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Abstract

Fine-structured photocatalytic Ti@oatings were deposited by atmospheric plasma
spraying (APS) on austenitic stainless steel cospOne commercial spray-dried
nanostructured Ti@powder and five spray-dried powders obtained fsuspensions
containing mixtures of submicrometric and nanom€eliO, particles were used as
feedstock materials. Coating microstructure andgelt@mposition were characterised
using FEG-SEM and XRD techniques. The photocatabgtivity of the coatings was
determined by measuring the degradation of metleytdme dye in agueous solution.
The experimental data were observed to follow aigsdirst-order kinetic. The kinetic

constants displayed a clear relationship with cggéinatase content.



The photocatalytic decontamination capability oé afithese APS coatings was
subsequently investigated by treating an indusiaiahery wastewater. The
photocatalytic experiments with these Ti€ated coupons were carried out in a self-
designed reactor. Partial degradation of the pentitstwas observed, owing to a
decrease in Total Organic Carbon (TOC), in additma significant decolouration
effect, mainly relating to the removal of aromaiirganic compounds typically present
in tannery wastewater. The results demonstratpdhential use of plasma-sprayed

photocatalytic TiQ coatings in tannery wastewater treatment.
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1 Introduction

Heterogeneous photocatalysis is an Advanced Ogid&rocess (AOP) that allows the
complete degradation of pollutants in water anagauironments. Titanium dioxide
(TiOy) is the most widely used semiconductor photocatalye to its stability, non
toxicity, and relatively low cost [1-3].

As a photocatalyst, Ti&ds mainly tested in the form of thin films or fipewders, the
latter providing better catalytic results. Howeuwbe use of particulate Tig@ntails
important environmental and technological drawbawitls regard to recycling and
management issues [4, 5]. New approaches havddheieeen sought for immobilising
titania powder in wastewater treatment and airfwation in the last few decades in
order to simplify the process and make it compagitNumerous photocatalytic devices

and reactors based on supported photocatalytilmgsatave been reported [5, 6].



Titanium oxide coatings have long been preparedni@my uses by thermal spraying
routes, owing to the hardness, wear and corrogisistance, and biocompatibility of
such coatings [7, 8]. Extensive research in thieféas years has shown that thermal
spray techniques, especially atmospheric plasnaysw (APS) can also be used to
obtain submicron or nanostructured Fi€datings with effective photocatalytic activity
[9-11]. This coating technology also enables pratian of large active coatings that
exhibit excellent adhesion to substrates with ratieenplex shapes [12, 13].

Two kinds of phase transitions occur during AP & gfven titania feedstock containing
anatase phase [11, 14]: melting and solidificatibthe titania phases and solid-state
phase transformation from anatase to rutile. Fgrri;ason, and in view of the greater
photocatalytic efficiency of anatase phase, mangiss on such Ti@coatings have
focused on preserving as much anatase phase aislpasshe final coating [9, 15, 16].
These studies have shown that most of the anabatent comes from the partially
melted or unmelted areas that preserve the subm@roanostructured starting
feedstock [17, 18]. Consequently, for a given féads the spraying parameters
affecting plasma energy input need to be very adlyefine-tuned [14].

Studies on TiQcoatings obtained by plasma spraying have asséssied

photocatalytic activity, using different procedurBsimerous papers have demonstrated
the photocatalytic activity of supported coatingsvater solutions using model dyes, in
particular methylene blue [19, 20], as well asphk dye Rhodamine B [15], according
to more or less standardised methods. Other rdssarhave preferred the use of model
organic or inorganic gaseous molecules such asae¢21], acetaldehyde [15], ethanol
[11], NO, [22], or even SQ[23]. However, no study has been found in which ain

these plasma-sprayed photocatalytic coatings haee bsed to treat wastewater from a



real industrial environment. Such an investigatiuld require construction of a
photoreactor capable of holding and testing thgpstipd coatings.

Tannery wastewater represents a serious enviromireamd technological problem,
owing to the large amounts of poorly biodegradaotganic chemicals used. At present,
most tanneries have a wastewater treatment prétaisgsually consists of three stages:
flow homogenisation, dosing coagulants and floattsiaprimary decanting to remove
suspended solids as well as most of the Chemicg@xDemand (COD); and
biological treatment with subsequent secondarymewato remove most of the
pollutant content (COD and Biological Oxygen Dem@B®Ds)). However, a tertiary
treatment is often still required to refine the C@ml remove the colour and/or some
organic recalcitrant compounds. As a result, othethods are being increasingly
explored as alternatives to classical physico-chahand biological processes. The
literature suggests that photocatalytic treatmer#graAOP could be a good option in the
near future for organic matter mineralisation [24¢wever, the use of photocatalytic
TiO, coatings to decontaminate industrial tannery weestier has not been yet
investigated.

The present study was therefore undertaken, forstevelop efficient photocatalytic
TiO, coatings by the plasma spraying technique (AR&tiisg from different
submicror-nanostructured spray-dried powders. Once the phtahytic activity in the
coatings had been quantified, a reactor was designevaluate the application of the
developed plasma-sprayed photocatalytic coatingstediary treatment for tannery

wastewater.



2 Experimental

2.1 Materials

Nanostructured titania spray-dried powder (NEOXIDDT nano, Millidyne, Finland)
was used as commercial feedstock. Five other feekisimade up of mixtures of a
submicron-sized Ti@powder and a nano-sized LiPowder were also used. The
mixture compositions ranged from 100% submicroredigarticles to 100% nano-sized
particles. These starting powders were a submisized, high purity anatase (Titanium
(IV) Oxide, Merck, Germany) with a mean particleesbf 0.35 pm and a specific
surface area of 9.5%gy and a commercial nanopowder of titania (AEROX@E25,
Degussa-Evonik, Germany) with a mean particle gfZ20 nm and a specific surface
area of 50 rflg. P25 nanopowder contains anatase and rutileephiagn approximate
3:1 ratio [25]. The preparation method for eactheke five feedstocks consisted, first,
of producing a stable aqueous suspension contaihegolid mixture and the required
amount of dispersant, followed by spray dryinghe suspension to obtain the
feedstock powder. Further details of the feedsfelparation method can be found
elsewhere [18]. Table | lists the assigned refezsras well as some characteristics of
the six feedstocks used in this study. Overallfesdtistocks met plasma spray

requirements in terms of agglomerate size and tlersid powder flowability [26, 27].

2.2 Coating deposition and characterisation

Coatings were deposited by APS on metallic sulestrg&lSI 304) prepared as set out
elsewhere [28]. The plasma spray system consi$tadjon (F4-MB, Sulzer Metco,
Germany) operated by a robot (IRB 1400, ABB, Switred). The deposition was made
using argon as primary gas and hydrogen or helsiseaondary gas. Helium gas was
used to reduce the heat intensity of the plasmd et main spraying conditions were

as described in previous research [18]. The plaamtizalpy estimate for the,tnd He



plasma conditions used in the present study was2MJ/kg and 12 + 1 MJ/Kkg,
respectively [29].

Coating microstructure was analysed on polishedszsections using a HITACHI
S4800 Field Emission Microscope (FEG-SEM). A quatitie crystalline phase
composition analysis from X-ray diffraction dataRR) was conducted based on
Rietveld refinement. The XRD patterns were obtaingidg a Theta-Theta model
diffractometer (D8 Advance, Bruker, Germany) withkg: radiation { = 1.54183 A).
Details of the Rietveld procedure have been redatsewhere [30, 31]. This method
was then used to calculate the crystalline phasatdae and rutile) content (wt%).
Coating photocatalytic activity was determined bgessing the degradation of
methylene blue (MB) in aqueous solution. The teatuated the variation of the MB
concentration in a 5 mg/L MB solution in contactiwihe photocatalytic coating under
UV radiation. Irradiation was performed in a chambg&ng a UVA lamp Xma=370

nm) with an intensity of 2.5 mW/cmThe test pieces were kept in contact with the MB
solution for 30 minutes in the dark, prior to iria@tbn, after which the MB
concentration was determined at different readiimes. A detailed description of the
procedure has been recently reported [16]. Finallylank, uncoated sample was tested
to evaluate the influence of UV radiation on therdase in MB concentration achieved

by photolysis.

2.3 Photoreactor design and testing

The photocatalytic decontamination capability af &PS coating as tertiary treatment
of a tannery wastewater was investigated. An eftifijm a Spanish industrial
wastewater treatment plant was used, in which mnmidustry effluent is mixed with
domestic wastewater. The main analytical paramefettss final effluent are detailed

in Table II. The table shows that the resulting teasiter was mainly characterised by



high conductivity (salinity content) and high COBlwes, together with a brownish
colour associated with aromatic compounds, as etk by the absorbance measured
atA=254 nm. As a complementary information on the stdal treatment of the
wastewater used in this work Table 11l collects évelution of TOC and absorbance at
254 nm, with water treatments (primary and seconttaatments). As it can be seen,
after the primary and secondary steps the orgamteat decreases substantially, but
the aromatic compounds content (absorbance) hdnaiiynishes with the secondary
treatment after which most of the organic mattex li@en removed. For this reason, a
tertiary treatment is necessary to remove this tfgeollutants.

The experiments were carried out in a self-desidradh Pyrex glass photoreactor of
2L capacity irradiated by a UVB high-pressure meydamp (500 W, 220 V), with a
maximum emission at 28315 nm. Four coated supports (3x8 cm) were locaneithe
inner wall of the reactor (total coated area ofragjmately 100 crf) with a working
volume of 770 ml wastewater. The lamp was locatettentrically in the reactor in
order to ensure homogeneous irradiation of,Tihe irradiance on the surface of the
coatings was about 12 mW/énCoating area, as well as wastewater volume, was
optimised after a great number of fine-tuning expents. For comparative purposes, a
commercial photocatalytic sol-gel Ti@oating was also tested in the photoreactor
under the same conditions as those of the APSngpalthe only difference was that the
sol-gel coating was applied on glazed ceramicstilgports owing to the better adhesion
of the sol-gel coating on the ceramic substratsged in the tests. The characteristics
of this sol-gel material, as well as the procedargreparing the sol-gel coating, have
been previously reported [16]. Figure 1 shows &upécof the reactor and a scheme of

its basic components.



During each experimental run, the solution was nagsely stirred with a magnetic bar
to ensure homogenisation and suitable reactarggoahto/from the Ti@supports. The
solution was saturated with oxygen (injected cardirsly by an oxygen diffuser) in
order to accelerate the photocatalytic reactiofut®m temperature was kept at 25°C in
every case, both the reactor and the lamp beingwuled with a water circulation
jacket connected to an external thermostat. Twalse performed to a maximum of 6h,
aliquots being sampled to measure operational petemsuch as TOC, pH, and colour
(absorbance). The effect of the photolysis proeessdetermined by conducting an
experiment without supports.

Before analysis, all samples withdrawn from thated solutions were filtered with
0.45 um PVdF filters to measure the dissolved ttgénic carbon (TOC). TOC was
determined on a Shimadzu V-C DCH TOC analyser, raloeg to standard UNE-EN
1484:1998. Reproducible TOC values, with +2% aacyravere obtained by injecting
50 mL aliquots into the TOC analyser. The colouthef wastewater samples was
determined using a Hach spectrophotometer by miegsiive absorption at 436, 525,
and 620 nm wavelengths, as defined in standard ENESO 7887. Alternatively, the
absorption of samples at 254 nm was also measnr@aler to monitor the evolution of

aromatic species (polyphenol and aromatic interated) dissolved in the samples.

3 Results and discussion

3.1 Photocatalytic coating forming and characterisation

The six powders in Table | were plasma sprayedrrately using hydrogen and helium
as plasma secondary gas. A total of 12 differgmesyof coatings were thus plasma
sprayed. The coating samples were assigned theredenences as their powder
counterparts (Table I). For the sake of simplidiigure 2 shows SEM micrographs of

the coatings obtained from the intermediate conpposieedstock (composition 3: 50%



submicron-sized particles/50% nano-sized partidegppsited with hydrogen and
helium. No significant differences were observedtfi@ other coatings obtained with

H. or He. The coatings displayed the typical micuostire of TiQ layers deposited

from nano- or submicron-structured feedstock regzbim the literature [15, 30, 32, 33].
These studies indicate that the coating microgirestare basically made up of two
clearly differentiated zones, yielding a bimodalsture. One coating region, which had
melted completely (marked M in Figure 2), consistanly of an amorphous titania
matrix with recrystallised nanometre-sized graiheutile. The other coating region,
which had only partially melted (marked PM), largegtained the microstructure of the
starting powder. As previously reported [18, 3B tinmelted areas were basically
made up of nanoparticles or submicron-sized paditthat had undergone some degree
of sintering.

With regard to the phases present in the finaliegat in all cases (including the
commercial powder) the coatings contained variabeunts of rutile and anatase
phases with minor contents of Magneli phases asteg elsewhere [34]. Examples of
XRD patterns of similar coatings have been repariquevious research [18, 30].
Using the Rietveld method, it was found that thatase content present in the coatings
ranged from 2 to 18 wt%, rutile being the majorstajline phase (18 to 58 wt%). The
anatase content versus the amount of non-meltes arehe coatings (Figure 3) has
been represented in an x-y-z diagram together thé@lphotocatalytic activity constant
(k), in view of the close relationship between thesivity and the amount of anatase
content in the coating as explained below. The $angberences indicated in Table |
are also shown for coatings deposited with heliatthough data scattering is evident

in this figure, the correlation suggests that thesprved anatase particles in the non-

melted areas contributed significantly to the asatzontent in the coating. The coatings



obtained from H (high energy plasma) are located in the bottotaHahd part of the
plot: that is, they contain less anatase phasegitoima smaller amount of unmelted
areas. In contrast, the coatings obtained withlble €énergy plasma) shifted to the top
right-hand part of the diagram as a result of tigh lanatase content associated with the
presence of a larger amount of unmelted regiotisarcoatings. In addition, for the
coatings obtained with He the amount of unmeltatesappeared to grow as the
submicron-sized particle content in the feedstockdased. This is because, as reported
elsewhere, for given plasma spray conditions (péasnergy) the amount and size of
the particles inside these unmelted zones depantsecize of the particles making up
the feedstock agglomerates (nanoparticles or submized particles), as well as on
other feedstock characteristics such as agglomsizgeand density [18, 30]. However,
the effect of feedstock particle size on the amadininmelted areas in the final
coatings seemed to minimise when a much highemaamergy (coatings obtained
with Hy) was used.

In previous research on photocatalytic activityiteswith plasma-sprayed coatings, the
variation in agueous MB concentration with time yeéstted using a first-order kinetic
equation [16]. The kinetic equation fit was usedatculate the photocatalytic activity
constant k (). The k values ranged from 2.8 to 13.6 + 0.5 X i (Figure 3). A

higher k meant a faster degradation rate of tharacgMB molecule, i.e. higher
photocatalytic activity. Except for one sample, terelation coefficients were higher
than 0.985, indicating reasonably good fit of tkpeximental data to the kinetic model.
To better understand the magnitude of the phottytmtaffect of these coatings, it may
be noted that a commercial photocatalytic sol-gél, Toating tested under similar

conditions to those set out above exhibited agatstant of 5.98 + 0.95 x Tth'[30].

10



As indicated above, the x-y-z representation iruFéd also plots k versus anatase
content of all obtained coatings. Although the dditaw significant scattering in the
figure, the photocatalytic activity of the coatirfgs MB degradation displayed a certain
correlation with anatase phase content. A highatase phase content thus resulted in
faster degradation of MB. This finding is consistenth most previous research [15,
19, 35]. It also indicates that Ti@oatings with a significant photocatalytic actyviian
be obtained without necessarily using nanostrudtigedstocks. This is quite
interesting, as the use of submicron-sized pasticlakes feedstock preparation easier
and cheaper. On the other hand, the lack of omgesaorrelation between
photocatalytic activity and anatase content igrian unexpected. As the TO
photocatalytic reaction is a surface reaction ctieracterisation of surface states with
regard to the chemisorbed species, as well asrésepce of vacancies and impurities,
needs to be addressed. Further research is tHugestiled to clarify the role of the

coating surface in the photocatalytic activity tdgma spray Ti@coatings.

3.2 Wastewater testing with the designed photor eactor

The photocatalytic decontaminating capability af &PS coating was investigated by
treating the industrial tannery wastewater desdréd®ve. The APS coating obtained
from the intermediate composition feedstock (contms3: 50% submicron-sized
particles/50% nano-sized particles) was chosen@warits high photocatalytic constant
(k=11.2 + 0.5 x 18 h"), as well as the ease of obtaining a feedstockagting 50

wt% submicron-sized particles.

The pH effect on the photocatalytic degradatiotheftannery wastewater was first
investigated. According to the literature, the gfé@ depends on the nature of the
targeted contaminant [36, 37]. Moreover, in com@gstems containing diverse

pollutants such as industrial wastewaters, phoabgtat treatment produces multiple
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intermediate compounds that can in turn modifyrthehaviour during treatment as a
function of pH. The effect of pH therefore needéécanalysed in terms not only of the
degradation of initial pollutants, but also of t@mpounds produced during treatment
by determining global parameters such as TOC or ¢Z)Dn addition, previous
studies [38] have demonstrated that faster phaatytat degradation of a tannery
wastewater can be achieved at low pH. The influefigegd on process efficiency was
therefore studied first, working at as-receivedtewaster pH (pH=7.3) and acidic
(pH=2.5) conditions.

Table IV shows the results of the TOC content isteater samples after 1 and 3 h
UV treatment at both 2.5 and 7.3 pH. Only two tedagamples were considered, as the
kinetic behaviour of the photocatalytic processhayond the scope of this first applied
study with APS photocatalytic coatings. Photocai@akgxperiments were conducted
with samples of the APS coating (composition 3) ahthe commercial sol-gel coating
described above. The results are shown as % TO@€akrwith respect to the initial
wastewater composition described in Table Il. Tihdihgs of the blank experiment (no
coatings) to assess the effect of the photolysisao included in Table IV. It can be
observed that a degradation effect associatedphkibiolysis (UV irradiation) occurred
in both tested pHs. Moreover, as also reportetieniterature, it was confirmed that
degradation of the organic compounds by both pisi®and photocatalysis was higher
at acidic pH [38]. This behaviour can be relatethmeffect of pH on the adsorption of
the initial or generated organic compounds onitheit surface during UV treatment.
The literature indicates that, for example, foygid¢al anionic black dye used in the
tannery industry (Direct Black 38), the optimum fuf the dye to be adsorbed on
model photocatalytic powder P25 is 2.5 [39].

The degradation of organic compounds due to théophtalytic activity was clearly

12



noticeable, as evidenced by a further decreas®©i ih the wastewater treated with the
APS coatings when compared with the photolysiscetiéthe non-photocatalytic blank
sample. In addition, the photocatalytic capabihtyhe APS coating was comparable to
or even higher than that of a commercial sol-getiog tested under the conditions
used in this study. This finding agrees with thetpbatalytic constants of the APS
(composition 3) and commercial coatings indicatieova.

Taking into account the best results obtained igi@apH, the following trials were
conducted under pH = 2.5. These experiments weredaut to elucidate the effect of
the photocatalytic treatment on effluent colour.iddicated above, wastewater colour
poses a further problem when managing such efueeated by conventional
practices. The absorbance of the wastewater samgdeherefore determined for the
APS photocatalytic coating. Testing time in all expents was 3 h, a sufficiently long
time to ensure maximum degradation of organic matgehe photocatalytic effect.
Figure 4 shows the absorbance values at differamelgngths, together with those of
the starting (untreated) wastewater detailed inérlbAs noted, a significant decrease
in the absorbance values represents high colouwvaindue to the photocatalytic effect.
In addition, the decolouration effect can largetyditributed to removal of aromatic
(phenolic) compounds as evidenced by the strongctemh of absorbance at 254 nm, an
aromatic wavelength.

4 Conclusions

TiO, coatings were obtained by atmospheric plasma s#pPS) starting from six
different feedstocks: one commercial nano-structsggay-dry powder and five other,
self-prepared spray powders obtained from mixtofesno- and submicron-sized
particles. The photocatalytic activity of the cogs was determined by measuring the

degradation of methylene blue (MB) dye in aqueoedim In addition, the

13



decontamination capability of the APS coatings imasstigated by treating an
industrial tannery wastewater. It was confirmed #ibresulting coatings were made up
of a mixture of rutile (major crystalline phaseamatase together with a melted 7iO
matrix. All coatings exhibited the typical APS bida microstructure of Ti@layers
deposited from nano- or submicron-structured femdstconsisting of unmelted regions
which preserved the structure of the feedstock el in an amorphous titania
matrix. The photocatalytic activity of the coatingghich was comparable to or even
better than that of a commercial sol-gel coatingpldyed some correlation with the
anatase phase content. One of these APS coatirsgestad in a self-designed UV
photoreactor. The findings showed that there welear organic matter mineralisation
and colour removal by photocatalysis beyond thdgysis effect under acidic pH. The
decreased TOC and colour removal of the resultithgemt evidenced the effectiveness

of the developed coatings for photocatalytic tresathof industrial tannery wastewater.
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Figure captions
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UVB lamp UVB lamp
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wastewater sample wastewater sample

Figure 1 Photoreactor designed with details ofbiésic components: a) scheme, b)

actual picture.
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Figure 2 SEM micrographs of the coatings obtaimethfthe intermediate composition
feedstock (composition 3: 50% submicron-sized pl@ti50% nano-sized particles)

deposited with hydrogen and helium.
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Figure 4Absorbance values at 254, 436, 525, and 620 nmlemgyths of untreated and treated
wastewater samples after 3 hours of photocatalyiis the APS coating (composition 3). pH

2.5
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Tables

Table I. Assigned references as well as some clesistecs of the six feedstocks used in this

study.

Anatase D.ry. Granule _ Ha_usger Nhitene(gs

Ref Composition {1F)Qutlle sieving g)ulk density ratio®  Index
(%) dso (um)  (kg/m’)

1 100% nano-sized powder 75125 178 1630 1.12 715

2 75% nano-+25% submicron-sized powde31/19 105 1873 1.09 70.7

3 50% nano-+50% submicron-sized powde38/13 108 2080 1.11 70.1

4 25% nano-+75% submicron-sized powde¥4/6 111 2095 1.13 69.4

5 100% submicron-sized powder 100 93 2013 1.14 69.1

C Commercial spray-dried TiO2 powder 80/20 30(2) 1250 1.18 75.5

" Estimated from producers data
@ Measured by laser diffraction (Mastersizer S, Malvern, UK)
® Recommended value for APS: > 10 pm

“ Recommended value for APS: > 1700 kg/m®
®)Recommended value for APS: < 1.25

© Determined with a diffuse reflectance spectrophotometer (ASTM E313-05 standard)

Table Il. Composition of the studied industrialiarny wastewater.

Parameter Value
pH 7.3
Conductivity (uS/cm) 5240
Turbidity (NTU) 46
Filtered turbidity (NTU) 26
Total Suspended Solids (TSS) (mg/L) 34
Total Organic Carbon (TOC) (mg/L) 43.4
Chemical Oxygen Demand (COD) (mg/L) 162
Biochemical Oxygen Demand (BOD5) (mg/L) 37
Dissolved Total Nitrogen (TN) (mg/L) 41
Phenol index (mg/L) 6
AbsorbanceX= 254 nm) 1.260
AbsorbanceX= 436 nm) 0.095
AbsorbanceX= 525 nm) 0.135
AbsorbanceX= 620 nm) 0.031
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Table IlI. Evolution of TOC (mg/L) and absorbant€84 nm in wastewater through the
industrial treatment

Initial Primary (physico- Secondary

ichemical (Biological)
TOC (mg/L) 1166 911 43.4
AbsorbanceX= 254 nm) 2.120 1.279 1.260

Table IV. (%) TOC removal in wastewater samplesraftand 3 h UV photocatalytic and
photolytic processes with APS and commercial sbtgatings.

% TOC removal

Sample Time
pH=7.6 pH=25

No coating 1h 4.0 7.4

3h 9.0 21.1
Sol-gel coating 1h 54 23.7

3h 10.6 335
APS coating 1h 9.1 9.6

3h 24.2 49.1
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