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Objectives : In this study, we propose a new method for preparing magnesium-modified granular activated carbon
(Mg-GAC) using microwave irradiation. The objective is to identify the optimal factors for efficiently removing
low-concentration phosphate using the Mg-GAC.

Methods : We impregnated Mg on activated carbon and modified Mg-GAC using microwave irradiation.
Experiments were conducted with modification parameters such as impregnation time (1-12 hours), impregnation
solution concentration (0.5-3 M), and microwave irradiation time (0-20 minutes). Factors affecting phosphate
removal were set as pH (2-10) and reaction time (0-240 minutes), and were applied to kinetic models and
isothermal adsorption models.

Results and Discussion : After modification, particle distribution on the adsorbent's surface and 40-time increase
in percent composition of Mg showed that Mg effectively coated to the GAC surface. At initial concentration of
2 mg P/L, the optimal modification conditions were 1-M Mg impregnation solution concentration, 2-hr impregnation
time, and 10-min microwave irradiation time. The optimal experimental conditions for low phosphate removal
efficiency were pH 4 and 180-min adsorption time. The difference of maximum removal efficiency between
Mg-GAC (91.9%) and GAC (63.6%) was 28.3%. Mg-GAC is suitable for both Langmuir and Freundlich isotherm
models, and the reaction kinetics followed a pseudo-second-order model. The microwave irradiation time for
Mg-GAC preparation was 10 min, and the energy consumption was 0.55 kWh/g, which showed that microwave
irradiation is one of promising methods for modification of GAC by metal.

Conclusion : The Mg-GAC modified by magnesium and microwave irradiation enhanced removal efficiency for
low-concentration phosphate compared with GAC.
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Fig. 1. Schematic representation for modification method to prepare Mg-GAC using microwave,
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A L 200C o] =gl om, 1050]41(83.8-89.6%) ] A=
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3.2. pH
QA AAELLS Mg-GACS} GAC E.5 pH 404 713
Eew, pH 45 7S 2 pH7F sy S7kghe] whet
A|AmEo] H45kelckFig.3(a)). pH7E 404 10082 F718
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Fig. 2. Phosphate removal efficiency of Mg-GAC according to
(a) concentration, (b) impregnation time, and (c)
microwave irradiation time.
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Fig. 3. Phosphate removal efficiency of Mg-GAC and GAC
according to (a) pH and (b) reaction time.
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A 7k0] TE Fpoli 15Hol|A] 17.0%, 240504 28.3%=
HhgAIZko] AojdpE I Aozt FS7ssith HESAIREe]
180N A 2402 71A] 1A F718kSlSolle AARE Aol
+= Mg-GAC 0.5%, GAC 0.7%=2, 71 Z7F= 1%y 2 3 X
oot 18070l A F2F g ol =Egitta M5kt ojuf,
T H ()& Mg-GAC] 7S 0.609 me/g, GAC] 7
0.419 mg/go]th
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Fig. 4. (a) Pseudo-first-order and (b) pseudo-second-order
linear kinetic models of Mg-GAC and GAC.

& 2 d(pseudo-second-order model)*& Uutx oz ALLE|
Aol #gste] MmIAE? fAb 14 ML= B 4]
38 AAR A 42 erd 5 vk

qu

dt = kl (qc,cul - qt) (3)

10g(qe.cal_qt) == k1t+10g(qe.ca1) (4)

o714, ki FAF 13 SEARAmInT), g BHSAIZE tof] A
A L= G QA FHME/E), qecar= B e A
FHA == G QA SR (mg/R), ti= WA min)E
UeRdTt k2 Mg-GAC 0.021 min'l, GAC 0.028 min'2 o
EPAt) gecas= Mg-GAC 0.071 mg/g, GAC 0.052 mg/go] il
R*= Mg-GAC 0.978, GAC 0.968% UFEFICHFig. 4(a)).
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t 1 1
@ G ©)
q: 9e,cal quc,(:al
o]7] A, ko= SAF 23} SEAF(g/mg min) S UERATE k,

+= Mg-GAC 0.120 g/mg-min, GAC 0.130 g/mg'min®]il, qeca
£ Mg-GAC 0.640 mg/g, GAC 0.471 mg/g® 2 Uelyttt o]
] R*= Mg-GAC 0.997, GAC 0.9940]t}(Fig.4(b)). & 52
Al B5 GAF 2240l A R gro] AL 1AM A Uk
o o]z QA F2kell fAl 22F mdllo] T Ajtsithes A
oJulgteh. fAF 1240 4] Whg-& = Alof 23] AAHE qeca®t
AY Ao WE g9 ZFo]= GAC 0.36 mg/g, Mg-GAC
0.54 mg/gl §hHol, F-AF 234412 GAC 0.05 mg/g, Mg-GAC
0.03 mg/g®, R*e} up7FA| 2 A} 22}4]0] o H3ehs &
= Qlt} A Aol e FRH sk fae FREE da
£ pHkshe SlEA] BhEollA AR 22 o] T ARtsith=
A Aot FARSIEEY difLEe] Mg AFtolA F4 AR
e A & A-olAE AR 221 mdlo] Aget
A0 e

=20
A& 0 2 ARE-5}= Langmuir®} Freundlich 52822 d
o AHgsle] =&% QIXE H|wstS Lt Langmuir 554

ofat 7hne] BHS ehl] 918 g

& E2A
FEIgon FA BAZ) BRG] WS P BH

Ae)7h sk SRS F2o] o] ol ek ARkt
4 72 Langmuir 5252402 Aol 4] 82 Lery 4
ek
quLQf 7
©“~ 17K, C @)
e 1 1

R ®)

9 an quL

714, qu Langmuir THEAg- 2 S-2FK(mg P/g), K
2 Langmuir <=2 S2AI9F 24 9] Aste g Yebdck gn
© Mg-GAC 1.37 mg/g, GAC 1.12 mg/go] 1, K& Mg-GAC
5.87, GAC 0.612 UElgt) o] uj R*= Mg-GAC 0.995, GAC
0.948o|t(Table 1, Fig. 5(a)). Mg-GAC”7} GACHT} qne
1.228, K- 9.608] =A] Yepsitt. 5% F7kel whaba] g2t
ol F7kk= 27E 24l D% Ce > 004 5= Ag4o] wat
3}A] ¢k31 Mg-GAC| 5-282H] 7]&7]7F GACKU} 2o
2RE Eoﬂ/ﬂ Mg-GAC7} GACH T} 9431 S2F 5
7le“ A ou|githFig. 5a)). 2 AdS el o

A EQ] R FA Aeolr 4] 92 yepd 5= Qlek?
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Table 1. Value of parameters by Langmuir and Freundlich linear isothermal models of Mg-GAC and GAC.

: G Langmuir Freundlich
Literature Coated metal 5
(mg P/L) K. am (Mg/g) R Ke 1/n
Shietal. (2011)% Fe 200-1,000 0.068 98.39 0.999 4.66 0.353 0.990
Hwang et al. (2015)'® Fe/Al 10-50 0.48 4.43 0.994 1.80 0.256 0.898
Mg 0.03 91.10 0.910 6.18 0.492 0.970
Zheng et al. (2020)?? Al 15-1,000 9.91 21.70 0.900 14.02 0.103 0.960
Fe 11.64 11.00 0.870 7.20 0.109 0.940
X Mg 5.87 1.37 0.995 0.91 0.248 0.995
This study R — 0.5-10
-2 0.61 1.12 0.948 0.36 0.482 0.996

A\Virgin granular activated carbon

10

ojgtil gth® Ry > 104l Kool S=o]a &2} 5hgof A
AYste F2HA| = ARgo] FARkekS ofuldtch R Gt
0.5-10 mg P/LoJA] Mg-GAC 0.02-0.25, GAC 0.14-0.772 &
2= B ARESE] ARbshATE, Me-GACT} B &b
(ﬂ .Q. ol— /\ 9}\1:]'

Fez 7IAE SAES AMgsto] Q1 AIAE ARt A+
oA gme 98.39 mg/gE ¥ Lol A ARE-SF Mg-GAC(1.37
mg/g) Rt E9trhTable1).” o= Agdrolale] 271 9
A 2==7} 200-1,000 mg P/LE & ¢1340.5-10 mg P/L)<}

0 2 . 4 6 8 20-2,00081 &2 Z}o]7} A7] wjEel] qne] 2tol7} WS AR
@) Langrrewuir wolrk. whgof K& A8 o)A 0.068= Mg-GAC(5.87)
02 Hop wolknh ol A3 2g-9 A7I7F sk wiZel Ko
Mg-GAC Mg-GAC7} B =& Ao & A=} AlFeZ Eﬁt} MA=H
°0] 2 405 FATE AT THE o4 10-50 mg P/L, F2A| 27
02 ] K099 0.15-02 mm= AFHL 0] g, S 443, K, & 0482, 9] u%
g 041 I AR A <= k' Fe, Al Mg 59 3452 7
< A vlo] a1o] AARES Bl APAFoA= Mgo]
-0.6 1 Al, Fe Rt} 1A F2bo] fxpzlo| ek
08 | Freundlich 523212 Langmuir®] 71431 §ASHA| R
CHEALS S2to] o|Fofz|al ol F&to] Xsjgo] wat
1A0-2.0 15 10 05 00 05 10 ujE F2do] 2202 tashs AL o2 PR
log €, 4] 102> Freundlich 52-32F4 0.2 ol 215 Fs}o] 2|
(b) Freundlich Agel 4 12 ved 5 g
Fig. 5. (a) Langmuir and (b) Freundlich linear isothermal 1
adsorption models of Mg-GAC and GAC. g = Ky Cj (10)
=17 Kl x C ©) 1
L loquZglog(Ce)—HogKF an

Ri = 02 Kol w9 2 o) SAIStER §3 wst et

H|7Fd ] F2ke ojujgich 0 < Ry < 194 Ko} CG7F 4 - i
olms HAFAol SaHLS oA AR, ol K3} R u ool AR e AL K Freundlich A St

o171 A, n& Freundlich RIZ = AM4E 28T 3 As:

e AR Ro| R TAA o Agar saAel ge Stk nd Mg-GAC 4.03, GAC 2.07°]3L, K= Mg-GAC
21
ojujate. Ry = 1€ K, = 004 Hugs}uq e B3 m Jol 091, GAC 0.36°2 eyttt o] m R*= Mg-GAC 0.995,
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(c) Modified Mg-GAC
Fig. 6. Adsorbent image of (a) GAC, (b) impregnated Mg-GAC,
and (c¢) modified Mg-GAC.

= 1958}, Kp2 2.588) 7| YERLdth Fez 7i2qt 2/eto]
AP AL A K= 4.66, n2 2.83 2.2 Kp= Mg-GAC(0.91)
Hrp 2o n& Mg-GAC(4.03)7} B &2 23S UEhl
t}. Freundlich4]3} Langmuird]®] R*7} F93}4 veht
Mg-GAC= & A3 9 oA 7 mdl == Agbsiryal o
= Stk 2L A wErt STERtel Wt ges S7FSHAIRL,
QA AARES 2 mg/LoA] 91.7%, 1 mg P/LOJA] 98.3%,

Table 2. Elemental analysis of Mg-GAC and GAC.

Elements(wt%)

C \| (0} Mg P
GAC 85.45 1.03 12.95 0.07 0.61
Mg-GAC 87.96 ND? 9.71 2.80 0.29

INot detected
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0.5 mg P/LoJA| 99.9% A7 =30tk ol= W2 it F&=

A gpgol muHAQlS o 4 k.

3.5. Mg-GACe| EM
SEM-S E3]] GACS} tto] a2 o]H 2A} -3 Mg-GAC
7h B Bt g xRl AE EIskSItFig. 6). vt
o|laEYolB %A} A Mg-GAC(Fig.6(b)) FHo)A GAC(Fig.
6(a)) WY} vlwste] o WS ap) TEE G oH, o] Mg
A7o) Fel2 AL vlo]AR ol A} T Mg-GAC
3tH(Fig. 6(c))ollA= Ed dAE0] A4 e FE= vet
S, ol MgClL7t uto] AR fo]B&E Q1§ 112 2718}
MgO AAoz Hghe Aoz 2HETh4] 12, 13)%

MgCl-6H0 — Mg(OH)CI+ SH,O + HCI (12)

Mg(OH)CI — MgO + HCI (13)

B MO 4%9] H'¢} Bh3sto] MgOH'S #4351,
27k w4 14, 15)3F F7)F lE(4] 16)0.= QA T}
g3tk

MgOH+2HPO? ™ — Mg(HPO,), + OH (14)
MgOH "+ H,PO; — MgH,PO, + OH~ (15)
MgOH" + H,PO; — MgOH* ... H,PO; (16)

EDSE o|-&sto] Sz £H 9] 3fsha] 24(C, O, Mg, N,
P& 245 A3, CoF O7F =8 Yavo]al, Mg 2/dHl= 3
¥ 4ovj F7Iskgick(Table2). ol e o e9w W
of Mgo] deAo® HAEUSS HojFal, A2ndoer
e Fol Mg AAFY o)l A7) ujg npo]az
o5 ARG & Aol Mg ol oF 1.5Hl ¥ &2
Ao &2 et Sgers Mg-GAC 1,036 m%g, GAC 1,048
m’/g& NE F oF 1.1% HAsggolE, ikt Mgo] &
A714 AoAg ez A F2Hso] S7IRE A2
HITEY 12448 A3t} FeR MATE BAIRRS Sper7t
35.7% Ao, nto]|aggolHE A3 Mg-GACE
Mg JA7E vlA] S5 2A] got Sper7t A HastA] b
Aoz FAHE Sperd] Hae FASES 899 A2
FHEsEAIRE & o] A= glo] B A WL Spers F-A15HH
Pyl o]&sto] 2= 8 SR



DIOIS2RI01=E 0183t DI T RUYBAE] KisE Q1M K2
AT - e - oHEE

O T

Table 3. Comparison of the power consumption between calcination and microwave irradiation.

Hwang et al. (2015)'®  Al/Fe Calcination 10
Zhaietal. (2019)*®  Ti/Mg/Zn  Calcination 10
Jung etal. (2017)*®  MgFe, Calcination 5

This study Mg Microwave 1

85 vastet AR 5 ok & APAFIVNAM e
448 olg31ol MgFe 1 wlol2AE A1 Slstel &
27 5 g, A 1217, 20)He 3200 W 2851}
(Table 3). tt2 APVoME 12AhAE 043 Ti/Mg/Zn
23} ) vol 9242 A3 fso] BAA 10 g, HelA
7H2A12H8 ARl E T ATVl ek o
83101 AUFe %3 712 RS Azel7] 999 S 10 g
A2 4R AL B =B su)Heo] A
AR Ghol 3 A= (review article)™ ol 4] A AZE 421
A 5,000-10,000 Woll4] 5,000 W= #-g3kich nfo] 22
o] = olfsto] Mg-GACE Az & AT F2A| 1 g,
A2 AZE 108, 29140 3300 WE Hgakgich 1 2, 2
S TS jolaRgolE ZA) ) G o 4w
= AT 0.09-145 kWhig, 22]A17F 50-2304 ©f o] 4m
Sl Aoz vehieh ol Mg A T4 AxToA
R EEE NEERE I N [ R R )
of griE o vlg, A7H Se| SHel M Aeolely B 4

o
:)

-
2
_>L

fr

Z

(1)}
X, (o
ik
ok
)

S|
)
2
ot
N
<

180202 LEpyith Bs HEgAIZHEE Mg-GACE] A7 &
o] GACHT} 9313t} Rhg-& a2 [AF 2%} mdof
Aeket Ao yeEhyth Mg-GACS] F2kH74-> Langmuir,
Freundlich 4@l =% A3}slict nfo] A2 o|HE ]85t
2% A o] AR ARE Al YR FolA 7)E W
Hep Aoz pesiiinh mebs 2 At AsE Qat
A A2E fsf vpolARYo|EE o] 87t M= Mg 7E
2 Al e AAIRE Aol o7t Qi
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