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ABSTRACT

The technological development of paiche leather tanning is projected as a high-impact economic activity and
requires the application of clean technologies, such as replacing highly toxic synthetic chemicals. This study
aimed to evaluate the extraction process of naphthoquinone from walnut leaves for dyeing chrome-free tanned
paiche leather and to establish the feasibility of scaling it up. The active principle extracted in an aqueous medium
was characterized using HPLC chromatography and UV spectrophotometry. A factorial design was implemented
to evaluate leather dyeing, and the results were scaled up at the pilot level. The factors studied were dyeing time
(60,90, and:120 minutes) and walnut dye concentration (161.6, 209.8, and 250.0 g/L), with Color Intensity in the
dyed leather.as the response variable. Juglone (5-hydroxy-1,4, naphthoquinone) was identified as the primary
dye-producing compound with maximum absorption at 210 nm in aqueous solution. The results of the
experimental design fit a linear model, with a determination coefficient (R?) of 77.36% and an adjusted coefficient
of 74.34%. The values obtained for the finished leather at the pilot scale, including tear resistance (88.90 N),
tensile strength (8.34 N/mm?), elongation percentage (53.76 %), dry (4/5), wet (4), and artificial sweat rub (4)
and lightfastness (5), indicate that walnut-dyed leather can be used in the manufacturing of footwear and clothing.

The process is technically scalable to an industrial level.
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INTRODUCTION

Scaling up innovative and sustainable processes at the industrial level in the tanning sector is a challenge in Peru.
This industry has been severely impacted in recent decades by the entry of imported footwear and requires the
recovery of its productivity and competitiveness levels in a sustainable manner [1]. To achieve this, research and
development of new products and clean technologies are necessary, involving the incorporation of differentiating
elements into their processes and products as a strategy to enter new markets and also to comply with
environmental regulations. This strategy become even more relevant when implemented within a circular

economy context, based on the reuse of waste.

In Peru, the predominant sources for leather production are traditionally limited to cattle and sheep [2]< However,
there are alternative productive sectors, such as aquaculture and fishing, that generate byproducts capable of
serving as valuable raw material for the leather industry, thereby establishing the initial link'in a new value chain
[2,3]. The promotion of aquaculture, particularly focused on paiche (Arapaima gigas), has gained significant
importance in the Amazonian regions of Peru [2,3] , and according to the:FAO, the decade spanning from 2010
to 2020 witnessed a total reported paiche production of 19 434 tons from fishing, with 66.14 % originating from
Brazil and 32.89 % from Peru. As a byproduct of this activity, skinsare generated. Once tanned, these skins can

be valorized as exotic leather for the manufacturing of various articles.

Inquiring into the paiche skins exports for the region, Brazil emerges as the leading exporter with 51 316 hides
during the period from 2012 to 2020. During this period, the main-buyers from Brazil were the Mexico, USA,
Italy, and Netherlands [4]. Estimates from CITES indicate that Brazilian exports of paiche leather products during
the period from 2012 to 2020 mainly consisted of 47 154 large-sized paiche leather products, 34 255 and small-
sized paiche leather products. In smaller quantities; there were exports of clothing items (25 971) and raw leather

(850). It is observed that in 2020, corresponding to the time of the pandemic, exports decreased significantly [4].

In the tanning process, the color imparted by the dyeing stage, is important for diversifying manufactured items
such as footwear, clothing, and leather goods in accordance with fashion trends and is a determining factor in
customer preferences [5].The main colorants used in the dyeing process are synthetic organic compounds,
primarily of acidic, anionic; and water-soluble nature, with azo compounds being prominent among them [6,7].
Azo colorants are the most widely produced globally at an industrial level, representing approximately 70 % of
the colorants.used by.the industry [8]. In Peru, in just the year 2022, 559 000 dollars’ worth of diazoic, azoic, or
azoxy.compounds were imported (recovered from Trade Map) [9].

It has been determined that certain azo compounds can be reduced by skin microorganisms, intestinal bacteria,
and liver bacteria, potentially leading to carcinogenic aromatic amines. Therefore, the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) regulation has restricted the use of these colorants since
2009 [10-12]. Besides, traces of azo compounds have been found in environmental samples, such as river water,
drinking water, wastewater, suspended particles, sediments, soils, and fish [7], and the toxicity of these substances

to ecosystems has been demonstrated [13].

The substitution of chemical products with natural alternatives, characterized by lower toxicity and greater
degradability, is a global trend in various industries. This shift aims to mitigate the negative impact of synthetic

chemicals on human health and ecosystems. In this regard, several research studies demonstrate the technical



feasibility of applying active principles extracted from plants for leather dyeing [14-18]. However, these
substitutes must guarantee batch-to-batch reproducibility, compliance with specifications or technical

requirements, flexibility for application to various types of leather, and cost-effectiveness in scaling up [6].

The walnut, scientifically known as Juglans neotropica Diels, a medium to large-sized tree [19], belonging to the
Juglandaceae family within the genus Juglans, is a specie with noteworthy properties. These properties are due
to the presence of active ingredients found in its fruit (tetradentate tannins and 1,4,5-trihydroxynaphthalene-4-
beta-D-glucoside), bark (lignin, hemicellulose, and cellulose), branches (lignin, cellulose, hemicellulose, and
tannins), and leaves (naphthoquinones, flavonoids, phenolic acids, and oils) [20—-22]. It has been demonstrated
that these active principles possess medical properties, for instance, previous studies have reported that the
alcoholic-aqueous extract of walnut leaves exhibits antioxidant effects [23,24], dental bleaching capabilities
[25,26], antibacterial properties [24,27], and dyeing potential [28]. These beneficial ‘effects are attributed to the

abundant presence of phenolic compounds, including naphthoquinones and flavonoids [28].

Juglone (5-hydroxy-1,4, naphthoquinone) is a compound found in walnut:leaves, stem bark, and husks [28-31].
Figure 1 illustrates the chemical structure of juglone. Predominantly, it has been used to dye textile fibers such as

wool, cotton, silk, flax fabric and nylon fabrics, imparting a natural brown color [28,30,32-34].
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Figure 1. Juglone molecule. The figure was drawn using the software ACD/ChemSketch Freeware Version.

However, natural dyes have the limitation of weak fixation onto fabric, thus requiring the use of mordants to fix
the color. Investigated mordants can be grouped into chemical mordants such as aluminum salts, iron, and tannic

acid, and biomordants extracted from plant species [30,35,36].

Regarding leather, scientific literature reports that the application of juglone has been conducted on leather pieces,
both with and without the application of mordants. Mordants studied in this context include tartaric acid, citric
acid, formic acid, and acetic acid [37,38]. In other studies, researchers evaluated the effects of dyeing leather with

extracts from green and brown (mature) walnut shell residues.

In Peru, the walnut tree has been identified in various localities, including Amazonas, Cajamarca, Cusco,
Huancavelica, Junin, La Libertad, Lambayeque, Lima, and Pasco [39]. It is noteworthy that the utilization of
walnut leaves for dye extraction represents an activity that, if expanded, would align with the principles of a
circular economy. Between 2010 and 2018, the average production stood at 4,644 cubic meters of roundwood and

2,579 cubic meters for sawn timber. However, there was a noticeable decline to 1,718 and 1,122 cubic meters,



respectively, from 2019 to 2020. This reduction is likely attributed to the impact of the pandemic on productive
activities [40]. It is worth highlighting that dyeing with walnut extract is more sustainable when applied to a
substrate such as chrome-free tanned leather [41]. This approach aims to produce more biodegradable leather and
replace basic chromium salts, the most widely used tanning agent in the industry, thereby avoiding its toxicity to

the environment and human health [12,42].

The present study aimed to evaluate the application of aqueous walnut leaf extract in the dyeing process of paiche
(Arapaima gigas) leather, tanned with phenolic-syntan and glutaraldehyde compounds, to determine the technical
feasibility of its scaling-up at the pilot level. For this purpose, (i) juglone was characterized as the main tinting
active principle obtained through aqueous extraction using diode array chromatography and WUV-visible
spectrophotometry, and (ii) the application of the dye extract in the dyeing process was evaluated using a 32
factorial experimental design, with color intensity determination in the leather ‘as the technical criterion.
Additionally, (iii) the dyeing conditions that achieved the highest color intensity werescaled up:to the pilot level,
and their physical-mechanical properties, including color fastness, were determined. Thus, this research

contributes to the technological development of dyeing with natural colorants:in the tanning sector.
EXPERIMENTAL SECTION
Raw material

For the present study, walnut branches were acquired from'local suppliers (Mercado La Parada) in the fall season
(June 2023), these were leafed out to obtain the walnut leaves, which were used for the extraction of the colorant.
The dyeing process was applied on paiche leathers tanned with phenolic-syntan and glutaraldehyde compounds,
the paiche skins that were transformed into_leather in this study are a byproduct from Amazonian aquaculture
activity and were acquired in the Pucallpa region (Peru), with certificate of origin No. 167-2021 issued by the

Regional Government of Ucayali.
Chromatographic characterization of walnut colorant

Methanol of HPLC grade (Sigma-Aldrich), 2,6-di-tert-butyl-4-methylphenol (butylhydroxytoluene) of HPLC
grade (Sigma-Aldrich), phesphoric acid of ACS grade (Analyticals Carlo Erba), acetonitrile (ACN) of HPLC
grade (Merck), and water'of HPLC grade, microfiltered to 0.22 pm with a conductivity of 1.01 puS/cm, were
utilized:in this study.

For the chromatographic characterization of the active dyeing principle of the walnut, juglone, walnut leaves were
dried in a food dehydrator at 70°C for 120 minutes. Subsequently, they were ground in a grain mill and sieved
using a WS TYLER brand ASTM E11 sieve until obtaining 120-mesh particles.

The moisture content of the powdered walnut leaves was determined through gravimetry, using an HV-OVENS
brand oven at a temperature of 110 °C, and a Digital Precision brand balance, model ESJ200-4. The ash content

was determined using a TOKY brand muffle furnace at a temperature of 520 °C.

The quantification and characterization of the active principle were performed using a high-performance liquid
chromatograph (HPLC) with UV and diode array detectors (DAD) from the KONIK 560 brand. The instrument

was equipped with a column oven, low-pressure gradient pump, inline degasser, and solvent delivery module,



along with the Konikrom Plus Version 3.0.5.505 Chromatography Station for Windows — 2013 software. For
chromatographic separation, a C18 chromatographic column with a particle size of 5 um and dimensions of 4.60

mm x 150 mm from the RP Thermo Aclaim brand was employed.

The sample was prepared by taking 1000 mg of ground and sieved walnut leaves and 20 ml of 2,6-di-tert-butyl-
4-methylphenol- (to avoid oxidation of juglone). This mixture was placed in an ultrasound bath at 25°C for 40
minutes. The extract was then centrifuged at 1200 rpm, and the supernatant was filtered through a polyamide
membrane and stored at -20 °C [43].

The mobile phase was prepared using 0.05 % (w/w) phosphoric acid (solution A) in water. The gradient used was
as follows: 70 % of solution A and 30% of ACN (5 minutes) y 30 % of solution A and 70 % of ACN (6 minutes).
The flow rate of the mobile phase was 1 mL/min, with an injection volume of 5 uL at a constant temperature of
20°C in the oven [43].

The characterization and quantification of juglone were conducted using Juglone-5-hydroxy-1,4-naphthoquinone
as the standard, CAS No: 481-39-0, with a molecular weight of 174.15 g/mol.and a purity of >96.5%, graded as
HPLC grade. Propyl gallate (GLP) and quercetin (QCTN) were employed as internal standards. The
characterization was carried out at wavelengths of 220, 250, 254,.and 260 nm in the ‘Fractal Quimicos SRL’

Laboratory.
Spectrophotometric characterization

The spectrophotometric characterization was conducted through the analysis of a walnut solution, obtained by
boiling 50 g of walnuts in 500 ml of distilled water for 60:minutes. The resulting solution was filtered and diluted
to achieve a walnut concentration of 1/ g/L. Subsequently, the solution was analyzed using an Agilent
spectrophotometer, model Cary 60 UV-VIS, with Cary WinUV software, in the range of 200-600 nm [44]. Also,

the characterization was carried out in an.alcoholic medium using methanol, HPLC grade.

Furthermore, the absorbance of juglone was assessed concerning the variation in dye concentration in the solution.
For this purpose, three aqueous solutions were prepared from dried walnut leaves. The 250 g/L solution was
prepared by taking 50 g of walnut leaves in 500 ml of tap water, reducing its volume to 200 ml (Solution B) by
boiling. The remaining walnut leaves were boiled again with an additional 500 ml of water and concentrated to
200 ml(Solution C). This process was repeated once more (Solution D) [45]. The experiments were conducted at
the R&D Laboratory of CITEccal Lima.

Experimental design

An experimental factorial design 32 was proposed (Table 1), considering two factors with 3 levels each. The factors
analyzed were dyeing time (DT) and dye concentration (DC). The response variable was Color Intensity,
expressed as K/S. Areplicate was performed for each treatment of the design, obtaining 18 treatments. The dyeing

temperature was established at 50 °C.

This design was developed at the pre-pilot level, using pieces of approximately 15 x 25 cm in size, in 6-position
stainless steel dyeing test drums of the 7WAY brand, model GB R35-9. This stage was conducted at the Tanning
Pilot Plant of CITEccal Lima.



Table 1. Experimental design for the scaling-up at pilot level of the dyeing of paiche leather with walnut leaves colorant.

Levels
Factors Units The
Low Medium High
dye
Dyeing time (DT:x1) minutes 60.0 90.0 120.0
Dye concentration (DC:x2)  g/L 250.0 209.8 161.6

extraction was carried out in a reactor with a capacity of up to 25 L. Initially, 1000 g of walnut leaves were taken
and mixed with 8 L of tap water. The mixture was heated between 80 °C and 100 °C for one hour, and:the volume
was reduced to 4 liters, resulting in a concentration of 250 g/L of walnut extract (Solution A). The residual walnut
leaves were added to 8 L of water, subjected to the same temperature and time conditions, and reduced to a volume

of 4 liters, obtaining (Solution B). This process was repeated for a third time, resulting.in‘(Solution C).

The exact concentration of solutions B and C was determined based on the absorbance of.each solution in the
range between 204 to 213 nm. The values obtained were 209.8 g¢g/L and.161.6. g/L, respectively. These
concentrations were considered as the three levels analyzed for DC in the experimental design. In the dyeing

process, 10% sodium chloride (%ow/w) was used to increase the exhaustion of natural dye [34,46].
Reflectance and Color Intensity (K/S) measurement

For the measurement of Color Intensity (K/S) [47,48], a:Datacolor spectrophotometer, model SF 550, was utilized.
Calibration was performed using a black trap and a white plate, with repeatability diagnosis conducted using a
green plate. The calibration conditions included a 9.mm SAV aperture (specular included) and UV filter OFF (UV
included). Color Tools vs. 1.1 software was used for.analysis. This equipment is located in Laboratory 24 of the
Faculty of Chemical and Textile Engineering.at'the National University of Engineering. The K/S value was
calculated by applying the Kubelka=Munk.function to the maximum absorption length of juglone, according to
equation 1, where R is the measured reflectance.

S=(1-R)/2R (Eq. 1)

Additionally, the color measurement value was determined by transforming the reflectance spectra value to the
standard Commission International of I’Eclairage (CIELAB) coordinate system. This transformation involves the

values of L = luminosity, a* = red or green, b* = yellow or blue, ¢c* = color purity Chroma and h = color hue [15].
Scaling-up of dyeing process at pilot level

The scaling-up was conducted under optimal dyeing conditions identified in the experimental design at a pH of
5. The process involved four paiche tanned skins in a twin-load stainless steel drum of the 7WAY brand, model
GHE 11 R801-2. This drum is capable of holding up to 15.0 kg of skins or leather, with temperature control up to
80°C (+/- 1 °C) and agitation ranging from 0 to 30 RPM.

In the dyeing process, industrial-grade sodium chloride was utilized as a mordant, along with tap water. The skins
underwent fatliquoring with a mixture of natural and synthetic phosphoric esters (FOSPHOLICKER 61.46). In

the finishing stage, a combination of a protein binder and polishing wax (LVH67), an aqueous dispersion of



aliphatic polyurethane (TOP L 718), penetrating agent (PE 200), anionic aliphatic polyurethane (TOP L 450), and
a water-based lacquer (E.lack 2022) was applied. Both the dyeing and finishing processes were carried out at the
Pilot Tannery Plant of CITEccal Lima. The formulation for the dyeing, fatliquoring, and finishing processes is

provided in Table 2.

Table 2. Dyeing, fatliquoring and finishing processes formulation.

Amount Duration Temp.

Process Product . Observations
(%) (min) (*C)
Walnut leaves colorant x2 Bath pH: 5
Dyeing Sodium chloride 10 x1 50 Speed (RPM): 20
Water 200 Check dye penetration

. Once finished, wash and drain.
Mixture of natural and

Fatliquorin 2 40 25 ;
quoring synthetic phosphoric esters Drythe leather off.at toggling or room

temperature.
Blend of protein binder and .
o 40 Apply:manually or by spraying.
polishing wax
. Aqgueous dispersion of
Protein-based 3 Room Dry the leather off.
. aliphatic polyurethane
Finishing temperature
Penetrating agent 10
Water 47
Anionic aliphatic polyurethane 40 Apply manually or by spraying.
Resin-based Water based laquer 25 Room Dry the leather off and polish the grain.
Finishing Penetrating agent 10 temperature
Water 25

Analysis of the chemical and physical-chemical properties of the leather dyed at pilot level

After dyeing and finishing the paiche leather at the pilot level, two skins were sampled to characterize their
mechanical _properties. The.evaluated properties included: tear resistance, tensile strength and elongation
percentage, seam strength, color fastness to dry rubbing, wet rubbing, and artificial sweat solution, pH and
shrinkage. The tests were conducted at the Physical Chemistry Laboratory of CITEccal Lima using the following
equipment: electronic dynamometer with a load capacity of 5 kN of the INSTRON brand, model 23-5D; color
fastness measurement equipment, MUVER brand, model 5070; leather mill of the FRITSCH brand, model
PULVERISETTE 19; potentiometer of the WTW brand, model MULTILINE - P4. Before conducting the tests,
the samples were conditioned according to the NTP 1SO 2419 standard, at a temperature of 23°C + 2°C and a
relative humidity of 50% + 5%.

Statistical analysis

The data underwent analysis of variance (ANOVA), and the model assumptions, including normal distribution,

homoscedasticity, and independence of errors, were tested. Determination coefficients (R? and adjusted R?) and



the lack of fit were calculated to assess the model's fit. The statistical analysis was conducted using the "rsm" and

"Imtest" packages in R software version 4.2.3 (R Core Team, 2023).
RESULTS AND DISCUSSION
Walnut leaves characterization

The moisture content of the walnut leaves was determined to be 4.81 % + 0.22, and the ash content was found to
be 11.0 % + 0.5. Figure 2a shows the standard chromatogram for juglone at different concentrations, identifying
it at a retention time of 4.5 minutes. In Figure 2b, the chromatogram for the sample is presented, where juglone is

also identified at 4.5 minutes.

Figure 2a. HPLC Chromatogram for Standard Juglone
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I
154 (\ /\\ P oy
I

Voltage [mV]

Time [min]

Figure 2. Juglone chromatograms. Figure 2a depicts chromatograms of the juglone standard (5-hydroxy-1,4-naphthoquinone) at concentrations of 6, 12, and
24 ppm. Figure 2b shows the chromatogram of the sample under study (blue line) along with the standard chromatogram at 6 ppm, adding the internal
standards propyl gallate (GLP) and quercetin (QCTN) (black line).

The chromatographic characterization results of walnut leaves indicate a juglone content of 423 mg/100 g
expressed on a dry weight basis. Medic A. et al. (2022), characterized and quantified the primary phenolic
compounds in:6 different walnut species, finding juglone content ranging from 170 to 900 mg/100 g expressed on
a dry weight basis. Table 3 shows the values of juglone reported by other authors; the differences between the
results could be associated with the walnut leaf species analyzed and their level of maturity. This research used
mature walnut leaves [49-54].



Table 3. Results of juglone in previous studies.

Author Juglone value in dry weight Analysis Methods
Girzu M., etal up to 500 mg/100 g HPLC - DAD
Medic A, et al 170 -900 mg/100 g HPLC-MS/MS

VERSA max™ tunable micro-plate reader
Thakur A and Cahallan C. 357 mg/100 g

(Molecular Devices Corporation)

Stampar et al. 218 and 1404 mg/100 g HPLC - PDA*
Cheniany et al. 21.18 and 38.47 mg/100 g HPLC - PDA
Cosmulescu S. et al. 5.42 to 22.82 mg/100 g HPLC - RP**

* High Performance Liquid Chromatography - Photo diode array detector.

** Reverse Phase High Performance Liquid Chromatography.

Spectrophotometer walnut leaves characterization results

Figure 3a displays the absorption peak of juglone in the aqueous extracted at 210 nm. Likewise, in Figure 3b it is
observed that the change in juglone absorbance concerning walnut.concentration and the extraction cycle at 80°C,
is directly proportional. Figure 3c displays the absorption spectrum.of walnut in an alcoholic medium. At 231 nm,
409 nm, and 667 nm, three absorption peaks are observed, corresponding to n— z* transitions of the carbonyl
groups in juglone [55].

Concentration 250,0 g/L
Concentration 209,8 g/L|
Concentration 161.,6 g/L.

Figure 3a. Figure 3b.
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Figure 3. Variation in the concentration of naftoquinone per extraction cycle. Figure 3a shows juglone spectra in aqueous solution. Figure

3b shows the spectra of juglone extracts for experimental design. Figure 3c shows the spectra of juglone in alcoholic solution.



Results of experimental design

The reflectance and Color Intensity (K/S) results for the experimental design treatments are presented in Table 4.
It's worth noting that these values were determined for the leather in crust state, without finishing. It can be
observed that the experimental runs 01 and 16, dyed with extreme concentrations of walnut at 161.6 g/L and 250
g/L, respectively, and under the same conditions of temperature (50°C) and time (60 minutes), yielded the lowest
and highest K/S values: 0.06 and 0.34, respectively. Thus, it complies with the Kubelka-Munk equation, where
the K/S value is proportional to the concentration of the dye in the substrate, in this case, paiche leather, despite

the small natural irregularities on its surface.

Table 4. Results of experimental design.

Experimental Paiche leather Colorant . Dyeing time Color-
RUN weight (q) concentration (min) Reflectance (R) Intensity
(g/L) (K/S)
01 111.56 161.6 60.0 0.85 0.06
02 125.79 161.6 90.0 0.71 0.08
03 141.03 161.6 120.0 0.67 0.08
04 115.86 161.6 60.0 0.67 0.06
05 158.56 161.6 90.0 0.71 0.11
06 134.69 161.6 120.0 0.63 0.08
07 177.87 209.8 60.0 0.67 0.16
08 126.66 209.8 90.0 0.57 0.21
09 151.77 209.8 120.0 0.53 0.17
10 139.35 209.8 60.0 0.56 0.25
11 175.96 209.8 90.0 0.50 0.17
12 169.73 209.8 120.0 0.56 0.19
13 147.40 250.0 60.0 0.54 0.32
14 172.84 250.0 90.0 0.46 0.17
15 150.03 250.0 120.0 0.56 0.20
16 135.95 250.0 60.0 0.54 0.34
17 126.83 250.0 90.0 0.45 0.32
18 153.61 250.0 120.0 0.46 0.36

Table 5 displays the ANOVA analysis of the results from the applied experimental design. The model adequacy
was tested through the assumptions of normality (0.6233), homoscedasticity (0.0619), and independence of errors
(0.2156), which were no significant, hence the assumptions were accomplished. Additionally, the evaluated lack
of fit (0.8540) is not significant [56]. The data obtained adjusted to a linear model, with a determination coefficient
(R?) for the model at 77.36 % and an adjusted coefficient equal to 74.34 %. It is shown that DC has a significant
effect (p < 0.05) on Color Intensity, which is consistent with the dye re-extraction process in the experimental
design, where, starting with a concentration of 250 g/L of walnut, depending on the desired color intensities, it is

possible to extract the juglone present in walnut leaves for at least 3 extraction cycles, resulting in the color range



shown in Table 4. A darker tone can be achieved with a concentration of 250 g/L after 60 minutes, while a much
lighter tone can be obtained in a third extraction cycle at an approximate walnut concentration of 161.6 g/L for 60
minutes. It should be noted that juglone concentrations in the re-extraction processes can be increased by adding
more walnut to the reactor to utilize residual juglone and achieve darker shades. On the other hand, it is observed

that DT is not a significant factor in the process.

Khalid, B. et al. (2010), determined that in the dyeing of leather pieces with juglone, the most significant variables
were dye concentration (10 %) and temperature (70 °C) [37]. The obtained results suggest it would be a chromium
tanning process, where the leather exhibits higher temperature resistance compared to tanning with phenolic

syntans and glutaraldehyde. In the present research, the dyeing process temperature was setat 50°C.

Table 5. Results of ANOVA for experimental design.

Estimate Std. Error t value Pr(>|t))
(Intercept) 0.1819 0.0119 15.3391 1.42E-10 gl
x1: Dyeing Time (DT) (min) -0.0092 0.0145 -0.6316 5.37E-01
x2: Dye Concentration (DC) (g/L) 0.1034 0.0145 7.1314 3.44E-06 i
Response: Nogal Color Strength

Df Sum Sq Mean Sq F value Pr(>F)
FO(x1, x2) 2 0.13 0.06 25.6278 0.0000
Residuals 15 0.04 0.00
Lack of fit 6 0.01 0.00 0.4114 0.8540
Pure error 9 0.03 0.00
Multiple R-squared: 77.36 % Adjusted R-squared: 74.34 %
Model Assumptions
Normal Distribution Shapiro-Wilk normality test p-value = 0.6233
Homoscedasticity studentized Breusch-Pagan test p-value = 0.0619
Independence of errors Breusch-Godfrey test p-value = 0.2156

Table 6. shows the results of the optical image calculated from the results and color analysis respecting Color
Intensity. Figure 4 presents the results of the dyed leather for each treatment of the experimental design, labeled

according to its respective experimental run presented in Table 4 and 6.

The evaluation of the response variable indicates that maximum reflectance is achieved at a concentration of 250
g/L and a time of 60 minutes. The scaling-up was carried out at these optimal conditions, and it included the

operations of fatliquoring and finishing according to Table 2.



Table 6. Results of optical image.

Experimental Run L a’ b* C H Optical image
Blank 85.19 244 27.35 27.46 84.94
01 75.30 411 26.04 26.37 81.03
02 71.32 5.32 28.70 29.19 79.50
03 72.13 4.76 28.15 28.56 80.40
04 75.55 3.86 24.96 25.26 81.20
05 68.04 6.23 29.89 30.53 78.24
06 72.27 4.56 25.37 25.78 79.82
07 63.33 6.97 32.30 33.02 77.82
08 61.04 6.86 30.31 31.08 7.24
09 62.67 6.94 30.09 30.89

10 60.38 5.89 28.60 29.2 78.
11 63.63 6.25 .03
12 61.86 6.81 77.34
13 53.96 9.65 68.46
14 61.25 8.9 71.00
15 60.13 7 71.12
16 53.2 1 25.31 27.11 69.03
17 32 1 24.37 26.20 68.48
18 9.23 26.03 27.62 70.46

W




Figure 4. Results of dyed leather for each treatment and blank. Numb int re is according to the data presented in table 6.

It is worth noting that the surface of the paiche leat t uniform due to the inherent characteristics of the

skin. It is composed of the imprint left by the e ed scale, forming a thin edge, and the roughness of the rest
in

of the surface. These characteristics could Go the value of R%; nevertheless, it is observed that the dye
penetration into the skin is complete, and the obtained under optimal conditions is uniform.




Table 7. Results of chemical and physical-mechanical properties of paiche leather.

Application Range of  values
PARAMETER Ladies obtained for paiche Test Methods
Casual Shoes-upper  Men Shoes-upper? Clothing*
PP PP Shoes-upper® 9 leather
. Unlined: > 100 N 88.40 N NTP ISO 3377-
Tear Resistance >40N >40N >20 N
With lining: > 70 N (571.58 N/cm) 02:2022.5
) > 150 N/mm? in o 8.34 N/mm? NTP 1S0
Tensile strength >10.0 N/mm2 . >15.0 N/mn?? in splits -
splits (834 N/cm?) 3376:2012.6
) >15% (=) NTP 1SO
Elongation at break - - - 53.76%
>7% (1) 3376:2012.5
Shrinkage . . Above 75°C: shrinkage NTP
At least 70°C to 75°C with a shrinkage of no more than 5%.
temperature 4%. 291.036:2007.7
NTP 1SO

Seam Strength - - - - 9.20 N/mm

17697:2018.°

Degradation:

Dry rubbing color i . . ¢
Degradation: Degradation: Degradation: 4/5 (50 cicles)

fastness
L >3 (150 ciclos) >3 (150 ciclos) >3 (150 ciclos) i 3/4 (150 cicles) NTP 1SO
(grain side) >3 (50 cicles)
50 cicl Release: Release: Release: Release: 11640:2014.°
cicles
. >3 (150 ciclos) >3 (150 ciclos) >3 (150 ciclos) 4/5 (50 cicles),
150 cicles
4 (150 cicles)
Degradation:
Wet rubbing color Degradation: Degradation: Degradation: 4 (20 cicles)
fastness (grain side) >3 (50 ciclos) >3 (50 ciclos) >3 (50 ciclos) ) 4/5 (50 cicles) NTP 1SO
. >3 (20 cicles)
20 cicles Release: Release: Release: Release: 11640:2014.°
50 cicles >3 (50 ciclos) >3 (50 ciclos) >3 (50 ciclos) 4 (20 cicles)
4/5 (50 cicles)
Artificial sweat
solution color . . NTP 1SO
o -- -- >3 (20 cicles) 4 (20 cicles)
fastness (grain side) 11640:2014.°
20 cicles
Color Lightfastness > 3 is taken as reference value (72 hours, exposure to yellow light) 5
Thickness 1.44 mm
i NTP 1SO 4045:
pH >3.5. If the pH value if below 4, the A must be <0.7 7.4 2008.20

1 NTP 241.023:2014. SHOES. Casual footwear. Railway applications - Requirements and test methods.

2 NTP 241.021:2015 FOOTWEAR. Men's footwear. Railway applications - Requirements and test methods.

3 NTP 241.022:2015 FOOTWEAR. Lady's footwear. Railway applications - Requirements and test methods.

4NTP 1SO 14931:2016. LEATHER: Guide for the selection of leather for clothing (excluding fur skins).

5 Tear resistance —~NTP 1SO 3377-2:2022, 'LEATHER: Physical and mechanical tests - Determination of resistance to tearing - Part 2: Double tear".

6 Tensile strength and elongation percentage — NTP 1SO 3376:2012, 'LEATHER: Physical and mechanical tests - Determination of tensile strength and elongation

percentage'.

7 Shrinkage temperature - NTP 291.036:2007, revised 2017, 'PELTRY - Physical tests - Determination of shrinkage temperature'.

8 Seam strength — NTP-1SO 17697:2018, 'Footwear - Test methods for uppers, lining and insocks - Seam strength'.

9 Color fastness — NTP 1SO 11640:2014, 'LEATHER - Colour fastness tests - Colour fastness to and fro rubbing'.

10 pH — NTP-ISO 4045:2008, revised 2018, 'Leather - Chemical tests - Determination of pH'.

Colorfastness is a crucial attribute that demonstrates the color's durability under different usage conditions.

Therefore, dry and wet rubbing colorfastness, as well as exposure to an artificial sweat solution, were evaluated.

The results indicate that walnut-dyed leather has a rating of 4/5 and 3/4 for 50 and 150 cycles, respectively, in the



assessment of color fastness to dry rubbing, and 4 for 20 and 50 cycles in the evaluation of color staining.
Regarding the leather's fastness under wet conditions, the assessment of degradation and staining is within the
range of 4, both at 20 and 50 cycles, and the fastness of the leather exposed to artificial sweat has a rating of 4 for
degradation after 20 cycles of rubbing. These results suggest adequate fixation of juglone to the collagen structure
of the leather, likely occurring through interactions, primarily between the amino and carboxyl groups of collagen
and the hydroxyl groups of juglone.

On the other hand, the high color stability of the dyed material under light exposure, as evidenced by a rating of
5 after being subjected to a yellow light source for 72 hours in this study, could be attributed to the deactivation
of the excited electronic states of juglone through the formation of covalent bonds between the dye and the
collagen fiber [37].

The analyzed sample, dyed and finished, has a pH of 7.40, a value that meets the established requirements (see
Table 7). It is important to note that the pH of the leather before dyeing was 5.0. During dyeing, the -NH2 groups
interact with the -OH groups of the juglone, contributing to the increase in pH. The pH in leather can vary
depending on the interaction of collagen with the tanning agent and other chemicals used in the process, including
different types of dyes. Table 8 shows the pH values obtained by other researchers in leather tanned with chrome

salts and vegetable tannins, and dyed with natural and synthetic colorants.[57].

The average thickness of the hides is 1.44 mm, which is suitable for making some clothing and women's footwear.
It's worth noting that this attribute can be controlled based on.the desired article through greater or lesser thinning
in the tanning process. As can be seen, the tear strength average value of 88.40 N, equivalent to 57.16 N/mm
(Table 7), allows the leather to be used in any of the articles. Tear strength assesses how prone an opening in the
material is to spreading, and in the particular case of paiche, its levels are associated with the parallel arrangement
of layers of collagen fibers [57]. Other studies report tensile strength values between 31.14 and 44.99 N/mm,

which are comparable to the results.obtained in this research.

Table 8. Comparison of results of physical-mechanical properties with previous studies.

Tear resistance Tensile strength and elongation percentage 2
H 3
Research study  Tanning method Directi Thickness Tear Thickness Tractive Stretching pH
irection
(mm) (N/mm) (mm) (N/mm?) (%)
Tanning - With:y 00t dinal 1.58 +/-0.10 55.74 +/- 4.43 1.33 +/-0.01 7.80 +/- 4.26 76.77 +- 21.61
Marrufo-Saldafia phenolic syntans 74
L. etal, (2024)" and Transverse 152+-032  59.27+/-9.94 1304008  998+-319  30.74+- 146
glutaraldehyde
Longitudinal 2.82+/-0.63 44.99 +/- 14.36 2.76 +/-0.42 4.48 +/-0.84 55.00 +/- 24.81
. 3.43
Vegetable tanning Transverse 2.76 +/- 0.42 31.14 +/- 8.29 2.20 +/-0.34 482+/-1.24 59.00 +/- 7.04 (0.80)*
. Diagonal 2.81 +/-0.37 43.60 +/-10.98 2.36 +/- 0.25 6.65 +/- 2.13 48.57 +/- 6.77
Cavali J. et al
(2022) Longitudinal 2.15 +/- 0.59 39.41 +/-8.94 1.77 +/- 0.26 471 4/-1.72 59.57 +/- 18.49
Tanning with 3.38
X Transverse 1.85 +/-0.44 37.69 +/-9.70 1.82 +/-0.27 8.49 +/-2.71 62.57 +/- 15.86
chromium salts (0.83)*
Diagonal 2.16 +/- 0.43 43.40 +/- 9.99 1.94 +/-0.37 8.61 +/- 1.53 43.29 +/- 10.42

* pH differential

1 ASSOCIAGAO BRASILEIRA DE NORMAS TECNICAS (ABNT). NBR/ISO 3376. Couro - Ensaios fisicos e mecanicos - Determinago da resisténcia a tragéo e
percentual de extensdo (Leather - Physical and mechanical tests - Determination of tensile strength and percentage extension). Rio de Janeiro: ABNT; 2014.



2 ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS (ABNT). NBR 11055/ISSO. Couro - Determinagdo da forca de rasgamento progressivo (Leather -
Determination of tering load). Rio de Janeiro: ABNT; 2014.

3 BNT (Associago Brasileira de Normas Técnicas). (2006). ~NBR 11057: Couro - determinagao do pH e da cifra diferencial ~ (pp. 1-3). ABNT

Regarding tensile strength and elongation percentage, this property is important because it indicates the leather's
ability to stretch during the shoe upper lasting process. The obtained tensile strength result, equal to 8.34 N/mm?,
does not reach the values set for casual footwear, which requires a strength greater than or equal to 10 N/mmz2. For
men's and women's footwear, resistances greater than 15 N/mm?2 are established when dealing with suede, a
material not compatible with paiche leather. However, the paiche leather can be used as an application in the upper

part of the footwear, providing differentiation and sophistication.

Cavali J., et al. (2022), indicate an average tensile strength for paiche leather of around 4.48 and.8.61 N/mmz2 for
other types of tanning and thicknesses between 1.85 and 2.82 mm, suggesting that the' characteristic tensile
strength of this type of tanned leather is lower compared to the standard [57]. The leatherapplied in the apparel
industry requires thicknesses not exceeding 2.4 mm; nevertheless, greater thicknesses would be appropriate for
the application of this type of leather, for example, in furniture. The Figure:5 illustrates the validation of this

application.

The elongation percentage obtained is 53.76%, which meets the requirements for casual footwear. As for other
types of footwear and clothing, no specific value is mentioned for this parameter [36]. However, it is an important
attribute for the manufacturing of clothing and leather goods, and it has been successfully validated in the

prototyping of such items in this research, as shown in Figure 5.

Figure 5a. Figure 5b.

Figure 5. Articles made of paiche leather dyed with walnut leaves colorant. Figure 5a shows a small bookcase with applications of paiche

leather dyed with walnut leaves dye. Figure 5b shows off a leather skirt, with applications of paiche leather dyed with walnut leaves dye.



CONCLUSIONS

This research has demonstrated the feasibility of using walnut as a resource for dyeing chrome-free tanned paiche
leather with colorant extracted from walnut leaves and its potential technical scaling-up in a real level
environment. The extraction of the active ingredient from walnut leaves in multiple cycles to achieve different
color intensities increases its added value. On the other hand, the colorfastness properties it imparts to the leather
ensure the quality of the dyeing in terms of durability. Furthermore, it complements the attributes of chrome-free
tanning and without metallic mordents, strengthening the image of a more biodegradable and ‘clean’ product that
incorporates elements of biodiversity (paiche and walnut) by applying circular economy principles. It is
recommended to conduct an additional study on the potential antifungal properties that walnut-dyed leather may
exhibit.
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