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This work investigates the degradation of 2,4-dichlorophenoxy acetic acid (2,4-D) using UV irradiation
and the UV-H,0, advanced oxidation process (AOP). For UV irradiation at 253.7 nm, ~66% degradation
was observed for a fluence of 20 ] cm~2 and the apparent fluence-based, pseudo-first-order rate constant
for 2,4-D was 5.77 (+0.66) x 10~> cm? mJ~ L. With the UV-H,0, AOP, approximately 97% degradation was
observed for a fluence of 700 mJ cm~2. Due to production of hydroxyl radicals, the apparent fluence-
based rate constant was 100 times higher than that for direct UV photolysis. The effects of H,0, dose,
Keywords: initial 2,4-D concentration, and water quality parameters, including pH (4—8), alkalinity (0—5 mM
24-D HCO3), nitrate concentration (0—1 mM as NO3 ), and ionic strength (0—17 mM as NaCl), were studied. The
UV-253.7 observed rate constants were dependent on pH, alkalinity, and nitrate concentration. The degradation of
UV-H,0, 2,4-D by the UV-H,0, system was also examined in a real surface water. The observed fluence-based rate
Advanced oxidation constant in the surface water matrix was 2.6 (+0.3) x 10~ cm?m]J~", and this value was similar to a
Hydroxyl radicals distilled water matrix containing the same alkalinity and pH. In addition, the biodegradability of UV and
UV-H,0, treated wastewater increased with irradiation time, suggesting that transformation products
can be degraded by biological processes. Based on this study, the UV-H,0, process represents a viable

treatment method to transform 2,4-D into benign products.
Copyright © 2019, KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. on behalf of
KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creati
vecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the past few decades, agrochemicals (e.g., pesticides and
herbicides) have been widely used in intensive agriculture, a
practice which has significantly contributed to increased contam-
ination of surface water and groundwater supplies [1]. Pesticide
pollution occurs from runoff from agricultural fields and equipment
washing/rinsing practices [2]. Pesticide concentrations in waste-
water from the agricultural and manufacturing industries have
been reported to be 10-100mgL~' and 1-1000 mg L™, respec-
tively, in different countries [1]. A number of reports have docu-
mented pesticide residues in groundwater, river water, lake water,
drinking water, soil, and sediment in India [3,4]. Every freshwater
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body (i.e., rivers, lakes, and estuaries) in India is expected to be
contaminated with pesticides [5], and pesticide residues have been
detected in cultivated vegetables [6].

Pesticides are classified depending on their usage: herbicides;
insecticides; fungicides; rodenticides; nematicides; microbiocides;
and, plant/insect growth regulators [7]. One of the most widely
used herbicides in the world is 2,4-dichlorophenoxyacetic acid
(2,4-D). In particular, 2,4-D is used for plant growth regulation and
weed control; furthermore, 2,4-D is moderately toxic and poten-
tially carcinogenic. Exposure to chronic oral doses has resulted in
adverse effects on the eyes, thyroid, kidneys, adrenal glands, and
ovaries [8]. Several literature reports show that 2,4-D negatively
affects aquatic life, disturbs the ecosystem, and persists in the
environment due to low biodegradability [9].

Due to the widespread presence of toxic pesticide residues in
water resources, more efforts are required to remove these com-
pounds from contaminated water. Adsorption onto activated
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carbon is the most conventional and frequently employed treat-
ment option for herbicides and pesticides [10,11]. Significant effort
has gone into development of other sorbents like iron oxide-coated
graphene oxide, surfactant-modified silica gel, chitosan beads, and
silver-modified zero-valent iron nanoparticles for removal of pes-
ticides from contaminated water [9,12—14]. Waste materials from
the fertilizer and steel industries adsorbed 50% of 2,4-D for
15—30min contact times and achieved up to 90% removal at
equilibrium [15]. While adsorption processes have demonstrated
an ability to remove pesticides from the aquatic environment,
exhausted adsorbents can serve as a source of 2,4-D contamination,
especially in areas without hazardous waste management facilities.

Coagulation-flocculation processes have been investigated for
removal of 2,4-D [16]; however, low removal efficiencies of 40—50%
were observed. Furthermore, disposal of the 2,4-D-laden water
treatment residuals may present challenges for the reasons
described above. Reverse osmosis systems demonstrate 70—90%
removal of herbicides like atrazine, simazine, and diuron, but high
energy costs and disposal of the herbicide-contaminated concen-
trate may be prohibitive in many areas [17]. Biodegradation of 2,4-D
has been studied with Pseudomonas spp., Achromobacter spp., Fla-
vobacterium spp., Nocardia spp., Streptomyces spp., and Aspergillus
spp. [18]; however, the chlorine atoms in 2,4-D render this mole-
cule resistant to biodegradation and increase environmental
persistence [19].

In recent years, advanced oxidation processes (AOPs), including
gamma irradiation in the presence of H,O, [20], Fenton reactions
[1], ozonation and catalytic ozonation [7,21], and ultrasonic and
electrochemical oxidation [22], have demonstrated successful
transformation of recalcitrant compounds like 2,4-D. Shu et al. re-
ported second-order rate constants for micropollutant reaction
with hydroxyl radicals and the electrical energy per order of
transformation for various micropollutants, including 2,4-D, using a
medium-pressure UV-H,0; system [23]. UV-based AOPs have been
studied for treatment of municipal and industrial wastewater
containing recalcitrant organic contaminants, such as atrazine, 1,2-
dibromo-3-chloropropane, and various pharmaceuticals [24—26].
In isolation, UV irradiation provides slow transformation for many
organic molecules [27]. When hydrogen peroxide absorbs UV light,
it undergoes rapid decomposition to form hydroxyl radicals [26].
Generally, low-pressure UV lamps that emit light at 253.7 nm are
used for disinfection in water and wastewater treatment. At
253.7 nm, the hydroxyl radical yield is 1 mol of HO® per mol of H,0,
[28]. Since hydroxyl radicals are highly reactive with organic mol-
ecules, the UV-H;0, process is expected to effectively degrade 2,4-
D. Nevertheless, many aspects related to the application of AOP
treatment have not yet been explored for 2,4-D.

The objective of this study was to evaluate the effectiveness of
2,4-D treatment in agricultural wastewater by UV irradiation at
253.7nm and the UV-H,0, AOP. The specific aims of this study
were as follows: (1) to map the molar absorption coefficients of 2,4-
D as a function of pH and wavelength; (2) to determine the fluence-
based reaction rate constants for UV and UV-H,0; degradation of
2,4-D; and, (3) to identify the effects of water quality parameters,
namely pH, alkalinity, nitrate concentration, and a real surface
water matrix, on 2,4-D degradation. The overall goal of the work
was to degrade 2,4-D to the point where biological processes can
handle the transformation products.

2. Experimental materials and methods
2.1. Materials

Technical grade 2,4-D (98% purity; Sigma Aldrich, USA) and 30%
H,0, (Sigma Aldrich, USA) were used to generate synthetic

wastewater and produce hydroxyl radicals (upon irradiation),
respectively. Reagent grade NaHCOs3, H3PO4, NaH;PO4, Na,HPOy,
NaNOs3, and NaCl from Merck (India) were used to investigate po-
tential interfering effects of pH, alkalinity, nitrate concentration,
and ionic strength on the UV-H,0, advanced oxidation kinetics for
2,4-D.

2.2. UV reactor

Direct photolysis and advanced oxidation reaction kinetics were
studied using a batch UV reactor system that emitted mono-
chromatic light at 253.7 nm (M/s. Lab Tree; Ambala, Haryana, In-
dia). The reactor was comprised of eight UV bulbs inside a metal
enclosure with a highly polished stainless-steel reflector (see
photograph in Fig. S1 of the Supplementary Information). Using
ferrioxalate actinometry [29], the photon flux and fluence of the UV
reactor were determined to be 1.9 (+0.1) x 10 4EL"! min~! and
113 (+5.7) mJ cm~2 min~’, respectively.

2.3. Experimental methods

A Thermo Fisher Scientific UHPLC system (Dionex Ultimate
3000) was used to measure 2,4-D. The analyte was separated on a
C18 (4.6 x 250 mm, 5 um) column at 35 °C. Acetonitrile (55%), 2%
acetic acid (5%), and water (40%) from Merck (India) were used as
the mobile phase. The flow rate and injection volume were
1 mLmin~! and 50 puL, respectively. The wavelength of the photo-
diode array (PDA) detector was set to 230 nm.

The molar absorption coefficients of 2,4-D were mapped across
a pH range of 1-8at wavelengths of 220—300nm using a
UV—visible spectrophotometer (Model 117, Systronics India Ltd.;
Ahmedabad, India). Solution pH was maintained using 10 mM
phosphate buffer and measured using a digital pH meter (PB-11;
Sartorious GmbH). The apparent molar absorption coefficients of
2,4-D were attributed to the additive sum of contributions from the
protonated and deprotonated species [21], as indicated by Eq (1).

€app) = Q0 €0, + Q1 €1 (1)

In Eq. (1), £qpp» is the apparent molar absorption coefficient at
wavelength 4, ¢; is fraction of species i at a particular pH, ¢; ; is the
molar absorption coefficient of species i at wavelength 2, and the
0 and 1 subscripts refer to the protonated and deprotonated species
(shown in Fig. 1), respectively.

All transformation experiments were conducted at 25 (+2) °C
with 100 mL of wastewater that initially contained 100 mgL~! of
2,4-D (0.45 mM). Similar concentrations have been reported to
occur in agricultural wastewater, reinforcing the relevance of the
experimental conditions [1]. Samples were irradiated for 6h in a
quartz beaker with covered upper and lower surfaces. Every
30 min, 1-mL aliquots were collected for 2,4-D analysis. The
pseudo-first-order reaction kinetics for direct photolysis of 2,4-D in
the batch reactor can be described by Eq. (2).

1nC£0 = Ky H )

In Eq. (2), Cis the 2,4-D molar concentration at time t, Cy is the
initial 2,4-D molar concentration, k;pp is the apparent fluence-
based, pseudo-first-order reaction rate constant (cm? mj~!), and
H' is the fluence corresponding to time t (m] cm~2).

For advanced oxidation experiments, different H,O, doses were
investigated to identify the conditions that provide the fastest
transformation kinetics. The following molar ratios of applied H,0;
to initial 2,4-D were tested: 0.5; 1.0; 2.5; 5.0; 7.5; and, 10.0. The pH
of these solutions was approximately 4.0 (+0.1) due to the weakly
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Fig. 1. Protonated and deprotonated species of 2,4-D.

acidic nature of 2,4-D. Samples were taken at regular intervals from
0 to 10 min of irradiation. Experimental data were analyzed using
Eq. (2) to calculate the apparent rate constants. A control experi-
ment was conducted in the dark with 2.5 mol H,0, per mol of 2,4-D
for a period of 30 days, and no significant degradation of 2,4-D was
observed.

The effects of initial 2,4-D concentration (10—100mgL~! or
0.045—0.45 mM), pH (4—8), alkalinity (0—5 mM as HCO3), nitrate
(0—1mM), and ionic strength (0—1000mgL~' or 0—17 mM, as
NaCl) on 2,4-D transformation were studied for the UV-H,0, AOP.
In addition, 2,4-D degradation experiments were conducted in a
real surface water. In all cases, the initial 2,4-D and H,0; concen-
trations were 100mgL~! (045mM) and 38mgL’!
(1125 mM) H,0,, unless otherwise stated. The pH of experimental
solutions was adjusted using 10 mM phosphate buffer. Surface
water samples were collected from Neem Lake (Shibpur, India) and
passed through 2.5-um filters (Whatman). The filtrate had the
following composition: 236mgL~! as CaCO3; of alkalinity;
25mgL~! of nitrate; pH 7.8; 40mgL~! of five-day biochemical
oxygen demand (BODs); 150mgL~! of chemical oxygen demand
(COD): 896 mg L~ ! of total solids; and, 360 mg L~ dissolved solids.

The biodegradability of 2,4-D transformation products was
examined for direct photolysis at 253.7 nm and UV-H,0, treat-
ment. In this regard, the ratio of BOD5 to COD was used to describe
changes in biodegradability [30]. The dilution method, followed by
DO measurement by the Winkler Method, was adopted to calculate
BODs5 [31]. The standard closed reflux titrimetric method with
potassium dichromate was used to determine COD levels [31].

All data are reported as the mean + standard deviation (n = 3),
unless otherwise stated. Analysis of variance (ANOVA) calculations
for experimental data were carried out in Microsoft Excel. Signifi-
cant differences were defined using 95% confidence intervals
(p <0.05).

3. Results and discussion
3.1. The pH dependence of 2,4-D molar absorption coefficients

The absorbance of 2,4-D solutions buffered at pH 1-8 was
measured by UV—vis spectrophotometry as discussed in section
2.3. The Beer-Lambert law was used to determine the corre-
sponding apparent molar absorption coefficients at 220—300 nm. A
heatmap showing the relationship between the apparent molar
absorption coefficient of 2,4-D, wavelength, and pH is shown in
Fig. 2. The apparent molar absorption coefficient of 2,4-D was lower
at strongly acidic pH, indicating that the protonated form of 2,4-D
absorbed less light than the deprotonated species, which domi-
nates at pH > 2.81 (i.e., pK;2.4-p). The molar absorption coefficient
above pH 5 was effectively constant as 2,4-D does not undergo
further deprotonation. Two absorbance peaks were identified for
2,4-D at 230nm and 283 nm. The variation in 2,4-D molar
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Fig. 2. Map of apparent molar absorptivity (M~'cm™") for 2,4-D as a function of pH
(1-8) and wavelength (220—300 nm).

absorption coefficients at 230 nm and 283 nm with solution pH is
shown in Fig. 3. Note that the molar absorption coefficient of 2,4-D
is low at 253.7 nm (i.e., 150-270 M~ cm™!), suggesting that direct
photolysis with low-pressure lamps may not be an effective treat-
ment strategy.

3.2. Direct photolysis of 2,4-D at 253.7 nm

The degradation of 2,4-D was studied under UV irradiation at
253.7nm for an initial 2,4-D concentration of 100mgL~!
(045mM) and pH 4.0 (+0.1). From the molar absorption

10000 3000
£ g
= =
2 2
S 8000 - L 2400 N
= =
g g
2?6000 d ’{_{_-_{(-—-}----}---}-. 1800;22,‘
$E it 25
$5 - g2
T =
£ £ 4000 | 1200 £ 2
£ =
5 2
2 =
S 2000 - m230nm|[ 600 F
g =
.L; €283 nm §
= 0 . . . —L 0
0 2 4 6 8

pH

Fig. 3. The apparent molar absorptivity of 2,4-D at 230 nm and 283 nm modelled using
Eq. (1). Symbols are experimentally-measured data and curves are the best model fits.
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coefficients in Fig. 3, the transformation kinetics at pH 4.0 (+0.1) are
expected to be similar to those at pH 5—8 with all other conditions
being equal. Approximately 66% degradation was observed for 3 h
(20] cm~2) of treatment (Fig. 4). Over the irradiation period, the
solution color changed from clear to yellow due to the formation of
chromophoric 2,4-D transformation products, including 2,4-
dichlorophenol (DCP) and chlorohydroquinone (CHQ), which
exhibit a yellow color in solution [32—34]. The corresponding
transformation mechanisms, namely loss of the acetic acid group
and hydroxylation of the aromatic ring, align with previously re-
ported UV reactions [35]. 2,4-D degradation followed pseudo-first-
order reaction kinetics and Eq. (2) was applied to calculate the
apparent fluence-based rate constant for pH 4.0 (+0.1), namely 5.77
(0.66) x 107> cm? m]~ . An apparent fluence-based rate constant
for 2,4-D of 13 x 10~*cm?mJ~! was previously reported in a
medium-pressure UV reactor system emitting at 290—320 nm [23];
this result likely stemmed from the increased absorbance at
280—300 nm.

The apparent fluence-based, pseudo-first-order rate constants
were used to calculate apparent quantum yields according to Eq. (3)
[27].

kp_,app U25347
€253.7,app In 10

(3)

D253.7.app =

In Eq. (3), ®y5374pp is the apparent quantum yield at
253.7nm(mol Einstein™ '), k/p.élpp is the experimentally-
determined, apparent fluence-based pseudo-first-order rate con-
stant (cm? mJ 1), €253.7,app 1S the apparent molar absorption coef-
ficient at 253.7nm(M'cm™'), and U,s37 is the molar photon
energy at 253.7 nm (i.e., 4.72 x 10°JE™'). The quantum yield de-
scribes the phototransformation efficiency and is defined as the
moles of a compound that are transformed per mole of photons
absorbed [36]. The quantum yield for degradation of 2,4-D was
found to be 7.04 (+0.21)x 10~2molE~!, indicating a photo-
transformation efficiency of ~7%. For medium-pressure systems,
the quantum yield was reported to be 3.6 (+0.3) x 10> mol E~!
[23]. These results confirm that the reaction is more efficient at
253.7 nm, but the lower absorbance of light at 253.7 nm limits the

Time (min)
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Fig. 4. Degradation of 100 mgL~" (0.45mM) of 2,4-D by direct UV irradiation at
253.7 nm at pH 4.0 (+0.1) as a function of time and fluence.

overall fluence-based reaction kinetics.

3.3. UV-H,O0, degradation of 2,4-D

Apparent fluence-based, pseudo-first-order rate constants were
calculated using the kinetics data collected from experiments with
different H>O, doses. The average 2,4-D degradation increased as
the ratio of H,0, to 2,4-D increased from O to 2.5 mol/mol but
decreased for higher H,0, doses (Fig. 5); however, the rate con-
stants were not significantly different for the 0.5—5.0 mol H,0, per
mol 2,4-D conditions. The 2,4-D transformation efficiency signifi-
cantly decreased at higher H,0, doses due to H,0, scavenging of
hydroxyl radicals, as observed in previous studies [26,37]. These
results suggest that the hydroxyl radical yield from the UV-H,0,
process was the driving force behind enhanced 2,4-D
transformation.

Degradation of 2,4-D in the UV-H,0, process was found to be
100 times faster than UV irradiation when 2.5 mol H,O, per mol
2,4-D was employed. Fig. 6 shows the degradation of 2,4-D at a
peroxide dose of 2.5 mol of H,0, per mol 2,4-D. Approximately 97%
degradation was observed within 6 min, corresponding to a fluence
of 678 mJ cm 2. The fluence required for the same extent of 2,4-D
degradation by direct photolysis was extrapolated using k'p.app
from Fig. 4 to be 61 J cm~2. To contextualize the magnitude of these
required treatments, consider that UV disinfection of wastewater
typically employs a fluence of 40—190 mJcm ™2 [25,38]. Conse-
quently, 50—70% 2,4-D transformation could be achieved at
disinfection-level UV doses with suitable H,0, addition, while only
2% could be attained without H,0,. Importantly, previous efforts
have demonstrated that the cost of UV-H,0, photo-oxidation of the
herbicide ametryn was lower than UV irradiation alone due to the
lower fluence requirement [8].

3.3.1. Effect of initial 2,4-D concentration

Degradation of 10-100mgL~! 2,4-D was studied with H,0,
doses of 3.06—30.6 mg L' (0.09—0.9 mM) H,0; at pH 4.0 (+£0.1). At
higher concentrations, 2,4-D degradation was slower. For example,
the 2,4-D degradation percentages for a fluence of 113 mJcm 2
were 85, 70, 60, and 49 for initial concentrations of 10, 50, 75, and

Time (min)
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é 2
i
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Fig. 5. Photodegradation of 100 mgL~" (0.45 mM) of 2,4-D with 1.125 mM H,0, dose
at pH 4.0 (+0.1) as a function of time and fluence.
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Fig. 6. Effect of H,0, dose (0—10 mol H,0, per mol 2,4-D; with an initial 2,4-D con-
centration of 100 mg L~' (0.45 mM) on the apparent fluence-based, pseudo-first order
rate constant for 2,4-D degradation at pH 4.0 (+0.1).

100 mg L~! respectively. The apparent fluence-based, pseudo-first-
order rate constants for different initial 2,4-D concentrations are
shown in Fig. 7. Similar behavior has been observed for UV/H,0,
degradation of compounds like microcystin—LR and diethanol-
amine [39,40]. Since the molar absorption coefficients of 2,4-D
(169.6 at pH 4) and H,0, (19.6 M~ lcm™!) at 257.7 nm are high it
is expected that higher 2,4-D concentration will not affect hydroxyl
generation much. However, when 2,4-D concentration is high, the
concentration of H»0; is also high which may scavenge the hy-
droxyl radical. Thus, the rate constant decreased with increasing
2,4-D concentration.

3.3.2. Effect of pH

For the optimal 2.5 mol H,O2 per mol 2,4-D conditions, the so-
lution pH was varied in the 4—8 range using 10 mM phosphate
buffer to determine pH effects on transformation kinetics in the
UV-H,0, system. The treatment efficiency dropped from 97% at pH
4—85% at pH 8 for a fluence of 678 mJ cm™2. In general, the apparent
fluence-based, pseudo-first-order rate constant decreased with

0.020

0.015 +

0.010 + i

0.005 + +

Apparent fluence-based, pseudo-first-order
rate constant (cm? mJ!)

0.000 — — —
0 0.1 0.2 0.3 0.4 0.5
Initial concentration of 2,4-D (mM)

Fig. 7. Effect of initial concentration on 2,4-D degradation with 0.90 mM H,0, dose at
pH 4.0 (+0.1).

solution pH, as indicated in Fig. 8. The steady state hydroxyl radical
concentrations at pH 4 and 8 were calculated to be 11.66
(+127)x 100'M and 6.96 (+0.83) x 1011 M, respectively, pre-
sumably due to differences in the dissolved carbonate system. The
lower hydroxyl radical exposure resulted in the slower 2,4-D
degradation observed in Fig. 8. A similar decrease in hydroxyl
radical concentrations were reported at higher pH in the UV-H,0,
process [41].

3.3.3. Effect of alkalinity

Bicarbonate, nitrate, ionic strength (as NaCl) concentrations
influence the efficiency of AOPs to transform micropollutants in
wastewater [42]. The effects of alkalinity on 2,4-D transformation
were investigated by adding 0—5 mM HCO3 to solutions containing
100 mg L' (0.45 mM) of 2,4-D with 38 mg L' (1.125 mM) H,0; at
pH 7.5 (+£0.1). The second-order rate constants for reaction of hy-
droxyl radicals with bicarbonate and 2,4-D are 8.5 x 105 M~1s~!
[43] and 5 x 10°M~1s~1 [44], respectively. Even though 2,4-D re-
acts with HO® faster than bicarbonate, the apparent fluence-based
rate constant for 2,4-D degradation in the UV-H,0O, process
decreased slightly with increasing bicarbonate concentration
(Fig. 9). The fraction of hydroxyl radicals that reacted with bicar-
bonate compared to other species was determined with Eq. (4)
(adapted from Adak et al. [27]).

Ktio* Heo; [HCO'} ]
Kiio* 2.4.012:4-D] + Kijo o, [HCO; ] + 3 ko 5,[Si)
(4)

In Eq. (4), fuo* mco;, is the fraction of HO® scavenged by HCO3 and
k'yoe; is the second-order rate constant for HO® reaction with
HCO3, 2,4-D, or other species (S).

The fraction of hydroxyl radicals consumed by bicarbonate was
calculated to be 3.7 x 1073, 9.2 x 1073, and 18.2 x 10~ for bicar-
bonate concentrations of 1.0, 2.5, and 5.0 mM, respectively. Hy-
droxyl radical scavenging by bicarbonate, therefore, resulted in a
lower fraction of hydroxyl radicals available for reaction with 2,4-D.
Similar expressions can be written to define fyo: 1,0, fro* p(v), and
Juo* 2,40 to determine the fraction of hydroxyl radicals that were
scavenged by H,0; and phosphate buffer and reacted with 2,4-D. In
this case, the hydroxyl radical demands of H,0; and the P(V) buffer
system were about 1.3% and 0.03%, respectively. The fraction of
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Fig. 8. Effect of solution pH on the apparent fluence-based, pseudo-first-order rate
constant for 2,4-D degradation for UV-H,0, treatment with 1.125 mM H,0, dose and
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Fig. 9. Effect of alkalinity (expressed as HCO3 concentration) on 2,4-D degradation
kinetics for [2,4-D],=100mgL™" (0.45mM), H,0, dose=1.125mM, and pH=75
(£0.1).

hydroxyl radicals that reacted with 2,4-D for the 1.0, 2.5, and
5.0mM HCO; conditions was 0.98, 0.97, and 0.96, respectively.
These findings indicate that alkalinity differences in 2,4-D
contaminated water moderately impact the observed reaction ki-
netics in UV-H,0, systems for the investigated solution chemistry.

3.4. Effect of nitrate concentration

Since herbicide-contaminated water resources are also
impacted by fertilizer application, the effect of 0—1 mM nitrate on
2,4-D photodegradation was studied. The experimental conditions
involved 38 mg L~ (1.125 mM) H,0, dose with 100 mg L~ of 2,4-D
(0.45 mM) at pH 4.0 (+0.1). Apparent fluence-based, pseudo-first-
order rate constants were calculated (Fig. 10). The observed rate
constant decreased for increasing nitrate concentrations due to HO®
scavenging (k'yor no; = 9.7 x 10°M~1s~1 [43]). Using a modified
version of Eq. (4), the fraction of HO® reacting with NO3 was 0.67
and 0.80 for nitrate concentrations of 0.50 and 1.0 mM, respectively.
Hydroxyl radical scavenging by nitrate, therefore, resulted in a
lower fraction of hydroxyl radicals reacting with 2,4-D (i.e., fHoe2.4-
p=0.32 and 0.19 for the 0.5 and 1.0mM NO; concentrations,
respectively). The hydroxyl radical demand of hydrogen peroxide

0.006

0.004 -

0.002 -

Apparent fluence-based, pseudo-first-
order rate constant (cm?> mJ!)

0 0.5 1
Nitrate concentration (mM)

Fig. 10. Nitrate (0—1 mM) effects on 100 mg L~' (0.45 mM) of 2,4-D degradation in the
UV-H,0, process with 1.125 mM H,0, dose and pH 4.0 (+0.1).

for these experiments was approximately 1.0%. These inhibitory
effects, which have also been reported for 1,2-dibromo-3-
chloropropane [26], may be a deterrent to the use of the UV-H,0,
process in groundwater systems with high nitrate concentrations.

3.5. Effect of ionic strength

2,4-D degradation by the UV-H;0, process was examined at
various ionic strengths in the range of 0—17 mM (as NaCl). The
initial 2,4-D concentration was 0.45mM with H;0, dose of
30.6 mgL~! (0.9 mM) and pH 4.0 (+0.1). The degradation kinetics of
2,4-D were unaffected by the increase in ionic strength (see Fig. S2
in the supplementary information). Similar behavior has been
observed for advanced oxidation of flumequine [42].

3.6. Effect of surface water matrix

The applicability of the UV-H,O, process for treatment of
agriculturally-impacted water was studied using surface water
samples spiked with 100 mgL~" (0.45 mM) 2,4-D. Initially, the so-
lution had 40.4mgL~" of BODs and 149.8 mgL~! of COD. Other
water quality conditions were mentioned in section 2.3. The molar
ratio of H,O0; to 2,4-D was 2.5 and the pH was 7.5 (+0.1). The
fluence-based rate constant for 2,4-D transformation was 2.5
(+0.3) x 103 ecm?mJ~! (Fig. 11). This rate constant was similar to
that determined above (Fig. 9) for a bicarbonate concentration of
2.5mM, which is similar to the 236 mgL~! as CaCO3 alkalinity of
the surface water; however, the apparent 2,4-D rate constant in the
surface water matrix was ~50% of that obtained for distilled water
under similar conditions. The slower reaction kinetics are likely due
to scavenging effects stemming from the carbonate system and
dissolved organic matter [45,46].

3.7. Biodegradability enhancement after UV-H,0, treatment
The BODs5/COD ratio for 100 mg L~! (0.45 mM) of 2,4-D was 0.08
(+0.02), indicating that 2,4-D is not biodegradable [47]. Due to the

high operating costs of AOPs, application of partial oxidation fol-
lowed by biological polishing is being pursued for recalcitrant
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Fig. 11. Apparent pseudo-first-order reaction kinetics for 100 mg L™" (0.45 mM) of 2,4-
D degradation in surface water with 1.125 mM H,0, dose and pH 7.5 (+0.1).
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pollutants like 2,4-D [48]. Degradation of 2,4-D using the UV-H,0,
process results in formation of a number of transformation prod-
ucts: 2,4-dichlorophenol; chlorohydroquinone; organic acids, such
as acetate, glycolate, formate, malonate, oxalate, and fumarate; and,
chloride [32—34]. For these reasons, the biodegradability of UV-
H,0, treated wastewater containing 2,4-D was measured using
BODs. In particular, 100 mgL~! (0.45 mM) 2,4-D solutions were
treated with UV irradiation at fluences of 6.7, 13.3, and 20]J cm ™2
and UV-H,0, advanced oxidation with fluences of 282, 565, 848,
and 1130 mJ cm 2 at H;0, dose of 1.125 mM. Residual H,0; in the
treated samples was quenched by catalase before measurement of
COD and BODs. The COD and BODs of catalase was accounted for
using controls containing only catalase.

For UV degradation, the BOD5/COD ratio increased from 0.08 to
0.28 over 3h (or 20] cm 2 fluence) of irradiation, as shown in
Fig. 12. The increase in BOD5/COD indicates that the biodegrad-
ability of 2,4-D treated effluent was enhanced by direct photolysis.
On the other hand, the BODs/COD ratio increased from 0.10 to 0.63
for UV-H,0, treatment with a fluence of 1130 mJ cm™2 (Fig. 12). The
BOD; increased from 25 to 100 mg L~! in 5 min and decreased with
further treatment. These results demonstrate that transformation
products were more biodegradable than the 2,4-D parent com-
pound. Since the BOD5/COD ratio in the UV-H,0; treated solution
was 0.63, the effluent can be effectively treated by biological pro-
cesses to remove potential concerns associated with trans-
formation products [47].

4. Conclusion

Disinfection-level UV treatment at 253.7 nm transforms a
nominal fraction of 2,4-D in water and highlights the need for
higher fluence or advanced processes to attain significant trans-
formation efficiencies. For the UV-H,0, process, more than 97%
transformation of 2,4-D was achieved with a fluence of
678 mJcm~2 and 2.5 mol H,0, per mol 2,4-D. The apparent rate
constants for UV irradiation at 253.7nm (ie., 5.77
(£0.66) x 10 °cm*mJ~!) and UV-H,0, treatment (ie, 5.16
(+0.56) x 103 ecm?mJ~! for 2.5 mol H,0, per mol of 2,4-D) deter-
mined here are applicable to other systems; however, initial 2,4-D
concentration, pH, alkalinity, and nitrate concentration affect the
extent of 2,4-D transformation. The apparent rate constant for 2,4-
D degradation decreased at higher 2,4-D concentrations. The

Time (min) for UV-H,0, degradation
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Fig. 12. Effect of direct photolysis at 253.7 nm and UV-H,0, treatment on biode-

gradability index (BODs/COD ratio) of a solution that initially contained 100 mg L™
(0.45 mM) of 2,4-D.

apparent fluence-based, pseudo-first-order rate constant
decreased by a factor of 1.7 when pH was increased from 4 to 8, and
a similar effect was observed for nitrate concentrations up to 1 mM.
The effects of alkalinity up to 5 mM of HCO3 and ionic strength up
to 17 mM (as NaCl) demonstrated minor impacts on 2,4-D degra-
dation kinetics. In aggregate, these results indicate the importance
of water/wastewater quality on treatment metrics. Overall, the UV-
H,0, process provided quick and efficient transformation of 2,4-D
to biodegradable products that can be treated via conventional
biological systems. Thus, the UV-H,0, process is proposed for
treatment of concentrated herbicide solutions generated in agri-
cultural systems.
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