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Improvement of the HCI acid,gas removal efficiency of the packed
tower by using fine water mist
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Abstract

The packed scrubbers are used to control the acid and basic exhaust gas in
high-tech industries. However the earlier researches indicate that the efficiency
of packed tower is limited when the inlet concentration is low and flow rate of
the acid and basic gas pollutant is high and thus fails to meet the emission
standard of semiconductor manufacture. Thus there is urgent need to improve
the removal efficiency. This study aims to design and build a new scrubbing
system to increase efficiency of removing acid and basic gas pollutant. A spray
tower was designed to produce the high surface ratio of the fine mist before the
packed tower to absorb the pollutant with better efficiency. An experiment was
conducted using HCI gas as pollutant in the new scrubbing system to study its
performance under different conditions & the results were compared with the
theory.

The test flow rate of the new scrubbing system was kept between 1.3 and 7.2
CMM; the retention time of the’packed tower was set 0.7~2.5 sec, and other
design parameters was met the semiconductor manufacturing emission standard.
The retention time in the spray ‘'Was adjusted between 0.8 to 2.4 sec; the gas to
liquid ratio of the spray tower was-varied- from' 13000 to 60000 m3/m3; the
sauter diameter of the mist was 28.4(0 m; The pH of the mist was used between
5 and 7 when removing the basic gasi& it was set 7 and 10 when removing acid
gas.

Firstly the efficiency of packed tower of our new scrubbing system was
tested & the results show the removal efficiency is highly related to the HCl
inlet concentration. When the HCI inlet concentration is lower than 1 ppm, the
removal efficiency was 35~90% & when inlet concentration become higher
than 1 ppm, the removal efficiency increased to about 95% and reach a
equilibrium removal efficiency. The removal efficiency show decreases with
increase in the conductivity of the scrubbing water. The removal efficiency of
HCI gas show when pH of scrubbing was increased from 7 to 10. However the
increase of the retention time from 0.7 for 2.5 sec under 220 ppb inlet
concentration show 11% improvement of HCI removal efficiency.

The most important parameter in spray tower experiment is Q,/Q;. When the
ratio decreases from 19500 to 13000, spray tower can increase the HCI removal
efficiency more than 10%. Besides this, it can work very well in low inlet



concentration region. The trends under other operation parameters are the same
with the packed tower, but the performances of the spray tower are better than
the packed tower.

The new scrubbing system containing the spray tower and packed tower was
tested with Q./Q=13000, mist pH=7, scrubbing water pH=7 and scrubbing
water flow rate is 25 Ipm & the results show that the removal efficiency reach
to 95% only with the inlet concentration of 600 ppb by adding the spray tower
instead of inlet concentration of 1350 ppb while using packed only. The
removal efficiency of 90% was achieved with inlet concentration of 300 ppb
can also reach to 90%. These results show that the new scrubbing system
dose strengthen the ability of removing HCI gas pollutant in low inlet
concentration.
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J, =l p e 1000 (2.2.7)
ART\ " H

2.3.2 #H » tx#(uptake coefficient)

PR TR B AT A TR Y g M df T

RN TR XEE T R AR L EL LS L
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(R22) > Glic(=D)TEL T T REEFIFHW T RE E P 4

J& 315 #2 4o (Seinfeld and Pandis, 1998, pp 627-634) :

BAs A LFhe iR, (M), T RS

CS
Raq,f :kmt[PA _H_A] (228)
B G2 Ao anpipkh > Bimh M H, 53 il Bz i

-1
DRT D\/2zm RT _
M/ 4 CH et M D% d T

atm K = [121) 6 J £is Atm-s D s iRiF A

v v v ) s s 2 I8 ¥ 2 v 2
Hix% m; D, 5 A g ip3hicGidle, 8 =5 m% o0 & ¥ fr % #ix(mass

accommodation coefficient) »H FRE H Z AF AE I F R T w6 ¢ E 1
BN RF P o P A E AR BB ARE LS AP

kiR iR T o (o
FAAFABFRAG G A LRl icE R Rl 3

— OkC, (2.2.9)

Bk F ik 5 ¥ B ﬁu%/’@2%¢6m93@M”—%}f
q q

q=§ k D, BSAY AR AT R E'——ém%°Q5’Eq?é‘

aq

#e o

\\?{r

& F=x

F_\p

% 4% Tk i (steady state) T 0 A T F R A G enid %J‘ IE A
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AR HRACE F i S TQLAFHQ2)FE - LT AT G

JoF

s m (2.2.10)

R SRR SR E'JQz% D ARFRAG R E g

232227 3ty A k2 @ﬁ%]ia’ 2

3kC, \(zD*) 1 P, —
(TJ( - j ZR—ATcAy(;zDZ) (2.2.11)

#42.2.10)58 &~ (22113 > BT R~ Gy 4o

4 -1
_| Do QA | 2.2.12)
8D~ a  ARTH kD,

§Q21D)RE A g 2k BRI AR A Af R 4G el

EL

T 5‘? AP a & v B dek 2.1 T e

(LS SEREY ST T SRR S S SRR E LN IR ERE T -

TSt T e e @ a(2.2.5)58 ¢ g ks fl ik Y R0 A LR
RF OIS BRI Y R R B e 5 B B e O R S T e e T Rl

Boo § FMA AP RRFRA LAUA I ERE KA FANRFY o F BEG

LR T B F AP LT fIE S L a F MR

ffﬂ
)
&=
SN
%
o
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.02 HNOs & ] » 3f0 4o
HNO; s fc T % if @ 0 B R4 s A 94T &1 & 43 e Az 5

HNO, + H,0 < HNO, - H,0 [HNO, -H,0]= H,y Py (22.13)

HNO,-H,0 < NO; +H* K :m (2.2.14)
3 2 3 nl [HN03H20] i

B Hyo Rl B i M/ K ST g Himh Mo

AT AR R AR RER S
| HNO," |=[HNO, - H,0]+[ ;N0 | (2.2.15)

#42.2.13)3 21 (2.2.14) X & x (2:2.15)38 4 s B

|:HNO ] HNO{ [ ]] HNO, :H;'NO3PHNO3

IR LR A ] Bl H g B

Hopo. =H o | 1+ Ry (2.2.16)
3 5 I:H+:|
PREw FHB S T 15
* Knl |:H+i|
Hy, =Hyy, 1+K— (2.2.17)
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Hy=H, |1+ S (2.2.18)
[#°]

TR F R BATDF RS DB E G ey J1 0k Mo &3S PRERX A

'f‘”); 73,{'%" "fl] ff‘ﬁﬁ:g’f"]"\ /J\ > l}L ) ”Q/}F mpH |g1 ﬁ&—g 291‘5\1‘5% J‘< l«umc)k"l{ ;:"2 m
Ao

e

24 *f FIs furn 2

FAPRR G REREP KB ETE R RS A F MR E A
FTOoAAF AW 2 GEIENRF AR OB R e (22.7)47
ool W RFERIER] 0 AR BT AR EFFIRASE > RVARL - F
W (EAPFER)ZRF oD BREDARFLAR B r2LFLPE € EF

> R v =3 R, 24 o
ROF IR AP agureg g W

1 ,d€,
J, D" =—nmD" ——x1000
6 dt (2.3.1)
29 D: ki 7 i2(m)
i #-NQR27eE ‘\(231)4\@!# 2R }\/}%'F\ﬁ-#l‘*"/}%)i.ﬁfﬁﬁ& i
%3V 4o
€ 2, S,
dt 2DRT H (2.3.2)

RF TSR R A R EN T F PR F R g o RSP T LR
EHEBEN ALY FHZERHPFT R LM o A RERT B
i K 8 d A ST E S o @ FARY B AR R RE T 7 R
Bz kfrlpajerrd 2 8% o 5455 WERKBERF DM GV 12
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3

dP _
g :_%Zn(Dl.)AD/szC{ ,

C,
o TR (2.3.3)

H ¢ n(D)ADI % ¥ IS Di 2 oK if B P kB #m) -

BT ge b 2h B R P 5 Ay Hago & & M A8 (MI~M10):17 e
FECkHHFEE A 20.7~39.4 um 2z BF) 0 1 258(2.3.2) ~ (233) 5
NH; i3 3 47 e o »ic S S 5 0Bl 0% & 2 4 5 30000~ pH £ 5 7 2 vy ik

B sS(2.2.12)35 8 4 9.4x10° iR T b 4B 0 4B 2.6 7T o

d B7 &M k- F v (30000)2. 7 > 42 J5 5 39.4 um 2 R FEC
F )T F X 90 % T PR L 048ece A KA E S5 20.7 um 2ok
%7 R 0.2sec ehpF [ o 7 B #f BR e B B /T (Sauter diameter) £ | B
KiF 2 BP g5 G fiY AR AR A TE R g g FI RS

B T2 %] g PR Sk B R A & o

SRR R A kE pH $okd BB AP E R K B RER

I—

e ML AR B (R /R 4 5 100 psi P D=28.4 um) k izt B o § i

;‘J
/@E

eV RS 0 T R B 0 4o 46 AT 0 E R F

~
>
EAS
-
s

& 100,000 PF > 7 2 §) i ik Pl e brfol Sk £ F g 70%

iy

3
F_&

vt f 10,000 pEIE R R R & BT - f) mﬁﬁﬁ'x‘*i&sb F D AEfrr

il
o

Y% d PP FR LIRS L E R FE - o
w2 8 %3

J B 2.7 ¢ Waro f pH=7 Bk FHOCERLF R stk A F Rt L

100000 pF 5 % - A& 32 48 > % Fde F v LT P2 T 30000 = % A A § ok e
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Fore Sk o g b 5 100000 B 0 B K | ) 2L e e B S > R B
SAFER §RE D ETS T s S A~ R el B 5055 1

4”'" /xi’/[%'f‘?" Pﬁ% W’mﬂ?g ’/,Q,I;E'F%ﬁ V)&”I{I‘E‘q” °

LA =E A lipg?g;];a be M Fe o #-pH E'E KT 6 8 50 BT R o

]

FOLEE R o 4oB] 2.8 2.9 1o o At ) 2.7 B 2.9 W HF IR 4o~

B 05 pH (B o R if 9F i ST i B dr 4 AR e b 0 o] 27 ¢ pH &

4
-

S F Rt 5 60000 BF o 9 80 %I i F4efr o @ B 2.9 ¢ pH &
S5 F v 60000 BEF o R efese T aE D6 100 % o ® e pH fE ] 30
TEOFRT AR AL R F R A ER SO R T 7
LFHEE o Pl § i dle K e pH 7 L& &kl f SLang ok 2 o

e (T A A o

FeE P AT s AEFFTEFRE T (<1lsec) iR 5 BE

e
=
"

el
La
a\
[
A
i
e

A el EE G RERT Rl ch pH B € Bt R
Beaojzeamey - NP EFLERJFEPRIGLY 2 Kf »eF o T L e ()] e
RFRID Q)] g ikt Q)RE F TR E J1* B dksoim Rk
B e 2 f BT o TN R AT Y aRNE kL AP ARt e S liche T (1)
" ERiE * Hago M1 3|55 vf /& 4 % 100 psi # 4% 2 /& D,=28.4~39.6 pm
() F i 1+ --10000~60000(m*/m’) 2_ B¥ (3)i% § P ¥ --0.5~2.5 ¥ (4)'k % pH

f--5~7(4 $#k 1+ NH;) & 7~10(4- %+ 1+ HCI ~ HF) -

VR AR NH; § R E AR G R A f Al
P 3% € FRI e Hm (R i“/fﬁ&lﬁ‘sp PP pH B <3 7)) AriE
T 0 LB HC 5 w5 44 w275 HCl ek fisirc % ~ 12 f8 o
R LR ET hd gk £ FELA AT sk R 7 NH; F MR R RLG AR

FoodFst o R R IH Y FRN IR TR E F RO E
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% 2.1 Accommoation coefficient o

F WA A i Reference
HCI 0.15 at 283°K Watson et al. (1990)
HNO; (5£0.9)x107 at 298°K, 50 torr Ponche et al. (1993)
1£0.1)x107 at O torr
(1.140.1)x10! 0
NH; (2.44+1.0)x107 at 290°K, 70 torr Ponche et al. (1993)
9.74£0.9x107 at 0 torr
0.08 At 290°K, 6~20 torr Shi et al.(1999)
SO, 1.3+0.1x10™ At 0 torr Ponche et al. (1993)
0.11 273~290 Worsnop et al.(1989)
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F 22 RFGATIEH LA

- FELE g >
a— 3 EL
J, 3 HiEE m017 5
m -s
k. FARE @ n/
S
* o kG m017
k; ko =" pr m’-s-Pa
U FER "
%
K IR S @/
A
P TR b A AR A R At
3 FRS RRF LG RS R Atm
C 75O iR F R B i ARk R ;m@/
[
. 5 e Gl R mole//
aq | ; ’
HA 75 2% 1) e m017
0 -atm
R {1
14
. i M
P
— A3 T E R R n/
Cy s
P LR RS 3 MW@V
mole- °k
- SHHER *
k corresponding rate constant
D, 73R P AR e s
D., 73 % 4 ik AR AT F s
" AL T e ER m017
m3
p Adp s R ¢




/Liquid film

Y \ Bul k | iquid

Bul k gas

i nterface

B 2.1 B33 B
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Ar e a

K-K) (AL )1 /T
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removal efficienciy, %

120

100

80

60

40

20

packed tower

HCL inlet conc. =200 ppb
scrubbing wate pH=10, 25 Ipm
water conductivity 10 ms/cm ([CI"]=4000 ppm)

Cooper and Alley, 1998

1

15 2 25

retention time, sec

B 2.5 5 A7 G PER $H3 %05 F 25 R
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removal efficiency, %

120

100

80

60

40

20

spray tower
~ NH3 inlet conc. =1000 ppb, spraying water pH=7
y=9.4E-3 Dys=28.4 micron
D=20.7 micron
— D=28.4 micron
———————— D=34.1 micron
————— D=39.4 micron
1 I | I | I | I ]
0 0.2 0.4 0.6 0.8

retention time, sec

Bl 2.6 HAR7? Pt K FHE AP 2L g S B
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120
- NH, inlet conc. =1000 ppb, pH=7, y=9.4E-3, D,s=28.4 micron
100 p—
s 1, -
- w7 e mm e
%) | LT
cC I ,/ __________ -
g / -
/ .
= 60 —I T
) I,
T '/
5 . Qg/Q,=10000
GE) = 1l — — — Qg/Q=30000
. N (P Qg/Q,=60000
ol 0 =i - — Qg/Q=100000
0 1 I | I 1
0 1 2 3

retention time, sec

Bl 2.7 Hago M1 i S dg i3 o f vt T 2 3 ",ﬁ%ﬁiﬁ"%%@?ﬁ? % @)
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removal efficiency, %

120

100

80

20

| NHj; inlet conc. =1000 ppb, pH=6, y=9.4E-3, D,s=28.4 micron

Q,/Q=10000
— — — Q,/Q=30000
-------- Q,/Q=60000
—.- = - — Q,/Q=100000

retention time, sec

Bl 2.8 pH=6 P& 2_ v Jx >0 % % & FY B 1% B
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removal efficiency, %

120

NH, inlet conc. =1000 ppb, pH=5, y=9.4E-3, D,=28.4 micron

100 7 —_—
.
[/ 7
, .
]
80 '/
/
60 fHH |
4 Q,/Q=10000
— — — Q/Q=30000
------- Q,/Q=60000
= s=s L - - Q/Q=100000
0 1 I | I 1 I 1 I 1
0 1 2 3 4

retention time, sec

Rl 2.9 pH=5 p¥ 2 & {22 5 [
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ARG ATR Y 2 F B A AT B 3 T o g BRG0P
- BESHELFIZR D KAA 0.6~8 m/min HF REE o L FHET
d b & 0o Ardank i in £ 3 (Laminar flow element, Meriam Instrument,
Model 50MC2—8)%%’E¥ Bpliediv 2 ML ER L EDF WA E o §0F

SRRE TS R ATAL T R T S R R -

AN rﬁ? '%ﬁ:[& LI S ‘/;tﬁ',g,:‘i .?fu;"ﬁ‘—’ﬁ %i’gi 22N ’Ui’é [N % 35
cm b ERNEER - & © g Bk of B R0 - T
Fk #3%.9~8 BrHago (New Jersey, U.S.) i 2. M 4 55

wﬂ aw

V% TR (AP R A S R AEL 28.4~558 um 2k 5

BTG E R 60 cm i Tede N LAY A G 5 155 mY/m’ 2 B

EVNILINN = S A R EQIEES 3 EAe F%’ Fiew 2 h "F*,v R =7

=
A AT e B BB EE A AR ¢ oy B

P i
My = 1= -2 (3.1.1)
¢
LTS A
C
npacked :1__3 (312)
&)

A Rk
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Mt =1- % (3.1.3)

-ﬂ\q,

m ,éﬁé:{lj7k%i§3/}ﬁaﬁ_§fr§\iﬁﬂgﬁﬂ,vﬁﬂg_‘@_

Gof A 4 3

BEBFmant o AP AT IR L IEA - E 0 AR AR SRR

'F_

TN Rk SRR G > hoB] 32 477 o

32 F R f¥E

A. B3R # E>Y 1 m/sec
B F om B & 03.5%0.35x 7 x0.25=0.096 m*/sec=5772.6 Ipm
iz HAGO z. & #1if 4o 3,1
B3KiE * Ml nozzle %100 psiTFinE &
1.00 gal/hr=63 ml/min=0.063 lpm
B3KiE * M2nozzle % 100pst+5ng &

2.00 gal/hr=0.126 ml/min=1.26%10-4 m3/min

B. % QgQ,=20000 A f ifi V=1lm/sec ¥ HHE L=1m A
FREPFTHTS 14 5T &R % f ISR ML f
570 ik M1 #icE §on B

N

5772.6

22D 30000 n=5 BrEE (I
1% (0.063) " REE(3)

P F Mg S 577CMM > @ 3§ 2 23°C AR R 45%PFF 2. 3
xR 5 00078 @ gd FEMEI e FHEER S 0.0108 -
FOREEY S MR I o Rk E S
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5.77(m’ /min) x1.2(Kg / m’) x (0.0108 — 0.0078)(kgwater / kgair) = 0.02078(kgwater / min)
BB a 2 MUV SRR g o T R AP fo i § RS

EavkE o 541 B Ml EERELE S o

~

¥ I

titv b B3 577CMM -~ § it 4 20000 T ¥ o fas

nl
Juy

7‘; M1 ‘i%}{,gﬁ284ﬂm Eﬁal';ggi%p £ ST W ,Fa"'?_g 6.};1??.’9;1 s m 3N IFBr‘rJP%’ ”%;l:@ FJ)I"

RV HME RIS BE AV iaE B R -

=

(1) PBEFRRAE LG R TRk RFETR pH &~ /2
TRFHINFE)

(2) #ZHH#EE

(3) o #4145 ¥+ B RE Jpdkki

(4) #h 24 Bd M ELLEF 2B 238 B35 5 475 b £

(5) BEFHKEL FRAR

(6) HBRF R FAFE b

(7) Bhedrik

34 HHE 2 H R

341 HEEN L

A E R AoB 33 T n s AR E AR EE TR S R AR
ERER o FEERILE 5 2.0 Ipm o FHFEFRF G 30 248 0 dokhd mEaui &
TWRAH BB RFAFE o L s BT RAITHCR T F S 4 > ik § WA
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d SRttt E BT HE -

ARFARBAOIIER T OREFERERTE T AT&HREY 1
¥ AeB 34 T SR TR B TR R B TOE R 5% S 2 NIEA
A435.70C(7 ¥ ;% )22 NIEA A430.10C(% Jc 552 AR v e » BI85 & 4o ] 3.5
S IR S AR T A B E R RS 2 B0 EA TR S eh
= ko ¥ 3% 5% NayCOs & I3k A % 2PEL pF» p5 > 53 &
B # HNO, st 2 A 6] % 335 hr 22 3,58 hro s 3 £ 4 5] % 4.18 mg
B 447mg $EE P HHCI B IIpER 2 B 5 35hr 2 4hry 't 3 £

> 5 63mge 72mg; $I A FHHF B EFERSEL 4hr G 3
15 0096 mg- % k2% 4% citric acid FF > B % 34 & % % NH; gk

NP S 2.9hr 82 4hro sty £ 4 4 5 24.36 mg ¥ 33.6mg -

342 HEEF 1

FIEBE AT NERRELERANT > FI kTG R ARSI
ERPRRFRICE o I EH YR 2L FIY o e 2 gk T
B RGF M SR oszkﬁﬁm%&ﬁ%ﬁ%%%fﬁﬂ%f
15 248 > RIS E L#gcE a3 3 ko 4ot F U 4TF KFE8~10
Fd ICHRPBIEA T4 Bk o

A

e
a1
i
ki

Bk B erif ik

%ﬁﬁ%ﬁ*@&%ﬁﬁﬁ«ﬁ’uaaﬂﬁfwﬁfsoaﬁ@»
* /-;;,J\;Jé;_;}%ﬁ;l?@ WRFCE R Pl 'g‘ R \if ko f ﬁz‘%fﬁ%”é {é}ﬁ.—;
KRFFELS Ak F BT HT KL 4 XA RUBREEE

345 C g4 5t o

534 & ¥ g B A e 8l



fa f =@l @ #6930 mL eh3 B3 ki~ 100mL shE £ AP o A~
5g m¢ a4 (Na,CO; > Sodium Carbonate) ™ 2 3.9 mL 4 4 (CsHgO; » Glycerin
99%) > £ F~» 2 I KT ET 100mL % R 50k el kR 5 5 %2
mpgpFR P RFARTFREF IR 2B fF -

% F ST 1 #- 30 mL 7 fF(Methanol)iF] » 100 mL chz & ¥ ¢  4c
* 4 g ® ¥ i (Citric Acid) » £ ]~ * i3 2 3 &7 100 mL e0%] & 5 ok > fie
@*%324%1ﬁ%&$ﬁ’ﬁﬂﬁﬁﬁ%%fwﬁﬁi%i@ﬂo

53L& % e i

BRI A MR 0 STV AR Y LS Y% BERAN A R R B 4
B PR BI04 %2 BERRR I IS B M S 3 4 ¥ o r B
3 g BB R ALY 0 X i RN B TR IR 02am e

Az S A KiE R B RS AT SR - B0 2B 53 4

BR AR AENREEE T R A PR EN c BB R EaR
RS B 46 2k F (Manifold) T > 8 F F rxiz(5) 10 4 48) 0 K13

F e
BYREEHTECBEREY > DUHTERHET -
R R et

% e R E;’LE% iéf)‘ﬁﬂgq"lp A @#&-?ﬁc’ r‘]?ﬁ’\
R FORE O EEE ST R e o LR F R 0 RS

R R R LH e AN F R EARRPRD

34.3 #k F g B

PEBRBAETFHREE > ZAITREERE BN IR YERE
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i\

A

mL e 5ok o R FEP N E T 02atm > MAZF R RIBIRT B
Bt B R SRR 0 B3 4 Ceavkfae R oo X

RS At R K
R L2048 SRR R ERHEEA4CHRIEY g o

L

344 k&L 1

Fre flr s ki R(ICO) A sk R > A iHEH %4 F~CI -
NO, ~Br~NO; PO, ~SO,” £ 148+ & NH, BB 35 - A 47 %k B # * Dionex
> # Model 120 2z &5 & 47 %k > 2 K233 & 458 41 5 TonPac ASI2A > F5 3t
% % 474 + 5 TonPac CS12 - F~ CI'~ NO, ™~ Br ~ NO; ~ PO, ~ SO~ % 14
P BTHERLEAE S 203-335-4.13-6.48~7.58-8.83 2 10.85 » 45 -
NH, B3 chi2 G A 5 478 24 > LB 3T 3 (TR Racd 32 997 o
s TR TR L aS BRI MR AT RE L ERSZER
LA e B A e fF AB0R 228 0995

345 R ~ & F WA PFRAEDEFE

ﬁﬁﬁ@%%@ﬁ%ﬂﬁ%%{%iii’”ﬁ£*ﬁ$%ﬁ*%m

o FIP R FFLO AT NI fEIINER T EF LTRSS

_}W

PEARE o AR AREFEN LI EF/ T % 15mL g3 g+ ok £ OB
%‘ﬂi FdF 0.2 atm HiC R > MR F AFRT B-RIFZB25 240 £ 11 1IC

ATEERR O Y REA Y E o
& & S5

BT ST 0 &R A% B % (Merck Taiwan Ltd.)fe %] 8
fAarffae wERERELE A P REELSSERLEE T RETER
o BB 3B 05mL 2 1.0mL ﬁﬂﬁﬁﬁ‘}i% IC P & 47 ¥ & R 4p
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MG HR @ F 50995 0 4 B AR ERBEAFRUBRERE - =
S % PR T iR &

AE B E 2 B RRL 5 IC AR RRITIZ B ER o TR
AU g BB PR R AT 0 AR 15 R 2 BIRDRIR R s 4T 0 R
SRR ERRIG R EE A T REEEHLIESD) 3 BEERHLE

RAFHRLGZUREYL FRZEN I ER L NIRRT EERL

¥ 11(3! (E\‘ R l‘]' 39:-1 )PI‘I"

A E v L R F A g2 ARE 4T 0 W E RF ~ i (spiked
method) I% 4 45 o ® e F A 470 B RS R B R PR v A 2 B
Bowijed g FR s 58 RER ~ s %) o7 2 3 A flsd § MA#F
FIP 3k 2 % PEL “F @ slang@o et & Benip Bzt 29 53 £
B RIS 2 Bl S5 £ B 100mlnt K P AR IR B30 A 4

-

#ept B [C A4 /}ﬂ}’-’r‘}‘:‘,};—%_ﬁ?}g‘”‘fF%n-E‘pLﬁi, TE RFw ek > H

BN -\ .
":;‘L_/.E.'? 2, }\‘ ‘*;LIL"—L- .

—1- ¢ )1100%
PP R AUER PR R R ERFER 0 2 BERT G R
TR Er e B2 27 85% 1 > P ZHEARLRFS L B o
TR AN T AR e R o f AR R BN ST
FIURREE S PR AT REASSGFELE BRI S R G D

EIREREANT £ 34553 g haw ey o d A9 PaoE g vk

H

i

T 90 %11 oo

i O
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EARAITOLE P L B RFASORTABFRA > L APR
Benf R o AR B AAPR NIERET o BAp R RS IC A TS o
H ip ¥\ 4 £ 4 (Relative Percent Difference » RPD) g &t § 25 %M P o &

L2 Rt B2 AP AEAE T AL § 15%2/F -
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# 3.1

hARRA T %ﬂ']%ﬁ“ﬁ L =TS ACLACTR LY

Nozzle | 40 60 80 100 | 200 | 300 | 500
Size psi psi psi psi psi psi psi
M1 0.63 | 0.77 | 0.89 | 1.00 | 1.14 | 1.73 | 2.24
M2 1.26 | 1.55 | 1.79 | 2.00 | 2.83 | 3.46 | 4.47
M3 190 | 2.32 | 268 | 3.00 | 4.24 | 5.20 | 6.71
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% 321C % 1715 * 4

s =
R R lonPAC CS12 lonPAC AS12A

ok oy NaxCOs - 269 mM ey 56 00 20.6 mM
INe 7o g NaHCO3 O30mM 3 2 O m

P (TR 4 (psi) 2200 ~ 2400 1250 ~ 1350
w3 (mL/min) 1.5 1

T ¥ (us) 16+ 1 1+0.5
/> 45 B (min) 12 6
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% 33 L E+ 2 2 0 pHR

LHF 2 E i pHER

F~ | CI” | NO,” | Br™ | NO; | POs> | SO,* | NH,"

¥ | ppm | ppm | Ppm | ppm | ppm | ppm | ppm | ppm
1 0.02 | 0.023 | 0.011 | 0.02 | 0.016 | 0.026 | 0.046 | 0.017

2 10017 |0.027 | 0.015 | 0.013 | 0.011 | 0.041 | 0.042 | 0.02

3 10.014 | 0.029 | 0.009 | 0.016 | 0.021 | 0.032 | 0.023 | 0.016

4 10022 0.03 |0.025|0.012|0.013 | 0.03 | 0.045 | 0.015

5 10.027 | 0.032 | 0.017 | 0:012+ 0:018 | 0.035 | 0.032 | 0.016

6 |0.019]0.035 | 0:013 ] 0.019 | 0.009 | 0.039 | 0.038 | 0.019

7 10.013 | 0.032 | 0.017}:0.022/0.013 | 0.033 | 0.031 | 0.013

average| 0.019 | 0.030 | 0.014 | 0.016 | 0.014 | 0.034 | 0.037 | 0.017
SD | 0.005 | 0.004 | 0.005 | 0.004 | 0.004 | 0.005 | 0.008 | 0.002

MDL | 0.014 | 0.012 | 0.016 | 0.012 | 0.012 | 0.015 | 0.025 | 0.007
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AT SERNE

R I s

i,’]téc:&i oy H i+ g

F- Cl” NO, Br NOy PO,> SO, NH,"
H*® A~ -;,9]:4‘: T | ® T ;‘,9]:4‘: ¥ T | ® T ;‘?ch ¥ T | ¥ T ;;“]:4\: T | T ;,91:4\: T | ® T ;,91:4\: ¥ T | T ;;“]:4\: ¥ T | " T ;‘,9]:4‘: ¥ T | ® YT
W 2| 2 [F%| 2 | 2 [ % 2 | 2 5% 2 |2 (5% 2 |2 | F%| 2|2 |[F% 2| R |F% & | R |F%
1 | 10 | 9.7 |96.5| 10 |10.5|104.6| 10 |10.3|102.7| 10 |.9:4 |93.8| 10.| 8.8 |87.7| 10 |10.1 {101.3| 10 | 9.6 |96.3| 10 | 9.6 | 96
2 | 10 | 94 |93.8| 10 | 9.8 |97.8| 10 | 9.9 [99.3| 102} 96 [96.4 [ 10 |-9.3 [92.8| 10 | 9.7 [97.3| 10 [ 9.7 [97.0| 10 | 9.8 | 98
3 | 10 [10.2]101.7) 10 | 9.9 [98.9| 10 | 9.5 |94.7| 10=| 9.9/|98.8|.10 [-9.5 |94.9| 10 | 92 |92.0| 10 | 89 |88.8| 10 | 9.5 | 95
4 | 15 [14.7(98.1| 15 [ 14.8(98.9| 15 | 14.0[93.3| 15 [15.1]100.7) 15+]14.2|94.5| 15 | 14.5[96.3| 15 | 14.9[99.2| 30 |29.8|99.3
5 | 15 [15.1]100.8] 15 [14.9(993| 15 |14.4|957| 15 |14.9]99.1| 15 |[14.8|98.6| 15 |14.5]|96.4| 15 |14.5]96.9| 30 |30.2(100.7
6 | 15 [14.6/97.1| 15 [14.0]93.1| 15 |14.8|983| 15 |14.4|957| 15 |144(959| 15 [143]952| 15 |14.0|93.1| 30 |29.0|96.7
7 | 30 |28.996.4| 30 |30.9102.9] 30 |29.8/99.2| 30 |28.7/955| 30 |27.9/92.9| 30 |29.8/99.2| 30 |30.8|102.5| 50 |49.6|99.2
8 | 30 [29.5(98.2| 30 |29.6|98.6| 30 |29.3/98.2| 30 [29.3]97.7| 30 [29.297.2| 30 |29.6|98.8| 30 |29.1|97.1| 50 |49.3|98.6
9 | 30 |30.0/99.9| 30 |28.996.3| 30 |28.8/96.0| 30 |29.0/96.5| 30 |29.7/98.8| 30 |28.9/96.6| 30 [29.9/99.6| 50 |49.999.8
T¥aw ey % | 98.1 98.9 97.5 97.1 94.8 97.0 96.7 98.1
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removal efficiency, %
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removal efficiency, %
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removal efficiency, %
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removal efficiency, %
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