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Abstract
 Paper is a material that is easily biodegradable. The most active group of microorganisms 
responsible for biodegradation processes affecting paper are moulds. In order to prevent 
this unfavorable impact, various methods are used, including biocides, which added to 
paper during the production process to protect the final product. In this study, the follow-
ing ionic liquids were applied: benzalkonium nitrate(V), benzalkonium DL-lactate, and 
didecylodimethylammonium DL-lactate. They were added (in a concentration of 3% and 
5%) to  paper samples made of the following pulp grades: pine bleached kraft pulp (pine 
BKP), birch bleached kraft pulp (birch BKP), recovered fibres and CTMP. The antifungal 
activity of paper was assessed using a qualitative and a quantitative method with strains 
A. niger, A. versicolor, P. chrysogenum and P. aurantiogriseum. The most resistant strain 
to the ionic liquid activity was Aspergillus niger. The best antimicrobial effect was shown 
by paper samples made of pine BKP with biocides. The weakest effect was obtained for the 
CTMP-based paper. 
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of the paper. manufactured Paper stored 
in different forms (books, photos, paint-
ings) in libraries, archives and museums 
is also protected [4, 7, 8]. 

The new law (including the Directive 
98/8/EC of the European Parliament 
and the Council concerning the placing 
of biocidal products on the market and 
Regulation (EU) No. 528/2012 of the 
European Parliament and the Council 
concerning the making available on the 
market and use of biocidal products) 
limits the application of substances con-
sidered toxic for human health and the 
environment, which are often contained 
in many widely used biocides [9, 10]. 
That is why efforts have been made to 
obtain compounds that would be safe 
for the environment. Ionic liquids seem 
to be such safe substances. They are 
characterised by the ability to dissolve 
organic and inorganic compounds, they 
moisten the surface of metals, polymers 
and minerals, and they can be both hy-
drophobic and hydrophilic. They are also 
good conductors. Chemically, electrome-
chanically and thermally stable, they do 
not decompose in high temperatures. Due 
to their negligible volatility, they are con-
sidered as non-hazardous to the environ-
ment. They are more and more common-
ly used in various fields of science and 
the economy, for instance as compounds 
with antimicrobial activity [11 - 14]. In 
addition to this, they are used in such are-
as as histopathological diagnostics, paper 
protection [15, 16], wood conservation 
[17, 18], biotechnology [19, 20] and are 
efficient food deterrents [21, 22], herbi-
cides [23 - 26] and herbicide-plant regu-

involved in the aerobic degradation of 
paper through producing outer cell cel-
lulases. Moulds from the genus of Asper-
gillus, Penicillium, and Trichoderma are 
mainly responsible for the first stage of 
this process. They use components con-
tained in paper as nutrient substances and 
prepare a base for fungi requiring higher 
humidity: Chaetomium, Alternaria or 
Stachybotrys. These fungi, in turn, can 
hydrolyse resistant cellulose fibres [2, 3]. 
However, it should be remembered that 
there are many paper grades of different 
composition and quality, manufactured 
for different purposes, from ordinary 
wrapping paper to the most expensive 
grades used for printing works of arts. 
The extent to which paper is susceptible 
to the effect of microorganisms depends, 
among other factors, on the type of fi-
brous material used, its chemical com-
position, biochemical reactivity as well 
as various excipients (adhesives, fillers, 
dyes, protective coatings) added to it 
throughout the technological process. 
Paper durability is therefore influenced 
by technological factors; however, an 
important role is also played by environ-
mental factors such as temperature, hu-
midity as well as the intensity and type 
of light [4 - 6]. 

Paper is characterised by very low resist-
ance to the activity of microorganisms. 
For this reason, over the last few years, 
cellulose products have been more and 
more often modified in order to make 
them resistant to the destructive effect 
of microorganisms. Thus, already at the 
production stage, chemical compounds 
are added, which build into the structure 
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n	 Introduction 
Despite the growing popularity of elec-
tronic media, paper is still considered the 
most durable carrier of information used 
in everyday life. Manufactured from re-
newable plant resources, it is practically 
inexhaustible. It can be recycled, eas-
ily burned or biodegraded. On the one 
hand, the biodegradation of paper waste 
unsuitable for processing is a beneficial 
process, but on the other, its low resist-
ance to the influence of microorganisms 
makes it prone to irreversible damage 
(when inadequately protected), and may 
cause the loss of information recorded 
on it [1]. The microorganisms that play 
the most significant role in paper biodeg-
radation are filamentous fungi. They are 
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lators [27, 28]. In this study, ionic liquids 
were added to paper as biocides. The aim 
of the study was to examine the antifun-
gal effect of three compounds contained 
in paper samples of four different grades. 

n	 Materials and methods 
Materials 
The ionic liquids used were prepared 
according to the methods previously de-
scribed [29, 30].

The material tested at the Institute of Pa-
permaking and Printing of the Lodz Uni-
versity of Technology was paper made of 
birch BKP, pine BKP, recovered fibres 
and CTMP, containing 3% and 5% of 
ionic liquids: benzalkonium nitrate, ben-
zalkonium DL-lactate, and didecylodi-
methylammonium DL-lactate.

Microorganisms 
Microorganisms from the American 
Type Culture Collection: Aspergillus ni-
ger ATCC 16404, Aspergillus versicolor 
ATCC 9577, Penicillium chrysogenum 
ATCC 60739 and Penicillium auranti-
ogriseum ATCC 18382 were used for the 
purpose of the study tests. 

Tests of the antimicrobial effect  
of the paper with ionic liquids
The antifungal activity of the types of 
paper tested was assessed with a qualita-
tive and a quantitative method. Qualita-
tive analysis allowing for determination 
of the antimicrobial activity was carried 
out with the parallel streak method based 
on AATCC Test Method 147, which was 
described in an earlier article [31, 32]. 
A spore suspension (106 conidia/ml)  
was placed on Petri dishes containing 
Malt Extract Agar (Merck). Then paper 
stripes soaked with the bioactive sub-
stances tested were placed there one by 
one, followed by the placing of sam-
ples without these substances (reference 
samples). The dishes were incubated at  
28 °C for 24 - 72 h. When the incuba-
tion was completed, the inhibition zones 
of microorganism growth were measured 
in mm. The effectiveness was determined 
for each sample as presented in Table 1. 

In the next stage of the study, the survival 
rate of mould conidia under the effect 
of ionic liquids was determined. For the 
purpose of the tests, pine-based paper and 
cellulose pulp were selected, and Asper-
gillus niger was applied as the biological 
factor. Next the amount of 100 µl of the 

conidia suspension (108 conidia/ml) was 
placed on each paper sample and dishes 
with the samples were incubated for  
24 h at 28 °C and relative humidity of 
80%. Paper stripes without biocides were 
used as reference samples. After 0, 3, 
6, 12 and 24 h, the paper samples were 
shaken in a saline solution with the ad-
dition of a neutraliser in order to leach 
microorganisms from the material tested. 
Then, following appropriate dilution, the 
suspension was placed on Petri dishes 
and poured over by Malt Extract Broth 
(Merck). The dishes were incubated for 
72 h at 28 °C and relative humidity of 
80%. Taking into account the dilutions, 
the conidia that survived on the surface 
of the stripes were calculated and the 
results given in cfu/10 cm2 of the paper 
sample.

n	 Results
According to Table 1 presenting the in-
terpretation of the results, all test paper 
samples containing ionic liquids are 
characterised by good antifungal activity. 

Only for Aspergillus niger and Penicil-
lium aurantiogriseum in the sample with 
CTMP, no inhibition zone was registered. 
Moreover it was not recorded under the 
sample, which indicates lower antifun-
gal activity of the compounds applied 
(Table 2). Taking mould species into ac-
count, the largest growth inhibition zones 
(3 - 11 mm) were observed for Aspergil-
lus versicolor, followed by Penicillium 
chrysogenum (3 - 6 mm), Penicillium 
aurantiogriseum, and Aspergillus niger 
(0 - 5 mm each). A comparative analy-
sis of the antimicrobial effect of the ionic 
liquids used shows that benzalkonium 
nitrate [BA][NO3] was the most efficient 
compound (growth inhibition zones:  
0 - 11 mm), followed by benzalkonium 
DL-lactate [BA][DL-lactate] (0 - 10 mm) 
and didecylodimethylammonium DL-
lactate [DDA][DL-lactate] (0 - 6 mm). 
Another factor whose significance can-
not be ignored is the grade of the paper 
tested. The largest growth inhibition 
zones were registered for the paper made 
of pine BKP treated with ionic liquids  
(1 - 11 mm), and for that made of CTMP 

Table 1. Interpretation of results of the antimicrobial activity of papers examined.

Growth inhibition 
zone, mm

Description of the growth of microorganisms compared 
to the control sample without an active agent Result

>1 Growth inhibition zone bigger than 1 mm,  no growth under 
the sample

Good effect0 - 1 Growth inhibition zone up to 1 mm,  no growth under the 
sample

0 No growth inhibition zone,  no growth under the sample

0 No growth inhibition zone, almost  no growth under the 
sample Boundary of effect 

0 No growth inhibition zone, growth under the sample reduced 
by 50%

Insufficient effect 
0 No growth inhibition zone, slightly reduced or normal  growth 

under the sample

Table 2. Sizes of growth inhibition zones [mm] observed for filamentous fungi under the 
influence of ionic liquids contained in the paper samples examined.

Mold
strain Kind of paper

Kind of ionic liquid
[BA][NO3] [BA] [DL-lactate] [DDA] [DL- lactate]

3% 5% 3% 5% 3% 5%

A
. n

ig
er

Pine BKP 3 4 1 2 3 5
Birch BKP 2 3 1 2 2 4

Recovered fibres 2 3 1 2 2 3
CTMP 0 2 0 2 0 2

A
. v

er
si

-
co

lo
r

Pine BKP 10 11 7 10 4 6
Birch BKP 7 9 7 9 5 5

Recovered fibres 7 9 7 8 4 5
CTMP 7 10 4 7 3 5

P.
 

ch
ry

s-
og

en
um

Pine BKP 5 6 4 5 3 4
Birch BKP 5 6 4 5 2 3

Recovered fibres 4 5 4 5 2 3
CTMP 3 5 3 4 2 3

P.
 a

u-
ra

nt
io

gr
-

is
eu

m

Pine BKP 3 5 3 4 4 4
Birch BKP 3 4 3 3 3 3

Recovered fibres 4 4 1 3 3 3
CTMP 2 3 0 3 0 2
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24 h, active conidia were still observed 
on these papers in the amount of 1.4 and 
1.8 log, respectively, which was a result 
lower by over 5 log compared to the ini-
tial count at t = 0. In the case of the sam-
ples with didecylodimethylammonium 
DL-lactate, the number of conidia de-
creased by 4.5 log compared to the initial 
number, but still, after 24 h, it was at the 
level of 2.5 log. For this reason, ionic liq-
uids in the amount of 5% were added to 
the next samples. The compounds did not 
work as effectively as on the paper made 
of softwood BKP. Nevertheless, after 
12 h the number of conidia had decreased 
by 4.2  log for benzalkonium nitrate,  
3.7 log for benzalkonium DL-lactate and 
3.3 log for didecylodimethylammonium 
DL-lactate, compared to their count at 
the beginning of the experiment. After 
24  h, no conidia were observed on any 
of the paper samples, except the refer-
ence sample (without any biocidal com-
pounds).

on the samples; but compared to the ini-
tial count, their number had decreased 
by almost 6 log, proving the fungicidal 
effectiveness of the compound. Adding 
ionic liquids to the paper examined in 
the amount of 5% accelerated the loss of 
activity of the conidia. After 12 h, no co-
nidia of Aspergillus niger were observed 
on the paper samples protected with ben-
zalkonium nitrate and didecylodimeth-
ylammonium DL-lactate. As regards 
the paper samples, with the addition of 
benzalkonium DL-lactate, the number 
of spores was at that time at the level of 
2.4 log. However, compared to the initial 
count, it had decreased by 4 log. After 
24 h, no conidia were observed in this 
sample either. Less prominent fungicidal 
activity against the conidia of Aspergillus 
niger was observed for the paper made 
of CTMP with the addition of ionic liq-
uids, compared to that made of pine BKP 
(Figures 2.a, 2.b). In samples containing 
3% of biocidal compounds, benzalkoni-
um nitrate and benzalkonium DL-lactate 
turned out to be the most efficient. After 

their size equalled 0 - 7 mm (only in one 
case was it 10 mm). The ionic liquids 
contained in the paper samples made of 
birch BKP and recovered fibres had a 
similar effect with respect to the mould 
strains applied.

The most resistant strain of Aspergillus 
niger was selected for analysis of the 
survival rate of conidia. The paper (pine 
BKP) examined demonstrated a gradual 
decline in the number of spores after us-
ing all three types of ionic liquids (Fig-
ures 1.a, 1.b). In the case of the paper 
samples containing 3% of compounds, 
the most significant fungicidal effect was 
observed for benzalkonium nitrate. After 
12 h, the number of conidia decreased by 
over 4 log, and after 24 h no active spores 
were observed, which was manifested 
by the lack of growth on the medium.  
A similar decreasing effect was noted 
under the influence of didecylodimeth-
ylammonium DL-lactate. In the case 
of benzalkonium DL-lactate, after 24 h 
only single conidia were still observed 

Figure 1. Changes over time in the number of conidia on the surface of the test paper stripes (pine bleached kraft pulp) modified with ionic 
liquids; A – concentration of ionic liquids in the samples - 3%, B – concentration of ionic liquids in the samples - 5%.

Figure 2. Changes over time in the number of conidia on the surface of the test paper stripes with CTMP modified with ionic liquids;  
A – concentration of ionic liquids in the samples - 3%, B – concentration of ionic liquids in the samples - 5%.

A) B)

A) B)
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n	 Conclusions
The microbiological tests confirmed very 
good fungistatic and fungicidal activity 
of the ionic liquids tested. Some of them 
are consistent with results of the analysis 
previously obtained [32]. Taking three 
variables into account: the type of ionic 
liquid, the paper grade and the type of 
filamentous fungi, the largest growth in-
hibition zones (10 - 11 mm) and, in turn, 
the most effective activity were observed 
for benzalkonium nitrate, the paper made 
of pine BKP and Aspergillus versicolor. 

The quantitative analyses showed that the 
ionic liquids tested, added to the paper 
made of pine BKP ( concentration of 3% 
and 5%) totally inhibited conidia growth 
after 24 h (apart from benzalkonium DL-
lactate, with a concentration of 3%). In 
the case of the paper made of CTMP, all 
three compounds with a concentration of 
3% effectively reduced conidia growth; 
however, they did not eliminate their 
presence entirely. Conidia with the num-
ber of 2 log (102 cfu/sample) in the paper 
with increased humidity may develop 
and grow into mycelium, thereby caus-
ing material destruction. The addition 
of benzalkonium nitrate, benzalkonium 
DL-lactate and didecylodimethylammo-
nium DL-lactate at a concentration of 
5% effectively protects the paper against 
conidia growth on its surface. The tests 
presented in this paper demonstrate new 
possible applications of ionic liquids as 
substances protecting paper products 
against the growth of filamentous fungi.
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