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(57) Abstract: The present invention refers to a purifying device, adapted to perform a method of photochemical elimination of
xenobiotics present in water. The purifying device comprises a photochemical reactor unit (2) having at least one mlet (2') for con-
taminated water and one outlet (2") for purified water, it provides a flow path for continuously flowing water from said inlet (2') to
said outlet (2"), and 1s equipped with a radiation source module (6) providing ultraviolet radiation mn a wavelength range ranging
from 100 to 280 nm. The puritying device further comprises at least one membrane filtration unit (1) designed to perform ultra fil-
tration and connected upstream of said photochemical reactor unit (2) via said mlet (2') and at least one device for supplying air or
dioxygen to the water comprised mn the photochemical reactor unit (2). Further, a purification method 1s provided, using the device
of the mvention.
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PURIFYING DEVICE AND METHOD FOR ELIMINATION OF XENOBIOTICS
IN WATER

[0001]  The present invention refers to the field of water treatment, especially
to a device and a method for the elimination of chemically and biologically ac-

tive compounds, summarized as xenobiotics.

[0002] Decontamination of water is one of the most important ISsues on

earth. A large number of technologies has been developed in order to decom-
pose, alter or remove chemical compounds. So, WO/1999/055622 discloses an
apparatus and a method for removing strong oxidizing agents from liquids, the
apparatus consisting of an irradiation unit and followed by a treatment unit that
may be a softener unit, a reaction vessel with a metal redox medium or combi-

nations thereof. In the irradiation unit, UV light in the wavelength range of 185 -

254 nm is used.

[0003] In EP 1 160 203, a method and a device for degradation of organic
compounds in aqueous solution by photolysis of water with vacuum UV radia-
tion in a range between 120 and 210 nm and by electrochemical production of

dioxygen are described, the latter taking place in the irradiated part of the solu-

tion.

[0004] US 2006/0124556 A1, too, discloses an apparatus and a method for
liquid purification. The apparatus comprises a plurality of filtration units, arran-
ged in series with laser photolytic chambers producing light in the 100 to 300
nm range. Said multistep apparatus and method are designed to kill microbes

and aromatic ring structures; it seems to be designed for end user applications.

[0005]  Further, Sosnin et al. describe in “Application of capacitive and bar-
rier discharge excimer lamps in photoscience’, Journél of Photochem. and
Photobiol. C: Photochem. Rev., 7, 2006, p. 145-163, the use of ultraviolet and
vacuum ultraviolet radiation produced by excimer lamps for oxidation and min-
eralization of organic substrates in aqueous phase. An apparatus in bench-

scale is disclosed with a flow-through photochemical reactor with water recircu-

-1 -
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lating between a reservoir and the photoreactor.

[0006] Considering the state in the art, there is still a need for providing

reliable means to purify water contaminated with xenobiotics on industrial scale.
[0007]
[0008]

[0009]

[00010] The present invention seeks to provide a device and method to
eliminate xen.obiotics from water, in particular from waste water and In
processing of potable water. "Xenobiotics” means xenobiotic pollutants in
concentrations of micro- to femtogram per liter, in particular those resulting from
manufacturing and consumption of pharmaceuticals as well as those resulting

from any other sources of xenobiotics production and use.

[00011] In a first embodiment of the present invention, a purifying device for

photochemical elimination of xenobiotics is provided. The device can be used for

up to industrial scale applications.

[00012] The purifying device comprises a photochemical reactor unit having
one or more inlets for xenobiotics contaminated water and one or more outlets
for purified water with a flow path for continuously flowing water being provided
from the inlet to said outlet. The reactor unit is equipped with a radiation source
module that produces ultraviolet radiation in the 100 to 280 nm wavelength
range. Further, the purifying device comprises one or more membrane filtration
units being connected upstream of said photochemical reactor unit. The
membrane filtration is designed to perform ultra fiitration, thereby advantageously
collecting particulate matter and solvated macromolecules contained in the water

stream subjected to subsequent photochemical treatment. Removing said

-2 -



10

15

20

25

CA 02760258 2011-10-27

WO 2010/125450 PCT/1B2010/000982

particulate and macromolecular matter from the water stream leads to a higher

transparency of the water and increases the efficiency of pollutant degradation.

[00013] In order to advantageously assist the process of oxidative degrada-
tion and to achieve total mineralization of the xenobiotics, the purifying device
is additionally equipped with at least one device for supplying dioxygen, pref-
erably air, into the photochemical reactor unit. Generally, the purified com-

pressed air or dioxygen will be provided in a compressed manner. But dioxygen

‘may also be produced in situ by electrolysis.

[00014] The purifying device may further comprise a water level regulating
system or a water flow-through regulating system, said system preferably being
combined with an intermediate reservoir balancing differing flow-through rates

of water being treated between the photochemical reactor and the membrane

filtration units.

[00015] The radiation source module is connected to an electrical power
supply that may also be used for operating and controlling the electrical input

and the radiation output of the module.

[00016] To perform ultra filtration, the membrane filtration unit comprised of
an embodiment of the purifying device according to the present invention has a
membrane with pore sizes in a range from 0.07 to 0.25 ym with an average
pore size of 0.12 um. The membrane filtration unit is installed to perform either
cross-flow filtration or dead-end filtration — both well known to the person skilled
in the art — the permeate passing the filter being led into the photochemical re-
actor unit. Preferably the membrane of the purifying device is a hydrophilic

membrane corresponding to the chemical characteristics of the medium to be
filtered.

[00017] Other embodiments of the present invention refer to the radiation
source module used within the photochemical reactor and arranged in a paral-
lel or in a transverse direction in relation to the water flow path, or the water

flow, respectively, provided between the inlet and outlet.

-3 -
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[00018] The radiation source module may comprise at least one enveloping
tube surrounding a radiation source which enveloping tube is at least partially
transparent for the emitted ultraviolet radiation. Preferably, the material of the
enveloping tube is synthetic quartz that is robust, thermally resistant, chemically

inert and transparent also in the wavelength range below 200 nm.

[00019] Further, the purifying device according to an embodiment of the pre-
sent invention may comprise cleaning means to perform mechanical and/or
chemical cleaning of the radiation source module, in particular of the envelop-
ing tube in order to prevent loss of radiation efficiency. The cleaning method
can be conducted manually or it can be triggered automatically, following a pre-

set timing or a signal originating from transparency measurements.

[00020] Depending on a volume flow of the waste water and depending on
the photochemical reactor unit design, a plurality of radiation source modules
may be operated in series and/or in parallel within said photochemical reactor
unit. Generally, the types of radiation source modules are selected according to
the desired emission spectra emitting light with wavelengths in the range from
100 to 280 nm. Appropriate ultraviolet radiation sources are mercury low pres-

sure lamps, emitting ultraviolet radiation predominantly at wavelengths of 185

nm and 254 nm.

[00021] In order to treat a large quantity of contaminated water, the purifying
device may comprise a plurality of photochemical reactor units and, respec-

tively, a suitable number of membrane filtration units which can be arranged in
series or in parallel or both, depending on the characteristics of the water to be

treated and/or on the flow conditions. Generally, a membrane filtration unit is

installed upstream of each photochemical reactor unit.

[00022] Further, the purifying device may comprise at least one device for
feeding hydrogen peroxide into the photochemical reactor unit to improve the
degradation of xenobiotics: Adding hydrogen peroxide during the irradiation

stage leads to enhanced generating of hydroxyl radicals In particular at wave-

lengths above 190 nm, whereas in the wavelength range from 100 to 190 nm,
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hydroxyl radicals are generated by photolysis and/or homolysis of water mole-
cules. The hydroxyl radicals initiate different radical reactions with the xenobiot-

ics, which, in combination with said provided dioxygen (in air or pure) lead to

the oxidative degradation and eventual mineralization of the xenobiotics.

[00023] The xenobiotics that are treated and eliminated with the device ac-

cording to an embodiment of the invention and by use of the herein described
methods are exogenous molecules with relative low molecular masses; these
xenobiotics may result from drug compositions, or may be comprised in water

or air pollutants or food additives, phytopharmaceuticals, and other sources.

[00024] The method for eliminating xenobiotics in water according to an em-
bodiment of the invention uses a purifying device as described above. The
method is a simple procedure which generally requires performing two steps

only: filtering the water and subjecting the permeate to irradiation at the desired

wavelength(s).

[00025] First, a continuous flow of contaminated water is fed into the mem-
brane filtration unit to carry out said ultra filtration step, thereby removing sus-

pended and solvated macromolecular matter from the water. Then, the pre-

purified water — the “permeate” — is led into th‘e photochemical reactor unit, be-
ing subjected to ultraviolet radiation at wavelengths ranging from 100 to 280

nm, said xenobiotics being degraded due to photoinduced hydroxyl radical pro-
duction. In the presence of air or dioxygen to be provided, the oxidative degra-

dation may lead to the mineralization of said xenobiotics.

[00026] A continuous flow of purified water can be discharged now from the

purifying device.

[00027] The method according to the invention comprising feeding contami-
nated water, filtering and irradiating filtered water for eliminating xenobiotics
through oxidative methods and subsequently discharging the irradiated water
may preferably be carried out as a continuous process. For such a purpose,

several photochemical reactor units may be used in parallel or in series. Batch
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wise or semi-continuous processes are possible, but require that a continuous
water flow is repeatedly subjected to ultraviolet radiation by recirculating it

through one or several photochemical reactor unit(s).

[00028] The invention and the objects of the present invention will be better
understood by reading the detailed description along with a number of exam-

ples and by reviewing the figures in which:

[00029] Fig. 1: shows a schematic illustration of a photochemical reactor unit

with an open channel design, and

[00030] Fig. 2: shows a schematic illustration of a purifying device according

to an embodiment of the invention with a cross-flow membrane filtration unit

and a photochemical reactor unit.

[00031] Fig. 1 and 2 show different types of the photochemical reactor unit 2
adapted to be incorporated in a purifying device of the present invention. Up-
stream to the photochemical reactor unit 2, the purifying device for photochemi-
cal elimination of xenobiotics in water is connected to a membrane filtration unit
1 shown in Fig. 2. The apparatus according to embodiments of the invention Is

suitable for large-scale waste water treatment or for processing potable water.

[00032] The membrane filtration unit shown in Fig. 2 has an inlet 3 for con-
taminated water inflow, indicated by arrow A. The suspended particulate or sol-
vated macromolecular matter is concentrated or enriched in a retentate flow A’
flowing along the membrane 5 of the membrane filtration unit 1 which herein is
a hydrophilic membrane having a pore size in a range from 0.0/ to 0.25 um
with an average pore size of 0.12 ym. Since a typical microfiltration membrane
pore size range is 0.1 to 10 ym and typical pore sizes of ultra filtration mem-
branes are below 0.1 um, the membrane 5 used in the device of the invention
shows pore sizes in between micro- and ultra filtration. Cross flow filtration as

shown in Fig. 2 prevents the membrane from fouling in that no filter cake Is

building up.

[00033] Depending on the flow conditions, a plurality of inlets into the mem-
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brane filtration unit can be provided.

[00034] Generally, microfiltration is a filtration method for removing contami-
nants from a fluid passing through a microporous membrane acting as micron
sized filter. Microfiltration can be carried out using pressure or not. The filter
membranes are porous and allow passage of water, monovalent species, dis-
solved organic matter, small colloids and viruses but they retain particles, sedi-
ment, algae or large bacteria. Employing ultrafiltration in waste water treatment
serves additionally to separate, and concentrate target macromoleculés INn con-
tinuous filtration processes. Depending on the Molecular Weight Cut Oft
(MWCO) of the membrane used, macromolecules may be transferred into the

permeate or separated and concentrated in the retentate.

[00035] In Fig. 2, the membrane 5 is arranged In a parallel direction relative
to the fluid path from the inlet 3 to the outlet 7 of the retentate A, providing
cross-flow filtration. Cross-flow prevents fouling on the membrane 5. Separated

suspended and solvated macromolecular matters are concentrated in the re-
tentate A’ (see the arrow), whereas the permeate, indicated by arrow B,

charged with dissolved contaminants is fed via inlet 2" into the photochemical

reactor unit 2.

[00036] Build-up of filter cakes on the membrane might nevertheless occur
when dead-end filtration is performed and requires periodical removal resulting

in a discontinuous operation of the membrane filtration unit. It may therefore be

advantageous to provide at least two membrane filtration units alternately con-

nected to a waste water inlet and to the downstream photochemical reactor unit
to make sure that water flows continuously through one of the membrane filtra-

tion units while the other one is subjected to maintenance.

[00037] The photochemical reactor unit 2 of the purifying device can be
equipped with one radiation source module 6 as indicated by the dashed line in
Fig. 2. Alternatively, it may be equipped with more than one radiation source
modules 6 as illustrated in Fig. 1, wherein four radiation source modules 6

(dashed lines) are arranged parallel to each other ana aligned with the main
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flow path B’ within the reactor, which is connected with the permeate B outlet of
the membrane filtration unit 1. Each radiation source module 6 includes a ra-

diation source which emits ultraviolet radiation in the 100 to 280 nm wavelength

range.

[00038] The radiation source modules 6 within the photochemical reactor unit
2 in Figs. 1 and 2 are aligned the water flow path B'. Other photochemical reac-
tor units may contain radiation source modules positioned vertically to the main
flow path provided. In case more than one radiation source module is used
within the photochemical reactor, the modules may be arranged unidirectional,
in parallel or transverse, or they may be arranged forming a cross-pattern to

achieve homogeneous illumination of the irradiated reactor volume.

[00039] The radiation source of a radiation source module may be surround-
ed by at least one enveloping tube. This enveloping tube iIs at least partially
transparent for radiation with wavelengths needed for the photochemically in-
duced degradation method. Therefore, the material of the enveloping tube is
preferably made of quartz materials, preferably of synthetic quartz quality

transparent for vacuum ultraviolet radiation below 200 nm.

[00040] In order to maintain good transmittance of the enveloping tube,
means may be provided for cleaning the enveloping tube. Cleaning may be
performed mechanically and/or chemically and the cleaning means may be op-

erated manually or conveniently in an automatic manner.

[00041] The photochemical reactor unit may contain a plurality of radiation
source modules which may be connected in series and/or in parallel depending
on the design of the photochemical reactor unit and desirable flow conditions.
Several photochemical reactor units may be connected in series and/or in par-
allel depending on the flux of the waste water to be treated, the nature and
concentrations of the pollutants to be degraded. The radiation sources may be
of different types having different emission spectra, or they can be all the same

type having the same emission spectrum.
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[00042] A preferred radiation source is a mercury low pressure lamp showing
an emission spectrum with predominant emission lines at wavelengths of 185
nm and 254 nm. An enveloping tube of synthetic quartz allows transmission of
both radiation at 185 nm and 254 nm whereas an enveloping tube of natural

quartz allows only transmission of radiation at 254 nm.

[00043] Other suitable radiation sources are excimer lamps producing light of
the wavelength range as claimed, particularly suitable sources are vacuum ul-
traviolet radiation sources, such as Xe excimer lamps with the emission maxi-
mum at 172 nm, an ArF and ArCl excimer lamp with the emission maximum at
193 nm and 175 nm, respectively. Other radiation sources capable of emitting
radiation in said wavelength range comprise UV-C radiation sources, as the

KrCl excimer lamp with an emission maximum at 222 nm, for example.

[00044] With regard to the broad variety of power, dimensions and geome-

tries of radiation sources and lamps commercially available, the degradation

“and elimination of xenobiotics based on the irradiation technique of water with

vacuum ultraviolet radiation at 185 nm, possibly in conjunction with ultraviolet-C

radiation at 254 nm, may advantageously be implemented for all water treat-

ment facility sizes.

[00045] A water level regulating system can be especially useful in a photo-

chemical reactor unit 2 with the open channel design of Fig. 1.

[00046] The radiation source module is operated, as known by the person
skilled in the art, when connected with the electrical power device comprising

means for operating and controlling the radiation source or the radiation source

module.

[00047] In order to assist oxidation methods and to achieve total mineraliza-
tion of the xenobiotics, the purifying device is equipped with at least one device
for supplying compressed air or dioxygen to the photochemical reactor unit, es-
pecially in the irradiated area surrounding the radiation source module. /n situ

production of dioxygen may be realized electrochemically using electrodes ar-
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ranged in suitable manner in the irradiated area.

[00048] In order to manage large volume flows of waste water a plurality of
membrane filtration units may be arranged in series and/or in parallel followed
by a plurality of photochemical reactor units, whereby a main inlet for the large
scale volume flow of waste water may connected with a flow splitter dividing the

flow into several subflows feeding the membrane filtration units. Accordingly a

permeate merging device may be designed.

[00049] Arrangement of at least one device for feeding hydrogen peroxide
into the photochemical reactor unit serves for generating additional hydroxy!
radicals by homolysis of hydrogen peroxide in a wavelength range above 190

nm, where photochemical homolysis of water doesn’t occur. Consequently, the

emitted radiation of the mercury low pressure lamp results in generating hy-
droxyl radicals du.e to homolysis of water at 185 nm and generating hydroxyl

radicals by homolysis of hydrogen peroxide at 254 nm.

[00050] Hydroxyl radicals initiate different radical reactions with the xenobiot-
ics which in combination with dioxygen lead to degradation and mineralization

of the xenobiotics. Reaction pathways of those hydroxyl radical initiated reac-

tions are known in the art.

[00051] The purifying method comprises the steps of passing a continuous
flow of contaminated water through the membrane filtration unit for removing
suspended and solvated macromolecular matter followed by the irradiation of
the permeate (containing dissolved contaminants of relative low molecular
weight) with ultraviolet radiation of the 100 to 280 nm wavelength range. lrra-
diation takes place in the photochemical reactor unit and produces hydroxyl

radicals that initiate the elimination of xenobiotics.

[00052] The supply of compressed air or dioxygen to the photochemical step
enhances degradation and mineralization of xenobiotics and therefore their eli-
mination. After irradiation, the purified water (indicated by arrow C, see Fig. 2)

can be discharged via one or more outlets 2" from the photochemical reactor

- 10 -
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unit.

[00053] The purifying device and method are adapted for removing xenobiot-
ics and total organic carbon from any kind of contaminated water. The method
may preferably be carried out continuously. It should, however, be noticed that
the process may be carried out continuously or semi-continuously: For semi-

continuous operation, the water is repeatedly subjected to irradiation.

[00054] The following examples illustrate the photochemical induced decom-
position step of xenobiotics more clearly. The examples are given only for illus-

trating purposes and are not to be understood as to be limiting with respect to

the scope of the present invention.

[00055] Example 1: Degradation of dichlorvos (an organophosphoric insecti-

cide) in a purifying device with a mercury low pressure lamp as radiation source

placed in a synthetic quartz tube.

[00056] Dichlorvos belongs to external insecticides which become effective
for insects after contact, ingestion or inhalation, e.g.; it is used In households '
and agriculture. This molecule is rather stable in an aqueous environment of
acid pH and its rate of hydrolysis increases with pH and temperature leading to

the formation of dimethyl-phosphoric-acid and of dichloro-acetaldehyde.

- [00057] Dichlorvos of an initial concentration of 10™° mol/l in 350 ml of water is

reduced to zero within 50 minutes, after exposition to vacuum ultraviolet radia-

tion in combination with UV-C radiation (batch process, low pressure mercury

lamp in synthetic quartz tube, 40 W).

[00058] Example 2: Degradation of 2,4-dihydroxy-benzoic acid in a purifying

device with a Xe excimer lamp as radiation source

[00059] 2,4-dihydroxy-benzoic acid is a decomposition product of salicylic
acid frequently found in sewage water. Its presence accounts for toxic phe-

nomena with increasing importance as concentration in water rises. With rising

concentrations, decomposition of the compound becomes more difficult.

- 11 -
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[00060] 2,4-dihydroxy-benzoic acid of an initial concentration of 400 mg/l in
350 m! of water is reduced to zero within 70 minutes, after exposition to vac-

uum ultraviolet radiation (batch process, Xe excimer, photon flux: Pa= (5.0 +
0.5) 1017 photon/s). If the concentration is 10 times lower, total degradation can

be achieved in less than 10 minutes.

[00061] A mercury low pressure lamp enveloped by a synthetic quartz tube

could be used as well, if desired, with addition of hydrogen peroxide.

[00062] Example 3: Degradation of 2,3,4-trihydroxybenzoic acid in a purifying

device with a Xe excimer lamp.

[00063] 2,3,4-trihydroxybenzoic acid of an initial concentration of 400 mg/l in
350 ml of water is reduced to zero within 60 minutes, after exposition to vac-
uum ultraviolet radiation (batch process, Xe excimer, photon flux: Pa = (5.0 £
0.5) 1017 photon/s). If the concentration is 10 times lower, total degradation can

be achieved in less than 10 minutes.

[00064] Herein, too, a mercury low pressure lamp enveloped by a synthetic

quartz tube could be used as well, if desired with addition of hydrogen perox-
ide.

[00065] Example 4: Degradation of glycerol trinitrate in a purifying device with

a Xe excimer lamp.

[00066] Glycerol trinitrate of an initial concentration of 1.2 g/l in 350 ml of wa-
ter is eliminated with a rate of 4 mg/s under conditions of permanent saturation
of the solution with air and after exposition to vacuum ultraviolet radiation (Xe

excimer, 120 W). After mineralization of the pollutant has been completed, no

traces of nitrite have been found in the solution.

[00067] With respect to total organic carbon (TOC), the results are excellent
as well: Any type of contaminated water can be treated with the method and

devices as described above, leading to a total elimination of TOC in the ob-

tained purified water.
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CLAIMS:

1. Method for eliminating xenobiotics concentrations of micro- to femtogram per
liter in water on industrial scale using a purifying device comprising at least one
membrane filtration unit and at least one photochemical reactor unit , comprising the
steps of:

feeding a continuous flow of contaminated water into the membrane filtration
unit;

performing cross-flow filtration between micro- and ultrafiltration with a hydro-
philic membrane having pore sizes ranging from 0.07 pm to 0.25 pm with a mean
pore size of 0.12 um, thereby removing suspended and solvated macromolecular
matter from the water;

conducting the permeate via at least one water fluxes balancing reservoir be-
ing part of one or more water flux or level regulating systems to at least one inlet into
the photochemical reactor unit; ‘

subjecting the water flowing from said inlet to an outlet of the photochemicai
reactor unit to ultraviolet radiation at 185 nm and 254 nm by using a mercury low
pressure lamp as a radiation source, which is enveloped by at least one enveloping
tube made of synthetic quartz material being at least partially transparent for ultravio-
let radiation in the wavelength range from 100 to 280 nm, and feeding hydrogen per-

oxide to the photochemical reactor unit, thereby generating hydroxyl radicals initiat-
ing degradation of said xenobiotics;
wherein adding hydrogen peroxide during the irradiation stage leads to en-

hanced generating of hydroxyl radicals at wavelengths above 190 nm, and in the
wavelength range from 100 to 190 nm, hydroxyl radicals are generated by photolysis

and/or homolysis of water molecules,
supplying air or dioxygen into the water within the photochemical reactor unit,

thereby enhancing the initiated oxidative degradation of said xenobiotics,
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discharging a continuous flow of purified water from the purifying device.

2. Method according to claim 1, comprising mechanical and/or chemical cleaning
of the at least one radiation source module or the components of the at least one ra-

diation source module.

3. Method according to claim 2, comprising conducting the cleaning triggered au-
tomatically, following a preset timing or a signal originating from transparency meas-

urements.

4. Method according to any one of claims 1 to 3, comprising feeding the continu-
ous flow of contaminated water a plurality of membrane filtration units being ar-
ranged in series or in parallel, wherein each of the plurality of membrane filtration
units is followed by a plurality of photochemical reactor units being arranged Iin series

or in parallel.

5. Method according to any one of claims 1 to 4, wherein the method is carried
out continuously or semi-continuously, with the semi-continuously performed method
requiring a continuous flow of water to be repeatedly subjected to ultraviolet radiation

by recirculating the water through one or mare photochemical reactor units.
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