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ABSTRACT

Characteristics of Microwave Conversion for Sewage
Sludge Pyrolysis and Gas Reforming

Eun Hyuk Kim
Advisor : Prof. Young Nam Chun, Ph.D.
Depar tment of Environmental Engineering,

Graduate School of Chosun University

Modern industry and technological development has made Iife more
enriching, but the current environmental problems are being aroused by
excessive energy consumption and wasteful discharge of waste. for this
reason it is necessary to convert the sewage sludge into fuel energy,
microwave pyrolysis characteristics of sludge and graphite were
investigated. Also, microwave reforming characteristics were studied to
convert the gas produced by biomass pyrolysis into high quality fuel
energy.

in this study, pyrolysis products were generated in the order of gas,
sludge and tar in both receptors. In the case of pyrolysis, the main
constituents of the generated gas were hydrogen and methane, and some
light hydrocarbons were included. According to the thermal decomposition
temperature difference of the receptor, heavy tar was generated in
graphite receptors and large amounts of Iight hydrocarbons were generated.

in this study reforming of the gas and the sludge char receptor caused
by the pyrolysis of sewage sludge, the carbon is formed by the methane in
the carbon dioxide-methane reforming, and adsorbed on the receptor to

interfere with the catalytic activity, while it is continuously clean by

_VI_
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the thermal decomposition reforming of methane. A constant reforming
conversion was maintained.

When the carbon acceptor was used as commercial activated carbon, the
amount of hydrogen and carbon monoxide formation was smaller then that of
the sludge - carbon receptor due to the relatively low catalytic activity,
resulting in lower calorific value of the product gas. And it was
confirmed that the conversion rate and the yield of the produce gas were
low when toe temperature of the receptor bad was low and the bed was low
and the bed residence time was small. The conversion rates of CHs and CO;
were 8/% and 64%, respectively, and the calorific value was measured as
14.15MJ/m® when the mixed gas was injected at the ratio of gas generated

from the pyrolysis and gasification experiments.
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Collection @ chosun



& AE

"o
- 3 BT oo oL
HOREm NS 5O 9 % oot o 50
U /I /TR T T A o Jet oy o
3 =W XT@iﬁm W 2D mMﬂ%Egmr RM
o058 z.§% .°338 “ogEr [d
e R AT 3 ° @ o TR = » o
2w 0 o ol Ol RO S = — K Ol Rr T 8
Towm koo R D g WRE S X 50 O3

o] 9 ol 57 = Km0 < = Ko - = o o
5 A L I — = o ROl Tour 2 =
o DR S . oo o B oA o o0 Kol wm B
0l s o = s o g o L 3 51 =0 = 07 o 3 m o
T DEe 48B30 wfoRrT G
= N aow kg o o w "W ~FWa g ¥
0 0H = E] x| 57 A0 K =z 30 AU S X0 Mo a1
- 5 ol < _ o] W ol
=R J“_Hxaﬂ TR . __mAlz_OLATmE ol R
G W 1 L - = o == 2 =) c &M E RG]
%Ha_mﬂ Eﬁ@ﬁ U%WWH o I ER
WEEs =X o E M R WS Wz

oE RS 523 oM " s gy
o __ . T g = m = & o . = zr Ol
A ~ ™~ H = K20 5 [ z0 o8 -
L oo Sz O3 T R R o <r
HO.__.A.U = N = K 5 - o K o = -
20 T ol = = 2 < = 1 — oo ur ) 10 10

(I “hY R 0 = 5T o~ =
L RRARR T 5 M4 Sy w W oar Jomos
&HAT_;._ 55 7 = marmM.HoxaﬂmMmoM%m
wEH.LlLl [SENS _ Ll.ﬂ._.H_ 20 __o._Ll]..m =) [_. =

— 1o 5 <0 ol B x5 2 U N = ol B &z < o
ol o_._.—__ X ~ - p_._ U|o o3 Br 03 <N o0 ._L_m o = ) = 10 10 0% [T -
U T o L LRI TV R o 4w no—
fhiang =) Mon__v_nu_IH__nu_ s = DIaLl _nu__.:._ s
rmm__oﬂrmoxmeMaome&ﬂ& = o = .2
ﬂrualejwmwa e __dNEﬂmDol.Ho____m%ol.e
WoE o AR ok EJNE:M.@%MNW% KR S
U B ol ! ~ 51 Y| m_b o WD ) Hoomw o) /o < sw oW _ = L
|H_I%mo_eo|mMA:19%$ ot W0 W e ARy 2
gﬂ@jamﬂ_&%%% aﬂmmea%_ﬁﬁgwaﬁ
2 < Qo = _ S 20 e
AWJ:IMATUO+moawu&x_coommo%ﬁaa__a Oy
T o b :I__daxoaﬁ__uo:_oﬂ%a u

KO0~

K O "

| =S Ol

=]

UIEPN

JUIC

.I

b Al Ot

JILt

Collection @ chosun



N Ao ZEHLOZ JIES HHEHEM 22 T2 Nkt SOE HiEokH &0 &
2IdE o Ild S22 20l Mot =0=

SR II0A Zdsts =4
Ch. 8t HIIZ0HAM MUK d2t= 8

ot= ¥ S0 RLE =0 806K 24Ag = U

UM, HUHXIE 2=
A& It AUACHS,

SHXIGH X SAH-3atst HMeldl=uMd 22 € T 4H(Heat conductivity)=S
I8 oSt Xl 2HE 2ol EEXNel= He2 S AltsS 222 5t
Ch. 8t It Al &JI2U 226l St 20| 222 230l ZR=2 otH, &
HMEDNFOILE HERUEFHUAN X2 SEAS ItH I 20 ZHMESZ L 2y
Hed82 IR QUCH 0148 2 HE0 =20= AS0 OI0I22IME A
ANA S2EEXNS MS52=2 ItZdt= 002 ZR0IE (Micro Wave) =0 F==g
D ACH. Crola=zf0IBE JI& gy gel Jdte =2 28N 2=
O ®eS A2A2t =2 HUXEEE JIkse &F0| UACHS]

SHXICH DIOIAZH0IEE 0|88 & XlQ JtAst=e £Xlo ¥2 Z2ACH
o 2MZ °Cldl OIoIAZR0IEI} st Xli 5201 E2JF & 2HAES
JIXID JACH. 0l 224561 26t OIOIZAZR0IEE =2 Iiss =4
(Heat receptor)S =24 X2t =§&6I0 AlE6tH OH0OITZR0IEE 018 L2

g@A Bt=20| Jtsotl, O M
H =ICH £8F ot SAY Mol cist DIOIAZR0IES Bts
et HIoIQOHALE SAHE9l  HIE-0|AtSEFA  JHEBFES (Methane  dry

reforming; CHsCO-< 2C0 + 2H,)0ll 20 T 24IJIA M20l 2 E ststA &t
I.

X2 ol 0= HEEQ 2oz QAED[e], £8 = = MHE =
AXl Z(Sludge Char)e Z4+EX G2 Mol IJtsst Jts&8s I A

Ct.

OLOIAZ 0122 NAINES HED OIASEIAIL =42 LASHEFA
TN 8850 =2 JtAz MaEtg= WEOICH. GHRIZH 0 BHSolM 1
S WIl /g =2 lUX 2201 25| M0l 018 226t A5t =0H
O AHE0l ZR36tCt. Z0= =2 H3=(Noble metal; Au, Ag, Rh, Pt, Pd..)
OlLt M0l=2=(Transition metal; Cr, Mn, Co, Ni, Cu) AFEZID AL} HIEZS

Collection @ chosun



)
X0
ol

=
-

deposition)Ol

F(Carbon

B A E 5

Ml 2t
(Deactivation) 2|

=
[

H

oroll

JHXID UCH

=

=

ot
E

[}

o0

KJ

o)
ol

ol

&)
Kl

X

A X2

A

=

ot ==

0l=5tH

CH
g

OO ZRI0IEE
EPNIL(IEPN

—

[—

A0 A

=
—

=

OrOI 2 2 IOl

ot A Ct.

H

0

KJ
I

&)

_

ioJ

ol

o)

&

I,Aﬁ
— =

11

tOl

=

s XA =2t et

0

o
T

tI1

110

ay

s 72

(wm]
o

IS OIOI2ZA0IE £==2H (MR ; Microwave carbon receptor)2 0|20,
CHst JH&

ks
=S H Ol

ur
o)

HOIl CH

Collection @ chosun



H1& St==c X2 O0IA=ZR0IE =X

M2& Ol UFE

t==d Xl

1o

1.

=
Ju
©

2

[N

ol
ulo

A
I

<+
=
3

_

<J

<+

110

<+

L) &

24 Xl (sludge,

=
=

<+

110

}

=

0Kl
180
B

0
00
THi

o

KIO

H
ol
Wk

RO
[0

0l
Rr

Ol4=40iel Ol,

OF

i0J

u
()

ot
E

o
%0
i0J

At
(=]

=D

Ct.

AN

o

Ch.

AN

o

3t,

32 RIE sl E2otl
3

ElHl

St
=2

H

-HEol 8% =X

X
X
= 3

[—

et Xl

A

=

}

2003 £ &
O

ot ==
Xel

—

[—

==

sez UsAo

s

Ef= PN

g

=]

O S0l 40%01a DE=S
o

JI0 &tEHDE =HE

=

gt

ol

Xel =l Xl

o« 8t

StCt.

c
T

i0J
ol

IH

g

IH

2

K
Ko
R

ok
R0

o

S PARE]

E
=

b Ol=0l CH

2

Jt2k
=<

et Xl

A

=

t21 =201

RO

v
=

=
s

H &2 HIIE

—_

4
3+

9]

Se uUX AIEL &=

2l SA

JHE Ol

Xeldles

Xl

HOt

0l

=
[

t=2

1

=120l

XelotE ol A
23HE0A

o,
BIRS

[
[
A
=

cC
I

It

=Xl (Primary sludge; PS)JF &
=24 Xl(Waste Activated Sludge; WAS),

21 Xl (Thickened sludge),

21Xl (Digested sludge),

=

=
A

=

o
=
[a—
=
=
-

AH

Collection @ chosun



o 440 G222 Hi=

g2

ot==HMclAIZ0l et DE=S2

olaz ==L,
X2l &0l A

A X2

HHE HelE

ot %

o=z Xel

CHi12].
b (X3

A IOl

o)
o
K0

by
Ju

9]

ol
=
ol
X0
uir

O

J
OF
=
ol
uio

Zetal

S PARPN S

E
=

H

ur
Rr

O

(Bound

2t=22=(Interstitial

3
0D

b

M
Ju
ol
I
<

Ju
ot

|01

TS 2=(Surface water),

H
10D
1l

b

gl

E
=

}

4= (Free water),

water),

all

IH

Xl o

== PN

0l
EOIA O S8t 0HH

=
S

ok

1

g0

ur

S5t

AH
(=]

H=0l0,

I

P

23

M
(S

J

180
0l

==
1o

jild

el Al 3

ot==cikl
DA 00

(I

o)
o
Ko

s
WE
o

Moisture distribution in sewage sludge.

Fig.1.

Collection @ chosun



dl

<
00
<+

1|

0032 2 K0l

2.

A X2

ol

KJ

& Jtoll OF

A X1 Ol

AOIE0IAM A

all

KU
]

i0J

010

=SHol

O,

=)

(Graphite)2 AIZol

83
9]

E

e

!

M2 0l=235tH

A
T

}(Bio char)

=

HHOI2

el EHe

Hls& 2.2301X8t,

<OrE

oft

=204 JIS=0l 2

dilMete R Z2EX0 Wt

Rr

51

gl

ok

-

El
TINHAHANA JtAEZD EH20t

Sludge char= Etst,

2

&l

i

oF
=

==
1o

Ol & AH2

B

24 ©O AH
(=R

| —
=T

)

Ju

Ulo

Graphite2l

Collection @ chosun



H2& OtolI3=2401E8

1. 003 =z4ole &4
2

OIOI2Z2Y0IE (Microwave, M)t 2= XM XIS MRS 1m0l

A m, =IFz== 300 MHzOlA 300 GHzAIOIZ &Gt ULH, P4 S& S0l
ABE= HIWA 21 MIIHO HISHH &0l o< ZECH14]. DHOI22H0IES
=aT S

THE ELECTRO MAGNETIC SPECTRUM

Wavelength
(meters)
Radio Microwave infrared Visiable Ultraviolet X-Ray Gamma Ray
I ] 'l . 1 i }
T T T T T T T
10° 107 10~ 10 10° 10 0™

N N VAT

Frequency ()

16 18 2
10 10 10 10® 10" 10 10

Fig.2. Types of electromagnetic wave[15]

NEEEE B AIOR AIBYD YUsH, BE U

= OF
— o

olst, el ZYHCZ AMEBEHe= Fl+H<
2

£ ISM(Industrial Scientific
and Medical) =It=ct1) &t0, 0I&F 2.45GHzE %= g FL+UELEL 2%
ol g2 SES4(Dielectric property)=, OI0IZZME +&ot=ll 252
sH0l M1 OIOUEZ2 MAEUIDF Motz XY IXIE HIRoH BHECZ
20| ol==ICH[16]. CloOIaZHofl o8t Jtge 22Xl sldS s&t Jtgor 2o

Ny

Sitotlt Bl=d =50 2ol BHAEIH AS 0 oAl

=E 0 AHAUSE Sofl £¢E2etss L2210

S

0
12X 2X0= g2 XA L=, £ EMXNo=Z
g g = x
A

o

Collection @ chosun



0013 =2 R/0IE JIESH

Dipolar polarization = Space charge polarization

QOO
0.0/0.0000
00000006

No field B é Q* b+ 2909000

IOK OO .-~

Electric field + + + OOOOLE®

Fig.3. Mechanisms of dielectric polarization present under microwave
heating.

JIES S0 2g JIgEA2 LtEgE Uel ==
5, A0l 2ol HEHUNAREH WREZ JEE0 JtEECH Oladst JIEHE
ANZel EJ1E Xitt S
2Z olH, H=28
B OOIIZ2R/0IEE S8 JIiEg2 UE HAUS2Z IJtE0l 0IF
OHOIZ2ZR0I1ES =& Jtg |ele HIIHEE2 AN WRUM A=k 3H
&( =

lonic conduction)Oll Slof =%JF At

e

(Dipole rotation)dt Ol M& ot= &
clOICt., et oz KM =X WOl (H)AXt (-)EXIE ETHEED U2H,
QBN WWEZ 28 WX (XAH)IF Jtoi XIS HXA0| 8% 2tsfo2 HiE g
D, 0l & MAS LE0| BtHE T NMIUMT BHHEEO=Z BHZ0l ZIAH &
Ct. OIQF 22 S&0| WEH MeteH 2X2 JMo=Z U0l YMEC 1O
cl G2 € 24 HHLISO OI2FZ0 28 Jige ol2s 9 220 &
ol ool Xralol JHE 24BHHZ 01SE M OI2E X 22 2XNEN SEE2
Z JIZ0l = oIt et ozZ= Ao 28t Org s &N 2 A
OZ UHM QUCH. ES 0l2st L2 AlE I MEQ AN S o

Collection @ chosun



o

J

o 2= #HtE &30

=
[

JI K

[e13
s

Xl

18
Ju

o)

fir

o

o)

ot A8

runaway & 40|

OHOIZ 201 g2

Thermal

Jtot=

(= N DI

J
A2 (Super heating)Ol

ez

i0J
ol

0l
0
RO

SERO

9]

ol
00
30

ioll
]

ol

I~

Fal

=
m

Ut

Microwave

Conventional

Heating

Heating

Fig.4. comparison of the temperature gradients produced by microwave and

conventional heating.

=k )

|24 Ot

2 A

cl IHESXMUA HEHCZ E=

ct
=

Lt

=EIN

ot

JIES
HEo JtE0 75

o3
<+
i
O

11
iy

ol

oll
Iy

Lielel X0l

HIA=

st ot

20 2

off &

QIF0A It

HEHO R

X €0

S A0 Sloff 8 EE O

dE,

’

=2
TT

Collection @ chosun



ot

JHXI 1

ol
KO

ol

I
fir

=
1o

ol

Ju

0l

OOl 20 D0 A=

ot
s

IANIA 22 JtE2g B2 28 =c=00 Al2H0l

X

=
M0l It =0l

g

o

IH

=
T

g
Zeld

ur

g

=L,

& O XI Al

2N

hill

0l
KD

pund

o
110

bl

Hr
iy
)
K0

Kl

JIEH0

[AI2] 2

SO0IJF &

Ol &JI =01 JtE2=22

IS AIZ!

]

FINA JHE0l JtsoH&IC.

o

ur
0l

Ot
iof
oll

CEOtH Al

Ol OOl ZR0IEE AlZ0 2E Ot0I 22Tt

=
x

KJ

=
1o

o

ur
il

0l

ioll

o3
<+

ioll
0

<D
44

ol
ulo

Il 20l e AIRR

_10_

Collection @ chosun



=]
=

F

S
[weld

_I

S
[y

b

[l

|

Source: Juniper analysis

be used to generate power
directly or be synthesised

The upgraded syngas can
into chemicals

b SISTAEHOIA ==

y

Air/O,/H,0 |
0

reactor and produces an

takes place in its own
upgraded syngas

. The gasification process

24 Il

HOP &b

(o) }—» G-+ e} e

Jto

=

=

=

o

-‘l‘he pyrolysrs process .
syngas, tars and char |
Fig.5. Waste pyrolysis reaction mechanism
o €0l4X

takes place in its own
reactor and produces

F

g=olfl ML

1.

HI3ZE

Ll

p= )
1o

o

degradation)EH0l

H(Thermal

1o

He,CHs, GO,

ol
PN

jild

i0J

o0

i0J
o0
IH

ol
i
ol
)

Kir
o0
0

0l
]

_

g
oll

O,

oL

a3
%0

<
ur
<+

oll

~
Klo

jild

0l

20

—_

0l
o0
Rr
K

ol
~

Uk

=

i
7

o
0

oJ
ok

LA
o
0l

oJ

K]

H
ar
Bl

o

ur

=

ok

il

m

1o

40

ol
RO
=
1o

IH
oll

of et M2

<
0l0

oJ

00

0L

Ju

A

= A (Non—-condensable) Jf
_1’]_

=
)

© He,CH4,CO, CO, S92 HIZ

— j|/5|-

Collection @ chosun



. Char

Water gas reaction:

+132kJ/mol

Water gas shift reaction:

CO+ Hy,O< COy + Hy A Hygg = —41.5kJ/mol

Methane gasification:

+206.1kJ/mol

Tar steam gasification:

Tar + vH,O—zCO + yH,
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catalyst)E Olst L XN D JUCH18].

HIEtSl OIASHERA JHE BHES2 Ofciet 22 o JHAIS BF2E2 0IF0WA
A2B, CH CO2 MEIEE2 S AleZ HAGHACH
E o2 Bt=2(Heterogeneous reaction)@l JIASH BHE
C(Char) + CO,&2CO A Hygg, = + 173kJ/mol
(5)
dX =20l (Thermal decomposition) BtES
CH,= C+ 2H, AHygg = + 75kJ/mol
(6)
S=24At5k(Partial oxidation) B2
CH,+1/20,&2H,+ CO  AH,yyg, = —8.5kJ/mol (7)
O| AFSFEFA Ol o8t EFA DIA S}
C(CH,) + CO,& 2C0 (8)
2 JH&E BH=2(Dry reforming reaction)
CH, + CO,<2CO + 2H, A Hygg. = + 260.5kJ/mol (9)
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Fig.6. Photograph of sewage sludge used in the experiment.
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Fig.7. Experimental setup for Pyrolysis & Reforming test
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equipment), ZMItA MIZ2l/ZAetel(Sampling & analysis line)22 PAE
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o222 1L/mine |2 NEFHoz A2 L2 2 3ottt

ol AEe M =T (Power supply)l KNSl H&EoS=Z Als & 01012
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| 2 OIOI3Z2H0IE =X

2iXl Al2el 42 mYst)| <ol L4 (Thermolyne Co., Typed48000
Furnace/ Hansung Co., HS2140 Electronic Balance)dt A E2M(Thermofinnigan

Co., EA2000/EA1112)2 =&GIRULCt. Table 12 =X MES HAEHES =

AL

ro

SN 24 |AAEH2 Sot 74 A0 Oist Z0ICH.

HetEALl 2 JAANZCE Sol IHE Jx=dez = 2l =20 <
82%= JI& &1, =22 Moty UHA 8202= Y0l & 62%=2 JbA
3t Al MAJIAZ 22 22 XXotD ACH. el JAZHAZS Sof eI &
30%2 CHeF /M, JIIHAZ0 A0 2 E=MHoIRCH. FAZSA ZUE HIE
OS2 SZAl(Dulong equation)S HZ2ol{ LIS HAMGII2OH 13.6 MI/kg2
H LS ALY,

Table 1. Selected chemical characteristics of the sewage sludge
Proximate analysis (wt%) Ultimate analysis®®(wt%)
HHV®
M A? VM* FC* C H N S 0
MlJ/kg)
Sludge 82.0 31.9 62.1 6.0 30.2 56 4.4 1.2 26.4 13.6

M: moisture; A: ash; WM: volatile matter; FC: fixed carbon
 Dry basis; °Ashfreebasis;alculatedbydifference
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& SHAY RIIEFA 2EA ol ICP  spectrometer  (Agilent

Technologies Co., 720 | CP-0ES)E =oll Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb,

/n 4252 SEOIUCH, RIlutstE 248 9

[ JELEy—

H X-ray fluorescence (XRF)

ol

Spectrometer (Shimadzu Co., ED-720)E Soll Fe, Cr, Ni, MnS =HoIULCH

(Table 2.)

Table 2. Trace element composition and Main inorganic element composition
of the sewage sludge
Inductively Coupled Plasma Spectrometer (ppm)
Cr Cu Fe Mn Ni Pb /Zn Cd Co Hg
55.0 440 10450 220 55.0 55.0 770 - - -
Energy Dispersive X—Ray Fluorescence Spectrometer Analysis (wt. %)

AlzO3 Si02  P205 SOz CaO  Fez03 Ko0 TiOz ZnO BaO CuO MnO

30.7 208 20.7 84 8.3 7.2 21 06 04 03 02 01

Lt. TGA E S =4
A==k =2M 7| (NETZSCH, STA  409PC)E 0l =&t HE2ZSH 24
(Thermo—gravimetric Analysis)2 S& XAH0A LE2CZ2 JIEoHAH T JF
2osE 2TYHFUA AIZS ML= =2 0

= N®)

=
Z 105CH A BAIZISCH AL
A =2

Ol =2BSIZE LIEFHE= TGA(Thermo—Gravimetric

0f
245 LIEHH= DTA(Differential Thermogravimetric

Analysis) =822 Fig. 80 LIEFLHRACH. TGARt DTAS SO LIEFL ot & Xl
= 1N SHLALe 100CHM 28 2250 42 =20 =8 0ldM 3
2LotH & £ 250C A= 24X e =21 0l &HSHEFA(C0.) b 2ol &l B
N SEZ20t 2206 2UHE2H, 2HF2 =Feldt AIFED. U3 2XEe=z
S0 2ATE BES Y 250CRH & 550CTHHA 22t 2401 dUHSG=0 Ol
BEUANA =2 KIIAOILE NLEE Bt LSS Eotpd, JIAY SHO
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