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The aim of the presented work was the investigation on the possibility of application of the hybrid pho-
tocatalysis/membrane processes systems for removal of azo dyes (Acid Red 18, Direct Green 99 and Acid
Yellow 36) from water. The photocatalytic reactions were conducted in the flow reactor with immo-
bilized photocatalyst bed and in the suspended system integrated with ultrafiltration. A commercially
available titanium dioxide (Aeroxide® P25, Evonik (former Degussa), Germany) was used as a photocat-
ybrid systems
rganic dyes

alyst. The solution after the photocatalytic reaction was applied as a feed in nanofiltration or membrane
distillation. The changes of various parameters, including concentration of dyes, pH and conductivity of
the solution, TOC and TDS content were analyzed during the processes. It was found that the solutions
containing the model azo dyes could be successfully decolorized during the photocatalytic processes
applied in the studies. The application of ultrafiltration process results in separation of photocatalyst
from the treated solutions whereas during nanofiltration and membrane distillation high retention of
degradation products was obtained.
. Introduction

Organic pollutants are present in the water environment usu-
lly as a result of their occurrence in industrial effluents. The
reatment of such wastewater is based on various mechanical, bio-
ogical, physical and chemical processes. The increasing volume
f wastewater containing nonbiodegradable pollutants discharged
nto the environment demands the development of new power-
ul, clean and safe decontamination technologies. Photocatalysis
epresents a promising alternative technology for degradation of
rganic pollutants in water [1–14]. Photocatalysis is one of the
dvanced oxidation processes (AOPs). Although there are differ-
nt reaction systems used in AOPs, all of them are characterized by
he production of hydroxyl radicals, which are able to oxidize and

ineralize almost any organic molecule, yielding CO2 and inorganic
ons [15–22].

The common material used in the photocatalytic processes is
itanium dioxide. TiO2 can be applied in the form of powder sus-
ended in slurry or it can be immobilized on various supports.

hotocatalytic reactors with suspended catalyst give much better
ontact between the photocatalyst and dissolved impurities com-
aring to reactors with immobilized catalyst. However, in this case
he step of separation of the catalyst is necessary, which increases
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the overall costs of the process. Although TiO2 shows high photo-
catalytic activity, the problem of separation of its particles emerges
in the practical applications.

A very promising method for solving problems concerning sep-
aration of photocatalyst as well as products and by-products of
photodecomposition from the reaction mixture is application of
hybrid systems based on membrane processes and photocatalysis
[23–33]. Hybrid photocatalysis – membrane processes are con-
ducted in the installations often called “photocatalytic membrane
reactors” (PMRs). In the PMRs, similarly as in case of classical pho-
toreactors, the catalyst might be immobilized on/in a membrane
(photocatalytic membranes) or suspended in the reaction mixture.
Fixation of the photocatalyst often results in a loss of photoactiv-
ity [34]. Therefore, numerous investigations have been recently
focused on PMRs with a catalyst in suspension. In case of these
reactors the membrane might act as a barrier for the molecules
which are degraded and products and by-products of their decom-
position. However, this role strongly depends on the separation
characteristics of the membrane used and the membrane pro-
cess applied. The products and by-products of photodecomposition
of organics are, in general, low molecular weight compounds.
Therefore, in case of pressure driven membrane processes, NF

and RO only might be considered as processes able to separate
these substances. In case of membrane techniques in which the
mechanism of separation is other than the sieve one, other prop-
erties of reactants, for example volatility, should be taken into
consideration.

dx.doi.org/10.1016/j.cattod.2010.06.033
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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However, the main purpose of coupling of photocatalysis in sus-
ension with membrane techniques is separation and recovery of
hotocatalyst particles. The pressure driven membrane processes
uch as MF, UF and NF were found to be very effective in reten-
ion of TiO2 particles. Choo et al. [33] investigated the effectiveness
f separation of TiO2 P25 with application of PSU MF membrane
aving a nominal pore size of 0.1 �m. The authors reported that
ejection of photocatalyst particles from the treated water was very
ffective. Turbidity of permeate was <0.1 NTU although the sizes of
iO2 grains in water were in the range of 0.04–10 �m, meaning that
ome portion of the catalyst particles exhibited diameters smaller
han the pores of the membrane. These small TiO2 particles had a
hance to pass the membrane; however, the concentration of TiO2
easured in permeate was nearly negligible (<0.5 ppb). So high

ffectiveness of TiO2 separation by MF membrane was attributed
o the formation of a dense cake layer on the membrane surface
so called “dynamic membrane”), which improved the rejection of
maller particles [33].

Similarly, Meng et al. [35] observed no catalyst drainage in the
ffluent during treatment of polluted river water in a PMR utiliz-
ng MF membrane having pore size of 0.4 �m. The catalyst had

mean particle size of 1.35 �m, but the distribution of the cata-
yst size allowed those of smaller sizes to penetrate the pores of
he membrane used. The authors explained high effectiveness of
iO2 separation by the change of the catalyst properties after dos-
ng into the reactor. When staying in the reactor the fine particles
ggregated to form larger agglomerates, which were rejected by
he membrane [35].

Sopajaree et al. [36] reported that UF was very effective in sep-
ration of TiO2 from the treated solution. The initial turbidity of
he feed was 5200 NTU (corresponding to TiO2 dose of 1 g/dm3),
hereas the turbidity of permeate was in the range of 0.22–0.45
TU [36]. Similar results were obtained in our earlier investigations
n the hybrid photocatalysis – UF system [27,37]. The turbidity of
ermeate ranged from 0.07 to 0.08 NTU, for TiO2 concentrations in
he feed solutions of 0.1–0.5 g/dm3, respectively.

The membrane technology combined with photocatalysis
eems to be suitable for waste water treatment showing many
dvantages, like: control of a residence time in the reactor; real-
zation of a continuous process with simultaneous products and
atalyst separation from the reaction environment and possibility
f further reuse of catalyst recovered from the reaction mixture.

The aim of the presented work was the investigation on the
ossibility of application of the hybrid photocatalysis/membrane
rocesses systems for removal of azo dyes from water. The changes
f various parameters, including concentration of dyes, pH and
onductivity of the solution, TOC and TDS content were analyzed
uring the process.

. Materials and methods

A commercially available titanium dioxide (Aeroxide® P25,
vonik (former Degussa), Germany) was used as a photocatalyst.

ccording to the manufacturer, the specific surface area of the cat-
lyst is ca. 50 m2/g and the average primary particle size is 21 nm.

Acid Red 18 (AR18), Direct Green 99 (DG99) and Acid Yellow 36
AY36), produced by the Chemical Factory “Boruta-Kolor” (Poland),
ere used as model azo dyes. Selected dyes are characterized by

able 1
haracteristics of dyes applied in the studies.

Dye Mol

Acid Red 18, monoazo acid dye, C20H11N2Na3O10S3 60
Direct Green 99, polyazo direct dye, C44H28N12Na4O14S4 116
Acid Yellow 36, monoazo acid dye, C18H14N3NaO3S 37
sis Today 156 (2010) 295–300

various chemical structure, light fastness and molecular weight
(Table 1). The structural formulas of dyes are presented in Fig. 1.

The process of purification of water contaminated with azo dyes
was conducted in the following hybrid configurations combining
photocatalysis with membrane processes: (i) photocatalysis with
immobilized catalyst bed/nanofiltration (NF), (ii) photocatalysis in
suspension/ultrafiltration (UF)/membrane distillation (MD).

The experiments of the photocatalytic decomposition of dyes
with application of the immobilized catalyst bed were conducted
in the apparatus presented in Fig. 2. The initial concentration of
dyes was equal to 10 mg/dm3. The volume of the treated solution
was 4.5 dm3. The detailed characteristic of the reactor, the pro-
cedure of photocatalyst fixation and illumination conditions were
described by Mozia et al. [28]. The main component of the system
was the flow reactor with immobilized catalyst bed (1). The reac-
tor was built of quartz tubes partly covered with TiO2 particles. The
total area covered with catalyst, determined for one tube (number
of tubes = 7), amounted to 6030 mm2. The amount of TiO2 coated
per m2 of the covered area was ca. 1.45 g/m2. The solution circu-
lated in the reactor with the help of peristaltic pump (4) with the
flow rate of 14.6 dm3/h. The reaction solution was illuminated with
a Philips Cleo mercury lamp emitting UV-A light (�max = 355 nm).
The UV lamp (2) was placed above the feed tank (3). The inten-
sity of irradiation was equal to 141.92 W/m2. The photocatalytic
experiments were conducted until complete discoloration of the
solution was achieved. The concentration of dyes in the solution
was determined by UV–vis spectroscopy. The absorbance was mea-
sured at the maximum absorption wavelength (�max = 508 nm for
AR18, �max = 628 nm for DG99 and �max = 414 nm for AY36) using
Jasco V-530 spectrometer in a 5 cm quartz cells. The samples of
the reaction solution were taken for analysis every hour during
the first 5 h of the experiment and then every 5 h until the solu-
tion was decolorized. Total organic carbon (TOC) concentration was
measured using the “multi N/C 2000” analyzer (Analytik Jena, Ger-
many). Total dissolved solids (TDS) content, conductivity and pH
of the solution were monitored using UltrameterTM 6P (MYRON
L COMPANY USA). The colorless solutions were also analyzed in
respect of inorganic ions (sulfate, nitrate, nitrite and ammonium)
using UV–vis spectroscopy. Sulfates were determined using tur-
bidimetric method with barium chloride [38], nitrogen-nitrate was
determined using sodium salicylate method [39], nitrogen-nitrite
according to the Griess method [40,41] and nitrogen-ammonia
according to the Nessler method [42]. The reaction solution after
discoloration was then employed as a feed in the nanofiltration
process.

The NF process was carried out in a laboratory installation with
a module equipped with the flat-sheet thin film composite mem-
brane Desal DK5 (126 cm2). The cut-off of this membrane is 150
and the mean pore diameter is about 2 nm. The scheme of NF sys-
tem is presented elsewhere [29]. The process was operated in a
cross-flow mode. The transmembrane pressure was 0.5 MPa and
the feed flow rate amounted to 800 dm3/h. In the feed, perme-
ate and retentate the TOC concentration, TDS content, conductivity

and pH values were measured. The colorless solutions were also
analyzed in respect of inorganic ions (sulfate, nitrate, nitrite and
ammonium).

The photocatalytic reaction in the suspended system was
conducted in the photocatalytic membrane reactor utilizing ultra-

ecular weight [g/mol] Light fastness [Blue Wool Scale]

4.5 4
8.0 3
5.4 7
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Fig. 1. The struc

ltration where the catalyst particles were retained in the feed
olution by means of the membrane. The experiments of pho-
ocatalytic degradation of dyes were conducted with the initial
oncentration of dyes equal to 10 mg/dm3 and the photocata-
yst loadings of 0.1, 0.3 and 0.5 g/dm3. The volume of the treated
olution was 4.5 dm3. The permeate was recirculated to the feed
ank until a complete discoloration was achieved. The detailed
haracteristic of the apparatus applied in the photocatalysis/UF
xperiments can be found in Mozia et al. [27]. The main compo-
ent of the system was the membrane module with a flat-sheet
olysulfone membrane (15.2 cm2). UF experiments were carried
ut at a pressure of 0.3 MPa with the feed flow rate of about
0 dm3/h. The reaction solution containing suspended photocat-
lyst was illuminated in the feed tank using the same light source
s in the system with immobilized catalyst bed. After discoloration

f the solution, the permeate was collected (3 dm3) and was then
pplied as a feed in the MD process. The procedure of the collection
nd analysis of the samples during the process was the same as
escribed above for the immobilized system. The effectiveness of
iO2 separation by the UF membrane was determined on the basis

Fig. 2. Schematic diagram of the reaction system with immo
ormulas of dyes.

of turbidity removal. Turbidity was measured using HACH 2100N IS
turbidimeter.

A schematic diagram of the apparatus for the MD process
was presented by Mozia et al. [26]. MD process was conducted
in a laboratory-scale installation equipped with a capillary mod-
ule composed of nine polypropylene Accurel PP S6/2 membranes
(Membrana GmbH, Wuppertal, Germany). The inlet temperatures
of the feed and distillate were maintained at 343 and 293 K,
respectively. The volatile compounds present in warm feed were
transferred through the pores of the MD membrane and then
condensed/dissolved directly in cold distillate (ultrapure water)
whereas the non-volatile compounds were retained on the feed
side. The procedure of the analysis of the samples during the pro-
cess was the same as described above for the photocatalysis/NF
system.
3. Results and discussion

Blank tests conducted in the dark revealed no discoloration of
the dyes solutions. The direct photolysis was also negligible. The

bilized catalyst bed: left – side view; right – top view.
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Table 2
Changes of parameters monitored during the NF conducted with the solutions
obtained after the photocatalytic process (flow reactor with immobilized photo-
catalyst bed).

Dye Cond. [�S/cm] TDS [ppm] pH TOC [mg/dm3]

AR18 NF feed 32.09 20.49 5.61 1.46
NF permeate 11.28 9.89 6.19 1.21

3.2. Photocatalysis in suspension/ultrafiltration/membrane
distillation

Fig. 4 presents changes of AR18 concentration during the pho-
tocatalytic reaction conducted in the hybrid photocatalysis – UF
ig. 3. The changes of dyes concentration during the photocatalytic process con-
ucted in the immobilized system.

eactions of photocatalytic decomposition of dyes were conducted
ntil the solution was colorless.

.1. Photocatalysis with immobilized catalyst bed/nanofiltration

Fig. 3 presents the changes in dyes concentration during the
hotocatalytic process. The concentration of dyes decreased with
ime of the photocatalytic reaction. After 5 h of the process, the
ighest decomposition (82.5%) was observed for AR18 solution. A
imilar decomposition degree (79.6%) was obtained for DG99 solu-
ion, while for AY36 solution the degree of decomposition was only
4%.

The AY36 discoloration required the longest time of the irradi-
tion – it took 30 h to obtain the complete color removal. For AR18
nd DG99 the solutions were colorless after 21 and 25 h, respec-
ively. Although the light fastness is the lowest for DG99, the highest
ate of discoloration was observed for AR18. Acid Red 18 is a monoa-
odye so it is more easily degradable than DG99 which has five
zo bonds in the structure. From the other hand, AY36 which is
monoazodye, likewise AR18, showed the lowest rate of discol-

ration. However, AY36 has the highest light fastness equal to 7
in the 8-grade scale) and this factor can explain the longest time
equired for discoloration of AY36 solution.

The removal of color does not indicate the complete removal
f organics from the treated solutions. Decomposition of dyes
an lead to formation of organic molecules which do not give
he color but the organic matter is still present in the solution.
OC analysis revealed the presence of organic carbon in the solu-
ion even after the complete discoloration of the solutions. For
R18, analysis showed 60.3% of TOC reduction after 21 h of the
rocess. For AY36 and DG99 TOC removal amounted to 75.5%
after 30 h of irradiation) and 78.1% (after 25 h), respectively. The
ime required for discoloration of AR18 solution was the short-
st from all the cases investigated so these results suggest that
ith the elongation of the reaction time also the products of
ye decomposition undergo the photocatalytic oxidation result-

ng in TOC content decrease. Although the time of fading of the
ye solutions was different for the three model compounds, the
btained results showed that the differences between TOC con-
entration at the end of the process were not significant. The
OC concentration determined after discoloration of the solutions
mounted to 1.46, 1.28 and 1.14 mg/dm3 for AR18, AY36 and DG99,
espectively.

The rate of dyes decomposition is also reflected by TDS content

nd conductivity of the solution. The TDS parameter indicates all
issolved species present in the solution, i.e. inorganic ions and all
inds of organic compounds.

It was observed, for all studied cases, that both TDS and conduc-
ivity values tended to slightly decrease during the first few hours
DG99 NF feed 35.90 22.43 5.49 1.14
NF permeate 15.98 10.66 5.57 0.49

AY36 NF feed 34.78 22.23 7.3 1.28
NF permeate 18.17 7.88 7.41 0.67

of the process and after that they increased. This observation can
be explained by the adsorption of dyes and degradation products
onto the photocatalyst surface. P25 photocatalyst is characterized
by a high specific surface area which favors the strong adsorption
of the species present in the solution. After desorption, the pres-
ence of these compounds in the solution results in the TDS and
conductivity increase.

The pH value of the solution during the process also gives
information about the course of the photocatalytic reaction. The
obtained results show that the pH value decreased with the time
of the process indicating acidification of the solution. This pH drop
resulted from oxidation of organics to CO2 or formation of H2SO4
from sulfate groups of the dyes. Moreover, the formation of car-
boxylic acids also took place during the process.

The solution after the photocatalytic process was then applied
as a feed in the NF process. Table 2 shows the results obtained dur-
ing the NF of the solution after discoloration. After the NF process,
the values of TDS and conductivity of the solutions decreased con-
siderably. Concurrently, the values of these parameters increased
in the concentrate. The increase of pH in the permeate after the
nanofiltration was observed. This indicates retention of species giv-
ing the acidic reaction of the solution. The analysis of inorganic ions
(sulfate, nitrate, nitrite and ammonium) showed, for all studied
cases, that over 95% of sulfate ions and about 80% of total inorganic
nitrogen (the sum of nitrate, nitrite and ammonium nitrogen) was
retained during NF.

Application of NF did not result in a complete retention of
organic matter from the treated solution. The TOC concentration
determined at the end of the process amounted to 1.21, 0.67 and
0.49 mg/dm3 for AR18, AY36 and DG99, respectively. Although the
removal of TOC was not complete, the obtained permeate meets
the legal regulations in respect of TOC concentration in water.
Fig. 4. The changes of dyes concentration during the photocatalytic process con-
ducted in the suspended system.
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Table 3
Changes of parameters monitored during the MD conducted with the solutions
obtained after the photocatalysis/UF process (catalyst dosage – 0.3 g/dm3).

Dye Cond. [�S/cm] TDS [ppm] pH TOC [mg/dm3]

AR18 MD feed 42.21 28.93 5.85 1.40
MD distillate 2.05 1.81 6.70 0

DG99 MD feed 35.21 26.97 5.09 2.51
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MD distillate 4.59 3.65 6.61 0.15
AY36 MD feed 27.84 21.29 5.29 1.86

MD distillate 3.36 2.11 6.49 0.15

ystem. The concentration of dyes decreased with time of irra-
iation. For AR18 solution with the photocatalyst concentration
qual to 0.3 g/dm3 the solution was colorless after 6 h of irradiation,
hereas for the smaller (0.1 g/dm3) and higher (0.5 g/dm3) catalyst

oadings the time of discoloration was longer. It took 7 h to obtain
he colorless solution for TiO2 concentration equal to 0.5 g/dm3 and
h for the concentration of 0.1 g/dm3. For the other two dyes, the

ime of discoloration was also the shortest for the photocatalyst
oading equal to 0.3 g/dm3.

TOC analysis revealed the presence of organic carbon in the
olution even after the complete discoloration of the solutions. For
R18, analysis showed 73% of TOC reduction after 6 h of the pro-
ess. For AY36 and DG99 TOC removal amounted to 67% (after 10 h
f irradiation) and 48% (after 8 h), respectively. The TOC concen-
ration determined at the end of the process amounted to 1.4, 1.86
nd 2.51 mg/dm3 for AR18, AY36 and DG99, respectively.

The aim of the application of ultrafiltration together with the
hotocatalytic process was to separate the TiO2 particles from the
reated solution. The obtained results indicated that UF membrane
uccessfully retained the photocatalyst particles in the feed solu-
ion and the permeate was free of photocatalyst. The turbidity of
ermeate was <0.1 NTU, whereas the turbidity of feed solution
anged from 370 to 1680 NTU, for TiO2 loadings of 0.1–0.5 g/dm3.

During the UF process a decrease of the permeate flux was
bserved. This fact was associated with the formation of a cake layer
uilt of TiO2 particles onto the membrane surface. The observed
ouling of the membrane was reversible, since the initial permeate
ux was recovered after application of the back-washing with dis-
illed water. The process of back-washing was conducted for 2 min
ith the water flow rate equal to 150 cm3/h.

Since the photocatalysis/ultrafiltration system did not give a
omplete removal of organic matter from the reaction mixture, the
ermeate after the photocatalysis/UF process was used as a feed in
he MD. The MD was conducted for 5 h. The distillate flux amounted
o 336 m3/m2 d and no decrease of the flux was observed during the
rocess. Table 3 presents the values of parameters analysed dur-

ng the MD process (TOC, TDS, conductivity and pH) for feed and
istillate. The presented results refer to the feed being the photo-
atalysis/UF permeate obtained during the process conducted with
he optimal catalyst loading of 0.3 g/dm3. For all the other studied
ases the tendency of changes of the parameters was similar. As
an be seen from Table 3, the values of the analysed parameters in
istillate considerably decreased compared to the feed. The most

mportant is the fact that TOC value in distillate is very low, that is
o say that MD process successfully separates the organic species
resented in the feed. The best results in respect of TOC reduction
ere obtained for AR18 – 100%. For DG99 and AY36 these values

mounted to 94% and 91.9%, respectively.
Fig. 5 presents the comparison of the investigated hybrid pro-

esses. It can be seen that MD process gives product with better

uality in respect of TOC, TDS and conductivity values than NF.
he retention of inorganic ions is comparable for the both sys-
ems. Since the compositions of feed solutions applied in both, NF
nd MD, were similar (Tables 2 and 3) it could be assumed that
he main factor affecting the product (permeate) quality was dif-

[

[
[

[

Fig. 5. Comparison of the applied processes.

ferent mechanism of mass transfer in the membrane processes
applied. In case of NF the separation is based on a sieving mech-
anism (porous membranes) or on a solution-diffusion mechanism
(nonporous membranes, e.g. TFC Desal DK5). Moreover, when ions
are involved Donnan exclusion is often the main mechanism of
retention [43]. In MD the driving force of the mass transfer through
the membrane pores is a vapour pressure difference on both sides
of a membrane, which depends on the temperature and the solu-
tions composition in the layers adjacent to the membrane. The MD
membrane is permeable for volatile compounds and water vapour
only. Low concentration of TOC and TDS in MD distillate as well
as its low conductivity suggest that the amount of volatile com-
pounds in the feed solution was not high. As a result, the quality of
MD distillate was much higher than that of the NF permeate.

4. Conclusions

1. The application of hybrid photocatalysis/nanofiltration system
did not succeed in total removal of organic matter from the
treated solutions; however, the obtained permeate exhibited a
very good quality in respect of TOC, TDS, conductivity and inor-
ganic ions values.

2. The time of discoloration was much shorter in the suspended
system than in case of the fixed photocatalyst bed.

3. Application of ultrafiltration together with photocatalytic pro-
cess resulted in a complete separation of photocatalyst from the
treated solution.

4. The removal of organic matter from the treated solution was
much higher in the MD process comparing to NF process.
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