Ak B8 28] EDS(Energy Disperisve

3.3.3 XRF £4] & XRD ¥4
XA ¥3EM(X-ray fluorescence, XRF)2 XRF-1700(SHIMADZU,

Japan)= ol&3stlem A4 AAd 2 AY¥ 245 o] A3te FHE

Aats etligieh A5 10645 CTollM 28] 23 $ a8kl 200
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XRD)2 F&A el 244 =4 TRk ol dAEH= AE & +

o X'Pert-MPD System(PHILIPS, Netheland)S ©]-&3lo] =33t
=4 2712 CuKa radiation (A=15406 A)S AF&3lo] 40 kV, 30 mA=

o

3o 205 5~80°9 WHLAlA 0.0200°step size)® WIA|A EAS
213515

a

3.3.4 TGA &4

ot

= A

A= Q% Almo 3etA, =eA 54 WEE Al s W
Zrolup &rof wreb vERy 7] 918 TGA 7(Perkin Elmer, U.S.A)& A&
3ol oS24 (Thermo Gravimetric Analyzer, TGA)=S A A 3FA T &
HE 725 air® 3999 10 C/min= 255 JsA7IHA, FH o 650~
850 CT7HA| 7h=3dte] F2A S dA=Fsis SA4stt. TGAY A=
12} wEsted DTG (Derivative TG)FA o2 Yerd = lom DTG =
Aol 7levle AgEdoly AF Sk £28 YEhR AlEs 10645

A

ol

CollA F#3] 7Axe T #3135t 200 mesh Aol 247 F4& AA

3.3.5 FTIR &4

Fdo Held FEFEIH(Fourier transform infrared spectroscopy,

FTIR)= A&l AHdds FFA71AY FAAA stz 24 729

FTIR spectrometer(Spectrum X, Perkin elmer, U.S.A)S AF-&3}% oW
2HE S 400~4000 cm™t WA A 7IEHAY. A5 10555 Toll A
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SEM HWV: 15.00 kW SEM MAG: 15.00 kx Lt L WEGAW TESCAN
-

Det: SE 5pm
PKNun

SEM HV: 5.00 kv ; T VEGAW TESCAN

Det: SE 20 pm H
PHNU n

SEM HV: 5.00 KV ; . ] VEGAW TESCAN
=

Det: SE 20 pm
PKNU n

Fig 4.2. SEM images of (a) Raw exfoliated vermiculite, (b) Al+exfoliated

vermiculite (c) Al+exfoliated vermiculite after phosphorus adsorption
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Fig 4.3. EDS analyses of (a) Raw exfoliated vermiculite, (b) Al+exfoliated

vermiculite (c) Al+exfoliated vermiculite after phosphorus adsorption

- 44 -

Collection @ pknu



4.2.2 XRF 4 & XRD #4

Al Aol 3letxAde XRF B4E& %53 Table 413 o] Lehy
ATh  Table 2.591 YEld Raw WEFAM o] H A<l sstxA gy
Hl e S o], AI+FE A A 9] Si0,, AlO;, FexOs, MgO2 ©] 9 o
A NaOE 7.72%, K:OE 557% 2 S #Fo] =& AL &9l & ¢
ATH A+ EAA ] Si0.9] FEFo]l 3946 %= 7HE =om MgOrb
2519 %, AlOso]l 14.92 %< =AW= Yelor Si0O; + MgO + AlOs
o] A °F 80 %E AFAskaL glth.

M)

Apx

Table 4.1 Chemical composition of Al+exfoliated vermiculite

Clay Chemical composition(%)
S10s 39.46 %
MgO 25.19 %
AlO3 14.92 %
Na20 172 %
K»O 5.57 %
FexO3 419 %
Ti0O; 1.29 %
CaO 1.16 %
Cr203 0.27 %
SOs3 0.18 %
NiO 0.05 %

Fig 44 X-41 314 E4(XRD) 27945 el Ao &2 Raw T¥EEH
S 20 = 751° 2665° ¢ w HAVF MY = AFEXEAAMLS 20 =

891°, 27.05° 4558° 4 w 7} =& AL el o 4 A} Sousa et
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al.(2012)914 20 = 45° o] das dFvEs AT ¢ e &

H
o,
T
>~

5t WAL A E=(Counts)y= Raw @AWt} Al+rx Ao XA &7}

ato] A4 (crystal)de] B Fopu ANt Ao Ay 2= ¥
4

Aol XRD #£4 A3 20 = 9°, 25°¢A4 =& AE Uedota 4%l

=g o] B AT HA Aulel I xo]E Ho|x| erit)
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Fig 4.4. XRD pattern of (a) Raw exfoliated vermiculite, (b) Al+exfoliated

vermiculite
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4.2.3 TGA ¥4 & FTIR ¥4
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dojupx] ekgkth(Huo et al, 2012). Al
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ol
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Fig 4.5. TGA curves of (a) Raw exfoliated vermiculite, (b) Al+exfoliated

vermiculite and DTA curve of (c) Al+exfoliated vermiculite
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7Fa Ak YA (nonbridging oxygen atoms)®] stretching %o o3 A
o] t}(Shin et al., 2004). T3 kg Si-O A stretching &2 679~
687 cm™' <ol &5 9 =27F YEFRtHHuo et al, 2012).

A F2 M Al A oA FA71(OH-)o 93l 1355 cm™ollA] ¥
27 YEbg e ¢ Fx F OH-& PO,S 2 tiA|Ho] o Be] wav)
AFEA B %S 341416 cm Dol A oFgt 9] =7F YERETHWen et al,
2014). whebA Al+FE A o) 9l F A2 OH-¢F <l o]o] wshst= 23t
= a3ghgo] os) o]Fof Hrial yekhE T

(c)

(b}

Transmittance(%)

(a)

1 I 1 1 1 1 1 1
200 1200 1600 2000 2400 2800 32200 2600 4000

Wave number (cm-1)

Fig 4.6. FT-IR spectrum of (a) Raw exfoliated vermiculite, (b) Al+exfoliated

vermiculite (c) Al+exfoliated vermiculite after phosphorus adsorption
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43 Al+2x Ao Ay A3

4.3.1 Linear, Freundlich®} Langmuir %5 22]¢] 3 &

%
Linear, Freundlich®} Langmuir &-&&22 el #&3te] e o
Table 4.2+= Z42te] A= @t=< UERUAHL
& FEAs®R)Z vaskle # Linear A2 0 2
0.886°] 12 Langmuir 1< 0968622 &2 3a #AAE Langmuir 53

o] g AGHS ¢ F dom ARBEANG o FHL BUAZO

2 @2 vehin FReSbaad Kol g 29y 0014 LgE 1
Langmuir- 2 9o] 4§ %832 el Quikg Hvn

U 0537 mg/g® E3A2A 4ol shsetiay Bed.

Table 4.2 Isotherm constants for adsorption of phosphorus on Al+exfoliated
vermiculite

Linear Model Freundlich model Langmuir model
Kp R2 K n 2 Qm b R2
(L/g) ((mg/g)/(mg/1)"") (mg/g) (L/mg)
0.014 0.7512 0.014 112 088  0.537 0.026 0.9686
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¥y =-1.8505+0.8965x R=0.886
-0.6 | -
o 2B F -
L]
-Eb - .
E L I
& i |
—n
= = | S ]
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-1.4 L h 1 1 1 1 1 1 L 1 1 1 1 1 1 1
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log Ce (magil)
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+ ¥y=18614 +FO.741% R*= 0.953F E
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= L J
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% L
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5 | 4
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Fig 4.7. The curves of (a) Freundlich isotherm model; (b) Langmuir

isotherm model on Al+exfoliated vermiculite
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— =1
ol dojub= e o g I B 2VlEeEVF SUtE S 2
FHEFE Skt AE = AT

BD G L ey

—=— 40.8 mag/L
—&— 30.9 mg/L
—ea—= 200 mg/L |
—=— 0.3 mg/L | 4
—iE 5 g mgil
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ol
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Fig 4.8. Reducing patterns of phosphorus with increasing contact time and

initial concentration of Al+exfoliated vermiculite
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0037 g/mg-min®. 2 #2sl= A o% YEETE Han et al.(2009)2 &5
nEo=z IS B fFAF 23 Rl Ayoa Z7] 1 FE7F 25
mg/LY W gei= 0118 mg/g, 100 mg/LY W g.i= 0.208 mg/g® M i3}

Jom B Ao A} 23 mEe] Zro] o =9ith

Table 4.3 The pseudo—first-order and the pseudo—-second-order Kkinetic
model parameters of. different initial concentration on Al+exfoliated

vermiculite
.. Pseudo first-order model Pseudo second-order model
Initial
Je.exp . k k
(e,cal 2 (e,cal 2 2
con. (mg/g) (1/min) R (mg/g) (g/mg-min) R
5.3
0.042 0.031 0.0008 0.9187 0.035 0.260 0.9995
mg/L
10.3
0.078 0.059 0.0011 0.9992 0.074 0.121 0.98
mg/L
20
0.114 0.066 0.0014 0.8384 0.121 0.109 0.9968
mg/L
30.9
0.182 0.129 0.0019 0.874 0.189 0.084 0.9814
mg/L
40.8
0.354 0.275 0.0024 0.9685 0.377 0.037 0.9875
mg/L
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Fig 4.9. The curves of (a) the pseudo-first-order kinetic model; (b) the

pseudo—second-order kinetic model on Al+exfoliated vermiculite
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44 7td252d C+xd N EAH 4 2F

441 v EHZH £

FAAS] RlEEAS dotry] 98 BETH wel SAsk3dt. Table
447 Raw TEZAM 3 380, 580, 780 CeollA ztzb 7pd s C+itzz A o]
Al EHAS YERRA T Raw HZ AL 196 m¥/go #& YEeEhAHE 7}
dewrk 380 Co HEHAL 531 mP/g, 580 TS 58.6 m%g, 780 T2
431 m*/g2 S YeElHAJ G Raw FE 2249 v %W 4 (19.6 m*/g)ol| H]

a3k C

Table 4.4 Surface area measurement data of C+Exfoliated Vermiculite at

different carbonization temperatures

Carbonization temperature (C) Raw 380 580 780
BET surface area (m%/g) 19.6 53.1 53.6 43.1
_ 5 4 -
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4.4.2 SEM-EDS #4
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Fig 4.10. SEM Images of (a) Raw exfoliated vermiculite, C+Exfoliated
Vermiculite on different carbonization temperatures at (b) 380 C, (c) 580 C
and (d) 780 C
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ull Scale 1503 cts Cursor: 0.000 ke

0

Spectrum 1

Spectrum 1

ull Scale 1433 cts Cursor, 0.000 ke

Fig 4.11. EDS analyses of (a) Raw exfoliated vermiculite, C+Exfoliated
Vermiculite on different carbonization temperatures at (b) 380 C, (c) 580 C
and (d) 780 C
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4.4.3 XRD #4

Fig 412+ 79259 C+xdA e X-4 34 #4(XRD) 23%& 4
EFUIQ Tt Raw 2HxZ Ay 7fdeed C+axadAe vas »%F oz
20 = 75° 27°d o 7 =2 AS 9 & ¢ Ad9du sA k2

7F 380 T4 A%< 580 T 74 Raw EExAMET WA E

3t A tH(Medeiros et al., 2009). 7}¥ £%7} 380~730 C=E ola<4

al
AR FohAAM A UA Raw WX AN e FRE WA

(ch

Relative Intensity / a.u.

b

(aj)

1 1 1 1 1 1 1
10 20 30 40 50 60 70 a0
Position [ 2Theta]

Fig 4.12. XRD patterns of (a) Raw exfoliated vermiculite, C+Exfoliated
Vermiculite on different carbonization temperatures at (b) 380 C, (c) 580 C
and (d) 780 C
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4.4.4 TGA ¥4 & FTIR ¥4

iics

e 1 Ay Fig 4139 HER AT 72 =7F 380, 580, 780 T
BF B o W Al @AR EAH A GA(100 T o)l &
2= o Abstell ofsl] FFeo] astH 7 WA @A (~600
C)oll A s Abstel o8l FaFo] F43] ghagivh ©a Absel] of g
S

ofl  of)

Aae 380 CollA 7FEst Crdazd Aol 7y A7] wiito g4 3
o] 7Fg =va & 4 gJom 7tE 2L ol E A e Aa
st ol thaA 'BAE FJAst7] 13 YA Ee] Az A
kg AR o2 o Bo] Wt sk th(Medeiros et al., 2009).

polymer »
decomposition

90 -
85 |-

a0 carbon oxidation

wight % (%)

L

60 1 1 1 1 1 1 1
100 200 200 400 500 600 Foo 200

Temperature( iz}

Fig 4.13. TGA curves of (a) Raw exfoliated vermiculite, C+Exfoliated
Vermiculite on different carbonization temperatures at (b) 780 C, (c) 580 C

and (d) 380 C
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R =49 Ed & et Raw
WA Gy A C+EEAAN BF C=C A%l 93] 1580 ecm™ -
oA I=Z7F yEtgew yREFd deE =9 stretching X5
bending #l&°l <8 YEFG 1608 cm™ F29] ¥aE 780 Tl 7t
3 C+r ¥y ANl AHS olF <Al yEFUH(Hontoria-Lucas et al,

1995). 3k Al C

+
&
¥
o

>
.
i
¢
ar
i

b
3
©
%
DN
o0
W
w
O

B |

A 3] 4
927 geter sldersl moldss wae ZEE ol

(Sevilla & Fuertes, 2009).
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Fig 4.14. FT-IR spectrum of (a) Raw exfoliated vermiculite, C+Exfoliated
Vermiculite on different carbonization temperatures at (b) 380 C, (c) 580 C
and (d) 780 C
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45 C+2x 44 44 23
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Fig 4.15. Effect of carbonization temperature on removal behavior
phosphorus according to the time
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452 7tE2=d C+2EXZX9 Linear, Freundlich®t
Langmuir &&5 229 A&

Fig 416& 7192wy C+H XA S o] &3le] 24 A7t HoF < &z
2¥e 3

Freundlich®} Langmuir & #5204 3t Z+7te] 4 g5 YERY

Atk FHAG 240 e AAEE wwsH Langmuir F25-E R =

AEEAR = 073~09329 Ktk oA or & o HFsirta Ao,

Table 4.5 Isotherm constants for adsorption of phosphorus ' on C+exfoliated

vermiculite according to carbonization temperatures

Linear Model Freundlich Model Langmuir model

K i Q b

o (et B RET S Gme B

m mg
. (mg/L)"™) we

380
. 0.021 0.9248 0.046 1.41  0.9519 0.708 0.055  0.9613
580
© 0.009 0.73 0.028 153  0.9464 0.486 0.039  0.9697
780
. 0.006 0.8618 0.023 1.74 0.987 0.183 0.105  0.9637

Freundlich & #5224 n& FAAEEY WHIlE YElU= A X2 7}
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d2%7F 380 C, 580 C, 780 T2 A$ no] 1Yy I=2g F 2o £o

sttkal & 4 Qlth 3 Langmuir 3 2s-224dA FHe g5 HU &
A 59(Qme 380 T 0708 mg/g, 580 T+ 0486 mg/g, 780 T

0.183 mg/go. & YEtstom ¢l F2 vkg-o 380 TeolA 7tdst C+Ex4d
Aol 7b EHAoletal dheHETh 380 CoF 580 Cof HEWALS & A

839 Qme 747t 0.220 mg/get 0.228 mg/g=® Hi1s3 2™ Rout et
al.(2014)2 ¥ H7]E = @ 3 E(Ground burnt patties)S ©|-&3Fo] <l

mg/gZ KIStk 2 Ao A 380 ColA 7FEgk C+Ax A =
g]
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Fig 4.16. The curves of (a) Freundlich isotherm model; (b) Langmuir
isotherm model on C+exfoliated vermiculite according to carbonization
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Fig 4.17. Reducing patterns of phosphorus with increasing initial
concentration on C+exfoliated vermiculite heated to 380C
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Table 4.6 The pseudo—first—order kinetic model and the
pseudo—second—-order - kinetic model parameters. of  different initial
concentration on C+exfoliated vermiculite heated to 380C

Pseudo-first-order model -~ Pseudo-second-order model

Initial e.exp
con. (mg/g) (e.cal ki R2 Je.cal ko R2
(mg/g) (1/min) (mg/g) (g/mg-min)

5.2

0.064 0.062 0.0015  0.9202 0.069 0.075 0.8361
mg/L
10.6

0.122 0.093 0.0010  0.9916 0.113 0.077 0.9828
mg/L
154

0.162 0.132 0.0005  0.9471 0.115 0.067 0.995
mg/L
20.1

0.162 0.137 0.0001  0.9696 0.146 0.041 0.892
mg/L
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Fig 4.18. The curves of (a) the pseudo-first-order kinetic model; (b) the
pseudo—second-order kinetic model of different initial concentration on
C+exfoliated vermiculite heated to 380C
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Table 4.7 The pseudo—first-order Kinetic model and the
pseudo—second-order kinetic model parameters .of different dosage on
C+exfoliated vermiculite heated to 380C

Pseudo-first-order model  Pseudo-second-order model

Dosage e

g (mg/g) e.cal kl RZ e.cal kZ R2

(mg/g) (1/min) (mg/g) (g/mg-min)

1

& 0.196 0.142 0.0004  0.8326 0.122 0.120 0.9935
(25¢/L)

2

& 0.162 0.137 0.0009  0.9696 0.146 0.042 0.892
(50g/L)

3

& 0.136 0.107 0.0009  0.9913 0.123 0.060 0.9524
(75g/L)

4

& 0.117 0.082 0.0009  0.9792 0.104 0.110 0.9835
(100g/L)
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Fig 4.20. The curves of (a) the pseudo-first-order kinetic model; (b) the

pseudo—second-order kinetic model
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