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Photodegradation of Natural Organic
Matter in Water with UV Irradiation at 185
and 254 nm: Importance of Hydrodynamic

Conditions on the Decomposition Rate

S. Dobrovi¢, H. Jureti¢, and N. Ruzinski
University of Zagreb, Faculty of Mechanical Engineering and Naval
Architecture, Zagreb, Croatia

Abstract: The kinetic investigation of photodegradation of the natural organic matter
(NOM) in natural lake water was conducted using two low-pressure mercury lamps of
the same nominal power: a) with suprasil quartz envelope emitting at both wavelengths
—254 nm and 185 nm (hereafter VUV); b) with standard quartz envelope emitting only
at 254 nm (hereafter UV). In comparison to the UV process, the addition of 185 nm
irradiation (VUV process) increased the degradation rate ten-fold overall at lower
and seventeen-fold at higher Reynolds numbers, respectively. The hydrodynamic
characteristics of the photoreactor are of crucial importance for total energy efficiency
for VUV processes.

Keywords: Photodegradation, hydrodynamic conditions, degradation rate, Reynolds
number, VUV, UV

INTRODUCTION

Natural organic matter (NOM) is a mixture of poorly defined organic
compounds that are normally present in ground and surface waters, and
their residuals in drinking water are considered to pose a significant
problem (1). Interactions of NOM with chlorine based disinfection agents
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lead to the formation of carcinogenic and mutagenic disinfection by-products.
Other problems associated with the presence of NOM in water include com-
plexation with heavy metal ions, influence on organoleptic quality of water,
and the fact that NOM acts as an energetic and nutritive substrate for
microbial growth within distribution systems (2).

Among the processes for the NOM separation from (drinking) water, a
marked position has advanced oxidation processes (AOPs). NOM separation
employing (AOPs) is mainly based on the efficient generation of highly
reactive, powerful oxidant hydroxyl radical (HO®), which cause partial
oxidation or total mineralization of organic matter (3). The majority of
AOPs are based on photolysis of added oxidants—Oj3; and H,O, by UV
light that results in the production of strong oxidizing species like HO®.
However, vacuum-ultraviolet AOPs are mainly based on photochemically
initiated homolysis of water that results in the generation of hydroxyl
radicals and hydrogen atoms. As sources of VUV irradiation, a xenon
excimer lamp with emission maximum at A = 172 nm, and a standard low-
pressure mercury lamp with part of its emission spectra at A = 185 nm can
be used. The limitation of these processes arises from short lifetimes of
generated radicals and a relatively high absorption cross section of water in
the VUV part of spectra, leading to the formation of better irradiated areas
of a reactor rich in radicals but depleted organics. Short-living HO® and H*
cannot diffuse far outside the irradiated area, and all the reactions are taking
place within the restricted volume. This leads to extreme heterogeneity
between the irradiated and non-irradiated volume and the overall efficiency
of the oxidation process is limited. In order to improve the efficiency of the
VUV based advanced oxidation process some improvements have been
made. Increased rate of mineralization has been achieved with injection of
molecular oxygen within the zone of thermal and radical reactions (4).
Another way to improve the efficiency was done by conducting two simul-
taneous but separate photochemical reactions with a single light source:

i. photochemical generation of ozone by irradiating oxygen in the gas
phase and
ii. photolysis of the aqueous reaction system.

The gas stream containing the generated ozone is sparged into the reaction
system, resulting in an increase of overall oxidative degradation efficiency
(5). Although there are some reports on the contribution of irradiation at
A = 185 nm to the degradation process, to our knowledge there is little data
about achievable improvement of the efficiency by changing the hydrodyn-
amic conditions in the system, especially with natural water samples
(4, 6, 7). To characterize the hydrodynamic state within the system of the
UV reactor, dimensionless Reynolds number was used. There are several
reports relating to mass transfer controlled processes observed at particular
Reynolds numbers conditions (8—13), but the results of this study bring
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new insights with regard to the importance of hydrodynamic conditions of
photodegradation processes based on both UV and VUV irradiation on its
decomposition rate or on its overall efficiency.

METHODS

Experiments were done with natural water with humic character from lake
Njivice on Island Krk, Croatia, that has been used for drinking water distri-
bution after treatment on the nearby plant. Samples were collected from a
raw water pipeline of the facility, kept in PC polymer containers (capacity
30 L) in the dark at 4°C for no longer than 4 days. The quality of water was
monitored by spectroscopic analysis prior to each set of experiments. The
change of initial UV absorbance at 254 nm of stored water during its exper-
imental period (4 days) was always within 2%. The UV-VIS spectra of the
raw water is given by the Fig. 1.

Quality of the Lake Water

Absorbance at 254 nm in range of 0.114-0.135 cm_l, TOC content in range
of 4.56-5.1 mg 1~', measured as NPOC, nonpurgeable organic carbon, after
acidification to pH 2.5, total hardness 198-290 ppm CaCOs, alkalinity
166-234 ppm CaCOs, nitrate 0.00—0.44 mgN/1. Kinetics were performed
spectrophotometrically (Hewlett Packard, model 8453) by following the
decrease in the 254 nm absorbance of the humic substances irradiated.
Kinetic data of the degradation processes was processed using standard
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Figure 1. UV-VIS spectra of raw lake water rich in NOM.
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non-linear regression analysis (with Statistical Analysis software, StatSoft
Inc.) based on pseudo first order kinetics formulation. The content of NOM
was measured by means of KMnO, oxidation (hereafter COD). For the
COD measurements, 4 ml of sample was mixed with 4 ml of standard
KMnO, solution (0.712 x 1072 mol 17!) and one drop of sulphuric acid
(98% by weight) is added (adopted from (14)). The Mixture was heated for
two hours at 80°C in a COD reactor (by Hach Company, U.S.A.). The absor-
bance of residual permanganate was measured at A= 522nm
(emno; = 23701 mol ! cmfl) by a spectrophotometer (Hewlett Packard
8453). Prior to measurements of absorbance, the sample was filtered on a
membrane filter with pore diameter 0.45 pm (type ME 25, by Schleicher
and Schuell, Germany). All the chemicals used were of analytical grade
purity (ALDRICH or FLUKA). The pH was determined using WTW pH —
meter 540 GLP equipped with combined glass WTW SenTix 97T electrode
and usually was in the range 7.70 — 7.90.

The reactor system used in this study is presented in Fig. 2. The net
volume of the tubular photoreactor was 606 ml, with a total length of
790 mm, and with length of light path through water of 7.5 mm (from
quartz envelope to glassy wall of the reactor). The UV lamp was centrally
placed inside of the suprasil quality quartz tube with an external diameter
of 25 mm. Construction materials of the reactor are quartz, glass, and
stainless steel (AISI 316L). Besides chemically highly resistant peristaltic
tubes, all other tubing was made of PTFE. For both types of low-pressure
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Figure 2. Schematic drawing of the photoreactor system and experimental set up.
UVR—photoreactor, P1 peristaltic pump 1 for flow rate Q; = 10-85ml/s, P2
peristaltic pump 2 for flow rate Q, = 6 ml/min, S—UV/VIS spectrophotometer
with flow- through quartz cell, T—thermostating bath.
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mercury lamps that were used, stated total watts of ultraviolet output was
13.8 W with corresponding electric power of 39 W (by Wedeco Ideal
Horizons, USA). According to the manufacturer, the UV output for the
VUV lamp at 254 and 185 nm are >120 wWs/cm? and >6 wWs/cm? respect-
ively. UV lamp emits only at 254 nm with intensity >120 p,WS/CmZ. The
temperature in the photoreactor during the photodecomposition process was
kept constant by means of a thermostat, and was monitored online by a
TESTO 110 immersion probe thermometer.

Since the photoreactor consists of two coaxial cylindrical tubes with a
low-pressure mercury lamp centrally placed in the axis (Fig. 3), the Reynolds
number (Re) calculation was based on the hydraulic diameter of the photo-
reactor as follows.

I
Re =" (1)
1%

v—mean fluid velocity, m/s

I—characteristic length, here hydraulic diameter Dy, m

v—kinematic fluid viscosity, m? /s
AF  Amw/4(D* — d?

l:th—zL)zD—d )

0] (D + d)

F—area section of the duct, m?>

O-wetted perimeter of the duct, m

D-internal diameter of glass wall of reactor

d-external diameter of quartz envelope of UV/VUYV lamp.

Wetted area of
the photoreactor

Suprasil quartz
: - envelope
Outer glass tube N

N

Figure 3. Cross-sectional view of the photoreactor. D =40 mm, d = 25 mm,
dp, = 19 mm, s; = 1.5 mm, s, = 5 mm.
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RESULTS AND DISCUSSION
Kinetic Investigation

As can be partly seen in Fig. 4, the photoinduced decomposition of NOM
under irradiation of VUV light follows very well the pseudo-first order
kinetics for at least four half-time lives. Kinetics were performed spectropho-
tometrically, continuously monitoring the absorbance at 254 nm. The
decomposition process of NOM under irradiation of solely UV is much
slower but again could be simulated by the following pseudo first-order
kinetics during the observed two half-times. This is in accordance with
other water reports (15), on the kinetics of the photoinduced degradation of
natural humic substances. Data explaining the photodegradation process
presented in Fig. 4 is given in Table 1.

The total reduction of the NOM content is much lower than the
reduction of absorbance at 254 nm at the observed experimental time, but
significantly dependent on whether the 185 nm photons were involved.
But the VUV processes involving strong 185 nm photons reduction NOM
content was 42 to 46%, compared to the negligible mineralization by the UV
processes at the observed experimental time. This response to UV irradiation
has been reported and is due to the specific chemical change taking place
during the photodegradation of NOM. The photodegradation processes of
complex natural organic matter, start with the formation of lower molecular
weight fragments (mainly organic acids like formic, acetic, succinic, oxalic,
glyoxalic, and many others) and then proceeds with the final mineralization
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Figure 4. Photodegradation of NOM under VUV and UV irradiation at different Re
numbers. A absorbance at 254 nm.
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Table 1. Kinetic data of particular VUV and UV process presented in Fig. 4

Absorbance
Reynolds number Reaction constant”  Half-time,"”  reduction® COD Temperature
Process (Re) (k, min~ ) (min) (%) reduction® (&®)
VUV-254/185 nm 201 6.744 x 1072 4.15 80.7 45% 21.5
VUV-254/185 nm 846 9.87 x 1072 2.84 86.3 42% 21.8
VUV-254/185 nm 1371 12.150 x 1072 2.31 88.5 46% 22.2
UV-254 nm 201 6.960 x 10~ 40.3 18.5 ~0 21.5
UV-254 nm 875 6.720 x 1073 41.3 204 ~0 22.0
UV-254 nm 1355 6.780 x 1073 41.7 19.5 ~0 22.2

“Pseudo-first order kinetics based on decrease in the 254 nm absorbance of irradiated water.
PReaction time given in net time considering the volume ratio of irradiated and total processed water. Ratio is 0.404.
“Absorbance and COD reduction after the 12 net minutes of photodegradation.
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to CO,, water, and salts (16—18). Anyhow, the initial and it seems the unavoid-
able phase of photodegradation of NOM is defragmentation of the complex
NOM structure that could be properly monitored by UV absorption, as it
was done within this work. Besides, these organic products, compared to the
original organic substance, are much more biodegradable, so they could be
simply removed by subsequent filtration. This means that in order to
optimize the possible water treatment process considering the specific
energy consumption, the photoinduced degradation of NOM and some other
less energy demanding processes such as filtration could be properly balanced.

Comparison between UV and VUV

When compared to the UV based processes, VUV photodegradation processes
are ten times faster at lower and seventeen times at higher Reynolds numbers,
respectively. Thus, the contribution of irradiation at A = 185 nm is very signifi-
cant, and efficiency of its use is greatly dependent on the hydrodynamic prop-
erties of the flow within the reactor. The same change of flow intensity—from
Re & 200 to Re =~ 860 caused the increase of the degradation rate by 33% at
VUV and negligible 1% at UV processes. Further increase of the Re number
(from 200 to 1330) speed up VUV process by 40% and UV process by just 3%.

The tremendous differences in the rates of degradation between VUV and
UV processes are a consequence of the in situ formation of radical oxidants via
the photolysis of water at 185 nm and subsequent reaction with NOM.

This contribution of 185 nm photons by the photolysis of water and gen-
eration of hydroxyl radical and other oxidants is according to the following

principal reactions:
UVigsnm

H,0 —— H°® + HO®
2HO®* — H202
H. + 02 —> HO;

These generated radical oxidants are extremely short-lived and if not used
in reaction with NOM, they undergo self-destruction or their strong oxidation
potential is inhibited by the alkalinity of water (3, 19).

The penetration depth of VUV light into water is very short due to the
high absorption coefficient of water being approximately a= 1.8cm™ ' at
A = 185 nm (20). That means that only 4% of UV light arrived at the outer
glass wall of the UV reactor through 7.5 mm of water. Considering the fact
that the absorption results in the generation of short-lived radical oxidant
species, there is resultant profile concentration of radicals that has a logarithmic
shape. The cross section profile of the NOM concentration in the UV reactor
could be considered as constant, although at slower flow rates at the end of
the rector, a decrease of the NOM content in the radical rich zone could be
expected. Thus, a cross section profile of the NOM concentration gains a
reverse shape of that of the radicals. That leads to enhanced heterogeneity
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Figure 5. Kinetic data—photodegradation of NOM under VUV and UV irradiation at
different Re numbers.

within the photochemical reactor and limited overall efficiency of the oxidation
process.

Intensified flow rate, expressed by an increase of Reynolds number,
although still in a laminar flow regime, allows better mixing and a more
effective mass transfer of the reactants is achieved.

As can be seen in Fig. 5 and Table 2, the photodegradation process based on
the UV irradiation at A = 254 nm (UV process) has a completely different

Table 2. Kinetic data of VUV and UV processes presented in Fig. 5

Reynolds Standard
number Half-time,*"¢ deviation Temperature
Process (Re) (min) (min) (&©)
VUV-254/185 nm ~200 4.07 0.14 21.5
VUV-254/185 nm ~560 3.04 0.14 21.6
VUV-254/185 nm ~860 2.71 0.18 22.0
VUV-254/185 nm ~1330 243 0.12 22.1
VUV-254/185 nm ~1730 2.30 0.11 222
UV-254 nm ~200 39.91 0.49 21.5
UV-254 nm ~860 39.34 2.20 22.0
UV-254 nm ~1330 38.54 4.47 223

“Pseudo-first order kinetics based on decrease in the 254 nm absorbance of irradiated

water.

PReaction time given in net time considering the volume ratio of irradiated and total
processed water. Ratio is 0.404.



09: 28 25 January 2011

Downl oaded At:

1430 S. Dobrovié et al.

4,0

35

3,0

25

2,0 0

1,5

Half-time, min

© UV +17 mg/l H202

1
0 © UV + 5,4 mg/l H202

0,5

0,0

0 500 1000 1500 2000

Dimensionless Reynolds number

Figure 6. Kinetic data—photodegradation of NOM under UV irradiation and H,O, at
different Re numbers.

response to hydrodynamic change. The only absorbing compound is NOM, and
since the absorbance at 254 nm was 0.12 cm ™' at the beginning of the process,
more than 80% of 254 nm irradiation reached the outer glass wall of the UV
reactor through the 7.5 mm thick layer of circulating water. Thus
the intensity of irradiation is quite uniform and the only way to improve the
process is to enlarge the reactor diameter and consequently its volume.

When combining UV irradiation with H,O,, another advanced oxidation
process (AOP) is obtained, and hydroxyl radicals are produced. This time
generated radicals are dispersed equally, because, the first reactant, H,O,, is
well-mixed and homogeneously distributed in water and the second
reactant, 254 nm photon is well-transmitted through the reaction mixture.

Table 3. Kinetic data of particular UV-H,0, process presented in Fig. 6

Reynolds

number  H,O, dose,” Reaction constant’ Half-time®” Temperature
Process (Re) (mg/1) (k, min~ Y (min) °O)
UV-H,0, 201 5.4 8.274 x 1072 3.39 21.5
UV-H,0, 846 5.4 8.148 x 1072 3.44 21.5
UV-H,0, 1309 5.4 8.124 x 1072 3.45 215
UV-H,0, 224 17.0 13.1 x 1072 2.13 21.5
UV-H,0, 842 17.0 134 x 1072 2.09 21.7
UV-H,0, 1372 17.0 13.25 x 1072 2.12 22.8
UV-H,0, 1836 17.0 14.07 x 1072 1.99 232

“Pseudo-first order kinetics based on decrease in the 254 nm absorbance of irradiated
water.

bReaction time given in net time considering the volume ratio of irradiated and total
processed water. Ratio is 0.404.
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The only question is whether the radical’s short lifetime limitation could be
influenced by hydrodynamic properties of flow within the reactor. Exper-
iments conducted with two dosages of H,0O, at different flow intensities
expressed with the Re number are summarized in Fig. 6 and Table 3. It is
obvious that the degradation rate of NOM in UV—the H,0, processes are
not dependent on the flow intensity, therefore the mass transfer is not a limit-
ation factor as it is at VUV processes.

CONCLUSION

The photodegradation process with low-pressure mercury lamp with standard
quartz which emits UV irradiation at A = 254 nm (UV process), is not influ-
enced with the hydrodynamic properties of the process at all. The UV process
at A = 254 nm without the addition of H,O, is primarily based on the direct
photolysis of the complex structure of the natural organic matter and
mixing and mass transfer is not a limiting factor.

On the contrary, the degradation process that includes irradiation at
A =185 nm (VUV process) is based on radicals generated by the photolysis
of water. Due to the short lifetime of generated radicals and a relatively
high absorption coefficient of water at A = 185 nm, the logarithmic profile
of radicals is formed. Thus, different zones within the photochemical
reactor are formed—zone close to the UV source rich in the radicals but
depleted organics, and zone distant from the UV source, rich in NOM but
poor in generated radicals. Therefore the reactants are not balanced on both
sides, and a hydrodynamic change could enhance mass transfer and
therefore improve the degradation rate as it is shown in this paper.

The UV-H,0, process is not dependent on the hydrodynamic properties
within the UV reactor at both dosages of H,O,. The conclusion is that the
UV-H,0, process is not mass transfer controlled even considering an
extremely short lifetime of the radical species.
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