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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 1s 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 ¢z m; The pH of the
mist was used between 5 and 7 when removing the basic gas & 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 HCI 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 Qy/Q;. When the ratio
decreases from 19500 to 13000, spray tower can increase the HCl 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
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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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2
S
e £8 Tk A (steady state) T 0 A B f R 4 o %ﬁ@;ﬂiﬂ BELEENA ppd
PEETE FORE S o TQR2.8)7 22290 E ;ﬁ L oy 8 CdeT ot
k P
C = twls (2.2.10)
%+61/kDaq
H, D
— AR T gk A 1Rl 0 }Q Abfiehe 2 @i ¢ £37222)
et Rk B
k€. \(zD*) 1 P, )
— =——2c,y\nD 2.2.11
(q](JMTﬂ( ) (2.2.11)
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#42.2.10)58 £~ (22113 5 BT KA~ Glicy b

-1

Da l+ c,
8D, «a 4RTH kD,

(2.2.12)

(2212585350 ¢y 28 TP £EF AP A LFRAe DT BEE R
Moy oy AR > APREATE L E2 o B 7P W 3 gﬁr";’é‘f—'ﬁ
RSB a & oy B ded 2.1 fTT o

233 %3 itk

3 1 ]&&K#Fllﬁ'i‘*ﬂ L‘ni’/}%"‘«”/”\:"ﬁ’l\lglﬂl—'fi’f% s 44 42 R
I 5 B RS ] 2T 1 LY T A R
RSB TS € IR F i 3 LRI SR = Rl h Il e o T R
Beo d A AF ARG R LRSS 2%@¢»43¢ z@ﬁ’p%v
e LTI L TR LAY
.2 HNO3 5 &) » 3 40 F
HNO; # B fx X R iF @ > R R4 5 Vpaidp s &2 4 23 aifife 5 ¢

H
Gl
T,
X
“m

HNO, + H,0 < HNO, - H,0 [HNO, -H,0]= H,, P, (2.2.13)

HNO; ™ HNO;

NOLH-O s NO- 1 1 _ o # ]
.- H,0 < NO; +H Knl_m (2.2.14)
3 2

PP Hyo w310 e o B2 f‘%tm s K, 2Tk Hims Mo
SRSy E R g7
| HNO," |=[HNO, - H,0]+[ NO | (2.2.15)

#2.2.13)78 22 (2.2.14)58 1% » (2.2.15)5% » A i iF 7
K -
[HNO :I HNO, ( +ﬁJPHNO3 :HHN03PHNO3
AT AT R F g o2 ) 48 H, o =
K
HHNO3 = HHNO3 [l+[—"lJ (2.2.16)

12



P2 @8 WPy s ] ks

(]

Hyy =Hy, 1+K— (2.2.17)
. K

H,q _HHCI{IJFﬁ} (2.2.18)

TR S R R g o UG MR & AT kR Ak
%4 A{%«f s o) o F R /}%’mpH i ;;g_g g g 2'?75‘:?.’%/, koNs s W EE F iRy
f*']%a'—o

o

24 f HES | F G

BAPRR G GERGEN P kG BB L MR LR T
FAFFMAZF Y B EARE A6 m;*@«a' B e Q2T o d ok
G E ]l o AR BT AR FF AT 0 VAL - FH(EAAHEE R)Z K

Foomd BRI D ZRFAG @025 AH R § SRR VT g e
’E‘ y 7R ER
dc
J - mD? =l7ZD3 “ %1000
6 2.3.1)

#¢ D:okjFE E(m)
£ #2278 \(231)A'qu} FREP RFPMSLPEREPFRF 2 %

T

dc,,  3C, {P _caq]y

dt  2DRT H

(2.3.2)
R TSR R R BN F F R0 E A g Rt AT R
BRES A F M ERHEE RS2 MG AFEERT Y dm Rk FEd
FREerie R m F AR B AR PR KT E T
BHEL R S A F R RHPEE OB GT R

dp,

C.
s N (D )AD DT, P, — = |.
di Zn( 2 { H } 4 (2.3.3)

3o n(Di)ADi LRI Di 2 K F BB kR (/) o

BT A3 B % ¢ 5 APy Hago o @ M A 5L(MI~M10)17 e vf 58
CkHHBFEE A 20.7~394 um 2 ¥) > FI % 2 8(2.3.2) ~ (2.3.3)4% NH; 5 %
3 spn FH P R T A R0t 530000~ pH G 7 F y kPR SE(2.2.12)3 8
% 9.4x10% hf-RT Fbg 4B 0 4oB) 2.6 1 o
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d B&#IR > k- F 4 (30000)2 T e #FE L5 394 pm 2 K FEciE ek
Jored 590 % T Bt A Odsec m 4255 207um 2 - kEFEHE Z 0.2
sec (IpF [ o ¥ A g vf BF chi4 ¥ 2 2 (Sauter dlameter) JPE R 2B P ﬁt}’ L
w?a* Ao RE R R g g Bl %’%,@.u\ | & P RE PR

'%“*‘1{/5%9”3\% °
T R R 2R pH HaxF R APERRFRER]) D
M1 25 \?E(PE%%TEJ % 100 psi PF D=28.4 um) & @3- 5 o F s F R e A
%‘EE& » FESATTE B] 0 ARl 460 AP F OB IRIE F R & 100,000 pF o0 F
w2 F) nsﬂi | jghpfof s R F 5 70% 0 @ G g Rt & 10,000 cpF i R
= ﬁ/m%ﬁ“i&néi éﬁrf PF T EDG 9% d BT o F R
R %“1‘1’{*’%’3»‘11{_@ FlE 2 - o

H &2 3§

S 2.7 ¢ 7 o pHST Bk B M ok B R 5100000
PET 2 TR T f R AT E P 30000 = A A AR STtk o g
vt 5 100000 pF 0 S 1 f R LS e pERN S > RFR AP RR € BT S
EIBRTE L RESAFErRFAUTENFTLYD RFET R F
T OORFTAILEG BACIEH o

AP R FoRk Y de r R B-pH BEE M6 5 BT ERF g v oY
EEER > AeB 2.8 2.9 A1 o APt B 2.7 B 2.9 FE IR E 4o~ fE"E M pH
B o SR AT g A ShPH de o 4o 27 ¢ pH I E 007
% 60000 FF > 4 A 80 %1 :E I éﬁ'ﬂf\r’ Mm =B 29°¢ pHEZ 5~ % &7 5 60000
P Pz F TR R X 100 %o P A pH B3 T EFRT R R TR L]
FIRE o F R SRS R 2 AR F o FI g ek G
PH B 12 & 4 h ki s Sehd KB o %R TS A o

FE PR HBERT v AEF TR T (<sec) § Rt E BB ok
FAOERTFIF om AREFTER T ARF SpH E € g R B jragmeg e
APEFERFEP RS2 Cil P (Dic] vk FRgs Q)] g
et Q)RE GVET R I B s R T R IE KA e 3 % sk o Bl j\p‘l
T e kALY AP Ak Pt en S ke ™ 1 (1)E BEiE * Hago MI AEL o R RS
% 100 psi> 4 E j& Dy=28.4~39.6 um (2)§ % +* --10000~60000(m3/m3) 2. (3)
F 0525 ) (4)kf pH & --5~7(4 $Hik 1 NH;) & 7~10(4 %2 1 HCI ~
HF) -

b iR WA NHs § 8> 2 EAR R AR & fr MF s

g W (s fﬁ&ﬁ—f} B pH B X 7)o AT P 28BN
HCl AHEFAP o e Fl 5 HCl i i ficise d ~ 2 E - IE" BE s T ad
%ﬁﬁi%ﬁzmﬁ’ﬁi%“TWE%@%ﬁ%ﬁéﬁﬁﬁﬁi°ﬁ5&%ﬁ

T FiAF Mgt FHRKE o
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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)
(1.140.1)x10! at 0 torr

NH; (2.44+1.0)x107 at 290°K, 70 torr Ponche et al. (1993)
9.7+£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

J, FREE m017 ,
m -S
k. AR o m/
S
* *_ kG m017
kg ke ="7Rr m’-s-Pa
A
k, RARE @k ”/
S
po R A
r, R b iR 5 f A R At
C A BRI AR ARk R m017
/
- A iR F IRk R nw@/
aq l
7, R e ol
{-atm
R {1
y4
i RF D M
)4
. 3T E R R m
. A
2 BBCER R = atm-my
mole- °k
T BHER K
k corresponding rate constant
D, 7 B 4 P An A s
Dy 5% AR PR AR K m/s
n, B A A I P kR m017
m3
m A s+ B ©




Bulk gas

Yi

\

/ Liquid film

Bulk liquid

Gas
film

|

interface

B 2.1 B B
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mt yt

Ly % — (< e 7 i
.
N s
'
V.v L. x
Vi Yy
Loob Xy
Bl 2.2 3 2T W
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Operating line

Equilibrium

oseyd ses ur uonoely sjowr‘A

X.

1

x,mole fraction in liquid phase

BLer )Tk B T 7 B

2
v

7N

’L\
U

7]
Ean

® 2.3
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A

Area

[CA-K)(&-D/T

R

24
i

)ﬁ%y%,

A=»)A-y,

Bl 2.4
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removal efficienciy, %

120

100

80

60

40

20

packed tower

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

Cooper and Alley, 1998

1

1.5 2 25

retention time, sec

B 2.5 5 A7 G PER $H3 405 F 25 R
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120
spray tower
~ NH3 inlet conc. =1000 ppb, spraying water pH=7
v=9.4E-3 Dys=28.4 micron
100 p—
X
>'; 80
&)
c
Q
O
= 60
)
©
>
O .
€ 10 D=20.7 micron
5 .
e — D=28.4 micron
-------- D=34.1 micron
20 i
_____ D=39.4 micron
0 1 | ] | ] | ] I 1
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—

2
- 80 H

) [ .-
c R )
D I /, P T
0 P
=) —I // 7
o) 1.
IS '/
c>3 ' Qg/Q=10000
qu a0 fH 4 — — — Qg/Q=30000
o | . Qg/Q|=60000

wle 0 === Qg/Q;=100000

0 ' I ' I |

0 1 2 ’

retention time, sec

Bl 2.7 Hago M1 "f s dg i3 o vt T 2 3 “,ﬁ%f:ﬁtiﬁ"%ﬂfﬁ“ﬁ*}? % @)
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120

100

80

60

40

removal efficiency, %

20

| NH; 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

100

80

60

40

20

NH, inlet conc. =1000 ppb, pH=5, y=9.4E-3, D,,4=28.4 micron

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

1 2 3 4
retention time, sec

Rl 2.9 pH=5 p¥ 2 & {22 5 [
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>
>

Jin
il
it
o+
d
N

AFTE AT 20 Bk SiAcT B 301 T o g Wk @

TR B kA S 0.6~8m/min chF MR o FHETI R D I

“Lra*& mﬁ] RS “J'(Lammar flow element, Meriam Instrument, Model S0MC2-8)

%ﬁd R v 2 RA ER T EIFHAEE cJ0ETFRET d B FHLAT
A4 75 e T R R -

AP SRR T 0 Ak ALl B A2 MRS 35 om s &
FPERZER- SR B P R GE FHB I RER T - S E T iR
F oG Rk X 1~8 B Hago (New Jersey, US)f 2 M A 5irf g » &7 11 ik
FHTE{HFERAEL RIT S 284558 um 2k 55 5 AT LG LR 60 cm
LR PG L A G A S 155 mi/m’ 2 g o

i‘“fr’“ BB Y R G Z BB A b Fie 2 b g kR 2
N e FPHZBEEHEETNFTLFERA NG circoes BIFE FE S 5 0

b

c
nspray =1_C_2 (311)
1
B AP 5o
c
77packed = _0_3 (312)
2

C
Mot = 1= (3.1.3)

G
n‘i"wﬁ%ﬁvia”%—*m\’;;*miﬂw'%ii::g»ﬁagﬁgéﬁa SRR &
PEBF w2 APAE IR LIE A E 0 AT R AR AR
TN BB E R KRG IDF DA INEREG 0 Aol 32 977 o

32 Fw pBE

A, B3R R i £ 1 m/sec
BeF B 5 03.5%0.35% 7 0.25=0.096 m*/sec=5772.6 Ipm
& HAGO z. & #7itde £ 3.1
B3KiE* Mlnozzle # 100 psi T i & 5
1.00 gal/hr=63 ml/min= 0.063 lpm
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BKE* M2nozzle % 100psi T & &
2.00 gal/hr=0.126 ml/min=1.26x10-4 m3/min
B. # Qu/Q=20000" F 4 inif V=1m/sec i F &L L=1m> F B F &
BPRTREREL 1§ 22aF 4 2@ ¥ of FRH] ML o B
M1 ¥ ¥ = 5 n
5772.6
nx(0.063)
C. KF#AZFEaE
Y Mg S 5T7TTCMM @ 3 f 223" CApHER 45%PF 2 5 iR R
5 0.0078 > @ &d GAMEI AfopF2 FHIER 5 0.0108 -
FoRE Y F MM R T e foirE R VR E G L
5.77(m” / min)x 1.2(Kg / m’) x (0.0108 — 0.0078)(kgwater / kgair) = 0.02078(kgwater / min)
T a A R 2 ML ERIRE - TR E R fog §ORATE &
CE 0 S 1B MR REA K S
d b Ev A, AT b E 5 5.77CMM -~ F R 5 20000 T E RE RS
5 ML AL 284 ym E4iFirid ™ > NPT R OIEEER 0 A AP avg FIE AKX
PFAT ML LIS B o AV ,u,;fu;wzl;gya)f]mo

=30000 n=5 Bgeg (1)

3.3 3 1% 2

-5

(1) BEFHRKAR LT R TR KFHTAR pH &~ F

(2) % EHEHRE
(3) dHE TR HRE FRAR

(4) #h 24w @ IR LEF 2 B 43 @48 5 05 chb

g

(5) AEFHKEZ FHRALE
(6) +BRFREFLPFENR H
(7) B4tk
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34 B3 EZ ﬂ;,?f

340 HFREA L

A H R AR 33 m eI AR EF AR T E GG W R R

o HEEAE R 2.0lpm o FHEFRF L 30 A48 Aol hd Bl auli A g A B
[FRCATES ﬁ»'1#ﬁ+/§]%?xigé\#?4%%ﬂlL§%\A\ ﬁxiﬁfﬁ A st B
PEE

AEFAMENS T AR R AT R H AT & E Y 1P e
Bl 34 "R A7 i % PHBERFBRHETPEERS S 2 NEA
A435.70C(% % i3 )27 NIEA A430.10C(7 fcH5 7% )40 +° di » P28 2 & 4] 3.5 #7 7
BIMAFIERTORF A RBOEEF 2 FEHRN R TR 2 o%g;
% #c 3% 5% NayCOs ¥ I3k & 5 2PEL B8 > p¥ > 53¢ £ & % HNO; ehgt ?
PER o B 5 335hr & 3.58hr 't Z £ 4 5 5 418mg ¥ 447mg;, 534 &%
¥t HCl sk ) pF ¥ & W) 5 3.5hr 22 4 hro v Hy £ 455 63mg¥ 72mg; %3t
ER/BFPHHF b RS L 4heos 't £395 0.096 mge % £z 2% 4% citric
acid PF> ] 534 & 5 ¥ NHs ek 11 AP 5 2.9hr_%i’ 4hrosrgy £ 4 8 5 2436
mg ¥ 33.6 mg °

342 FEHBEH 10T

"‘1%9}7;}%%\/"?‘? rﬂw-ﬁ "ié',%?-ﬁi#%-)’é}bﬁﬁé’;‘
‘T‘%’_)\_ﬂ_,ﬂxir‘ IR AEE. S S SR g
T GREORFAKRTEY RT IS A48 RiSE L
%i#ﬁ’i%ﬁ-—"’kzﬁzm8~10«kw’.ﬁ* Biad IC &

_j
“3

e
g.

BATE ek 45 K et
5?'1—;‘/@\5%4?19‘471‘% S VI
e E gk

BEHEEBE 2 FFRGG Y RS ART BRI 30 44K 0 ¥ Gk
%ﬁﬁﬁ*%%%‘ﬂﬂﬁ%ﬁﬁ%?éio#%ﬁﬁ%ﬂé%é«%ﬁ%%
254’\ GoF RIEIP I LEL 4R T REBERFE D45 Cohlfric-

532 R ER Y

i f wofod] 1 #-4 30 mL ehd g kg~ 100mL shE B ALY 0 e~ 5g
e 4h (NaxCO;s > Sodium Carbonate))? 2 3.9 mL 4 7 (C3HsOs » Glycerin 99 %) » £
w2 T kI HET 100 mL 0% B S0k o Rl A ER L5 %2 s AR &
T RFARIFRILIR2BF -

F F oofo& L #-% 30 mL ¢ fE(Methanol) i » 100 mL 02§ 557 » 4 » 4 g
18 ¥¢ 4 (Citric Acid)> £ ] » ? 52 2 4%7 100mL 9% & 5 kol 2 kA 5 4%
IRERAR LN R ARTERF I 2232
E “‘?%”mﬁaz

SR F R > S AR R L 5 % A A R Mk B £ E F

N
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BRI 4% RIFFEB R WG o BgriEen it £ B By R i an
—“—/Fq‘i“’ ’li‘%‘ﬂ—/ﬁ"?il’\ mg}—,ﬁ;ﬁ/ﬁ#@;@* 0.2 atm > F PFILAZF R K IE IR
FERF 25 A4 $HRFBH-T> 22BN 53 2B > 1 & BB MEE
BHRZIE > FARREP - BB EREERLACRT § DR F AP 2
(Manifold)+ » * § # *R¥z(5 10 #48) > RSB LB 8 ~HEEP > I 1
oA iERF o
R R
RrERMETRE AL G EEY FEAE LARFTRFIFRINF
A R R TR EF L ST o L RR R R RS RBEARRE

P2 E O OAFERF X ﬁ'xirr,,, ¥t oo

3.4.3 & F B

FPEEEAEFPRHREE 2R EE RN I AP REF R &
FoHhMIYPF LG IFEBR BRI BT E r LY o 4o r 15 mL h3 4
+ 7 J‘"ﬁjﬂ‘—“—/FJ’iP\ e'K:J;‘?"——‘.T_,J. 0.2 atm ° ui&ﬂ D8 J\/é»‘%&fp‘:}&fzsé’\%—’#
e r’;“Bx;‘,f;‘z%ic»ﬁ Y 0 B4 CHkEY g o ZBEER G 25 A4k BB

R RHRE4TCHkGY i o

3.4.4 # 5l

Fpoe A1 i k4 RAC)A 4 &k B > A 494 % ¢ 45 F~ClI'~NO, ~Br ~
NO3 ~PO,>~SOZ % 123+ 1 NH, H gt - 2 45 % B * Dionex 2 & Model 120
2 33 Rtk BHEHTF K47 F 45 TonPac ASI2A > B8+ K 47 ¢ 1L % TonPac
CS12-F ~CI'~NO, ~Br NOy ~ PO ~SOZ S 1o dt+ i g PR % 2 4 3 2.03 ~
335413648 ~7.58~8.83 2 10.85 %~ 4& ° NH4+F%E’{H.§- iR RERP S 478
kB A R ITR RAeA 32977 o HREAPTRE  FRE LT R ER
RE BT RE LERRSZRA 0 L ES e B R F EcF <3 0.995

345 BB %F WA KRR O REE

BOFERRFRBHIICERT AR 2i0E NRF AT RERE R DR
Flp PR F LY AT 0T RS

B e “f% Yﬁ%%?%%%i%@ﬁio
*?%Wm&ﬁm¢%$%¥ﬁ%ﬁmL B ok o F BT FELY R4 0.2
m MR o AR IR T BRI X B 25 /\é’ P B IC AT EBR 0 T E R
Eﬁ_’{ﬁ [
£ S
G AT R R S w0 2 J A R % (Merck Taiwan Ltd.)fe @ 8 87

e mERFEES  a P HRELSERREENF RS DRREF BRE
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Fa B 0.5 mL 3 1.0 mL B8~ IC ¢ A 45 % BARAPM G R L F &
0995+ 4@ &R FAREAFRAFEERL - X o
B B RIR IR

ARSI E2Z PR A IC AT BT 2 )RR T HREARR
M BB PR R T R 1S5 rg\ FRPRA R AL T 0 B E SRR
MY LA AT AR GLEOD) 3 RRRGLET L AR KL
R o 3w EED HE R RBREBEMEREITEFRFE £33 5 z
3 R o
W o (9 R F )R

A3 FZ Pl FHREY FL 2 RE L4723 0 1 E FIF »~ 2 (spiked method)
Emd5 o Wl F A5 enp 8 5 1 B IBETRE 2 Fmi via L R
FEEEREQGS~115%) » 2 5 A& § MW F RPN £ 2 5 PEL ¥
Rrlehd 8o phet ERORFBF R 2 S AR RN 2R

Pz 100 ml SR P AZF A IRT F B30 44 0 B E B IC 24T 0 AT
%_,ri’})'al,fjtﬁ'f‘_k“ﬁ@’ Te FEweF o B o
i = 1 [ CEUREFIETR 3 VT
FUIFR IETEL

PERESRRFRCE S HEERFIRR A DX BRAL T RRT B
o FWATFEE L85 %t o PIZHENEARTIF Y R H U s H
B H v e w o n%ﬁﬂi:c_, BB -F SRR REANETEIRER T4
FREALNFEE2ZHBRAN - RHRHIRELS TR IITHEEANT - £ 34
RPN E v s o d AP PRI w e 290 %M .

L RO )

EAFAFT L E P AR RRRBANORE IR R T AP RENL
o REZHAETIEET > BApR RS IC A 475 =X » i,fl#ﬁ}*ﬂ"};]" A A
£ (Relative Percent Difference > RPD) 7 & f 25% P} c 2T 2 hatr & 4
A2 AP AFLTE AL f 15%2 /e

] x100%
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%31 27 RRA T EASEE 2R (S iG] )

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 1.90 | 2.32 | 268 | 3.00 | 4.24 | 5.20 | 6.71
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% 321C % 1715 * 4

g BB a5
R BT IonPAC CS12 TonPAC AS12A
Na,CO; (2.69 mM
ko 2COs (2.69 mM) CH,SO,0H (20.6 mM)

NaHCO; (0.30 mM )

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

LY 23 E R

F~ | CI” | NO,” | Br™ | NO; | PO,” | 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 | 0.011 | 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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% 34

W
ay

YA ET SERNE

R I

i,’]téc:%ﬁ vz g H +:ug

F- Cl” NO, Br NOy PO,> SO, NH,"
H*® A~ -;,9]:4‘: T | ® YT ;‘,9]:4‘: ¥ T | " T ;‘?ch ¥ T | ¥ T ;;“]:4\: T | F T ;,91:4\: ¥ T | " T ;,91:4\: ¥ T | W T ;;“]:4\: ¥ T | w T ;‘,9]:4‘: ¥ T | w T
W 2| 2 [F%| 2 | 2 [ % 2 | 2 (5% 2 | 2 5% 2 |2 |[F%| 2|2 |[F% 2| R |F%N & | 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| 10 | 9.6 |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 | 148|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 |29.2/97.2| 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 |49.9|99.8
Traw 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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HCl inlet conc. =200 ppb
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water conductivity 10 ms/cm ([CI-]=4000 ppm)

— +<=— - Experimental data
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