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a b s t r a c t

There are many types of technologies to control cooking oil fumes (COFs), but current typical technologies,
such as electrostatic precipitator, conventional scrubber, catalyst, or condenser, are unable to efficiently
remove the odorous materials present in COFs which are the primary cause of odor-complaint cases.
There is also a lack of information about using sodium hypochlorite (NaOCl) and surfactants to remove
contaminants in COFs, and previous studies lack on-site investigations in restaurants. This study presents
eywords:
dor
odium hypochlorite
utomatic control system
riangle odor bag method

a chemical scrubber integrated with an automatic control system (ACS) to treat hydrocarbons (HCs) in
COFs, and to monitor non-methane HCs (NMHC) and odor as indicators for its efficiency evaluation. The
chemical scrubber effectively treats hydrophobic substances in COFs by combining surfactant and NaOCl
under optimal operational conditions with NHMC removal efficiency as high as 85%. The mass transfer
coefficient (KLa) of NMHC was enhanced by 50% under the NaOCl and surfactant conditions, as compared
to typical wet scrubber. Further, this study establishes the fuzzy equations of the ACS, including the

remo
relationship between the

. Introduction

Chinese-style cooking always includes stir-frying or deep-frying
ood in oil, or preheating oil prior to the addition of food and these
ooking processes are the most common in Chinese restaurants
1]. Polycyclic aromatic hydrocarbons (PAHs) (from naphthalene,
10H8, to dibenzo(a,h)anthracenes, C22H14), which are known to
e carcinogenic for people, can be found in cooking oil fumes
COFs) and their concentrations may arise in the kitchens of Chinese
omes where housewives prepare food daily [2]. Formaldehyde
nd acrolein may be found during the high temperature food treat-
ent [3]. The volatile organics compounds (VOCs), including many

ydrocarbons (HCs) emitted by COFs [1,4], may produce respiratory
ymptoms or local irritation in the airways [3]. Consequently, it is
ot surprising that several epidemiologic studies report that lung
ancer in non-smoking Chinese women may be associated with
xposure to COFs [5]. Significant indoor hazardous emissions are
ertainly due in part to COFs [6].
Without installing any applicable or efficacious equipment, the
hinese way of cooking will emit COFs directly into atmosphere.

n addition to hazardous compounds emitted, COFs may exhibit a
trong, unpleasant odor [2,7], and the exhaust outlet is often close
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to a sensitive receptor in the vicinity. Thus, high efficiency odor
control equipment is also required.

In order to properly treat COFs, electrostatic precipitator,
scrubber, catalyst, or condenser technologies have been adopted.
However, those technologies usually have the disadvantages asso-
ciated with cost, dimension, operation, or removal efficiency
[8–10]. Nevertheless, wet scrubber is one of the most commonly
installed units with absorption being the most dominant mecha-
nism for treating VOCs or odorous waste gases. Unfortunately, the
plain wet scrubber may not be enough; the addition of chemical
oxidant (e.g., NaOCl) needs to be investigated. Further, the removal
efficiency of the absorption process is influenced by the pollutant’s
solubility in water. One way of enhancing solubility for gaseous
compounds that are not easily soluble in water is to add surfactants
that can render pollutants in the bulk solution into micelles. Previ-
ous studies have shown that surfactants can effectively remove low
solubility compounds present in oil or in dense non-aqueous phase
liquid [11,12]. Unfortunately, there is a lack of study which involves
the use of NaOCl along with surfactant (depurative) simultaneously
to remove non-methane HCs (NMHC) in COFs.

Mass transfer coefficient (KLa) is one of the major parameters
to design a wet scrubber for the removal of VOCs [13]. The math-

ematical model developed by Roberts et al. [14] is further adopted
to describe the NMHC mass transfer in the gas–liquid system to
evaluate its removal efficiency. In this study, the multiple lin-
ear regression (MLR) method is used to examine the relationship

dx.doi.org/10.1016/j.jhazmat.2010.05.122
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. Installation of a

etween dependent variables (KLa and the removal efficiency of
MHC) and independent variables (liquid/gas ratio, pH and CNaOCl).
herefore, one can predict the actual KLa and the removal efficiency
f NMHC by using the best regression equations. The result of MLR
nalysis can be integrated in the automatic control system (ACS)
or controlling NMHC emission.

Consequently, the main objectives of this study are, therefore,
o explore the feasibility of NMHC removal using NaOCl and a sur-
actant in a chemical scrubber pilot study and to develop the ACS
ith easier operation, lower cost and higher acceptance. The above
entioned mass transfer coefficient as well as the utilization of
LR were further investigated to provide better understanding of

he overall process.

. Materials and methods

.1. Chemicals

The pH was controlled by sulfuric acid (H2SO4) (96%) obtained
rom Panreac. NaOCl (12%) used as the oxidant was obtained from
ung Huei Trading Co., Taiwan. Sodium dodecyl benzene sulfonate

C12H25SO3Na, SDBS) serving as the surfactant and dispersant was
urchased from Sunstar Chemical Industrial Co., Taiwan. Methane
as standard (99.0%) was obtained from Scott Specialty Gases.
.2. Reactor

This study uses a counter-current type scrubber, in which COFs
mitted in cooking food process were drawn into the bottom

able 1
escription of restaurant used in this study.

Cooking conditions Value or description

Cooking style Chinese style (including pan-fryi
Cooking food Beef, mutton, pork, fish, vegetabl
Cooking stoves 4
Fuel LPG
Cooking oil Soybean salad oil
Seating capacity 90–110
NMHC inlet concentration 17 ± 21 mg m−3 (n = 211)
cal oxidation scrubber.

of the reactor and oxidation solution is pumped to the top of
packed tower. Fig. 1 shows that the scrubber consists of a baf-
fle plate (45 cm L × 20 cm W × 20 cm H), an absorption scrubber
(30 cm Ø × 150 cm H) which have a packing height of 120 cm and
an oxidation tank (60 cm H × 80 cm L × 60 cm W) which contained
140 L of water. The packing media are polypropylene Pall rings (Ø
25 mm with the specific surface area of 210 m2 m−3). The baffle
plate can effectively intercept the oil fumes, and then make these
fumes to agglomerate in the form of oil drop. Pilot study of the
chemical scrubber is conducted within a commercial restaurant.

2.3. Procedures and analytical methods

2.3.1. Operational parameters of chemical scrubber
Table 1 summarizes the cooking conditions of the restaurant

used in this study. The test was conducted continuously at least
60 min in each run. The NMHC concentrations generated during
the cooking processes ranged from 4 to 39 mg m−3 (17 ± 21 mg m−3

from 211 samples, Table 1). CH4 and total HCs (THCs) were analyzed
by GC-FID (SHIMADZU GC-14B), with the detection limits of 0.1 and
0.2 ppm, respectively. NMHC concentration was obtained by the
difference between THCs and CH4. The average CH4 concentration
is 1 mg m−3 in this study, the NMHC/THCs ratios are from 80 to 98%,
which are similar to the results reported by Mugica et al. [4] that

range from 80 to 97%.

A series of batch studies were conducted in advance to inves-
tigate the optimal parameters for the subsequent study. After
establishing the optimal parameters of scrubber, ACS was adopted
to make scrubber operation self-control. This study integrated

ng, boiling, stir-frying, and deep-frying)
es, onion, garlic, and pepper, etc.
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Table 2
Experimental conditions for evaluating the effect of pH on NMHC degradation at CNaOCl 500 ppm and liquid/gas ratio of 8.3 L m−3.

pH [NMHC]inlet (mg m−3) [NMHC]outlet (mg m−3) Efficiency (%) Set of NMHC dataa (n)

5.4–5.5 23 ± 31 4 ± 6 74 ± 17 12
6.0–6.1 10 ± 10 2 ± 2 67 ± 14 10
6.4–6.6 15 ± 18 5 ± 5 65 ± 16 13
7.0–7.2 16 ± 19 6 ± 5 56 ± 18 13
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7.5–7.6 24 ± 20 9 ± 7
7.7–8.3 21 ± 26 10 ± 12

a The operational time is 60 min for each run.

n ACS on a chip – a so-called system-on-a-chip. The ACS com-
rised not only one type of closed-loop control system but also an

nput–output feedback system, which included sensors/probes, a
hip and feed units. Fuzzy logic concept was applied to simulate the
eedback and control system. The single chip microcomputer was
esigned to control the optimal parameters via ACS with feedback
rom sensors. In this study, we can control the scrubber parameters
nd make the scrubber automatic self-control by using ACS.

.3.2. Odor functional test
To evaluate the intensity of odor, researchers have developed

he “triangle odor bag method” which is the most acceptable olfac-
ory sensory test used in Japan since 1972. This test method is an air
ilution approach using statistical methods in which “odor index” is
easured [15,16]. The triangle odor bag method (NIEA A201.10A)

as been used as a standard method to measure offensive odors
n Taiwan. In this study, triangle odor bag method was used to

easure odors to determine the odor removal performance in the
crubber system.

. Results and discussion

.1. Optimization of operating parameters

Effects of pH on the degradation of NHMC are summarized in
able 2. The tests in Table 2 are conducted under the same CNaOCl
f 500 ppm and the liquid/gas ratio of 8.3 L m−3. The removal effi-
iencies of NMHC are 74, 67, 65, 56, 57, and 44% for pH levels of 5.5,
, 6.5, 7, 7.5 and 8, respectively. The results demonstrate that the
MHC removal efficacy increases with decreasing pH, but do not

how a significant difference of removal efficacy among pH levels
f 6.0 and 6.5; removal efficiencies appear increasing at pH 5.5 and
rop significantly as pH > 7. It is identified that formation of free
esidual chlorine species, HOCl and OCl−, is the major reaction of
hlorination. HOCl has higher oxidation ability than OCl−. At the
ower pH, an aqueous chlorine solution contained higher HOCl and
roduced free radicals to react with NMHC in COFs. Therefore, the
H of solution should simply be maintained below 6.5 to ensure
ffective chlorine activity of HOCl. Although the inlet NMHC con-
entrations of each run in Table 2 are varied with time due to the

ntermittent emission of the cooking processes, the results indicate
hat pH maintained at 6.5 has better removal efficacy after evaluat-
ng for cost-effectiveness and the pollution problem. There are 13
ets of NMHC data for each run to support the evidence of pH in the
olution affecting its removal efficacy.

able 3
xperimental conditions for evaluating the effect of NaOCl concentration on NMHC degra

CNaOCl (ppm) [NMHC]inlet (mg m−3) [NMHC]outlet (m

50 27 ± 26 13 ± 12
100 12 ± 18 4 ± 5
200 32 ± 36 9 ± 10
400 13 ± 11 4 ± 3
500 15 ± 18 5 ± 5

a The operational time is 60 min for each run.
57 ± 15 12
44 ± 15 12

Effects of various NaOCl concentrations on the degradation of
NHMC at the same liquid/gas ratio 8.3 L m−3 are summarized in
Table 3. First, a blank experiment, which is without adding NaOCl,
is carried out and the NMHC removal efficiency is 41%. NaOCl con-
centrations of 50, 100, 200, 400 and 500 ppm result in the removal
efficiencies of 41, 52, 61, 64 and 65%, respectively. The mech-
anisms of NMHC reacting with NaOCl include the primary and
secondary reactions. The primary reaction is that NaOCl directly
oxidizes with NMHC, and the secondary reaction is that it produces
free radicals that oxidize with NMHC. NaOCl in the aqueous solu-
tion forms HOCl, a strong oxidant, which produces free radicals
to react with NMHC in COFs. Tap water only dissolves fume sub-
stances that does not proceed to chemical reaction or degradation,
and saturated absorption phenomenon occurred after long time
operation. Adding an oxidant such as NaOC1 to oxidize compounds
in COFs is necessary. However, excessive NaOCl does not signif-
icantly increase the removal efficacy. Although the inlet NMHC
concentrations vary with time due to the dynamic cooking pro-
cesses, the removal efficiency reached 65% when NaOCl was above
200 ppm. Results show that 200 ppm NaOCl is cost-effective, and
at 200 ppm NaOCl (pH = 6.5) exhibits 20% more removal efficiency
than tap water alone.

Effects of liquid/gas ratio on the degradation of NHMC are
summarized in Table 4 at the same CNaOCl 200 ppm and pH 6.5.
Results show that the NMHC removal efficiencies are 47, 61 and
74% for the liquid/gas ratio of 5, 8.3 and 11 L m−3, respectively.
An air inflow rate of 3 m3 min−1 with 33 L min−1 liquid circula-
tion flow rate makes up a liquid/gas ratio of 11 L m−3. According
to “Air Pollution Control and Design for Industry” [17], the cost-
effective operational range of air flow velocities, pressure drop for
scrubber were 15–90 m min−1, 3.5–10.0 cm Hg, respectively. The
experiments conducted in this study contained a low pressure
drop, from 0.8 to 2.0 cm Hg. Theoretically, higher liquid/gas ratio
increases efficiency, but an excess of the liquid/gas ratio increases
pressure drops, energy consumption, flooding and thus operat-
ing costs. As the liquid/gas ratio increases from 5 to 11 L m−3,
the NMHC removal efficiency could increase from 47 to 74%. We
also identify that the operational parameters of liquid/gas ratio
may offer better mass transfer between gas and liquid phases,
and then the absorption and reaction may become more signifi-

cant.

According to the above studies, the suitable operating param-
eters of NaOCl scrubber system at pH 6.5, 200 ppm of CNaOCl and
11 L m−3 of liquid/gas ratio are established (Tables 2–4). To advance
the removal efficiency, the effects of operational parameters on

dation at liquid/gas ratio of 8.3 L m−3 and pH 6.5.

g m−3) Efficiency (%) Set of NMHC dataa (n)

41 ± 22 11
52 ± 20 12
61 ± 15 11
64 ± 17 11
65 ± 16 13
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Table 4
Experimental conditions for evaluating the effect of liquid/gas on NMHC degradation at CNaOCl 200 ppm and pH 6.5.

Liquid flow rate (L min−1)a Liquid/gas ratio (L m−3) [NMHC]inlet (mg m−3) [NMHC]outlet (mg m−3) Efficiency (%) Set of NMHC dataa (n)

15 5 10 ± 8 5 ± 3 47 ± 18 13
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25 8.3 32 ± 36
33 11 19 ± 13

a The operational time is 60 min for each run.

nhancement factors of KLa should be considered, and it will be
iscussed in Section 3.3.

.2. Removal of NMHC under NaOCl and surfactant

.2.1. Removal of NMHC
The result of removal efficiency showed that added 0.08 mM

urfactant to the NaOCl solution increased NMHC removal from
4 to 86% under the optimal parameters of pH = 6.5, 200 ppm of
NaOCl and 11 L m−3 of liquid/gas ratio as shown in Table 5. We

dentified that NaOCl changed the arrangement of surfactant in
olution. The counter-ion could affect the arrangement of surfac-
ant and could increase the counter-ion binding to the surfactant.
18]. Na+ (dissociation from NaOCl) used in this study was the

ajor counter-ion of aniotic surfactant. Sodium hypochlorite solu-
ions could be expected to react with fats and oils to form soap.
uch saponification would tend to lower the surface tension of
odium hypochlorite solutions on contact with any fats [19]. The
resence of a surfactant enhanced the ability of sodium hypochlo-
ite to remove organic material [20]. Extending the operation time
rom 60 to 150 min, the efficiency of the system remained the same
r at least 85%. Apparently, the enhanced performance is due to
ncreased absorbability of non-polar NMHC in COFs with the addi-
ion of a small amount of 0.08 mM SDBS.

.2.2. Odor test to evaluate control efficiency
The NaOCl scrubber was proved to control NMHC effectively in

his study, and then odor removal study was conducted at the same
arameters. When chemical scrubbers were under the proposed
perating parameters (pH 6.5, 200 ppm of CNaOCl, 11 L m−3 of liq-
id/gas ratio and 0.08 mM surfactant), the inlet odor index for four
uns ranged from 10 to 50. In each case the outlet’s odor intensities
ere lower than 10, which conforms to the regulation’s standard

f Taiwan EPA. The results indicate that the control technology of
aOCl and surfactant could efficaciously remove odors from COFs.

.3. Enhancement factor of KLa

The removal efficiency depends not only on the NaOCl concen-
ration but also on the mass transfer coefficient (KLa). The primary
perational parameters of the scrubber are liquid/gas ratio and
etention time that strongly affect the mass transfer coefficient
nd removal efficiency [21]. To evaluate the effects of the oper-
ting parameters on KLa of NMHC, the enhancement factor (E) was
alculated using the following equation.
= KLai

KLa0
(1)

In which; KLa0 and KLai (min−1) are the mass transfer coeffi-
ients under blank conditions and specific operating conditions,

able 5
xperimental conditions for evaluating the effect of surfactant and operation time on NM

Surfactant (mM) Operation time (min) [NMHC]inlet (mg m−3)

0 60 19 ± 13
0.08 60 4 ± 2
0.08 150 11 ± 11
9 ± 10 61 ± 15 12
4 ± 2 74 ± 11 11

respectively. The mechanistic equation developed by Roberts et al.
[14] was used to estimate KLa as:

−ln

(
(C0 − C)/C0

HC

)
=

(
QGHC

VL

)
(1 − e−˚Z )(t − t0) (2)

In which,

˚Z = KLaVL

QGHC
(3)

VL = VPε (4)

VP = ZA (5)

where C0 and C are inlet and outlet NMHC concentrations (mg m−3);
HC is the Henry’s law coefficient (dimensionless); KLa is the mass
transfer coefficient of the NMHC in clean water (s−1); Z is pack-
ing height (m); QG is the inlet air flow rate (m3 s−1); ˚ is constant
(m); (t − t0) is residence time (s); VP is the volume of packing zone
(m3); ε is the porosity of packing (%) and A is the cross-sectional
area of the reactor (m2). The major compounds of COFs are HC,
including VOCs and PAHs, for which the Henry’s law constants
HC range from 2.74 × 10−7 (benzo(a)anthracene, BaA) to 0.77 (2-
methylhexane) [22]. The common components of NMHC, comprise
benzene, toluene, m/p-xylene and 1,2,4-trimethyl benzene, etc., for
which HC ranges from 0.2 to 0.3 [23]. Here, we assume that the HC of
NMHC is 0.2, Z is 1.2 m; the inlet air flow rate (QG) is 3 m3 min−1; the
liquid flow rates range from 15 to 33 L min−1; the cross-sectional
area of absorption scrubber (A) is 0.07 m2; and the porosity ε of
packing (Pall rings) of 90% [24]. We assume that the liquid vol-
ume (VL) in the reactor is 0.5 εVP for each liquid flow rate of this
study. With given C and C0 values along with different flow rates,
the values of KLa can be calculated.

Fig. 2 plots show the factors of pH, CNaOCL, liquid/gas ratio effect-
ing on E of KLa. KLa0 of the blank was estimated as 31 min−1. The E
of KLa increased from 1.1 to 1.4 with the CNaOCl increasing from 50
to 500 ppm. However, the increasing tendency of KLa was insignif-
icant for CNaOCl higher than 100 ppm. The values of E increase with
decreasing pH, i.e. E decreased from 1.5 to 1.1 with increasing pH
from 5.5 to 8.0, and the values of KLa range from 48 to 33 min−1.
This was attributed to the higher oxidation potential at low pH of
the NaOCl solution. The values of E increased with increasing of
liquid/gas ratio, i.e. from 1.1 to 1.5 with the liquid/gas ratio from
5 to 11 L m−3. At optimum operating parameters, the value of E

−1
increased up to 1.5 and the KLa was 45 min . At the suitable operat-
ing parameters and with 0.08 mM of surfactant added to the NaOCl
solution, the value of E rose to 1.5 and the KLa was 47 min−1. Surfac-
tant, liquid/gas ratio and pH were considered the important factors
affecting the NMHC KLa values.

HC degradation at CNaOCl 200 ppm, pH 6.5 and liquid/gas ratio of 11 L m−3.

[NMHC]outlet (mg m−3) Efficiency (%) Set of NMHC dataa (n)

4 ± 2 74 ± 11 11
1 ± 1 86 ± 8 11
2 ± 2 85 ± 8 25



H.-H. Cheng, C.-C. Hsieh / Journal of Hazardous Materials 182 (2010) 39–44 43

F
(
p
u

3

N
t
u
a
o
a
f
t
b
u
f

3

c
t
a
t
d
m
b

2
t

tion. All models’ p-values are below 0.05, which means that all
the models achieved the level of significance. Overall, the equation
ig. 2. Variations of E of the KLa under different optimal conditions. Conditions:
©), liquid/gas = 8.3 m3 min−1, CNaOCl = 500 ppm and pH range from 5.5 to 8.0; (�),
H = 6.5, CNaOCl = 200 ppm and liquid/gas ratios range from 5 to 11 L m−3; (�), liq-
id/gas = 8.3 L m−3, pH = 6.5 and CNaOCl from 0 to 500 ppm.

.4. Fuzzy relational equations for ACS

Since NMHC vary with the cooking process, it can consider that
MHC concentration is a dynamic condition. Thus, the optimiza-

ion of a continuous chemical scrubber is challenging. If ACS is not
sed in scrubber system, the NMHC removal efficiency is dropped
fter the NaOCl is consumed. The objective of ACS is to maintain the
ptimum operational conditions in pilot-scale. The optimum oper-
tional parameters conducted in pilot-scale scrubber are obtained
rom laboratory-scale under different NaOCl and surfactants inputs,
he results shown in Tables 2–4. In the meantime, the relationship
etween ORP and pH is established via laboratory study. Then, we
se ORP and pH sensors to control pH and NaOCl concentration by
uzzy logical system.

.4.1. ACS for the optimal parameters of scrubber
Since ORP and pH have been demonstrated for determining the

hlorine concentration of solution [25,26], we integrate with ACS
o measure the variance of CNaOCl. The relationship between CNaOCl
nd ORP/pH is shown in Fig. 3 (R2 = 0.95). Using this relationship,
he CNaOCl can be controlled at a stable level by ACS, and the stan-
ard deviation (SD) of CNaOCl is below 5% (Fig. 4). Thus, with on-line

easurements of ORP and pH, the feed concentration of CNaOCl can

e easily controlled.
After establishing the scrubber optimal parameters (pH 6.5,

00 ppm of CNaOCl and 11 L m−3 of liquid/gas ratio), we used ACS
o make scrubber automatic operation. If the ACS received conflict-

Fig. 3. Relationship between CNaOCl and ORP/pH ratio.
Fig. 4. NaOCl concentration adjustment of ACS for treating NMHC (39 mg m−3) in
COFs at the setting parameters of pH = 6.5, 200 ppm of CNaOCl and 11 L m−3 of liq-
uid/gas ratio.

ing instructions between CNaOCl and pH, the CNaOCl parameter was
designated as the first priority selection. Following adjusting CNaOCl
parameter resulting in a stable NaOCl concentration, pH was then
adjusted to the set point 6.5. When NaOCl is consumed or below
the set point, the ORP and pH sensors send information to ACS,
and then ACS controls chemical feeder to add NaOCl in scrubber to
maintain ORP or NaOCl at set point. Using ACS and under the scrub-
ber optimal parameters (pH 6.5, 200 ppm of CNaOCl and 11 L m−3 of
liquid/gas ratio), the NaOCl concentrations are adjusted to maintain
200 ppm (Fig. 4). For the reproducibility tests, as shown in Fig. 5,
the average efficiencies are 80 and 79% as the NMHC inlet concen-
trations varied from 4 ± 2 and 39 ± 29 mg m−3. It is found that the
removal efficiency is stable for various inlet NMHC concentrations.

3.4.2. Empirical equations for KLa
The MLR method using software SPSS (version 11.5, SPSS Inc.)

was derived to examine the relationship between dependent vari-
ables (KLa and the removal efficiency of NMHC) and independent
variables (liquid/gas ratio, pH and CNaOCl). Table 6 shows the
results of the regressions, the lowest sum of squared error (SSE)
of expected and observed values and the highest R2 values of the
fitted model are both used to select the best regression equa-
of KLa = 56.5 + 1.8 L/G − 5.2 pH + 1 × 10−2 CNaOCl exhibits the lowest
sum of squared errors with relatively higher R2 value (0.792). It

Fig. 5. Independence of inlet NHMC concentrations (4 and 39 mg m−3) on removal
efficiency at the ACS conditions of pH = 6.5, 200 ppm of CNaOCl and 11 L m−3 of liq-
uid/gas ratio.
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Table 6
Prediction models and coefficients of KLa.

Dependent variables Independent variables R2 SSEa

Constant L/G (L m−3) pH CNaOCl (ppm)

KLa 56.5 1.8 −5.2 1 × 10−2 0.792 69
1/KLa 1.4 × 10−2 −1 × 10−3 3 × 10−3 −7.6 × 10−6 0.746 241√

KLa 7.6 1.4 × 10−1 −4.2 × 10−1 1 × 10−3 0.781 76

1/
√

KLa 1.2 × 10−1 −4 × 10−3 1.1 × 10−2 −2.3 × 10−5 0.758 90
ln KLa 4.1 4.6 × 10−2 −1.3 × 10−1 5 × 10−4 0.770 248
1/ln KLa 2.4 × 10−1 −3 × 10−3 1 × 10−2 −2 × 10−4 0.757 152
log KLa 1.8 2 × 10−2

1/log KLa 5.5 × 10−1 −8 × 10−3

a The sum of squared error (SSE) of KLa.
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ig. 6. The modeled and observed KLa of regression model: the root of KLa equation
SSE = 69).

ndicates that KLa equation represent an applicable model that one
an use to predict the value of KLa; an example is illustrated in
ig. 6 for predicting KLa. Moreover, the regression model can also
e incorporated in ACS in future research.

. Conclusions

This study presented a chemical scrubber integrated with an
CS to treat NMHC in COFs, and the optimal operating parameters

or an automatic control chemical scrubber system were validated.
sing the ACS, the wet scrubber can be established to operate in

he optimum operational conditions and maintain stable NMHC
emoval efficiency under different inlet NMHC concentrations. The
La was enhanced up to 150% under the NaOCl and surfactant con-
rol system. Using the MLR method to simulate the fuzzy relational
quations of ACS, the empirical equations of removal efficiency and
La derived can be useful in ACS application.
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