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Article 
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Abstract: The easiest way to utilise leather waste shavings is normally to produce new fuels from 
the most contaminated fractions for combustion or gasification. But since these waste contain up to 
10% of nitrogen (N), burning it only for the energy recovery would not be rational. On the other 
hand, the chromium (Cr) content exceeding 5% in half of the waste stream (w/w) is too significant 
to be applied in agriculture. In this work, 4 acid hydrolysates from leather waste shavings both wet-
white free of Cr and wet-blue with Cr were used: 2 with a mixture of acids and supplemented with 
Cu, Mn, Zn and other 2 as semi-product from collagen extraction using hydrochloric acid. The acid 
hydrolysates were prepared using a specific combination of acids under controlled conditions, 
ensuring the maximum release of nitrogen while maintaining the safety and integrity of the process. 
Additionally wet-green leather waste shavings eg. impregnated with olive extract were used 
followed by their 2 treatments: amendment with a biochar from “wet white” leather waste shavings 
and amendment with this biochar incubated with a commercial phosphorus stimulating microbial 
consortia BactoFos. They were applied as organic nitrogen-based fertilisers in a glasshouse 
experiment, consisting of 4-5 subsequent harvests every 30 days, under spring-autumn conditions 
in northern Poland. Ryegrass dry matter and nitrogen plant content were measured across 7 
increasing fertiliser doses. Nitrogen utilisation, relative agronomic effectiveness, nitrogen use 
efficiency, total ryegrass dry matter and nitrogen utilisation breakdown across harvests were 
calculated. Biochar amended wet-greens provided the highest nitrogen use efficiencies exceeding 
100% after 4 months growth (for 20 kg N/ha) and varying from 17% to 37% in particular months. 
This is backed up by another parameter (relative agronomic effectiveness) that for these materials 
exceeded 150% for single month and in total around 33%. Biochar amendments significantly 
increased agronomic parameters for wet-greens and their microbial treatment enhanced them even 
further. In sustainability aspects, assuming only the industrial partner waste potential, that gives 
919,8 t of recycled nitrogen per year, which comes back to the environment in plant biomass. 
Recycling this type of waste can replace inorganic fertilizers reducing greenhouse gas emissions and 
carbon footprint. 

Keywords: tanned leather waste; hydrolysates; biochars; ryegrass growth; agronomic effectiveness; 
nitrogen use efficiency 
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1. Introduction 

The circular economy is a relatively new production-consumption model that focuses on 
recycling, remanufacturing and repairing materials, thereby extending the life cycle of products and 
reducing waste generation. Closing the material and energy cycle can help protect the environment 
by minimizing the use of natural resources and reducing greenhouse gas emissions. Product and 
processing modifications can contribute to innovation and competitiveness in various industrial 
sectors, economic growth, create new workplaces, which pays off for both entrepreneurs and 
consumers [1]. Due to the aforementioned significant environmental and economic benefits, the 
European Union is encouraging economic transformation. This is further prompted by the fact that 
most raw materials are imported into the EU, and recycling waste could alleviate issues related to 
availability and price [2].    

1.1. Closing the Loop in Tanning Waste 

For years, the tanning industry has been struggling with the problem of waste, due to its huge 
amount, type as well as diversity of composition. Changing from a linear to a circular model would 
reduce costs associated with waste disposal and emissions control, and improve the public image of 
the tanning business as more environmentally friendly [1]. Solid tannery wastes can be an energetic 
secondary feedstock because of their high heating value (17-20 MJ/kg), but high-temperature 
treatment can lead to the release of nitrogen oxides [3] or the formation of toxic Cr(VI) [4]. Tannery 
shavings and sludge have potential to be reused to produce biogas, which could meet growing 
energy needs and simultaneously reduce fossil fuel consumption [5]. Tannery waste is a source of 
fats, which can be utilized in biofuel production using supercritical ethanol [6]. It is possible to obtain 
proteases from tannery waste that find applications in medicine, biotechnology or the food industry. 
For this purpose, the waste is subjected to biological degradation using Synergistes sp., Pseudomonas 
aeruginosa, Selenomonas ruminantium [7]. Treating the remains of goat skins with organic acids 
(such as acetic or propionic acid) can provide type I collagen, which is a valuable substance in 
pharmacy and cosmetics [8]. Collagen from leather waste can also be a component of hybrid polymer 
films for medical applications [9], an ingredient in high-strength composites with Al2O3 [10], and 
even building materials that retard the bonding of gypsum [11]. The agricultural sector can also be a 
recipient of processed tannery waste. Tanning waste provide a renewable source of organic nitrogen 
(protein), which can be converted to short peptides and free amino acids through hydrolysis [12]. 
Amino acids such as proline, glycine, arginine, lysine, valine, aspartic acid and glutamic acid can be 
present in hydrolyzed leather trimmings, which promote healthy plant development [13].  

Different treatment methods (thermal, biological, chemical) recover valuable components from 
tannery residues, and generate new and useful products for various industries. However, the 
ongoing fertilizer crisis (related to the availability of raw materials, the high price of natural gas and, 
consequently, the high price of commercial products) makes the exploration of alternative raw 
materials for the production of agrochemicals seem particularly important [14].  

1.2. Hydrolysis and/ or Carbonization? 

Hydrolysates based on leather waste are an intermediate for the preparation of fertilizers. They 
are obtained by the results of temperature, enzymes or chemicals. The last type of hydrolysis is most 
frequently practiced because it is inexpensive, easy and quick [15]. Various mineral acids (H2SO4, 
H3PO4, HCl), organic acids (acetic, citric), acid mixtures or alkali (mainly NaOH or CaOH) are 
employed as hydrolyzing agents [16]. Considering the fertilizer direction of waste valorization, it is 
most beneficial to apply phosphoric acid(V) or potassium hydroxide for treatment. The achieved 
hydrolysate will be a more valuable product, rich not only in nitrogen (in the form of amino acids 
and short peptides), but also in the essential macronutrients P and K [12]. Fertilizers based on 
hydrolysate from wet blue shavings mixed with poultry bone meal and hyacinth ash [17], or by 
mixing hydrolysate with ash (from biomass combustion or wastewater treatment plants) have been 
successfully produced [12]. Fertilizer was also made as compost from tannery sludge mixed with 
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manure and straw [18]. Carbonization of tanned leather waste fraction via pyrolysis was already 
studied, but the application of wet-greens as a novel feedstock material, amendment with biochars 
followed by the microbial treatment, constitutes a novel approach. 

The valorization of tanning wastes for fertilizer purposes is not yet widely explored. Residues 
from tanning leather with chromium(III) salts are mainly reused for the production of agrochemicals 
[19]. After fertilizer application, chromium can be released into the soil and accumulate there or in 
the plant, causing a threat to the environment and future food consumers. In vivo usefulness studies 
(pot tests, greenhouse tests, field tests) are particularly important in this case. They will provide 
information about the assimilation of nutrients from the fertilizer into the plant, and also verify the 
possibility of transferring hazardous contaminants into the environment. Additionally, the tanning 
industry is opening up to green technologies and using plant extracts for leather processing. There is 
a lack of information on their potential use in the agricultural sector. 

1.3. The Objective of the Study 

The objective of this study was to investigate the effects of various tannery waste-based 
fertilizers on ryegrass, specifically focusing on their impact on nitrogen use efficiency, plant growth, 
and soil properties. This was carried out by conducting a five-month greenhouse study evaluating 
the effects of various tannery waste-based fertilizers on ryegrass. In this study, 7 fertilizers were 
applied, including acid hydrolysates of shavings (containing or not containing chromium), as well as 
wet-green shavings (alone, with biochar from "wet white" shavings, or with biochar and a consortium 
of microorganisms), which is the novelty. Yield and nitrogen uptake were checked at monthly 
intervals to assess total nitrogen consumption and growth dynamics of ryegrass over the harvest. In 
this study, an innovative approach of utilizing tannery waste shavings by preparing different types 
of hydrolysates and treating wet-greens was applied. The new organic nitrogen-based fertilizers were 
evaluated for nitrogen use efficiency. This study intends to show the significant potential for the use 
of tannery waste-based fertilizers in improving nitrogen use efficiency in ryegrass cultivation. This 
work lays the groundwork for further investigations into sustainable and cost-effective agricultural 
practices, contributing to the broader efforts in moving towards a circular economy. Taking into 
account the quantitative aspects of global tannery industry production, where only ca. 20% of the 
feedstock material (bovine shavings) is transferred to the final product, any processing of the waste 
stream accounting for the remaining 80% is valuable.  

2. Materials and Methods 

A series of in vitro tests (such as extraction tests simulating soil solution, for example, sodium 
citrate and water solubility) and in vivo plant tests are used in a standardized approach to evaluating 
the functional properties of fertilizers. The in vivo sequence includes germination tests (which serve 
as initial dose-effect studies of functional properties), pot trials, and field trials where the crop yield-
generating effect is tested under real conditions. This standardized approach allows the comparison 
of the obtained results with those of other authors. It also complies with the law on fertilizer 
registration.  

The effect of tanned waste fractions on the growth of ryegrass was studied in pot experiments 
performed in a glasshouse in Gdynia Wiczlino, Northern Poland (54.5048 N, 18.4038 E). The study 
lasted from April 2022 to September 2022.  

2.1. Fertilisers 

Several types of bovine leather waste were used in the research. The mentioned waste is 
generated during the processing of tanned leather for upholstery purposes in BADER Polska sp. z 
o.o. located in Bolesławiec, south-west Poland. The global BADER group covers 20% of the 
automotive upholstery market worldwide. The process of preparing the leather waste for use as 
fertilizer is critical to our study. We started by collecting bovine leather waste from BADER Polska 
LtD. This waste is generated during the processing of tanned leather for upholstery purposes. To 
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improve the fertilizing properties of the leather waste, we implemented a pretreatment process. A 
detailed description of the fertilisers used in tests is presented in Table 1. Seven fertiliser materials 
were investigated in a glasshouse experiment and compared with the commercially available mineral 
NP fertiliser. Table 1 below shows the specification of materials and pre-treatments used. Finally, 
Table 2 shows the descriptions of the pre-treatments. The pretreatment involved both hydrolysing 
the shavings with a mixture of acids (below) and amending the wet-greens with biochar derived from 
wet-whites (shavings free of Cr) and additionally with a commercial microbial consortia (BactoFos). 

HC and HFOC: Shavings were hydrolysed with a mixture of the following acids: phosphoric (V) 
(12%), fumaric (2%), oxalic (1.7%), and citric (1.7%). 200 g of the solution and microelement sulfate 
salts (Cu, Zn, Mn) in the amount of 0.25% were added to 200 g of shavings and left for 1 h at a 
temperature of 100 ° C. The pH of the prepared hydrolysate was corrected with potassium hydroxide 
to pH 2.5. Subsequently, the hydrolysate was granulated with biomass combustion in the ratio of 350 
g of suspension solution to 450 g of ash. According to EU legislation, the chromium (VI) content is 
limited in organic-mineral fertilizers. The maximum chromium (VI) content is 2 mg/kg. Speciation 
analysis of leather waste fertilizers shows that in most cases the chromium (VI) content in 
formulations reaches values of <1 mg/kg. Fertilizers based on hydrolysates using sulfuric (VI) acid 
and phosphoric  (V) acid granulated with biomass combustion ashes show acceptable levels of 
chromium(VI) content [12,20]. 

HYDC and HYDFOC. These hydrolysates were obtained while extracting collagen from 
shavings using strong HCl to maximise the collagen recovery. Thus, they only constitute just a 
byproduct after the collagen extraction. This approach was chosen to rather test this process waste as 
fertiliser without any further pretreatment and compare them with dedicated hydrolysates, described 
in previous paragraph. 

Table 1. Selection of tanned leather waste-fractions used in experiments and their pre-treatments. 

Hydrolysates Symbol Processing stage Pretreatment procedure 

1 Acids mixture 

used, Cu, Zn, 

Mn 

supplemented 

(Cr) 

HC 

(light) 

Solid waste from the 

leather shaving 

process, Cr tanned 

Hydrolysis with a mixture of 

acids: phosphoric (V) (12%), 

fumaric (2%), oxalic (1.7%) 

and citric (1.7%) spray-

method supplemented with 

micronutrients: Cu 0.25%, 

Mn 0.25% and Zn 0.25%, 

adjusting pH with potassium 

hydroxide to pH 2.5; 

granulation using sewage 

sludge 

2 Acids mixture 

used, Cu, Zn, 

Mn 

supplemented 

(no Cr) 

HFOC 

(light) 

Solid waste from the 

leather shaving 

process, free of Cr  

3 Hydrochloric 

acid used, (Cr) 

HYDC 

(heavy) 

Residue after collagen 

extraction from solid 

waste from the leather 

shaving process, Cr 

tanned 

 

 

 

 

1 M HCl extraction, L:S 

3.77:1, autoclaved (121°C, 20 

minutes, p = 1 bar), filtered 

twice, adjusted to pH 6.7 

with a 25% ammonia solution 

4 Hydrochloric 

acid used (no 

Cr) 

HYDFOC 

(heavy) 

Residue after collagen 

extraction from solid 

waste from the leather 
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shaving process, free 

of Cr 

Wet-green 

(olive extract 

impregnated 

shavings) 

Symbol Processing stage Pretreatment procedure 

5 Not treated 

shavings (no 

Cr) 

OLIV 

(wet-green) 

Solid waste from the 

leather shaving 

process, where olive 

extract was used as 

impregnant free of Cr 

None 

6 Shavings 

amended with 

“wet white” 

biochar (no Cr) 

OLIVb 

(wet-green) 

Amended with a biochar 

obtained from the “wet 

white” bovine shavings (no 

Cr) pyrolised at 500 oC. Dose: 

1 t CaO/ ha (ca. 33.7g/ pot) 

7 Shavings 

amended with 

“wet white” 

biochar and 

incubated with 

a P-stimulating 

microbial 

consortia 

BactoFos (free 

of Cr) 

OLIVb_bio 

(wet-green) Amended with a biochar 

obtained from the “wet 

white” bovine shavings (no 

Cr) pyrolised at 500 oC 

incubated with a P-

stimulating microbial 

consortia BactoFos (dilution 

1:250, 2 ml/ pot used). 

As reference fertiliser an NP mineral fertiliser FLOROVIT (MF) was used: 19.0% (total N); 5.4% 
(nitrate N), 13.6% (ammonium N); 6.0% (P2O5 in neutral ammonium citrate and water), 3.9% (P2O5 in 
water); 2.5% (MgO total) 4.0% (Fe total). Total N contents as referred to dry matter of the tanned 
waste fractions were as follows: HC 11; HFOC 7,5; HYDC 20,37; HYDFOC 18,14; OLIV 63,04; OLIVb 
63,04; and OLIVB_bio 63,04 gN/ kg. The FLOROVIT standard (fast effect) was chosen as the most 
typical mineral fertilizer purchased from widely available garden stores. We know that the 
phosphorus content in the tannery waste fractions is limited (<0.5% in all fractions tested, except HC, 
where it was over 8%, because the material was further supplemented). 

It was presumed that the plant responds to rich-N organic waste, fertiliser dosages were applied 
at rates ranging from 20 to 370 kg N/ha to reach the plateau on the N response curve. The levels of N 
added are shown in Table 2. It shows the experimental plan expressed by the fertiliser dosage 
assumption and the amounts of the corresponding calculated nitrogen and fertiliser per pot. It was 
decided to start with the normal dose (20 kg N/ ha) that is recommended for ryegrass according to 
the mineral fertiliser requirements. The dose was increased by 50 kg N/ ha, till it reached 170 kg N/ 
ha, which is the maximum allowed N yearly for natural fertilisers on Polish agricultural land 
(Regulation of the Council of 12 Ministers of July 12, 2018 on the adoption of the "Action Program to reduce 
water pollution with nitrates from agricultural sources and prevent further pollution"). Then the dose was 
increased further; the last dose was increased by 100 kg N/ ha as referred to the previous one and 
equalled 370 kg N/ ha in order to reach the plateau of over-fertilisation. 
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Table 2. Amounts of tanned leather waste fertilisers based on N content, added to the soil in the 
glasshouse experiment. 

Mineral Fertiliser NPK (MF) 
"Light" Hydrolysate from bovine shavings 

(Cr), supplemented, granulated, (HC) 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser
/ pot 

mg N/ 
kg soil 
d.m. 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser/ 
pot 

mg N/ 
kg soil 
d.m. 

1 
(normal) 20 0,033 0,17 0,023 1 20 0,033 3,16 0,023 

2 70 0,116 0,61 0,079 2 70 0,116 11,06 0,079 
3 120 0,198 1,04 0,135 3 120 0,198 18,95 0,135 

4 (max 
in PL) 170 0,281 1,48 0,192 4 170 0,281 26,85 0,192 

5 220 0,363 1,91 0,248 5 220 0,363 34,75 0,248 
6 270 0,446 2,35 0,304 6 270 0,446 42,64 0,304 
7 370 0,611 3,21 0,417 7 370 0,611 58,44 0,417 

"Heavy" Hydrolysate from bovine shavings 
(Cr), (HYDC) 

"Heavy" Hydrolysate from bovine shavings 
(no Cr), (HYDFOC) 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser
/ pot 

mg N/ 
kg soil 
d.m. 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser/ 
pot 

mg N/ 
kg soil 
d.m. 

1 
(normal) 20 0,033 14,28 0,023 1 20 0,033 12,73 0,023 

2 70 0,116 49,97 0,079 2 70 0,116 44,54 0,079 
3 120 0,198 85,66 0,135 3 120 0,198 76,35 0,135 

4 (max 
in PL) 170 0,281 121,36 0,192 4 170 0,281 108,16 0,192 

5 220 0,363 157,05 0,248 5 220 0,363 139,98 0,248 
6 270 0,446 192,74 0,304 6 270 0,446 171,79 0,304 
7 370 0,611 264,13 0,417 7 370 0,611 235,41 0,417 

 
 

Wet-greens (OLIV) 

Biochar (from shavings) amended Wet-greens, 
incubated with microbial product BactoFos 

(OLIV_B_bio) 
          

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser
/ pot 

mg N/ 
kg soil 
d.m. 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser/ 
pot 

mg N/ 
kg soil 
d.m. 

1 20 0,033 1,18 0,023 1 20 0,033 1,18 0,023 
2 70 0,116 4,14 0,079 2 70 0,116 4,14 0,079 
3 120 0,198 7,09 0,135 3 120 0,198 7,09 0,135 
4 170 0,281 10,04 0,192 4 170 0,281 10,04 0,192 
5 220 0,363 13,00 0,248 5 220 0,363 13,00 0,248 
6 270 0,446 15,95 0,304 6 270 0,446 15,95 0,304 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1769.v1

https://doi.org/10.20944/preprints202410.1769.v1


 7 

 

7 370 0,611 21,86 0,417 7 370 0,611 21,86 0,417 

Biochar (from shavings) amended Wet-
greens (OLIV_B) 

"Light" Hydrolysate from bovine shavings (no 
Cr), supplemented, granulated, (HFOC)  

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser
/ pot 

mg N/ 
kg soil 
d.m. 

Dosage 
Nr 

kg N/ 
ha 

g N/ 
pot 

g 
fertiliser/ 
pot 

mg N/ 
kg soil 
d.m. 

1 
(normal) 20 0,033 1,181 0,023 1 20 0,033 4,633 0,023 

2 70 0,116 4,135 0,079 2 70 0,116 16,215 0,079 
3 120 0,198 7,089 0,135 3 120 0,198 27,797 0,135 

4 (max 
in PL) 170 0,281 10,042 0,192 4 170 0,281 39,379 0,192 

5 220 0,363 12,996 0,248 5 220 0,363 50,962 0,248 
6 270 0,446 15,950 0,304 6 270 0,446 62,544 0,304 
7 370 0,611 21,857 0,417 7 370 0,611 85,708 0,417 

2.2. Soil and Plants 

The plants were grown in the <2 mm sieved fraction of a sandy soil mixed with peat in w/w ratio 
sand:peat = 5:1, which corresponds to v/v ratio 1:1.5. Soil properties were as follows: dry matter 
(d.m.), 88.77%, organic matter (o.m.), 6.08% , Total Kjeldahl Nitrogen (TKN) 1.32 gN/ kg d.m., Total 
Phosphorus (TP) 185.58 mgP/ kg d.m., P-Olsen 19.04 mgP/ kg d.m., Total Potassium (TK) 610 mgK/ 
kg d.m., K-Olsen 64.94 mgK/ kg d.m., pH 8.287, Redox potential 63.8 mV, Electrical conductivity EC 
159.7 mS/ cm. Approximately, 1.75 kg of prepared soil was placed in a 14.5 cm internal diameter pot 
(surface area: 0.0165 m2); supplemental nutrient solutions (except N) were added to each pot 
according to the  recipe: K2SO4 (42 g/L) 12 ml/ pot and 6 ml/ pot  in solution: CaCl2·2H2O (90 g/L), 
MgSO4·7H2O (24 g/L), MnSO4·H2O (6 g/L), ZnSO4·7H2O (5.4 g/L), CuSO4·5H2O (1.2 g/L), H3BO3 (0.42 
g/L), CoSO4·7H2O (0.16 g/L), Na2Mo4·2H2O (0.12 g/L). The soil and nutrients were thoroughly mixed 
in the top 5-cm soil layer. 

Then 80 annual ryegrass seeds, that is, 0.5 g (a mixture of lolium perenne 40%, lolium multiflorum-
estanzuela 284 20%, festuca rubra 25%, lolium hybridum 15%) were placed in the pots on the surface of 
the soil and covered with an additional 80 g of soil. Experiments were done in duplicate and the pots 
were rerandomized each 7 days to eliminate differences in insolation and kept at a constant weight 
with (DIW), at field capacity (20% g H2O/g soil d.m., that is, approximately 26.4% (cm3 H2O/cm3 soil). 
Harvesting was carried out every month over a 4-months period by cutting the tops at about 1 cm 
above the soil surface. The harvested plants were then placed in paper bags and dried at 105 °C until 
the constant weight. 

2.3. Soil and Plant Analysis 

Soil samples were analysed for pH, EC and Redox potential (1:5 H2O) before planting and after 
the last harvest [21]. The phosphorus concentration in liquid samples was determined on a portable 
spectrophotometer (Hach DR3900, Hach Company) using the Hach Method 8048, with 
mineralization step. Before analysis, water soil samples were filtered on a paper filter, followed with 
a 0.45 µm syringe-filter. The ryegrass tops after each of the 4 harvests were dried and ground. The 
samples were analysed for total N. Total Kjeldahl Nitrogen (TKN) was determined by the Kjeldahl 
method. The samples were digested (SpeedDigester K-436, Büchi) in concentrated H2SO4 acid in the 
presence of a titanium-based catalyst, the next step was the steam distillation step (K-355 distillation 
unit, Büchi) into boric acid solution with Tashiro indicator, then titrated with HCl acid to measure 
the released ammonia. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 October 2024 doi:10.20944/preprints202410.1769.v1

https://doi.org/10.20944/preprints202410.1769.v1


 8 

 

2.4. Theory/ Calculation 

Agronomic effectiveness 
Absolute agronomic effectiveness (AAE) and relative agronomic effectiveness (RAE) of the 

materials were calculated for each of the 4 harvests and cumulatively after the end of the experiment, 
using the total N uptake data (1-4 harvests and the cumulatively) and dry matter yield data (only 
cumulatively). AAE is expressed by a slope of the best-fit line of the relation between plant N uptake 
and N application rate and RAE is expressed by the ratio of AAE of the material to AAE of the 
reference fertiliser. This is a standard method to evaluate the performance of various fertilisers [22]. 

Nitrogen use efficiency 
Nutrient/ nitrogen use efficiency (NUE) refers to the ability of crops to take up and utilise 

nutrients for optimal yields, therefore, the concept involves three major processes in plants: uptake, 
assimilation, and utilisation of nutrients. It is calculated by the difference between nitrogen use in kg 
N/ ha for a given dose and the nitrogen use in kg N/ ha for the control scenario (without fertiliser) as 
referred to the input N with the fertiliser applied (kg N/ ha). This parameter is widely used in the 
similar studies [23,24]. 

2.5. Limitations 

The research was performed with the following limitations: (1) carried out in the glasshouse, (2) 
using small-diameter pots, (3) under semi-controlled meteorological circumstances, (4) for the limited 
amount of harvests, (5) for one crop and (6) one soil type. 

3. Results 

3.1. Ryegrass Biomass Yield and Nitrogen Uptake Responses to Applied Waste Based Fertilisers 
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Figure 1. Ryegrass biomass yields response (left) and nitrogen uptake (right) to tanned leather waste 
based fertilisers after 4 subsequent harvests, as compared to the mineral fertiliser (MF) for harvests 
after 30, 60, 90 and 120 days. 

3.1.1. Dry Matter Ryegrass Yield 

Generally, dry grass yields ranged from 1.7 to 4.5 g of dry matter per pot. The maximum yields 
were reached after 90 days. Only "light" hydrolysates reached the biomass yields comparable to 
mineral fertilizer after 90 and 120 days whereas wet-green based fertilizers remained at a stable plant 
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yield level in most of the time, not exceeding 1.5 g d.m./ pot. Biochar amended wet-green fertilizers 
provided up to 3 times better yields than untreated wet-greens expressing the maximum of growth 
around dosage 120 kg N/ ha. Heavy hydrolysates allowed the growth of biomass later, only after 60 
days and further showing maximums for small doses around 70 kg N/ ha with slight advantage of 
hydrolysates without chromium. These materials provided similar yields to the wet-green ones for 
smaller doses and exceeded the light hydrolysates-provided yields after 120 days to be even 3 times 
better than all other materials after 150 days. After a prolonged period, heavy hydrolysates without 
chromium continued to provide yields after 170 kg N/ha. In contrast, those with chromium 
completely inhibited growth after this dose, irrespective of the growth time.  

These findings indicate that hydrochloric acid, used for heavy hydrolysates, likely dissolved 
many other pollutants into the soil. The soil likely neutralized part of the elements, providing some 
availability of nitrogen to the plants, but only for the first half range of doses. For the remaining 
higher doses, the growth was inhibited. 

In general the findings are in line with the hypothesis where hydrolysates behave similarly to 
mineral fertilizer after certain time and organic materials such wet-green provide smaller yields but 
in a more stable manner over longer time and the plant response is more stable and less driven by 
the application dose. 

3.1.2. Nitrogen Uptake 

Nitrogen concentration in plants dry mass varied from 10 to 55 g N/ha. Mineral fertilizer 
provided the highest N concentrations among all materials only in the beginning of growth. Then, 
after 60 days, concentrations for MF and wet-greens fertilised plants were similar and after 90 and 
120 days showed the highest amounts for heavy hydrolysates (up to 55 g N/ha), medium range 
amounts (ca. 30-50% less) for wet-green ones. The lowest (ca. 60-90% less) and the least dosage-
dependent amounts were observed for light hydrolysates and mineral fertilizer. The effect of 
chromium on nitrogen uptake is unclear. Nonetheless, heavy hydrolysates without chromium 
provided improved nitrogen concentrations, particularly after 120 kg N/ha, and only in the later 
growth stages after 90 days.  

This is in line with dry matter yields which started only after 90 days due to nitrogen uptake. 
Generally observed in the literature phenomena on fast exploitation of nitrogen source from highly 
available mineral fertiliser and light hydrolysates is supported. Wet-green based materials with no 
clear difference between untreated ones and biochar/ biochar and microbes amended ones show 
moderate increase of nitrogen concentration with dosage application, however still way higher than 
mineral one and light hydrolysates after 90 days. 

3.2. Total Ryegrass Growth Dynamics Across Harvests 

This figure was created to visualise the distribution of ryegrass total dry matter yield across 
harvests (as a sum for all doses) to show which materials provided the most of the yields in a given 
month of growth. For mineral fertilizer and light hydrolysates, most of the biomass is generated at 
month 2 and 3 (70-75%), whereas the rest is formed after month 1 and 4 (25-30%). In total, mineral 
fertiliser provided 48 g d.m./pot and light hydrolysates provided 30 g d.m./ pot. In contrary wet-
greens provide more gradual growth of biomass over three first months providing ca. 20-35% of total 
biomass each month. Wet greens still provide up to 20% of total biomass in the last month that is 
relatively even twice more than mineral fertilizer in this month. It seems that the presence of biochar 
amendment in this treatment shifts the biomass growth to later months as the maximum biomass 
growth for the month 1 was only observed for untreated wet-greens (38% of total biomass). Biochar 
amendments and biochar amendments with microbial treatment also provided 60-110% higher yields 
than untreated wet-greens especially after month 2, 3 and 4. In total, during the first 3 months, wet-
greens provided 3,6-8 g d.m./ pot vs. mineral fertiliser and light hydrolysates, providing up to 3 times 
more during month 2 and 3 (10,5-20,8 g d.m./ pot). No biomass increase was found after month 1 for 
the heavy hydrolysates, where the most of the growth (up to 50% of the total biomass) was found 
only at the last month 4, especially for the chromium free hydrolysate. In absolute terms this was 
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from 22 to 23 times higher than control treatment but still lower than most of other materials in this 
time of growth. The lower part of Figure 2 visualises the differences in dry matter distribution 
dynamics between harvests in absolute terms. The total dry matter yield in g d.m./ pot  presented 
from the highest to the lowest values is as follows: MF 48,08; HC 29,93; HFOC 28,93; OLIVB 24,62, 
OLIVB_bio 23,60; OLIV 17,17; CONTROL 10,4; HYDFOC 7,50; HYDC 6,50. 

 
Figure 2. Ryegrass growth (as total dry matter yield) dynamics across four harvests for 7 treatments, 
mineral fertilizer and a control: percentage of total dry matter in each harvest (up) and total dry matter 
in each harvest (down). 

3.3. Nitrogen Utilisation by Ryegrass 

Figure 3 shows nitrogen utilization expressed as total nitrogen extracted by ryegrass per hectare. 
In general highest amounts of  nitrogen (up to 80 kg N/ha) are utilised by plants fertilized with 
mineral fertilizer after 60 days of growth and they decrease dramatically after 120 days to mostly 
values less than 10 kg N/ ha. This is in opposition to studied materials that express N utilization in a 
more gradual manner up to 30 kg N/ ha across first three months to decrease under 20 kg N/ ha after 
the last month.  
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Figure 3. Nitrogen utilisation by ryegrass grown on soil amended with tanned leather waste based 
fertilisers after 4 subsequent harvests, as compared to the mineral fertiliser (MF) for harvests after 30, 
60, 90 and 120 days. 

The dynamics of N utilization across growth time present as follows. First, wet-greens express 
up to 2-5 times better N utilization than light hydrolysates after 30 and 120 days. This is especially 
true for the amendment with microbially treated biochar. After 60 and 90 days, the N utilization of 
all studied materials, apart from heavy hydrolysates and untreated wet-greens, is more or less the 
same. Second, chromium-containing light hydrolysates show a maximum of N utilization at 60 days 
at 220 kg N/ha and for 90 days at 270 kg N/ha. Third, after 90 days, heavy hydrolysates start showing 
N utilization up to 20 kg N/ha. Compared to others, they still express very high N utilization for small 
doses (less than 170 kg N/ha) after 120 days. This is up to 2 times higher than biochar amended wet-
greens and up to 10 times higher than light hydrolysates, mineral fertilizer and untreated wet-greens, 
(4) microbiologically treated biochar amendments of wet-greens express highest N utilization among 
all wet-greens especially after 120 kg N/ha dose after 120 days. 

Where the linear regression model was possible to apply, the trend lines were showed with 
correlation factors and equations on the plots. Absolute agronomic effectiveness (AAE) is expressed 
by the slope of the best-fit linear regression model for the response of plant growth to fertiliser 
dosage. This could be expressed as the relationship between (1) N use or (2) dry matter yield and 
fertiliser dosage. In other words, N-based AAE describes how much nitrogen (in %) is taken up in 
relation to nitrogen input (introduced and supplied with the fertiliser) across the increasing dosages. 
Calculating AAE is a common way to assess fertiliser performance throughout the literature and has 
been found in other studies [25,26]. 
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3.4. Total Nitrogen Utilisation Dynamics Across Harvests 

Figure 4 was created to best visualize nitrogen utilization dynamics across months of growth 
(presented as the sum of all doses N utilisations in each month). It shows that control treatment 
provides up to 60% of nitrogen utilization very early, already after 30 days, whereas mineral fertilizer 
represents 30% in the same time and 45% of nitrogen utilized later from 30 to 60 days. Nitrogen 
utilization from light hydrolysates is more evenly distributed over time with maximums (35-40%) 
pointing from 60 to 90 days. The difference in nitrogen utilization between chromium containing 
light hydrolysates and those ones without chromium is insignificant, slightly shifting the N 
utilization more to month 3 for the non-chromium ones. In general light hydrolysates behave 
similarly to mineral fertilizer in terms of fast exploitation of the majority of nitrogen during first 3 
months, however in the last month these materials still provide up to 10% of N utilisation vs. 3% for 
the mineral fertilizer. Biochar amendments of wet-greens shifts the nitrogen utilization further to the 
last three months (70% vs. 58% for pure wet-greens) without significant differences between solely 
biochar amendment and this amendment after microbial treatment. Nitrogen utilization from soils 
amended with heavy hydrolysates is strongly retarded due to potential toxicity resulted from strong 
hydrolysis of many pollutants with HCl. It only shows some measurable numbers after 90 days (35-
40%) with the greatest values after 120 days (60-65%) and even after 150 days (only shown on Figure 
5). In absolute terms after month 4 they provided up to 3 times more nitrogen than mineral fertilizer, 
2 times more than light hydrolysates and up to 10% more than biochar amended wet-greens. Heavy 
hydrolysates without chromium provided around 10% more nitrogen utilization after month 3 and 
up to 80% more nitrogen after month 4 as compared to chromium containing heavy hydrolysates. 

 
Figure 4. Nitrogen utilisation (as total amount per single treatment in kg/ha) dynamics across four 
harvests for 7 treatments, mineral fertilizer and a control: percentage of N utilisation in each harvest 
(up) and total N utilisation in each harvest (down). 
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Lower part of the Figure 4 visualises the dynamics of cumulative value of nitrogen utilisation 
per each harvest. The total N utilisation in kg N/ ha presented from the highest to the lowest values 
is as follows: MF 717,10; OLIVB 403,84, OLIVB_bio 348,00, HC 291,26; HFOC 264,14; OLIV 263,18; 
HYDFOC 108,29; CONTROL 106,2; HYDC 68,88. This order is almost in line with the order of total 
dry matter yields discussed under the Figure 2 (with the advantage of biochar amended wet greens 
being before light hydrolysates in N utilisation), evidencing the nitrogen being the main growth 
stimulating factor. 

3.5. Ryegrass Yield, Nitrogen Uptake and Nitrogen Utilisation After Additional Harvest 

Because heavy hydrolysates started showing both dry matter yields and nitrogen utilization 
after 90 and 120 days rapidly, it was decided to keep the growth for these materials for one more 
month and compare it with the growth on light hydrolysates. Figure 5 shows three different 
parameters starting from plant dry matter yield, then nitrogen concentration in plants and finally 
nitrogen utilization after 150 days of growth. Heavy hydrolysates express maximums for all 
parameters visible for small doses range below 120 kg N/ ha. The only exception is chromium-free 
heavy hydrolysate that shows the maximum of nitrogen concentration for 220 kg N/ ha. Plant dry 
matter yields are up to 7 times higher, nitrogen concentrations up to 3 times higher, nitrogen 
utilization up to 7 times higher, than scenarios with light hydrolysates. The trend of having better 
parameters for non-chromium heavy hydrolysates is maintained. It seems like all three parameters 
follow similar character for mineral fertilizer and light hydrolysates and they are less fertilizer dosage 
dependent - only for nitrogen uptake and utilization. Chromium containing heavy hydrolysates 
provide growth parameters only until 120 kg N/ ha dose. After that does, the growth is strongly 
inhibited by some unidentified pollutants. Another comprehensive study is currently underway to 
verify the exact compounds responsible for that. The overall conclusion is that small doses of heavy 
hydrolysates shift the growth parameters to month 3rd and 4th and later to 5th with an increasing 
tendency proving about high soil self-purification efficiency and mineralization capability of initially 
plants unavailable compounds and potentially toxic compounds that inhibit the growth after a month 
1 and 2. 

 
Figure 5. Ryegrass dry matter yields (left), nitrogen uptake (middle) and nitrogen utilisation (right) 
after an additional harvest (150 days) for chosen 4 treatments and mineral fertilizer. 

3.6. Cumulative Ryegrass Yield and Nitrogen Utilisation 

Figure 6 summarizes all the data from Figure 1 (left) referred to plant dry matter yield and from 
Figure 3 referred to nitrogen utilization. The cumulative values of plant yield show maximums (4-4,5 
g d.m./ pot) of dry matter yield for light hydrolysates around 170 to 270 kg N/ ha being still ca. 20% 
lower than mineral fertilizer- provided plant yields. Then the response of the plant to wet-greens is 
up to 3 g d.m./ pot being more stable across doses showing maximums for smaller doses (< 170 kg N/ 
ha) and making the microbially treated biochar amendments up to 20% better than amendments with 
only biochar and pure wet-greens being in the last place (< 2 g d.m./ pot). Heavy hydrolysates 
generate minimum amounts of dry matter only for small doses (< 120 kg N/ ha) what was mentioned 
earlier. Cumulative values of nitrogen utilization for waste-based materials is rather similar apart 
from heavy hydrolysates and untreated wet-greens which show clearly lower nitrogen utilization. 
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Where it was possible, linear regression model was applied to show minor differences in the response 
of N utilisation in a mathematical way. Please note that correlation coefficients higher than 0.87 were 
mostly found with the only one exception of 0.67 for OLIVB_bio. The regression for chromium 
containing light hydrolysate was not displayed due to non-linear trend. These values will be used to 
further calculate relative agronomic effectiveness. 

 
Figure 6. Cumulative ryegrass dry matter yields (left) and nitrogen utilisation (right) for chosen 7 
treatments and mineral fertilizer. 

3.7. Relative Agronomic Effectiveness and Nutrients Use Efficiency 

Figure 7 summarizes all previously presented data on Figures 3, 5, 6 by showing the calculated 
Relative Agronomic Effectiveness (RAE) for the fertiliser materials, where the calculation of AAE was 
possible. RAE is essentially the AAE compared to the AAE of the reference mineral fertiliser (MF). 
The RAE based on the utilization of N (RAE(N)) was calculated and presented for each subsequent 
harvest and also as a total value after adding all harvest data. However, the d.m. yield-based RAE 
(Y) was calculated only as a total value. The N-utilisation-based RAE(N) better characterizes the 
fertiliser material (according to authors’ opinion) as it also contains the dry matter yield when 
calculating the total N-utilisation per area. The RAE values for processed waste-based materials can 
be determined only for the regressions (Figures 3, 5, 6) with relatively good correlation coefficient, 
eg. R2 > 0,85. 

 
Figure 7. Relative Agronomic Effectiveness comparison for the processed leather waste fractions 
across harvests – data from 2022 (left) and compared with the data from 2021 (right), to compare 
mostly the RAE of light hydrolysates. 

Figure 7 shows relative agronomic effectiveness data based on the linear regressions of nitrogen 
utilization data from figures 3, 5 (right) and 6 (right). The left plot refers to data from 2022, while the 
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right plot incorporates some data from 2021 for comparison. The highest values were noticed after 
120 days reaching 100% and even more for chromium-free light hydrolysates and biochar amended 
wet-greens, respectively. Microbially-treated biochar amendments of wet-greens exceeded 150% 
after 120 days followed by chromium-free light hydrolysates and biochar amendments of wet-greens 
after 120 days reaching almost 120% after 150 days. Chromium containing light hydrolysates were 
not that efficient and did not exceed 53%. Chromium free light hydrolysates were more consistent in 
keeping RAE close to 100% over time of growth than biochar amendments of wet-greens, which apart 
from 120 days growth, did not exceed 43%. Microbial treatment with BactoFos product of biochar 
amended wet-greens provided up to 30% better RAE than solely biochar amendments. Excluding the 
RAE values in particular months of growth, their cumulative values for 4 months for the studied 
materials did not exceed 34% with biochar amended wet-greens having the highest values, followed 
by chromium-free light hydrolysates. 

Comparing the data from 2022 to data for some of the materials studied in 2021 (chromium 
containing light hydrolysates, ground bovine shavings and ground splits and offcuts) it seems like 
chromium containing light hydrolysates in 2021 provided much better RAE reaching 95% for 30 days 
compared to twice poorer data for 2022 reaching as low as 27% for 150 days. These inconsistent results 
may be due to the heterogeneous structure of the different feedstock materials used by the upholstery 
industry between 2021 and 2022, or possibly related to the sampling process. As demonstrated in 
previous study [27], only mechanical and effective microbial treatment of the leather waste fractions 
have been found to increase RAE by no more than 10%. 

It is important to highlight that relative agronomic effectiveness tries to capture the fertilizer 
performance taking into account the response of nitrogen utilization to fertilizer dose across all 
applied doses and calculates a single output value information for the whole trend. However nutrient 
use efficiency (NUE) represents simpler approach that only shows how much nitrogen is extracted 
from the agricultural system for the given fertiliser material and given dose as compared to control 
treatment. This is why NUE are calculated for the single dose separately unlike RAE that tries to 
capture the whole trend. These differences in approach enable a comprehensive understanding of the 
fertilizer performance of alternative waste-based materials.  
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Figure 8. Nitrogen Use Efficiency (NUE) for the processed leather waste fractions across harvests 
(from 30 to 150 days) and a cumulative values after 120 days. 

Table 3 shows NUE values for all the studied materials and a reference material for the singular 
dose in each month of growth and finally the total NUE after the whole experiment (4 months). The 
colours from dark red to dark green help to visualize the levels of NUE. The highest values were 
observed for chromium-free heavy hydrolysates, reaching 51,5% after 60 days. However, considering 
previous observations, these materials perform only at small doses and during later months, which 
renders their use impractical and potentially toxic. This is also backed up by looking at total NUE 
where the values did not exceed 32% for chromium-free and 20% for chromium containing ones. 
Excluding heavy hydrolysates, the best fertilizer material identified was microbially treated biochar 
amendment of wet-greens reaching 37% after 30 days and in total even over 100% for the smallest 
dose (20 kg N/ ha). These microbial product provided up to 30-50% more total NUE than biochar 
amendment of wet-greens solely but only for the small dose (20 kg N/ ha). For higher doses this 
microbial treatment effect was less visible reaching few % in particular months of growth and up to 
20% in total. Pure untreated wet-greens showed the smallest NUE values not exceeding 7% in each 
harvest and not even 20% in total. Light hydrolysates showed up to 25% of NUE for the advantage 
of chromium free ones and only after 60 days but in total up to 40% and the total N use efficiency 
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was slowly decreasing over fertilizer dose. The NUE for the mineral fertilizer exceeded 35% for the 
single month (60 days) and reached 54% in total for the 220 kg N/ ha. In general total NUE values 
were decreasing with increasing fertilizer dose for the alternative materials whereas for the reference 
one, the maximum was around 200 kg N/ ha. These also gives a practical information on optimal use 
of waste materials as fertilisers providing the highest N use efficiencies with the smallest possible 
amounts of waste being applied on land. 

Table 3. Nitrogen Use Efficiency (NUE) for the processed leather waste fractions across harvests (from 
30 to 150 days) and a cumulative values after 120 days. 

 

3.8. Residual Soil Properties After 120 Days of Ryegrass Growth  

Figure 9 shows basic soil physical properties after termination of the 120 days glasshouse 
experiment. For most materials pH slightly decreased from ca. 8,0 to 7,4 for Cr-free heavy 
hydrolysates. Biochar amended wet-greens kept pH rather in a stable level although biochars are 
rather alkaline, however their dose was not that significant to alter the pH. The highest pH reaching 
8,8 was observed for Cr-containing light hydrolysate. Soil EC altered 2-3 times after application of 
biochar amended wet-greens and quite considerably after application of Cr-containing heavy 
hydrolysates (almost 4 times more) and significantly after application of Cr-free heavy hydrolysates 
(6,5 times more). This is due to usage of hydrochloric acid as very strong reagent hydrolysing many 
ions to the soil solution. The redox potential of the soil solution, also known as the Eh (oxidation-
reduction potential), refers to the tendency of the soil to either gain or lose electrons in its chemical 
reactions. It is a measure of the soil's ability to undergo oxidation (loss of electrons) or reduction (gain 
of electrons) processes. Application of the tested waste materials mostly decreased the Redox 
potential of the soil solution with the increased application rate from max 220 to 145 (mV), meaning 
soil being in a reduced state and turning into more anaerobic conditions. In a reduced soil 
environment, the availability of oxygen is limited, as it must have been consumed by soil microflora 
when adding more and more fertilizer to the soil. The low redox potential in the soil can have 
significant implications for various biogeochemical processes. For example (1) Plant Growth: some 
plants may not thrive or may even die in anaerobic conditions due to the lack of oxygen necessary 
for their root respiration, (2) Nutrient Availability: the availability of certain nutrients may be 
influenced by redox conditions. For instance, in reduced soils, iron and manganese may become more 
soluble and available to plants, while under oxidized conditions, these nutrients may precipitate and 
become less accessible. (3) Decomposition: the breakdown of organic matter can be slowed down in 
anaerobic conditions, leading to the accumulation of organic residues in the soil, (4) Greenhouse Gas 
Emissions: anaerobic conditions in soils can promote the production of greenhouse gases like 
methane (CH4) and nitrous oxide (N2O), (5) Contaminant Mobility: redox conditions can affect the 
mobility and bioavailability of various contaminants, such as heavy metals and organic pollutants. 
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Figure 9. Soil physical properties after 120 days of growth. 

The regulations on the content of Cr in fertilizers in the European Union only regulate the 
content of Cr (VI), while Cr (III) is generally acceptable without limitation, based on literature that 
considers it not to be dangerous. It is expected that in Europe the maximum allowable Cr (VI) content 
will remain at 2 mg/kg, while Cr (III) will remain unlimited (Fertilizers, Regulation (EC) 2003/2003 of 
the European Parliament and of the Council Referred to Fertilizers). The scientific literature gives a 
safe maximum Cr (III) content of 5000 mg/kg. 

4. Discussion 

Leather waste is a very valuable source of nitrogen, a key element for proper plant growth [28]. 
It is worth noting that the use of nitrogen mineral fertilizers causes rapid dissolution of granules and 
fast release of element. Niedziński et al. (2021) in their work noted that within 35 days 70% of nitrogen 
is released from ammonium granules, while urea granules release as much as 98% [29]. In the case of 
organic fertilizers, this value ranges from 15-28%, significantly reducing potential emissions in the 
form of ammonia and NOx [29]. However, direct application of waste from tanning industry as 
organic preparation does not allow efficient use of nitrogen, due to the presence of nutrients in forms 
not available to plants [30]. The use of untreated wastes makes it possible to increase yields, but the 
process of natural decomposition and increased nutrient availability takes a long time. This paper 
proposes two main treatment methods, hydrolysis and carbonization, as safe technologies for 
processing waste for fertilizer purposes. The developed processes do not generate by-products, thus 
fitting closely with the assumptions of a closed-loop economy and green production. Acid hydrolysis 
leads to the production of short peptides and free amino acids, thus increasing the market value of 
the proposed products [31]. The use of sulfuric(VI) and phosphoric(V) acids additionally leads to the 
valorization of fertilizer materials in phosphorus and sulfur, which play a key role in the proper plant 
growth [32,33]. 

Carbonization of waste tends to produce materials rich in nitrogen and carbon [34]. The process 
is a very good alternative to combustion, allowing safe processing, eliminating nitrogen emissions in 
the form of NOx into the air [35]. Biochar has an extremely beneficial effect on crop production, 
increasing the sorption capacity of the soil and regulating its pH, and reducing the leaching of 
nutrients into ground and surface water [36]. In the case of chromium-containing waste, its use is 
limited, but it has been proven that the chromium present in biochar from chromium materials is in 
the highly stable form of chromium carbide, which is not available to plants, and is therefore safe for 
the environment,  [37].  

Particularly noteworthy is the designed combination with an introduced mixture of live soil 
bacteria (BactoFos), which naturally decompose phosphates contained in the substrate. The increase 
in the concentration of available phosphorus has a beneficial effect on the proper development of 
plants, supporting their proper rooting [38]. The proposed composition naturally increases crop yield 
with preservation of plant quality and reduction of carbon footprint by reducing the amount of 
applied chemicals - organic farming [39].  

The key problem that arises with the use of waste in fertilizer production is the presence of 
chromium from the tanning medium. The element, entering the soil and water, is easily incorporated 
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into the digestive pathway and causes toxic effects on plants, and causes many diseases in animals 
and humans [40]. According to the EU Regulation, only the Cr(VI) content is limited (<2 mg/kg s.m.). 
Given this, there are no legal barriers to using fertilizers containing higher Cr(III) contents, but due 
to the possibility of oxidation of Cr(III) to Cr(VI), care must be taken [41]. The safe solution is to use 
this type of fertilizer in closed (greenhouse) crops, where it is possible to control the transfer of the 
element into the environment (avoiding potential accumulation in the soil or leaching into 
groundwater). Controlled plantations using Cr-containing formulations would enable the 
production of specialty foods (functional hypoglycemic foods) [42,43].  

The positive aspect in the case of leather production is the slow abandonment of treating 
materials with Cr-containing substances and replacing them with natural tannins in the form of oils, 
[44]. This allows the waste to be safely processed into fertilizers that meet EU requirements with high 
efficiency and a safe environmental aspect. Recycling this type of waste can replace inorganic 
fertilizers reducing greenhouse gas emissions and carbon footprint. 

Quantitatively speaking, our industrial partner globally covers 19% of world car upholstery 
production (23% in Europe). The above solution could help managing the substantial part of the 
waste stream amounting for 90 t/ day globally resulting from 116 000 m2 of input bovine leather 
material a day. Assuming 40% of this amount as bovine shavings from the feedstock material (both 
Cr containing and Cr-free) and the amount of nitrogen reaching 10% (w/w) and average NUE (for 
both light hydrolysates and microbially altered and biochar amended wet-greens) being ca. 70%, that 
gives 919,8 t of recycled nitrogen per year, which comes back to the environment in plant biomass. 

On top of sustainability aspects, any transformation of the tanned leather waste fractions into 
the secondary products to be implemented in agriculture is worth investigating as nowadays the 
utilisation costs of leather waste are within 500 - 1000 EUR/ tonne. 

5. Conclusions 

Seven differently treated tanned leather waste fractions were tested for rye grass growth as 
alternative fertilizers. Although plant dry matter yields were generally better for light hydrolysates, 
the final information containing the nitrogen use efficiency shows that microbially incubated, biochar 
amended wet-greens provided the highest nitrogen use efficiencies exceeding 100% after 4 months 
growth (for 20 kg N/ha) and varying from 17% to 37% in particular months. This is backed up by 
another parameter (relative agronomic effectiveness) that for these materials exceeded 150% for 
single month and in total around 33%. Biochar amendments significantly increased agronomic 
parameters for wet-greens and their microbial treatment enhanced them even further. Light 
hydrolysates expressed also quite good performance as the relative economic effectiveness reached 
118% for a single month and nutrient use efficiency reached in total 39%. In spite of higher nitrogen 
concentrations in harvested plant tops and consequently higher NUE values for heavy hydrolysates 
(up to 51,5%), they totally inhibited the growth after 170 kg N/ ha dose, especially the ones with Cr. 
In general residual soil physical properties were not affected considerably, apart from treatments 
with heavy hydrolysates that increased the soil electrical conductivity substantially. 

Summing up, although good availability of nutrients in the first stage of growth from 
hydrolysates is a good point when farmers count on fast effect, this research shows that minimally 
treated wet-greens with no Cr provide even better results, in the same time avoiding additional 
chemicals (acids) used for the treatment. This helps keep the carbon footprint of the whole process as 
low as possible while contributing to the real principle of a circular economy where no additional 
chemicals are introduced to the system. It is further recommended to verify the very long term effect 
of such waste usage on the ryegrass growth, N uptake and soil properties, eg. over the full year 
vegetation period including winter. The soil once fertilised in the first season would probably hold 
part of the nutrients in waste for subsequent utilisation in second season, without the need for re-
fertilisation. The next dosages could be then applied in third season and every second season 
thereafter. This approach would have given the full picture of tanned waste fractions usage as N-
fertilisers [22] 
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Processed leather waste fractions show promise as organic nitrogen fertilizers, offering an 
opportunity to repurpose a problematic waste stream while providing essential nutrients for plant 
growth. This was observed especially for the microbially treated biochar amendment of wet-greens 
reaching 37% after 30 days and in total even over 100% for the smallest dose (20 kg N/ ha). However, 
further research is needed to optimize their use, address environmental concerns, and develop 
guidelines for their safe and effective application. Integrating processed leather waste fractions into 
agricultural practices could contribute to sustainable waste management and enhance soil fertility, 
fostering a more circular and environmentally friendly approach to agriculture. 
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