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ARTICLE INFO ABSTRACT

Keywords: Hair waste in large amount is produced in India from temples and saloons, India alone exported approximately 1
Cavitation million kg of hair in 2010. Incineration and degradation of waste human hair leads to environmental concerns.
Ultrasonic

The hydrothermal process is a conventional method for the production of hair hydrolysate. The hydrothermal
process is carried out at a very high temperature and pressure, which causes the degradation of heat-sensitive
essential amino acids, thereby depleting the nutritional value. This work deals with alkaline hydrolysis of
human hair using acoustic and hydrodynamic cavitation, and comparison with the conventional method. The
optimal operating conditions for highest efficiency was observed, for the hydrolysis of 1 g of sample hairs in 100
mL of solution, at 4:1 (KOH: hair) ratio, soaking time of 24 h, the ultrasonic power density of 600 W dm~3 (20
KHz frequency and input power 200 W) or hydrodynamic cavitation inlet pressure of 4 or 7 bars. Cavitation
results in rupture of disulfide linkages in proteins and mechanical effects lead to cleavage of several hydrogen
bonds breaking the keratin sheet structure in hair. Breakdown of bonds leads to a decrease in viscosity of the
solution. 10% and 6% reduction in viscosity is obtained at optimal conditions for ultrasonic and hydrodynamic
cavitation treatment, respectively. FTIR analysis of produced hair hydrolysate confirmed that the disulfide bonds
in hair proteins are broken down during cavitation. The amino acid of hair hydrolysate, prepared using cavi-
tation, has a relatively higher digestibility and nutritional value due to the enhancement of amino-acid content,
confirmed using amino acid analysis. Cavitation assisted hair hydrolysate has a potential application in agri-
cultural engineering as a fertilizer for improvement of the quality of the soil and land. Cavitation based hair
hydrolysate can also be used as an environmentally friendly and economical source of essential amino acids and
digestibles for animal or poultry feed.

Hydrodynamic cavitation
Human hair

Hydrolysis

Amino acids

are sustainable for the environment and will also reduce hair waste
along with generating appropriate revenue.

Human Hair is made up of proteins, lipids, water, pigments and trace
elements. Depending upon its moisture content which can be up to 32%
by weight, human hair is made up of 65% to 95% proteins [4]. Amino
acids that are found in hydrolysates of hair are Alanine, Arginine,
Aspartic acid, Cystine, Cysteic, Citrulline, Isoleucine, Glycine, Glutamic
acid, Histidine, Leucine, Lysine, Methionine, Ornithine, Phenylalanine,
Proline, Serine, Tyrosine, Threonine, Tryptophan, and Valine [5].
Human hair contains approximately 50% by weight carbon, 7% by
weight hydrogen, 22% by weight oxygen, 16% by weight nitrogen, 5%
by weight sulphur, with slight differences according to the source of the
hair; the ash content is of about 0.3-1% by weight [6]. Hair keratins can
be classified as a-keratin [7], and these keratinous structures are diffi-
cult to degrade because of the high content of cysteine disulfide bonds

1. Introduction

Human hair waste is produced in a large amount all around the
world. India alone exported approximately 1 million kg of human hair
and hair products worth $238 million in 2010, and global imports were
estimated at $1.24 billion [1,2]. Human hair is often used for applica-
tions in fashion, beauty accessories, human hair care products and
cosmetic brushes [1]. Landfilling and burning of hair without appro-
priate treatment is an environmental concern and a potential environ-
mental hazard. The sulphur present in hair leads to toxic fumes on
incineration and thermal degradation. Thermal degradation of kerati-
nous wastes can cause a foul smell and extreme discomfort [3]. Thermal
degradation also leads to a loss of possible revenue and resources. There
is hence a need for optimization and intensification of processes which
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Nomenclature

NUS Non-ultrasonic (Conventional)

Us Ultrasonic

HC Hydrodynamic Cavitation

HPLC High performance liquid chromatography
FTIR Fourier transform infrared spectroscopy
Cy Cavitation Number

P, Vapour pressure

Vin Velocity (m s71) at the throat of venturi
r Density of the solution

P, Fully recovered downstream pressure

[8].

Human hair has been used as a bio adsorbent using a chemical
treatment for the uptake of phenol [9], which can be used in place of
activated carbon [10]. Hair, without chemical treatment, can also be
used for bioadsorption of heavy metals [11]. Use of hair is often cited in
agricultural applications as a fertilizer mainly because of the nitrogen
content of hair proteins. Horticultural crops like lettuce and wormwood
were studied for application of human hair as a nutrient source fertilizer
[12]. Hair waste increased the yield of basil, thorn apple, peppermint,
and garden sage by acting as a source of nitrogen nutrient [13]. While
the biological decomposition processes take several months [14],
human hair can also be decomposed within a few hours by acidic or
alkaline hydrolysis at high temperatures and pressures. Amino acids
constitute to majority of the hydrolyzed solution and can be used as a
liquid fertilizer after neutralization. Keratin from human hair can be
converted to l-cystine using acidic hydrolysis which can be used further
in fertilizers [15]. It has been reported that this hydrolysate can be used
for enhancement of the chlorophyll content and biomass in spinach and
wheat plants [16]. Alkaline hydrolysis of hair is used as a source of
cysteine as sulphur can be removed from hair in appreciable amounts
[17]. Alkaline hydrolysis of hair in the presence of sulphides have shown
that it increases the rate of hydrolysis, that the steps involved will be a
reaction between hair and sulphide and the reaction between altered
hair and hydroxide [18]. Application of hair hydrolysates to soil also
demonstrates improvements in the colour, size and growth of Amar-
anthus dubius and hot pepper plants [19]. As for acid hydrolysis, hair’s
acid combination capacity is approximately 820 pmol/g [5]. Sub-critical
water hydrolysis of hog hair was performed for the production of amino
acids; the temperature was around 200-300 °C in an high-temperature
high-pressure batch reactor at saturation vapour pressure for up to
360 min [20]. Also, acid hydrolysis of hair can be done with HCl with
hair weighing from 0.05 to 0.5 g for 48 Hours along with a process using
bisdinitrophenyl-cystine for sulphide interchange reaction [21]. This
indicates the use of high amount of energy in the processes. The energy
consumption needs to be reduced in hydrolysis procedures to make the
process economical. Hence, the application of cavitation for the process
intensification of hair hydrolysis is suggested. Cavitation based hair
hydrolysis can be performed at room temperature, this avoiding the use
of high temperature and high-pressure conditions.

Cavitation is marked by the violent collapse of bubbles in the liquid
medium. This collapse gives rise to a localised high-pressure and high-
temperature condition which consequently has various chemical and
physical effects. Cavitation can be produced using ultrasonic techniques
(Acoustic Cavitation) [22,23], or by hydrodynamic techniques [24-26].
One of the useful effects includes highly reactive hydroxyl ion formation
during the collapse of the bubbles [27,28]. According to a recent review,
human hair hydrolysis, with or without cavitation, has never been
studied for chemical changes during hydrolysis and enhancement of
amino acids during the process [29].

The main aim of this work is to study the effect of cavitation (acoustic
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and hydrodynamic) on the process of hydrolysis of hair, chemical
properties of human hair, and further, it’s comparison to the conven-
tional method of hydrolysis in an autoclave. This hydrolysate can be
potentially used as a fertilizer for agricultural applications- improving
the soil quality, thereby reducing the use of synthetic fertilizers in Indian
agriculture and can be used as an animal feed for providing nutritional
amino acids. The use of this process will have economic as well as
environmental benefits.

2. Experimental
2.1. Chemicals and reagents

Waste Human Hair was collected from local hair salons in Mumbai
and was used as received without any chemical purification. Reagent
grade potassium hydroxide, Sodium hydroxide, ortho-phosphoric acid
and HPLC grade Sodium acetate, acetonitrile, methanol, and phenyl
isothiocyanate were purchased from SD Fine Chemicals Ltd. Mumbai.
Ultra-pure D.I. water was prepared using Millipore apparatus. All re-
agents were used as received without further purification. All experi-
ments were performed at room temperature (30 °C).

2.2. Non-ultrasonic treatment (NUS)

Waste hair was finely cut into a length of 1 mm or less for further use.
Different concentrations of 100 mL alkaline solutions were prepared
with the ratio of KOH: NaOH as 14:1. Concentrations of KOH used for
the hydrolysis were 0.5, 1, 2, 3, and 4% (weight to volume). 1 g of hair
was dissolved in each of these solutions for the first run. Non-ultrasonic
(NUS) dissolution of hair was done by preparing the above hair solution
and soaking at 140 rpm at 30 °C for 24 h. The sample was filtered using
whatman® filter paper 1 and dried in an oven at 100°Cfor 48 h, and
percentage hydrolysis was calculated. All the runs were repeated for
consistent results.

Initialdryhairweight — dryfilteredcakeweight

%Hydrolysis = (@D)]

Initialdryhairweight

As a continuation of the NUS method, the solution after the initial
dissolution was processed at 5 bars and 120 °C for 15 min in an auto-
clave. This was done for a comparison of the conventional method (NUS)
with treated samples for HPLC and FTIR analysis.

2.3. Ultrasonic treatment (US)

Different concentrations of hair in 100 mL solutions were used for
the second run (0.25-3 W/V %). Ultrasonic (US) treatment was per-
formed with 50 W power input (150 W dm3 power dissipation) after
the initial dissolution for 24 h (Fig. 1). US irradiation runs were per-
formed using ultrasonic horn operated with 5 s ON and 5 s OFF pulse
based on both manufacturer recommendations and our previous reports
to avoid excessive heating and damage to the transducer [23]. The ul-
trasonic horn (M/s Dakshin, Mumbai) had a fixed operating frequency of
20 kHz, tip diameter of 2.1 cm and maximum rated power dissipation of
240 W. The optimised hair and KOH concentration was taken for eval-
uating the effect of power dissipation (50 W, 100 W, 150 W and 200 W).
Temperature was controlled using a continuous flow ice-bath, temper-
ature fluctuations were within + 3 °C. The efficiency of the ultrasonic
horn was calculated to be approximately 30% for the tested range of
input power by calorimetric method [30]. The efficiency for the horn
agrees well with recently reported calorimetric-derived efficiencies for
the same horn [31].The efficiency of ultrasonic treatment was measured
by the relative decrease in viscosity with the progress in ultrasonic
irradiation. The relative viscosity of all the solutions was measured by
Ubbelohde glass capillary viscometer. Time was measured using a
stopwatch with a maximum error of + 0.01 s. All viscosity measure-
ments were repeated at least 3 times for precision. All data presented
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Fig. 1. Experimental setup for ultrasonic cavitation (US) treatment. The horn is
dipped approximately 2-3 cm inside the continuously stirred hair solution.

have error bars that indicate standard deviation around the mean.
Further, the percentage reduction in viscosity was measured with
respect to the initial viscosity. Additionally, 2% (V/V) basis of isopropyl
alcohol was added in an experimental run with 200 W input power and
1% hair as a scavenger run.

2.4. Hydrodynamic cavitation treatment (HC)

Solutions for hydrodynamic cavitation were prepared using 4% (W/
V) KOH and 1% (W/V) of waste hair. Hydrodynamic cavitation treat-
ment was run for 30 min post the initial dissolution for 24 h. Variation in
viscosity every 10 mins was evaluated for different pressures from 4 to 7
bars. The hydrodynamic cavitation setup consisted of a tank with 5 L
alkali-hair hydrolysate solution (Fig. 2). Venturi was used as the cavi-
tating device as used in our previous studies [30,31]. Bypass valve V2
was used to control and vary the pressure at the inlet of the venturi (P1).
V3 was completely open during all runs. Flowrate at the outlet of the
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venturi was calculated for determining the number of passes and real
cavitation irradiation time.

2.5. Analysis

The final solution in all runs was prepared by the subsequent addi-
tion of ortho-phosphoric acid to prepare fertilizers for analysis. The final
solutions were freeze-dried. Further, the samples were analysed using
Fourier transform infrared spectroscopy (FTIR) and High-Pressure
Liquid Chromatography (HPLC) for amino acids.

2.5.1. Fourier transform infrared spectroscopy

FTIR analysis was performed for NUS and US samples to analyse the
mechanistic changes happening to the structure and bonds following the
results obtained from our previous research [28]. FTIR analysis was
performed using SHIMADZU IR Prestige 21. The changes in percentage
transmittance were obtained for the mid-IR region of 400-4000 cm ™!
with a 16 scan-speed. FTIR was only used for NUS and US to study the
qualitative changes in hair sample principally.

2.5.2. High-performance liquid chromatography

HPLC was performed using reverse phase HPLC 1200 series by Agi-
lent Technologies. Buffer A was prepared as 10 mM Sodium acetate,
pH6.4 with 6% acetic acid, and buffer B was prepared by mixing A buffer
with Acetonitrile (40:60). 1 mg sample was dissolved in 1 mL of D.I.
water and further adjusted to 5 mL using HPLC grade methanol. The
solution was incubated at —20 °C overnight, centrifuged and the su-
pernatant was evaporated using nitrogen gas bubbling at 60 °C. The
sample was added to 50 pL of phenyl isothiocyanate reagent and placed
on thermo mixer for 1 h at 45 °C. After vacuum drying, 200 mL buffer A
was added and centrifuged. The supernatant was filtered using a syringe
filter. 20 pL sample was further taken for HPLC analysis. The flow rate
was 1 mL/min, and detection was done at 254 nm. The run was started
with 100% A; at 25 min changed to 87% A and 13% B; at 68 min
changed to 45% A and 55% B; at 70.5 min changed to 100 %B and at 78
min changed to 100% A till 82 min.

ouT

—
Cooling water IN

Cooling water

Main
Bypass line
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[] Venturi
—( P1

vzf Xv3
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P1, P2 — Pressure gauges
V1, V2, V3 — Control valves
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Fig. 2. Experimental setup (top) for hydrodynamic cavitation treatment with venture obstruction. Geometry and dimensions of the venturi (bottom) used in

the setup.
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3. Results and discussion
3.1. Non-Ultrasonic hydrolysis

Initially, the concentration of KOH for alkaline hydrolysis was opti-
mized using varied KOH concentrations of 0.25 to 5% (Weight to Vol-
ume basis). Hair weight was held constant at 1 g (1% Weight by
Volume). The amount of hydrolysis increased almost linearly with the
KOH concentration up to 3% KOH, followed by a sudden flattening of
the plot (Fig. 3). The maximum hydrolysis was observed to be 90.5%.
Presence of KOH leads to the weakening of poly-peptide linkages in hair,
leading to alkaline dissolution. The higher presence of KOH is observed
to yield higher dissolution of hair up to a threshold, following which
there is no observed increase in hydrolysis. KOH concentration of 4%
(Weight to Volume) was chosen as an optimum value for hydrolysis of
1% hair sample for further investigation. An experimental run with
higher mixing speed of 350 rpm as opposed to 140 rpm was performed
and yielded the same percentage hydrolysis value for 4% KOH concen-
tration, and hence all reported speeds of dissolution were 140 rpm.

For determining optimum hair concentrations for efficient hydroly-
sis, various concentrations of hair loading between 0.25 and 3 % were
used with alkali:hair ratio held constant at 3:1 i.e. at lower hair loading,
alkali loading will be equivalently low. The extent of hydrolysis and hair
dissolution peaks were between 1 and 2% hair loading (Fig. 4). There is a
drop in the hydrolysis on either side of the peak. The reduction in the
extent of hydrolysis for hair concentrations above 2% is due to aggre-
gation of hair at high loadings. This leads to decreased alkali accessi-
bility to poly-peptide bonds and thereby reduced hydrolytic coverage.
At substantially lower concentrations of hair loadings (<0.5%), the
equivalent alkali loading also remains low leading to reduced avail-
ability for hydrolytic coverage due to lower alkali presence. An optimum
exists at 1-2% hair loading, agreeing with trends reported in the liter-
ature for hydrolysis of keratinous substances.

3.2. Ultrasonic (US) treatment

Ultrasonic treatment is known to increase the hydrolysis further
because the accessibility to disulfide bonds increases due to the me-
chanical effects of ultrasonic irradiations [28]. The extent of hydrolysis
calculated using eq. (1) resulted in 100% hydrolysis for all samples.
Additionally, As ultrasonic treatments were performed, the viscosity of
the solutions went on decreasing. This was due to improved hydrolysis,
and chemical changes that occurred in the solution during the ultrasonic
irradiations. Fig. 5 shows the effect of ultrasonic treatment on the
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Fig. 3. Effect of concentration of KOH on the extent of hydrolysis for 1% (W/V)
Hair concentration.
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Fig. 5. Percentage reduction in viscosity of hair hydrolysate solution at
different hair loadings. Note that each hair loading (0.25 to 1%) yielded a
different initial viscosity due to the concentration of hair present. The figure
shows a reduction in viscosity of each sample respective to its initial viscosity.

percentage reduction in viscosity for different hair loadings. Time scale
shows the total time (ON time + OFF time) for the ultrasonic horn. 1% of
Hair loading resulted in the highest reduction in viscosity. Reduction in
viscosity increases as hair loading increased to 1%. The extent of vis-
cosity reduction is directly dependent on the amount of hair present. At
substantially lower concentrations of hair loadings (<0.5%), the
equivalent alkali loading also remains low leading to reduced avail-
ability for hydrolytic coverage due to lower alkali presence, leading to
lower viscosity reductions. Viscosity reductions are attributed to both
mechanical perturbations and chemical changes occurring due to cavi-
tation [32-35]. Chemical changes occurring during cavitation includes
the in-situ generation and successive attack of free hydroxyl radicals on
the disulfide and poly-peptide bonds in the hair fibre. Depolymerization
has been well established to occur as a consequence of cavitation in
various studies leading to a decrease in strength of the fibre and sub-
sequent rupture of polymer bonds [33,35-38,40]. To further investigate
the reduction in viscosities, the power dissipation during ultrasonic ir-
radiations was increased.

Power dissipation and rating is the most crucial parameter during
cavitation processes induced by ultrasound. To further investigate the
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reduction in viscosities, the power dissipation during ultrasonic irradi-
ations was increased. The higher extent of reduction in viscosities was
observed with changes in ultrasonic power dissipation (Fig. 6). Up to
9.6% reduction in viscosity could be achieved at the maximum ultra-
sonic power dissipation of 200 W. Reduction in viscosities indicates
strong chemical changes in the hair solution. At lower power dissipa-
tions; 4.8% maximum viscosity reduction was observed at 150 W, 3.4%
at 100 W and 2% at 50 W respectively. Reduction in viscosity and
subsequent chemical changes related to the reduction in viscosity is
directly related to the power dissipation. Higher power dissipation leads
to both, stronger mechanical perturbations and greater extent of radical
generation and cavitational effects, and its impact on hair hydrolysis.
200 W power input (power density of 600 W dm™3) is the optimum
power rating for ultrasonic hydrolysis of waste hair.

The analysis of mechanism and effect of ultrasound was performed
using isopropyl alcohol (IPA) as a hydroxyl radical scavenger (Fig. 6 B).
The viscosity reduction in the initial 15 min for both solutions (with and
without IPA) reveal that the mechanism is not hydroxyl radical medi-
ated. Mechanical effects of ultrasound caused due to sheer forces and
microstreaming events during cavity implosion lead to this initial
decrease in viscosity. It is possible that weaker hydrogen bonds are
broken due to the mechanical perturbations during sonication. The
continuous decrease in viscosity of the solution without IPA as opposed
to the solution with scavenger reveals that along with mechanical

b 10 T T " T T T =
@B Input Power | Power delivered E)
8 ~®m— 50 W | 150 Wdm? /
K7] 8 —m-— 100 W|300 W dm?3 -
> —m— 150 W|450 W dm )
£ |-m—200wW|600 Wdm*® l/
c
O 6f .
© ———8
@ 4T .
o .///////
©
= 2+ lLI#I -
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d‘f 0 L W= 1 1 L
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Fig. 6. (A) Percentage reduction in viscosity of hair hydrolysate solution upon
Ultrasonic cavitation (US) treatment for various input powers (with their cor-
responding delivered dower densities) and (B) reduction in viscosity with and
without the use of hydroxyl radical scavenger/inhibitor (isopropyl alcohol, IPA)
at the input power of 200 W (600 W dm-3 delivered power density).
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effects, hydroxyl radicals play an important role in the cleavage of bonds
beyond 15 min. Discrete distinction between chemical and mechanical
effect of ultrasound is difficult to be evaluated. The reason for the final
increase in viscosity reduction of the scavenged solution (red dots,
Fig. 6B) after 45 min is possibly due to excessive generation of compe-
tition by hydroxyl radical as time progresses.

3.3. Hydrodynamic cavitation (HC) treatment

Analogous to power dissipation in ultrasonic cavitation, inlet pres-
sure in hydrodynamic cavitation is the most important parameter
affecting the process [39]. Pressure for the HC runs was changed from 4
to 7 bars (Fig. 7). Results for pressures below 4 bar and above 7 bars are
not shown because of no apparent viscosity reduction. From 4 bars to 6
bars, the extent of viscosity reduction reduced from 4.5% to 2.7%.
Further by the increase of pressure to 7 bars, the maximum reduction in
viscosity jumped to 6%. The efficiency of hydrodynamic cavitation
highly depends on the cavitation number [25]. Cavitation number, a
dimensionless number, characterizes the flow conditions and cavitating
conditions could occur over a wide range of cavitation numbers (usually
less than unity) depending on the solution under consideration. Cy is the
cavitation number, P, is the fully recovered downstream pressure, Py is
the vapour pressure of the solution, Vy, is the velocity through the
constriction and r is the density of liquid [42]. There is a dip in cavita-
tional activity between cavitation numbers 0.18 and 0.13 while C, of
0.22 and 0.11 yielded a higher reduction in viscosity (Table 1). This is
potentially due to the trade-off between the dominance of chemical or
mechanical effects of cavitation at lower (4 bar) and higher (7 bar)
pressures respectively. In comparison between 4 bars and 7 bars in terms
of no. of passes, passes for 7 bar pressure are significantly higher than 4
bar, and hence it is expected that viscosity reduction is also higher.
Increasing the number of passes for 4 bar pressure by increasing the
circulation time to 45 min, did not yield any further reduction in vis-
cosity. It is possible that the trade-off between mechanical shear forces
and chemical changes causes the trade-off observed in viscosity re-
ductions at low and high pressures.

_Ph-P,
2/7-th12

v

In comparison between ultrasonic and hydrodynamic treatment,
with respect to reduction in viscosity, US treatment was better, yielding
a reduction of almost 10% compared to a 6% maximum reduction by
HC. This presents a trade-off between the two processes. While the

Percentage Reduction in Viscosity
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Fig. 7. Percentage reduction in viscosity of hair hydrolysate solution upon
hydrodynamic cavitation (HC) treatment for various pressures (P).



A.P. Bhat et al.

Table 1
Cavitation number and volumetric flow rate corresponding to each flow rate for
hydrodynamic cavitation.

Pressure Cavitation Volumetric flow rate No. of passes
(Bars) Number (LPH)

4 0.22 350 35

5 0.18 405 40.5

6 0.13 450 45

7 0.11 488 48.8

percentage reduction and subsequent chemical changes will be higher in
ultrasonic treatment, the cost of ultrasonic treatment remains high due
to power usage. HC systems can treat much higher volumes in the same
amount of time (5 L in HC compared to 100 mL in the US) as well as at
lower costs. Many previous studies have concluded that HC can be used
as a pilot-scale treatment and offers great promise with respect to scale
up. Since the volume in US reactors is lower, there is higher accessibility
of cavitation effect on the pollutant (in this case, hair). This study is also
in agreement with the general trade-off observed between cost and ef-
ficiency of treatment [41,54].

3.4. FTIR analysis

Disulfide bonds provide mechanical stability to hair and make hair
fibers. Disulfide bonds are most susceptible to attack during hydrolysis

Ultrasonics Sonochemistry 71 (2021) 105368

and degradation of hair fibres and proteins [44,45]. Cleavage of disul-
fide bonds has been reported several times as an important step in
degradation of keratinous substances and are characterized by high re-
action rates [46]. Changes to disulfide bonds in the current study were
analysed by FTIR for understanding the mechanism of hydroxyl radical
attack on hair (Fig. 8).

Both the spectra show distinctively similar bands between 4000 and
1250 cm ™! (Fig. 8). None of the significant changes observed is between
wavenumbers 4000 and 1250 cm™!. Transmittance peaks near 3300
cm ! are assigned to N-H stretching vibrations. Keratin transmittance
bands fall around 1650 cm ™!, 1535 cm~! and between 1300 and 1220
em™! assigned to Amide [, II, and III, respectively [47]. These bands are
in good agreement with keratins found in wool and wool hydrolysates.
The behaviour of curves is also in good agreement with the hydrolysis of
wool using ultrasonic cavitation [28,29].

The sudden increase in absorbance (decrease in transmittance) be-
tween the range of 1220 and 1000 cm ™! include the products of cysteine
oxidation by-products, including the stretching vibrations of S-O bond in
cysteine sulfinic acid [44,45,48]. The strong peak obtained from the
curve deconvolution at 525 em™! is associated with the formation of
cysteine thio sulfonate and cysteine thio sulfonic acid, i.e. the stretching
vibrations of asymmetric S=O group [48] (Fig. 8).

Long and extended exposure to strong radicals like eOH radicals
formed during cavitation can oxidize cysteine bonds (Fig. 9). The most
accessible bond for radicals to attack is the disulfide bonds in proteins.
Oxidized cysteine loses its ability to absorb electrons formed during a
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Fig. 8. FTIR transmittance curves for (A) Non-ultrasonic (NUS) hair hydrolysate and (B) Ultrasonic (US) hair hydrolysate.
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Fig. 9. Mechanism of hydroxyl radical attack on disulfide bonds in hair to form sulfinic acids and thiosulfonic acids; R = Cysteine (Cys). Readapted with permission

from Holkar et al., 2016.

series of redox reactions. In the absence of disulfide bonds, electrons,
and free radicals attack aromatic rings, peptide linkages and a-helical
proteins deep inside hair fibers, causing the hair poly-peptides to
depolymerize and lose strength [43,48].

The stronger peak around 1120 cm ™! for the US treated samples
indicates the presence of cysteine S, S-dioxide and cysteine dioxide
[48-50]. At the same time, deconvolution peak at around 1175 em™?
seen in NUS samples, disappears in US samples, indicating the disap-
pearance of sulfonate bonds to form sulfinic acids. All the changes
observed with the increase in absorbance between 1200 and 900 cm™?
indicate the cleavage of disulfide bonds in the hair. The proposed
mechanism for the cleavage of disulfide bonds includes the attack of
hydroxyl radical to the sulfur linkages, agreeing with previously pub-
lished mechanisms in wool and wool hydrolysates [3,28,48,49] (Fig. 9).

3.5. HPLC analysis

Three samples, viz. non-ultrasonic conventional, ultrasonically
treated, and hydrodynamic cavitation treated, were analysed by HPLC
for individual amino acid data. Ten amino acids, including alanine,
cysteine, glycine, were analysed (Fig. 10). Amino acids were identified
and quantified based on their retention times from standard procedures
[51]. Several amino acids like leucine, lysine, isoleucine, arginine could
not be identified due to the absence of retention peaks. Similar to the
cleavage of cysteine bonds, poly-peptide bonds in hair fibre are ruptured
on exposure to cavitation. Multiple amino acids are observed to be
enhanced due to the breakage of poly-peptide bonds. Highest
enhancement is seen in cysteine with hydrodynamic cavitation where
the cysteine content increased from 0.001 pg L ™! to about 30 pg L1, The
relatively higher number of disulfide bonds in cysteine make the
enhancement possible [52,53]. Following cysteine, ornithine and
taurine show the successively high improvement in individual amino
acid content. Ornithine content increased from 0.3 pg L™ to 230 pg L™*
in the cavitated sample, approximately 750 times increase in amino acid
content. Out of all the amino acids present in hair, several nutritional
amino acids were selected for quantification by HPLC. Enhancement in
the content of nutritional amino acid when exposed to the US and HC
treatment, as compared to conventional treatment, further strengthen
the findings on keratinous substances like wool exposed to cavitating
conditions [28]. Poly-peptide bonds in the hair make it highly stable in
waste conditions, leading to low decomposition and degradability rates.
Increase in the nutritional value of hair not only makes it a possible
candidate for use in fertilizers but also makes it more degradable in soil.
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Fig. 10. Comparison of individual amino acid content obtained by HPLC after
NUS treatment (red), US treatment (green), and HC treatment (yellow). Note
that scale is in log-format and hence the increase in amino acid content is more
substantial than seen in the representation. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

3.6. Cost analysis

Techno-economic analysis is an integral part of the assessment of
feasibility for novel technologies. Cost analysis for US and HC runs was
performed for all powers and pressures (Table 2). The cost analysis was
based on the energy consumption activities in the processes, i.e. direct
power consumption of the ultrasonic transducer and power consump-
tion by the pump for HC (Pump efficiency was approximately 60%).
Since initial stirring is common to all processes, it was excluded from the
analyses. Cost analysis has been calculated from Indian Rupees (3),
further converted to USD (1 X = 0.013 USD) due to the localized average
availability of cost at 10 ¥ KWh™L.

Based on the cost per volume of solution treated, the cost for HC
systems is approximately 20 times less than US systems. While the
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Table 2
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Costing analysis for ultrasonic (US) and hydrodynamic cavitation (HC) treatment based on net energy consumption.

Process  Power (W)/Pressure Extent of viscosity Time Energy per Liter Total Cost (USD Cost per unit reduction in viscosity (USD m 3
(bar) reduction (%) (minutes) (KWh/L) m3) viscosity reduction™)
NUS 2.00 bar - 15.00 7.5 1065 315
us 50.00 W 2.00 60.00 0.50 71.43 35.71
100.00 3.40 60.00 1.00 142.86 42.02
150.00 4.80 60.00 1.50 214.29 44.64
200.00 9.60 60.00 2.00 285.71 29.76
HC 4.00 bar 4.50 30.00 0.005 0.68 0.15
5.00 3.90 30.00 0.0073 1.05 0.266
6.00 2.70 30.00 0.0103 1.483 0.55
7.00 6.00 30.00 0.0138 1.98 0.33

viscosity reduction is higher in US systems, a 20-time higher cost is not
feasible for the scale-up of the process. HC systems show potential
promise due to its low cost while maintaining comparable results to US
systems. For comparison purposes, the cost was also normalized to unit
viscosity reduced. US systems still show substantially high costs in
comparison to HC systems. These findings agree well with previously
published reports comparing US and HC systems in terms of operating
costs [43,54]. Even though the total operating cost of US system at 200
W is higher than that of 50-150 W (285 USD m™> in comparison to 70
USD m™3), when normalized to viscosity reduction 200 W operation
performs better due to the substantially higher viscosity reduction (29
USD m~3in comparison to 35 USD m~3). In HC systems, even though 7
bar pressure yields a higher viscosity reduction as compared to 4 bar, the
viscosity-normalized-cost for 4 bar pressure is much lower than 7 bar,
indicating that 4 bar pressure could be optimum for a process scale-up.
The findings present a strong trade-off between cost/energy consump-
tion and relative viscosity reduction (associated depolymerization and
chemical changes). The determination of optimum process parameters
depends on the engineering constraints. Higher viscosity reduction and
associated chemical changes also present higher operating costs. The
low costs of HC treatment make it a potential candidate for scale-up of
the process and development of pilot-scale methods.

In the conventional method in NUS systems using an autoclave,
approximately 3 KW is consumed for operation at 120 °C and 5 bar, for
15 min. The energy consumption in the conventional method is higher
than any cavitation process, while substantially higher than hydrody-
namic cavitation.

3.7. Implications and potential applications

Hydrodynamic cavitation is an attractive alternative to conventional
hydrolysis methods. A comparison to some previously published reports
shows that HC is less energy intensive as well as consumes lesser time
than conventional high temperature or high-pressure applications
(Table 3). To our knowledge, there have been very few studies with
recycling, valorization and re-use of human hair waste keratins. Alkaline
hydrolysis yields much higher hydrolysis values as compared to its
counterpart, acid-hydrolysis. Further, there have been studies on
extraction and purification of amino-acids, and application of such hy-
drolysates in agricultural, biotechnological and food industries
(Table 3).

Addition of orthophosphoric acid to hair hydrolysate make it’s a
potential candidate for use as organic amendment fertilizers. While the
study of the application of the hair hydrolysate as fertilizers was out of
scope for the current study, our previous study on keratinous hydroly-
sates has demonstrated successful application as an organic fertilizer, a
potential alternative to synthetic fertilizers [28]. Enhancement of
essential amino acids makes nitrogen easily available for plant uptake.
Hair hydrolysates could provide essential micronutrients (C, N, and P),
demonstrating an environmentally friendly alternative to synthetic
fertilizers.

Cleavage of disulfide bonds in human hair allows for easier extrac-
tion of essential amino acids and proteins from hair [48]. Using physical
processes like acoustic and hydrodynamic cavitation could avoid the use
of harmful, toxic chemicals for oxidation and reduction of hair. Disulfide
bonds in the hair make it stable in the soil while the cleavage of these
bonds could help in increasing the biodegradability and decomposition

Table 3
Comparison of current study with previosuly published hydrolysis reports for certain keratinous wastes.
Keratinous Hydrolysis Quantity Experimental details Comments Reference
waste processed
Human Hair Alkaline 1¢g /100 mL 4% KOH and 24 h initial dissolution for 24 h; 100% hydrolysis. Highly energy saving and cost saving in Current
US for 60 min at 200 W input power; HCat 4 or ~ comparison to high temperature/pressure processes. study
7 bar for 30 min using venturi. Hydrodynamic cavitation is more cost efficient than
ultrasonication.
Human Hair Acid 50g/100mL  20% HCl; Steam bath; 120 to 144 h. Cystine is further separated and filtered. Dry filtered [15]
hydrolysate yield is about 5% of the initial material.
Human Hair Alkaline 3.33 g/ 100 1-4% Sodium carbonate; steam bath for 16 h. 4-5% yield; Cystine separated and filtered. Energy intensive. [17]
mL
Human hair Alkaline 12.5 g /100 0.5 N KOH and 0.05 N Ca(OH)2; 20 min at pH adjusted using phosphoric acid. Microbial community in [19]
mL 120 °C. soil studied. Used as a fertilizer for hot pepper plants. Low
yield.
Hog hair Sub-critical 5-15 g/L High temperature and high pressure reactor Individual amino acid enhancement studied. Parameters [20]
water (protein with heater; sealed and immersed in a heater studied included temperature and time.
based) for 360 min.
Wool Alkaline 2g /100 mL 3% KOH and 24 h initial dissolution; 20 KHz Increase in percentage hydrolysis with sonication. Application  [28]
and 40% amplitude for 30 min. as fertilizer for growth of wheat.
Wool Alkaline 1:3 fiber to KOH concentrations of 5-15% of fiber; Percentage hydrolysis unreported. Polypeptide degradation [55]
liquid superheated to 140-170 °C for 1 h. studied. Amino acids analysed. More energy intensive than
cavitation.
Wool Alkaline 25t020g/ 0.15 M KOH and 0.05 M NaOH, 2 atm and Between 2 and 10% hydrolysis. Phosphoric acid neutralization ~ [56]
100 mL 120 °C for 20 min. and further demonstrated use as fertilizer.
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of hair in the soil in comparison to untreated hair samples. Lesser
compact structures of keratin sheets obtained from cavitation-based
hydrolysis could improve the nutritional value of hydrolysates. Hair
hydrolysates have potential application in enriching microbial com-
munities and cultures. If extracted, essential amino acids obtained from
hair hydrolysate could be used in food-grade poultry meals [50]. The use
of protein-rich extracted products can reduce the generation of lower
quality by-products in the manufacture of food-grade pet products [57]
Higher digestibility needs to be investigated from an agricultural-
research point of view. Hair hydrolysate could be an inexpensive and
environmentally friendly substitute to amino-acid supplements.

4. Conclusions

Optimal conditions for initial hair hydrolysis for 100 mL of solution
were 1 g waste human hair, 4 g KOH, 24 h of soaking. For ultra-
sonication, the optimal conditions were sonication time of 60 min with a
power input of 200 W. For hydrodynamic cavitation; the optimal con-
ditions were using 5 L of hair hydrolysate and an inlet pressure of 4 or 7
bars.

Cavitation results in rupture of disulfide linkages in proteins and
mechanical effects lead to cleavage of several hydrogen bonds breaking
the keratin sheet structure in hair. Breakdown of bonds leads to a
decrease in viscosity of the solution. 10 and 6% reduction in viscosity is
obtained at optimal conditions for ultrasonic and hydrodynamic cavi-
tation treatment, respectively.

Cleavage of disulfide bonds leads to the formation of cysteine sulfinic
acids and thiosulfonates, decreasing the strength of hair fiber. Cavitation
leads to enhancement of amounts of individual amino acids by cleavage
of protein in hair, increasing the nutritional value of hair hydrolysates.

Cost analysis reveals a trade-off between the chemical effects of
cavitation and the cost of the process. Hydrodynamic cavitation with 4
bar pressure is the optimal condition for the lowest cost of process (0.68
USD m ™). US runs cost approximately 20 times more than HC runs. Low
process costs demonstrate a possibility of process scale-up. Application
of hair hydrolysates to add nutritional value to fertilizers, soil and ani-
mal/poultry feed shows potential promise and needs to be investigated.
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