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ABSTRACT

This study investigated the removal of atrazine from an aqueous solution upon electron beam irra-
diation from an electron accelerator. Electron beam irradiation could be considered an advanced
oxidation process (AOP); these techniques have been recently applied to remove a lot of contam-
inants in wastewater streams. Atrazine concentrations in aqueous solutions ranging from 2 mg/L
to 6 mg/L were eliminated using electron beam irradiation (2-6 kGy) at pH levels ranging from 5
to 9. The coupled electron beam and hydrogen peroxide (from 1 to 5 mM) were also investigated.
This study was conducted by the Taguchi method with four variables: initial pH, atrazine concen-
tration, H,O, dosage, and absorbed dose to mitigate atrazine in solutions. The Taguchi process
was evaluated using a Signal to Noise (S/N) ratio to find the optimal condition with the simplest
design. The obtained results indicate that the absorbed dose is the most important factor, followed
by the atrazine concentration and initial pH, while H,O, seems negligible to the removal efficiency.
The optimal Taguchi condition shows that the electron beam process reached the best efficiency.
The best predicted atrazine eradiation was obtained 100.1% at initial pH 5, HyO, of 3 mM, atrazine
concentration of 2 mg/L and absorbed dose of 6 kGy. Two confirmed experiments at optimal test
conditions also performed 99.5% atrazine removal and were well fit with predicted results. More-
over, the operation cost at the optimal condition was determined approximately 3.032 $/m3, which
was much cheaper than conventional treatment techniques. These obtained results highlight the

potential of using the electron beam process to degrade atrazine contaminants.
Key words: Atrazine, herbicide, Electron beam, Taguchi design

INTRODUCTION

Atrazine belongs to the s-triazine derivative family
of herbicides and is the most widely used pesticide
to control pests and disease carriers!. Atrazine has
strong aromaticity and high resistance to biological

2

degradation”. Although atrazine is no longer used,

it can still be found in various natural streams due

3. Phyu, Warne* found

to previous widespread use
that atrazine was moderately toxic to tropical freshwa-
ter daphnia species (48-h-LCsq 24.6 mg/L). Atrazine
can hydrolyze quickly in an acidic or basic environ-
ment, but it is relatively resistant to hydrolysis at neu-
tral pH levels. In freshwater, atrazine is hydrolyzed
with a half-life of 742 days and biodegraded after
40 days, while the half-life of atrazine in water is 60
days®. Conventional techniques such as adsorption,
coagulation, filtration, or biological had been applied
to militate atrazine from the environment®~®. How-
ever, due to their aromatic nature, these conventional
methods are insufficient to eradicate herbicides from
the environment. Processes based on hydroxyl radi-
cals ("OH) with 2.80 V as the oxidation potential '°
are considered promising for the rapid degradation

of pesticide pollutants. Fareed, Hussain 11 stated that
Fenton reagent could remove 79.93% of atrazine in
groundwater and with a couple of UV/ Fenton the re-
moval could reach 97.02%. Only 42.57% of atrazine
was removed in the case of UV. Even the combination
of Fenton and UV could accelerate removal efficiency.
However, the technique is constrained by energy and
sludge treatment costs. Therefore, they could not be
used for pesticide contaminant treatment. Among the
AOQPs, electron beam (EB) is considered a promising
process to eliminate pesticides in the environment be-
cause it can rapidly degrade resistant organic com-
pounds with less sludge production and no chemi-
cal requirement 2. The decomposable capacity of EB
in water could result from the formation of oxidizing
species (*OH, HyO;, HO,*...) and reducing species
(e'aq and H®) through water radiolysis as following
Equation 1'%,

H;O ~~~— 2.80H+ 2.7e7 44 +0.6H" +0.72H,0,
+2.7H307" + 0.48H, (1)

EB has successfully removed a myriad of refrac-
tory organic pollutants from contaminated wastew-
ater, such as pesticide >, urban wastewater %, tex-

tile wastewater (15), slaughterhouse wastewater 1>>10
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and pharmaceuticals'>!7.

Although a lot of EB
has been investigated with hazardous organic com-
pounds, scarce literature is still available to eliminate
atrazine from aqueous solutions, especially treatment
costs incurred using EB technique '3,

Aside from choosing removal tactics, experimental
design is important for minimizing wastewater and
The Taguchi

method is one of the most uncomplicated cases of ex-

wastewater treatment time and cost.

perimental design involving the minimum number of
experiments to be performed within the permissible
limit of factors and levels through the Signal to Noise
ratio (S/N). The Taguchi design has wide application
in multiple wastewaters, i.e., textile '®, pulp and paper
mill %, oilyzo, etc. However, the application of the
Taguchi method to the elimination of atrazine using
the EB method is still scarce.

Hence, in the present study, the degradation of
atrazine from aqueous solutions is studied using EB
irradiation followed by the Taguchi approach. The
variables are initial atrazine concentration, initial pH,
H,0O, dosage and absorbed dose to obtain the best
The
treatment cost was also evaluated to determine the po-

conditions for efficient atrazine degradation.

tential of the EB process.

MATERIALS AND METHODS
Reagents
Atrazine (2-Chloro-4-ethylamino-6-

isopropylamino-1,3,5-triazine) with a purity of
>98% was purchased from Sigma Aldrich, while
other analytical grades of chemicals such as H»SOy,
NaOH, H,0,, etc.
(France). The 1000 mg/L of atrazine stock solution

were procured from Biochem

was prepared as our previous procedure?! using
deionized water and stored at 5°C. Freshly prepared
distilled water was used for the preparation of the
atrazine solution of the desired concentration from
the stock solution.

Experimental setup and procedure

The EB irradiation procedure was performed accord-
ing to our previous study '2. Briefly, 1000 mL of spe-
cific atrazine solution at a desired pH value were put
in a plastic box (solution thickness of 2.5 cm). A vol-
ume H,O, then was added to the box to reach a the
needed dosage; after that, the box was irradiated at
specific absorbed doses (0.5 to 5.0 kGy, correspond-
ing to 150 microseconds to 1.5 seconds) in an elec-
tron accelerator UERL-10-15S2 (10 MeV, 7.5 kW)
at the Research and Development Center for Radia-
tion Technology, Vietnam Atomic Energy Institute,

418

Ho Chi Minh City. The experiments are based on the
L9 Taguchi design with S/N to determine the optimal
conditions for the atrazine removal via the EB pro-
cess. Four independent variables were applied: initial
pH (Xy), atrazine concentration (X;), HyO, dosage
(X3) and absorbed dose (X4). The level of each code
ranged from low (-1) to high (1) based on our previous
studies on the degradation of atrazine?? and EB ', as
shown in Table 1.

Analysis and statistical method

Dichromate dosimetry?® was employed to measure
absorbed doses during EB irradiation. While the
atrazine concentration was determined using the
High-Performance Liquid Chromatography (HPLC)
Alliance 2695 model from Waters Corporation
(Pennsylvania, USA) with the following parameters:
wavelength of 224 nm, C18 column, length and
diameter of column 4.6 x 250 mm, and injection
volume of 20 uL. The percentage of atrazine removal
was calculated as follows:

Atrazine removal efficiency = C"C—;C’ x 100% (2)
Herein, Cy is the initial atrazine concentration and C;
is the atrazine concentration at t reaction time.

The energy consumption (E,,) of EB is computed ac-
cording to absorbed dose (D) and radiation energy
utilization efficiency (f), which are typically 0.5 for
UELR-10-15S2 electro accelerator as Equation 3 fol-

lows 13.

D
3.6 f

Treatment costs in this study only involve energy con-

Econ =

3)

sumption and H,O, costs. Given the Vietnamese
market in July 2021, the electrical energy price is 0.065
$/kWh and the HyO, -50% priceis 2.0 $/ liter. There-
fore, treatment costs are calculated by Equation 4.
Treatment cost ($/m3) = 0.0065 X Ecpy + 2 X VH,0,
“)

Where Vi, 0, could be determined by Equation 5.

CMHZOZ X My, 0,

5()1)1{2()2
Here CMH2 0y> MH,0, and Dy, ¢, are optimal concen-
tration (mM), molecular weight (34.0147 g/mol) and
density (1.45 g/mL) of HyO».
Taguchi results were evaluated by the “the-Larger-
The-Better” as Equation 6.

5)

V[.[2 0, (liter) =

S/N(dB) = —10log (% ;':é) ©)

In which y; is the results of each experiment and n:
number of experiment .

The results were displayed as mean + SD and the sta-
tistical software is Minitab 18.1 version (Minitab Inc,
USA).
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Table 1: Taguchi design for EB treatment

Independent factors

Initial pH - X

Atrazine concentration - X, (mg/L)
H,0, dosage -X3 (mM)

Absorbed dose -X4 (kGy)

Level 1 Level 2 Level 3
5 7 9
2 4 6
1 3 5
2 4 6

RESULTS AND DISCUSSION

Experimental Design Analysis

According to the L9 Taguchi approach, nine experi-
ment results with 3 levels and 4 factors are indicated
in Table 2. The output signal-noise (S/N) ratio from
the Taguchi analysis would be evaluated for each test
run to determine the distinguishing characteristics
between control and signal factors to optimize the
pesticide removal procedure. The higher the S/N ra-
tio, the more sufficient information there is compared
to noisy erroneous data. The “larger, the better” of
S/N was also used to evaluate the maximize pesticide
removal efficiency of the EF process.

Minitab analysis of the Taguchi design

The influences of variables such as initial pH, HyO;
dosage, atrazine concentration, and absorbed dose to
mitigate atrazine were studied. The efficiency of miti-
gation of atrazine was evaluated by the ranks of means
and S/N ratios depicted in Figure 1 and Table 3.

As seen in Figure 1, the mean of the S/N ratios of
each factor corresponds to their level. The higher the
S/N ratio indicates the higher the results. Level 1 of
pH5 and atrazine concentrations (2 mg/L), level 2 of
H,0, dosage (3 mM) and level 3 of absorbed dose
(6 kGy) display the best value for S/N ratio to miti-
gate atrazine using EB irradiation. The increased ab-
sorbed dose could increase the © OH formation and
lead to an increase in the removal of atrazine '>. While
the higher atrazine contamination requires more oxi-
dants for removal, high atrazine concentration neg-
atively affected the treatment capacity®®. Previous
studies '>!>1® demonstrated that EB capacity could
be enhanced at the acid condition and add a small
amount of H,O; due to improving the number and
the potential oxidant capacity of *OH by Equation 7.
However, exceeding H, O, dosage could reduce ¢ OH
concentration and decrease the atrazine removal ca-
pacity (Equation 8).

e 4q + H0, — "OH+ OH™ (7)

H>O, + 'OH — 2H;0 + O; (8)

These results are consistent with the previous study;
they stated that most organic compounds were pre-
dominately degraded as coupled with H, O; and small
pollutant concentrations with specific absorbed val-
ues at acidic conditions '*1424,

Based on the S/N ratio in table 3, the “Predict Taguchi
result” had been conducted to find the best conditions
for atrazine removal at an initial pH of 5, an atrazine
concentration of 2 mg/L and an HO; dosage of 3 mM
at an absorbed dose of 6 kGy. The predicted result
shows that most atrazine is eradicated at these combi-
nation conditions (100.1%) with S/N of 40.1022. Two
verify experiments at these conditions had demon-
strated the efficiency of EB treatment with a removal
efficiency of 99.5%. These results again proved the fit-
ness of the predicted model of Taguchi design.

Cost analysis

The best conditions for removing most of the atrazine
using EB are at an initial pH of 5 (the natural pH
of atrazine solutions), an atrazine concentration of 2
mg/L and an H,O, dosage of 3 mM at an absorbed
dose of 6 kGy. The energy consumption is computed
by Equation 2 and gave the result of 3.33 kWh while
the volume of H,O is 1.407 L calculated using Equa-
tion 4. The treatment cost is computed at approxi-
mately 3.032 $/m> (Equation 3). This cost was much
cheaper than 20.91 $/m> in Gaied, Louhichi?®; they
were using EF for treating domestic wastewater or
10.68 $/m? for landfill leachate samples>°.

CONCLUSION

Most of the atrazine from the aqueous solution
(99.5%) was eliminated using EB irradiation with the
Taguchi approach. The best removal efficiency was
reached at pH 5, atrazine concentration of 2 mg/L,
H,O; dosage of 3 mM and absorbed dose of 6 kGy.
The theoretical prediction optimizer tool in Minitab
released a treatment efficiency of 100.1%, consistent
with the obtained results from two verified experi-
ments (99.5%). At optimal condition, the EB treat-
ment cost was approximately 3.032 $/m’, cheaper
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Table 2: Experimental design, the obtained responses

Run Initial pH Atrazine concentration ~ H,O, dosage  Absorbed Atrazine S/N
(mg/L) (mM) dose (kGy) removal (%)
1 5 2 1 2 83.2 38.4025
2 5 4 3 4 95.8 39.6273
3 5 6 5 6 90.4 39.1234
4 7 2 3 6 98.5 39.8687
5 7 4 5 2 81.6 38.2338
6 7 6 1 4 82.7 38.3501
7 9 2 5 4 89.3 39.0170
8 9 4 1 6 91.8 39.2569
9 9 6 3 2 75.2 37.5244
Initial pH Atrazine concentration| Hydrogen peroxide Absorbed dose
39.4+
39.24
8
= 39.04
g
=
w1 38.84
Y
Q
§ 38.67
]
=
38.4+
38.2
38.04 . . ‘ : ‘ . . : . : : .
5 T 9 2 4 6 1 3 i} 2 4 6

Signal-to-noise: Larger is better

Figure 1: The effect of variables on the S/N for mitigating atrazine

than other AOPs treatments.
strated EB could be an exemplary process for pesticide

This study demon-

contamination treatment.
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TOM TAT

Nghién ctu nay xU ly atrazine trong nudc gia lap bang phuong phap chiéu xa chum tia dién tu
mét phuong phép xU Iy bac cao dugc st dung trong xtr ly moi truong thai gian gan day. Atrazine
vGi ndng dod tir 2 dén 6 mg/L pha trong nudc dugc chon lam déi tugng x ly khi thay ddi chum
tia dién (2- 6 kGy) tai pH thay d&i tir 5 dén 9. Nghién clu nay cling két hgp chum tia dién t véi
H, Oy, khi dugc thém vao trong qua trinh xr ly tir 1 dén 5 mM. Thi nghiém x{ ly tuan theo thiét
ké Taguchi mét thiét ké don gidn dugc danh gia thong qua ty 16 tin hiéu trén do 6n. Két qua thi
nghiém cho thdy liéu chiéu xa, ham lugng atrazine va pH la cac yéu t6 anh hudng Ién dén hiéu qua
loai trir atrazine, trong khi ham lugng HyO5 it anh hudng dén kha nang loai trir atrazine. Tinh toan
ly thuyét cho thay hau hét atrazine (100.1%) bi loai tris tai liéu chiéu xa 6 kGy, néng dé atrazine la 2
mg/L, ham lugng HyO, 3 mM tai pH 5. Thi nghiém kiém ching tai diém thi nghiém t8i uu nay cho
thédy 99.5% atrazine bi loai trl, tai diém t6i uu nay chi phi x ly atrazine béng phuong phap chiéu
xa khoang 3,032 USD/m3. Két qua nay cho thay tiém ning cla viéc loai trlf cdc hgp chat 6 nhiém
hitu co bén nhu thudc bao vé thuc vat bang phuong phap chum tia dién t.

Tukhoa: Atrazine, thudc trir o, Chum tia dién tu, thiét ké Taguchi

Trich dan bai bdo nay: Tan L V, Duy N N, Huong D T G, Ha B M. Gidm atrazine trong nuéc bang
phuong phap chum tia dién ti st dung thiét ké Taguchi. Sci. Tech. Dev. J. - Sci. Earth Environ.;
5(2):417-423.
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