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Abstract 

Among various protein-containing biomass wastes, waste animal wool, poultry feather, and human hair are consid-
ered one of the most important renewable sources of keratin. Animal wool and human hair are utilized for the pro-
duction of several products. However, the substantial quantity of short fibers that are inappropriate for spinning and 
being unusable is thrown away as waste resulting in significant environmental issues in terms of their accumulation 
in water bodies resulting in obstruction of waterways and other related problems. Similarly, poultry wastes, especially 
waste chicken feathers (WCF) are dumped or burnt or used as low-value fertilizer in certain applications. The purpose 
of this research is to develop an efficient method that can extract the recoverable keratin from various wastes and 
effectively utilize the spent solvent in the extraction process. Herein suitability of an aqueous solution of quaternary 
ammonium hydroxide known as tetramethyl ammonium hydroxide (TMAOH, 25% w/w in water) to solubilize these 
protein wastes and extract keratin from them was investigated. The solvent could solubilize ca. 39–44% w/w of 
waste animal wool (WAW), 19–25% of waste human hair (WHH), and 55–60% of WCF. Crude keratin with ca. 19–20%, 
35–37%, and 69–74% were isolated from WAW, WHH, and WCF, respectively. The chemical and structural stability of 
keratin thus isolated was established. The recovered TMAOH, insoluble WAW, and WCF were found to be nontoxic to 
soil microbes. The recovered TMAOH thus generated after isolation of keratin was used for green gram (Vigna radiata) 
seed treatment, and a substantial increase in the height (4–12%) and weight (9–58%) of the plants was observed. 
Treating biomass waste as a source of high-value compounds may minimize environmental impact by reducing the 
waste load.
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1  Introduction
Due to the increasing demand using bio-based raw mate-
rials for various applications in materials chemistry and 
engineering, the demand for resourcing such materials 

is receiving renewed attention from various researchers. 
To meet the economics and sustainability of any material 
prepared, the low-cost sourcing of the starting material 
is of utmost importance. Keratin is one of such proteins, 
which is the most abundant protein and the major com-
ponent of hair, feathers, nails, and horns of mammals, 
reptiles, and birds, and it can be easily extracted from 
the biomass [1–4]. Its biodegradability, bio-compatibil-
ity, high polarity, high chemical reactivity, and affinity to 
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adhere to cells make it attractive for various applications 
[5, 6]. The application areas for keratin are tissue engi-
neering, biomedical applications, textile industries, etc. 
[7–11]. Several functional materials have been designed 
using keratin as a base in various formats, such as films, 
fibers, coating, and composite membranes [12–15]. Kera-
tin is commonly accessible but its extraction from bio-
mass is challenging due to the difficulties in cleaving the 
protein α-helix and β-sheet due to strong hydrogen bond-
ing and disulfide bonding between polypeptide chains [3, 
4, 16, 17]. Although several traditional methods such as 
reduction, re-oxidation, acid–alkali, enzymatic, and sulfi-
tolysis are being utilized to extract and solubilize keratin 
from various biomass resources [18–21], toxicity is asso-
ciated with several of the solvents and chemicals [22] that 
pose environmental as well as health concerns [16]. One 
of the improved methods of extraction of keratin so far 
reported uses L-cysteine as a reducing agent to extract 
wool keratin [23].

To bring sustainability to agriculture practices, various 
reforms in terms of use of better seed quality, deploy-
ment of improved technologies towards harvesting and 
sowing of seeds, etc. are being deployed to increase pro-
ductivity to cater for the food need of the ever-increasing 
population of the world [24–26]. Seed treatment is con-
sidered to be one of the most crucial operations in agri-
culture, which ensures increased crop yield, quality, and 
productivity [27]. However, the increasing trend of using 
pesticides for seed treatment has created an alarming 
situation in terms of the presence of pesticide residues 
in seeds and further transport of the harmful molecules 
to the fruits and flowers, affecting human health. Hence 
alternative seed treatment solutions are often sought and 
researched in this area.

Quaternary ammonium electrolytes (QAEs) are emerg-
ing as a very good solvent system for the dissolution of 
biopolymers such as cellulose and certain agricultural 
wastes [28, 29]. They are believed to resolve the compli-
cations such as high viscosity, multiple operations, and 
the use of high temperature being faced in the dissolu-
tion of cellulose [30]. Among the QAEs, it was observed 
that the anions play a very crucial role in the dissolution 
process. The poor interaction of the biopolymers (hav-
ing non-accessible hydroxyl groups due to intra hydrogen 
bonding) with the QAEs having anions such as chloride 
and bromide has encouraged the use of QAEs having 
hydroxyl groups as anion for the effective and efficient 
dissolution processes [30]. In one of the attempts, we 
solubilized waste human hair in 40% aqueous solution of 
tetrabutyl ammonium hydroxide (TBAOH) and isolated 
keratin and melanin [31].

The purpose of this research is to develop an effective 
method to extract keratin from various wastes and to 

effectively utilize the spent solvent in the extraction pro-
cess. Herein we have demonstrated the suitability of a 
quaternary ammonium base, namely tetramethyl ammo-
nium hydroxide (TMAOH, 25% w/w in water), for the 
dissolution of waste animal wool (WAW), waste human 
hair, and waste chicken feather and isolation of keratin 
from the solutions. We have further demonstrated the 
suitability of the recovered solvent for seed treatment 
similar to the way we have established recently [32]. In 
the previous study [31], we have considered 40% aque-
ous solution of TBAOH as an ionic liquid, but because 
upon evaporation of water, it was not possible to get a 
molten salt, herein we are calling the solution as a quater-
nary ammonium base solution rather than ionic liquid. 
Further, TBAOH was found to be a bit toxic to the soil 
microbes upon long-term investigation, and hence we 
have now used TMAOH, which is found to be nontoxic 
to the soil microbes for seed treatment.

2 � Material and methods
2.1 � Materials
TMAOH [N(CH3)4

+  OH−] (25% w/w in H2O) was pur-
chased from Molychem, Mumbai, India. Synthetic mel-
anin and standard wool keratin were purchased from 
Sigma Aldrich and TCI respectively. The soil sample was 
collected from the institute garden (21.7590o N, 72.1443o 
E), and sludge was collected from a food processing 
industry waste in Bhavnagar city (21.7515o N, 72.0971o 
E). The samples were randomly collected and stored in 
air tight containers. All solvents, such as acetone, HCl, 
hexane, dichloromethane, etc., used were of AR grade 
and were used as received from commercial suppliers.

The domestic Indian sheep wool used in these exper-
iments was collected from Bhavnagar’s local area, 
Gujarat, India. At first, the sheep wool was washed 
three times with water to remove the dust particles. 
It was cleaned and defatted using a 1:1 v/v mixture of 
hexane and dichloromethane in a Soxhlet extractor for 
48 h. The cleaned wool sample was dried in a vacuum 
oven at 70 °C for 48 h.

Waste human hair (WHH) was collected from a hair-
cutting salon situated in Bhavnagar City. Human hair 
samples (50 g) were washed and rinsed thoroughly with 
70% (v/v) ethanol and distilled water, followed by soaking 
in the mixture of chloroform and methanol (2:1 v/v) for 
24 h for de-lipidization and air-dried.

The waste chicken feathers (WCF) were collected from 
local poultry farms situated in Bhavnagar city. The col-
lected feathers were boiled (70 °C) with enough water to 
wash the material for 3 h while changing the water every 
one hour and air-dried. Dry feathers were treated with 
petroleum ether (40–60) [1:20] for 24 h to remove feather 
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lipid. The delipidized feathers were powdered and were 
used as a starting material.

Green gram seeds of the variety P9072 (Karnal) har-
vests were obtained from the Indian Agricultural 
Research Institute, Delhi.

2.2 � Dissolution of WAW, WHH, and WCF in aqueous 
TMAOH

The wool fibers (10 to 400  mg) were gradually added 
into a vial containing 1.0  mL of an aqueous solution of 
TMAOH at 65 °C (optimized temperature) for 6 h (opti-
mized time duration) under an atmosphere of nitrogen 
gas with continuous stirring in glass vials until the fibers 
were visibly solubilized as shown in Table 1. In addition, 
a laser beam was used to identify the presence of small 
particles through the observation of any light scattering 
from the solutions. In some cases, particularly at high 
wool contents, the rate of wool dissolution appeared to 
decrease markedly, probably due to the increased vis-
cosity of the solution. Hence, we describe these ultimate 
observations as limiting solubility to indicate that these 
are kinetically limited values rather than thermodynamic 
solubilities. After 6  h, partial dissolution of wool fibers 
was observed in TMAOH, and the presence of the insolu-
ble part of fibers was confirmed by observing the aliquots 
under an optical light microscope (100X). The insoluble 

part was separated using a centrifuge (8000  rpm for 
10 min). The addition of acetic acid and acetone mixture 
(1:4) in the solution resulted in the precipitation of light 
yellowish color crude wool keratin as shown in Scheme 1. 
The keratin was isolated by centrifugation and was 
washed with acetone (× 5) to remove solvent residues, 
and placed in a desiccator to obtain dried keratin pow-
der. Keratin thus obtained was sealed and stored at 4 °C 
before use. A viscous solution was obtained (r-TMAOH) 
after evaporating acetone present in the solvent mixture 
remained after the keratin isolation.

The de-lipidized hair fibers (10 to 200 mg) were added 
progressively into the vial containing 1  mL of TMAOH 
at room temperature under the atmosphere of nitrogen 
gas with continuous stirring (up to 9 h). After 9 h, com-
plete dissolution of WHH was observed, and the absence 
of the insoluble WHH fibers was confirmed by observing 
the aliquots under an optical light microscope (100X). 
Black coloured crude melanin was obtained after HCl 
treatment which was isolated, followed by the addition 
of acetic acid and acetone mixture (1:4) into the solution, 
which resulted in the formation of pale brown coloured 
precipitates (crude keratin). The keratin was isolated by 
centrifugation followed by washing with acetone, and 
was placed in desiccators to obtain dried crude keratin 
powder.

Table 1  Optimization of the process for the dissolution of waste biomass in TMAOH

Sl. No Waste biomass Temp. (°C) Total solubility (g 
100 mL−1)

Crude keratin
(% w/w)

Time duration (h)

1 Animal wool 65 ± 2 41.7 ± 2.3 19.7 ± 0.9 6.0 ± 0.5

2 Human hair 25 ± 0.5 22.5 ± 2.8 35.7 ± 1.5 8.5 ± 0.5

3 Chicken feather 25 ± 0.5 58.0 ± 2.4 72.0 ± 2.4 6.5 ± 0.5

Scheme 1  Processing of waste biomass for the production of keratin
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The delipidized chicken feather (10 to 600  mg) 
were added gradually into a vial containing 1.0  mL of 
TMAOH at room temperature for 6 h (optimized time 
duration) under an atmosphere of nitrogen gas with 
continuous stirring in glass vials until the fiber was 
observed visually to complete dissolved. In addition, a 
laser beam was used to identify the presence of small 
particles through the observation of any light scatter-
ing from the solutions. In some cases, particularly at 
high feather contents, the rate of feather dissolution 
appeared to decrease markedly, probably due to the 
increased viscosity of the solution. After 6  h, partial 
dissolution of chicken feather fibers was observed, and 
the presence of the insoluble part of fibers was con-
firmed by observing the aliquots under an optical light 
microscope (100X). The insoluble part was separated 
using a centrifuge at 9000 rpm for 10 min. The addition 
of acetic acid and acetone mixture (1:4) in the solution 
resulted in the precipitation of light white colour crude 
feather keratin.

2.3 � Cup experiment of green gram
Before performing the germination experiments, green 
gram seeds were washed thoroughly with 2% sodium 
hypochlorite solution and sterile Milli-Q water (× 2). 
A factorial, completely randomized design was used in 
the present study. The experiment consisted of treating 
this variety of green gram soaked for 11 min (optimized 
duration) in the solutions (r-TMAOH). Briefly, each seed 
was soaked in 10  mL of different r-TMAOH solutions 
in sterilized test tubes that were ventilated with cotton 
plugs and then sowed in a cup. The growth of the plant 
was monitored for 30 d in 4-d of intervals. Water was 
used for soaking the seeds and was termed a controlled 
experiment.

2.4 � Total microbial count measurement
Microbial growth was monitored in TMAOH, the resi-
due obtained after the dissolution of wool, and recovered 
TMAOH after the isolation of keratin (r-TMAOH) to 
ascertain the microbial toxicity and thus the soil compat-
ibility of the samples. The microbes used were isolated 
from a soil sample collected from the garden area of the 
institute and an industrial sludge sample collected from 
Bhavnagar city. In a typical experiment, 500 μL samples 
were added and plated with agar media. The sludge was 
diluted to 10–1 and 1 g soil in 10 mL phosphate buffered 
saline (pH 7) and diluted to 10–2. 100 μL from dilution 
was spread on Trypticase soy agar plates (duplicates) and 
incubated at 30 °C for 5 d, and the development of total 
microbial colony in CFU was monitored after 5 d.

2.5 � Characterization
Powder X-ray diffraction (XRD) patterns were obtained 
at 25  °C using a Philips X’pert MPD System. For each 
XRD experiment, Cu Kα1 radiation (λ = 1.540  Å) was 
produced at 40 kV and 30 mA. The data were collected 
in Brag-Brentano (θ/2θ) horizontal geometry using 
a 2θ-range of 5 to 80.0° with a step size of 0.02° and an 
accompanying scan speed of 0.1° s−1. Infrared spec-
troscopy (FTIR) was performed using a Perkin Elmer, 
G-FTIR spectrometer (Spectrum GX, GSA). The CHNS 
analyzer (Elementar, Vario Micro Cube) was used for 
elemental analyses. 13C NMR spectra were recorded at 
400 MHz on a Bruker Avance-400 spectrometer. The 13C 
CP MAS NMR spectra of these samples were acquired 
using 10 kHz spinning rate. The contact time in the CP 
MAS experiments was 2.4 ms with a recycle delay of 1 s 
and CW decoupling. The number of scans was ∼90 000 
to 100,000. The microscopic image of complete dissolu-
tion was monitored using a light microscope with 100X 
magnification (Fine Vision Microscope, India).

3 � Results and discussion
3.1 � Solubility and extraction
Suitability of aqueous TMAOH to solubilize waste bio-
mass such as animal wool, human hair, and chicken 
feathers and isolation of keratin are investigated. We 
previously demonstrated WHH solubility in TBAOH 
(25% w/w in water) as well as the isolation of kera-
tin and melanin [31]. In addition, we also made certain 
assumptions that recovered TBAOH might be utilized 
as a nitrogen fortifier for nitrogen-deficient organic fer-
tilizers. However, further subsequent analysis reveals 
that TBAOH inhibits the soil microbial development, 
whereas TMAOH does not (Supplementary Materi-
als, Fig. S1). Hence herein, we have considered studying 
the suitability of the latter for waste biomass treatment 
with an aim to use the recovered solvent for seed treat-
ment. It can be observed from Table 1 that ca. 39–44% of 
WAW, 19–25% of WHH, and 55–60% of WCF are solu-
ble in the quaternary ammonium base solution. It was 
further noted that the solubility of WHH and WCF was 
achieved at 25 ± 0.5 °C, while the solubility of WAW was 
achieved at 65 °C. Solubility was confirmed by observing 
the aliquots of the solutions under an optical microscope 
(100X) as described earlier (Figs. S2, S3, and S4) [31]. 
Maximum keratin was produced from WCF with yield of 
ca. 70–74%, followed by WHH and WAW. A significant 
quantity of insoluble material was formed during the dis-
solution of WAW (ca. 55–60%) and WCF (ca. 40–45%) 
(Scheme 1).

The lower yield of keratin from WAW is perhaps due 
to the high-temperature operation which is known to 
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degrade proteins. Furthermore, crude melanin with yield 
(ca. 20–25%) as identified by UV–Vis spectrophotometer 
(Fig. S5) could be isolated from human hair. The struc-
ture of melanin was confirmed by CP-MAS (Fig. S6) [31]. 
The insoluble mass obtained from WAW and WCF was 
further investigated to find their suitability for agricul-
ture applications. In all the cases, the TMAOH utilized 
was recovered (ca. 30–40%) and was further investigated 
for soil microbe suitability and seed treatment.

3.2 � Chemical and structural stability of keratin
It is necessary to investigate the chemical and structural 
stability of proteins after dissolution in any solvent to 
ensure the preservation of the crucial functional behav-
ior of the protein. The FT-IR measurements were done 
to investigate the change in functional moieties of the 
protein after dissolution by comparing the spectra with 
standard wool keratin. The comparison of the spectral 
bands as shown in Fig. 1 shows characteristic bands due 
to the peptide bonds (-CONH) and ensured chemical and 
structural stability of proteins present. It can be seen from 
the FT-IR spectra of standard natural wool keratin and 
keratin isolated from all the three waste biomass exhibit 
identical broad absorption bands of characteristic kerati-
nous fibers between 3350 and 3050 cm−1 corresponding 
to the N–H and O–H stretching vibration of proteins. 
The amide I band, which is ascribed to C = O stretch-
ing vibration, occurs in the range of 1700 to 1600  cm−1 
[33]. An absorption band at 1515 cm−1 was observed due 
to C–N stretching and N–H bending vibrations (Amide 
II). The C = O stretching and N–H bending vibrations 
of Amide-I and amide-II corresponds to the α-helix and 
β-sheet of the keratin. In Fig.  1, no band is observed in 
the range of 2550–2600  cm−1, indicating an absence of 

S–H vibration due to cysteine. The low intensity of the 
vibration bands at 1083, 1128, and 1161  cm−1 (S–O 
asymmetric stretching) further confirms the absence of 
cysteine. In addition, the other bands at 1645, 1402, and 
1274  cm−1 correspond to the primary amide, secondary 
amide, and tertiary amide, respectively. Furthermore, the 
vibration band observed at 1300–1000  cm−1 is due to 
the disulfide bonds formed between two alpha-helixes of 
keratin. The characteristic bands are identical to the one 
observed for the standard wool keratin indicating pres-
ervation of the structural integrity of the protein during 
extraction in TMAOH.

Since the crystallinity of proteins is very crucial for its 
functional behavior, it often gets disrupted by the exter-
nal environment. The crystallinity pattern of the natural 
wool keratin and keratin isolated from all the three waste 
biomass using an aqueous solution of TMAOH was 
investigated by powdered XRD as shown in Fig. 2.

The standard natural wool keratin showed broad dif-
fraction (2θ) peak at ca. 8.7 and 20.0°, corresponding to 
the α-helix and β-sheet structures of the protein (Fig. 2a) 
[34]. Similar diffraction patterns corresponding to the 
α-helix and β-sheet structure of keratin were observed 
for all the keratin samples extracted from the three waste 
biomass samples (Fig.  2b-d). However, both the peaks 
are significantly intense in extracted keratin samples 
from WAW and WCF, suggesting a higher content of the 
β-sheet structure in the samples.

13C CP-MAS spectra of the standard natural wool kera-
tin and keratin isolated from all the three waste biomass 
using aqueous TMAOH are shown in Fig. 3. The spectra 
showed an asymmetric peak at ca. 173  ppm due to the 

Fig. 1  FT-IR spectra of a standard wool keratin and keratin isolated 
from waste, b animal wool, c human hair, d chicken feather

Fig. 2  XRD spectra of a standard wool keratin and keratin isolated 
from waste, b animal wool, c human hair, d chicken feather



Page 6 of 8Maity et al. Sustainable Environment Research           (2022) 32:42 

amide carbonyl carbons of the keratin protein. The peak at 
130 ppm is related to the aromatic group-containing amino 
acids in the keratin. The chemical shifts of α-carbons are 
recorded between 52 and 56  ppm, while chemical shifts 
due to the β-carbons in leucine residues and cross-linked 
cysteine residues are observed at 40 ppm. The carbon peak 
recorded at 17.5 ppm can be assigned to alanine, and the 
peak at 22.4 ppm of keratin is due to the β-carbons of leu-
cine. The intense peak centered at 25 ppm can be ascribed 
to the presence of β-carbons in glutamic acid, glutamine 
residues, arginine, and cysteine. The signals at lower chem-
ical shifts are due to the alkyl groups of the side chains 
[13]. The α-carbon peak between 52–56 ppm is broadened 
in the isolated crude keratin from WAW and WHH, which 
may be due to the ability of the L-cysteine to disrupt the 
hydrogen bonding in keratin, leading to the unfolding of 
the polypeptide chains [13]. This would result in the for-
mation of a greater fraction of β-sheet structures, which is 
in agreement with the XRD data discussed above.

3.3 � Soil compatibility and seed treatment application
As discussed above, a substantial amount of insolu-
ble mass or residue was generated during dissolution, 
and to utilize them for further applications, they were 
subjected to elemental analysis. The residue obtained 
from WAW dissolution was found to have 3.2 ± 0.1% N 
and 27.4 ± 0.2% carbon, while residue obtained from 
WCF dissolution was found to have 8.5 ± 0.2% N and 
28.5 ± 0.2% carbon. Due to the presence of nitrogen and 
carbon, they may be treated as good soil nutrients, and 
hence their soil microbial toxicity was investigated. As 
shown in Figs. S7 and S8, soil and sludge microbes grow 
in both the residue samples and the TMAOH solution, 
indicating their suitability for placing in the soil. It was 
noted that the pure TMAOH was also nontoxic to the 
microbes, evident from the formation of microbial colo-
nies of both soil and sludge in the media consisting of the 
solution (Fig.  4a and b). Moreover, as shown in Fig.  4c 
and d, 3.2 × 105 CFU g−1 for the soil bacteria were devel-
oped in the media consisting of r-TMAOH, while the 
CFU count was 3.1 × 103 CFU mL−1 for the sludge bac-
teria (Fig. 4d).

About 30–40% of the processed TMAOH could be 
recycled (r-TMAOH) as illustrated in Scheme 1. As men-
tioned above, seed treatment needs some good benign 
chemicals to enhance the plant quality after germination 
without affecting human health. Hence use of r-TMAOH 
for seed treatment is proposed herein. To find the suit-
ability of the recovered solvents for seed treatment, each 
of the green gram seeds was soaked in 10 mL r-TMAOH/
water (1:1) for 11  min and sowed in well-conditioned 
soil samples under a controlled environment. As can be 
seen in Figs. S9 and S10, the plant height was increased in 
comparison to the control treatment (water) by 4%. The 
weight was increased by 58% for the r-TMAOH treat-
ment obtained from WAW processing after 30 d of sow-
ing, while for r-TMAOH obtained from WCF processing, 
the plant height and plant weight were significantly 
increased by 12 and 29%, respectively, after an identical 
day of sowing. Moreover, after similar days of sowing for 

Fig. 3  The 13C CP MAS NMR spectra of keratin isolated from waste b 
animal wool c human hair d chicken feather and comparison with a 
standard wool keratin

Fig. 4  Microbial growth in the sample for microbial colonies isolated from soil a pure TMAOH (25% in water), b recycled TMAOH, and microbial 
colonies isolated from industrial sludge c pure TMAOH (25% in water), and d recovered TMAOH
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r-TMAOH treatment obtained from WHH processing, 
plant height and plant weight significantly increased by 
9%. A representative image showing the increase in the 
height of green gram plants by r-TMAOH treatment 
obtained from WAW, WCF, and WHH processing is 
depicted in Fig. 5.

4 � Conclusions and future directions
Herein, a novel and unique strategy for the complete 
utilization of protein-rich waste biomass such as waste 
animal wool, human hair, and poultry feathers was 
demonstrated. The waste biomass was initially solubi-
lized in an aqueous solution of TMAOH (25% w/w in 
water) followed by isolation of keratin. It was observed 
that 39–44% w/w of waste animal wool, 19–25% of 
waste human hair, and 55–60% of a waste chicken 
feather was solubilized in the solvent. The nitrogen 
and carbon-rich insoluble mass obtained from the dis-
solution of animal wool and chicken feather was found 
to be soil-compatible. Crude keratin with ca. 19–20%, 
35–37%, and 69–74% were isolated from waste animal 
wool, human hair, and chicken feather, respectively. The 
preservation of the chemical and structural stability of 
keratin indicated the stability of the protein structure 
in the solvent system. Normally high temperature is 
employed to extract protein from waste biomass but 
herein keratin was isolated from WCF feathers and 
human hair at room temperature. However, an elevated 
temperature was required in the case of waste animal 
wool. The recovered solvent obtained following isola-
tion of keratin was found and shown to be friendly and 
compatible with soil and sludge microorganisms and 
was therefore utilized for seed treatment of green gram 
(Vigna radiata) seeds. After the treatment, a substan-
tial increase in the plant’s height (4–12%) and weight 
(9–58%) was observed. Considering the easier isola-
tion of protein and maximum utilization of the chemi-
cals, the process demonstrated may be considered as a 
sustainable method for the production of keratin from 
waste biomass.
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Additional file 1: Fig. S1. Soil microbial growth (without dilution) (a) 
Control medium (b) Medium with added samples of the aqueous solution 
of tetrabutyl ammonium hydroxide (TBAOH) and tetramethyl ammonium 
hydroxide (TMAOH). Note: No Bacterial colonies were visible around 
TBAOH indicating its soil microbial toxicity. However, for TMAOH, microbial 
colonies were found to form around the sample indicating non-toxicity 
of the sample to soil microbes. Fig. S2. Microscopic images showing the 
gradual dissolution of animal wool in 25% aqueous solution of TMAOH. 
Fig. S3. Microscopic images showing the gradual dissolution of human 
hair in 25% aqueous solution of TMAOH. Fig. S4. Microscopic images 
showing the gradual dissolution of the chicken feather in 25% aqueous 
solution of TMAOH. Fig. S5. UV-Vis spectra of isolated crude melanin from 
TMAOH. Fig. S6. 13C CP MAS NMR spectra of the (a) standard melanin 
and (b) isolated crude melanin. Note: The UV-Visible absorbance (200-600 
nm) of the extracted crude melanin is shown in Fig. S5. The absorb-
ance spectrum of the melanin from human hair shows a characteristic 
maximum absorption peak in the UV region at 243 nm and progres-
sively less absorbance in the visible region which is the characteristic of 
melanin. This is due to the presence of complex conjugated structures in 
the melanin molecule [1]. All the spectra of melanin pigment generally 
show strong absorbance in between (200-300 nm) region assigned to 
the π- π* and n- π* of amino, carboxylic and aromatic moieties [2]. Fig. 
S7. Microbial growth (soil and sludge microbes) in residue obtained dur-
ing the dissolution of animal wool in TMAOH. Fig. S8. Microbial growth 
(soil and sludge microbes) in residue obtained during the dissolution of 
the chicken feather in TMAOH. Fig. S9. Plant height (cm) of green gram 
plants (control vs treatments) after 30 d [r-TMAOH obtained from waste 
(b) animal wool, (c) human hair, and (d) chicken feather processing]. Fig. 
S10. Plant weight (g) of green gram plants (control vs treatments) after 30 
d [r-TMAOH obtained from waste (b) animal wool, (c) human hair, and (d) 
chicken feather processing].
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