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Abstract

The valorization of poultry feather waste as a sustainable source of keratin aligns with
circular economy principles and offers an environmentally responsible solution to man-
aging agro-industrial residues. In this study, an eco-friendly alkaline oxidative extraction
method using hydrogen peroxide (H:0:) was investigated for recovering keratin from
chicken feathers. The process was optimized through a Taguchi experimental design to
enhance both extraction efficiency and protein regeneration. Four critical parameters:
H202 concentration, pH, temperature, and extraction time, were studied at three levels
each using an L9 orthogonal array. Their effects on solubilization and regeneration yields
were systematically evaluated. Statistical analysis revealed that pH and H20: concentra-
tion had the most significant influence on keratin yield. The optimal conditions for maxi-
mum solubilization (2 M H20z, pH 12, 75 °C, 1.5 h) yielded high extraction efficiency,
whereas a lower H20: concentration (1 M) favored better regeneration, indicating that ex-
cessive oxidation may compromise protein reassembly. Regression models and ANOVA
confirmed the statistical significance of these findings, with R? values of 94.25% for solu-
bilization and 78.23% for regeneration. The extracted keratin maintained essential struc-
tural features, as verified through subsequent characterization. This work not only im-
proves the sustainability and effectiveness of keratin recovery but also establishes a sta-
tistically robust optimization approach. The methodology and insights provided can sup-
port future efforts in developing high-quality keratin-based biomaterials for biomedical,
cosmetic, or environmental applications.

Keywords: keratin extraction; Taguchi design; biomass; circular economy

1. Introduction

Keratin, a ubiquitous and versatile protein within the natural milieu, assumes a piv-
otal role as a complex biomolecule characterized by diverse material properties, intricate
structural configurations, and exceptional functional attributes [1]. Predominantly found
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in poultry feathers, comprising approximately 90% of their composition [2], the valoriza-
tion of waste feathers gains prominence when viewed through the lens of the circular
economy. Frequently regarded as a byproduct of the meat industry, poultry feathers stand
out as a copious reservoir of keratin. In lieu of allowing these feathers to contribute to
environmental challenges [3], their metamorphosis into valuable materials harmonizes
with the fundamental tenets of sustainability and waste reduction.

The extraction of keratin traditionally involves processes such as reduction [4], oxi-
dation [5], sulfitolysis [6], and the application of ionic liquids [7]. Historically, strong alkali
methods have been employed for keratin extraction, necessitating substantial quantities
of alkaline substances for hydrolysis and acids for subsequent neutralization. Unfortu-
nately, this hydrolysis method damages the primary chain of keratin, leading to structural
disruptions. While this method has yielded low molecular weight keratin derivatives with
applications in cosmetic and pet care industries [6], the evolving landscape of keratin ap-
plications now demands high molecular weight keratins [8]. Consequently, there is a re-
newed focus on extraction methodologies. One prevalent technique involves the isolation
of keratin from feathers through the reduction method, deploying reducing agents like
thiols. This method is widely documented for breaking cystine disulfide bonds (R-5-5-R)
and inducing the formation of cysteine (R-S-H). Although this method maintains the
structural integrity of the keratin chain, the use of costly and potentially toxic substances
such as mercaptoethanol and dithiothreitol presents notable drawbacks [9].

Oxidation methodologies have been extensively documented in the scientific litera-
ture over several decades [10], showcasing the use of oxidizing agents such as performic
acid or peracetic acid [11,12]. These agents are commonly employed to induce the for-
mation of sulfonic acid (RSOsH) in the keratin structure. However, it is crucial to note that
these oxidation processes are characterized by an inherent time-intensive nature. Typi-
cally, a prolonged reaction period exceeding 24 hours is necessitated to achieve a satisfac-
tory yield [13].

Fernandez-d’Arlas investigated an unconventional approach to keratin extraction by
employing an in-situ oxidation treatment in basic media [14]. Inspired by studies on wool
bleaching, where Hydrogen peroxide (H202) demonstrated fiber solubilization in alkali
conditions, the oxidative method using H20: emerged as a promising alternative. This
method yielded extraction results comparable to conventional approaches in terms of
both yield and molecular weight, while employing less hazardous chemicals at lower con-
centrations. Notably, this extraction route produces water, oxygen, and minimal hydroxyl
byproducts, eliminating the need for extensive washing or dialysis purification processes
seen in other keratin extraction methods.

The significance of these work extends beyond extraction efficiency and sustainabil-
ity, encompassing the preservation of keratin’s structural integrity. Conventional meth-
ods, marked by the formation of disordered structures, often compromise the mechanical
strength, flexibility, and thermal stability of the regenerated keratin [15-17]. Fernandez-
d’Arlas harnessed the extracted keratin from the alkaline oxidative method to develop
bioplastic materials, demonstrating commendable thermal stability and mechanical prop-
erties comparable to the best-reported protein-based plastics [18].

In this study, we take a step further by employing the Taguchi method to optimize
the keratin extraction process from chicken feathers. Known for its application in manu-
facturing processes [19], the Taguchi method offers a robust design, optimizing process
parameters, and minimizing variability [20,21]. By leveraging statistically designed exper-
iments, we aim to determine the optimal conditions for keratin extraction, thereby en-
hancing efficiency while reducing experimental time. In-depth analysis involved Signal-
to-Noise (S/N) ratio calculations and analysis of variance (ANOVA) to assess the signifi-
cance of parameters.
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2. Materials and Methods
2.1. Materials

Chicken feathers (whole feathers with quill and barbs) were gently provided by a
local poultry slaughterhouse (Casablanca-Settat region, Morocco), Feathers underwent a
rigorous cleaning process involving multiple washes with water and dish detergent to
eliminate impurities such as manure, blood, excess mass, and extraneous body parts. Sub-
sequently, the feathers were immersed in a 20% ethanol solution to achieve a pristine,
odor-free, and sanitized state. The cleaned feathers were then spread on an iron sheet and
dried at room temperature for 2 days. Sodium hydroxide (NaOH) pellets were purchased
from Sigma-Aldrich, and Hydrogen peroxide (H202) 30 (w/w) was obtained from
Solvachim (Casablanca, Morocco)

2.2. Protein Extraction Using Alkaline Oxidation Method

For the extraction process, 2 grams of the feathers were suspended in a 100 mL solu-
tion containing aqueous H20:. The pH of the solution was carefully adjusted within a
specific range using aqueous NaOH. The keratin extraction reaction ensued under con-
stant mechanical stirring at 300 rpm. After the designated extraction duration, the solution
underwent filtration to eliminate any undissolved fibers. The pH of the obtained filtrate
was gradually lowered by the additions of concentrated HCl until the isoelectric point of
the proteins was reached, typically within the pH range of 3-2. At this stage, the solution
exhibited an opaque, white appearance. The precipitated keratins were separated through
centrifugation at 9000 rpm and subsequently dried at 50 °C.

2.3. Taguchi Orthogonal Array Design

In the context of four parameters, each with three different levels, a traditional full
factorial experimental design would necessitate a staggering 81 individual experiments.
Considering the need for each experiment to be replicated three times, the analytical
workload becomes substantial. To circumvent this exhaustive combinatorial pattern, a
Taguchi orthogonal array method for optimizing solubilization and regeneration yield
responses was adopted. H>0O2 concentration, pH, temperature, and time were chosen as
variables, with each factor set at three levels, as detailed in Table 1. Utilizing the Minitab
statistical software (version 19), the experimental data derived from the extraction were
analyzed. The objective function for Taguchi design optimization studies is derived from
the signal-to-noise ratio (5/N), typically expressed logarithmically as the larger-the-better
objective function [22], calculated using the Equation (1):

> 101 1211: ! 1

N - 0g n 4 ylz ( )
=1

Here S/N, represents the signal-to-noise ratio; n is the number of experiments con-

ducted; i signifies the experimental run number, and y denotes the output result of the
experiment.

Table 1. Extraction process parameters and their levels.

Level
Symbol Process Parameters Units 1 e;re & 3
A H20: Concentration mol/L 0.5 1 2
B pH - 8 10 12
C Temperature °C 55 65 75
D Time h 1 1.5 2
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3. Results and Discussion
3.1. Taguchi Optimization Methodology of Operating Extraction Conditions

The outcomes of the extraction experiments are systematically presented in Table 2,
the primary effects of the examined factors on the mean responses and the mean values
for the Signal-to-Noise (S/N) ratio are evaluated based on three replicates for both the
solubilization and regeneration of keratin.

Table 2. Design of experiments, experimental outcomes, and their corresponding signal-to-noise

ratios.
Controllable Pro- .
cess Average Experimental Re- S/N Ratios of Results
sults
Exp. Runs Parameters
A B C Solubilization Regeneration Solubili- Regenera-
(%) (%) zation tion
1 05 8 55 1 11.0900 5.1200 20.8082 14.0921
2 05 10 65 15 43.8800 11.0867 32.7885 20.8169
3 05 12 75 2 70.0867 17.8567 36.8928 25.0033
4 1 8§ 65 2 23.6033 8.2500 27.4482 18.2726
5 1 10 75 1 65.5633 20.5000 36.3149 26.1931
6 1 12 55 15 80.0933 29.9367 38.0473 29.5096
7 2 8 75 15 50.8300 6.5867 34.0797 16.2654
8 2 10 55 2 83.0933 16.2167 38.3874 24.1534
9 2 12 65 1 89.9000 21.1167 39.0692 26.4623

The S/N ratio serves as a vital metric in evaluating combinations and their inherent
quality deviations from the desired values, considering each experimental variable and
its level. In essence, the noise represents the effect of each factor on each operation, while
the signal signifies the response to the change in each operational variable. Different S/N
methods exist, such as smaller-is-better, larger-is-better, and nominal-is-best [23]. Our
study focused on extracting keratin from chicken feathers, a larger S/N ratio denotes better
quality characteristics. Employing the Taguchi L9 (34) orthogonal array, we conducted
nine sets of experiments, manipulating H20: concentration, pH, temperature, and agita-
tion duration. The aim is to maximize the extraction yield of keratin, emphasizing the
highest possible quality in the process.

Table 3 displays the S/N ratio response for the solubilization of feathers, where a
higher S/N ratio indicates minimal variation between the desired and measured outputs.
The analysis reveals that pH is the most influential factor, ranked first, followed by H20:
concentration, temperature, and time, the latter being the least significant in the solubili-
zation process.

Table 3. Mean S/N ratio response table for feathers solubilization.

Process Parame- Mean S/N Ration
ters Level 1 Level 2 Level 3 Max-Min Rank
A 30.16 33.94 37.18 7.02 2
B 27.45 35.83 38 10.56 1
C 32.41 33.1 35.76 3.35 3
D 32.06 34.97 34.24 2.91 4

The selected extraction processes in our study are anchored in the reactivity of bisul-
fide bonds to oxidative reactions. As proposed by Fernandez-d’Arlas, the oxidation of
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cystine in feathers results in the formation of various sulfur oxidation species, as illus-
trated by the chemical reaction [14,18]:

R—S—S—R+6H,0, > 2R — SO5 + 6H,0 )

This elucidates the pronounced effect of H2O2 concentration on feather solubilization,
with yields increasing proportionally. Taking into account that oxidizing power of H20:
is higher in lower pH [24]. The diminished yields in weaker pH media may be associated
with the reduced solubility of keratins under such pH conditions [25]. Furthermore, solu-
bilization yields exhibit an upward trend with increasing the temperature. Notably, time
emerges as the least impactful factor in solubilization, with optimal results achieved after
an hour and a half. This suggests that the method not only yields high-quality outcomes
but also proves time-efficient. The S/N main effects plot, depicted in Figure 1 and gener-
ated using Minitab 19, illustrates that the optimal conditions for feather solubilization (2
M H20: concentration, pH 12, 75 °C, and 1.5 hours duration) were identified.
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Figure 1. Main effects plot for S/N ratios of the solubilization variables.

The S/N ratio response table for the regeneration of keratin highlights a similar trend
to that observed in the solubilization process. Once again, pH emerges as the most influ-
ential factor, occupying the top position, followed by H20: concentration, temperature,
and time, with the latter being the least significant.

Table 4. Mean S/N ratio response table for keratin regeneration.

Process Parame- Mean S/N Ration
ters Level 1 Level 2 Level 3 Max-Min Rank
A 19.97 24.66 22.29 4.69 2
B 16.21 23.72 26.99 10.78 1
C 22.59 21.85 22.49 0.73 3
D 22.25 22.2 22.48 0.28 4

However, the regeneration yield appears somewhat low. This discrepancy could
stem from the nature of the regeneration process, which involves reprecipitating keratin
from a soluble state. The regeneration mechanism may encounter challenges related to the
reassembly of keratin structures, resulting in a slightly diminished yield. The Main Effects
plot for S/N ratios, depicted in Figure 2, provides valuable insights into the optimal con-
ditions for the regeneration of keratin. Notably, the plot reveals that the optimum H20:
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concentration for achieving maximum regeneration yield is 1 M. Intriguingly, as the H20
concentration increases to 2 M, there is a decrease in the regeneration yield. This counter-
intuitive observation prompts a closer examination of the underlying mechanisms. The
extensive oxidation of cystine, is likely a key factor contributing to the decline in regener-
ation yield at higher H>O: concentrations [26].
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Figure 2. Main effects plot for S/N ratios of the solubilization variables.

3.2. Development of Regression Models and Analysis of Variance (ANOVA) Results

In this study, a linear regression analysis has been employed to formulate predictive
mathematical models that elucidate the relationship between the dependent variables of
solubilization and regeneration and the independent factors of H2O2 concentration, pH,
temperature, and time. The predictive equation derived from the regression analysis for
feather solubilization is expressed as Equation (3). The coefficient of determination (R?)
serves as a pivotal metric gauging the goodness of fit for a regression model. An optimal
fit is indicated by higher R? values, with the solubilization response exhibiting an R? value
of 94.25, denoting that 94.25% of the experimental data align with the predictions of the
developed model.

Solubilization (%) — 114.5 + 21.41A + 12.88 B + 0.203C + 341D R? =94.25 (3)

The obtained residual plot, presented in Figure 4, serves as a diagnostic tool to assess
the significance of coefficients in the predicted model. A straight-line pattern in the resid-
ual plot indicates that residual errors conform to a normal distribution, affirming the sta-
tistical significance of the model coefficients [27]. The observed proximity of residuals to
the straight line reinforces the assertion that the developed model coefficients hold signif-
icance in explicating the solubilization process for feathers.

The obtained coefficient of determination of 78.23 for the regeneration process, while
indicative of a reasonable fit, suggests that the developed model accounts for approxi-
mately 78.23% of the variability in the experimental data. This comparatively lower R2
value in comparison to solubilization may signify that there are additional factors or com-
plexities influencing the regeneration of keratin from feathers that are not fully captured
by the selected independent variables.

Regeneration (%) = —17.9 ++1.17A + 4.08 B — 0.105C — 147 D R%? =78.23 4)
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Figure 3. Normal probability plot of the residuals for feathers solubilization.

Even though the R2 is not as high as in the solubilization process, the conformity to
a straight-line pattern in the residuals in Figure 4 provides a level of confidence in the
validity of the model for regeneration.

Percent
I
o

Residual

Figure 4. Normal probability plot of the residuals for keratin regeneration.

ANOVA (Analysis of Variance) was conducted using Minitab 19 to assess the statis-
tical significance and contribution percentages of the various combinations of parameters
in the experimental design. The outcomes of the ANOVA for solubilization and keratin
regeneration are meticulously presented in Tables 5 and 6, respectively. The p-value, a
critical metric in determining the significance level of the designed parameters on the ex-
periments performance, was analyzed. A p-value less than or equal to 0.05 is deemed sta-
tistically significant, signifying rejection of the null hypothesis, which posits that process
parameters have no effect on solubilization and keratin regeneration.

For the solubilization, the analysis revealed that only H2O2 concentration and pH
achieved p-values less than 0.05, establishing their statistical significance. Furthermore,
the contribution of each parameter to the performance was quantified as a percentage.
Notably, pH and H20: concentration emerged as the most influential factors, contributing
66.67% and 26.87%, respectively, to the variance. These findings underscore the pivotal
role played by these parameters in influencing the efficiency of the solubilization process.

Table 5. Results of ANOVA for feathers solubilization.

Source Degreeof  Sum of Mean % Co.ntri- F-Value p-Value
Freedom Squares Squares bution
Regression 4 5628.06 1407.01  94.248681 16.39 0.01
A 1 1604.5 1604.5 26.869296 18.69 0.012
B 1 3981.29 3981.29  66.671523 46.37 0.002
C 1 24.82 24.82 0.415641 0.29 0.619
D 1 17.44 17.44 0.2920539 0.20 0.676
Error 4 343.44 85.86 5.7513188
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References

Total 8 5971.5 100

Notably, in the case of regeneration, only pH exhibited a p-value below 0.05, indicat-
ing its statistically significant impact on the process. Furthermore, the percentage contri-
bution of each parameter towards the variability in the experimental data was assessed.
Remarkably, pH emerged as the predominant factor, contributing approximately 74.85%
to the variability in the regeneration process.

Table 6. Results of ANOVA for keratin regeneration.

Source Degree of Sum of Mean % Co-ntri- F-Value  p-Value
Freedom Squares Squares bution
Regression 4 414.156 103.539  78.23504743  3.59 0.12
A 1 4.826 4.826 0.911642808 0.17 0.70
B 1 399.405 399405 75.44854866  13.87 0.02
C 1 6.678 6.678 1.261489986  0.23 0.66
D 1 3.246 3.246  0.613177073  0.11 0.75
Error 4 115.218 28.805  21.76495257
Total 8 529.374 100

4. Conclusions

This study demonstrates that an alkaline oxidative process using hydrogen peroxide
can efficiently recover high-quality keratin from chicken feathers. Taguchi optimization
identified pH and H20: concentration as key factors, enabling high solubilization under
strongly alkaline conditions (2 M H20, pH 12, 75 °C, 1.5 h) and improved protein regen-
eration at lower oxidant levels. These results provide a statistically validated framework
for sustainable keratin extraction and offer valuable guidance for producing keratin-based
biomaterials for biomedical, cosmetic, and environmental applications.
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