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ABSTRACT

In order to reduce gaseous pollution emissions and achieve the goal of
cleaner production in paper industry, in this study, (I) First, the
concentrations of four potential compositions of gaseous pollutants,
TVOC, HCHO, H,S and C,H,, in the ambient air on 30 sampling
sites in 5 pulp and paper mills were analysed. The analysed results
were discussed in the following aspects: (a) the levels of four gaseous
pollutants on all the sampling sites in five mills; (b) gaseous pollution
differences due to different production processes; (c) gaseous pollu-
tion comparisons on the common sites. (II) Secondly, the composi-
tions of VOCs in a secondary fiber paper mill were determined with
GC-MS method. The main identified substances in the four sites
were as follows: (a) waste paper sorting room: alkanes, phenols and
esters; (b) paper machine hall: benzene homologues, alkanes, ethers
and phenols; (¢) vacuum pump outlet: benzene homologues and
phenols; (d) office area: benzene homologues and phenols. (III) Third
and last, aiming at the detected formaldehyde and benzene pollutants,
a photo-catalytic reactor was developed and its performance with
respect to degradation was studied. The performance tests of the
reactor showed that both formaldehyde and benzene could be
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completely degraded, but the degradation time for benzene was much
longer than that for formaldehyde.

Key words: Gaseous pollutant, Paper mill, Analysis, Photo-catalytic,
Degradation, GC-MS

1 INTRODUCTION

Being the sixth largest industry with respect to pollution in the world, pulp and
paper mills not only emit large amounts of liquid and solid pollutants [1-4], but
also discharge gaseous pollutants into the atmosphere, such as volatile organic
compounds (VOCs), ozone, acetone, and formaldehyde [5,6]. In the gaseous
pollutants discharged from paper mills, VOCs are the major gaseous emissions
that not only cause environmental pollution, but also threaten human health [7,8].
Despite the possible environmental concerns and health risks, the analysis and
degradation of gaseous pollutants in paper mills have not been the subject of
public concerns for a long time, and there is not much research reported.

Concerning the treatment strategies of gaseous pollutants, the traditional
methods include the condensation method [9], the absorption method [10], the
adsorption method [11], the burning method [12], membrane separation tech-
nology [13], biological treatment technology [11], etc. Among these methods and
technologies, photo-catalytic oxidation has attracted considerable attentions for
degrading organics, given its advantages of powerful and non-selective oxidant
active species [14,15]. A large number of VOCs with small and large molecular
weights could be successfully photo-catalytically degraded under various condi-
tions, indicating the excellent and non-selective ability of photo-catalytic oxida-
tion technology to remove VOCs [16—18].

Aiming at the complementing the sparse studies on the gaseous pollutants in
pulp and paper mills, this paper covers three parts, illustrated in Figure 1. (1)
Firstly, the levels of TVOC, formaldehyde (HCHO), hydrogen sulfide (H,S) and

Investigated mills

GC-MS Part2 Part 3
M:sp::h MillA- newspaper  EEE— Compositions of VOCs Photo-catalytic oxidations
:wnn Al B market of gaseous pollutants:
muks e dp =% (1) Formaldehyde
D TWIRSUE A1l C- housebold paper Part 1 (2) Benzene
withiout p,:m,hl #sd Concentrations of gaseous pollutants: (3) Mixture of
pulping p Mill D- costed ivory board TVOC, HCHO, H;S and C.H, formaldehyde and benzene
process With
post-
processing Ml E- digital paper

Figure 1. Roadmap of the research.
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hydrocarbon (C,H,) in the air samples of five pulp and paper mills were quanti-
fied. (2) Secondly, further determination of the compositions of VOCs in the air
samples were performed with GC-MS. (3) Finally, a novel treatment method of
gaseous pollutants was introduced. By using nanoscale titanium dioxide particles
as the core of the photo-catalysis oxidation technology, in combination with an
intelligent control system, a photo-catalytic reactor was developed intended
degrade two gaseous pollutants, formaldehyde and benzene.

2 CASE STUDIES

Five pulp and paper mills (Mills A-E) with different raw materials and final prod-
ucts were investigated, and their process schematics are presented in Figure 2.
The information about the five mills were as follows: Mills A (offset newsprint)
and B (market pulp board) are non-integrated, Mill C (household paper) is non-
integrated and without converting, Mills D (coated ivory boards) and E (digital
paper) are non-integrated but with converting. Six ambient air samples from
different sites in each mill were collected and analysed (30 sites totally), whereof
two sites were common to all five mills: the wet-end of paper machine and the
wastewater treatment plant. Four compositions in each air sample were analysed:
TVOC, HCHO, H,S and C.H,.
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treatment
e — prmmmmmn e : Mill ©
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Figure 2. Process schematics of five pulp and paper mills.

3 EXPERIMENTAL METHODS

3.1 Sampling and determination methods of ambient air samples in five mills
3.1.1 TVOC determination

By sampling each air sample for 15 minutes, the TVOC concentration was
continuously measured in-situ by a portable gas detector, with a resolution of
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1 ppb, having the air pump set at the flowrate of 220 mL-min™' (FirstCheck+
5000, Ton Science Ltd, UK). According to the instruction manual of FirstCheck,
the detector measure the levels of TVOC by a PID (photo-ionisation detector)
whose calibration and quantification were performed with isobutylene, and the
data represented the levels of TVOC in the ambient air samples.

3.1.2 HCHO determination by UV/VIS spectrometer

The composition of HCHO in the air sample was collected with an air sampler
(TWA-300Z, Tianyue Instrument Co., China) at a height of 1.5 meters from the
ground, at a flowrate of 500 mL min' for 20 minutes, which meant that a total of
10 L of ambient air was collected each time. The collected air samples were
immediately infiltrated by porous glass tubes where the distilled water was used
as the absorption solutions for HCHO.

The Acetylacetone spectrophotometric method was adopted for the quantita-
tive determinations of HCHO in the air samples [19,20]. In the presence of acetic
acid-ammonium acetate and under boiling water condition of bath, the HCHO in
the solution reacted with acetylacetone and generated yellow compounds, which
were analysed by UV/VIS spectrometry (UV/VIS spectrophotometer S3001,
Korea) at the wavelength of 413 nm. Based on the absorbance of the solution and
the pre-determined calibration curve, the HCHO concentrations in the air samples
were calculated with Egs. (1) and (2):

o= (A-A -a)x B, y "

(1
4 "
T
V,=V,x——x L )
273+T P,

Where, V,— sampling volume under standard conditions, L;
V,— sampling volume, L;
T — temperature at the sampling location, °C;
T, — absolute temperature under standard conditions, 273K
P — atmospheric pressure at sampling time, kPa;
P, — atmospheric pressure under standard conditions, 101.3 kPa;
¢ — HCHO concentration in the ambient air, mgm;
A — absorbance of sample solution;
A, — absorbance of blank solution;
a — intercept of the calibration curve;
B, — impact factor, pgabsorbance value™;
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V| — volume of absorbing solution, mL;
V, — sampling volume of absorbing solution, mL.

3.1.3 H,S and C.H, determinations

The levels of H,S and C,H, in the air samples were measured continuously on the
sites by a Testo gas detector (350XL, Testo AG, Germany) for 15 minutes.

3.1.4 Standard-exceeding multiple of gaseous pollutants

The calculation method of the standard-exceeding multiple (SeM) of gaseous
pollutants over the limits was given in Eq. (3).

SeM — detected value-standard value 3)
standard value

The meanings of the signs of SeM value were as follows:

=—1, meant no gaseous pollutants were detected;
€(—1, 0), meant the detected values of gaseous pollutants were below the limits;

> 0, meant the detected values of the gaseous pollutants exceeded the standards.

3.2 GC-MS analysis of VOCs in the ambient air samples

The air samples were collected by sampling with a glass tube containing activated
carbon granules that were micro-porous materials (Tianyue Instrument Co.,
China). An air sampler (TWA-300Z, Tianyue Instrument Co., China) was used to
pump air samples at a height of 1.5 meters and a flowrate of 500 mL min™' for 20
minutes, which meant that a total of 10 L air was collected each time.

After sampling, the substances in the activated carbon tubes were extracted
with two solvents, carbon disulfide (I) and dichloromethane (II). The detailed
operations were as follows: (1) all the substances in the tubes were dissolved in 1
mL solvent by ultrasonication for 3 minutes; (2) the activated carbon granules
were separated from the organic solvents by natural sedimentation for 30 minutes;
(3) the supernatant solutions from Step two were obtained, which were named
Sample I and Sample I1.

The determination of the composition in Samples I and II was performed with
a gas chromatograph coupled to a mass spectrometer (Varian-4000, Varian, Inc.,
USA). The DB-5MS capillary column of 60 m x 0.25 mm ID with 0.25 um film
thickness (Agilent J&W Scientific, USA) was used as the analytical column.
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Table 1. GC-MS Parameters of Samples I and 11

Parameters Sample 1 Sample 11

Gas carrier Helium Helium

Gas flow 0.6 mL min™! 1 mL min™!

Injector Splitless, 250 °C Splitless, 250 °C

MS source temperature 200 °C 230 °C

Oven temperature 30 °C held 1 min; 10 °C 40 °C for 2 min; 10 °C min™' to

min' to 60 °C; 30 °C min' 80 °C, held for 2 min; 25 °C
to 150 °C, held 15 min. min! to 260 °C, held 5 min.

Electron impact spectra were obtained with electron energy of 70 eV, and
mass spectral data were acquired over a mass range of 33—-350 amu. The detailed
detection conditions of GC-MS for Samples I and II are presented in Table 1.

3.3 Photo-catalytic oxidation of gaseous pollutants

Combined with a microcontroller unit (MCU), our developed photo-catalytic
reactor was mainly used for the degradation of VOCs detected in paper mills,
which were represented by formaldehyde and benzene as the target pollutants.

3.3.1 Photo-catalytic reactor

An illustration of the photo-catalytic reactor can be found in Figure 3.
The reactor has three main components:

1) A filtering component for the removal of solid particles.

2) A photo-catalytic component to degrade the gaseous pollutants. It includes a
maximum of three sets of honeycombs aluminium meshes coated with the
titanium dioxide nanoparticles, which is subjected to the illumination of UV
lamps.

3) A fan component to control the gas flowrate, which was used to adjust the
residence time of the gas in the reactor.

In order to detect the concentrations of gaseous pollutants, a formaldehyde sensor
(EC803-CH,0, Bmoon), a portable benzene sensor (FirstCheck+ 5000, Ion
Science Ltd, UK), and a digital temperature/humidity sensor (DHT 11, Aosong)
were mounted in the filter component. Finally, the gas flowrate could be controlled
within 0-324 m? h™' by the MCU. The photo-catalytic reactor has two operational
modes; automatic and manual. Apart from allowing control of the MCU, a LCD
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K.
8

Main box

Installation directio / I/ I/ /
A v J
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Figure 3. Schematic diagram of photo-catalytic reactor.

screen on the front panel of the reactor gives real-time indications of the concen-
trations of formaldehyde, benzene, temperature, humidity and fan speed during
the photo-catalytic degradation of gaseous pollutants.

3.3.2 Degradation experiments

The degradation experiments of photo-catalytic reactor were conducted in the
following sequence: blank experiments (Table 2), optimal experiments and degra-
dation experiments. Among them, the formaldehyde was utilized as the target
pollutants in the blank experiments and optimal experiments.

All the experiments were carried out in a closed cubic chamber (130 cm
x 80 cm x 80 cm), which was used as the simulated gaseous environment of
the paper mill. The data of gaseous pollutants, humidity and temperature in the
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Table 2. Experimental conditions of blank experiments (Y means yes, x means no)

Experimental conditions

Ex.No. UV lamps Honeycomb ~HCHO Objective
aluminium nets
1 \ X v Testing the effects of UV lamps on the
degradation of formaldehyde.
2 \ X x Testing if the illumination of UV lamps
cause pollution.
3 \ \/ X Testing the zero pollution from the
photo-catalytic reactor.
4 X \ X Testing if the honeycomb aluminium nets
themselves cause pollution.

5 x X x Testing if the cubic chamber itself causes

pollution.

chamber were quantitatively monitored by the above sensors mounted in the
photo-catalytic reactor and were recorded every five minutes during all the
experiments.

In the optimal experiments, three process elements were considered in the
study: gas flowrates (32.4, 97.2, 162, 259.2 and 324 m*h '), number of photo-
catalytic components (1 set, 2 sets and 3 sets) and the size of the mesh (2 mm and
3 mm) of the honeycomb aluminium net.

The following reagents were utilized in the photo-catalytic experiments:
formaldehyde solution (36%—38%) and pure liquid benzene (analytical reagent,
99.5%). The gaseous pollutants used in the photo-degradation study were obtained
with the vapor from the above liquid solutions obtained through evaporated.

4 RESULTS & DISCUSSIONS

4.1 Analysis results of ambient air samples in five mills
4.1.1 Four compositions on all sampling sites
4.1.1.1 TVOC

The TVOC concentrations on all the sampling sites in five mills are presented in
Figure 4, where the Chinese limit of 0.60 mg m~ [21], is indicated by the dashed
line and for the purpose of comparison, the averaged TVOC value of each mill is
also listed on the tops of the columns.
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Overall, the TVOC concentrations on 6 sites could not be detected, and the
levels of the other 24 sites were above the limit. According to the TVOC average
value of each mill, the ranking from high concentration to low was as follows:
Mills B>E > A >D > C, wherein the TVOC average value of Mill B was extraor-
dinary high, almost about 9 times higher than the second highest level.

Specifically, of the individual 30 sampling sites, two highest TVOC concentra-
tions were all detected in Mill B, which were 1571.5 mg m™ on the digester outlet
and 304 mg m~ on the alkali recovery section outlet, and their SeMs were 2618
times and 507 times, respectively. Following these were the wet-ends of paper
machines in Mills A and E, and the bleachery outlet of Mill B, where the TVOC
values were all around 200 mg m3, with SeMs close to 330. Moreover, the six
zero-level sites covered three mills: wastewater treatment plant, one office area,
one warehouse, and one black liquor evaporator outlet. Wherein notably, due to
the height of the sampling point, the TVOC concentration of black liquor evapo-
rator outlet in Mill B could not be detected, but it was necessary to indicate if there
was any existence of TVOC.

The above data analysis indicated that the TVOC levels in Mill B and the
wet-end of the paper machine of several mills were higher than others, the
suggested reasons were as follows: In the pulping section, the pulping chemicals
(anthraquinone, nonionic surfactants) and bleaching chemicals (H,0O,, ethylene
diamine tetraacetic acid), are the necessary additives for the pulping process; in
the papermaking section, the process chemicals (retention and drainage aids),
functional chemicals (polyvinyl alcohol, polyacrylic ester), pigments for fillers
(synthetic dye, optical brightening agents), are often added to improve the proper-
ties of the products. All these chemical additives would have the capacity to be
emission sources of VOCs in the pulping and papermaking process [22].

4.1.1.2 HCHO

The analysis results of HCHO on all the sampling sites are given in Figure 5,
where the dashed line is the Chinese limit for indoor air quality of HCHO [23],
and the average HCHO value of each mill is also given on the top of the columns
for the purpose of comparison. As presented in Figure 5, except for the sludge
stacking place in Mill D, the composition of HCHO were detected in 29 sites,
wherein the HCHO levels on 22 sites exceeded the limit. Considering the average
HCHO data of five mills, the SeM ranking from high to low were: Mills B
(1.75)> C (1.30) > A (0.28) > E (0.03) > D (0).

Furthermore, as revealed in Figure 5, the alkali recovery section outlet and
wastewater treatment plant in Mill B had the highest and second highest HCHO
concentrations among all the sampling sites, which exceeded the limit by 4.54 and
2.91 times, respectively. The third highest site was detected on the wet-end of
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paper machine of Mill C. In addition, the seven detection sites where the HCHO
values were lower than the standard, covered three wastewater treatment plants,
two warchouses, one coating section and one wet-end of paper machine.

4.1.1.3 H,S

The concentrations of H,S in the ambient air of 30 sampling sites are presented in
Figure 6. According to the Chinese limits of malodorous gases, the emission
standard of H,S is 0.06 mg m~, which is shown as the dashed line in Figure 6 [24],
and the average H,S value is also listed on the top of the columns of each mill for
the purpose of comparison.

Noticeably in Figure 6, despite of the great differences, all the detected H,S
data on the 30 sampling sites were in excess of the limit significantly. Wherein,
the three highest concentrations of H,S were all found in Mill B, which exceeded
the limit by 1640, 1455, and 962 times, respectively. Consequently, the average
value of H,S in Mill B was the highest one among five mills, which was even
higher than any sites in other four mills. From high to low, the average H,S value
of each mill was as follows: Mills B> A >D>E > C.

4.1.1.4 CH,

The corresponding threshold limit values of hydrocarbons (C,—Cy) were specified
as 385-1000 ppm by NIOSH (National Institute for Occupational Safety and
Health) [25, 26], which are plotted as two dashed lines in Figure 7, and the average
C,H, value of each mill is also listed on the top of each column for the purpose of
comparison. As displayed in Figure 7, the ranking of the average C,H, value was
as follows: Mills B> A > C > D > E. The highest average concentration found in
the five mills was 1952 ppm in Mill B. Although the office area in Mill A (6930
ppm) had the highest concentration among all the 30 sampling sites, the lowest
was also located in the same mill at the vacuum pump outlet (10 ppm). Totally,
the average C,H, concentration in Mill A was 1470 ppm, which ranked second
behind Mill B of the five mills.

Setting 1000 ppm as the discharge limit of C,H,, the highest level of 6930 ppm
in the office area of Mill A exceeded the limit 5.93 times. In addition to the above
site, the C,H, concentrations on the other five sites also exceeded the limit,
whereof four in Mill B.

Summing up the above detected results, the highest SeMs of four pollutants
were all revealed in Mill B, which can be seen in Table 3. The above facts showed
that the situation of gaseous pollution in the integrated mill was much more
serious than those in non-integrated mills.
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Table 3. Average SeMs of four compositions in five mills

Mills without pulping process

. Mills with pulping — - -
Composition process Mill without Mills with
post-processing post-processing

Mill A Mill B Mill C Mill D Mill E

TVOC 60.83 589.50 6.35 6.59 73.46
HCHO 0.28 1.75 1.30 0.00 0.03
H,S 30.22 723.53 14.03 21.78 20.57
CH 0.47 0.95 -0.50 -0.77 —0.89

Xy

4.1.2 Production process distinctions

After evaluating the overall gaseous pollution from all the 30 sampling sites in
five mills, the pollution situations in each mill were studied in detail. According
to the production process distinctions, as listed in Figure 1, the five mills were
classified into two groups: mills with/without pulping process, and the detailed
results are presented in the following.

4.1.2.1 Mills with pulping process (Mills A and B)

The overall analysis results of TVOC, HCHO, H,S and C,H, substances in the
air samples of Mills A and B are shown in Figures 8 and 9 individually. The
SeMs of TVOC, HCHO, H,S, and C,H, (calculated by the high limit 1000 ppm)
are indicated on the top of each column, and are also listed in Tables 4 and 5,
respectively.

As revealed in Tables 4 and 5, TVOC and H,S were the major gaseous pollut-
ants in Mills A and B, and the SeMs of Mill B were much higher than those of
Mill A. In particular, as presented in Figure 8, the four gaseous pollutants in the
ambient air samples on the digester outlet and the alkali recovery section outlet in
Mill B exceeded the limits significantly, especially the TVOC level from the
former location. The H,S levels from both of these two sites exceeded the limits
by 2618, 1640, and 1455 times, respectively.

These detected results suggested that, although both of Mills A and B includes
the pulping process, when compared with the secondary fibre pulping in Mill A, the
gaseous pollutions in Mill B (virgin fibre) were much more serious. When comparing
Mill A with Mill B, the pulping process of Mill B was more complicated. In the
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pulping process of Mill B, the wood chips are cooked with the steam and the alka-
line cooking liquor, which contains NaOH, NaS,, Na,CO,, Na,SO,, Na,SO,, and
Na,S,0;. The kraft process is a process where the lignin in the wood degrading into
the spent liquor [27,28]. Furthermore, in order to recycle the inorganic compounds
of Na,CO, and Na,S, the subsequent processes of evaporation and alkali recovery
after pulping are performed to concentrate and burn the spent liquid from the
bleaching process. These processes are actually a methane synthesis unit where the
small organic molecules, such as carboxylic acid, alcohols and aldehydes, are
converted to CH,, C,H,, CO,, H,, and CO [29]. Hence, that was the reason why the
compositions of HCHO and CH, in the ambient air sample from alkali recovery
section outlet were the highest ones among the six sampling sites in Mill B (Figure
10), and their SeMs were 4.54 times and 2.59 times, respectively.
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Figure 8. Four composition levels in the air samples of Mill A (the columns in dark grey
colour are the standards for the corresponding pollutants).

Table 4. SeMs of four pollutants in Mill A

Sampling site TVocC HCHO H,S CH,
Wastepaper sorting room 0.97 0.32 11.67 -0.79
Deinking section 4.92 0.50 49.67 -0.27
Wet-end of paper machine 345.25 0.29 14.17 -0.92
Vacuum pump outlet 6.97 0.70 21.83 -0.99
Wastewater treatment plant 6.83 —0.16 57.17 -0.14
Office area 0.05 0.03 26.83 5.93
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Figure 9. Four composition levels in the air samples of Mill B (the columns in dark grey
colour are the standards for the corresponding pollutants).

Table 5. SeMs of four compositions in Mill B

Sampling site TvocC HCHO H,S CH,
Pulping section office -1 0.66 17.50 0.63
Digester outlet 2618 0.49 1640 0.98
Bleachery outlet 413 0.57 35.50 —-0.06
Black liquor evaporator outlet -1 1.33 962 -0.24
Alkali recovery section outlet 506 4.54 1455 2.59
Wastewater treatment plant -1 291 231 1.81

4.1.2.2 Mills without pulping process (Mills C, D and E)

Although all the raw materials for Mills C, D and E were commercial pulp board,
which meant that they had no pulping process, these three mills were also different
and classified into two groups: with/without converting. Their four gaseous
pollutants were discussed as the following order: Mills D, E and C.

As presented in Figure 10 and Table 6, although the TVOC on the six sites in
Mill D exceeded the limits, the highest level of TVOC was detected on the site of
the coater and exceeded the limit by 11.79 times. As displayed in Figure 11 and
Table 7 of Mill E, except for the sampling sites at the product warehouse and the
wastewater treatment plant, the presence of TVOC in Mill E, all above the limit,
were revealed. Moreover, another pollutant in Mills D and E was H,S, as displayed
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in Table 3, although the differences between the average SeMs in two mills were
minor, the H,S content on the wastewater treatment plant in Mill D (Figure 10,
Table 6) exceeded the limit 34.5 times, which was higher than that (19.5 times) in
Mill E (Figure 11, Table 7).

The product of Mill E was plastic coated digital paper having a strong water-
resistance. In producing the baese-layer for the plastic coated paper, many kinds
of additives were used in the papermaking process, such as acrylic acid, acryla-
mide, polyethylene, and sodium stearate. These chemical additives resulted in the
highest contents of TVOC and H,S on the wet-end of paper machine in Mill E,
exceeding the limits 368 and 26.5 times, respectively (Figure 11).
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Figure 10. Four composition levels in the air samples of Mill D (the columns in dark grey
colour are the standards for the corresponding pollutants).

Table 6. SeMs of four compositions in Mill D

Sampling site TVoC HCHO H,S CH,
Wet-end of paper machine 2.15 0.44 21.83 -0.87
Coating preparation workshop 11.79 0.17 29.33 -0.98
Coating section 8.32 —-0.16 11.67 —0.98
Raw material warehouse 5.29 -0.10 14.17 -0.59
Product warehouse 8.21 0.67 19.17 -0.92
Wastewater treatment plant 3.79 -1 34.50 —0.28
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Figure 11. Four composition levels in the air samples of Mill E (the columns in dark grey
colour are the standards for the corresponding pollutants).

Table 7. SeMs of four compositions in Mill E

Sampling site voC HCHO H,S CH,
Wet-end of paper machine 368.30 —-0.11 26.50 -0.92
Coating material warehouse 25.31 —0.04 22.50 —0.88
Coating plant 29.79 0.13 21.50 -0.89
Plastic coating workshop 17.38 0.39 17.67 -0.91
Product warehouse -1 0.004 15.70 —0.81
Wastewater treatment plant -1 -0.21 19.50 —0.95

Except for the sludge stacking place, the presence of HCHO was detected at all
other sampling points in Mill D. As displayed in Figure 10, due to the large amount of
coated paperboard stored in the product warehouse, the HCHO content in the ambient
air in the product warehouse in Mill D was the highest one. Unlike Mill D, as disclosed
in Figure 11, the highest level of HCHO in Mill E was not detected on the product
warehouse, but in the coating workshop where the chemical additives, like polyeth-
ylene, gelatine and emulsion, were applied. This result demonstrates that the chemical
agents used in the coating process were the emission sources of HCHO in Mill E.

With respect to the details of gaseous pollution in Mill C, as plotted in Figure
12 and Table 8, the contents of TVOC in the air samples from the chemical
dosage section of the pulp shredder and the raw material warehouse exceeded the
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Figure 12. Four composition levels in the air samples of Mill C (the columns in dark grey
colour are the standards for the corresponding pollutants).

Table 8. SeMs of four compositions in Mill C

Sampling site TVvoC HCHO H,S CH,
Chemical join section of pulp shredder 17.92 2.51 13.50 —0.69
Wet-end of paper machine 1.33 2.75 6.50 —0.64
Facial tissue workshop 1.83 0.73 30.17 —0.68
Product warehouse 0.63 1.79 10.67 -0.96
Raw material warehouse 16.40 0.10 18.83 —-0.50
Wastewater treatment plant -1 —-0.09 4.50 0.44

limit by 17.92 and 16.4 times respectively; HCHO was found mainly at the
wet-end of paper machine and the chemical dosage section of the pulp shredder;
although the average SeM of H,S in Mill C was the lowest one in five mills
(Table 3), the H,S level in the ambient air of the facial tissue workspace was still
high due to the application of the sulphur-containing flavour. Specifically, the
mercaptan fragrance compounds are important sulphur spices that contribute to
the flavours with tropical fruit and plant, which was the main types of aroma in the
products of Mill C [30, 31]. C,H, was only detected in the wastewater treatment
plant, which exceeded the limit by 1.44. These data obtained in Mill C can be
explained as follows: using market pulp board as the raw material, it’s chemical
additives, such as fillers, softeners and dispersion agents, becomes the main
sources of TVOC and HCHO in Mill C.
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The above detected levels in mills without a pulping process suggests that: the
different requirements of the final products for each mill results in the applications
of multiple flavours (Mill C), coating laminate materials (Mills D and E) and addi-
tives (Mills C, D and E) in their production processes, and finally influenced the
gaseous pollutants distributions in these mills.

4.1.3 Results comparisons on the common sites

In order to understand more about the influence of production technologies on the
gaseous pollution, the comparisons of the gaseous pollutions on two similar sites
at these five mills were made: (1) the wet-end of the paper machines, and (I1) the
wastewater treatment plant.

Except for Mill B (a pulp mill), Mills A, C, D and E have papermaking opera-
tions in which the wet-end of paper machines are present. In general, about 90%
of the paper chemicals used to improve the paper properties are added in the
wet-end. Moreover, due to the consumption of large quantities of water, the
wastewater treatment plant is always an integral part for the paper industry.
Hence, the gaseous pollutions in the wastewater treatment plant in each mill were
particularly concerned in the study.

The detected values of four kinds of gaseous pollutants on these two common
sites are presented in Figures 13, 14 and Table 9.
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Figure 13. Four composition levels in the air samples of the wet-end of paper machines in
Mills A, C, D and E.
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Figure 14. Four composition levels in the air samples of the wastewater treatment plants
in Mills A, B, C, D and E.

Table 9. SeMs of four compositions in the air samples of two common sites in five mills

. (I) Wet-end of paper machine (IT) Wastewater treatment plant
Composition
C D E A B C D E
TVOC 34525 133 2.15 36830 6.38 -1 -1 3.79 -1
HCHO 029 275 044 -0.11 -0.16 291 -0.09 -1 -0.21
H,S 14.17  6.50 21.83 2650 57.15 231 450 3450 19.50
CH, -0.92 -0.64 087 -092 -0.14 181 044 -028 -095

From the data in Table 9, the rating of the average SeMs of four compositions
on two common sites were obtained as follows:

* Wet-end of paper machine:

e TVOC (179.26) > H,S (17.25) > HCHO (0.84) > C,H, (-0.84).
» Wastewater treatment plant:

> H,S (69.33) > TVOC (1.43) > HCHO (0.29) > C,H, (0.18).

A comparison of these results shows that, although both of the most two serious
gaseous pollutants on the two common sites were TVOC and H,S, their levels
(above the limits) were very different. In absolute terms, TVOC and H,S were the
most two serious gaseous pollutants in the wet-end of paper machine and the
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wastewater treatment plant, respectively. These two main pollutants could be
attributed to the following: (1) The application of huge quantities of paper chemi-
cals (dyes, coating binders, reinforced strength and sizing agents, etc.) in the
wet-end of paper machine. (2) In the wastewater treatment plant, with the effects
of sulphate-reducing bacteria, the sulphate in the wastewater was reduced to H,S
through microbial action under anaerobic conditions.

Summing up the results on gaseous pollutants in five pulp and paper mills in
Section 4.1, the following points could be summarized: the levels of TVOC,
HCHO, H,S, and C,H, in the pulp mills were much higher than those in paper
mills; different raw materials and applied paper chemicals could largely influence
the gaseous pollutions in paper mills.

4.2 GC-MS analysis results of VOCs in the ambient air samples

The results in Section 4.1 show that TVOC is one of the main gaseous pollutants
in paper mills. In order to study the detailed composition of TVOC, sampling of
the ambient air was further pursued on four sites in Mill A (pulping with secondary
fibre and papermaking). As described in Section 3.2, desorbing with carbon
disulfide and dichloromethane individually, the compositions of VOCs in the air
samples were determined.

4.2.1 Site A-waste paper sorting area

In this area, with the extraction of carbon disulfide, the analysed results of Sample
I in Table 10 revealed that all the detected substances were alkane compounds
with high boiling point. It was surmised that during the collection and transporta-
tion process of waste paper, some compounds with high boiling points might
attach to the dust and particulate matter on the surface of the waste paper, thus
they were adsorbed on the activated carbon during the sampling process.

With the extraction of the weak polar solvent (dichloromethane), the informa-
tion in Table 10 showed that the following substances were detected in the waste
paper sorting room and their relative quantities were: phenols (57%), esters
(38%), alkanes (3%) and ketones (2%) [32].

The above analysed results of the desorption with two solvents revealed that:
there were mainly alkane compounds, phenols, and esters with high boiling points
in the waste paper sorting room of this secondary fiber paper mill.

4.2.2 Site B-wet-end of paper machine

The mass spectra of the air samples from the papermaking workshop with
two extraction solvents are shown in Table 11. It shows that by extraction using
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carbon disulfide as solvent, Sample I contains benzene, methylbenzene, p-xylene,
ethylbenzene, 2-ethyltoluene, decane and dodecane, etc., while Sample II and
extraction with dichloromethane solvent contains ketones (5%), ethers (12%),
alkane compounds (64%), esters (6%), and phenols (13%).

The results above demonstrate that some hazardous substances, including the
benzene homologues, alkane compounds, phenols, ethers, etc., were present in the
papermaking workshop, where many chemical additives often are added.

4.2.3 Site C-vacuum pump outlet

Ambient gas in the papermaking workshop is often collected by an exhaust hood
and discharged into the atmosphere using vacuum pumps. The mass spectra
obtained by GC-MS analysis are listed in Table 12.

It can be clearly seen that in Sample I, more benzene homologues (1,3-dimethyl
benzene, 2,5-dimethyl-2-amino propyl benzene, 1-allyl mercaptan, heptane)
could be detected in the vacuum pump outlet. Being different from the results of
Sample I, in Table 12, Sample II and the extraction with dichloromethane as
solvent in this location showed different compositions, including phenols, esters,
ketones and olefins. This result could be attributed to the high temperature in the
vacuum pump outlet, VOCs in the hot ambient air are more likely to volatilize
and be adsorbed by the activated carbon.

In short, although there were more substances detected in the vacuum pump
outlet than on other sites, the main compositions were made up of benzene homo-
logues and phenols in large quantities.

4.2.4 Site D-office area (near the wastewater treatment plant)

All the interpretations of the mass spectra of two samples in the office area are listed
in Table 13. It could be observed that: the GC-MS results of Sample I contained
only two substances, benzene and methylbenzene; while several compounds were
detected in Sample 11, and phenols (93%) were the main substance.

Compared to the detected results on the other three sites in Mill A, it should be
noted that the composition of VOCs in the office area was relatively different,
only two main substances were detected: benzene homologues and phenols.
Although the office area was one kilometre away from the production area, the
hazardous substances in the ambient air of the production area could also diffuse
to the office area.

Before ending Section 4.2, the following points can be concluded: Two main
toxic substances in VOCs, benzene homologues and phenols, were detected in the
ambient air of the Mill A. And therein the benzene homologues existed in the
three detected sites in the main process of papermaking, and even in the office
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area, which was far away from the production line. Additionally, phenols were
detected on all the sampling locations.

4.3 Photo-catalytic oxidation of gaseous pollutants in paper mills

The detected results in Section 4.1 and the analysis results with GC-MS in Section
4.2 showed that TVOC and benzene homologues were the main gaseous pollut-
ants in pulp and paper mills. Aiming at these results, a photo-catalytic reactor was
developed to degrade these detected main gaseous pollutants, which were applied
with formaldehyde and benzene as the target pollutants.

Playing an important role in the photo-catalytic reactor, as illustrated in Figure 3, the
photo-catalytic component was composed of three sets of aluminium meshes with
coated with titanium dioxide nanoparticles. Prior to the photo-catalytic degrading
experiments, a honeycomb aluminium mesh was studied. Its morphology was charac-
terized (scanning electron microscopy (SEM)) in the direction perpendicular to the gas
flow (Figure 14(a)), and the surface element distribution study (energy dispersive spec-
trometer (EDS)) in the direction parallel, (Figure 15(b)) to the gas flow, demonstrated
that the surface of the net was covered with the spherical titanium dioxide nanoparticles
with an average size of 15 nm (Figure 15(a)), and the surface of the mesh contained the
elements of oxygen, aluminium and titanium (Figure 15(b)). These characterization
results show that the titanium dioxide nanoparticles give a huge specific surface area,
which was is beneficial to the degradation of gaseous pollutants.

Mag e 10000 KX BHT = S20W e 13 da 2018
WOs ASmm  SgralAsialess T 113407

(a) (b)

Figure 15. SEM and EDS images on the surface of honeycomb aluminium mesh of the

photo-catalytic reactor. (a) SEM image in the direction perpendicular to the gas flow;

(b) EDS elemental mapping in the direction parallel to the gas flow: oxygen (red), aluminium
(green), titanium (purple).
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4.3.1 Blank experiments and optimal experiments
4.3.1.1 Blank experiments

Before the photo-catalytic degradation study, some blank experiments of the
experimental system and the optimal experiments of the photo-catalytic reactor
were conducted as the descriptions in Section 3.3.2.

Firstly, according to the operations in Table 2, five blank experiments were
conducted and the results were plotted in Figure 16. Giving the following:

(1) In the No.1 blank experiment, without the honeycomb aluminium mashes in
the chamber, the formaldehyde was slightly degraded under the illumination
of UV lamps, and the degradation rate was 20% in 120 minutes.

(2) Inthe No.2 blank experiment, without the honeycomb aluminium meshes and
formaldehyde in the chamber, the indication of the formaldehyde sensor
increased over the time, which implied that the formaldehyde sensor was
sensitive to the ozone produced by the UV lamps.

(3) However, in the No.3 blank experiment, when the honeycomb aluminium
meshes added, the formaldehyde sensor did not detect anything, which indicates
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Figure 16. Five blank experiments of the experimental system. No.l: UV(\/) Net(x)
HCHO®); No.2: UV(Y) Net(x) HCHO(x); No.3: UV(\) Net(\) HCHO(x); No.4: UV(x)
Net(\) HCHO(x); No.5: UV(x) Net(x) HCHO().
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that the ozone produced by the UV lamps was degraded by the titanium dioxide
coated nanoparticles on the honeycomb aluminium meshes [33].

(4) Results of the No.4 and No.5 blank experiments indicate no presence of
formaldehyde in the experiments, which implies that the honeycomb
aluminium meshes and the chamber themselves do not induce any pollutions
into the photo-catalytic oxidation system.

4.3.1.2 Optimal experiments

After having confirmed that the experimental chamber honeycomb aluminium
meshes do not provide any substances, a series of process optimization experi-
ments were conducted to investigate the optimal conditions of the photo-catalytic
reactor. Three elements influencing the photo-catalytic degradation were consid-
ered in the study: (A) Gas flowrate; (B) Number of the photo-catalytic compo-
nents; (C) Geometry of the honeycomb aluminium mesh.

(A) Gas flowrate

Varying the fan speed in the range [32.4, 324] m* h™!, the influence of gas flowrate
on the photo-catalytic degradation of formaldehyde was shown in Figure 17.
Two groups of data could be observed, higher flowrates (324 and 259.2 m* h'™")
and lower flowrates (162, 97.2 and 32.4 m® h™"). At higher flowrates, the photo-
catalytic degradation process was slower and took longer time to be completely
degraded due to the shorter residence time of formaldehyde in the photo-catalytic
reactor.

14
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Figure 17. Influence of gas flowrate on the photo-catalytic degradation process.
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Figure 18. Influence of the number of photo-catalytic components on the photo-catalytic
degradation process.

(B) Number of the photo-catalytic components

Varying the equipped number of photo-catalytic components in the reactor from
one to three (Figure 18), the time for the same amount of formaldehyde
to be degraded completely decreased from 345, 235 to 50 minutes, respectively.
From Figure 18 it is obvious that the photo-catalytic components play an impor-
tant role in the oxidation behaviour of the reactor. Being illuminated under
UV lamps, the formaldehyde passes through the components, adsorb on the
nanoparticles coated on the honeycomb aluminium meshes and is degraded.
More photo-catalytic components give more surface area and thus increases the
photo-catalytic degradation rate.

(C) Size of the honeycomb aluminium mesh
Since the mesh size of the honeycomb aluminium mesh would influence the
resistance for gas to pass, two mesh sizes (2 mm and 3 mm) were compared in the
study, see Figure 19. The photo-catalytic degradation performance with 2 mm
mesh was slightly better to that with 3 mm mesh, it took 45 and 50 minutes for the
same amount of formaldehyde being completely degraded with 2 mm mesh and
3 mm mesh, individually. The smaller the mesh size, the higher the gas resistance,
and the longer residence time on the photo-catalytic components.

According to the above experiments, the optimal operational parameters of the
reactor were identified as follows: a gas flowrate of 97.2 m® h™' (Figure 17), three
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Figure 19. Effect of the honeycomb aluminium mesh size on the photo-catalytic
degradation process.

photo-catalytic components (Figure 18) and 2 mm size of the honeycomb
aluminium mesh (Figure 19).

4.3.2 Photo-catalytic oxidation of gaseous pollutants detected in paper mills

After the blank experiments and the optimizations experiments, photo-catalytic
oxidation of the gaseous pollutants detected in the paper mills were tested with the
optimal conditions. Given to the results in Sections 4.1 and 4.2, three kinds of
substances were applied to assess the degrading performance of the developed
photo-catalytic reactor: (A) Formaldehyde; (B) Benzene; (C) Mixture of formal-
dehyde and benzene.

4.3.2.1 Formaldehyde as the target pollutant

The experimental results of degrading formaldehyde with different initial concen-
trations are given in Figure 20. These show that the developed photo-catalytic
reactor could completely degrade the formaldehyde independent of the initial
concentration. As indicated in Figure 19, the times needed for complete degrada-
tion were 41 minutes, 35 minutes and 30 minutes for 2.5 ppm, 1.5 ppm and 0.5
ppm initial concentrations of formaldehyde, respectively.

Although the degradation profile varies at initial concentrations of formaldehyde
(Figure 20(a)), after normalization with respect to these initial concentrations,
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Figure 20. Influence of initial formaldehyde concentration on the degradation under
optimal conditions. (a) Degradation of formaldehyde, (b) Degradation of formaldehyde
with the normalized concentration.

Figure 20(b), the curves coalesce to the same curve. Thus, the degradation process
is given as:

C(1) = C e (4)

where, # is the degradation time, C(?) is the formaldehyde concentration at time
t, C, is the initial concentration of formaldehyde.

4.3.2.2 Benzene as the target pollutant

Under the optimal conditions, the experimental results for the degradation of
benzene with different initial concentrations are shown in Figure 21. Compared to
Figure 20, and as revealed in Figure 21, although the photo-catalytic reactor could
completely degrade benzene in 310 minutes, 180 minutes, and 70 minutes for
2.5 ppm, 1.5 ppm and 0.5 ppm initial concentrations of benzene, respectively, the
degradation processes were considerably longer than those for formaldehyde
degradation at the same initial concentration. And the degradation behaviour in
Figure 21(a) is very different from that of formaldehyde. When the initial concen-
tration of benzene increases, the time for being totally degraded in principle
increases linearly. Furthermore, normalization of benzene concentration with
initial conditions (Figure 21(b)), gives a different result compared to formalde-
hyde. The degradation rate depends significantly on the initial benzene concentra-
tion. This observation is in agreement with what was observed by Ma et al. [34].
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In Figure 22, the degradation profiles of formaldehyde and benzene at the same
initial concentration of 1.25 ppm is plotted. From the graph, it is evident that it
takes almost four times longer to degrade benzene than formaldehyde, the reason
for this could be:
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Figure 21. Influence of initial benzene concentration on the degradation under the optimal
conditions. (a) Degradation evolution of benzene, (b) Degradation evolution of benzene
with the normalized benzene concentration.
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Figure 22. Comparison of the degradation profiles of formaldehyde and benzene with the
same initial concentration.
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(1) Formaldehyde has only one carbon atom, and formic acid has been identified as
the main intermediate during its photo-catalytic degradation. The pathway for the
photo-catalytic degradation of formaldehyde is short and it could be completely
converted into CO, and H,O at the end of the degradation process [35].

(2) In comparison, the pathway for the photo-catalytic degradation of benzene is
long and complex [36], it includes several internal processes: direct hole
oxidation, hydroxyl radical reaction and polymerization.

(3) Moreover, benzene homologues are not easily adsorbed by the catalyst at
room temperature. Although intermediates can be strongly adsorbed on the
surface of catalyst, they are less reactive. Therefore, the competitive adsorp-
tions of the intermediate products and the catalyst deactivation might be the
main factors causing the slow degradation process of benzene [36, 37].

4.3.2.3 Mixture of formaldehyde and benzene as the target pollutant

Since there is a mixture of gaseous pollutants in paper mills, a mixture of formal-
dehyde and benzene was applied to further assess the degradation performance of
the reactor. Having set the initial concentrations of formaldehyde and benzene at
about 0.625 ppm each, giving a total initial concentration of 1.25 ppm. The effect
on photo-catalytic degradation can be found in Figure 23.

Firstly, as for the degradation behaviour of formaldehyde in Figure 23, as for the
case of pure formaldehyde, the concentration of formaldehyde decreased rapidly in
the initial phase; but the degradation rate gradually slows down, and even becomes
slower than that of benzene at the end of the process. Also, the formaldehyde could
not be completely degraded. Secondly, with respect to the degradation behaviour
of benzene, the concentration of benzene decreased relatively slowly in the initial
stage, then fast decreased to be completely degraded at a relatively constant rate.

For the purpose of comparison, the degrading processes of formaldehyde and
benzene in their pure forms (Figures 20(a) and 21(a)) and the mixed form (Figure
23) were replotted in Figure 24.

It can be seen in Figure 24(a) that, with the same initial concentrations of formal-
dehyde, the reaction process in the mixture was different from that in its pure form,
and it took more than 3 times as long to be degraded, and it is clearly seen that is
not completely degraded. In comparison in Figure 24(b), not only the time behav-
iour of the degradation of benzene is almost the same for the mixture and pure
form, but also the degradation processes in the mixed form was faster than that in
its pure form. The phenomena in Figure 23 could be discussed as follows:

(1) In the initial reaction phase, since benzene was not easily adsorbed on the
catalyst, the formaldehyde in the mixture was mainly adsorbed on the catalyst
and degraded.
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Figure 23. Degradation evolution of the mixture of formaldehyde and benzene under the
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Figure 24. Comparisons of the degradation profiles of (a) formaldehyde and (b) benzene
in their pure and mixed forms

(2) With the photo-catalytic degradation of formaldehyde, the adsorption and
degradation of benzene in the mixture became dominant gradually.

(3) The competitive adsorptions of intermediate products generated from the
photo-catalytic degradation of benzene slowed down the degradation of
formaldehyde in the mixture.
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(4) Due to the influences of aldehyde substances generated in the degradation
process of benzene [36, 38], our used formaldehyde sensor maybe also sensi-
tive to the aldehyde group, thus its indications might not represent the real
concentrations of formaldehyde.

Summarizing Section 4.3, a photo-catalytic reactor was developed and its
performance with respect to degradation of formaldehyde and benzene were
studied. After having conducted the blank experiments and the optimization
experiments, the performance tests of the reactor showed that:

(1) Formaldehyde could be completely degraded.

(2) Benzene could also be completely degraded but more slowly.

(3) The behaviour of a mixture of formaldehyde and benzene was more complex,
where benzene could still be totally degraded, but a non-zero concentration of
formaldehyde was observed finally.

CONCLUSIONS

The studies on the gaseous pollutions in pulp and paper mills have been scarce for a

long time. Aiming at this situation, this paper investigated the gaseous pollutions in

five pulp and paper mills quantitatively, each mill having different production proc-

esses, raw materials and final products; following this, the detailed compositions of

VOCs in one mill were determined using GC-MS. Finally, the performance of a

developed photo-catalytic reactor was evaluated using formaldehyde and benzene.
The results were concluded as follows:

» Part 1: Analysis results of ambient air samples in five pulp and paper mills.
© Thelevels of TVOC, HCHO, H,S, and C,H, in pulp mills were much higher
than those in paper mills.
o Different raw materials and applied paper chemicals could largely influence
the gaseous pollutions in paper mills.
o The most serious gaseous pollutants on the wet-end of paper machine and the
wastewater treatment plant were both TVOC and H,S.
e Part 2: GC-MS determination results of VOCs in the ambient air samples of
one mill.
o The benzene homologues were the main components of VOCs.
o The phenols were detected on all the sampling sites.
» Part 3: Photo-catalytic oxidation of gaseous pollutants.
o According to the analysis results of gaseous pollutants in pulp and paper
mills, three kinds of pollutants were selected to assess the degrading
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performance of the developed photo-catalytic reactor: (1) Formaldehyde;
(2) Benzene; (3) Mixture of formaldehyde and benzene.

o The photo-catalytic reactor basically had excellent degradation perform-

ances under the optimal conditions.
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QUANTITATIVE STUDIES OF
AMBIENT GASES IN PULP AND PAPER
MILLS AND THEIR DEGRADATION
WITH PHOTO-CATALYTIC OXIDATION
TECHNOLOGY

Xin Tong, Wenhao Shen and Xiaoquan Chen

State Key Laboratory of Pulp and Paper Engineering, South China University
of Technology, Guangzhou, 510640, P.R. China

Wolfgang Bauer Graz University of Technology

Where do you plan to use the developed reactor? And what is the maximum
throughput that you can send through this reactor. Looking at the degradation
curves the reactions appear quite slow taking up to 40 minutes. The volume of
gases that you have in paper or pulp mill is quite high, so the capacity of your
reactor after upscaling would be of interest?

Xin Tong South China University of Technology

The concentrations we used for the formaldehyde in the degradation is much
higher than the concentrations in the real paper mills, so I think in the real situa-
tions, it will work better.

Jean-Claude Roux Grenoble Institute of Technology

I would like to know how the gas pollutant goes in the photoreactor. Can you give
us some details? I mean, by leaching, or by going through the filter paper? My
question is, how does it work?
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Xin Tong

We can see in the slide, the titanium dioxide was covered on a honeycomb
aluminum net. We can see the SEM pictures on the corner. The titanium dioxide
covering the net produced the degradation under the UV light.

Jean-Claude Roux

I was wondering if titanium dioxide was on or in the filter. You answered, it is on
the honeycomb network. Thank you very much.

Peter De Clerck PaperTec Solutions Pte Ltd

What is the source of the benzene that you are finding throughout the mill process?

Xin Tong

I think there are many kinds of chemical additives found in the process, but they are
the homologous compounds, so we use the simple ones as the object compounds
and we choose the benzene.

Peter De Clerck

So, this was a model compound, not something that you are actually finding in the
mill environment? There are very strict controls on benzene and chemicals for use
in paper outside of China. I was very surprised to see benzene there as a detected
pollutant in the air systems.
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