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We have developed a novel thermal hydrolysis process (THP) to extract and hydrolyze keratin from ker-
atinous animal body wastes without using any chemicals. Our process consists of two heating steps: one
is to swell and denature the keratin protein network in the intermediate filaments, while the other is to
cleavage the disulfide bonds that connect the tight keratinous fibrils together. Using hog hair as an exam-
ple, the two-step process achieved a nearly 70% keratin recovery yield, with respect to the original keratin
in the hog hair, which is comparable to one of the best recovery yields by conventional chemical pro-
cesses. The extracted keratin hydrolysate by THP was filtered by the shear wave-induced membrane
ultrafiltation for characterization. The molecular weight (MW) analysis using SDS-PAGE and MALDI-
TOF mass spectroscopy has demonstrated that our keratin hydrolysis obtained by our two-step THP
has a wide range of MW distribution, similar to those already in the hair-care product market. The amino
acid composition analysis has shown that our keratin hydrolysate by THP had twice as much essential
amino acids as soybean meals on a dry mattter basis. As to the cysteine residue content, we have shown
that it can be controlled by adjusting the 2nd heating temperature.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Keratin is an intracellular protein in animal-body parts such as
hair, wool, nails, skin, feathers, hooves, claws, and others. More
than 40 MMT of keratinous animal body parts (KABPs) per year
are produced worldwide (Sharma and Gupta, 2016). Since keratin
in KABPs is difficult to hydrolyze, most rendering plants to which
KABP is brought from slaughterhouses simply dispose of it at land-
fills, which gives rise to environmental concerns. Recently, some
manufacturers have started to produce keratin extracted from
wool for cosmetics, biomedical, and feed additive applications
among others at commercial scale, using chemical processes or a
combination of chemical and enzymatic processes. Keratin hydro-
lysates are known to have anti-aging, rejuvenating, and restoration
effects on skins and hairs (Mokrejs et al., 2017), and a unique bio-
comatibility and cell adhesion property (Baliga and Borkar, 2016).
In addition, protein hydrolysates are increasingly used as dietray
supplements for young animals such as weaners, pigletts, and pets
(McCalla et al., 2010).

However, conventional chemical processes often use highly
concentrated toxic agents for extraction of keratin from KABP,
leading to high operation costs and also posing health as well as
environmental risks. The time-consuming process of the chemical
methods is another issue. For example, the well-known Shindai
method requires 1–3 days for extraction of keratin from human
hair, followed by repeated dialysis against distilled water for filtra-
tion which takes another few more days (Nakamura et al., 2002;
Verma et al., 2008; Deb-Choudhury, et al., 2016). According to
the recent economic analysis of keratin hydrolysis methods by
the Agriculture Research Service of the United State Department
of Agriculture, an effective keratin hydrolysis by a combination of
chaotropic agent and reducing agent is not promising for economic
scale-up productions primarily due to the high cost of chemicals
(Brown et al., 2016).

Alternative processes have been explored in the last two dec-
ades. Steam flash explosion has been applied to dissolve keratin
from feathers (Zhang et al., 2015). Yet, high molecular weight
(MW) aggregates in the extracts were formed through the non-
disulfide covalent bonding during the explosion process, unable
to penetrate the separation gel for sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) measurements. Also,
the process still uses chemicals: the feather after the explosion
was combined with 0.4% NaOH for extraction and 2N HCl was used
to separate the extract from the supernatant. Mirowave radiation
of hog hair and wool has been also reported (Joua et al., 1999;
Zoccola et al., 2012). Yet, one of the studies still uses a high
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concentration of HCl, 20.5%, which is as high a concentration as
acids used in typical chemical processes (Joua et al., 1999). The
other microwave study without the use of chemical reported a
low keratin recovery yield, ~19%, defined as the weight of keratin
hydrolysate divided by the original keratin in wool they used
(Zoccola et al., 2012).

Thermal hydrolysis process (THP), or otherwise known as
superheated water extraction, has been also attemped for hydrol-
ysis and dissolution of keratins from feather barbs, hog hair, and
wool by three research groups (Yin et al., 2007; Bhavsar
et al.,2017; Esteban et al., 2010). However, none of them reported
the keratin recovery yield. One of them only reported free amino
acids (AAs) in the extracted solution. The recovery yield directly
affects the productivity. Therefore, it is difficult to assess a com-
mercial viability of the THP for extraction of keratin from KABP.
In order to compete against conventional extraction processes,
the keratin recovery yield by THP, or any other alternative pro-
cesses, is required to be competitive to that of conventional pro-
cesses. None of alternative processes to conventional chemical
processes reported in the literature has been commercialized as
yet.

We have developed a novel THP for extraction and hydrolysis of
keratin and combined THP with an anti-fouling ultrafiltration (UF)
to recover the keratin hydrolysate from KABPs. A very few reports
on a combination of THP and UF have been reported for a keratin
recovery from KABPs. The aim is to cut down the duration of the
lengthy extraction process of conventional extraction processes,
hence increasing the overall productivity. In addition, our intention
is to use an extraction process with the least environmental risk.
Hence, we use no chemicals but water for the extraction. We have
chosen hog hair as an example for KABPs, though our process can
be applied to any KABPs for keratin extraction in principle. Then,
we have characterized our keratin hydrolysates after extraction
and compared against three commercially available keratin-
based products produced by chemical or a combination of chemi-
cal and enzymatic processes: two hair-care products and one feed
additive. Our novel THP consists of a two-step THP in which KABP
is first heated at or above the glass transition temperature (Tg) or
the denaturing temperature (Tde) of keratin, followed by the 2nd
heating step at higher temperatures which triggers breaking of
the disulfide bonds and hydrolysis of the keratin protein. The
objective of this study is to examine the commercial feasibility of
extracting keratin from KABP using the two-step THP by determin-
ing the keratin recovery yield and also by comparing the relevant
characteristics against those of the commercially available prod-
ucts. We optimized the two-step THP conditions to maximize the
keratin recovery yield from hog hair.
2. Materials and method

2.1. Raw materials

A bucket full of hog hair mixed with hooves was supplied by a
rendering company. Hog hair was separated from hooves before
thoroughly washed with detergent for 24 h and rinsed for 24 h.
After washing and rinsing, the hog hair was dried in an oven over-
night before the extraction process. A human hair sample was pre-
pared likewise for a comparison with the hog hair. Keratin in wool,
hog hair, and human hair belongs to protein called a-keratin
whose structure is similar to one another (Villa et al., 2013).
2.2. Commercial samples

Three commercial samples were used for comparison against
our keratin hydrolysate: FK RestoreTM, and Keratin Protein, and
OKLPTM. The first two products are keratin-based hair-care prod-
ucts, while the last is a keratin-based feed additive. FK RestoreTM

and OKLPTM were supplied by Keraplast Technologies, LLC, while
Keratin Protein was purchased from MakingCosmetics�. FK Restor-
eTM contains 5.6% of keratin hydrolysate extracted from wool in
aqueous solution, while OKLPTM is a keratin hydrolysate powder.
On the other hand, Keratin Protein contains 20–23% of keratin
hydrolysate extracted from wool in a solution mixed with butylene
glycol, phenoxy ethanol, and ethyl hexyl glycerin, according to
their product labels.

2.3. Composition analysis

To prepare the sample for the composition analysis, each sam-
ple was cut by a scissor finely and then ground by a pestle to pre-
pare a powder-like sample for the analysis by the combustion
method. Based on the combustion method, it was found that the
crude protein content of the hog hair was 95.8%, while the rest
included the ash (0.6%), the lipid (<0.25%), and the water (0.6%),
respectively, from the combustion method. The protein content
in the hog hair is consistent with the previously reported value
(Esteban et al., 2010).

2.4. Thermal hydrolysis

Our bench-scale THP reactor had a reaction vessel, made of
stainless steel with a vessel volume of 2 L, inside a heat jacket.
The temperature sensor inside the reaction vessel was connected
to a temperature control system. The reactor vessel was sealed
by a stainless-steel cover during reactions to maintain the internal
pressure. The internal pressure was equal to the saturated water
vapor pressure at any given temperature. A stirrer attached to
the bottom side of the cover stirred the solution inside the vessel.
The heating rate was 3 �C/min. 20 g of washed and dried hog hair
was placed inside the vessel to which 1 L of deionized water was
added. The 2nd heating temperature was varied from 100 to
220 �C and the reaction time was 1 h. No chemical was used for
the reaction.

2.5. Filtration

We adopted the shear wave-induced (SWI) UF system, to be
referred to as FMX�, our proprietary SWI filtration system, to
recover keratin hydrolysates from the THP reaction solution. The
FMX� system is more efficient and resistant to membrane fouling
than a conventional cross-flow membrane filtration (Kim et al.,
2015). After THP, two filtrations were performed to remove small
leftover hair fragments: microfiltration with a 1 lm filter by a vac-
uum filtration and FMX� UF with a 150 KDa membrane. The filtrate
from the microfiltration and the permeate from the UF were col-
lected for the characterizations.

2.6. Keratin hydrolysate powder

Reverse osmosis (RO) was used to concentrate the keratin
hydrolysate solution in the permeate from FMX�. As RO extracted
water from the keratin hydrolysate solution, the concentration of
the hydrolysate solution increased. After the solution concentra-
tion increased to 20%, the RO operation was stopped, and addi-
tional water was removed from the concentrated solution by a
vacuum rotary evaporator. The pressure inside the vacuum evapo-
rator was 914 mbar, while the temperature of the heat bath in
which the flask with the concentrated solution was immersed
was maintained at 50 �C. After the vacuum evaporation, the thick
slurry left in the flask was removed to a petri dish and dried in
an oven overnight. The dried solid was ground by a pestle to make
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a powder. Separately, the THP hydrolysate solution was prepared
for MW measurements, using the powder and the concentration
was 5%.

2.7. Amino acid analysis (AAA)

The AA composition of the keratin hydrolysate obtained by THP
followed by the FMX� filtration was analyzed by the Molecular
Structure Lab at University of California, Davis. Hitachi L-8800 AA
analyzer was used for AAA. Ion-exchange chromatography (IEC)
was used to separate each amino acid (AA) followed by a post-
column ninhydrin reaction detection system. Each sample was
thoroughly hydrolyzed prior to IEC. Their standard hydrolysis pro-
cedure employed 6 N HCl for 24 h at 110 �C.

2.8. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE).

SDS-PAGE was performed by Kendrick Laboratories, Madison,
WI. The samples were diluted to a 2.5 mg/mL concentration in a
sample buffer containing 2.3% sodium dodecyl sulfate (SDS), 10%
glycerol, 50 mM dithiothreitol, and 63 mM tris buffer (pH = 6.8).
Following the buffer addition, the samples were heated in a digital
dry bath at 95 �C for 10 min. SDS slab gel electrophoresis was car-
ried out using a 16.5% acrylamide peptide slab gel. The slab gel was
stopped once the bromophenol blue front had migrated to the end
of the slab gel. Following the slab gel completion, the gel was
stained with Coomassie blue dye, destained in 10% acetic acid until
a clear background was obtained and dried between cellophane
sheets.

2.9. MALDI-TOF mass spectroscopy

The matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectroscopy was performed by Mass Spec-
troscopy Laboratory at University of California, Davis, using a Bru-
ker ultraflextreme MALDI-TOF mass spectrometer with a 2 kHz
SmartBeam laser for desorption and ionization of the samples.

2.10. Optical rotation

The optical rotation measurement was conducted by NuMega
Resonance Laboratory, San Diego, CA, where the optical rotation
of the sample was measured at the wavelength of 589 nm, using
Na-vapor lamp. The temperature was varied from 20 to 60 �C,
while pH of the sample was controlled from 6.5 to 12.4.

3. Results and discussion

3.1. Thermal hydrolysis

All the literatures on THP extraction of keratin from KABP have
used a one-step heating process (Yin et al., 2007; Bhavsar et al.,
2017; Esteban et al., 2010). We have developed a two-step heating
process in which KABP would be first heated at or above its Tg to
swell the keratin fibril network or its Tde to denature the protein
molecule, this temperature (Tg or Tde) being referred to as the 1st
heating temperature in this work. It is well documented that swel-
ling and disentanglement of polymer chains, which are the first
processes prior to dissolution of a polymer, generally become sig-
nificant above Tg (Miller-Chou and Koenig, 2003). In fact, dissolu-
tion of polymers often occurs above their Tg’s. Thus, if keratin
fibrils are heated in water at the temperature above Tg of keratin
protein, the swelling of the keratin fibrils is particularly enhanced.
However, it is also well-known that Tg of wool, or any other
materials in general, is very sensitive to the water content. For
example, when the water weight percentage in wool increased
up to 20%, Tg of wool dropped from 175 �C to as low as 20 �C
(Menefee and Yee, 1965). Hence, the swelling of keratin fibrils
can occur below 100 �C, depending on the water content. The
water content of keratin fibrils in water can increase as the tem-
perature rises, given the increased mobility of water and swelling
of the fibrils. As to Tde, based on an earlier study of DSC measure-
ment of wool in water, the denature of a-helix in ortho and para
cells which form the wool cortex occurs at 138 and 144 �C, respec-
tively (Wortmann and Deutz, 1998). Accordingly, we first heated
the hog hair sample above140 �C as the 1st step of heating the
hog hair sample. This step may be equivalent to the use of a
chaoropic agent for swelling of keratin fibrils and breaking the
hydrogen bonds between keratin protein chains by a chemical pro-
cess. Heating a keratinous body part above its Tg or Tde, at which
the dielectric constant of water also decreases from that at ambient
temperature, weakens hydrogen bonds and should accomplish the
first step of keratin extraction: swelling and breaking hydrogen
bonds of the keratin fibrils.

The second step is to break up the disulfide bonds between ker-
atin protein chains by H3O+ at higher temperatures at which the
dissociation constant of water changes more than two orders of
magnitude from 20 to 200 �C, for example (Plaza and Turner,
2015). Once the keratin fibril network is swollen, it creates pores
or channels in the macro or microfibrils for H3O+ to diffuse through
the fibril network and to reach the disulfide bonds for bond
cleavage, allowing keratin protein chains to undergo dissolution
into water. This step is often accomplished by a reducing agent
such as 2-mercaptoethanl in a chemical process. In addition,
the changes in the dynamic viscosity, the surface tension,
and the self-diffusion constant at high temperatures by THP
facilitate the wetting and the mass transfer of the components in
keratin fibrils. This will conclude the extraction process of keratin
protein. Further hydrolysis of keratin protein by H3O+ can be
controlled by the temperature and the reaction time.

The dissolution of hog hair by THP largely depended on the 2nd
heating temperature. For example, draining the reaction solution
from the reaction vessel after THP left few visible solid at the bot-
tom of the vessel when the hog hair was heated at 140 �C for 1 h
first then heated again at the 2nd heating temperature of 200 �C
for another 1 h. However, when the hair was heated at the 2nd
heating temperature of 160 �C after the 1st heating temperature
of 140 �C for 1 h, a large chunk of unreacted hair was left at the bot-
tom of the reaction vessel. This observation demonstrates that the
2nd heating temperature be higher than at least 160 �C in order to
dissolve hog hair, preferably at 200 �C. It can be inferred that the
heat at 200 �C provides enough kinetic energy to disintegrate the
keratin fibril network in the intermediate filament in the hog hair.

Fig. 1 displays two recovery yields of keratin hydrolysate
extracted and hydrolyzed by THP and recovered by (1) the micro-
filtration with a 1 lm filter represented by triangles and (2) FMX�

UF with a 150 KDa membrane designated by circles as a function of
the 2nd heating temperature. The recovery yield is defined by the
following equation:

Recovery Yield ¼ Whydrolysate
� �

Wkeratin½ � ð1Þ

where [Whydrolysate] and [Wkeratin] refer to the weight of keratin
hydrolysate in the reaction solution after the THP extraction and
the weight of the keratin protein in the original hair sample prior
to THP, respectively. [Whydrolysate] was measured by AAA, while
[Wkeratin] was estimated from the composition analysis of the hog
hair sample using 95.8% of protein content.

The 1st heating temperature was 140 �C for all the reactions.
The drop in the yield over 200 �C may be due to undesired



Fig. 1. Recovery yields of keratin hydrolysate as a function of the 2nd heating
temperature: the triangles refer to the hydrolysate filtered by the microfiltration
with a 1 lm filter and the circles represent the hydrolysate recovered by FMX� UF
with a 150 KDa membrane. The 1st heating temperature was 140 �C for 1 h for all
samples. See the text for the definition of the recovery yield.
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reactions between AA residues, hence reducing the weight of the
protein hydrolysate. A similar profile in the recovery yield as a
function of temperature has been observed (Esteban et al., 2010).

Two observations can be drawn from Fig. 1. One is that the
microfiltration by a 1 lm filter mostly overestimates the recovery
yield. This is due to tiny leftover hair snippets smaller than 1 lm
which had slipped through the 1 lm filter paper. When the sample
was sent to a third-party lab for AAA, these small pieces of unre-
acted hair were subjected to a rigorous hydrolysis, during which
they were broken down to free AAs, prior to IEC, hence, increasing
the overall hydrolysate concentration in the sample taken from the
microfiltration filtrate. Accordingly, the increased AA concentra-
tion from the unreacted hair pieces after hydrolysis for AAA has
led to the overestimation of the recovery yield for the samples after
microfiltration. This observation shows UF is necessary to remove
the unreacted hair pieces from the keratin hydrolysate after THP.

Another observation is that the 2nd heating at 200 �C for 1 h
seems to give the highest yield among the temperatures examined,
68%, which is higher than many conventional processes. Shavandi
et al. have compared various extraction methods of keratin from
wool and reported that the recovery yields of keratin from wool
by the reduction, the sulfitolysis, the alkali, and the oxidation
methods were 53, 41, 25, and 5%, respectively (Shavandi et al.,
2016). On the other hand, Nakamura et al. have reported a 70%
recovery yield by using 2.4 M of thiourea, 5 M of urea, and 5% of
dithiothreitol, which is one of the highest yields found in the liter-
ature (Nakamura et al., 2002). Ours is close to the recovery yield by
Nakamura et al. (Nakamura et al., 2002) However, in terms of
green chemistry metrics, there is a sharp contrast between THP
and chemical processes. For example, the reaction mass efficiency
(RME), is 68% for our process, as is expressed by Eq. 2, ignoring
other small components such as lipid and ash. (Constable et al.,
2002)

Reaction mass efficiency ¼ ½mass of the product�
½mass of all reactants� � 100 ð2Þ

On the other hand, in the Shindai method, the reactants
include thiourea (2.4 M), urea (5 M), and dithiothreitol (5%) as
extracting agents in the solution (5 ml) other than the original
hair sample (20 mg) in order to produce the keratin hydrolysate
(14 mg) as the product (Nakamura et al., 2002). Using the exper-
imental procedure described in the article by Nakamura et al.
(Nakamura et al., 2002) and the keratin recovery yield of 70%
which was obtained by the combination of these agents, their
RME is only 0.6%. This extremely low efficiency is due to the high
concentrations of the reactants, or the extracting solvents, which
do not contribute to the mass of the product which is the keratin
hydrolysate. The conservation of mass is maintained before and
after the extraction process, except that these extracting agents
are not regarded as product. In fact, dialysis is often used to
remove these chemicals to recover keratin hydrolysates (Verma
et al., 2008; Deb-Choudhury et al., 2016). Unless these extraction
solvents are recycled, which is not practical, the chemical process
produces a large volume of wastes. In fact, the environmental fac-
tor (the E factor) is estimated to be 18,500% for the Shindai
method. In a sharp contrast, ours is 47%. The E factor is defined
by the following equation:(Sheldon, 2007)
E factor ¼ ½mass of the total waste�
½mass of the product� � 100 ð3Þ

We also examined the effectiveness of our two-step process,
compared to a one-step process. The condition for the two-step
process was to heat hog hair at 140 �C for 1 h followed by further
heating at 200 �C for another 1 h. Our results showed that the yield
by the two-step method was higher than that by either one-step
process tested. For example, the one-step process at the tempera-
ture of 200 �C for 2 h reduced the yield from 68% by the two-step
process to 55%. We infer that a prolonged reaction time at the high
temperature resulted in reactions among AA residues within a ker-
atin peptide or between different peptides, reducing the weight of
the protein hydrolysate. Reactions between AA residues of keratin
protein molecules, resulting in the loss of the original AAs, has
been reported in an earlier study, due to inter or intramolecular
reactions between different AAs of protein chains (Esteban et al.,
2010). We have also tried another one-step process at 200 �C for
1 h which showed only 28% of recovery yield. The low yield may
be due to a premature hydrolysis without fully swelling the keratin
fibril network, though this is merely a speculation. It seems that
the two-step process is effective by swelling and denaturing the
keratin protein sufficiently before the extraction and hydrolysis
of keratin take place. Our two-step process also saves energy, com-
pared to the one-step process for the same reaction time. Still,
more work is required for a thorough demonstration of the effec-
tiveness of the two-step process. Furthermore, it is likely the effec-
tiveness of the two-step process depends on the heating
temperatures. It is probable that at some heating temperatures,
the two-step process may not be as effective as a one-step process.

Comparison with the previous THP studies using a one-step
heating process is difficult. Only Esteban et al. reported the recov-
ery yield of 35%, though that was only for free AAs (Esteban et al.,
2010). It is likely that hydrolyzed peptides were also present in the
reaction solution after THP. The other THP studies reported the
MW ranges of the keratin hyrolysates to be less than 10 KDa, lower
than our MW range, as is described later, possibly due to the differ-
ent conditions from ours such as the reaction temperature and the
use of chemical (Yin et al., 2007; Bhavsar et al., 2017). As to the AA
composition, all three previous THP studies (Yin et al., 2007;
Bhavsar et al., 2017; Esteban et al., 2010) show similar profile to
ours, which is presented in the next section.

Table 1 lists the composition of the keratin hydrolysate powder
prepared by this work under the condition where the hog hair was
first heated at 140 �C for 1 h followed by further heating at 200 �C
for 1 h and then recovered by FMX� UF, to be referred to as the THP
hydrolysate. The protein content in the THP hydrolysate is 89%
based on the combustion method. The ash concentration increased
possibly due to the high temperature process. The composition of
OKLPTM is also included in the table for comparison. Na2SO4 was
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Fig. 2. Comparison of AA compositions: (I) (a) the AA composition of the hog hair
against (b) that of human hair on dry matter basis; (II) (a) the AA composition of the
THP keratin hydrolysate against (b) that of soybean meal on dry matter (DM) basis;
(III) (a) the AA composition of the THP keratin hydrolysate against (b) that of OKLPTM

from Keraplast Technologies, LLC on dry matter basis. Asx refers to either aspartic or
asparagine or both, and Glx represents either glutamic acid or glutamine or both. c—
essential AAs for monogastoric animals (the bold border line) and d—unessential
AAs for monogastric animals (the broken border line).

Table 1
The Compositions of THP hydrolysate Powder and OKLPTM (%).

Sample Protein Ash Lipid Water Others

THP hydrolystate powder 89.2 6.1 0.5 4.1 0.1
OKLPTMa 84.5 — — 0.9 14.6b

a Based on the certificate of analysis provided by Keraplast Technologies, LLC.
b Mostly Na2SO4 based on the information provided by Keraplast Technologies, LLC.
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used as a drying agent for OKLPTM, hence reducing the protein con-
tent in dry matter basis. The use of Na2SO4 reflects on the little
water content in OKLPTM. Since a drying agent was not used in
our process, the protein content of the THP hydrolystate is higher
than that of OKLPTM. All of the data in Table 1 was obtained through
the combustion method, except for H2O, which was measured by
the sample weight difference before and after using the Speed-
Vac�.

3.2. AA composition

Fig. 2 (I) compares the AA composition of the hog hair sample
against the human hair sample on dry matter basis. Both samples
show very similar AA composition profiles. The similarity (S) in the
AA composition between the two samples is 94% calculated by the
following equation:

S ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

AAihog � AAihuman
� �

2
r

ð4Þ

where AAihog and AAihuman represent the content (wt %) of AAi (i = a
given amino acid) for the hog hair and the human hair sample,
respectively. The AA composition of the hog hair is also similar to
that reported by an earlier study (Esteban et al., 2010). Both sam-
ples had very little content of tryptophan since the hydrolysis prior
to IEC decomposed tryptophan almost completely. The earlier THP
studies also reported no content of tryptophan (Yin et al., 2007;
Bhavsar et al., 2017; Esteban et al., 2010; Villa et al., 2013).

The AA compositions of the THP hydrolysate on dry matter basis
are shown by the red bars in Fig. 2 (II). The most significant differ-
ence from the AA composition of the original hog hair, displayed in
Fig. 2 (I), is that the cysteine content is lost dramatically through
THP. The disulfide bond of cystine is prone to be broken at high
temperatures, releasing the sulfur as hydrogen sulfite, often
removing the thiol group from the cysteine residues in the
extracted keratin, though the cysteine content can vary depending
on the 2nd heating temperature, as is described later. The other
difference is that the contents of some AAs decreased, while those
of others increased, after THP. For example, the contents of the Asx
(aspartic acid and asparagine), threonine, serine, and tyrosine resi-
dues were reduced, whereas the Glx (glutamine and glutamic acid),
glycine, alanine, and histidine residues were increased. The
increase in these residues after THP has also been observed by
the previous THP studies and seems to be common behaviors of
the AA residues at high temperatures (Yin et al., 2007; Bhavsar
et al., 2017).

It is well-known that some AAs undergo reactions to transform
themselves to other AAs (Belitz et al., 2009). There are four known
reaction associated with AAs: decarboxylation, deamination, con-
densation, and retro-aldol condensation. For example, aspartic acid
undergoes decarboxylation to become alanine. Another example
includes threonine which transforms itself to glycine through
retro-aldol condensation. These examples explain the reductions
and the increases in some of AAs after THP to some extent. These
observations are also consistent with the finding by a study of
AA reactions at high temperatures by means of a continuous flow
tubular reactor (Sato et al., 2004).
Fig. 2 (II) also includes the AA composition of soybean meal on
dry matter basis shown by the green bars for comparison. Though
soybean meal has slightly more threonine and cysteine residues
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than the THP hydrolystate, the latter has more valine, isoleucine,
leucine, histidine, and lysine residues than soybean meal. Some
AAs, such as valine and leucine, are especially higher in content
than those in soybean meal. In total, the THP hydrolystate has
about 1.8 times as much essential AAs as soybeanmeal on dry mat-
ter basis. This observation suggests the THP hydrolystate is a favor-
able feed for hog and poultry. As to the total nitrogen content, the
THP hydrolysate has 2.3 times as much nitrogen source as soybean
meal. This implies that the THP hydrolysate is also a preferable
feed for ruminants as well. Still, a feed test on animals must be
conducted for a conclusive determination. The total mass of the
amino acids in the THP hydrolysate was 13.4 g out of 20 g of the
original hog hair.

Fig. 2 (III) compares the AA composition of the THP hydrolystate
powder against that of OKLPTM on dry matter basis. Though OKLPTM

has more threonine and significantly more cysteine residues than
the THP hydrolystate powder, the latter has more valine, isoleu-
cine, leucine, histidine, and lysine residues than OKLPTM. In total,
OKLPTM has slightly more essential AAs, ~10% more, than the THP
hydrolysate powder. On the other hand, the THP hydrolysate pow-
der has more nitrogen source, ~23% more, than OKLPTM. The com-
parison suggests that the THP hydroysate powder has more or
less a comparable AA composition to that of OKLPTM.

It is of interest to observe that the THP hydrolysate has a signif-
icantly large content of the Glx residue, as is mentioned in the
report by Yin et al.(Yin et al., 2007), and also the alanine content
is substantial. The antioxidant activity of glutamic acid and alanine
has been reported by several research groups (Duan et al., 2016;
Aderinola et al., 2018; Yin et al., 2015; Lv et al., 2018; Jiang et al.,
2015). For example, glutamic acid is a key component of glu-
tathione which is a well-known antioxidant capable of preventing
damage to important cellular components caused by reactive oxy-
gen species such as free radicals, peroxides, lipid peroxides, and
heavy metals (Pompella et al., 2003). Glutamic acid is consumed
in animal’s intestine to synthesize glutathione. Hence, the THP
hydrolysate could be beneficial to alleviate oxidative stress of
young animals such as piglets and chicks or pets as antioxidant
supplements. Still, further study is required to determine the effi-
cacy of the THP hydrolysate for antioxidant activity.
3.3. Cysteine residue content

The cysteine residue content may be another important charac-
teristic for cosmetic applications since cysteine has the thiol group
(-SH) that can form the disulfide bond (-S-S-) with other keratin
proteins for cross-linking, thus helping to restore damaged keratin
proteins in hair or skin. The cysteine residue content was deter-
mined by AAA. Table 2 compares the cysteine residue content of
the THP hydrolysates against that of FK RestoreTM, OKLPTM, and Ker-
atin Protein from MakingCosmetics�.

As Fig. 2 (I) demonstrates, THP inevitably reduces the cysteine
residue content of the keratin hydrolysate. Still, the cysteine resi-
due content can be controlled to some extent by adjusting the
2nd heating temperature, as is shown in Table 2. FK RestoreTM has
Table 2
Cysteine Residue Content of Samples.

Sample 2nd Heating Temp., �Ca Cysteine, %b

THP Hydrolysate 160 2.89
200 0.57

FK RestoreTM — 7.51
OKLPTM — 5.84
Keratin Protein — 1.55

a The 1st heating temperature was 140 �C.
b The weight percentage among the total AA content.
the highest cysteine residue content, followed by OKLPTM, while
the THP hydrolysate extracted at the 2nd heating temperature of
160 �C has the cysteine residue content that is in between that of
OKLPTM and that of Keratin Protein. It is possible to increase the cys-
teine residue content of the THP hydrolysate by heating at even
lower 2nd heating temperatures. However, the heating hog hair
at lower temperatures would reduce the recovery yield, as is
shown in Fig. 1. Hence, a balancing the cysteine residue content
and the recovery yield is a trade-off.

Still, it is of interest to note that Keraplast Technologies, LLC has
recently released a new cosmetic product called OKTM, short for the
oxidized keratin, which is processed by oxidation of wool. In the
process, keratin is oxidized by acid, replacing the thiol group with
the SO3H group, hence losing the cross-linking capability with
another keratin protein (Worth et al., 2015). Yet, OKTM has been
reported to improve the hair strength of damaged hair even with-
out having the thiol group (Worth et al., 2015). Furthermore, Pech-
ter et al. have found that OKTM is just as effective for wound
dressing as keratin proteins isolated from wool which retained a
cross-linking capability (Pechter et al., 2012). These findings
Fig. 3. SDS-PAGE charts for (I) FK RestoreTM from Keraplast Technologies, LLC, (II)
Keratin Protein from MakingCosmetics�, (III) the THP hydrolysate, and (IV) OKLPTM.
The number shown next to Sample III is the MW for the corresponding band.



K. Tasaki /Waste Management 104 (2020) 33–41 39
undermine the practical importance of having a high cysteine resi-
due content in keratin hydrolysates for cosmetic and biomedical
applications. The question may not be whether or not retaining
the cysteine residue content is important, but rather how much
cysteine residue content is enough to be effective for cosmetic or
biomedical applications. The importance of the cysteine residue
content also depends on the applications. Further study is
warranted.

3.4. SDS-Page

Fig. 3 shows SDS-PAGE charts for (I) FK RestoreTM, (II) Keratin
Protein from MakingCosmetics�, (III) the THP hydrolysate, and
(IV) OKLPTM. The analysis was performed by triplicate measure-
ments. Both FK RestoreTM and OKLPTM exhibit a continuous band
from around 10 KDa to nearly 100 KDa over a wide range of
MW. This is unusual, compared to typical SDS-PAGE patterns pub-
lished in earlier studies which showed distinct bands (Nakamura
et al., 2002; Yamauchi et al., 1998; Fujii et al., 2013). It is likely that
both FK RestoreTM and OKLPTM have a mixture of keratin hydroly-
sates with their MW continuously changing from a low MW to a
high MW fraction.

As to the THP hydrolysate, there are a number of distinct bands
between 20 KDa and 100 KDa, the profile of which is similar to that
reported in the earlier studies (Nakamura et al., 2002; Yamauchi
et al., 1998; Fujii et al., 2013). The bands from 38,280 Da to
71,162 Da are likely to be due to the keratin hydrolysates from
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Fig. 4. MALDI-TOF mass spectra for (I) FK RestoreTM, (II) Keratin Protein, (III) the THP hydr
is the matrix for MALDI-TOF mass spectroscopy and b: the peaks due to the keratin hyd
the mirofibril keratin, according to the previous report
(Nakamura et al., 2002), demonstrating the dissociation of the
disulfide bonds by THP between a-keratin in the microfibril and
the surrounding matrix keratin whose MW is around 20 KDa. On
the other hand, Keratin Protein shows no band at all in the range
examined.

The previous THP studies on KABP have reported the MW of
extracted keratin hydrolysates to be up to 10 KDa (Yin et al.,
2007; Bhavsar et al.,2017). It is not clear whether the difference
in the MW distribution between ours and theirs is due to the fact
that they used a one-step heating process, since the conditions
such as the heating temperatures, or the use of chemicals are also
different.

3.5. MALDI-TOF mass spectroscopy

We focused on the MW range of the samples below 10 KDa by
MALDI-TOF mass spectroscopy. Fig. 4 displays the MALDI-TOF
mass spectra for the four samples: (I) FK RestoreTM, (II) Keratin Pro-
tein, (III) the THP hydrolysate, and (IV) OKLPTM. The peaks marked
as a in the spectra I, III and IV are due to a-cyano-4-
hydroxycinnamic acid which is the matrix used for MALDI-TOF
mass spectroscopy, hence, artifacts. On the other hand, the peaks
marked as b are due to the keratin hydrolysates. None of the spec-
tra showed any peaks above 5000 Da. Both FK RestoreTM and OKLPTM

display only two significant peaks below 500 Da, while the THP
hydrolysate shows multiple peaks below and above 500 Da.
olysate, and (IV) OKLPTM. a: the peaks due to a-cyano-4-hydroxycinnamic acid which
rolysates.
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Clearly, the latter has more keratin oligopeptides compared to
either FK RestoreTM or OKLPTM. These small peptides are important
components because they can penetrate through the hair cortex
or the epidermis. On the other hand, Keratin Protein has many
peaks below 3000 Da with the highest peak at 1099 Da. The con-
trast in the results between SDS-PAGE and MALDI-TOF mass spec-
troscopy of Keratin Protein demonstrates the importance of using
both instruments for MW distribution analysis for keratin
hydrolysates.

Based on the results from SDS-PAGE and MALDI-TOF mass spec-
troscopy, we determined that Keratin Protein has only low MW
fractions <3000 Da, while FK RestoreTM, OKLPTM and the THP hydro-
lysate all have a wide range of MW fractions which may be advan-
tageous for cosmetic and biomedical applications.
3.6. Optical rotation

Optical rotation is a simple method to examine changes in the
tertiary structures of proteins (Yamauchi et al., 1998). Fig. 5
demonstrates the changes in the optical rotation of the THP hydro-
lysate as a function of pH, shown at the bottom of the figure, and
the temperature, scaled at the top of the figure. The numbers are
the averages over a wide range of MW fractions of the THP hydro-
lysate. Its optical rotation changed as a function of pH since the
peptide structure is sensitive to pH; however, it stayed almost con-
stant as the temperature changed. This suggests that the THP
hydrolysate is a mixture of denatured random coils.

This observation confirms that a-keratin proteins in microfibrils
of hog hair and the matrix keratin proteins in the hair cortex have
been disintegrated by our THP and lost their original tertiary struc-
tures. Similar observation has been made by a chemical process
(Yamauchi et al., 1998).
3.7. Cost estimate

The only solvent required for our extraction process is water
which can be recycled by RO at the back end. The operation cost
is mainly due to heating the THP reactor. Assuming 6 MT/day of
hog hair in 2 MT/day of water to increase the temperature from
15 �C to 200 �C, then the annual BTUwould be 1.53� 109 BTU/year.
The hair-to-water ratio is based on our experiment showing that
6 kg of hog hair can be completely submerged in 2 kg of water.
The hair also soaks up water as well. We used the specific heat
Fig. 5. Optical rotation of the THP hydrolysate as functions of pH (the red circles)
and temperature (the white circles). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
capacity of 1 cal g�1 �C�1 for water and 0.6 cal g�1 �C�1 for hog hair
for this estimate. If natural gas (NG) is used for the heating, 32 MT/
year of NG is consumed, given 20,000 BTU/lb of its heating value.
Therefore, the annual cost for NG would be approximately
$10,560/year at the price of $5.5/Mcf, which is the major operation
cost. Still, the number is a rough estimate.

On the other hand, the Shindai method, the standard chemical
extraction process, would require 450 MT/day of urea (5 M) to
extract 6 MT/day of hog hair, according to the experimental proce-
dure described in the article by Nakamura et al. (Nakamura et al.,
2002), excluding thiourea (2.6 M) and 2-mercaptoethanol (5%)
which are also used as the extraction agents. The cost of urea alone
would be $42.7 million/year at the current price of $260/MT. This
number neither includes the cost for other chemicals nor the cost
for disposal of the spent chemicals. The conditions for a full-scale
operation would be likely different from the experimental condi-
tion. Hence, the cost at a full scale could be much smaller than this
estimate. Still, this comparison illustrates a sharp contrast in the
operation cost, and the environmental impact of the operation,
between our process and conventional chemical processes.
4. Conclusions

We have demonstrated that our two-step heating process using
THP extracted more keratin from hog hairs than one-step heating
process and the recovery yield was comparable to one of the high-
est yields obtained by conventional chemical processes. The FMX�

UF system has been found to be very effective removing tiny snip-
pets of leftover hair pieces from the reaction solution. A combina-
tion of THP and FMX� with a high flow rate should be an efficient
tool to reduce significantly the processing time of conventional
processes of keratin extraction from KABP which could take days.
Our process requires no waste management or recovery of spent
chemicals, as is the case for most conventional extraction
processes.
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