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ABSTRACT

The carbonized length and area of plywood by the various spreading concentration of water glass and the type
of additives were measured in accordance with the 45° MecKel’s burner method of the fire protection performance
standard of the Korean National Fire Agency. As a result of treating water glass with a concentration of 20 to 50
% on plywood, the flame retardancy tended to increase in proportion to the concentration of water glass. However,
the optimum concentration of water glass was determined to be 30 % due to the efflorescence and sticky on the surface
of plywood treated with high-concentration water glass of more than 30 %. As a result of the experiment by adding
different proportions of additives to the water glass with concentration of 30 %, the standard of flame performance
standard was satisfied under the conditions with the addition of 15% potassium hydroxide and 1-10% aluminum hydroxide,
respectively. On the other hand, there were no significant difference in the flame retardancy by adding magnesium
sulfate. These results about the flame retardancy of plywood by water glass and additives were expected to be basic
data for improving flame-retardant treated wood.
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1. INTRODUCTION

Wood has an aesthetic pattern as well as the advant-
age of being easily processed into various shapes. Due
to these characteristics, the use of wood is increasing
in interior and exterior materials for buildings and fur-
niture (Park ef al, 2005). However, as wood is vulner-
able to fire, it is necessary to develop effective flame
retardants to reduce human and material damage
caused by fire (Park et al, 2019; Kim et al., 2002).

Flame retardants are used in manufacturing of almost

all industrial products and there are a wide variety of

the retardants depending on its usage (Shin and Baek,
2013). The halogenated flame retardant contains a halo-
gen element, and the highest flame retardancy is found
in the order of fluorine (F) < chlorine (Cl) < bromine
(Br) < iodine (I) (Cha ef al., 2011). Fluorinated flame
retardants are not practically used, and as iodinated
flame retardants have a disadvantage in that the bond
strength between iodine and carbon is too weak that
the bond is broken even by low energy, in which leads
to loss of the flame retardancy at a temperature below
the pyrolysis temperature. With this reason, chlori-

nated and brominated flame retardants are mainly used
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among halogenated flame retardants. In particular, the
brominated flame retardants are widely used around
the world due to their high retardancy and low cost
(Cho et al., 2002; Lee et al., 2007; Shin et al., 2009).
Although the consumption amount of the halogenated
flame retardants centered on the brominated flame re-
tardant has continuously increased it was claimed that
dioxin is generated during combustion of halogenated
flame retarding materials and polymers in Germany.
As a result, due to the concerns on the environmental
problems, the use of the halogenated flame retardants
that emit harmful HCI and HBr gases started to be
regulated mostly in developed European countries
(Jang and Choi, 2009). Phosphorus flame retardants
mainly affect the reaction occurring in the condensed
phase, and they are particularly effective for plastics
containing oxygen or materials with a high oxygen
content such as cellulose and cellulose substituents
(Cha et al, 2011). Since inorganic compounds are
generally inactive at 150~400 °C, which is a typical
pyrolysis temperature for plastics, those that can be
used as flame retardants are extremely limited (Choi
et al., 2018). However, some inorganic compounds
show flame retarding effect when mixed with halo-
genated flame retardants. For example, inorganic
flame retardants containing aluminum hydroxide
(Al(OH);) and boron (B) are most widely used be-
cause they affect the combustion reaction through
physical processes (Cha et al, 2011). Thus, in this
study, we used inorganic compounds as an additive
in a basic study for developing eco-friendly flame re-
tardants and examined the flame retardancy.
Sodium silicate is one of the most useful inorganic
compounds and it belongs to soluble silicates which
are also known as water glass (Medina and
Schledjewski, 2009). In general, sodium silicate is a
viscous liquid which is composed of 21~34% of SiO,
and 6~18% of NaO,. It has been used for a long time

in various materials such as paper, wood, and cement

to give fire resistance (Medina and Schledjewski,
2009; Lee and Thole, 2018). In particular, water glass
is known as an effective material that can improve du-
rability and flame retardancy in the field of fire re-
tardants (Lee and Thole, 2018) and has been applied
to noncombustible coatings and paints (Pereyra and
Giudice, 2009; Son et al., 2013). Various studies have
been conducted previously to improve the bond
strength and flame retardancy of sodium silicate. It
was revealed that acidic sodium silicate mixed with
sulfuric acid, acetic acid (Stark and Wicht, 1998), and
boric acid (Obut and Girgin, 2006) can improve the
stability of siloxane bonds. Moreover, it was reported
that sodium silicate and boron compounds are eftec-
tive in increasing biological resistance and fire resist-
ance (Furuno and Imamura, 1998; Yamaguchi, 2005).

Therefore, in this study, we analyzed the flame re-
tardancy based on the concentration of water glass and
type and ratio of additives in the flame retardant by
45° MecKel’s Burner method, as the basic data for
improving the flame retardancy using water glass as

the main component for a wood flame retardant.

2. MATERIALS and METHOD

2.1. Testing materials

To test the flame retardancy based on the concen-
tration of water glass and additives, we used plywood
that satisfies the standards of flame retardant perform-
ance of National Fire Agency (NFA). The test speci-
men was prepared with a 190 mm width x 290 mm
length x 5 mm thickness as presented by 45° Meckel’s
Burner method in the standards of flame retardant per-
formance (NFA Notification No. 2019-2; Korean
National Fire Agency, 2019). To measure the flame
retardant performance based on the concentration of
water glass, water glass of 20, 30, 40, and 50% con-
centration was used. To measure the flame retardant

performance based on the additives, potassium hydrox-
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ide (KOH), aluminum hydroxide (Al(OH);), and magne-
sium sulfate (MgSQO,) were used as additives. The test
specimen and nontreated control specimen were pre-
pared in a quantity that can be used in 3 repeated ex-
periments for each water glass concentration and
additive. Based on the standards of flame retardant
performance, the prepared test specimen was subjected
to go through humidity controlling for 24 hours in a
thermo-hygrostat with a temperature of 23 °C and hu-
midity of 50% until it reached a constant weight.
Then, it was stored in a desiccator with silica gel for
2 hours and used for the experiment. Table 1 shows
the concentration and the content of additives for each

treatment of the test specimen used in the experiment.

2.2. Water glass and additives treatment

Test specimens were treated with water glass and
three additives (KOH, Al(OH);, MgSOsy). The treated
amount, treatment method, and number of treatments
of flame retardants were determined based on the re-
sults of the previous study on commercial flame re-
tardants (Seo et al.,, 2017). The amount of water glass

was determined to be 500 g/m’ For the treatment

method, flame retardants were applied to the test
specimens with a brush until the surface of the test
specimen was sufficiently wet, then it was dried for
24 hours at a temperature of 23 °C and humidity of
50%. The flame retardant was applied again, and the
same process was repeated for 3 times. To analyze the
flame retardant performance based on the additives,
the concentration of water glass was fixed and the
concentration of each additive was determined as fol-
lows: 5, 10, and 15% for KOH, 1, 2, 5 and 10 % for
Al(OH)3, 0.5 and 1% for MgSO,.

2.3. 45° MecKel’s burner method

For the evaluation of flame retardant performance,
45° Meckel’s Burner method presented in the stand-
ards of flame retardant performance (NFA Notification
No. 2019-2) of Article 20, Paragraph 2 of "Enforcement
Decree of the Act on Fire Prevention and Installation,
Maintenance, and Safety Control of Fire-Fighting Systems
was applied. For the fuel used in combustion, butane gas
presented in KS M 2150 (Liquefied petroleum gas;
Korean Agency for Technology and Standards, 2017)

was used. The test specimen was fixed to the pedestal

Table 1. Abbreviation list for specimens used in this study

Abbreviation Water glass concentration Additives species and concentration Treatment method
A - - -
B 20 % -
C 30 % - .
b 40 % ) spreading
E 50 % -
F Potassium hydroxide 5%
G Potassium hydroxide 10%
H Potassium hydroxide 15%
1 Aluminium hydroxide 1%
J 30 % Aluminium hydroxide 2% spreading
K Aluminium hydroxide 5%
L Aluminium hydroxide 10%
M Magnesium sulfate 0.5%
N Magnesium sulfate 1%
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in the 45° flammability tester, and the flame of the
heating device with a length of 65 mm was set to be
in contact with the lower part of the center of the test
specimen. The heat treatment was proceeded with on
each test specimen for 2 minutes, and for the test
specimen complexed during the heating process, the
heating device was removed 2 second after the com-
plexation occurred. For each test specimen, flame re-
tardant performance was measured in terms of after-
glow time (s), after-flame time (s), char length (mm),

and char area (mm?).

3. RESULTS and DISCUSSION

3.1. Flame retardant performance of
plywood treated with difference
water glass concentration

Table 2 and Fig. 1 show the results of measuring
the afterglow time, after-flame time, char length, and
char area based on the concentration of the water glass
treated on the plywood using 45° Meckel method.

Afterglow and after-flame time were all measured
as 0 second regardless of presence of the flame re-
tardant, which satisfied the standard of flame retardant
performance. However, as the generation of toxic gas-
es may become a bigger problem than the continuous
combustion in the event of a fire (White, 2000), it is
considered that a further research on this subject is
necessary to be conducted (Kim and Lee, 2016).

The char length of the test specimen without water

Sample | Specimen before test | Specimen after test

Fig. 1. Result of flame retardancy test for plywood
treated with difference spreading concentration of
water glass: A: control, B: 20 %, C: 30 %, D: 40 %,
E: 50%.

Table 2. Flame retardancy of plywood treated with difference water glass concentration

Remaining flame time (sec)

Smoldering time (sec)

Carbonized area (mm?) Carbonized length (mm)

Sample
less than 10 sec less than 30 sec less than 5,000 mm? less than 200 mm
A 0 0 16,524 201
B 0 0 14,659 189
C 0 0 8,454 167
D 0 0 8,590 164
E 0 0 2,589 70
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glass treatment was measured as 201 mm, which did
not satisfy the standard of 200 mm. On the other hand,
the char length of the test specimen with water glass
treatment was measured in the range of 70~189 mm,
which satisfied the standard of flame retardant performance.
The char areas of the test specimen without water
glass treatment and the test specimen treated with wa-
ter glass concentration of 20~40 % were measured in
the range of 8,590~16,524 mm?, which did not satisfy
the standard of 5,000 mm? In contrast, in the case
of the test specimen treated with 50 % water glass,
the char area was measured as 2,589 mm?, and it sat-
isfied the standard. These results indicate that the
flame retardant performance improves as the concen-
tration of glass water increases, showing a similar
trend to the previous study (Lee and Thole, 2018)
which reported that the carbonization rate of a particle
board decreased as the water glass concentration
increased. Meanwhile, Seekamp (1954) claimed that
such tendency is due to the inorganic polymer of the
water glass, and thus, we assumed that the polymer-
ization of inorganic compounds in glass water was al-
so applied in this study as well. The char length and
char area of the test specimens varied according to the
concentration of water glass. As the concentration of

water glass increased from 20 % to 50 %, the char

length and char area decreased from 201 mm and
16,524 mm® to 70 mm and 2,589 mm? respectively.
In particular, when the water glass concentration was
40%, the char length and char area were 117 mm and
5,151 mm?, respectively, which did not satisfy the
standard of flame retardant performance. However,
those of the test specimen with 50 % glass water were
greatly reduced to 70 mm and 2,589 mm?®, and it sat-
isfied the standard. That is, the flame retardant per-
formance was largely improved as the concentration
of water glass increased from 40 % to 50 %, suggest-
ing that more detailed studies on water glass concen-
tration (e.g., 40, 42, 44, 46, 48 %) would be needed
in the future.

In other words, increased water glass concentration
led to the decreased char length and char area, which
improved the flame retardant performance. However,
stickiness and efflorescence occurred at 40 and 50%
water glass concentrations, which lowered process-abil-
ity and aesthetic effect of wood. It was reported that
the efflorescence may occur by the influence of free
alkali in the specimen if alkali is added at a concen-
tration above the appropriate range (Oh et al., 2014).
It was also reported that the stickiness occurs when
water in water glass evaporates, which increases the

viscosity and aggregates particles (Huusmann, 2001).

Table 3. Flame retardancy of plywood treated with difference additives

Remaining flame time (sec)

Smoldering time (sec)

Carbonized area (mm?)  Carbonized length (mm)

Sample B
less than 10 sec less than 30 sec less than 5,000 mm less than 200 mm
F 0 0 7,863 149
G 0 0 5,127 133
H 0 0 3,947 93
I 0 0 2,280 71
J 0 0 2,994 78
K 0 0 4,569 102
L 0 0 4,766 115
M 0 0 7,570 146
N 0 0 8,318 158
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Considering these results from the previous studies,
we determined that the water glass concentration of
30% is appropriate in this study and additionally eval-
uated the flame retardant performance using various

additives to improve the performance.

3.2. Flame retardant performance of
plywood treated with difference
additives

Based on the standard of flame retardant perform-
ance of NFA Notification No. 2019-2, we used 45°
Meckel burner method to measure afterglow time, af-
ter-flame time, char length, and char area based on
additives, and the results are shown in Table 3 and
Fig. 2~4.

As a result of measuring afterglow time and af-
ter-flame time of the plywood containing 30% of wa-

ter glass based on the type and concentration of in-

Sample | Specimen before test Specimen after test

Fig. 2. Result of flame retardancy test for Larix kaempferi
plywood treated with 30 % water glass and difference
concentration of Potassium hydroxide: F: 5%, G: 10%,
H: 15%.

Sample | Specimen before test Specimen after test

Fig. 3. Result of flame retardancy test for plywood
treated 30 % water glass and difference concentration of
Aluminium hydroxide: I: 1 %, J: 2 %, K: 5 %, L: 10 %.

Sample | Specimen before test | Specimen after test

Fig. 4. Result of flame retardancy test for plywood
treated with 30 % water glass and difference con-
centration of Magnesium sulfate: M: 0.5 %, N: 1%.
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organic additives, it was found that all of them sat-
isfied the standard and had excellent performance. In
addition, it was determined that there was no sig-
nificant difference in afterglow time and after-flame
time based on the type and concentration of additives.
Park et al. (2006) reported that such phenomenon is
caused by combustible gases in the gaseous phase di-
luted by the inorganic additives, and these gases act
to prevent approach of oxygen near the surface. At
the same time, it was also argued that endothermic re-
actions occur on the solid surface, reducing the cool-
ing of the material and the generation of pyrolysis
products.

For the char length of the plywood based on the
type of inorganic additives, it was measured in the
range of 71~158 mm for the specimen treated with
additives, which satisfied the flame retardant perform-
ance of 200 mm. The char area of the test specimen
treated with magnesium sulfate was in the range of
7,570~8,318 mm2, which did not satisfy the standard
of 5,000 mm?>. However, in the case of the test speci-
mens treated with 15% of KOH, 1, 2, 5, and 10% of
Al(OH);, the maximum char area was measured as
4,766 mm?, and it exceeded the standard. The previous
studies showed that magnesium sulfate was hydrated
to become magnesium sulfate heptahydrate (MgSO4-5HO)
and it was used to improve the flame retardant per-
formance (Mostashari et al., 2007). Thus, the reason
for these tendencies in this study can be explained by
anhydrous MgSO, without having a hydrated structure
which did not improve the flame retardant performance.

For the flame retardant performance based on the
concentration of the additives, 5,127~7,863 mm> was
measured for the test specimens treated with 5% and
10% KOH, and it did not satisfy the flame retardant
performance of 5,000 mm? On the other hand, the test
specimen treated with 15% KOH was measured as
3,947 mm?, which satisfied the standard. Therefore, it

can be inferred that KOH contributes to improving the

flame retardant performance. Furthermore, such result
showed a similar tendency to the previous study
(Mostashari et al., 2007) where the char length and
char area decreased as the concentration of KOH
increased.

As the concentration of KOH increased from 1%
to 2%, the char length and char area decreased.
However, they rather increased as the concentration
increased from 5% to 10%. KOH affects the combus-
tion reaction through physical processes, causing a
series of endothermic reactions to lower the temper-
ature of the combustion material so that the combus-
tion reaction cannot be continued. However, Liang and
Zhang (2010) reported that the high concentration of
KOH diluted the flame retardants, generating too
much of hydrates to lower the flame retardant
performance. Similarly, the same phenomenon seems
to have applied in this study.

In case of MgSOs, as the concentration increased,
the char length and char area rather increased. This
result showed a similar tendency to the previous study
(Mostashari et al., 2008) where the char length in-
creased as the concentration increased from 0.4 M to
0.5 M when the cellulosic fabric was treated with
MgSO,.

In summary, as a result of evaluating the flame re-
tardant performance, it was determined that the opti-
mum additive and concentration for a plywood treated
with inorganic additives and 30% glass water concen-
tration was 1% of KOH.

4, CONCLUSION

In this study, we evaluated the flame retardant per-
formance based on the concentration of water glass
and the type and ratio of additives by measuring after-
glow time, after-flame time, char length, and char area
of plywood prepared in accordance with the standard
of NFA Notification.
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1) As a result of measuring the flame retardant per-
formance based on the water glass concentration,
the char length and char area decreased as the
concentration increased, which improved the
flame retardant performance. At a 50 % concen-
tration of water glass, the NFA’s standard was
satisfied, but the processability and aesthetic ef-
fect were lowered. In this regard, it is determined
that 30% of water glass concentration is most
suitable concentration for the flame retardant
performance.

2) As a result of measuring the flame retardant per-
formance based on the type and concentration of
the additives treated on the plywood, we de-
termined that 1% of KOH is most appropriate
when inorganic additives are used in 30% of wa-
ter glass concentration to make fire retardant
plywood.

Through this study, we confirmed the flame re-
tardant performance of water glass and additives on
the plywood. Various concentrations of water glass
and the additives have been shown to be effective in
improving the flame retardant performance. However,
as there is a difference based on the type and concen-
tration of the additives, further researches on more
various types of additives are needed. Consequently,
we determined the most suitable concentration of wa-
ter glass as 30 % and the type and concentration of
the additive as 1% of Al(OH)s.
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APPENDIX

(Korean Version)
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9 DB A4 A] tholgAlo] WAETHE o] tREHA, 34 EAE fall4d HCL HBr 7tAE Hi&ste T2
FAA Y Aol FHARTE FA LR FAE 7] AlZgTHJang and Choi, 2009). 1A FH A= 3523004 Fojube HEE<]
T2 QR A= 53] AaE Foke SRkhgolt AERAN MERA A9} T2 =& Aka IS 2 SA0A
ARl WA o|tHCha ef al, 2011). F7]53-2 SetAE 9] UNFAQL Hol2%Q] 150~400°C AfojoflA] B4 /& et
7] ool EaHAolA] 13t A7t wWol AR AHEE = Sl SRkE2 F0] AgtE o] QIti(Choi ef al, 2018). “Lejit
S2AA HeAe st BAadE Uetin pARFEERE(AIOH)) T 54x(boron)E T3 771 WA= 24
Hrol] ofsf Aagkgol S 371 whizel 71 FH Al ARS-El= 5] WHAloltHCha ef dl, 2011). wiehA] £ AtofA=
2873 WA S A 712 ATEXR BIA 23S VMR ol8sto] WHAdsS EsHth

TR EF(Sodium silicate)> 7 -8t 57154 & stHE Efddtie gzl 7H84d 419 Algel &ate 2ot
(Medina and Schledjewski, 2009). ¥5F4 0 2 JJARFEFLS 21~34 %9] Si0:2} 6~18 %2] NaO,= A= o] Sl HA dAo]
ot FAEES 23 717t 5ot Wakd& Rolsir] flaf Fol, A, AHE 5 theket fzo] A= ojgthMedina and
Schledjewski, 2009; Lee and Thole, 2018). 53], GAA] &ofoll A Efale WHAAZ A4S FAE 4= 9= /88
A2 d2A lem(Lee and Thole 2018), A ZEHA & =79 AFEE o] gth(Pereyra and Giudice, 2009; Son et
al, 2013). TE FALERY AT FAHS P/ Slstel R ARATZ0] Aol FAL, oA
(Stark and Wicht, 1998), 12|11 £-AHObut and Girgin, 2006)-2 A 718t A4 HFAGEES A2 AKsiloxane) 282 ¢HEAS
AL AR Uebde), TARTERT B4 SRS ABA ATAT sy 27l Bl Qe AeE s uf
Qlth(Furuno and Imamura, 1998; Yamaguchi, 2005).

mebh 2 Atois S HHAGAR ERE T ARSE o83 W FY ATy VEAEE TAA WY
=029 Bk, 7MY TRt HE T W eE 45° WAL = w48
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o2 of
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2, M=z & Hl
2.1, FAAE
S99 SEsh A/ M) B WARS A 9Isto] AR YN EE WES T AT AT

LA FES] AL S7IH( AT LA A2019-25)2] 45° WAL o AAE 34\4 Zo] 7k 190 mm x A2 290 mm
x 7 5 mmE AR89t EE9) Frof w2 B 7ol 20, 30, 40, 50 % =9 EREE AR OH, HIHA
w2 WgAEe & oe $ASEEE(Potassium  hydroxide), $AFSFAE0|E(Aluminium  hydroxide), FAMF1u|<
(Magnesmm sulfate) S H7FAIE ARESIITH AIFHL HWE 9% FA 2] dl2dS 236l E729 5% 9 A7
3 HHES gt o R Ak AxE AFHS HIA57IEd QA ‘Lako] g y74x] & 23°C, F&E 50 %
z79 ﬂiﬁv\ﬂ""’q ol =2 wj7hA] 24A17F 25A RS F A7t AL €2 gAA ol oA 247 Fet o
£ 7AYol AHEsllth Aol A8 AYRS ALl B L WA kS Table 10] HeIslck

2.2. Efeiet J7HA A=

=X am 7 3&(#@@%, SeAbgeLE h‘a A1 )2 o 83ko] EEA S Sastelk WA ) R Hol
o o2 PN B SJ5t mEY, T, EEJISE %%HJ%WMI ojst Aaele] ATKSeo ef al, 2017)E
Hgo & Axetolnt. B ERe 49 500 g/mzi AAsIYt = o] 53| RS W7x|
59 o] g8 WS HHE RS £ 23 °C, % 50 % 714 24417k A% @Ew OHA|E Hh2 L up o 2 33] MEslgn
A7 ol upe Ho 030 BAsl] Sl Bhe] FEE sk AL BEE SABLE S, 10, 15 %, SABIIF]E
1, 2, 5, 10 %, 34Ty 0.5, 1 %= AA35H

5 WA Hofuly
K B7He TeAely, 2AIE AR D eaTelol] B WE AW AR0E A% PAThEY B
J314] 42019250 AAE 45° WAL RL 2§k ALZ I3 ARE KS M 21505 §712)e]

22 ol g3t ARBE 45° AAZ A el el LA F 65 mme] o]l kAR o] Bkl AP

T
2w
'S

o

ok o

ok 1
o e

13

SRR 4]
FH steto] HokES sholeh HaRell 2 AgHel thote] 287 AR 1A Foll HAHE AFARE ol
AR 2% o] ZFIRHE AASHIch 2 Aol thstel ZHAAIKS), FHAAZKE), BeHol(mm), BEHA A (mm)2]
Hse Zsd

3. Zn ¥ %

3.1 B9 = o2 e iy

ghato] A B8209] HE Zolo| w2 AP, FAARL Batol, ershi A-g 450 WAWUHS o] galo] ZAF
AI}E Table 29} Fig. 19 AA|31%ch

A} AR A o] f7ek Apglo] BE 0282 S E T TSP} FAAZRS wrel A e|eh s
FAN 7S BF WSSy 1y S EAY A, 9149 A& HET §-57kA0 WAo] o & EA|(White, 2000)7} 2
2 9lomz olof o3t =710l vt Hed Aow /\]-E‘Q_Q{Klm and Lee, 2016).

ekl ols Bq2)7t AlEx] o AFHA 201 mmE o] WeiA7|E2e 200 mmE US| FHon, B4
A2 AlFH A= 70~189 mme] HYRE ZA = o] PAY7|ES TS5t (A SRE7F A=A o2 AHHA
I B2 B 20~ 40 %2 A2H AP HA 8,590~16,524 mm’2] HY = HJ%“J% ]%91 5,000 mm*E gHESLA] B3
dho], B2 = 50 %2 A9 AFHAL 2,589 mm’E 2 o] WA 7|ES BESQI o)k B429] HEr}
Z7VE4E o Aso] FAEE Ao dotEn, B4e S5 Z715] ue) sElEn s ehEldrrh At A3 dT(Lee
and Thole, 2018)2} FAFSH 8-S UERWTt EHH Seckamp (1954)%= o] et A B-f-2]9] F£7] ZgA o <3t Aozt
dofons B droNE Baelo] 17)F5gte] ALWS AR FHHL

G219 & 2poo] w2 ekshzo] o} etalE Ao B42 = 20 %olA 50 %= F715to] ulek 2tz 201 mme} 16,524

mm’oj 4 70 mm¢} 2,589 mm’2 7tAdh= AEE Btk 53], B4 = 40 %o A ©eldo]ol el A 117 mme}
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5,151 mm’ O & WA 5715 WESHA] AR, B4E] HE7t 50 % F7Hgt] whet 70 mmet 2,589 mm’E E o

) [olNe)

Haste] HPAs71ES UEG T B4 HE2 Ul U2 HdAse Bhe] FEvt 40 %olAM 50 %2 F7Hg)
upel F Zo 2 AfE|o] 23 olofa] Bk ARl B4l FE 40, 42, 44, 46, 48 %o igt Ayt Wag Aoz
ehE o

olg} o], BRele] st Z7heo] ute wEbdolsh Het Aol gastel AR Sl %
298] B 40 %Sk 50 %ol 4 AT Wakd o] Yot AAFAT v A Bt $H) S AOE UEHHL WAL
AW o SEO AUAS WAL A% AW U Ay LY GFOoR Rekdo] WT 4 gk Mudk
SItHOh ef al, 2014). B3 4] WAFS B9 45 Bol FWHWA HErt F7bska YAzk A2 SshEAl
SHe B4 Bsh o QlckHuusmann, 2001). ol A% 1T ATE gekstol & AolA] Gl ht 44 B4
SR 30 %7k AUT S W B0, YAYSS B k] SR IS o187 FANSS SR
Bt

3.2. WM 7 4 skl IE ] YEds
Y5718 YA A 2019250 A 31o] 45° WAL o] §5to] htto]l et H7HAle] whE FAARE FAlA
Zh gebdol, gebi e S4shl o] A= Table 39} Fig. 2~40] AA|5HAth

= 30 %]l H7HE F71A A7 SR} wol uhe e A A S22, B Y
ALZ Yeh 1 sl St Aom yehydth E3 A7H| SR sl uhet i dadAlzte] digk
Apol7h gl AL R HHETh Park ef al. (2006)2 o213t @A F71A H7HAE 711Gl A 7EAA 71A)
mjZolw, o] 7|7k EH Tptolofl A At TS vobre dEE Al Yok S LA EH A
dojutr], o2 Qs A= ¥zt 9 AT A= Bde daArle AR ddskgl:

F71A A7 S5l vk dae] g@ebdol= M7 AelE AldHEeA 71~158 mmo] HE SAHo| WA eI
200 mm u|vhE WHESHGIC S AL atuldls A 2|E AP EelA] 7,570~8,318 mm’2] W2 W14 %71 5,000
mm’E Y551 e whHol, SASIEE 15 %, SASIIROE 1, 2, 5, 10 % H7H7E 7k A He A 2 4,766
mm’®2 2ol HAEIES REE ATE Yehidh oleid A2 A9 A7AT, WAAgA FaulaeS
8}A# Magnesium sulfate heptahydrateS W AA| H7HA|=A o]&sto] WA e ehdl glof(Mostashari et
al., 2007), & A M ARGE Bt adle S £IERE AL QA ot A e e B ENE YEA o2 ZleR
AtEE

A7 ol w2 e FASREE 5 %9t 10 % =2 AeE AFElA 5,127-7,863 mm’e] W9l FAA
915,000 mm*& WHESHA] Fgk whe, SASEE 15 % ER A AFHeAE 3947 m’ R S E T TIES
RS ol= AtebdEe] WA Bl 7odshes Ao ddEn, LAlsbdEe st SRRl et wtebdo]
g3l s gast AoR By Mad-H(Mostashari ef al., 2007)eF AR FEFS UERICH

TR W7 ST 1 %S} 2 %R F7IdE @ebdo|e getr o] fadte Fde Hiou A7 v=
5 %%} 10 %ol A= 23] T7ishe 3= UEIch skt RolE2 E2]2] Wl ofsf dartgol] dae Fof 4vle
SIS WAAA 7= 2 Wao] danhso] A&4d 4 gl=s gt J2fut Liang and Zhang (2009)] H.i10]
oJshd o] pARIE Rl EA e B ok Ao YHATE 23] S5 izl Bddsol HoAle Ao
Taionz &AM FU7t @4l 283 Aoz Al

v A7Hle w7t 7S getdolet ehehi o] 0358 Frlste AR YEGI ol AER e
Aol FAtmleE A2e o, =7 04 Mo 0.5 M2 S7he5 wabdolrt S71Rithe 413 7+ (Mostashari
et al., 2008)2} ARt 2 HERHlh

(¢}

*

utebd WA AR AT B9E B 30 %ol £ BAAE ol BHS PANAT A9 AL ARG EE
gslolo) ghatuizo] g AL groz dhelel SAsllull | %7k AT Aoz et

2

4.7
B dollAs i 719wt A7 SRt vleel e WadsE 248 fiste] o] HadsTIE
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upel ko] ZIAIZh RHALARL Bekdel, BetuAS 245t Thea 2 ARS Atk
b Rl ST Efel 5 Aol o Wl AN Efele] S} 374od et waolsf Babiol sk
7% UEhel AL =9

Y2 AREISITE BRE S 50 %l PEAETIES WESHe ABE Beiont o] Hroi
e vI4el B3} HelAnE olF gelstel 30 %7t AP Ao BeEr

o1 Ayi o)
iRy

olr

welxe) o A9 AR 4
fpelof 27bs] wisel Sl shalsisle et £6e) st Wbl e
EEESED

Y Bhel FEi .
2) gl ste] WA % 52 5% 30 %0l R4 WS ¥
# A78 B4 gl 4 2 L g
o, Wb 5 9 ol thet olS ehe] st +53 Aat A7)
4ol A7k BRd Aoz waE. Aoz guel it 44
WY 37

7 e Aolo W& AT AN &
AR o] HAsie, 1 FEE | %7t AT Ao AladHd)
el a7t e Aoz Yele
2o Erl 30 %2 AASIAT, 2§kt
7HA19] 259} %= Aluminium hydroxide 1 %¢ Ao & Z-ol5}9ch
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