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Abstract

The tannery industry is a significant global manufacturing sector, producing over 4 million tons of tannery bio-wastes
(TBWs) annually, and to reintegrate TBWs into the productive cycle offers a significant alternative to landfill disposal.
Despite TBWs are rich in organic matter, nitrogen (N), and carbon (C) they pose important environmental risks, such as
the presence of heavy metals like chromium (Cr) that can be released into the environment. This study aimed at evaluat-
ing the fertilizing potential of two TBWs-based fertilizers through a complementary laboratory-scale approach by using a
short-term soil incubation experiment and the Rhizotest (ISO16198: 2015) bioassay. Two TBWs-based fertilizers, Tannery
Sludge (TS) and Integrated Leather Meal (ILM), were subjected to 42 days of soil incubation and to Rhizotest bioassay.
Nitrogen release, chemical and biochemical indicators were assayed after the soil incubation. Tomato plants uptake of
heavy metals and rhizosphere enzyme activities were assayed after Rhizotest. TS and ILM released 11% and 35% of their
total N content respectively, with TS acting more as a slow-release fertilizer. Heavy metal contamination was negligible,
except for Cr, which however remained in the soil in its trivalent form and was not absorbed by plants. Rhizotest allowed
to highlight that TS and ILM stimulated broad and specific enzyme activities in the rhizosphere soil. This complementary
approach enabled rapid, reproducible, and sensitive characterization of organic fertilizers produced from TBWs, which
have the potential to be employed as organic fertilizers safely.
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1 Introduction industry is a significant contributor to environmental risks
associated with leather production (Ozgunay et al. 2007). It

The accelerated worldwide industrialization that has  is estimated that over 4 million tons of tannery bio-wastes

occurred over the past few decades has posed severe chal-
lenges to global sustainability in the agri-food sector, which
must contend with the doubling of global food demand —
an expected increase of 59-98% by 2050 — (Bhat 2022). In
association with the world meat chain, tannery industry for
leather production is among the most important manufactur-
ing industries all over the world (Moktadir et al. 2020). The
global leather trade is valued at approximately US$100 bil-
lion per year, with 25% of production occurring in Europe
(Thomasset and Benayoun 2024). However, the tannery
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(TBWs) are generated annually in conjunction with leather
manufacturing (Mahmood Ali et al. 2023). TBWs result
from processes such as fleshing, trimming, shaving, split-
ting, and wastewater treatment. These materials constitute
80% of the raw hide, amounting to 600,000 tons of TBWs
generated globally each year (Mahmood Ali et al. 2023).
The tannery industry and leather production are experi-
encing sustained growth, particularly in the least-developed
countries (Stefan et al. 2021). However, viable alternative
disposal methods that do not involve landfill remain scarce
(Stefan et al. 2021). The emergence of new industrial busi-
ness models, particularly those based on circular economy
principles, is crucial for facilitating the recovery of TBWs
and their reintegration into productive system (Gatto 2023).
Tannery bio-wastes have been widely used as fertil-
izers due to their high organic nitrogen (N) content (Cia-
vatta et al. 2012; Feng et al. 2013; Rapisarda et al., 2022),
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functioning as slow-release fertilizer (John Sundar et al.
2011). Additionally, they have a considerable organic mat-
ter and carbon (C) content (Rigueto et al. 2020). Studies
have demonstrated that the application of tannery sludges
to the soil positively impacts plant growth (Gongalves Da
Silva et al., 2010; Perdigéo et al. 2022; Santos et al. 2020)
and increases soil N and phosphorus (P) pools (Nabavinia et
al. 2015), whereas the effects on chemical parameters such
as soil pH and electrical conductivity (EC) have been less
pronounced (Santos et al. 2020). However, critical aspects
of using TBWs as fertilizers have been highlighted, includ-
ing their content in chromium (Cr), formaldehyde, and other
tanning or preservative agents, such as glutaraldehyde, non-
ylphenols, and phthalates depending on the kind of tannery
process used (Khatun et al. 2024). TBWs management has
been found to have considerable environmental and social
impact (Koppiahraj et al. 2019; Tahiri and de la Guardia
2008). Furthermore, the amount and type of organic wastes
vary depending on the manufacturing process (Ozgunay et
al. 2007). Monitoring soil biochemical parameters such as
microbial biomass C (MBC) and soil enzyme activity (Bak-
shi and Varma 2010) can help ascertain whether the reuse
of TBWs as fertilizers enhances soil nutrient cycling and
fertility without negatively affecting soil health (Maurya et
al. 2020).

Soil fertility is defined as the capacity of soil to provide
sufficient nutrients and moisture to sustain crop growth
(Dick and Culman, 2017). Several factors influence soil
fertility, including physical properties (structure, texture),
chemical properties (nutrient forms and availability) and
biological factors (e.g., microbial activity and plant roots)
(Gregory and Nortcliff 2013). Rhizosphere was first defined
by Hiltner in 1904 as the soil volume surrounding the root
surface. The microbial community associated with rhizo-
sphere soil is significantly stimulated by root activity, which
involves the secretion of soluble exudates such as carbohy-
drates, amino acids, organic acids and other photosynthates
(Nannipieri et al. 2003). Various soil enzymes essential for
maintaining soil fertility are associated with plant roots and
rhizosphere (Egamberdieva et al. 2010). Since plant nutrient
uptake occurs through the rhizosphere, studying the enzyme
activities of rhizosphere microbial communities as biochem-
ical indicators of soil fertility can help identify key drivers
of soil nutrient availability (Egamberdieva et al. 2010; Ren
et al. 2021). Short-term soil incubation experiments (Tejada
2009) are widely used for this purpose, allowing the deter-
mination of nutrient release while monitoring soil fertility
biochemical indicators, but they are limited because they do
not account for processes occurring at the soil-root interface.
Additionally, the wide variety of experimental conditions in
studies using pot-grown plants in soil makes it difficult to
obtain comparable and reproducible results (Luster 2006;
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Moran and McGrath 2021). Specifically, Rhizotest is a
plant-based bioassay used to assess the bioavailability of
micro- and trace-element in soil (Bravin et al. 2010). This
method enables close contact between roots and soil while
preventing root penetration into the soil layer through a
30-um polyamide mesh. Notably, Rhizotest facilitates easy
recovery of the rhizosphere soil, which can be considered the
portion of soil directly affected by root activity (Beggio et
al. 2024; Daly et al. 2015). This prevents the contamination
of root tissue with soil particles and ensures accurate quan-
tification of elements concentrations in soil or plant samples
after the exposure. Nevertheless, the amount of rhizosphere
soil collected in Rhizotest is very low (approximately 9 g of
dry soil per pot) making it challenging to perform enzymatic
activity assays and other biochemical analyses, such as the
determination of microbial biomass C (MBC) content. To
address this limitation, we performed microplate-scale fluo-
rometric enzyme activity analyses (Giacometti et al. 2014).
These assays, commonly used to measure the indicators of
the biogeochemical cycling of key macro- and micronutri-
ents (0- and B-glucosidases, B-xylosidases, chitinase and
phosphomonoesterases, Schinner et al. 2012), require only
small soil samples.

The aim of this study was to evaluate the fertilizing effect
of two TBWs fertilizers through a short-term laboratory-
scale experiment concerning: (i) the rate of N release in
the soil and its effect on the main chemical/biochemical
parameters of the soil fertility; (ii) the bioavailability of
micro- and trace-elements to the plant and (iii) the effect
of the fertilization on enzymatic activity as key drivers of
soil nutrient availability in rhizosphere soil. To this aim, we
employed a complementary approach by conducting a soil
incubation experiment and the Rhizotest plant-based bioas-
say (ISO16198:2015). We hypothesized that, by means of
this approach, it will be highlighted the fertilizing poten-
tial of TS and ILM as organic N fertilizers, as well as the
stimulant effect on the main indicators of the nutritional pro-
cesses in rhizosphere soil will be evidenced. Furthermore,
the potential risks for Cr and other trace elements accumula-
tion in the plant tissues would be addressed by measuring its
translocation from soil to plant.

2 Materials & Methods

2.1 Characterization of Tannery Bio-Waste
Fertilizers

The tested products were fertilizers converted from TBWs
produced by the company Cuoiodepur SpA (https://www.c
uoiodepur.it/). Tannery sludge (TS) was obtained from tan-
nery wastewater treatment plant after solid removal phase
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(i.e. sedimentation), sludge concentration by thickening and
subsequent dewatering treatments by belt filterpress. After
physical stabilization by heat drying, the dry sludge (i.e.
protein sludge, viz. “fanghi proteici’) is a stable material
rich in organic matter and organic N, and potentially can be
directly employed as fertilizer or blended with other tannery
bio-waste, such as hydrolysed leather meal (Ciavatta and
Sequi 1989) to constitute Integrated Leather Meal (ILM)
(Caponi 2012), which is recognized as an organic N fertil-
izer, “Pellicino integrato” a “product obtained by mixing
skin and meat meal and/or bone meal with stabilized protein
sludge from the tanning cycle” (Italian Law n.75/2010).
Main physicochemical characteristics of the two fertil-
izers were determined according to the European method
for fertilizers (https://eur-lex.europa.eu/eli/reg/2003/2003/
0j) and are reported in Table 1. Humidity was determined
by oven-drying at 105 °C after reaching a constant weight.
Soil reaction (pH) was measured on extracts in 3:50 mass-
to-H,O ratio after 30 min of shaking at room temperature
(RT). The electrical conductivity (EC) was measured on
extracts in 1:10 mass-to-H,O ratio after 30 min of shaking
at RT. Total organic carbon (TOC) was determined by wet
oxidation with potassium dichromate method (Ciavatta et
al. 1989). Total N (TN) was determined after acid diges-
tion with sulfuric acid and selenium-potassium persulfate as
catalyser, using a Kjeldahl automatic instrument (KjelFlex
K360, BUCHI Labortechnik AG, Flawil, Switzerland).

The ammonium (NH,"-N) and nitrate(NO; -N) were deter-
mined after extraction with 1 M KCI (1:10 w: v) and steam
distillation with Kjeldahl and added magnesium oxide for
NH,"-N and Devarda’s alloy for NO; -N (A.O.A.C 1990).
The total organic N (TON) was calculated by the difference
between total N and ammonium-N+ nitrate-N. Total phos-
phorus (P), total sulphur (S) and metals were determined by
microwave wet acid digestion (Start-E, Milestone, U.S.A.)
and by inductively coupled plasma optical emission spec-
trometer (Spectro Arcos ICP-OES Analyzer, Spectro Ana-
lytical Instrument GmbH, Kleve, Germany). ATR-FTIR
spectra of TS and ILM were acquired using a Bruker TEN-
SOR FTIR instrument (Bruker Optics, Ettlingen, Germany)
equipped with an accessory for analysis in micro-attenuated
total reflection. The microdiamond crystal constituting the
sampling device had single reflection with an angle of inci-
dence of 45° (Specac Quest ATR, Specac Ltd., Orpington,
Kent, UK). Approximately 2 —3 mg of fine-pulverized sam-
ple was placed on the surface of the crystal. Spectra were
recorded from 4000 to 400 cm™ !, at a spectral resolution of
4 cm ! and 64 scans. Before the analysis of each sample,
background against air was done. The diamond was cleaned
with ethanol after each analysed sample. Spectra were pro-
cessed with GRAMS/386 spectroscopic software (version
6.00, Galactic Industries Corporation, Salem, NH, USA).

Table 1 Main properties of tannery sludge (TS) and integrated leather meal (ILM). Values represent average data and are expressed on dry weight

basis, excluding humidity that is expressed on fresh weight (fw) basis

Parameter Unit TS ILM
Description Tannery sludge Integrated Leather Meal
Humidity Yofw 26+2.8 12£1.6
Reaction (pH) in H,0 - 8.5+0.01 7.5£0.01
Electrical conductivity dS/m 2.8+£0.04 3.5+0.1
Total organic C C, % 20.4+0.3 27.8+£0.7
Total N N, % 2.2+0.01 4.1£0.41
Ammonium N N, % 0.28+0.04 0.08+5e-3
Nitrate N N, % 0.02+1e-4 0.02+4e-4
Organic N Total N, % 86 98

C/N ratio - 9.3 6.8

Total P P, % 0.1+1e-3 0.2+1e-3
Total K K, % 0.04+2¢e-4 0.07+1e-4
Total S S, % 2.0£0.2 23+1.1
Total Fe gkg! 18+1.1 19+0.9
Total Cu mg kg™! 22+1.2 32+3.1
Total Zn mgkg ™! 181+9.8 198+22
Total Cr gke! 3.1+0.1 5.1+£0.3
Total Cr(VI) mg kg™ <0.2 <0.2

Total Cd mg kg ! 0.6+0.02 0.5+0.06
Total Co mg kg ! 5.2+0.2 3.8+0.4
Total Pb mgkg! 5.0+0.2 3.0£0.3
Total Na gkeg! 62+0.4 8.4+0.5
Total Cl gkg! 0.1+£0.02 1.2+0.06
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2.2 Soil Incubation Experiment and Analyses

The soil used in the experiments was a Fluvic Cambisol
(WRB 2014) and it was collected from the experimental
farm of the University of Bologna, located in Cadriano (BO)
in the southern part of the Po Valley, Italy (45.53° N, 11.38°
E, 28 m a.s.l.). The area is characterized by a mean annual
temperature of 14.7 °C and annual precipitation of 621 mm.
A plot that had remained untreated for the past two years
was selected within the experimental fields. Soil was then
collected from 5 different spots using a clean spade, taken
from the top 25 cm of soil. Afterwards, collected soil was
homogenised, air-dried and sieved at 2 mm, and the main
characteristics were determined (Table 2). The soil was pre-
incubated in 200 g pots for two weeks at 20 °C maintain-
ing a constant humidity (30% of soil WHC). The fertilizers
tested (TS and ILM) were then added on the basis of 100
mgy kgg, «wil ' corresponding to a dose of about 240 kg
ha™! (Ciurli et al. 2024). The incubation lasted 42 days and
samples for inorganic-N determination were taken after 0, 7,
14, 21, 28, 35, and 42 days to define the trend of N-release.
Conversely, with the aim to determine the residual effect of
the fertilization after most of the inorganic N was released,
biochemical indicators of the soil fertility were measured
on fresh samples on the last day of incubation. Following
the incubation period, chemical indicators were measured
on dried soil samples.

2.2.1 Nitrogen Release in the Soil

Ammonium-N (NH,"-N) and nitrate-N (NO; -N) were ana-
lysed following the ISO 14256-2 protocol, extracted in 1 M
KCl (2:10, w/v) shaking for 1 h at RT and determined col-
orimetrically using a flow autoanalyzer (AA3, Bran Lubbe,
Germany).

2.2.2 Chemical and Biochemical Indicators

Soil pH, electrical conductivity (EC) and extractable metals
in diethylenetriaminepentaacetic acid (DTPA) were deter-
mined in agreement with SSSA methods (Sparks et al. 1996).
Soil pH was measured on H,O extracts 1:2.5 (w/v) whereas
EC was measured on H,O extracts 1:5 (w/v), DTPA-extract-
able metals were extracted from approximately 10 g of soil
with 20 mL of extracting solution (0.005 M DTPA, 0.01 M
CaCl, and 0.1 M triethanolamine adjusted to pH 7.3).

Biochemical indicators were determined and expressed
on dry soil base (ds). Dehydrogenase activity was deter-
mined according to von Mersi and Schinner (1991) and
the activity was expressed as mmol INTF kg, ' h™'. Soil
microbial biomass C (MBC) was determined by the fumi-
gation-extraction method (Vance et al. 1987). Soil samples
were fumigated for 24 h and then extracted with 0.5 M
K,SO, in a 1:4 ratio with fresh soil for 30 min. Equivalent
amounts of soil samples were treated in the same way with-
out fumigation to measure dissolved organic C (DOC) and
total dissolved N (TDN). Carbon and N in fumigated and
non-fumigated samples were determined by OC-VCPH/
CPN (Shimadzu, Japan).

2.3 Soil-Plant Interaction Experiment: Rhizotest
Bioassay

2.3.1 Experimental Set-Up and Plant Growth Conditions

A parallel incubation of soil with each product (TS, ILM)
and without as a control (CTR) was performed in 200 g pots
for 2 weeks at 20 °C and kept at the same humidity level
(30% WHC). The products tested were added to each pot at
the same dose used for the soil incubation experiment (par.
2.2). Rhizotest was performed according to ISO 16198:2015
(Bravin et al. 2010) in a growth chamber with 200400 pE
photosynthetically active radiation (PAR), 12:12 light:day

Table 2 Main physico-chemical properties of the soil used in the experiments. Data are expressed on dry weight basis

Properties Unit Value
WRB Classification - Fluvic Cambisol
Texture (USDA) - sandy-loam

Sand gkg! 600

Silt gkg! 260

Clay gkg! 140
Reaction (pH) in H,O - 7.8+£0.02
Total carbonates CaCO;, gkg™! 65+2.3
Total organic C (TOC) C, gkg! 21.7+£2.4
Total N (TN) N, gkg! 2.15+0.2
C/N ratio - 10.1
Cation exchange capacity (CEC) cmol kg ! 23.4+1.5
Available P P, mgkg ! 64+0.8
Water holding capacity (WHC) % 62.1+4.1
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photoperiod, and a temperature of 25+4 °C. Seeds of tomato
(Solanum lycopersicum L.) cv. Marmande were hydroponi-
cally germinated for 7 days in nutrient solution (A) com-
posed of 600 pmol L™ CaCl, and 2 pmol L™' H;BO; for
7, covered with aluminium foil for the first 3 days. The
seedlings were then grown for 7 days in solution (B) with
the following composition: 500 umol L-! KH,PO,; 2000
umol L™ KNO;; 2000 pmol L™! Ca(NOj),; 1000 pmol L™!
MgSO,; 0,2 umol L™! CuCl,; 10 pmol L™ H;BO;; 2 pmol
L~! MnCly; 1 pmol L™! ZnSO,; 0,05 pmol L™! Na,MoO,
L% and 100 umol L™ ! NaFe(III)EDTA; solution B) was
replaced every third day. Plants were then transferred in the
soil test apparatus with root mat physically separated from
the soil by a nylon mesh with 30 um pores diameters. An
aliquot of the incubated fresh soil corresponding to 9 g of
dry soil was placed in the Rhizotest apparatus after the incu-
bation with the tested products. Soil was continuously sup-
plied by capillarity through a filter paper with solution (C)
composed of 50 pmol L™ ! KH,PO,; 2000 umol L™! KNO;;
2000 umol L' Ca(NO,),; and 1000 umol L™' MgSO,, to
avoid nutrient limitations during plant growth. The test with
soil and solution C) lasted 8 days. A schematic representa-
tion of the Rhizotest flowchart is reported in Fig. S1. The
plant material was then rinsed with milliQ water and shoot
and root tissues collected together. Plant samples were then
frozen in liquid N, and immediately lyophilized (or stored at
-80 °C prior to lyophilization) for 3 days. Soil was removed
from the apparatus and stored at 4 °C for 2 weeks until all
the enzymatic activities were completed.

2.3.2 Soil Enzymatic Activities Assay

Five soil extracellular hydrolytic enzymatic activities (a-
and B-glucosidases, B-xylosidase, N-acetyl B-D glucosa-
minidase, and phosphomonoesterase) were determined
using 4-methylumbelliferone (MUF) conjugates at different
concentrations (Table 3) according to the procedure reported
by Giacometti et al. (2014). Rates of fluorescence increase
were converted to enzyme activity (nmol g ' h™!) accord-
ing to German et al. (2011). Dehydrogenase activity was
analysed spectrophotometrically by the same method used
on bare soil after the incubation (von Mersi and Schinner
1991). All the values were corrected for the actual humidity

reached after the last phase of the Rhizotest for each sample,
which was about 20-25%.

2.3.3 ICP-OES Elemental Analysis

Soil and plant samples were prepared for elemental analy-
ses: soil samples were oven-dried at 105 °C; lyophilized
plant samples were finely ground with mortar. Approxi-
mately 200 mg of sample were subjected to microwave
wet acid digestion (Start-E, Milestone, U.S.A.) in 65%
HNO;+37% HCl+~1.5 mL H,0, for soil samples and in
65% HNO;+1.5 mL H,0, for plant samples. Finally, the
total micronutrients and trace elements were determined
by ICP-OES (Inductively Coupled Plasma-OES, Spectro
Arcos, Ametek).

2.3.4 Statistical Analysis

Net mineral-N was calculated by subtracting the control
(CTR) at each sampling time and the curve was fitted to a
first order kinetic model:

Ninin=Np - (1 _e_kt)-

Where Nmin is net mineral N, N, is the potentially min-
eralizable organic N, £ is the first order kinetic constant, and
t is the time.

All the obtained data followed a completely randomised
experimental design and were analysed in the R environ-
ment using R studio 4.3.1 (Core Team 2022), which barplots
and curve fitting were drawn. Data were analysed using
one-way ANOVA model after assessing the normality of
distributions using Shapiro—Wilk’s test and the homogene-
ity of variances using Bartlett’s test. The significance of the
tests was set at p-value<0.05. Post-hoc HSD Tukey’s test
was used to examine differences between treatments when
ANOVA vyielded significant p-values.

Table 3 List of enzymatic activities and their acronym, substrates, enzyme commission number (EC) and concentrations used to determine enzy-

matic activity in the soil after rhizotest

Enzyme Substrate EC Concentration (uM)
B-1,4-Glucosidase (B-GLU) 4-MUF a-D-glucoside 3.2.1.20 400
a-1,4-Glucosidase (a-GLU) 4-MUF B-D-glucoside 3.2.1.21 1000
B-1,4-Xylosidase (B -XYL) 4-MUF B-D-xyloside 3.2.1.37 1000
N-acetyl-p-Glucosaminidase (NAG) 4-MUF-N-acetyl f-D-glucosamide 3.2.1.30 400
Phosphomonoesterase (PME) 4-MUF-phosphate 3.1.3.2 400
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3 Results
3.1 Products Characterization
3.1.1 Physico-Chemical Characterization

The main characteristics of the Tannery Sludge (TS) and
Integrated Leather Meal (ILM) are listed in Table 1. The
samples presented most of the parameters in the same order
of magnitude, although there were some differences in mois-
ture and pH which were higher in TS. Electric conductivity
(EC) instead was higher in ILM. Total organic C (TOC) and
total N (TN) were higher in ILM. However, ILM exhibited
ammonium-N more than 3 times higher than TS, whereas
they exhibited the same amount of nitrate-N. Almost all the
TN was in the organic form in ILM (98%). Carbon to nitro-
gen ratio (C/N) was about 30% lower in ILM than TS. Other
macronutrients (K, P, S) and most of the micronutrients (Fe,
Cu, Zn) were slightly higher (6, 33 and 10%, respectively) in
ILM than TS. Non-essential nutrients (sodium, Na and chlo-
rine, Cl) were higher in ILM, especially Cl was ten times
higher in ILM than in TS. Total Cr was 3.1 and 5.1 g/kg in
TS and ILM, respectively, however, hexavalent Cr [Cr(VI)]
was below 0.2 mg/kg (the detection limit of the method) for
both the fertilizers. Extractable Cr in DTPA (DTPA Cr) was
5 times higher in ILM than in TS, which represents 1.3%
and 0.4% on the total Cr respectively.

3.1.2 ATR- FTIR Spectroscopy

Figure 1 shows the ATR-FTIR spectra of TS and ILM. The
presence of similar functional groups between the two fertil-
izers is evident. A broad peak observed in the region around
3300 cm ™! is assigned to -OH stretching, and it is typically
associated with the water content (Islam et al. 2024), which
is present in both TS and ILM but with higher intensity in

— ILM
— TS

Carbonates

Proteins

N\

Proteins

Absorbance units

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

Fig. 1 ATR-FTIR spectra (4000—400 cm™ ') of ILM (red line) and TS
(blue line)
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TS. The small peak observed at 2965 cm™! can be ascribed
to asymmetrical -CHj; stretching (Bellamy 1954). Two dis-
tinct peaks are observed in both products at 2926 cm ™! and
at 2851 cm™ !, which can be attributed to two characteristic
peaks of CH, groups, in-phase and out-of-phase vibration
of H atoms respectively (Bellamy 1954). The 1635 and
1539 cm ™! peaks can be assigned to amide IT (Smidt et al.
2002). In addition, the 1578 cm ! peak can be associated
with NH- in-plane bond of amides II (Moisés et al. 2022).
The region around 1260 cm™! present some peaks that can
be associated to amide III (Bellamy 1954). The peak at 1065
could be attributed to C-O reported in protein and collagen
(Nandiyanto et al. 2019). The sharp and intense peaks at
1406 and 871 cm™ ! appeared in both TS and ILM and can
be related to carbonate (CO,*") group (Bellamy 1954; Smidt
et al. 2002).

3.2 Soil Incubation
3.2.1 Nitrogen Release into the Soil

Figure 2 shows the results of inorganic-N released in the soil
samples treated with TS and ILM, compared to CTR, dur-
ing the incubation period of 42 days. Specifically, ammo-
nium-N release occurred within the first week of incubation
(Fig. 2A). At t=0 days, TS released on average 40% more
ammonium-N than ILM (p=0.005), even though both
treatments did not show significant differences with CTR.
Conversely at t=7 days ILM released about 33% more
ammonium-N than TS, whereas no differences occurred
between TS and CTR (p<0.001). During the following
incubation period, differences became negligible. Nitrate-N
(Fig. 2B) was mostly released during the first two weeks
of incubation, with an opposite trend in respect to ammo-
nium-N release. At the end of the incubation (42 days)
ILM released about 40% more nitrate-than TS (p<0.001).
Figure 2C reports the net mineral N, calculated subtracting
CTR means in each time point of the incubation and fit-
ted to a first order kinetic model. The fitted curves revealed
that the net N released tended to plateau after two weeks
of incubation for ILM, whereas it continued to increase for
TS showing slower kinetics. However, estimated N, and &
values were only significant for ILM (Table S1).

3.2.2 Chemical Indicators

Figure 3 shows soil chemical indicators analysed after 42
days of soil incubation on dried soil samples. pH (Fig. 3A)
was not affected by the treatment with values ranging from
7.88 to 8.01, whereas electrical conductivity (EC, Fig. 3B)
showed increasing values with ILM (+21%) and TS
(+31%) treatments (p<0.001) with respect to the control.
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Fig. 3 Soil chemical parameters measured at the end of the incuba-
tion period (42 days). pH (A); Electric conductivity (EC, B); DTPA
extractable Cr (C). CTR: Control; ILM: Integrated Leather Meal; TS:

Extractable Cr in DTPA (Fig. 3C) presented the highest
increase after ILM treatment (+230%), followed by TS
(+102%) with respect to the control (»p<0.001).

3.2.3 Biochemical Indicators

Figure 4 shows soil biochemical indicators analysed after 42
days of soil incubation. Dissolved organic C (DOC, Fig. 4A)
and total dissolved N (TDN, Fig. 4B) were increased of 12%
and 60% respectively by ILM in respect to CTR (p=0.02
and p<0.001 respectively for DOC and TDN); conversely,
TS exhibited intermediate values between CTR and ILM in
DOC and comparable values with CTR in TDN. The ratio
between DOC and TDN (Fig. 4C) was decreased of about
30% by ILM with respect to CTR (p=0.009). Microbial
biomass C (MBC, Fig. 4D) did not show significant differ-
ences among the treatments (p=0.88), as well as dehydro-
genase enzyme activity (Fig. 4E, p=0.06).

Tannery Sludge. Data are means=standard error. Different lower-
case letters indicate significance at one-way ANOVA after Tukey test
(»<0.05)

3.3 Rhizotest
3.3.1 Soil and Plant ICP-OES Elemental Analysis

Table 4 reports the total micro- and trace-element analysed
in plant tissue and rhizosphere soil samples after Rhizotest
on tomato plants. In plants, the concentrations of total Cd,
Co, Cr, Ni and Pb were below the limit of detection (LOD).
Cl was increased of 53% by ILM with respect to CTR
(»p=0.04) while TS showed intermediate values. Sodium
was significantly increased of 66% and 63% respectively by
both TS and ILM (p<0.001). In rhizosphere soil samples,
Mn was only higher in ILM than in CTR but at the limit
of significance (p=0.05). Conversely, Cr was significantly
(»<0.001) increased by both TS (+22%) and ILM (+47%).
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Table 4 Elemental analysis through ICP-OES for micro- and trace elements in plant tissues and in soil samples after the exposure in the rhizotest.
CTR: control; ILM: integrated leather meal; TS: tannery sludge. Data are means+standard error. Different lowercase letters indicate significance

at one-way ANOVA after Tukey test (p<0.05)

Cd Co Cr Cl Cu Fe Mn Na Ni Pb Zn

Plant __ pgg'  pgg' pugg'  mgg! pgg !  mgg!' ugg! mgg ! ugg'  pgg!  pgg!
CTR <LOD <LOD <LOD 945b 2.22 0.18 22.16 038b <LOD <LOD  17.02
TS <LOD <LOD <LOD  11.98ab  3.04 0.16 21.06 063a <LOD <LOD 1744
ILM <LOD <LOD <LOD 14542 688 021 24.87 0.62a <LOD <LOD  17.85
LOD  0.008 L3e-4  0.029 0.003 33e4 636 0.1 0.007 0.046 0.084 0.073
Soil

CTR <LOD 544 3750c  nd. 38.13 13.02 458.07b 027 23.74 9.57 69.68
TS <LOD 548 4575b  nd. 38.13 12.96 461.46ab 0.4 24.18 10.58 69.88
ILM <LOD 566 55.13a  n.d. 3724 13.14 472.18 a 0.28 24.47 9.26 70.79
LOD  0.002 0.002 0.002 - 0.002  1.2e-6  3.8¢-3 33e6  0.003 0.004 2.7e-3

3.3.2 Enzymatic Activity in Soil After Rhizotest

Enzymatic activities in rhizosphere soil samples after Rhi-
zotest are shown in Fig. 5. Dehydrogenase activity (Fig. 5A)
was significantly increased (p<0.001) in both soils treated
with TS (+41%) and ILM (+33%), a-glucosydase was
increased of 23% by TS and of 30% by ILM (Fig. 5C,
p=0.003) and phosphomonoesterases was increased of 22%
by TS and of 28% by ILM (Fig. 5F, p=0.006). B-glucosidase

@ Springer

(Fig. 5B) was significantly increased (p=0.008) only by TS
treatment with respect to CTR (+29%). Chitinase (Fig. 5E)
was significantly increased (p<0.001) by both treatments
(+49% by TS and +27% by ILM) with significant highest
values in TS, whereas B-xylosidase (Fig. 5D) was signifi-
cantly increased only by TS (+27%, p=0.002).
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Fig. 5 Enzymatic activities performed on soil samples collected after
the exposure in Rhizotest. Dehydrogenase (A), B-glucosidase (B),
a-glucosidase (C), B-xylosidase (D), chitinase (E), phosphomonoes-

4 Discussion

The two TBWs fertilizers, TS and ILM, prior to be provided
to the soil, were characterized for their main physico-chemi-
cal characteristics. Afterwards, the two fertilizers were incu-
bated into the soil for 42 days to monitor mineral N-release
kinetics. The effects of the fertilization with TS and ILM
on the main chemical and biochemical indicators of the soil
fertility — once most of the inorganic N was released — were
analysed at the end of the incubation. Thereafter, we com-
plemented the soil incubation experiment with Rhizotest
plant-based bioassay to investigate about the influence of
the fertilization with TS and ILM on the plant uptake of
micro- and trace elements or on the rhizosphere processes.
Rhizotest was implemented to study the bioavailability of
micro- and trace elements in a device that is able to sepa-
rate plant roots from soil with a 30 um polyamide mesh and
facilitate the collection of roots and rhizosphere (Bravin et
al. 2010). The use of a root mat physically separated from
the rhizoplane was already reported as a good system to
study rhizosphere processes (Zoysa et al. 1997). Therefore,
on the so collected rhizosphere soil, enzymatic activities
were analysed to complement the previous findings.

terase (F). CTR: Control; ILM: Integrated Leather Meal; TS: Tannery
Sludge). Data are means+standard error. Different letters indicate sig-
nificance at one-way ANOVA after Tukey test (»<0.05)

Physico-chemical characterization of the two TBWs
revealed that, apart from some variations on important
parameters such as a lower pH, a higher TOC and TN and a
lower C/N in ILM than in TS (Table 1), their properties were
very similar. In particular, pH was higher than other TBWs
reported, which was often below 7 (Rapisarda et al., 2022;
Wystalska and Sobik-Szottysek 2019). After the incubation,
soil pH was not affected by TS or ILM fertilization, and
this is probably because soil pH was close to the pH of the
products (7.8 vs. 8.5 and 7.5 in TS and ILM, respectively).
Furthermore, considering their N content, limited quanti-
ties of products were provided to the soil to obtain the dose
of 100 mg kg ! of N. Otherwise, the soil EC was affected
by fertilization (Fig. 3B), increasing from 0.46 dS/m in soil
control to 0.55 dS/m in TS and 0.59 dS/m in ILM. However,
values of EC below the range of 0.75-3.5 dS/m are con-
sidered non-critical for plant growth (Angelova et al. 2013;
Carmo et al. 2016). Soil EC is associated to the total con-
centration of soil soluble salts and is a direct measurement
of salinity. Tannery processes involve the use of sulfates,
sodium, chloride salts etc., and many of them remain in the
final products, therefore an increase in EC was expected in
soil after the application of TBWSs. The highest increase of
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EC after ILM fertilization could be associated also with the
soluble forms of N (Fig. 3B) due to soluble organic N forms
contained in fertilizers (Kabdasl et al. 2003).

Generally, values for macronutrients in the two TBWs
remained in the range of most commercial organic fertil-
izers (Moller and Schulthei3 2015). Total N in both TS and
ILM was in the range of other organic fertilizers produced
from tannery residues (0.7-15%) and other commercial
organic fertilizers reported in literature (0.9-6%) (Islam
et al. 2024; Rapisarda et al., 2022; Wystalska and Sobik-
Szottysek 2019), for this reason they can both be consid-
ered suitable as N sources. The higher TN observed in [ILM
than in TS reflects its lower C/N (Table 1) and is a conse-
quence of the increased N content due to the addition of
leather meal which has a great protein content (Ciavatta et
al. 2012; Dell’ Abate et al. 2003). The analysis of ATR-FTIR
spectra of TS and ILM confirm their overlapping character-
istics, even though the addition to TS of a protein part as
leather meal to constitute ILM can be observed as a slight
increase of peaks intensity related to protein amides and
NH- bonds (Fig. 1), coherently with the higher organic N in
ILM (Table 1). A strong prevalence of amides II groups in
the spectra in association with C=0 groups is often associ-
ated with high protein content, which is typical for leather
meal (Oliveira et al. 2007) and was evident for both the two
products. During the incubation, already at the first day of
incubation, the higher ammonium-N released by TS with
respect to ILM (Fig. 2A) reflects its composition in ammo-
nium-N, which was the highest (12,7 and 1,9% of TN in TS
and ILM respectively, Table 1). The release of nitrate-N was
specular to the ammonium-N, indicating that ammonium-N
was subjected to nitrification processes during the incuba-
tion. At the end of the incubation, ILM released around 35%
of its TN content (estimated N,=34.4+2.7%, Table S1), in
respect to 11% of TS (estimated N,=20.2+29.4%, Table
S1). In similar experiments, different types of organic fer-
tilizers released different amounts of their total-N depend-
ing on their characteristics (Cassity-Duffey et al. 2020), for
instance poultry manure and its relative compost released
39.6% and 32.7%, respectively (Geisseler et al. 2021).
Leather meals can release up to 65-75% of their total N
(Dell’Abate et al. 2003) but other fertilizers from TBWs
were reported to have a similar release than organic fertil-
izers (Rapisarda et al., 2022), probably depending on the
limited prevalence of leather meals. The not significant esti-
mated N, value in TS suggests that the first order kinetic
model is not the most appropriate to predict the release of
mineral N by this fertilizer (Lohr et al. 2023), which in 42
days could still be in its linear phase (Cassity-Duffey et al.
2020). The slower nitrate release kinetics exhibited by TS
and the overall lower mineral N release compared to ILM
and other organic fertilizers (Cassity-Duffey et al. 2020;
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Dell’ Abate et al. 2003; Geisseler et al. 2021; Rapisarda et
al., 2022) make it more similar to a slow N-release fertilizer
(Dell’Abate et al. 2003; Rakhmad et al., 2019). The min-
eral N released at the end of the incubation reflected the
C/N ratio of the fertilizers, which is often negatively related
to released mineral N and is known to represents a good
predictor of available N in organic fertilizers (Moosham-
mer et al. 2014; Rapisarda et al., 2022). The effect of the
addition of organic N fertilizers on biochemical indicators
of the soil fertility can be different on dissolved organic C
(DOC) depending on the fertilizer origin and on the soil
properties (Galvez et al. 2012; Mao et al. 2017). However,
effects on DOC depend on the applied soluble C forms and
are more evident after organic amendments application,
especially in short term experiments (Chantigny 2003). Fer-
tilizers doses of TS and ILM were based on TN content,
therefore the amount of C applied was different between the
two fertilizers. This produced a slight increase of DOC in
respect to CTR after ILM treatment (Fig. 4A), even though
with little statistical significance (p=0.02). Broad microbial
community functions such as MBC and overall activity (i.e.
dehydrogenase, Beyer et al. 1993) are commonly associ-
ated to a strong increase in DOC after fertilization (Bei et
al. 2022), especially in short-term experiments (Chantigny
2003). Therefore, the modest effect on DOC of the fertiliza-
tion with TS and ILM is coherent with no significant effect
on MBC and dehydrogenase activity (Ciurli et al. 2024; Van
Midden et al. 2023). TDN was only increased after ILM
treatment (Fig. 4B) and it is coherent with the higher min-
eral N released and the faster N-release kinetics (Fig. 2C).
Consequently, the ratio of DOC to TDN in ILM resulted the
lowest (Fig. 4C), which for this reason seems to act more as
amineral N-fertilizer rather than an organic fertilizer (Rakh-
mad et al., 2019; Valentinuzzi et al. 2020).

Tannery sludge and residues are often rich in heavy met-
als; the most common contaminants in these products are
Cd (0.2-125 mg kg™ 1), Zn (126-1300 mg kg '), Pb (20-
1600 mg kg~ ') and, in particular, Cr (0.05-474 g kg ') (Juel
et al. 2016; Wystalska and Sobik-Szottysek 2019). TS and
ILM showed very limited amount of most of these contami-
nants (Table 1), with values that were comparable or smaller
than the lowest ranges found in literature (Wystalska and
Sobik-Szottysek 2019) and with other organic fertilizers
(Liu et al. 2023; Moller and Schultheil 2015). However,
total Cr content was around 100 times higher than most
organic fertilizers (Liu et al. 2023; Moller and Schultheif3
2015). Total Cr in ILM was 2.5 times higher than TS, due to
its accumulation after the addition of leather meal obtained
from chromium tanned leather (Ciavatta and Sequi 1989).
Trivalent Cr [Cr(IIT)] is ubiquitous in biological systems of
higher organisms, though its functional essentiality is not
demonstrated according to the criteria required for essential
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inorganic elements (EFSA 2014). In the environment, Cr is
not mobile and insoluble, as it can be mainly found bound
to organic matter in soil and can present relatively low envi-
ronmental risks (Prasad et al. 2021). Conversely, hexavalent
Cr [Cr(VI)] is mobile, soluble and highly toxic for living
organisms and carcinogenic agent for humans (Prasad et al.
2021; Wystalska and Sobik-Szoltysek 2019). Hexavalent
Cr in TS and ILM was always under the detection limits
(0.2mgkg !, Table 1), so we can assume that Cr was present
almost exclusively in trivalent form. However, Cr(IIl) can
be oxidized to Cr(VI) in the soil as a consequence of several
factors such as the presence of Mn oxides (Apte et al. 2005),
pH or redox potential changes (Gupta and Sinha 2007). For
this reason, it is important to monitor the release of Cr after
the application of TBWs fertilizers to the soil. Extractable
Crin DTPA represents a good estimate of the phytoavailable
Crin soil and it is extensively used to address Cr contamina-
tion from organic products (Quantin et al. 2008). Significant
differences in DTPA-extractable Cr were found (Fig. 3C),
which was increased by both TS and ILM, as expected
using Cr-containing TBWs (Ozgunay et al. 2007). However,
it was evident after Rhizotest that Cr was not translocated
into the plant tissues from the soil (Table 4), even though
in rhizosphere soil total Cr was found to be increased by
TS and ILM treatments (Table 4). This finding is coherent
with studies that demonstrates that the low solubility and
mobility of Cr(III) in the soil (Fendorf 1995; Ma and Hooda
2010) lead to its exclusion from the plant roots transport, or
in some cases to very small concentrations of Cr in plants
(Kapoor et al. 2022; Wickliff et al. 1984). Nevertheless, Cr
in plant tissues is poorly translocated and largely retained in
roots, independently from the Cr form (Ciavatta et al. 2012;
Shahid et al. 2017). In concentrations exceeding 500 mg
kg ! in soil, crop yield might still be decreased particularly
in acidic soil with pH<6 (Wickliff et al. 1982). Continu-
ous application of TBWs fertilizers could eventually lead to
soil Cr accumulation in the medium-long period. Moreover,
successive application of Cr-rich TBWs for more than 10
years can decrease the soil microbial biomass (Araujo et al.
2022), particularly with higher rates of applications such as
10 and 20 ton ha ! (Araujo et al. 2020). Therefore, con-
taining the application rates is necessary to limit negative
effects of TBWs application. Concerning the other contami-
nants of TBWs (Cd, Cu, Zn, Pb, Co and Ni), they were not
released in the soil by the treatments with TS and ILM nor
translocated in the plant’s tissues (Table 4). TBWs normally
contain 1-2.5% of NaCl (Ozgunay et al. 2007) as sodium
chloride (NaCl) is commonly added to leather as preserva-
tive. However, we observed lower basal values for TS and
ILM, even though ILM presented Na content about 10 times
higher than TS. It is largely known that plants can trans-
locate Na and Cl and store them in the leaves (Marschner

2012) so their toxicity might depend on the translocation
of Na and Cl in the plant tissues. Toxicity threshold for Na
in leaves can range around 2.5-5 mg g~ ! (Maas and Grat-
tan 2015) which is around 10 times higher than our find-
ings (Table 4). Conversely, in tomato the toxicity range of
Cl in plant leaves is around 4-7 mg g~ ! (Maas and Grattan
2015) and was exceeded even in CTR plants in Rhizotest
(Table 4), probably due to the continue supply of the rhizo-
sphere soil with nutrient solution C). In fact, the treatment
with ILM caused significant increase in Cl level in plant
tissues of about 5 mg g ! in respect to CTR, which was
in the range of the toxicity limit. It was already reported
that fertilization with organic fertilizers can actually cause
soil salinization (Eneji et al. 2001), as we slightly observed
after ILM treatment, even with no risks for plant growth.
Moreover, the plant supplied with solution C) in presence
of a good source of nutrient as ILM in the soil layer could
increase evapotranspiration and water consumption, which
can cause stress symptoms (Wanniarachchi and Sarukkalige
2022). Nevertheless, in our experiment tomato plants did
not show significant physiological differences among the
treatments (data not shown), indicating that Rhizotest was
carried out without stressful conditions. These findings sug-
gest that in Rhizotest it is possible to accurately evaluate
plant uptake of the most important elements and contami-
nants. Nonetheless, attention should be posed in evaluating
the salinization effect of fertilizers.

To connect the results of the soil incubation experiment
with the main indicators of rhizosphere soil nutritional
processes, we determined enzymatic activities on rhizo-
sphere soil collected after Rhizotest. Enzymatic activities
were determined as proxies of a soil broad function (dehy-
drogenase activity) and of more specific soil processes:
B-glucosidase (cellulose degradation), a-glucosidase (starch
degradation), B-xylosidase (xylan degradation), N-acetyl-p3-
glucosaminidase (chitin degradation), and phosphomono-
esterase (phytin degradation). A schematic overview of
the outcome of these enzymatic activities in rhizosphere
soil is resumed in Fig. 6. Dehydrogenase can represent an
indicator of the overall biological activity of soil (Beyer et
al. 1993) and was increased by both TS and ILM in rhizo-
sphere soil (Figs. 5A and 6) while it was not increased in
bare soil after the incubation (Fig. 3E). This finding indi-
cates that the plant activity was determinant in activating
the broad microbial community to produce soil dehydro-
genases (Jat et al. 2021) in response to the presence of a
source of nutrients as TS and ILM. Carbon sources in rhi-
zosphere soil can be various depending on the plant activity
and, to monitor the impact of N-fertilizers on the different
C-sources, diverse enzyme activities should be monitored
(German et al. 2011; Sun et al. 2021). Among the extracel-
lular enzymes, glucosidases play a major role in degradation
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Rhizotest

Rhizosphere soil
enzymatic activities

\ A
Y
Overall activity
indicator

Nutrient cycling
indicators

1 Increase with respect to CTR
1 Highest increase with respect to CTR

mm No increase with respect to CTR

Fig. 6 Schematic representation of the results obtained from the enzy-
matic activity analyses on rhizosphere soil samples after Rhizotest. TS:
Tannery Sludge; ILM: Integrated Leather Meal; Dehy: Dehydroge-

of carbohydrates in soils. f-Glucosidase and a-glucosidase
catalyses the hydrolysis of B- and a-D-glucopyranosides
and are involved in the hydrolysis of cellobiose and maltose
respectively (Eivazi and Tabatabai 1988). Normally, these
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nase; B-Glu: B-glucosidase; a-Glu: a-glucosidase; B-Xyl: f-xylosidase;
NAG: N-Acetil- B-D glucosaminidase; PME: Phosphomonoesterase

enzymes are increased when applying organic matter to the
soil for instance through manure-based fertilization (Zhang
et al. 2015). Furthermore, B-glucosidases are more promi-
nent in soil than a-glucosidase. B-xylosidases are involved
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in the hydrolysis of hemicelluloses, in particular xylans,
and the resulting monosaccharides can be further used by
microorganisms for growth (Bosetto et al. 2016). We found
that TS was able to stimulate all the three enzymatic activity
concerning C-cycling (Figs. 5B, C and D and 6), whereas
ILM significantly increased only a-glucosidase and reported
intermediate values for B-glucosidase, confirming that dif-
ferent C/N and C-forms of organic fertilizers can have dif-
ferent impact on soil enzymatic activity (Kracmarova et al.
2020). Massive N-fertilization can cause a reduction in the
production of extracellular enzymes related to C-cycling
(Jian et al. 2016), that in our experiment resulted in a less
stimulation of glucosidases and xylosidase after ILM treat-
ment (Fig. 6). N-acetyl-B-D-glucosaminidase (also referred
as chitinase) is considered to play a significant role in car-
bon and nitrogen cycling in soil, particularly concerning
N nutrition (Ueno et al. 1991). In this study we found that
TS increased chitinase more than ILM in respect to CTR
(Figs. SE and 6). Our findings are coherent with the fact that
chitinase activity is generally increased after the application
of N-sources to the soil (Hu et al. 2023). However, studies
revealed that the addition of mineral N fertilizer can reduce
or not increase the activity of chitinase, because abundant
N sources can inhibit the activity of N-related hydrolytic
enzymes (Ma et al. 2021; Yuan et al. 2021) and this would
explain the less stimulation of this enzyme activity by ILM.
Phosphomonoesterase activity was analysed as an indica-
tor of P-cycling in the rhizosphere soil (Utobo and Tewari
2015) and we found that it was increased by N-fertilization
with both TS and ILM (Figs. 4F and 5). The supply of N to
the soil increases the N-uptake and induces a higher growth
rate of soil microorganism, leading to a greater production
of P-mobilizing enzymes (Zuccarini et al. 2023). Therefore,
an increase in P-related enzyme activity is expected after
the application of organic N-fertilizers and is coherent with
previous findings (Giacometti et al. 2014). Taken together,
the obtained results highlight both a broad and a specific
soil functionality stimulant effect of TS and ILM in the rhi-
zosphere soil.

5 Conclusion

Two tannery bio-waste fertilizers—Integrated Leather
Meal (ILM) and Tannery Sludge (TS)—were investigated
for their fertilizing potential through a complementary
approach using a 42-days soil incubation experiment and
Rhizotest bioassay. Short term soil incubation allowed to
assess that ILM released 35% of its total N versus 11% for
TS and showed faster N-release kinetics, while standard
soil chemical indicators remained mostly unchanged. Then,
Rhizotest was used to assess the bioavailability of trace

elements to tomato plants and revealed that trace-elements
were not absorbed by plants. Then, the soil sampled after
Rhizotest was analysed as rhizosphere soil. Compared with
untreated samples, total Cr increased 5 and 4 times respec-
tively consequently to the fertilizing treatments, as total Cr
was 0.5 and 0.3% in ILM and TS respectively. Analyses of
enzymatic activities were performed on rhizosphere soil.
Both amendments stimulated overall enzymatic activi-
ties. However, ILM reported a reduced stimulatory effect
on C-cycling enzymes in response to the higher mineral N
supplied. This complementary short-term approach rapidly
profiles fertilizing potential producing highly standardiz-
able results. Further longer-term, mesocosm, and field tri-
als across diverse soils will help to validate and apply these
results on larger scale.
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