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h i g h l i g h t s

� This hybrid system was developed to
control odorous compounds.
� REs by an EB were

H2S > CH3SH > (CH3)2S > (CH3)2S2 at
5–10 kGy.
� The CF scrubber was sufficient to

remove residual compounds and its
by-products.
� REs of all compounds were about

100% at 2.5 kGy in the pilot-scale
hybrid system.
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a b s t r a c t

In this study, a hybrid system combining two different techniques (electron beam and cross flow scrub-
ber) has been developed and applied to control odorous sulfur compounds (hydrogen sulfide, methyl
mercaptan, dimethyl sulfide and dimethyl disulfide) in a wastewater treatment facility. Removal efficien-
cies of sulfur compounds using an electron beam were high in the order of hydrogen sulfide > methyl
mercaptan > dimethyl sulfide > dimethyl disulfide when the range of absorbed dose was 5–10 kGy. We
also found that the liquid/gas ratio at 4.7 L/m3 was sufficient to remove residual odorous sulfur com-
pounds and its by-products. Based on these results, a pilot study was carried out. As a result, the removal
efficiencies of all target compounds were approximately 100% at 2.5 kGy in the pilot-scale hybrid system.
It was also found that the levels of NO2 and CO formed by electron beam irradiation were lowered down
to the ambient level by the hybrid system.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

There have been increased concerns regarding odorous sulfur
compounds such as hydrogen sulfide (H2S), methyl mercaptan
(CH3SH), dimethyl sulfide ((CH3)2S) and dimethyl disulfide
((CH3)2S2) due to industrialization and urbanization [1–3]. These
compounds are emitted from numerous industrial facilities (metal
smelting and leather tanning) and environmental pollution control
facilities (landfill and wastewater treatment) [4–6]. Most of these
compounds have a very low threshold value (e. g. CH3SH:

0.07 ppb), high toxicity, and potential corrosive effect. Thus, these
compounds induce adverse effects on human health and materials
[7,8]. Additionally, it has been reported that a part of these com-
pounds, such as (CH3)2S, affect climate change [2,3].

In order to treat odorous sulfur compounds, diverse techniques
have been studied during the last few decades, including absorp-
tion, adsorption, incineration and biofiltration [8,9]. However,
these methods have certain disadvantages such as high operating
and maintenance costs [10,11]. To overcome these problems,
advanced oxidation technologies such as plasma, photocatalyst,
and electron beam (EB) have been studied [12–14]. Among these
methods, EB is well known as an economical and energy efficient
technology because it is operated at ambient air temperature and
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a short reaction time [15–19]. Accordingly, EB has been studied to
removal various odor compounds (ammonia, acetaldehyde, styr-
ene and trimethylamine) [14,20–22]. Furthermore, many studies
regarding the removal of odorous sulfur compounds using EB have
been carried out [23,24]. Notwithstanding the development of EB
technology, various limitations such as a by-product (aerosol,
ozone, and etc.) and low removal efficiency with some compounds
have been reported. Thus, a few hybrid systems such as an
EB/catalyst were introduced to resolve these problems [19,25–
28]. However, the waste gases emitted from diverse environmental
treatment processes, e.g., a wastewater treatment facility (WTF)
include various levels of humidity that can induce a reduction of
the removal efficiency.

In this study, to overcome these problems, a novel hybrid sys-
tem was developed to control odorous compounds emitted from
a WTF. An EB and cross flow scrubber (CFS) were combined to
minimize the formation of by-products as well as a reduction of
the removal efficiency by humidity. To this end, we used a small
scale reactor to identify the removal characteristics and efficiency
on mixed odorous compounds. The reactor was scaled up to the
pilot scale to apply a field test.

2. Experimental

2.1. Lab scale study

The continuous flow system was consisted of a zero-air supply
system, mixing chamber, EB reactor, standard gas cylinders (H2S,
CH3SH, 1% (CH3)2S)/N2 and 400 ppm (CH3)2S2/N2, Rigas, Korea)
and sampling ports. To introduce 15 L/min clean air into a reactor,
a zero-air system was used and it was composed of a compressor
(NCP01, AMTECH, Korea) with a 250 L/min flow capacity and vari-
ous scrubbers such as silica gel, purafil, and activated charcoal. The
clean air generated from the zero-air system and standard gases
were introduced and adjusted to the appropriate concentration
by rotameters, mass flow controllers (5850E, Brooks Instrument,
USA), and mixing chambers. The initial concentrations of H2S,
CH3SH, (CH3)2S and (CH3)2S2 adjusted in this study were approxi-
mately 80, 63, 109 and 35 ppm, respectively. At that time, relative
humidity of the inflow gas was about 4%.

A lab scale EB reactor was used to figure out the removal effi-
ciency and characteristics of mixed odorous compounds. To do
this, a round-shaped reactor made of stainless steel (70 mm
(D) � 55 mm (H) � 0.212 L (V)) was used, and the residence time
was 0.85 s. To penetrate the EB, a thin titanium foil (50 lm) was
installed on the upper part of the reactor. A thermocouple was
used to measure the temperature inside the reactor. The

concentrations of sulfur compounds before and after the EB reactor
were measured to assess the removal efficiencies. Detailed infor-
mation regarding the reactor was previously published [20–22,24].

To treat by-products such as ozone and aerosol formed during
the EB irradiation process, a CFS was developed, as shown in
Fig. S1 of Supporting information. The size of the CFS was
640 mm (L) � 85 mm (W) � 100 mm (H), and the residence time
was 20 s. To improve the air liquid contact time, the inside of the
CFS was divided as a zigzag shape by three barriers and four noz-
zles (HM-FF, orifice diameter (0.9 mm), droplet diameter (500–
550 lm), and spray angle (58�), Hanmi Nozzle, Korea) were
installed in parallel with the upper part of the CFS. The liquid/gas
ratios (L/G ratios) were adjusted to 4.7–100 L/m3.

2.2. Pilot scale study

The pilot scale control system for odorous compounds was
roughly composed of a flow control system, odor generation sys-
tem, EB reactor, CFS and advanced ozone treatment reactor. The
air sampling was simultaneously carried out to assess the removal
efficiencies at four sampling ports (stage 1, 2, 3 and 4), as shown in
Fig. 1. The values measured at stage 1, 2, 3 and 4 were the initial
concentration emitted from an odor generation reactor, the con-
centration after EB irradiation, the concentration after CFS, and
the concentration after advanced ozone treatment, respectively.
Each sampling port was equipped with a manifold to concurrently
collect and measure various odorous compounds. To supply an
appropriate air flow, two fans equipped with an inverter (N100-
1HP, Hyundae, Korea) were used and the flow rate of the flow con-
trol system was adjusted to 100 m3/h. Additionally, a flowmeter
(MP200, KIMO, France) was used to check the relationship between
the flow rate and fan frequency. The coefficient of determination
(r2) was above 0.999 (Fig. S2 in Supporting information). A self-de-
veloped odor generation reactor (V: 600 L), which was filled with
sludge generated from a dyeing WTF, was used to make similar
smell to WTF. Air that was generated from an aeration tank of
the dyeing WTF was introduced to the odor generation reactor.
The air was then passed through an EB reactor. Based on the lab
scale EB reactor, a pilot scale EB reactor was made to conduct a
field test. The size of this reactor was 650 mm (L) � 175 mm
(W) � 340 mm (H) and the volume was 37 L. The residence time
of the reactor was 1.39 s. In order to minimize the bias of the flow
stream, the inlet section was designed in the shape of a quad-
rangular pyramid. Four thermocouples were installed to monitor
the temperature inside the reactor. In addition, the distance
between an EB window and reactor was 170 mm.

Fig. 1. Schematic diagram of pilot-scale control system for odorous compounds.
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