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A B S T R A C T

This study aimed to determine the compostability of greaseproof wrapping paper and evaluate
the resulting product according to legislative requirements. The paper with amendments was
composted in a GreenGood electric composter and vermicomposted in a Worm Factory vermi-
composter. The resulting pΗ and electrical conductivity (EC) values indicated that the material
from the electrical composter was not suitable for fertilization. This was because of the presence
of acidic and salted composted substrate from the gastro-waste in the initial mixture. Conversely,
an electric composter was suitable for rapidly reducing paper waste. The mixture with paper, ap-
ple pomace, and horse manure had 90% of particles smaller than 9 mm and 5 mm after 24 and
48 h of composting, respectively. In vermicomposting, these parameters were reached after two
to three months. Vermicompost in comparison with compost showed greater pH (7.4–8.8) and
lesser EC (405–1046 μS/cm). The greater macroelements contents in the compost were positively
influenced by a 50% proportion of the composted substrate in the initial mixture. Nevertheless, a
vermicompost based on paper and horse manure exhibited the greatest nutrient content of all the
assessed variants. According to the phytotoxicity test, it was a well-matured compost. Grease-
proof paper used for food packaging is both compostable and vermicompostable. The disintegra-
tion results can be inferred when the legislative standard was met in all cases.

1. Introduction
Greaseproof paper is the ideal packaging material for food containing fat and water. Greaseproof paper is treated to prevent pene-

tration of fat and moisture into the paper structure and through it, thus preserving the packaged food as well as the packaging and its
printing in perfect condition. Oil and grease-resistant papers have a wide application range in the food packaging industry. They are
designed and certified for direct food contact. Common use cases include food service wraps (e.g. in fast foods), the manufacture of
paper bags, and laminating with other materials, where paper serves as one of the functional layers of composite packaging. Gram-
mage usually ranges between 30 and 70 g/m2 (Paulapuro 2000). The global greaseproof paper market is estimated to be worth 1.1
billion USD by 2025 (Acumen Research and Consulting, 2019). Before the emergence of plastic films, the paper industry used parch-
mentizing technology which utilized concentrated sulfuric acid and high levels of fiber refining. But it was not the only approach.
Greaseproof paper also has been made for over a century by (a) high levels of refining of chemical pulp (including sulfite pulp and
kraft pulp, often combined with (b) surface application of starch or other water-soluble polymers, especially polysaccharides. In such
cases what it achieved is a very dense cellulosic sheet (or top layer) that is resistant to the permeation of oils even though it has no
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perfluorinated treatment (Hubbe and Pruszynski 2020). Oil-repellent fluorocarbon paper treatments have substantially displaced
these technologies. But per- and polyfluoroalkyl substances (PFAS) are persistent in the environment, bioaccumulative, and some are
toxic to humans and other animals. Since the early 2000s, laws, policies, and regulations have been implemented to reduce the preva-
lence of PFAS in the environment and exposures to PFAS (Brennan et al., 2021). Because of mentioned environmental concerns and
regulations, the paper industry needs more options. Some promising directions in published research include advances in chemistry,
superoleophobic surfaces, nanocellulose films, and systems to protect nanocellulose films from the effects of moisture (Hubbe and
Pruszynski 2020). The greaseproof paper used in this study did not contain perfluorooctanoic acid. The oils and fats from foods make
the recyclability of used greaseproof paper into new paper impossible. In most cases, greaseproof paper is part of mixed municipal
waste, which ends up in landfills, or in a better case, in a waste-to-energy plant. Composting and vermicomposting could be suitable
options for handling.

There are three stages to aerobic composting. The first degradation phase converts carbohydrates and amino acids into simpler
compounds, such as CO2 and water, at high temperatures of over 60 °C. During the transformation phase organic matter is degraded
by mesophilic bacteria. Synthesis or maturation is the final phase. Based on various factors, the entire composting process can take
anywhere from 3 to 6 months to complete (Meena et al., 2021). Most recent studies concerning biowaste composting and treatment of
the compost are published in Sarlaki et al. (2021). Indoor composting is conducted using special composters (Mu et al., 2017). By
maintaining proper temperature and aeration conditions, modern composting machines optimise the composting process, thus reduc-
ing the time required to complete the process (Pandey et al., 2016; Sangamithirai et al., 2015). The description, technical parameters,
and advantages of the electric composter used in this study are given in Kliopova et al. (2019). From the standpoint of research, they
can allow relatively low volumes of compost to be evaluated under controlled conditions. Vermicomposting is an efficient tool in
waste handling which includes the biotransformation of solid organic wastes into useful products, and therefore holds a great promise
towards sustainable waste management (Sharma and Garg 2022; Ravindran et al., 2016). Earthworms can process paper mill or paper
with the addition of other materials (cow dung, straw, tea waste) as demonstrated (Ganguly and Chakraborty 2021; Badhwar et al.,
2020; Abbasi et al., 2018; Ravindram and Mnkeni 2016). The paper type was not specified in these and other published studies.

This study aimed to determine the compostability and vermicompostability of greaseproof wrapping paper and evaluate the re-
sulting product according to legislative requirements. The novelty is the testing of the biological processing of used greaseproof wrap-
ping paper in the indoor electric composter and in the vermicomposter. This paper waste type is not suitable for conventional mater-
ial recycling into new paper. However, it could be used to prepare quality soil amendment. Thanks to this, it is possible to move from
the current landfilling of this paper type to qualitatively better biological recycling, which is in line with the goals of the circular
biobased economy (Tan and Lamers 2021). The results of this research are important and useful for producers, users, and downstream
processors of this type of waste.

2. Materials and methods
2.1. Raw material

Greaseproof wrapping paper KH PACK superior was provided by KRPA PAPER, a.s., Czech Republic. The paper was cut into nar-
row strips using a shredder and soaked for 18 h in excess water, which was subsequently drained from the barrel. For faster and more
efficient processing, the addition of apple pomace and horse manure, which came from the Severofrukt, a.s. company, and the Acade-
mic Equestrian Club of the Czech University of Life Sciences Prague, respectively, were used. The basic physico-chemical parameters
of the raw materials are shown in Table 1. The paper was characterized by low electrical conductivity (EC) and nutrients, mainly ni-
trogen. Thus, the C:N ratio was very high. The input substrate with microorganisms for the electric composter came from GreenGood
composter processed food waste (food residue from a restaurant). Because of this, it was characterized by low pH, and high EC and

Table 1
Basic physico-chemical parameters of the raw materials.

Paper (moistened) Apple pomace Horse manure Input substrate

Dry matter (%) 45.7 ± 0.06 34.9 ± 0.87 25.2 ± 0.86 96.4 ± 0.15
pH/H2O 6.8 ± 0.04 3.2 ± 0.03 7.4 ± 0.06 4.4 ± 0.09
EC (μS/cm) 80.3 ± 13.6 1103 ± 199.7 554 ± 32.7 9423 ± 371.7
C:N ratio 1050 ± 74.4 48.7 ± 6.01 15.8 ± 1.83 18.4 ± 1.19
Ctot (%) 42.3 ± 0.10 45.6 ± 0.31 18.4 ± 0.81 46 ± 1.6
Ntot (%) 0.01 ± 0.001 0.1 ± 0.01 1.3 ± 0.11 1.6 ± 0.21
Nmineral (mgN/kg) 50.3 ± 1.3 18.8 ± 1.2 114.4 ± 0.7 84.2 ± 3.1
DOC (mg C/kg) 2697 ± 342 30,183 ± 4011 3238 ± 338 88,027 ± 2734
Total Mg (mg/kg) 197 ± 45 67 ± 25.2 4518 ± 450 688 ± 14.4
Available Mg (mg/kg) 51.6 ± 19.1 425 ± 32.8 419 ± 19.1 686 ± 29.6
Total P (mg/kg) 65.6 ± 50 1075 ± 104 4355 ± 507.4 2453 ± 124.7
Available P (mg/kg) <0.02 468 ± 7.6 370 ± 32.5 1927 ± 104
Total K (mg/kg) 309 ± 236 7423 ± 698.4 8583 ± 241.9 8732 ± 419.6
Available K (mg/kg) 54.5 ± 6.5 4648 ± 231 2644 ± 182.6 7990 ± 217.9
Total Ca (mg/kg) 944 ± 156 1796 ± 37.9 23,889 ± 950 5959 ± 204.6

Values are means, ±SD (n = 3), DOC – dissolved organic carbon.
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nutrients. This is in agreement with Kucbel et al. (2019) who used various household food waste types for composting in a GreenGood
composter. The pH and EC values in water leachate ranged from 4.2 to 4.6 and from 4.4 to 5.7 mS/cm, respectively.

2.2. Experimental design
There were two experiment types.

2.2.1. Composting in an electric composter
The composting experiment in the GreenGood electric composter (GG-10) took place on the canteen premises of the Czech Univer-

sity of Life Sciences Prague. Three composting variants were prepared.
- substrate 50% vol. + paper 50% vol. (variant I; PAP)
- substrate 50% vol. + paper 25% vol. + apple pomace 25% vol. (variant II; AP)
- substrate 50% vol. + paper 25% vol. + horse manure 25% vol. (variant III; HM)

Variants were inserted in sequence into the composter and monitored. Every 1, 12, 24, 48, and 120 h, 3 samples were taken up for
the determination of disintegration. The disintegration was examined by a 2 mm screen mesh sieve, as specified in European standard
EN 13432: "After 12 weeks of composting, no more than 10% of the original dry matter of the test material shall pass through a sieve
with > 2 mm screen mesh size" according to European Standard EN 13432. It would be appropriate to revise this standard to make it
clear that more than 90% of the composted material must pass through a sieve. For full accuracy, it could be mentioned whether it is a
2 mm diameter mesh or 2 × 2 mm mesh. However, a 2 mm mesh size is commonly used to obtain dry fine soil rather than compost.
Therefore, the extra sizes of 5 mm and 9 mm were also chosen. The weight of undersized and oversized fractions was determined for
both dry and wet samples. Samples taken up after 120 h were divided into two parts.

2.2.2. Vermicomposting in Worm Factory vermicomposters
Three variants were prepared.

- paper 100% vol. (vermicompost I; PAP)
- paper 50% vol. + apple pomace 50% vol. (vermicompost II; AP)
- paper 50% vol. + horse manure 50% vol. (vermicompost III; HM)

There were always two layers in these vermicomposters. In the first bottom layer was an earthworm substrate (about 50 pieces of
Eisenia andrei earthworms/L), and in the second top layer was the paper itself or the biowaste mixture. The experiment was conducted
for four months. A sample was taken each month to determine the disintegration of vermicomposted paper, and the number and bio-
mass of earthworms. The disintegration was investigated for the mentioned reasons using three sieves with mesh sizes of 9, 5, and
2 mm. The weight of undersized and oversized fractions was determined for both dry and wet samples.

Earthworms in vermicomposters were no longer fed, and only moisture was regulated. At the experiment end, 3 samples were
taken up from each vermicomposter, only from the upper layers (samples from the earthworm substrate were not collected), which
were subsequently analyzed. From these samples, earthworms were removed for number and biomass determination.

From both experiment types, the first samples (30 g of each sample) were stored in a refrigerator at 4 °C, the second samples
(100 g of each sample) were dried in an oven at 35 °C to constant weight. The pH and EC values were measured from the first sample.
From the second sample, the dry matter, the total contents of C, N, and Ca, and the total and available contents of P, K, and Mg were
determined. Furthermore, vermicompost was evaluated according to a phytotoxicity test. This test revealed the maturity and inten-
sity of organic substances’ decomposition in vermicompost.

2.3. Agrochemical analyses
The pΗ value and EC were determined from the aqueous solution. The 10g sample was weighed and subsequently filled with

50 ml of demineralized water. The suspension was shaken using a mechanical shaker. The pH was then measured using a WTW pΗ
340i pH meter. Subsequently, the suspension was filtered to determine the EC according to EN 15933. The EC was measured using a
WTW Cond 730 inoLab® conductometer.

Samples were removed from the oven after drying and weighed to determine dry matter content. Furthermore, the samples were
ground for subsequent analyses. The total carbon and nitrogen content were determined using a CHNS Vario MACRO cube analyzer
(Elementar Analyser Systeme GmbH, Germany). Approximately 25 mg of each sample was burned in a catalytic furnace of this appa-
ratus, and the desired values were determined using a thermal conductivity detector.

The total contents of macroelements and microelements were determined by wet decomposition using a closed microwave heating
system Ethos 1, MLS GmbH, Germany. Furthermore, the available contents of macroelements for plants (K, Mg, P) were determined.
The contents were measured in CAT extracting reagent (0.01 mol/L CaCl2 and 0.002 mol/L DTPA diethylentriamine pentaacetic
acid) according to BSI EN 13651, 2001. Measurements of total and available element contents were made using inductively coupled
plasma optical emission spectrometry (ICP - OES Varian VistaPro, Australia).

Furthermore, vermicompost was evaluated according to a phytotoxicity test (modified from Zucconi et al., 1981). This test re-
vealed the maturity and extent of organic substances’ decomposition in vermicompost. The 10g sample was weighed into a flask and
400 ml of demineralized water was added. The mixture was shaken for 2 h and then filtered to obtain clear leachate. The test was per-
formed in 5 cm diameter Petri dishes. Filter paper was placed in each dish and covered with 1 ml of leachate. Eight cress seeds were
added to each dish. In this way, 10 replications of each sample were generated. Control samples (demineralized water was used in-
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stead of leachate) were set up in 10 dishes. The closed dishes were placed in an incubator at 28 °C for 24 h under complete darkness.
After this time, the germinated seeds were counted and the root lengths were measured. The germination index (GI) marked as equa-
tion (1) was calculated as a percentage of the measured data:

GI (%) = 100*(gs*ls)/(gc*lc) (1)

where gs = sample germination (%), gc = control germination (%), ls = average sample root length (mm), lc = average control root
length (mm).

2.4. Statistical analyses
To determine 90% standard compliance, a relative frequency test (U) was used according to the computational relationship (equa-

tion 2):

U =
p − 𝜋0√
𝜋0(1−𝜋0)

n

(2)

where p is proportion of frequency (f) and file range (n). π0 is the specified standard, in this case 0.9 for determination of 90% stan-
dard compliance.

To meet the requirements for parametric testing, a normality test was first performed. In the case of no rejection of the null hy-
pothesis, a Leven test was performed for homogeneity of variances followed by an Analysis of variance (ANOVA) test and a post hoc
Tukey’s honestly significant difference (HSD) test method. In the case of non-compliance with data normality or variance homogene-
ity, the Kruskal-Wallis nonparametric test was used, and a Bonfferin correction was performed to determine the relationship between
the variables and the significance of the relationship. IBM SPSS Statistics 25 was used for statistical calculations. Auxiliary calcula-
tions were performed in Microsoft Excel.

3. Results and discussion
3.1. Composting in an electric composter
3.1.1. Agrochemical properties

Table 2 shows the agrochemical properties measured in the three variants after the composting process in a GreenGood electric
composter. The dry matter content varied substantially in each variant. This was due to the varying need for wetting, by the decom-
position rate, and by drying of the individual variants. Two of the main principles of an electric composter are mixing and drying.
For this reason, it is necessary to moisten the composted material. Therefore, leachate is not created here as in classic composting in
outdoor conditions. The pH values were almost identical in variants I and III, and they resembled variant II. These acidic pH values
were mainly due to the input substrate used in the electric composter, which originated from acid food waste. This type of electric
composter rapidly processes specialty food waste using microorganisms of the genus Acidulo, which live in an acidic environment.
Electrical conductivity (EC) expresses the content of soluble salts. If the value is greater than 3000 μS/cm (Lazcano et al., 2008) or
4000 μS/cm (Karak et al., 2013), it indicates immaturity and phytotoxicity of the material. Composts from household food waste
produced in automatic composters reached values of 5170 and 5660 μS/cm (Kucbel et al., 2019). All three investigated variants in
this study exhibited high salinity values ranging from 4870 to 8346 μS/cm. The high dissolved organic carbon (DOC) values in this
material also confirmed immaturity. The values found were several times greater than the optimal values for mature compost re-
ported (<0.4% DOC (Zmora-Nahum et al., 2005), <0.5% DOC (Eggen and Vethe 2013), <1.0% DOC (Hue and Liu 1995), <1.7%
(Bernal et al., 1998)). The values for pΗ, EC, and DOC indicate unsuitable material for fertilization, and therefore the phytotoxicity
test using seed germination was not carried out.

Nutrient contents, essential for plant nutrition, are a key parameter for compost agronomic value (Barthod et al., 2018). Fig. 1
shows the total and available phosphorus, potassium, and magnesium content of the tested variants. The available phosphorus con-
tent ranged from 62 to 84% of the total content. The greatest total phosphorus content in variant I reached an average of 2523 mg/kg,

Table 2
Values of basic agrochemical properties of composts.

Variant I (PAP) Variant II (AP) Variant III (HM)

Dry matter (%) 55 ± 5.9 89.4 ± 0.99 94.4 ± 0,67
pH/H2O 4.9 ± 0.16 4.7 ± 0.02 4.9 ± 0.01
EC (μS/cm) 4870 ± 138.9 7540 ± 346.9 8346 ± 106.9
C:N ratio 20.2 ± 0.27 21.6 ± 1.55 19.5 ± 1.94
Ctot (%) 45.4 ± 0.6 44.8 ± 0.30 43.7 ± 0.72
Ntot (%) 2.2 ± 0.11 2.1 ± 0.21 2.3 ± 0.23
Nmineral (mgN/kg) 26.6 ± 0.6 70.8 ± 5.9 68.4 ± 2.4
DOC (mgC/kg) 93,319 ± 4156 96,480 ± 6275 76,608 ± 4355

Values are means, ±standard deviation (n = 3), DOC – dissolved organic carbon.
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Fig. 1. Total and available contents of phosphorus, potassium, and magnesium in variants from an electric composter. Values are means, ±standard deviation (n = 3).

its available form was 62.6%. The greatest available content was in variant II, its average content was 1750 mg/kg. It was 84% of the
total content. In all variants, the total potassium content was similar, ranging from 7576 to 7867 mg/kg. Variant I contained the
greatest contents of total (7867 mg/kg) and available (5339 mg/kg, i.e. 95.9%) potassium. In variants II and III the available contents
constituted 83.9% and 80.4% of the total content. The available content of magnesium was very great in all three variants, always
ranging from 90 to 96% of the total content. Variant III contained the greatest total and available contents of magnesium, where the
average total content was 896 mg/kg and the average available content was 853 mg/kg.

Variant III contained the greatest total calcium content (11,182 mg/kg) as illustrated in Fig. 2.
In compost based on biogas residues and spent mushroom substrate composted for 105 d, the available portions constituted 4%

and almost 100% of the total contents of P and K, respectively (Meng et al., 2019).

3.1.2. Risk element contents
The contents of risk elements were measured in variants I, II, and III (Table 3). None of the contents exceeds the limit values pur-

suant to the Decree of the Ministry of Agriculture Czech Republic No. 474/2000 Coll., “On setting requirements for fertilizers” with
these limit values in mg/kg of dry matter: Cd = 2, Pb = 100, Hg = 1, As = 30, Cr = 100, Cu = 150, Ni = 50, Zn = 600. The ad-
dition of apple pomace 25% vol. (variant II; AP) decreased the total content of risk elements unlike manure, which increased the con-
tent of these elements. Nevertheless, even in variant III, the contents of Cd, Pb, Hg, As, Cr, Cu, Ni, and Zn were 33, 55, 100, 20, 12, 32,
26, and 22 times less than the limit values, respectively. Therefore, the compost is suitable for use as an organic fertilizer from this
point of view. Previously, kitchen waste from restaurants was composted in a GreenGood electric composter (Kliopova et al., 2019).
The 25 cycles were performed, and each lasted 24 h. The contents of risk elements also did not exceed the limit values shown above
but were mostly greater than in our study. This could be due to very different input materials, such as boned meat, fish waste, soup,
and tea residues.

Fig. 2. Total calcium contents in variants from an electric composter. Values are means, ±standard deviation (n = 3).
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Table 3
Content of risk elements in composts.

mg/kg of dry matter

Cd Pb Hg As Cr Cu Ni Zn

Var. I <0.05 0.4 ± 0.35 < 0.01 <1.5 8.4 ± 0.33 3.2 ± 0.56 1.3 ± 0.14 18.3 ± 2.89
Var. II <0.05 0.5 ± 0.04 < 0.01 <1.5 5.7 ± 0.39 2.7 ± 0.17 1.2 ± 0.79 14.6 ± 0.56
Var. III 0.06 ± 0.020 1.8 ± 0.79 < 0.01 <1.5 8.2 ± 1.18 4.6 ± 0.68 1.9 ± 0.27 27.1 ± 5.15

Values are means, ±standard deviation (n = 3).

3.1.3. Disintegration of the composted material
To determine whether the disintegration requirement was met, a relative frequency test with a set value of P0 = 0.9 was per-

formed. The disintegration of the material must be at least 90%. The upper index and the letter "a" or "b" (Table 4) illustrate whether a
null hypothesis can be rejected or accepted according to this 95% probability test. The zero hypothesis for this relative frequency test
was: "The disintegration of compostable material is more than 90%." The letter "a" indicates the rejection of the null hypothesis at the
level of significance of 5%, the letter "b" denotes the acceptance of the null hypothesis at the level of significance of 5%, or the rejec-
tion of the null hypothesis, with the test value being greater than the critical value of the normal distribution at one-sided testing u
(α=0.1) = 1.6448, so that samples that have a disintegration of, for example, 100% were not rejected. According to the statistical test
performed, none of the samples from variant I (substrate with paper itself) met a disintegration requirement greater than 90% with
95% probability (Table 4). However, it was a control variant with a very great one-time paper addition with a wide C:N ratio, and this
compliance with the requirement was not expected. According to a statistical test with 95% probability, both wet and dry samples
met the variant II requirement after composting 24 h when sieving with 9 mm mesh. The average undersize portions of wet and dry
samples after 24 h were 88.3% and 84.3%, but the test evaluated these samples as satisfying the disintegration requirement. Wet and
dry samples sieved through a 5 mm mesh screen fulfilled the requirement after composting for 48 h. When sieving wet and dry sam-
ples through a 2 mm mesh screen the disintegration requirements were fulfilled in 120 h.

In variant III, where substrate, paper, and horse manure were composted, the dry and wet sample requirements were fulfilled after
processing for 24 h (for a 9 mm mesh screen). When sieved through a 5 mm mesh screen the dry and wet samples met the statistical
test requirement after 48 h. When sieving both wet and dry samples through a 2 mm mesh screen, the disintegration requirement was
also met after 48 h.

Table 4
Disintegration % during composting in an electric composter (variants I, II, and III in wet and dry samples).

Variant I (substrate + paper)

Wet sample 1st h 12th h 24th h 48th h 120th h
mesh 9 mm 49.7 ± 0.58a 53.3 ± 2.08a 63.7 ± 1.15a 69 ± 1.7a 70 ± 1.0a

mesh 5 mm 50.0 ± 1.0a 52.3 ± 1.53a 60.7 ± 0.58a 66.3 ± 2.31a 68 ± 2.6a

mesh 2 mm 48.3 ± 2.31a 50 ± 1.0a 55.7 ± 2.08a 58 ± 1.0a 62.3 ± 1.53a

Dry sample
mesh 9 mm 48.7 ± 1.53a 55.7 ± 2.31a 62.3 ± 2.08a 67.7 ± 2.31a 70 ± 1.0a

mesh 5 mm 49.3 ± 0.58a 54.7 ± 0.58a 60.3 ± 1.15a 64.7 ± 2.89a 67.7 ± 2.31a

mesh 2 mm 46.3 ± 1.15a 51.7 ± 0.58a 54.7 ± 1.53a 60 ± 1.0a 64.3 ± 2.08a

Variant II (substrate + apple pomace + paper)
Wet sample 1st h 12th h 24th h 48th h 120th h
mesh 9 mm 74.7 ± 0.58a 77.7 ± 0.58a 88.3 ± 0.58b 95.7 ± 0.58b 99.3 ± 1.15b

mesh 5 mm 53.7 ± 1.53a 54.3 ± 2.08a 75.3 ± 0.58a 93.3 ± 1.53b 97 ± 1.0b

mesh 2 mm 44.7 ± 0.58a 51.7 ± 1.53a 71 ± 2.65a 84 ± 1.7a 94.7 ± 1.58b

Dry sample
mesh 9 mm 74 ± 1.0a 78.3 ± 0.58a 84.3 ± 0.58b 94.3 ± 0.58b 98.3 ± 1.53b

mesh 5 mm 55.3 ± 3.21a 58.3 ± 0.58a 68.3 ± 0.58a 91.7 ± 0.58b 95.3 ± 0.58b

mesh 2 mm 40.3 ± 1.53a 49.7 ± 0.58a 58.3 ± 2.08a 83.7 ± 2.52a 91 ± 1.0b

Variant III (substrate + horse manure + paper)
Wet sample 1st h 12th h 24th h 48th h 120th h
mesh 9 mm 74.7 ± 0.58a 78.7 ± 0.58a 87 ± 2.0b 92.7 ± 0.58b 100 ± 0b

mesh 5 mm 63.3 ± 4.16a 69.7 ± 2.08a 79.7 ± 0.58a 91 ± 1.0b 99.3 ± 1.15b

mesh 2 mm 48 ± 3.0a 47.3 ± 0.58a 60.3 ± 1.53a 84.7 ± 1.53b 97.7 ± 0.58b

Dry sample
mesh 9 mm 75.7 ± 0.47a 75.3 ± 1.53a 87.3 ± 1.53b 94.3 ± 1.53b 100 ± 0b

mesh 5 mm 68.3 ± 0.94a 66.7 ± 1.53a 78.7 ± 0.58a 90.7 ± 0.58b 99 ± 1.0b

mesh 2 mm 48 ± 2.2a 49.3 ± 0.58a 81.7 ± 1.53a 88 ± 1.0b 98 ± 1.0b

Values are means, ±standard deviation (n = 3). The indices show statistically significant differences according to the relative frequency test (u ≥ uα).
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3.2. Vermicomposting in Worm Factory vermicomposters
3.2.1. Agrochemical properties

Agrochemical properties were measured after the vermicomposting process (Table 5). The dry matters of vermicomposts were
similar, ranging from 21% to 28.2%. Further, vermicomposters II and III exhibited similar pH values, which reached 8.4 and 8.8, thus
slightly alkaline. The electrical conductivity was different in all variants, the least was in vermicomposter I (405 μS/cm) and the
greatest in vermicomposter III (1046 μS/cm). C:N ratios were also different, ranging from 13.2:1 (vermicomposter III) to 35.4: 1 (ver-
micomposter I).

Fig. 3 shows the total and available phosphorus, potassium, and magnesium contents. The greatest total phosphorus content in
vermicomposter III reached 5267 mg/kg. In vermicomposter I, the available phosphorus content was 347 mg/kg (61.2% of the to-
tal), in vermicomposter II this content was 1024 mg/kg (51.3%), and in vermicomposter III only 650 mg/kg (12.3%). Fig. 3 shows
that the total potassium content trends upward the same as phosphorus from vermicomposter I and vermicomposter III. The greatest
total content in vermicomposter III reached 16,923 mg/kg. The available potassium contents were greater and reached 73.3% (ver-
micomposter I), 88.8% (vermicomposter II), and 67.2% (vermicomposter III). Vermicomposter II had the greatest content of avail-
able potassium (11,827 mg/kg). In vermicomposter I, the available potassium was 3151 mg/kg, and in vermicomposter III
11,372 mg/kg, which was only slightly less than in vermicomposter II. The total magnesium content was significantly greatest in
vermicomposter III (4061 mg/kg). The available magnesium contents were significantly different from the total contents at 70.6%
for vermicomposter I, 26.6% for vermicomposter II, and only 7.6% for vermicomposter III. The available magnesium content values
were similar at 242 mg/kg (vermicomposter I), 336 mg/kg (vermicomposter II), and 307 mg/kg (vermicomposter III).

Total calcium content was greatest in vermicomposter III (Fig. 4). Total contents were 1434 mg/kg (vermicomposter I), 4848 mg/
kg (vermicomposter II), and 24,012 mg/kg (vermicomposter III).

In another experiment, apple pomace was vermicomposted in volume proportions of 25%, 50%, and 75% with straw. The result-
ing vermicomposts exhibited slightly acidic to neutral pH (5.9–6.9), and optimal EC (1.6–4.4 mS/cm) and C:N ratio (13–14). The to-
tal content of nutrients increased during vermicomposting for all treatments with the following average final values: N = 2.8%,
P = 0.85%, K = 2.3%, and Mg = 0.38%. Adding straw to apple pomace did not enhance earthworm biomass but increased the

Table 5
Basic agrochemical properties of materials after vermicomposting completion.

Vermicomposter I (PAP) Vermicomposter II (AP) Vermicomposter III (HM)

Dry matter (%) 28.2 ± 1.26 21 ± 0.2 24.2 ± 0.41
pH/H2O 7.4 ± 0.02 8.4 ± 0.09 8.8 ± 0.07
EC (μS/cm) 405 ± 9.5 980 ± 5.6 1046 ± 13.4
C:N ratio 35.4 ± 4.99 26.6 ± 0.81 13.2 ± 0.52
Ctot (%) 42.1 ± 0.52 43.2 ± 0.15 25.6 ± 1.45
Ntot (%) 1.2 ± 0.11 1.6 ± 0.14 1.9 ± 0.17
Nmineral (mgN/kg) 39.8 ± 1.2 40.1 ± 0.9 31.6 ± 0.4
DOC (mgC/kg) 5354 ± 1351 8026 ± 1283 9335 ± 802

Values are means, ±standard deviation (n = 3), DOC – dissolved organic carbon.

Fig. 3. Total and available contents of phosphorus, potassium, and magnesium in variants from vermicomposters. Values are means, ±standard deviation (n = 3).
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Fig. 4. Total contents of calcium in variants from vermicomposters. Values are means, ±standard deviation (n = 3).

available content of nutrients during vermicomposting. The available P, K, and Mg contents in vermicomposts constituted approxi-
mately 16%, 62%, and 15% of the total contents, respectively, and these values were 60%, 45%, and 25% greater than in the control
composts (Hanc and Chadimova 2014). The available P and K contents in vermicompost from kitchen bio-waste constituted approxi-
mately 50% and 5% of the total contents, respectively. Greater available P contents were found in this material supplemented with
woodchips than paper (Hanc and Pliva 2013).

3.2.2. Qualitative characteristics
Table 6 shows the contents of risk elements that were measured in vermicomposters I, II, and III. None of the contents exceeds the

limit values pursuant to Decree of theMinistry of Agriculture No. 474/2000 Coll., “On setting requirements for fertilizers”.
Table 7 shows the quality properties of the material in vermicomposters I, II, and III at the process end. According to the re-

quirements of the Czech State Standard 46 5736. “Vermicomposts”, only vermicomposter III fulfilled all requirements. Humidity
can be treated later by drying. Vermicomposter I did not meet the C:N requirement and the P and K contents were insufficient.
The C:N was 35.4:1 in vermicomposter I and the requirement was a maximum of 30:1. However, variant I was the control with
paper itself, where no significant vermicomposting was expected. In vermicomposter II insufficient phosphorus content was
reached to meet the legislative requirement (0.6% required; 0.46% determined). This was due to the prominence of paper (50%
vol.) in the original mixture that was supplied, and also due to the low P content in apple pomace. However, this is acceptable
for the use of vermicompost as fertilizer.

3.2.3. Number and biomass of earthworms
The earthworm number varied widely in each vermicomposter (Table 8). In vermicomposters I and II the earthworm number grew

slowly during the observation. In vermicomposter III (the variant with horse manure) the earthworm number grew to the third month
and subsequently dropped sharply, which was a sign of the lack of earthworm feed, and hence complete vermicomposting. In the
third month in vermicomposter III, the earthworm number reached 625 pieces in 1 kg of material, the greatest in any of the treat-
ments during the experimental period. By statistical testing, there was no statistically significant difference in the earthworm number
between the vermicomposters in the first month. As early as the second month, vermicomposter I differed significantly from II and III.
Vermicomposter II and III did not differ significantly from each other. There were statistically significant differences across all vermi-
composters in the third month. For the fourth month, a statistically significant difference was found in vermicomposter II, which dif-
fered from I and III. From the second to the fourth month, the prerequisites for testing were met, both in data normality and homo-
geneity of variance. Tukey's test was used to evaluate significant differences. For the first month, the Kruskal-Wallis test was used be-
cause of the lack of data normality. Using a non-parametric test, it is possible to explain the reduced predictive ability for results in the
first observation month, although large differences in mean values for individual vermicomposters were noted.

According to Table 9, earthworm biomass (in g earthworms/kg of vermicomposted material) almost copied their numbers. Only in
vermicomposter III was the biomass decline not as sharp as the decrease in the number of individuals. Throughout most of the experi-

Table 6
Content of risk elements in vermicomposters at the process end.

mg/kg of dry matter

Cd Pb Hg As Cr Cu Ni Zn

Vermic. I <0.05 0.2 ± 0.07 < 0.01 <1.5 1.5 ± 0.58 3.1 ± 0.48 0.4 ± 0.21 5.2 ± 1.45
Vermic. II <0.05 0.5 ± 0.08 < 0.01 <1.5 <0.05 12.7 ± 0.43 0.8 ± 0.45 18.8 ± 1.08
Vermic. III <0.05 6.9 ± 0.12 < 0.01 <1.5 14.5 ± 1.88 28.4 ± 2.12 7.1 ± 0.35 123.1 ± 1.45

Values are means, ±standard deviation (n = 3).
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Table 7
Qualitative properties after four months of vermicomposting (vermicomposter I, II, III).

Czech State Standard 46 5736 Vermicomposter Value

Humidity in % 50–70 I (PAP) 71.8
II (AP) 79
III (HM) 75.9

Total nitrogen as N recalculated on dry sample in % Min. 1 I (PAP) 1.2
II (AP) 1.6
III (HM) 2

C:N ratio Max. 30 I (PAP) 35.4:1
II (AP) 26.6:1
III (HM) 13.2:1

pΗ value 6.0–9.0 I (PAP) 7.4
II (AP) 8.4
III (HM) 8.8

P content in dry matter in mg/kg I (PAP) 567
II (AP) 1996
III (HM) 5266

Content of P2O5 in dry matter in mg/kg Min. 6000 I (PAP) 1299
II (AP) 4571
III (HM) 12,061

Content of K in dry matter in mg/kg I (PAP) 4297
II (AP) 13,322
III (HM) 16,922

Content of K2O in dry matter in mg/kg Min. 10,000 I (PAP) 5178
II (AP) 16,054
III (HM) 20,393

Values are means (n = 3).

Table 8
Earthworm number in all vermicomposter variants within four months.

Vermicomposter/Number of earthworms (pieces) Vermicomposter I Vermicomposter II Vermicomposter III

1st month 93.3 ± 16.07 a 247 ± 23.3 a 238 ± 15.3 a

2nd month 137 ± 25.2 a 302 ± 45.0 b 353 ± 33.3 b

3rd month 158 ± 15.3 a 342 ± 22.9 b 625 ± 12.7 c

4th month 217 ± 8.2 a 443 ± 91.8 b 231 ± 35.0 a

Values are means, ±standard deviation (n = 3). The indices show statistically significant differences according to the Kruskal-Wallis test in the 1st month and Tukey's
test in the 2nd to 4th month (P ≤ 0,05).

Table 9
Earthworm biomass in all vermicomposter variants within four months.

Vermicomposter/Biomass (g of earthworms in kg of material) Vermicomposter I Vermicomposter II Vermicomposter III

1st month 10.5 ± 0.87 a 18.6 ± 1.50 b 24.3 ± 0.29 c

2nd month 13.5 ± 1.80 a 23.6 ± 3.86 b 35.2 ± 1.04 c

3rd month 15.2 ± 0.76 a 25 ± 2.2 b 51.1 ± 1.35 c

4th month 16.1 ± 0.35 a 31.5 ± 8.26 a 27.5 ± 1.36 a

Values are means, ±standard deviation (n = 3). The indices show statistically significant differences according to the Kruskal-Wallis test at month four, and Tukey's
test at month one to month three (P ≤ 0,05).

ment, the greatest biomass was in vermicomposter III. For earthworm biomass, ANOVA was performed for the first three months con-
cerning assumptions. Subsequent Tukey's test revealed a statistically significant difference between vermicomposters in all three peri-
ods. For the fourth month, the Kruskal-Wallis test was performed due to a lack of data homogeneity, and there was no statistically sig-
nificant difference between groups (P = 0.65). The null hypothesis, which argued that there is no statistically significant difference
between vermicomposters was not rejected. Sharma and Garg (2018) vermicomposted cow dung together with rice straw and paper
waste. Proportion of paper waste was 5, 10, and 20%. The increase in earthworm biomass was directly proportional to the proportion
of paper. In the variant with the highest paper proportion the biomass increased from 316 to 1413 mg (4.5-fold) with a peak at day
75. In variant with horse manure of this experiment, there was also an increase in earthworm biomass up to the 3rd month.

3.2.4. Phytotoxicity test
Germination index (GI) is a significant biological indicator for assessing compost maturity and phytotoxicity (Zhang and Sun,

2019). The compost is considered mature when the GI reaches 80-90% (Gabhane et al., 2012). All nine samples in this experiment
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were tested in ten replications. A control was also performed in ten repetitions and then recalculated to the average by which the ger-
mination index was calculated. The average root length for controls was over 7 mm, the germination rate was 97.2% and the germi-
nation index was 100.2.

The results for vermicomposter I show that the material was only partially mature (Table 10). The germination index was 65.3%,
and the average root length was only 5.2 mm. The material was therefore unusable according to the germination index and its appli-
cation would be uneconomical, which is understandable because it was not vermicompost.

Vermicomposter II where apple pomace was vermicomposted achieved the best germination index at 94% and the average root
length was 6.6 mm, which is also the best of all variants. This germination index points to well-mature vermicompost.

Vermicomposter III where paper with horse manure was vermicomposted exhibited a germination index of 92.2% and an average
root length of 6.5 mm. These results confirm well-mature vermicompost.

In studies of Guo et al. (2012) focused on composting of pig feces and corn stalks with different C:N ratios (15; 18; 21), the com-
post with the lowest initial C:N ratio was significantly different from the other treatments and had the lowest and thus the worst ger-
mination index (53–66%). These results are not consistent with our study due to the very great C:N ratio in the paper itself and its dif-
ficult degradability without the addition of another bulking agent.

3.2.5. Disintegration of the vermicomposted material
In vermicomposter I, where only paper was vermicomposted, little decomposition of the material occurred within four months.

Thus, the material could hardly be sieved, and almost nothing passed through the sieve (Table 11). Only the wet sample was sieved af-
ter three and four months on a 9 mm mesh screen. At most 10% of the material passed through the sieve, and therefore in no case
could this control variant satisfy the disintegration requirement of more than 90%.

For vermicomposter II where paper and apple pomace were vermicomposted, according to the statistical test, the requirement for
disintegration was met by dry and wet samples after three months of vermicomposting (in the case of sieving on a 9 mm mesh screen).
Furthermore, after three months, the disintegration requirement was satisfied when the wet sample was sieved on a 5 mm mesh
screen. The disintegration of the dry sample was met after four months according to the statistical test when measured on a 5 mm
mesh screen. More than 90% of the material also passed through the smallest mesh screen after four months.

In vermicomposter III decomposition was faster than in the previous vermicomposters. Wet samples were sieved more easily than
dry samples. According to the statistical test, the wet samples fulfilled the requirement for disintegration after only two months of ver-
micomposting. More than 90% of the dry material passed through the 5 and 9 mm mesh screens after three months, and a 2 mm mesh
screen after four months.

In a previous experiment with kitchen waste (50% vol.) + paper (50% vol.) the proportions of three particle size fractions (>12,
12-5, and <5 mm) were assessed in the composts and vermicomposts after five months of the composting and vermicomposting
processes. Composts and vermicomposts exhibited clear differences. Particles smaller than 5 mm represented almost 100% of the re-
sulting fresh vermicomposts produced. The influence of earthworms on the efficiency of biological waste treatment was significant
(Hanc and Dreslova 2016). The physical, mechanical, and agronomical attributes of produced vermicompost could be engineered to
reduce their storage, handling, and utilization costs and environmental impacts. Pelletizing and drying are promising techniques to
achieve these goals (Sarlaki et al., 2021). This study focused on the composting and vermicomposting of greaseproof wrapping paper
together with apple pomace and horse manure. If other additives were used, different agrochemical and other properties of the result-
ing products would be achieved. These properties would also be affected by the use of another composting technology (e. g. in
windrows) or large-scale vermicomposting in outdoor conditions.

Table 10
Phytotoxicity test results in vermicomposters.

vermicomposter I (PAP)

Replication Average root length (mm) Germination index (%)
1st 5.2 65.7
2nd 5 67.2
3rd 4.8 63.1
Average 5.00 65.3 ± 17.75

vermicomposter II (AP)
Replication Average root length (mm) Germination index (%)
1st 6.8 98.58
2nd 6.5 93.01
3rd 6.4 90.69
Average 6.6 94 ± 10.5

vermicomposter III (HM)
Replication Average root length (mm) Germination index (%)
1st 6.8 95
2nd 6.4 91
3rd 6.3 90.4
Average 6.5 92.2 ± 10.72
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Table 11
Disintegration % during vermicomposting (variant I, II, and III in wet and dry samples).

Vermicomposter I (PAP)

Wet sample 1st month 2nd month 3rd month 4th month
mesh 9 mm 0a 0a 6.7 ± 1.53a 10 ± 1.0a

mesh 5 mm 0a 0a 0a 0a

mesh 2 mm 0a 0a 0a 0a

Dry sample
mesh 9 mm 0a 0a 0a 0a

mesh 5 mm 0a 0a 0a 0a

mesh 2 mm 0a 0a 0a 0a

Vermicomposter II (AP)
Wet sample 1st month 2nd month 3rd month 4th month
mesh 9 mm 43 ± 1.0a 46.3 ± 1.53a 91.7 ± 3.51b 97.3 ± 0.58b

mesh 5 mm 29.3 ± 1.53a 40.7 ± 0.58a 84.7 ± 1.53b 94.3 ± 0.58b

mesh 2 mm 11.3 ± 3.06a 24.7 ± 5.51a 80 ± 1.0a 91.7 ± 1.53b

Dry sample
mesh 9 mm 39.7 ± 0.58a 62.3 ± 1.53a 89 ± 1.0b 97.7 ± 2.53b

mesh 5 mm 34 ± 2.6a 53.3 ± 1.53a 83.7 ± 3.21a 94.7 ± 2.53b

mesh 2 mm 26.3 ± 1.53a 41.3 ± 1.53a 74 ± 2.6a 90.3 ± 0.58b

Vermicomposter III (HM)
Wet sample 1st month 2nd month 3rd month 4th month
mesh 9 mm 77 ± 2.6a 100 ± 0b 100 ± 0b 100 ± 0b

mesh 5 mm 65.3 ± 2.52a 100 ± 0b 100 ± 0b 100 ± 0b

mesh 2 mm 51.3 ± 1.53a 85 ± 1.0b 94.7 ± 2.52b 95.3 ± 0.58b

Dry sample
mesh 9 mm 72.3 ± 0.58a 75 ± 2.6a 100 ± 0.58b 100 ± 0b

mesh 5 mm 41.3 ± 1.53a 49 ± 1.0a 93 ± 2.0b 100 ± 0b

mesh 2 mm 21 ± 1.0a 26.7 ± 1.53a 73 ± 4.4a 97 ± 1.0b

Values are means, ±standard deviation (n = 3). The indices show statistically significant differences according to the relative frequency test (u ≥ uα).

4. Conclusions
In terms of faster waste paper reduction, composting in the electric composter with the addition of organic waste was more effi-

cient than vermicomposting. However, the material produced in this manner was not suitable as a soil amendment, unlike vermicom-
posts based on paper with apple pomace or manure. This was mainly due to the acidic pH and the extremely great electrical conduc-
tivity, which were caused by the input substrate, which was prepared based on food residues. The addition of input substrate to the
tested material imitated the conditions of composting in an electric composter in restaurants. It was concluded that product from the
electric composter was immature and phytotoxic. Therefore, it would be appropriate to continue with composting the material in the
usual way, for example in turned piles or windrows. Vermicomposting took much longer than composting with a GreenGood, but the
resulting variant with paper and manure appeared the most suitable as a soil amendment. The agrochemical properties of this variant
were basically optimal. The greatest contents of total and available elements reached comparable values with vermicompost based on
paper and apple pomace. According to the germination index, vermicomposts II and III containing apple pomace and horse manure
were well-mature. The paper disintegration was the fastest with the addition of horse manure. Greaseproof wrapping paper does not
need to end up in a landfill or an incinerator but can be composted or vermicomposted, and the products of these processes are used as
organic fertilizer.

In next research on this topic, advanced sustainability tools, including techno-economic and life cycle assessment could be intro-
duced. Integration of these tools can provide more reliable and accurate results than single approaches (Aghbashlo et al., 2022).
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