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A B S T R A C T

Paper machine manufacturing of photocatalysts can enable low cost devices for removal of low concentrated
pollutants. Lateral variations originating from the paper making process leads to variations of the catalytic
activity over the paper area. Paper machine manufactured papers made from tetrapodal ZnO whiskers and kraft
pulp were investigated in this test geometry using simulated solar light. Photocatalytic ZnO papers were lami-
nated between polyethylene sheets and an indicator solution seeped into the laminated photocatalytic paper, to
create a test geometry where the indicator ink is confined to a small volume between the polyethylene sheets.
The photocatalyst papers exhibited surprisingly similar photocatalytic behavior although having different cat-
alyst loading 15, 30 and 45 wt percent. All papers exhibited lateral variations that peaked during the conversion.
The results show that production of effective photocatalytic composite papers can be scaled.

Further, the results show that variations must be considered for photocatalytic papers.

1. Introduction

Wide and large-scale implementation of abatement methods for
pollution in air and water are needed to mitigate pollution of the en-
vironment and the consequent effects on health, life-expectancy and
quality of life. Abatement methods with low costs for manufacturing
and operation, and importantly, minimal footprint on climate and the
environment are needed. Papermaking is a technology with low pro-
duction cost and with the possibility for huge production volumes using
a bio-based raw material. Therefore, we here investigate paper com-
posites with future abatement methods based on photocatalysis in
mind. Early in the investigations, we observed that photoconversion of
dye molecules varied visibly over the paper surface and to the extent
that a study of the photocatalytic activity should take these variations
in account.

The typically low concentrations of pollutants, even near the
sources of emission, is a main engineering challenge for pollution
abatement [1]. Low concentrations require large volumes of air or
water to be processed by the abatement equipment to capture tiny
amounts of pollutant. If the process requires heating or cooling and
requires air or water to pass purification media with a large pressure
drop, the energy costs become high. Further, processing low con-
centrations of pollutants in an abatement device involves contamina-
tion, clogging, or poisoning of the catalyst or filter by more abundant
substances and particles, thereby shortening the lifetime of the device.
These constraints increase capital- and operational costs and also the

climate and environmental footprint of abatement. Engineering of
pollution abatement methods should therefore be aimed at devices
based on sustainable materials, and that can be manufactured and op-
erated at low energy and capital costs.

Photocatalysis is considered a promising approach for low con-
centration pollution abatement [2–4] as it enables removal of low
concentrations of pollutants from streams of air [5] or water [6] and
may be powered by solar light. However, practical implementation of
photocatalytic pollution abatement is hampered by several challenges.
One of the main concerns is the formation during photocatalytic pro-
cesses of intermediates that may include toxic substances [7–9]. The
design, dimensioning and operation modes of photocatalytic abatement
devices must therefore ensure complete mineralization and elimination
of unwanted intermediates. From an engineering point of view, this
calls for an ample over-dimensioning of photocatalytic abatement de-
vices, which in turn accentuates the need for low cost photocatalytic
reaction media and reactor structures. For these reasons, photocatalysts
based on low cost, sustainable and harmless materials are desirable.

Paper machine manufacturing technology offers enormous possibi-
lities of scaling area-production capacity and low manufacturing costs.
A single paper machine can produce up to 500 000 tons of paper an-
nually. Manufacturing of low-cost photocatalytic papers at paper ma-
chine scale could enable many types of photocatalytic devices.
Furthermore, the porous structure and light scattering properties of
paper is another interesting aspect of photocatalytic papers. Porosity of
a matrix carrying catalytic media is known to facilitate mass transport
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of reagents and products and to serve as a host for dispersed catalyst
particles [10–13], and this has also been exploited for paper-based
catalysts [14,15].

In a photocatalytic reactor, photons must reach particles at an en-
ergy corresponding to at least the bandgap of the semiconductor. Thin
sheets of a light scattering porous medium, a feature of paper, is thus
well suited for photocatalyst carriers. The advantages of using paper as
a carrier for photocatalysts compared to compact thin films of photo-
catalysts was reported in 1995 by Matsubara et al. [16]. Several works
followed this study. TiO2-based photocatalytic papers were reviewed in
2006 by Pelton et al. [17]. Fukahori et al. reported the effect of pore
size and pore size distribution on the efficiency of volatile organic
compound degradation on a TiO2 photocatalyst supported on paper in
2007 [14], further demonstrating the advantages of porous paper as
support for photocatalysts.

Photocatalyst particles can be introduced onto papers as coatings,
by wet-end methods [17] and by growth of photocatalyst particles onto
cellulose fibers [18]. For the realization of large scale and low cost
manufacturing of photocatalytic papers, manufacturing methods in
which the photocatalyst is included into the paper in the wet-end of the
paper manufacturing process would be preferable as they would pro-
duce photocatalytic papers directly in a conventional low cost and
scalable paper manufacturing process. In manufacturing processes in
which photocatalytic particles are included by a coating process, or by
chemical growth of particles into the papers, costly post treatment
process steps must follow the paper manufacturing process. In most
processes in which photocatalysts are wet-end included into papers,
photocatalytic nano structured particles are immobilized on porous
host particles such as silica that, with the aid of retention agents, are
included into the bulk of the paper [19]. We reported successful paper
machine manufacturing of composite papers of tetrapodal zinc oxide
(ZnO-Ts) and kraft pulp fibers into papers that were investigated for
their photoconductivity [20]. These ZnO-Ts composite papers differ
from other composite papers in which semiconducting particles are
introduced in the wet-end of the paper making process by us com-
paratively larger particles, by omitting the use of retention aids, and by
manufacturing on a large scale pilot paper machine. The photocatalytic
effects of such papers are investigated here.

Characterization of photocatalytic materials is complicated by the
various processes and effects involved, as pointed out by Ohtani
[21,22], and others [23], and porosity of a catalytic medium adds
further to the complexity. In paper manufacturing, inhomogeneity in
paper appearance is a key quality parameter termed mottling. Such
mottling may be caused by variations in concentration of fibers and
additives as well as the orientation of fibers during paper manu-
facturing. Mottling influences the optical properties of the paper and of
coatings on the paper [24,25]. In machine manufactured photocatalyst
papers, deviations from homogeneity can create variations in catalyst
concentration, distribution of light intensity and transport properties of
reagents. The visual effects of mottling are typically characterized by
image analysis methods applied to optical images, such as spatial fil-
tering. Monitoring of the progress of photocatalytic reactions by dye
molecules were therefore selected for this study. We are aware that the
use of dye molecules to determine photocatalytic activity has been
questioned [26–28], but for the study of lateral variations we found no
practical alternative to optical scanning to monitor the conversion of
dye molecules.

In most investigations of photocatalysts activity using dye mole-
cules, a photocatalyst in the form of a thin coating or sheet is placed in a
cuvette containing the indicator dye solution, and the photocatalyzed
reaction is followed by spectroscopically monitoring the bulk of the dye
solution. This has two consequences. One is that transport of indicator
molecules and reaction products between the bulk phase and the cat-
alyst must be taken into account. The other is that the lateral variations
of the photocatalytic process are averaged by mass transport in the bulk
phase.

The porous and pliable nature of photocatalytic papers opens a new
possibility of constructing structures for studying photoconversions.
Here, we have explored a new test geometry in which the photo-
catalytic paper is laminated between films of polyethylene. The pho-
tocatalytic paper is then infused with an indicator ink solution. This
results in a structure in which the indicator solution is confined in the
soaked photocatalytic paper. There are several advantages with the
laminate test structure in the study of lateral effects. The observed ef-
fects only concern materials confined inside the porous photocatalytic
medium inside the laminate. The effects of lateral variations in the
photoreaction are not equalized by mass transport between the catalyst
and the bulk phase; thus, optical characterization is not influenced by
the absorption of dye molecules and reaction products in the bulk
phase.

Solutions of indicator dye molecules are modelled on the photo-
catalytic activity indicator inks (paii) developed by Mills et al. [29–33].
Paii’s are applied to photocatalytic surfaces as a coating, and the ob-
served color change in this system is the photoreduction of a reducible
dye molecule by photoelectrons taking place in an excess of oxidizable
molecules, so called sacrificial electron donor (SED) by the photo holes.
In addition to the photoreducible dye molecules and the SED, the paii
contains a binder and a surfactant to formulate an ink suitable for
coating on top of photocatalytic surfaces. Here, we have removed the
binder molecules and the surfactants from the paii to form a photo-
catalytic activity indicator solution (pais) that can be soaked into la-
minates of porous photocatalytic media and form a test structure sui-
table for analyzing lateral variations in porous photocatalysts.

To summarize, in this study, the lateral variations of photocatalytic
activity in ZnO-Ts composite papers, produced on a large-scale pilot
paper machine, have been evaluated with the help of a pais.

2. Experimental

2.1. Materials

Composite papers manufactured from ZnO-Ts particles and kraft
pulp on a pilot scale paper machine [20] were used in this study. Paper
samples labelled B, D, and F, containing circa 15 %, 30 %, and 45 %
ZnO-Ts respectively and a reference paper A without ZnO were man-
ufactured. Glycerol and resazurin (Rz) were purchased from Merck and
used without further purification. The pais were based on the paii de-
scribed by Mills et al. [29] except that the binder and surfactant were
omitted; the pais was obtained by dissolving 100mg Rz into 100 g
glycerol and 1000mL deionized water. The surface area of the ZnO-T
paper composites was determined using N2 physisorption with a Mi-
cromeritics ASAP 2020 analyzer according to Brunauer-Emmett-Teller
(BET) analysis. The surface area of ZnO-Ts used in the paper manu-
facturing was determined to be 1.65m2/g.

2.2. Photocatalytic paper laminates

Composite paper samples were cut into sheets 6 cm wide and 23 cm
long. Polyethylene films with a grammage of 62 g/m2, were cut into
pieces 21 cm long and 10 cm wide. The composite papers were placed
between the polyethylene films so that ca. 1 cm of the composite paper
length protruded from each side of the films before lamination. Hot
lamination was performed at 150 °C and a speed of 0.5m/min. A stretch
of the paper web and a laminate are shown in Fig. 1. The photocatalytic
paper laminates were subsequently cut into 6-cm long pieces and
placed into a pais so that open ends with paper exposed can soak pais
into the laminate. The soaking of pais into photocatalytic papers was
carried out in the dark. The contents in the tested laminates, are ex-
pressed as grammage, gram of a component per m2, surface area or
catalyst and per m2 laminate and molage, a term we use for mole dye
per m2 laminate soaked in the dye solution (Table 1, 2) . The grammage
of pais was obtained by dividing the difference of the wet soaked weight
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from the dry laminate weight measured at 50 % RH, by the measured
area of the laminated paper area. The grammage of ZnO and cellulose
are from reference [20]. The ZnO-Ts grammage is taken as the ash
content minus the ash content of the reference paper without ZnO (0.3
%).

2.3. Irradiation conditions

We irradiated the samples while wet in an irradiation chamber (BS-
02 by Opsytec Dr. Gröbel GmBH) with eight lamps providing D65 il-
lumination. The samples were irradiated from one side and placed on
aluminum foil in the chamber to prevent irradiation from the bottom
side. Samples of laminate F were also irradiated from two sides, labelled
F2, by placing samples without aluminum foil standing vertically in the
irradiation chamber. For each exposure time, a set of the five samples,
i.e., A, B, D, F and F2, were placed in the irradiation chamber. The
chamber was programmed to irradiate each set for 1, 2, 3, 5, 10, 20, 30,
50, 100 or 200 s. For a given paper composition, there were thus

different samples for each exposure time.

2.4. Lateral variation of the reflectance factor

The lateral reflectance factor variations of the paper laminate
samples were characterized with an Epson Perfection v850 scanner and
SilverFast AI software. The reflectance factor curve of the Epson
Perfection scanner was calibrated with a set of 10 grayscale square
images, which in turn were calibrated according to ISO2469. The re-
flectance factor of a pixel is determined by the reflected radiant flux in
the spatial angle of the scanner detector compared to the radiant flux
from the 10 calibrated grayscale squares at the same spatial angle [34].
The reflectance factors were spectrally separated by color into the red,
green, blue, and gray (R, G, B, Gray) channels provided by the scanner.
The coefficient of variation (COV) at the spatial wavelengths 1–8mm
was obtained by dividing the spatially filtered reflectance factor stan-
dard deviation, σ, by the mean reflectance factor, Rf.

=COVmottle σ
Rf (1)

COVmottle represents the optical mottling at the spatial range 1–8mm.
Wet samples A, B, D, F and F2 impregnated with pais were scanned
within 30min of irradiation. Dry samples and samples impregnated
with water and glycerol without Rz were characterized for reference.

3. Results and discussion

3.1. Dry paper laminates and paper laminates soaked in blank solutions

The scanned reflectance factor of dry paper composite laminate
samples increased with increasing ZnO content (Fig. 2). This is expected
because the small size and high refractive index of the ZnO particles
scatter light more effectively than does wood pulp: the refractive index
n of ZnO for visible light is ∼2.0 [35] while that of wood fibers is close
to ∼1.5 [36]. Light scattering of particles generally increases with
decreasing size, to its maximum at approximately half the light wave-
length [37], 200–300 nm; thus, scattering is favored from the relatively
smaller cross section of the zinc oxide tetrapodal rods (∼1 μm) com-
pared to the cross section of the (∼20 μm) of wood fibers. The relation
in size between large cellulose fibers in the composite and the tetra-
podal ZnO whiskers is apparent in an SEM image (Fig. 3). The re-
flectance factor of composite paper laminates impregnated with gly-
cerol and water but without Rz, i.e., a wet blank sample, was lower than
that of the dry samples (see Fig. 2). We attribute this decrease to the
blank solution liquid filling the air voids in the paper composites. The
refractive index of water, the main component, n∼1.33, is higher than

Fig. 1. A laminated piece of composite paper B placed on top of the paper web.

Table 1
Total paper grammage, specific surface area of the four composite papers.

Property grammage specific surface area

Unit g/m2 m2/g
Paper
A 60,8 0,58
B 62,6 1,06
D 62,0 1,43
F 56,1 1,46

Table 2
Constituents of photocatalytic paper laminates soaked in pais expressed as units
per m2 paper.

Constituent ZnO grammage pais grammage Rz molage

Unit g/m2 g/m2 μmole/m2

Paper
A 0 68,87 27,2
B 9,8 67,71 26,8
D 18,9 66,62 26,3
F 24,8 56,83 22,5

Values are calculated from grammage data in reference [20] and Table 1. The
grammage (area specific weight) of ZnO is calculated from the paper grammage
and the ZnO content, considered to be ash content of composite papers minus
the ash content of paper A (0,3%) multiplied by the nominal cellulose content.
The pais grammage is calculated from the weight increase upon soaking divided
by the paper area of the sample.
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that of air, n=1.0, and therefore diminishes the light scattering at the
pulp or ZnO particle interfaces requiring a large refractive index ratio to
the surrounding media for effective light scattering. Mottling on white
paper samples is always present in experimental papermaking and can
be attributed to variations in composition and structure within the
paper. Here it is evident that the optical inhomogeneities increased
with increasing ZnO loading (Fig. 4). Furthermore, at higher ZnO
loadings these inhomogeneities were less decreased by water glycerol
impregnation.

3.2. Papers soaked in pais

In Fig. 5, the impregnated paper composites with ZnO-Ts loadings of
0, 15, 30 and 45 % (A, B, D and F) are shown after 1, 20, 30, 50, 100
and 200 s illumination. The color of the paper composite samples im-
pregnated with pais containing ZnO-Ts clearly changed from indigo to
pink resulting from the photoreduction of Rz to resosurfin according the
reaction scheme proposed by Mills [29]. This demonstrates that it is
indeed the ZnO that induces the photoreduction and that the composite
papers are acting as photocatalysts. The lateral variations during the
photocatalysis, the subject of this study, are clearly visible at 30 and
50 s illumination.

The red, green and blue (R, G, B) scanner channels were studied
separately as a function of illumination exposure time. For sample D,
the reflectance factor of the R channel increased from 50 to 94 %, while
those of the G and B channels decreased by approximately 6 and 3 %
respectively (Fig. 6). Based on this finding, we focused further analysis
on the R channel, as it shows the largest photocatalytic response signal.
The development of the mean reflectance in the red channel of the
papers are shown in Fig. 7. Given the large difference in catalyst
loading between the loaded papers, 15, 30 and 45wt percent, we ex-
pected a difference in the development of the mean reflectance with
illumination time. Instead of the expected difference between the cat-
alyst loaded papers, it can be observed that the reflectance values of all
loaded samples develop similarly. Apparently, the catalyst loading does
not limit the photoreduction process under these conditions. This is an
unexpected result, since it is often argued that a large catalyst surface
area, by nano structuring for example, is needed for efficient photo-
catalysis.

Taking lateral variations into account complicates the picture. To
start with, one can see that at the top and bottom edges where the
laminates have been cut, the Rz appears to remain unreduced even after
exposure for 200 s. This could be due to accumulation of Rz at the open
edge driven by water evaporation or by oxygen reduction competing
with the reduction of Rz. Note that the area scanned and analyzed
colorimetrically is 2× 2 cm and at a distance of 1 cm from the edges.

Mottling is visually evident at all stages of the photoexposure. Even
before the samples are significantly exposed to the UV lamp, e.g., at
t=1 s, the indigo reflectance varies laterally across the surface. At
intermediate exposure, e.g., at t=50 s exposure, areas of both indigo
and pink coexist, and at exposure for 200 s, mottling is also evident,
albeit weaker than that in the samples at t=1 s.

To quantify the mottle (COVmottle) all images were filtered through
a 1–8mm spatial band pass filter (Fig. 7). The phenomena creating the
observed mottling may be complex and involve variations in structure
and composition that cause variations in spectral light scattering and
absorption, shadowing effects, and nonuniformities in sample thickness
and distribution of solvents soaked into the paper. To enable discussion
of the photoreduction in porous and three-dimensional objects such as
paper sheets, the effects of penetration depth of light, for photo-
conversion and analysis, as well as variations of composition and
structure in the thickness direction of the object should be considered.
A paper sheet, although typically considered a two-dimensional object,
can exhibit variations in structure and composition in the vertical di-
rection of the sheet. This is exemplified by sample A, which underwent
no photoreduction but exhibited 5.4–6.8 % COVmottle due to structural
variations between the specific paper samples. The mottle of samples
containing ZnO was relatively constant until exposure for 20–30 s; after
that, the mottle increased to reach a maximum at around 50 s, followed
by drops to much smaller values.

Three observations of mottle behavior (Fig. 8) merit further dis-
cussion. First, the mottling is lower in fully photoconverted samples
than in unexposed samples. Second, at t=1 s, the mottle in paper
without ZnO (paper A) was higher than that in all samples containing
ZnO. Third, there exist mottling peaks during the photoreduction of the
pais and there is a trend toward lower “peak mottling” for samples with

Fig. 2. Scanned reflectance factors (gray channel) of dry samples (blue bars)
and samples soaked in a blank solution of water and glycerol (red bars). (For
interpretation of the references to colour in the Figure, the reader is referred to
the web version of this article).

Fig. 3. Composite paper containing 15 % ZnO tetrapods. The dark fiber
structure is composed of the sulphate pulp and the small white tetrapodal
particles are made of ZnO.

Fig. 4. White mottle (gray channel) at the spatial wavelength 1-8mm for the
dry samples (blue bars) and the samples wetted by a blank water glycerol
mixture (red bars). (For interpretation of the references to colour in the Figure,
the reader is referred to the web version of this article).
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higher ZnO loadings.
Starting with the first of these observations, we attribute the mottle

drop above 50 s exposure partly to an increase in mean reflectance (see
Fig. 6). This means that the reflectance factor increased in the red
scanner channel from 50 % for samples at t=1 s to 90 % for fully
exposed samples (almost doubling). Based on Eq. 1, the mean re-
flectance factor in the denominator results in an almost halving of the
COVmottle. The clear drop in mottling as an effect of the photo-
conversion cannot be solely attributed to the increase in reflectance. We
propose that the sharp drop in measured mottling is due to a reduction

of the penetration depth of the R-channel light that has the effect of
hiding structural variations deeper inside the paper structure.

The second observation is that at mild photoreduction (t=1 s), the
mottle in paper without ZnO was higher than that in all ZnO containing
sheets. This result is consistent with the results shown in Fig. 7 com-
bined with Eq 1, since the lateral standard deviation, σ, is divided by
the mean reflectance factor to obtain the COVmottle. The initial mean
reflectance factors in the red channel was ∼40 % for sample A, ∼43 %
for sample B and ∼50 % for samples D, F and F2 (see Fig. 7). This
means that the lateral standard deviation is similar for all samples at

Fig. 5. Scanned images used in the reflectance analysis sorted after illumination time. From top, A, B, D, F and F2 scanned after from left to right 1, 20, 30, 50, 100,
200 s of D65 illumination.

Fig. 6. Time course of mean reflectance factor in channels R, G, and B based on
the scanner images for sample D (30 % ZnO-Ts) under D65 illumination.

Fig. 7. Time course of mean reflectance factor in channel R for all samples
under D65 illumination.
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mild photoreduction, even though their COVmottle values differed
somewhat.

The third observation is the clear appearance of “mottling peaks” at
ca 50 s exposure time, and that the mottling at the peak is higher for
low loadings of ZnO (B) and lower for samples with high ZnO loading (F
and F2). After 50 s, the COVmottle decrease was largest for sample B,
dropping to a fifth of the unexposed value from almost 8 to 1.4. This
leaves a factor of at least 2.5 to be explained by the photoreduction of
the pais rather than the increasing reflectance factor with increasing
photoreduction.

The occurrence of mottling peaks is consistent with the presence of
regions with low concentrations of catalyst. As depicted in Fig. 3, the
structure of the composite papers can be described as an arrangement of
cellulose fibers that is typical for papers without mineral additives, and
with ZnO-Ts filling the voids between the fibers. It is possible that
empty voids exist in the composite papers and that these voids are filled
with pais upon soaking, and further that the occurrence of voids is
higher in composite papers with low ZnO-Ts loadings. In regions with
empty voids, two effects can reduce the rate of photoconversion. First,
there is a distance from Rz molecules in the void to catalyst surfaces,
and second, since Rz has an absorption peak and a higher optical
density than resosurfin at the wavelength near the bandgap of ZnO
[29], light penetration in the region may be reduced. These effects
could amplify lateral variations during the photoconversion that are
clearly visible as the presence of regions with different color and to the
observed mottling peak which is clear for the papers with low catalyst
loadings. The sample with the lowest mottle and an almost indis-
cernible mottle peak was F2, the sample with the highest catalyst
loading and irradiation from both sides. These findings support the
view that the penetration depth of light is a crucial parameter in porous
photocatalysts.

4. Conclusions

Paper machine manufactured composite papers based on kraft pulp
and tetrapodal ZnO-whiskers were investigated for the photoreduction
of a photocatalytic activity indicator solution, pais.

To facilitate the study of the lateral variations in the photoreduc-
tion, a test structure consisting of laminates of the composite papers
between polyethylene films filled with an indicator solution was de-
veloped. ZnO-papers with different catalyst loadings 15, 30 and 45wt
percent, did not show the expected differences in the mean reflectance
change during irradiation. From this, we conclude that at these load-
ings, that are high for paper carried catalysts, other parameters than the

catalyst loading are rate limiting. Under simulated solar light, the in-
dicator dye in test structures were fully converted within 200 s with
respect to its red color, demonstrating that effective photocatalysis is
possible even with micron-scale particles.

Due to the lateral variations in photocatalysts from experimental
paper machine manufacturing, monitoring of the effects of irradiation
should take the variations into account, as has been done in this study
by laterally resolved reflectance colorimetry. A better understanding of
the photocatalytic efficiency may be achieved by mapping such varia-
tions in three dimensions. Regardless of the observed variations, the
results show that paper machine manufacturing of effective photo-
catalysts from industrial bulk materials is viable.
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