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Abstract
There has been an increasing interest among occupational hygienists and public health officials in indoor air quality assess-
ment in industrial workplace environments. Exposure to bioaerosols may pose health risks to workers operating in the 
processing of recycled waste paper. This study was conducted in two waste paper recycling factories. Air sampling of the 
factory was performed on weekly basis over a period of 3 months employing passive air sampling technique (the settle plates) 
with standard Petri dishes in which appropriate culture media are used for counting bacteria and fungi in air samples. In 
addition, metagenome analyses were conducted to obtain more details about the diversity and abundance of bacteria in the 
investigated factory. Results showed abundant bacterial and fungal counts in the waste paper factory in all the manufactur-
ing stages. In particular, the cutting/shredding unit exhibited high microbiological contamination; thus, corrective measures 
should be taken in order to achieve better indoor air quality. The most dominant genus detected according to both DGGE 
sequencing and metagenome analysis was Thermicanus. The dominance of this thermophilic, microaerophilic fermentative 
species especially during summer season reflects the condition within the factory as well as the source of the recycled paper 
and the way it has been handled and stored. An air flow ventilation system that prevents contamination from areas where 
raw waste paper is handled is recommended.
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Introduction

Recycling of waste paper is progressively increasing in 
urban areas worldwide. This has been accompanied with a 
steady growth in waste paper processing and manufacturing 
plants. In such facilities, bioaerosols are emitted which are 
airborne particles of biological origin. They are composed 
of organic suspended materials such as live or dead bacteria, 
fungi, viruses, endotoxins, antigens, toxins and mycotox-
ins, as well as various allergens (Del Cimmuto et al. 2010). 
Exposure to bioaerosols may pose environmental health 
risks to workers in the processing of recycled waste paper. 

It may cause a number of adverse effects such as respiratory, 
gastrointestinal, dermatologic and allergy problems (Ham-
ada and Fujita 2002; Krajewska-Kulak et al. 2011; Gaskin 
et al. 2012). Endotoxin (a component of the outer membrane 
of Gram-negative bacteria) is recognized as a health hazard 
in various occupations and has been associated with asthma 
(Parker et al. 2001).

Evaluation of bioaerosols includes the use of variety of 
methods for sampling depending on the concentration of 
microorganism expected (Srikanth et al. 2008). There have 
been problems in developing standard sampling methods 
and in establishing threshold limit values for exposures 
due to the complexity of composition of bioaerosols, vari-
ations in human response to their exposure and difficulties 
in recovering microorganisms (Srikanth et al. 2008). In 
organic waste, the main microbial populations are bacteria 
and fungi (Miller and Clesceri 2002). Studies in the field of 
occupational medicine showed that occupational exposure 
to bioaerosols containing high concentrations of bacteria 
and fungi, e.g. at workplaces of agriculture, composting 
and waste management, can lead to respiratory diseases 
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including allergies and infections (Walser et al. 2015). Some 
studies have investigated exposure levels to bioaerosols in 
the organic waste management field. However, most studies 
focused on workers’ exposure, particularly in composting 
facilities (Schlosser et al. 2016). Despite advances in waste 
recycling and recovery technologies, studies on emissions 
and dispersal of bioaerosols from waste processes are limited 
and focused on commercial composting facilities (O’Connor 
et al. 2015) and landfill sites (Schlosser et al. 2016; Fraczek 
et al. 2017). Facing the lack of data on bioaerosols from 
waste processes, this study was conducted to assess the 
microbiological air quality within a waste paper recycling/
processing factory in the state of Kuwait by determining air-
borne culturable bacteria and fungi in the processing plant.

Materials and methods

Description of the manufacturing plant

The studied factory belongs to the United Paper Industries 
Company in Kuwait which is located in the Shuaiba indus-
trial area. It processes 120 ton/day of waste paper as well as 
50 ton/day of virgin paper pulp and employs 24 workers on 
8-h shifts per day. The factory encompasses three manufac-
turing steps within a single ventilated, closed building as 
well as an air-conditioned cube of offices for personnel. The 
raw, waste paper bales are received and stored in a reception 
station before being transferred to the manufacturing plant. 
The plant encompasses three consecutive manufacturing 
steps which are fully automated and include: (1) a waste 
paper cutting/shredding step, (2) a paper pulping/process-
ing step and (3) a paper finishing step. In the first step, the 
“baled” waste paper is shredded, screened (through coarse 
screens, fine screens, and ash removal). In the second step, 
the shredded paper is pulped (after adding water and chemi-
cals) and the pulped waste paper is mixed with virgin pulp, 
dried and converted into wrapping paper sheets through 
machine belts. In the third (paper finishing, rolling) step, the 
wrap paper rolls are prepared and packed in plastic bags. The 
finished product is transferred outside the plant to a product 
storage facility to be ready for sale.

Bacterial and fungal counts

Air sampling of the factory was performed on weekly basis 
over a period of 3 months using passive air sampling tech-
nique (the settle plates). Monitoring of bacteria and fungi 
was conducted through the settle-plates standard Petri 
dishes technique in which culture media that are opened and 
exposed for a given time are used (Yassin and Almouqatea 

2010). This is an inexpensive and easy to use technique 
requiring no special equipment. It was conducted by expos-
ing four Petri plates at each of four selected points located at 
the corners within each of the three manufacturing steps as 
well as from the office cubical at the exit of the plant (which 
provided background data for the study). Microbiological 
analysis included plate counts of bacteria and fungi using 
specific culture media NA (nutrient agar) and PDA (potato 
dextrose agar), respectively. Each of the NA and PDA Petri 
dishes was subjected to the indoor air for 20 min placed at 
a fixed height and then closed and transferred to the incuba-
tor operated at 37 ± 1 °C for 48 h in case of bacteria “NA” 
plates and for 5 days in case of fungi “PDA” plates. Statisti-
cal analysis was conducted to determine median values of 
CFU (colony-forming unit) for each sampling location. The 
index of microbial air contamination was based on the count 
of the microbial fallout onto Petri dishes left open to the air 
inside the factory. The sampling was conducted at a height of 
1.5 m from the factory floor (near workers’ breathing zone).

Samples were assessed in the laboratory for enumera-
tion of bacteria and fungi. Bacterial and fungal results were 
reported as the number of colony-forming units (CFUs) of 
each per plate and further adjusted by the volume of air sam-
pled to obtain concentrations as CFU/m3. This was calcu-
lated by (Gaskin et al. 2012):

Metagenomic analyses

The metagenome analyses were conducted to obtain more 
details about the diversity and abundance of bacteria in the 
investigated factory. In these analyses, another but similar 
waste paper factory in Sabhan industrial area was also con-
sidered for comparison and included both summer and win-
ter testing. Pooled DNA samples from all indoor air DNA of 
the two factories sampled at the same season were used for 
metagenomic analysis. Both 16SV4 and 18SV9 metagenome 
libraries were prepared to be sequenced with Miseq (Source 
BioScience, UK) for gene determination.

Results and discussion

Microbial counts

Table 1 presents bacterial and fungal occurrence in the 
indoor air samples collected from four sites, namely (1) 
waste paper cutting/shredding stage, (2) paper pulping/

CFU/m3 = Number of colonies

× 1000∕sampling time (min)

× air flow rate (L/min)
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processing stage, (3) paper finishing stage and (4) personnel 
offices (used as background). Four locations, namely a, b, c 
and d, distributed around the machine(s) in sites 1, 2 and 3 
or the offices in site 4, were chosen to collect four different 
samples in each site in order to obtain the mean value. Simi-
larly, Table 2 shows statistical analysis of both bacterial and 
fungal data at same locations where the data obtained (as 
CFU) in Table 1 were further used to calculate the CFU/m3. 
The results showed some variability in bacterial and fungal 
counts so that data should focus on the median of CFU/m3 
(either bacterial or fungal) for each sampling point. Bacterial 
counts were always higher than fungal counts after 2 days of 
incubation. It is to be noted that fungi incubation may need 
5 days, but the plates were covered with mycelia that made 
fungal counting impossible after 2 days. The results obtained 
for both fungal and bacterial counts in the studied factory 
were higher compared to those reported in the literature for 
either indoor bacterial or fungal counts in factories or office 
buildings (Jasmine et al. 2002; Tsai et al. 2002; Hamada and 
Fujita 2002; Krajewska-Kulak et al. 2011; Hsu et al. 2012; 
Gaskin et al. 2012).

Given the type of activity performed in the factory, dif-
ferent levels of contamination were observed. Total bacte-
rial counts as high as 575 CFU/m3 and fungal counts of 
302 CFU/m3 were observed at the waste paper shredding 
location within the factory which, from the occupational 
exposure standards, would be considered as “heavy” micro-
biological contamination source within the factory with 
a potential health risk (Lavoie and Guertin 2001). Other 
locations, such as the paper processing and finishing areas, 

are less contaminated as the flow of air along the factory, 
provided through ventilation, disperses and dilutes the 
microbes, and air contamination may only be “mild”. This 
study confirms that a correct management of air flows within 
an industrial building where sources of bioaerosols are pre-
sent can result in a good control of air quality in a waste 
paper processing facility. However, some areas require a 
higher level of attention in terms of workers protection.

Figure 1 presents the mean, minimum and maximum 
counts, while Fig. 2 shows the range and standard devia-
tion reported for bacteria. Similarly, Figs. 3 and 4 display 
the mean, minimum and maximum counts as well as the 
range and standard deviation reported for fungi, respectively. 
These figures illustrate a gradient in the counts moving from 
site 1 to site 3, presumably due to air passage through ven-
tilation leading to microbial dilution, while site 4 represents 
a blank reference. Progressive air flow control should be 
implemented at the cutting/shredding area, where person-
nel are present throughout the entire work shift, in order 
to prevent the intake of bioaerosols from sources of heavy 
contamination. The cutting/shredding unit, as described 
above, exhibits high microbiological contamination; thus, 
corrective measures should be taken in order to achieve bet-
ter air quality. Specifically, the implementation of an air flow 
system that prevents contamination from areas where raw 
waste paper is handled should be undertaken.

Further microscopic examination showed that the high-
est concentration of Gram-negative bacteria was found in 
the delivery pit, machine shop, waste dropping gate and the 
waste paper cutting/shredding unit with medians of 688, 

Table 1  Range of bacterial and 
fungal counts in the factory 
during the study (CFU)

The number of samples at each site = 24, temperature: site 1 = 20.6–35.7  °C, site 2 = 19.6–32.3  °C, site 
3 = 19.1–31.9 °C site 4 = 23.2–25.1 °C, air speed: 0.28–0.45 m/s

Site NA (bacteria) PDA (fungi)

a b c d a b c d

1 50–228 122–270 54–215 130–285 16–69 42–109 26–46 31–145
2 73–162 80–300 112–185 70–195 25–48 32–40 20–92 18–43
3 59–261 108–335 77–360 141–404 39–154 28–74 31–57 73–166
4 1–22 3–5 5–19 3–10 0–3 1–2 1–2 2–4

Table 2  Statistical analysis of 
data (CFU/m3)

N = 24 samples in each case

Site Bacteria Fungi

Mean ± SD Min. Max. Median Mean ± SD Min. Max. Median

1 214 ± 108 104 575 198 88 ± 75 34 302 79
2 192 ± 98 146 406 155 67 ± 54 37 191 62
3 161 ± 110 123 450 141 65 ± 49 58 154 60
4 9 ± 3 2 28 5 4 ± 3 0 8 3
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284, 316 and 233 CFU/m3, respectively. These values do 
not exceed the suggested occupational exposure limit of 
1000 CFU/m3 (Lavoie and Guertin 2001). However, this 
limit is largely exceeded at single time points in the waste 
delivery areas. Again, the lowest contamination levels for 
Gram-negative bacteria were found in the personnel offices 
(medians < 1 CFU/m3). Factory workers and employees are 
exposed to high bacterial and fungal contamination. Dirt, in 
addition to temperature and humidity, may be factor of the 
bacterial and fungal contamination. Adequate ventilation as 

well as the use of fungicides could be employed to control 
microbiological contamination in the factory.

Molecular analyses

These included two factories as mentioned earlier. The 16S 
library gave good amplification for the DNA, while the 18S 
gave very poor quality and quantity for the DNA (Fig. 5). 
Moreover, the two pie charts (Fig. 6) show the dominant 
bacterial phyla in the air collected during summer (Fig. 6a) 
and winter (Fig. 6b) from the two factories studied. Mem-
bers that belong to Firmicutes and Proteobacteria dominated 
the factories indoor air during the summer season, while 
bacteria that belong to Proteobacteria, Firmicutes, Actino-
bacteria and Bacteroidetes dominated the factories indoor 
air during the winter season. The results showed that the 
air samples collected from the two factories during sum-
mer season were dominated with unclassified bacteria (40%) 
while the most dominant known genus was Thermicanus 
(26.3%) followed by Burkholderia (21.1%), Vibrio (2.04%), 
Thermosinus (1.3%) and Thermoanaerobacterium (1.02%). 
In addition, there were 412 different genera in the same air 
samples with occurrences percentage less than 1% for each. 
On the other hand, the samples collected from the two fac-
tories during winter were dominated with both Thermicanus 
(21.8%) and unclassified genera (21.4%). The Burkholde-
ria (19.8%), Prevotella (11.5%), Bifidobacterium (10.03%), 

Fig. 1  Bacterial counts at differ-
ent sites along the factory
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Fig. 2  Range and standard deviation of bacterial counts at different 
sites along the factory
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Corynebacterium (7.74%) and Acinetobacter (2.3%) all 
showed > 1% presence in the air samples, while another 392 
different genera were also detected in the same samples with 
abundance percentage less than 1%.  

The most dominant genus in the current study accord-
ing to both DGGE sequencing and metagenome analysis 
was Thermicanus. The dominance of this thermophilic, 

microaerophilic fermentative species especially during the 
summer season may reflect the condition within the factory 
as well as the source of the recycled paper and the way it 
has been handled and stored. This soil bacterium can con-
taminate the recycled paper during storing and before being 
processed and hence dominates the inner air. It is a fact that 
in a paper recycling factory there is tendency to close all 
water loops or reduce the consumption of water to minimum 
in order to save water. The reduction in water consumption is 
reported by Öqvist et al. (2008) to increase the process tem-
peratures and to increase the colloidal and dissolved material 
in the process circulation. The increase in the nutrient level 
in the water circuits may favour microbial growth and foul-
ing that is dominated by thermophilic bacteria. The resulted 
aerosols that form due to the activity in the paper factory and 
machine activities help in launching of these thermophilic 
bacteria in the air. In addition, because the indoor bacteria as 
mentioned above are originated mainly from indoor sources, 
this explains the dominance of the Thermi-members of the 
phylum Firmicutes in the two factories indoor air during 
summer.

The Thermicanus proved to be more successful in this 
system because it grows at a broad range of substrates, 
including oligosaccharides such as stachyose, raffinose, 

Fig. 3  Fungal counts at different 
sites along the factory
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maltose, sucrose, cellobiose, lactose, galactose, glucose, 
fructose, mannose, acetate, formate, succinate and xylose 
(Gobner et al. 1999). As an organism that resides in an 
environment prone to fluctuations in  O2 and organic carbon 
levels, these factors likely contribute to the competitiveness 
of this genus under in situ conditions (Gobner et al. 1999). 
Thermicanus despite being Gram-positive does not contain 
peptidoglycan, but instead it has S-layer which makes it very 
resistant to harsh conditions. The optimal growth of this bac-
terium is reported at 55–60 °C and at pH 6.5–7. No record 
is available about the effect of this genus on human health, 
and more work is needed to be done to investigate its ability 
in forming biofilms.

On the other hand, other bacteria found dominating the 
metagenome libraries during summer and winter such as 
Burkholderia are very important in paper recycling factories. 
A previous study done by Väisänen et al. (1998) showed that 
Burkholderia, Bacillus coagulans and Acinetobacter which 
were also detected in the current study are able to form bio-
films on the machines, especially in the press section where 
both types of bacteria have high affinity to form biofilms on 
stainless steel. Not only that but also both Burkholderia and 
Bacillus coagulans are able to degrade paper-making chemi-
cals. Meanwhile, Tiirola et al. (2009) proved that Cloaci-
bacterium was among the primary colonizers of biofilms 
forming on machines in paper mills and so it contributes 

intensively to the functioning of the machine where it gets 
degraded, hence affecting the operating and maintenance 
(O&M) costs by increasing the budget required for clean-
ing and maintaining the machines. Many microorganisms 
degrade paper-making materials such as cellulosic fibre, 
starch, casein and resin sizers or may cause deterioration 
in product quality by producing odour, taste, undesirable 
colouring and contamination (Väisänen et al. 1998). So it 
is important to deeply investigate the ability of the iden-
tified bacteria in Shuaiba and Sabhan factories and assess 
their role. For instance, many scientists find it essential to 
prevent attachment of the primary colonizing bacteria to 
the machines than to control the growth of secondary com-
munities, which are sheltered by exopolysaccharide slime 
layers because the latter action is more difficult and costly. It 
should be pointed out that Burkholderia, the most dominant 
proteobacteria identified in the current study, were reported 
by many scientists to have extreme adhesiveness to stainless 
steel, indicating that they will be difficult to remove from 
any industrial system in which they have colonized. Biofilm 
bacteria have poor sensitivity to any biocides (Brown and 
Gilbert 1993), and adhesion frustrates mechanical cleaning 
(Väisänen et al. 1998).

The metagenomic results also showed seasonal vari-
ations in indoor air microbes in the two factories where 
summer samples were dominated with unclassified bacteria 

Fig. 5  The Agilent Bio-Analyzer results showing the quality of the amplified DNA for both a 16SV4 and b 18SV9 genes
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and Firmicutes, while winter samples were dominated by 
Proteobacteria and Firmicutes. The temperature and rela-
tive humidity may be the major factors that determine the 
survival of the bacteria in the air and hence the recorded 
variation in the bacterial diversity between the two seasons 
(Frankel et al. 2012).

Health impact

Exposure to bioaerosols may pose health risks to workers 
operating in the processing of recycled paper. Gram-negative 
bacteria may exert adverse effects on exposed workers, as 
evidenced by high concentrations of airborne endotoxin and 

Fig. 6  Pie charts illustrating 
the analysis of the metagenome 
data where the two charts show 
bacterial classes found in the 
indoor air of the two factories 
during a summer and b winter
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the presence of numerous potentially pathogenic species. 
Thus, these microorganisms pose a potential risk of respira-
tory diseases for the workers in the factories (Madsen et al. 
2016).

Exposure levels in the organic waste chain vary widely 
between various waste management sites. Highest exposure 
levels are found in those jobs in which waste is intensively 
disturbed and/or handled indoors. In the highest exposure 
categories, mean values exceeded Dutch occupational expo-
sure limits, suggesting that at all sites workers are at risk 
of developing adverse health effects (Wouters et al. 2015). 
Exposure levels at the factory sites showed large variability, 
with exposure levels varying more over time within workers 
than between workers. This implies that in the paper recy-
cling factories, more and repeated measurements are needed 
to assess exposure precisely.

Depending on particle size, bioaerosols may penetrate 
deep into the lungs and become embedded in alveoli. Prin-
cipal types of health effects of bioaerosols identified in pub-
lished studies (Pearson et al. 2015) on humans include, but 
are not limited to:

1. Allergic asthma, rhinitis, hypersensitivity pneumonitis 
(HP)/extrinsic allergic alveolitis, allergic bronchopulmo-
nary aspergillosis (ABPA), eye and skin irritations.

2. Toxic non-allergic asthma, rhinitis, mucous membrane 
irritations (MMI), chronic bronchitis, chronic airway 
obstruction such as chronic obstructive pulmonary dis-
ease (COPD), organic dust toxic syndrome (ODTS), 
toxic pneumonitis.

3. Infectious aspergillosis and zygomycosis.

Biological hazard to man arises from exposure to high 
concentrations or unfamiliar forms of bioaerosols, and three 
major groups of diseases associated with bioaerosol expo-
sure are infectious diseases, respiratory diseases and cancer, 
but current knowledge is unclear regarding risk to cancer. 
Moreover, various bacterial diseases such as legionellosis 
(caused by legionella pneumophila) and tuberculosis (trans-
mitted by tubercle bacilli) are linked to cause significant 
public health concern due to their low infectious dose. Fun-
gal diseases due to respiratory infections and allergic reac-
tions include Penicillium, Aspergillus, Acremonium, Pae-
cilomyces Mucor and Cladosporium (Srikanth et al. 2008).

Control measures/effect of ventilation

Certain control measures and technologies can be followed 
to reduce bioaerosol loads in indoor environments (Luengas 

et al. 2015). These include proper elimination of the micro-
bial source, maintenance of equipment, humidity control, 
natural ventilation, the use of filters in ventilation and the 
use of disinfectants and biocides for air cleaning.

To reduce exposure inside the factory, focus should be 
on interventions related to the unloading of waste and on 
good hygiene in the processing unit. Bioaerosol exposure 
indoors is an important factor influencing human health. 
Thus, understanding the dynamic behaviour of biological 
particles inside the factory is essential in the design of effec-
tive engineering controls to reduce microbial concentrations 
and to limit exposures. Building air exchange is an impor-
tant removal mechanism for indoor bioaerosols and a means 
by which outdoor bioaerosol particles are brought indoors. 
Building air exchange is the replacement of indoor air with 
outdoor air. Air exchange is used to limit the accumulation 
of bioaerosols. When outdoor air is uncontaminated, then 
increasing the air exchange rate consistently improves indoor 
air quality (Nazaroff 2014). The use of mechanical venti-
lation is recommended in the waste paper recycling facto-
ries. In this regard, fans could be used to induce mechanical 
ventilation.

The transport and ultimate settling of a bioaerosol are 
affected by its physical properties such as size, density 
and shape of particles and by environmental factors which 
include magnitude of air currents, relative humidity and tem-
perature, which determine the capacity to be airborne (Sri-
kanth et al. 2008). Increased humidity of the outdoor–indoor 
air in the summer season as well as dust storms may gener-
ate bioaerosols as dust or powders that partially rehydrate 
and may also lead to the presence of moulds which would 
aggravate the conditions inside the waste paper recycling 
factories.

Conclusion

The results indicate the presence of considerable microbial 
levels of bacteria and fungi in the waste paper factory in all 
the manufacturing stages as compared to the office cubical. 
In particular, the total bacterial counts and fungal counts 
observed at the waste paper cutting/shredding location 
within the factory were high, but the mean values did not 
exceed the occupational exposure limits. The observed levels 
would be considered as “heavy” microbial contamination 
source within the factory. Other locations, such as the paper 
processing and finishing areas, are less contaminated as the 
flow of air along the factory, which was provided through 
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ventilation, would disperse and dilute the microbes; thus, 
air contamination may only be “mild”. The most dominant 
genus detected according to both DGGE sequencing and 
metagenome analysis was Thermicanus. The dominance 
of this thermophilic, microaerophilic fermentative species 
especially during summer season reflects the condition 
within the factory as well as the source of the recycled paper 
and the way it has been handled and stored. An air flow 
system that prevents contamination from areas where raw 
waste paper is handled should be implemented. This study 
confirms that correct management of air flows within an 
industrial building where sources of bioaerosols are present 
can result in a good control of air quality in the waste paper 
recycling facility. However, some areas in the factory such 
as the receiving and the waste paper cutting/shredding facili-
ties require a higher level of attention in terms of workers 
protection. In general, workers and employees of the waste 
paper recycling factory should use respiratory protection 
equipment as a precautionary health measure.
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