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Abstract—Vacuum ultraviolet (VUV) process has been regarded as a novel advanced oxidation process for its unique
way of generating HO" via direct photolysis of water. This study investigates the kinetics of the VUV process for degra-
dation of a typical pesticide, glyphosate (GLY), by using a photoreactor equipped with a precision sampler. The preci-
sion sampler enables us to take samples at distances ranging from 0.1 to 1.5 cm to the irradiation source so that GLY
degradation by VUV in different parts of the reaction volume can be evaluated. The results of experiments on H,O,
production from VUV photolysis of water confirmed that there existed an extremely uneven distribution of VUV flux
and HO' generated in the VUV process. Enhancing mass transfer by agitation could significantly increase GLY degra-
dation efficiency by improving the distribution of HO". The initial concentrations of water and GLY governed the reac-
tion kinetics of GLY degradation in the VUV process. As the solution pH increased from 5.0 to 9.0, the overall
degradation efficiency of GLY decreased from 97.6% to 77.8%. Depending on their molar absorption coefficients, inor-
ganic anions affected adversely on the degradation of GLY by VUV in the order of NO; >HCOj (alkalinity)>Cl >SOj .
As a strong HO" scavenger, natural organic matter shows a much more adverse impact on GLY degradation than that
of inorganic anions. Based on the experimental results, this study has provided insights into the kinetics of VUV pro-
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cess for pollutant degradation.
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INTRODUCTION

Advanced oxidation processes (AOPs) have been intensively stud-
ied for the degradation of refractory organic micropollutants that
conventional water treatment processes can hardly remove [1,2].
The AOPs are characterized by the generation of hydroxyl radical
(HO"), which has a high redox potential of 2.59 V [3] and can de-
grade most of the pollutants that can be possibly found in water.

As a novel AOP, the vacuum ultraviolet (VUV) process has been
applied in the production of ultrapure water, conversion of organic
materials and water treatment, specifically the degradation of refrac-
tory organic micropollutants [4]. It has the advantages of efficient
degradation of pollutants, no addition of chemical agents, simple
reaction system and convenient operation and maintenance [5].
Unlike other AOPs, the VUV process has a unique way of gener-
ating HO' via photolysis of water (Egs. (1) and (2)), which makes
the VUV process a clean and green technology for water treatment.
Because the generated H' and e,; (Eqgs. (1) and (2)) can readily be
scavenged by dissolved oxygen in water, they contribute little to
micropollutant degradation in the VUV process [6]. Therefore, the
target pollutants with low concentration are actually degraded by
reaction with the generated HO® [7]. Many eftorts have been made
to make good use of the generated HO" for pollutant degradation
[8-10]. For example, Dobrovic et al. [9] examined the effect of hy-
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drodynamic conditions on the degradation of natural organic mat-
ter (NOM) by VUV and found that increasing Reynolds number
could significantly improve the mass transfer of HO', resulting in a
much higher degradation rate of NOM. Li et al. [10] reported that
the addition of free chlorine remarkably increased the degradation
rate of methylene blue by VUV and attributed the synergistic mecha-
nism to the effective use of HO" for pollutant removal through for-
mation of longer-lived secondary radicals (e.g., ClO"). Since water
has an excessively high concentration (55.6 M), its high absorption
coefficient causes the uneven distribution of VUV flux, which could
decrease by 90% pathing through 0.55 cm thickness of water (ie.,
irradiated region) [11,12]. In this irradiated region, the generated
HO' reacts with the target pollutants, but a large amount of HO®
would recombine with H" to form water due to the short life-time
of HO" [13-15], which significantly reduces the efficacy of the VUV
process. To summarize, the efficacy of the VUV process depends
largely on utilization efficiency of the generated HO".

¢185 nm:O'?’3
¢185 nm:O'045

H,0 —*>HO +H’ 1)

@

With a relatively low molar absorption coefficient of 0.032 M ™"
cm', water has an absorption coefficient of 1.8 cm™ (the product
of molar absorption coefficient and concentration) at 185 nm [16],
which exerts great influence on the pollutant degradation by VUV.
However, the pollutants can still exert comparable influence on the
VUV process because they usually have much larger molar absorp-
tion coefficients (>1,000 M™' cm™), although with a relatively low
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concentration. Consequently, the initial concentrations of water and
pollutants govern their absorption ratios of VUV, which strongly
affects the degradation reaction kinetics in VUV process. However,
there are contradictory results reported regarding the effect of ini-
tial pollutant concentration on its degradation by VUV. For exam-
ple, Imoberdorf and Mohseni [17] reported that the degradation
rate of 24-D in ultrapure water was independent of the initial con-
centration of the contaminant, while Wu et al. [18] found that the
degradation kinetics of dimethoate by VUV was strongly depen-
dent on the initial concentration of the contaminant. Other factors,
such as solution pH, alkalinity and water components, could also
have a great impact on the degradation of pollutants by VUV and
are also worthy of further investigation [4].

Although many papers have been published regarding the deg-
radation of organic pollutants by VUV process, little work has been
done on the relationship between the distribution of VUV flux and
the pollutant degradation kinetics. Therefore, based on the photo-
reactor equipped with a precision sampler, the main aim of this
study is to investigate the effects of distribution of VUV flux and HO*
formed on the degradation of a typical pesticide, Glyphosate (GLY),
by VUV process. The effects of initial concentration of water and
pollutant on the degradation of GLY are closely examined. Other
effects, such as solution pH and water components on the GLY de-
gradation by VUV, will also be evaluated.

MATERIALS AND METHODS

1. Chemicals

Glyphosate (GLY) with a purity of >99% was obtained from
Sigma-Aldrich. H,0, (30%) was from Jin Shan Hua Shi Co., Ltd.,,
Chengdu, China. Other chemical reagents of at least analytical grade
were used without further purification. All solutions were prepared
with deionized (DI) water.
2. Experimental Setup and Reaction Conditions

The experiments were carried out in a conventional annular batch
photoreactor. The inner diameter and height of the photoreactor
are 8.0 and 38 cm, respectively. A low-pressure mercury lamp (8 W)
was used as the VUV irradiation source. The lamp is enveloped in
a quartz sleeve to avoid direct contact with water. The outside diame-
ter of the quartz sleeve is 4.8 cm, so the actual irradiation water layer
thickness is 1.6 cm, which ensures that all the VUV is absorbed by
the aqueous solution. To take samples at the exact position in the
volume, a precision sampler was designed. The length of the sam-
pler needle inserted into the reactor is accurately controlled by a
vernier caliper so that samples can be taken at a distance interval
of 0.2 cm from the quartz sleeve to the reactor wall. The reactor is
placed on a magnetic agitator, which has a digital display to con-
trol the rotary speed.
3. Analytical Methods

The H,O, concentration was analyzed by a photometric method
with a low detection limit of 3 ug L™ [19]. GLY was detected by
ultra-performance liquid chromatography-tandem mass spectrom-
etry (Xevo TQD MS/MS, Waters, USA). The injection volume was
10 pL. The mobile phase was a mixture of 0.2% formic acid in water
(50%) and methanol (50%) at a flow rate of 0.3 mL min . The
MS/MS detector was operated under the following conditions:

negative electrospray ionization mode, capillary voltage 3.5 kV, cone
voltage 15V, cone gas flow rate 50 L h™', desolvation gas flow rate
550 L h™', desolvation temperature 500 °C. The quantitative pre-
cursor and product ions were 168 and 124 (m/z), respectively, with
a collision energy of 15 V.

RESULTS AND DISCUSSION

1. Distribution of VUV Flux

As water itself can be broken up after absorbing VUV, it usu-
ally starts with Eqgs. (1) and (2) resulting in the formation of HO®
in the VUV process for degradation of pollutants. Therefore, water
is the main reactant in the VUV process, besides acting as a sol-
vent as in the cases of many other AOPs. Since water has a high
absorption coefficient, the distribution of VUV flux in the photo-
reactor is dramatically uneven. In an annular photoreactor, Eq. (3)
can be used to model the VUV flux distribution in water [20]:

F= o
" 2m(d+R)L
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where F (einstei s ') is the VUV flux at a specific position; I is the
total VUV intensity of the lamp; A,g; is the absorption coefficient
of water at 185nm; d (cm) is the distance from the position to
quartz sleeve; R, (2.4 cm) is the radius of the quartz sleeve; L is the
length of the lamp. The modeling result (Fig. 1, black line) shows
an exponentially decreasing tendency for the distribution of VUV
flux. F/F, decreases from 100% at the quartz sleeve to less than 1%
within a distance of 1 cm to the quartz sleeve.

Since HO' is extremely reactive and has a short lifetime of 2.3x
107s [21], it will readily be depleted by Eqs. (4) and (5) or by react-
ing with other substances in water. Therefore, the in-situ generated
HO' will not diffuse far away from where it is generated, which
causes the same uneven distribution of HO' [20]. As it is difficult
to directly detect HO" in water, the formation of H,0, (Eq. (5)),
which is stable and easy to detect, provides a good method for eval-
uation of the behavior of HO". According to our previous study
[22], the formation of H,0, via Eq. (5) follows pseudo-zero-order
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Fig. 1. Distribution of VUV flux and H,O, production rate as a func-
tion of distance to the quartz sleeve without agitation (F,
referring to the highest value at d=0).
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reaction kinetics (Eq. (6)), and its pseudo-zero-order production rate
constant (K, WM min ") is proportional to VUV flux, which has
been considered as a green and simple method to determine the
VUV flux. Fig. 1 shows that k;;, also decreased exponentially as a
function of distance to the quartz sleeve without agitation, which
confirmed the uneven distribution of VUV flux and HO" generated
by VUV photolysis of water in the VUV process. However, the dis-
tribution of ky; ¢, (red line) showed a positive deviation from VUV
flux distribution (black line) due to the diffusion of H,O,. Conse-
quently; the method [22] we previously developed for the determi-
nation of VUV flux based on the H,O, production rate is only
applicable to determining the averaged VUV flux of the whole vol-
ume for a batch reactor after the solution is well mixed.

HO'+H -H,0 k=15x10"M"'s" )
HO+HO'-H,0, ks=55x10°M 's™’ (5)
dc

ek ©

2. Effect of Agitation on GLY Degradation by VUV

As the low-pressure mercury lamp emits both 185nm VUV and
254nm UV at the same time, the UV usually interferes with the
VUV process for pollutant degradation. However, the absorption
spectrum of GLY at wavelength from 190 to 600 nm (Fig. S1) shows
that little UV at 254 nm was absorbed by GLY. Therefore, the GLY
degradation by direct UV photolysis could be neglected and that
by direct VUV photolysis and/or indirect VUV photolysis (ie., HO’
oxidation) should be the main cause. Fig. 2(a) shows that the uneven
distribution of VUV flux led to the remarkable heterogeneity of
GLY degradation by VUV without agitation. When the GLY deg-
radation was fitted with pseudo first-order reaction kinetics (Eq.
(7)), the degradation rate constant (kg s ') decreased from 5.5x
1075 at d=0.1cm to 2.6x107°s™" at d=1.5cm. As HO" had the
same uneven distribution as that of VUV flux [20], GLY degrada-
tion by direct VUV photolysis and/or indirect VUV photolysis
would cause the same heterogeneity of GLY degradation by VUV
process. The highest kg;y in the vicinity of the quartz sleeve was
attributed to the highest VUV flux. When the distance was higher
than 1 cm (ie., the VUV dark zone), the decreasing of GLY con-
centration was caused by diffusion of GLY. Therefore, the mass
transfer resistance of GLY became a major factor affecting the effi-
ciency of GLY degradation by VUV, and one simple way to reduce
the resistance is agitation. Compared with Fig. 2(a), Fig. 2(b) shows
that the distribution of ks;y was much more uniform at a rotary
speed of 1,000 rpm. The kg;y decreased from 3.6x10°s™" at d=
0.lcm to 15x10°s™" at d=1.5cm. To quantitatively determine
the improvement of overall degradation efficiency (7, %) caused
by agitation, the reaction volume was separated into eight sections
with the same thickness of 0.2 cm (Fig. S2). The overall degrada-
tion efficiency was determined by averaging the degradation effi-
ciencies in all sections (Eq. (8)). Fig. 2(c) shows that 7 at a rotary
speed of 1,000 rpm reached 68.7% after 50's reaction, while that
was only 36.7% without agitation. It suggests that enhancement of
mass transfer by agitation could significantly increase pollutant de-
gradation efficiency by improving the distribution of HO" in VUV
process.
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Fig. 2. Degradation of GLY by VUV at different distances as a func-
tion of time at rotary speeds of (a) 0 rmp and (b) 1,000 rmp,
and (c) improvement of overall degradation efficiency by agita-
tion (Cgryo=10mg L"),
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3. Effect of Initial GLY Concentration

GLY at high initial concentration will compete with water for
VUV and governs its absorption ratio of VUV. As the absorbance
at 185 nm could not be directly detected by a common commer-
cial spectrophotometer that usually has a detection limit of 190 nm,
the molar absorption coefficient of GLY at 185 nm was determined
to be 2,190M ™' cm™" by extrapolating the absorption line (Fig. S1).
The VUV absorption ratio of water and GLY as a function of GLY
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Fig. 3. VUV absorption ratios of GLY and water as a function of ini-
tial concentration of GLY.

concentration is shown in Fig. 3. GLY starts to absorb an apprecia-
ble amount of VUV (>5%) with its concentration over 7.4 mg L™,
where direct VUV photolysis of GLY must be considered. When
its initial concentration reaches 138 mg L™, GLY absorbs an equal
amount of VUV with that of water (50% for each).

To reduce the influence of diffusion, the effect of initial concen-
tration on GLY degradation by VUV was evaluated without agita-
tion. Fig. 4 shows that the initial concentration of GLY had a sig-
nificant impact on the reaction kinetics of GLY degradation by
VUV. When GLY had a low initial concentration of 1.0mg L™, its
degradation followed pseudo-first-order kinetics at all distances to
the quartz sleeve. When GLY had a moderate initial concentration
of 10mg L™, its degradation followed pseudo-first-order kinetics
at distance of <0.5 cm and followed pseudo-zero-order kinetics at
distance of >0.5cm. When GLY had a high initial concentration
of 100mg L™, its degradation followed pseudo-zero-order kinet-
ics at all distances to the quartz sleeve. Whether the GLY degrada-
tion could be fitted with pseudo-first-order or pseudo-zero-order
was controlled by the ratio of VUV flux and GLY concentration
for direct VUV photolysis (Eq. (9)) or by the ratio of the concentra-
tion of generated HO" and GLY for indirect VUV photolysis (Eq.
(10)). Both Egs. (9) and (10) originate from Eq. (7) where kg;y equals
to F for direct VUV photolysis (Eq. (9)) and equals to key pocror
for indirect VUV photolysis (Eq. (10)). When cg;y was relatively
low, eg. 1.0mg L™ (Fig. 4(a)) or when the VUV flux was high at
d<0.5 cm with a moderate GLY concentration of 10mg L™ (Fig.
4(b)), namely high ratio of VUV flux and GLY concentration, the
degradation of GLY followed pseudo-first-order reaction kinetics
because ¢y must be regarded as a variate, which is in agreement
with many previous studies [12,13]. However, when the initial con-
centration of GLY was high, e.g. 100 mg L™ (Fig. 4(c)) or when the
VUV flux was low at d>0.5cm with a moderate GLY concentra-
tion of 10mg L™ (Fig. 4(b)), namely low ratio of VUV flux and GLY
concentration, ¢y had a negligible decrement and could be regarded
as a constant coefficient. Accordingly, Egs. (9) and (10) could be
simplified to Eq. (6) with @Fcg;y and Ky pocpocery being a con-
stant as a whole. This is the reason why the GLY degradation fol-
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Fig. 4. Degradation reaction kinetics of GLY by VUV at different
initial concentrations of (a) 1.0 mg L™ and (b) 10mg L™ (data
repeated here for darity) and (c) 100mg L™,

lowed pseudo-zero-order reaction kinetics with high initial con-
centration or at far distance from the irradiation source.

degry
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(10)

where kg y o is the second-order rate constant of GLY with HO*
and ¢y is the equilibrium concentration of HO".
4. Effect of Solution pH

Solution pH has a strong impact on the overall degradation effi-
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Fig. 5. Effect of solution pH on the overall degradation efficiency of
GLY by VUV at a rotary speed of 1,000 rpm (Cgy,=10mg L™).

ciency of GLY by VUV. Fig. 5 shows that the overall degradation
efficiency of GLY decreased from 97.6% to 77.8% after a reaction
time of 2 min when the solution pH increased from 5.0 to 9.0. This
is in good agreement with Huang et al. [23] who found that 4-tert-
octylphenol degraded much faster under acidic conditions than
under alkaline conditions in VUV process. This is because high pH
value would reduce both the redox potential and the formation
rate of HO™ [22]. Koppenol and Liebman [3] reported that the
redox potential of HO" decreased from 2.59 V at pH=0 to 2.18 V
at pH=7.0 and HO" would further dissociate to O with a much
lower redox potential (Eq. (11)) under alkaline conditions.

HO'+HO —»0" +H,0 (11

5. Effect of Water Components

Inorganic anions such as SO;, CI', NO; and HCO; (alkalin-
ity), and NOM are ubiquitous in natural waters and they exert an
impact on the VUV process for pollutant degradation [4]. As Fig.
6(a) shows, when the initial concentration of SO;", CI', NO; and
HCO; increased from 0 to 250 mg L™, the degradation efficiency
of GLY decreased from 90.1% to 90.0%, 82.6%, 68.9% and 79.2%,
respectively. The impact of anions on the GLY degradation was
mainly caused by the competitive absorption of VUV by these
anions. For example, SO;  had little impact on the GLY degrada-
tion by VUV for the reason that SO has a negligibly low molar
absorption coefficient of 146 M cm™ at 185 nm and hardly reacts
with HO® [24]. NO; showed the most adverse impact on the GLY
degradation because it has the highest molar absorption coeffi-
cient for VUV among the selected anions [24]. However, besides
absorbing VUV, NOM is also a strong scavenger for HO [25,26].
For this reason, the degradation efficiency of GLY decreased sig-
nificantly from 90.1% to 61.2% after the addition of NOM with a
much lower concentration of 2.5 mg L™ (Fig. 6(b)).
6. Discussion of the Optimization of Reactor Dimension

Since there is an extremely uneven distribution of VUV flux and
therefore the formed HO', the optimization of reactor dimension
for VUV process is largely dependent on these characteristics. To

August, 2021

100 (a)
80 |-
o 60 |-
S —m-Cr
- 40 50~
_A_N037
—¥—HCO,
20
0 1 1 1 1 1 1
100 0 50 100 150 200 250
Anions (mg L7 (b)
—=
80 | } —=—
S 60 - —
=
40 |
20 -
0 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

NOM (mg LY

Fig. 6. Effects of inorganic anions (a) and NOM (b) on the overall
degradation efficiency of GLY by VUV at a rotary speed of
1,000 rpm (Cgryo=10mg L").

optimize the reactor dimension, VUV flux and the formed HO*
should be utilized to the most. The previous results indicate that
the utilization ratios of VUV and HO" have a positive correlation
with the uniformity of degradation rates in each section of the reac-
tor (Fig. S2) for the reason that higher uniformity of degradation
rates would result in higher total pollutant degradation efficiency
(Fig. 2). Therefore, the precision sampler developed in this study
provides a good tool to optimize the reactor dimension by deter-
mining the uniformity of degradation rates in each section of the
reactor. For example, the optical path length should be no more
than 1 cm when there is no mixing of solution, as in the case of a
flow-through reactor because there is literally no VUV irradiation
or HO' outside that range (Fig. 1). The path length could be much
more than 1 cm when there are good mixing conditions, such as
efficient agitation or installation of mixer to increase mass trans-
fer. Other factors, such as initial pollutant concentration, solution
pH and inorganic anions and NOM, which strongly affect the pol-
lutant degradation as discussed above, must also be taken into con-
sideration to optimize the reactor dimension. To summarize, the
uniformity of degradation rates could be used as an indicator for
the optimization of reactor dimension after all important factors
have been considered.
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CONCLUSIONS

This study investigated the kinetics of the VUV process for deg-
radation of GLY by VUV process. The results confirmed that there
existed an extremely uneven distribution of VUV flux and HO®
generated in the VUV process. Enhancing mass transfer by agita-
tion could significantly increase GLY degradation efficiency by im-
proving the distribution of HO'. The initial concentration of water
and GLY governed the reaction kinetics of GLY degradation in the
VUV process. Increasing solution pH would inhibit GLY degrada-
tion, and inorganic anions affected adversely on the degradation of
GLY by VUV in the order of NO;>HCO; (alkalinity)>Cl >SO; .
As a strong HO" scavenger, NOM had the most adverse impact
on the GLY degradation. Based on the experimental results, this
study has provided insights into the kinetics of VUV process for
pollutant degradation.
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