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Abstract

In this study, waste human hair was converted into hydrochar using the subcritical water medium for the first time. The
produced hydrochar from waste human hair (WHH) was employed as an adsorbent for Reactive Red 180 (RR180) and Basic
Red 18 (BR18) removal from the aqueous solutions. The adsorption processes were optimized by studying the affecting
factors. As a result of the optimization process, the maximum RR180 removal occurred at pH 2, WHH dose of 1 g/L, and
at a time of 60 min. For BR18, the best conditions were pH 8, WHH dose of 1 g/L, and time of 60 min. Langmuir and Fre-
undlich models were used to study the adsorptions isotherms. Langmuir isotherm described the RR180 adsorption, while
Freundlich had the best fit data for BR18 adsorption. The kinetic studies showed that the adsorptions of RR180 and BR18
were represented by the pseudo-first-order and Elovich models, respectively. Also, the thermodynamic results ensured that

the adsorption process occurred spontaneously in nature.

Keywords Human waste hair - Subcritical water medium - Basic Red 18 - Reactive Red 180 - Adsorption

1 Introduction

The anthropogenic pollution of water resources has a detri-
mental effect on human health [1]. Based on their sources,
dyes can be categorized into natural and synthetic. Synthetic
dyes can lead to a wide range of problems for the whole eco-
system [2]. Due to the presence of an aromatic ring in their
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structures, reactive dyes are destructive pollutants that are
toxic and non-degradable [3, 4]. The effects of cationic dyes
are also considerable. They have high solubility in water,
which blocks the sunlight by reducing the water transpar-
ency, causing the death possibility of flora and fauna pre-
sent in the water bodies [5]. Chong et al. (2014) recognized
cationic dyes as carcinogenic matters that do not degrade
naturally [6]. It is essential to find innovative, permanent,
applicable, environmentalist, and renewable solutions to
these hazard alarm bells, which are heard more seriously
day by day.

Researchers tried several methods for dyes removal from
aqueous solutions. For the biological treatment, several
microorganisms were utilized [7-9]. Dotto et al. (2019)
examined different coagulants’ effects on textile wastewater
treatment [10]. Nordin and colleagues (2019) employed a
hybrid system of photocatalytic fuel cells and the peroxi-
coagulation process in dye degradation [11]. Electrochemi-
cal methods [12, 13], membrane bioreactors [14, 15], and
adsorption [16, 17] were also employed. Among these meth-
ods, the adsorption process has become favored by many
researchers. The adsorption process has the advantage of
assuring high efficiency with minimal cost and uncom-
plicated operation [18]. Several adsorbent materials were
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developed to ensure the beneficial uses of the adsorption
process [19-21].

Biochar is a pyrogenic carbon product obtained from
biomass under oxygen-limited conditions, which can be
applied for soil remediation, fertility enhancement, etc.
[22, 23]. Several traditional methods such as pyrolysis,
torrefaction, and gasification have been used to produce
biochar from different biomass [18]. Hydrochar has
many advantages in terms of physicochemical proper-
ties and conversion yield compared to biochar [18]. To
obtain SWM conditions, the water should be heated at
373-647 K, and sufficient pressure to be applied to keep
the water in that temperature range in liquid form [24-26].

Although human hair has been collected in some hair-
dressers in recent years and evaluated as a commercially
profitable waste when viewed more generally, it is unfortu-
nately considered merely as an ordinary waste, as it is seen
as unqualified and useless; therefore, it is found in many
municipal wastes [27-29]. However, the evaluations of
waste human hair’s application are interesting approaches.
The waste human hair or carbonaceous material obtained
from human hair was used in various fields such as a nutri-
ent source for plant growth, glassy carbon microfiber for
electrochemical sensing, electrochemical supercapacitor,
and soil amendment source were reported [28, 30, 31].
However, to the best of our knowledge, it is the first sci-
entific paper that reports on the production of hydrochar
from waste human hair and its evaluation for dye removal.
In this study, waste human hair from local hairdresser was
collected and converted into hydrochar in environmentally
friendly SWM, and then the produced hydrochar was used
as an adsorbent for the removal of cationic dye (basic red
18) and anionic dye (reactive red 180) that threaten human
health.

Waste human hair

SWM process

Fig. 1 Hair hydrochar production process in SWM
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2 Materials and methods
2.1 Materials

Waste human hair (WHH) was collected from local hair-
dresser salons. N, gas, supplied from Linde gas (Turkey),
was used to provide SWM. Distilled water was obtained
using GFL 2001/4 (Burgwedel, Germany). A homemade
stainless-steel reactor was employed in the hydrochar syn-
thesis process [18, 32]. For pH adjustment, sodium hydrox-
ide (NaOH, Sigma-Aldrich, 98%) and hydrochloric acid
(HCI, Sigma-Aldrich, 37%) were utilized. Reactive Red
180 (RR180) and Basic Red 18 (BR18) were obtained from
DyStar.

2.2 Hydrochar preparation via the SWM

Hydrochar was produced in the subcritical water medium.
High temperature (373—-647K) and adequate pressure to keep
water in liquid form are required to obtain a subcritical water
medium [33]. The synthesis process of hydrochar from waste
human hair is schematized in Fig. 1. Briefly, waste human hair
(WHH) samples were collected from local hairdresser’s salons
and cleaned from dust by washing several times using distilled
water and dried. In total, 40 g of dried WHH was placed in
the reactor and covered with distilled water. The applied N,
gas pressure was increased to 30 bar; to keep water in the
liquid form. The reactor specifications were mentioned previ-
ously [33, 34]. Briefly, a high-pressure (200-250 bars) and
temperature-resistant homemade cylindrical steel reactor with
220 cm? inner volume was employed in the hydrochar synthe-
sis process. The temperature of the reactor was increased to
453 K and kept for 90 min at a constant temperature. After the

4
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Fig.2 SEM images of A waste hair, B BR18 adsorbed waste hair, and C RR180 adsorbed waste hair

treatment time, the reactor was cooled to room temperature
and the treated sample (hair hydrochar, HH) was filtered and
washed three times by deionized water. The HH sample was
dried at 371 K and crushed for further application.

2.3 Adsorption of RR18 and BR18 onto HH.

The adsorption experiments of RR180 and BR18 onto
HH were carried out by adding the adsorbent into 250-mL
Erlenmeyer flasks (ISOLAB) containing 50 mL solutions.
The experiments occurred with the aid of an orbital shaker
(BIOSAN PSU-20i) that provides agitation of 150 rpm at
chamber temperature. A spectrophotometer (HACH DR-3900)
was used to measure the changes in concentration at wave-
lengths of 520 and 486 nm for RR180 and BR18, respectively.
Equations 1 and 2 were utilized to obtain the removal efficien-
cies and adsorption capacities, respectively.

(Cl Ce)
Removal efficiency(%) = < x 100% (1)

1

g =S CoX7 )
m
where, C; and C, are the initial and the final dyes concentra-
tion (mg/L), g, is the capacity of the adsorption (mg/g), V
is the dye solution volume (L), and m is the HH mass (g).
The affecting factors on the adsorption process were stud-
ied. The pH effects for the range of 2—10 were studied in the
pH optimization experiments. To investigate the pH effects
on the RR180 and BR18 removal efficiencies, WHH (1 g/L)
was inserted into a 50-mL solution containing 25 mg/L dyes
with different pH values (2—-10). In same manners, the effects
of the adsorbent amount (0.5-2 g/L) and the dyes concentra-
tions (10-50 mg/L) were explored one by one at the optimum
pH values. The adsorption was observed at time (5—-60 min).

2.4 Adsorption isotherms
Isotherms can be used to describe adsorption by explain-

ing the adsorbent-adsorbate interaction. The experiments of
isotherms were done as explained previously [35]. Briefly,
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different dye concentrations were exposed to a known amount
of HH. Langmuir and Freundlich’s isotherms were modeled
at the equilibrium points. The non-linear forms of Langmuir

[36] and Freundlich’s [37] isotherms are shown in Egs. 3 and

4, respectively.

O, XK X C,

1= "17K, xC,

Table 1 SEM-EDX analysis
BR18 adsorbed HH

3

of raw HH, RR180 adsorbed HH, and

Element Raw HH RR 180 adsorbed BR18 adsorbed
(weight %) HH (weight %) HH (weight %)

C 45.25 48.82 45.90

N 16.76 16.31 18.26

(0] 24.30 19.46 22.92

S 13.69 15.41 12.92
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where, K; and Ky are Langmuir and Freundlich coefficients,
respectively. Q,,,, is the maximum adsorption capacity
(mg/g). 1/n is the heterogeneity factor.

2.5 Adsorption kinetics

The kinetic models for the removal of RR180 and BR18
onto the prepared HH were studied. The kinetic experiments
were conducted by entering known amounts of the adsor-
bents into 50-mL dye solutions with different concentra-
tions (10, 25, and 50 mg/L). The flasks were agitated and
the changes in the concentration over time were tracked until
the equilibrium time. The pseudo-first-order model [38], the
pseudo-second-order model [39], and the Elovich model
[40] were used to describe the adsorption kinetics as shown
in Eqgs. 5-7, respectively.
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Fig.3 FTIR spectrums of A waste hair, B BR18 adsorbed waste hair, and C RR180 adsorbed waste hair
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Fig.4 Zeta potential for the prepared WHH at different pH values
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where, q, is the capacity at time t (mg/g), t is the contact
time (min), K, is the first order model constant and K, is
the second order model constant, a is the initial sorption rate
(mg/g-min), and b is the desorption constant (g/mg).

The intraparticle diffusion model (IDM) was utilized to
identify the diffusion mechanism. IDM can be written as
shown in Eq. 8 [41].

q =Ky xt'* +c¢ (¥

100 . . T T T 25

EEZ%) Dye removal efficiency
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o
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where Ky, is the intraparicle diffusion model rate constant
(mg/g-min*?) and c is the boundary layer thickness.
Bangham’s kinetic model was also employed to check
whether the pore diffusion is the only mechanism or not.
Bangham’s kinetic model equation is presented in Eq. 9 [42].

logl G log(—™ )+ alog(®)
oglog| ———— ) = log(=———) + alo
g8\ T, —qm) = *®'2303v . ©
where Kb (mL/g/L) and o (< 1) are the Bangham’s model
constants, respectively.

2.6 Adsorption thermodynamics

The adsorption thermodynamic is important to judge the fea-
sibility of the adsorption process. In this section, the adsorp-
tions of RR180 and BR18 onto HH were conducted under
different temperatures (25, 30, and 35). The other affecting
factors were kept constant. At the end of the experiments,
the thermodynamic terms were identified with the aid of
Egs. 10-12.

AG = —-RTLnK,, (10)

AG® = AH® — TAS® (11)
AH  AS

InK,, =-——F%+—

nK,, RT + R (12)

where, AG is the change in the Gibbs free energy, R is the
universal gas constant (8.314 J/K-mol), T is the absolute
temperature (K), Keq is the equilibrium constant, AH® is
the enthalpy changes (J/mol), and AS° is the change in the
entropy (J/K-mol).
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Fig.5 The variations in the removal efficiency and the adsorption capacity with pH for A RR180 and B BR18
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Fig.6 The removal efficiency and the adsorption capacity variations with the adsorbent dose changes for A RR180 and B BR18

2.7 Adsorbent characterization

The surface morphology for the prepared hair hydrochar
(HH) was scanned using a scanning electron microscopy
(SEM, Zeiss Supra 55-Germany). The function groups at the
HH surface were recorded using Fourier transform infrared
spectroscopy (FT/IR-6700, Jasco) between bands 450 and
4000 cm™".

3 Results and discussion
3.1 Adsorbent characterization

The surface morphology for the prepared hair hydrochar
(HH) was scanned using SEM. The morphology of the raw
HH is heterogeneous and consists of the accumulated par-
ticles clusters (Fig. 2A). The heterogeneity of the surface
increased after the adsorption of BR18 (Fig. 2B) since the
dye molecules are amassed randomly on the HH surface,
which reduced the spaces between the clusters. In the case
of RR180, the clusters were not noticed because the dye
molecules filled the pores (Fig. 2C).

The present elements in the HH before and after the
adsorption process were determined by Energy Disper-
sive X-ray Analysis (EDX). The elements in the HH before
the adsorption process were carbon (45.25%), nitrogen
(16.76%), oxygen (24.3%), and sulfur (13.69%). After the
adsorption of RR180, the carbon and sulfur increased to
48.82% and 15.41%, respectively. The increasers in those
elements confirmed the adsorption of RR180 onto HH since
the dye contains carbon and sulfur in the dye structure. In the
case of BR18, an increase was noticed in the nitrogen weight

@ Springer

percentage. The nitrogen increased to 18.26% because the
BR18 contains 5 nitrogen molecules. This is evidence for the
successful adsorption of BR18 onto HH. Table 1 shows the
SEM-EDX analysis for the HH before and after adsorption.

FTIR spectrums of waste human hair were obtained
before and after dye adsorption (Fig. 3). The peak at
3280 cm™! is related to the N-H stretching mode of pro-
teins. The observed absorptions are the aliphatic C-H
stretches of the saturated and unsaturated long-chain fatty
acids, alcohols, and esters. The symmetric modes of the
methyl (CH;) and the methylene (CH,) were recorded at
2921 cm~! and 2850 cm™!, respectively. The functional
group C =0 stretching coupled with an in-plane bending
of the N-H and C-N stretching modes (Amide I band) is
noticed at the peak 1632 cm™!, which is broad and strong.
The amide II band collected nearby 1516 cm™" is expected
to be C=0 stretching coupled with C-N stretching and
bending deformation of N-H in the protein backbones.
The bending deformation of CH; vibration of amino acid
caused a peak at 1385 cm™'. The contributions of amide
III and PO*~ asymmetric stretching mode of nucleic acids
created an absorption band at 1235 cm™!. In the sulphox-
ide region at 1073 cm™!, the band corresponding to S—O
was observed. The stretching vibrations of the S—S bonds
of cysteine are visible in the 505 cm™' regions.

The surface areas and pore-volume for the raw human hair
and the WHH were obtained by Brunauer—Emmett—Teller
(BET) analysis. The surface area for the human hair was
0.0776 m2/g, while in the hydrochared human hair, the sur-
face area reached 3.4107 m*/g. The pore volume increased
from 0.001196 to 0.006321 cm*/g for raw and hydrochared
hair, respectively.
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Fig.7 The effect of the contact time and the initial concentrations factors on A the RR180 removal efficiency, B the adsorption capacity for

RR180, C the BR18 removal efficiency, and D the adsorption capacity for BR18

3.2 The variations of RR180 and BR180 adsorptions
onto WHH with pH

The protonation and deprotonation process at the WHH
surface is controlled by pH. The changes of the surface

charge for the WHH at distinct pH values were tracked via

Table 2 Isotherms fitting results

. Isotherm Parameter RR180 adsorption BR18 adsorption
for RR180 and BR18 adsorption
Langmuir Ky 0.10431 +1.6262E-4 0.10173 +8.14328E-
4

Qunax 84.95204 +£0.07783 53.71979+0.29614
R? 0.9999 0.99719
Reduced chi-sqr 6.65748E—5 0.06603

Freundlich K¢ 9.62665 +0.02977 5.52869 +0.09789
1/n 0.67377+0.00169 0.73382+0.01044
R? 0.99556 0.99977
Reduced chi-sqr 0.36749 0.01752
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a zeta meter (Malvern Zeta Sizer Nano ZS). The results of
zeta potential are presented in Fig. 4. According to the zeta
analysis results, the WHH had a positive value for the acidic
region (2-4). The zero charged point is near a pH value of
4.5. The pH decreased from —23.5 to—55.7 mV when the
pH changed from 6 to 10.

The uptake and the capacity variations with the pH var-
iations are shown in Fig. 5. For the adsorption of RR180,
the uptake efficiencies and capacities increased with the
decreases in the pH values (Fig. 5A). The maximum effi-
ciency (87.92%) and capacity (21.98 mg/g) were obtained
at a pH value of 2. The removal efficiency and the adsorp-
tion capacity decreased to 4.48% and 1.12 mg/g, respec-
tively at pH 10. RR180 was ionized in water as a polar
solvent, which forced the anionic part to move toward
the WHH surface. Thus, the removal occurred because
of the adsorbent-adsorbate electrostatic interaction. As
the pH increased, the hydroxide ions filled the site at the
adsorbent surface that causing a reduction in the removal
efficiency [43]. Lingeswari and Vimala (2020) obtained a
maximum RR180 removal at a pH value of 2 when poly-
aniline CuCl, was utilized as an adsorbent [44]. The pos-
sible explanation for the results may be referred to the
existence of smaller-sized hydroxide ions that repelled the
larger-sized RR180 ions. For the BR18, the increases in
the pH raised the removal efficiency from 43.13% at a pH
of 2 to 83.92% at a pH value of 8. The adsorption capacity
also increased from 10.79 to 20.98 mg/g at pH values of
2 and 8, respectively (Fig. 5B). At higher pH values, the
number of the hydroxyl groups raised; thus, the attrac-
tion between the cationic dye (BR18) and the negatively

charged sites increased, and the repulsion decreased,
which positively affected the adsorption process [45]. Fil
et al. (2013) noticed a similar trend for BR18 uptake by
the natural Turkish clay [46]. As demonstrated previously
[18], the positive charge of the BR18 dye decreases with
the increase in the pH values. As the positivity of the
solution declines, the attraction force between the nega-
tively charged WHH and the cationic dye decrease, and
the removal efficiency falls.

3.3 The effects of the adsorbent dose on RR180
and BR18 adsorption onto WHH

The amount of WHH effects on the removal of the
RR180 and BR18 were studied. Various WHH amounts
(0.5-2 g/L) were inserted into 25 mg/L dye solution
(50 mL volume) and agitated at 150 rpm for 60 min at
room temperature. The removal efficiencies for RR180
and BR18 were measured and presented in Fig. 6A and
B, respectively. For the RR180 dye, the removal effi-
ciency increased from 80.32% at the adsorbent dose of
0.5 g/L to reach 87.92% at the adsorbent dose of 1 g/L.
The increases in the dose beyond 1 g/L reduced the effi-
ciency as the amount of adsorbent increased dye particle
was attracted to different adsorbent particles that repulsed
each other (same surface charge) into opposite direction
that released the adsorbate from the connections [47]. For
BR18, the adsorbent amount had a proportional relation-
ship with the removal efficiency. In this study, the most
efficient removal rate was obtained at 2 g/L of adsorbent
with an efficiency of 89.64%.

Table 3 The kinetic models’

. Dye Conc. (mg/L) 10
results RR180 adsorption onto

25 50

WHH 1st order model
k, 0.21221 +0.00934 0.1805+0.01513 0.1608 +£0.03618
Qe 8.82161+0.07248 21.12153+0.35139 38.19265 +1.77988
X2 Red 0.0179 0.39503 9.60399
R? (COD) 0.99885 0.9956 0.96725
R? Adj 0.99856 0.9945 0.95906

2nd order model

9 8.13767 +0.65662 19.11865 +1.85085 34.18672 +4.98576
' 1.31655E43 +2.06639E45  4.82262E45 +5.82459E45  3.61716E45 +4.52934E45
X2 e 1.72462 13.70254 49.71557

R? cop 0.88889 0.84746 0.83045

R? \4 0.86111 0.80933 0.78806

Elovich model

a 38.24652 +40.20393 33.20184 +24.73494 36.26658 +5.01598
b 0.80529+0.15045 0.2805+0.04665 0.13911+0.00492
X2 pea 0.20311 1.24309 0.21362

R? (cop) 0.98691 0.98616 0.99927

R? oy 0.98364 0.9827 0.99909

@ Springer



Biomass Conversion and Biorefinery (2024) 14:3715-3728 3723
Table 4 The kinetic modﬁ:ls’ Dye Conc. (mg/L) 10 25 50
results for BR18 adsorption
onto WHH 1st order model
k, 0.26261+0.01504 0.25351+0.01347 0.25051+0.01976
Qe 4.52221+0.04401 11.03172+0.1013 21.37278+0.29312
X2 red 0.00703 0.03692 0.30813
R? (CoD) 0.99827 0.99847 0.99661
R? Adj 0.99784 0.99809 0.99576

2nd order model

Qe 4.80938 +0.04078 10.36341 +1.35199 20.05903 +1.21277
K, 0.09766 +0.00727 —1.91502E45 +4.2547E45  2.0905E44 + 1.70683E45
X2 red 0.00291 1.82788 7.05992
R? cop) 0.99928 0.92447 0.92231
R? i 0.99911 0.90559 0.90289
Elovich model
a 102.59489 +134.36074  184.34948 +238.52333 292.56921+322.94011
b 1.97983 +0.34675 0.78106+0.14158 0.39223 +0.06262
X2 red 0.03041 0.20876 0.64077
R? cop) 0.99252 0.99137 0.99295
R? i 0.99065 0.98922 0.99119

3.4 Contact time and initial concentration effects
on the adsorption of RR180 and BR18 onto WHH

The contact time effects on the removals of RR180 and
BR18 by WHH were explored. From both dyes, 10, 25,
and 50 mg/L solutions concentrations were prepared. For
RR180, 1 g/L adsorbent was added to the solutions while
2 g/ were inserted into the BR18 solutions. The changes
in the concentrations were tracked over time (5, 15, 30,
45, and 60 min). The removal efficiencies for RR180 at
10, 25, and 50 mg/L were 89.80%, 87.92%, and 82.08%,

10 Ll 1 ] )
(A) R
8| - -
= 6 . -
>
£
T 4k i
2k ]
0 1 1 1 1
0 2 4 6 8 10

Fig.8 IDM model for A the RR180 removal and B the BR18 removal

respectively (Fig. 7A). Accordingly, the adsorption capac-
ity increased with time and with the increases in the ini-
tial concentration. The adsorption capacities for RR180
removal onto WHH were 8.98, 21.98, and 41.04 mg/g at
10, 25, and 50 mg/L, respectively (Fig. 7B). For BR18,
92.0% of the maximum uptake was achieved at an initial
concentration of 10 mg/L (Fig. 7C), while the maximum
capacity reached 21.76 mg/g at an initial concentration of
50 mg/L (Fig. 7D). Within the first 5 min, all concentra-
tions saw a sharp increase in removal efficiency for both
dyes. The increases in the removal efficiencies continued

(B)

q, (mg/g)

o
-
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Adsotbate @

Fig.9 Adsorption mechanism scheme

with a flatter shape, as shown in Fig. 7. The adsorption
capacities also have the same trend. As previously dis-
cussed [18, 47], at an earlier stage of the adsorption pro-
cess, the active sites on the WHH surface caught the dye.
A steady-state was achieved as the active sites decreased
with time.

3.5 Adsorptionisotherms

The non-linear equations for the isotherms presented in
Eq. 3 and 4 were fitted with Origin software aid. Many
studies demonstrated that non-linear fitting is more accu-
rate than linear fitting [48, 49] since no transformations
are required. The fitting results for Langmuir and Freun-
dlich are presented in Table 2. In general, both Isotherms
for RR180 and BR18 adsorption have high correlation
factors. Since Langmuir isotherm has a higher correlation

factor (R*=0.9999) and lower chi-square error values,
the removal of RR180 by the WHH can be described by
Langmuir isotherm. Based on the Langmuir isotherm, the
adsorption of RR180 is assumed to occur in a monolayer
with no dye transmigration, and the surface of WHH has a
finite active site where the adsorption reaches the satura-
tion point once the sites are pervaded [50, 51]. For BR18,
the adsorption can be related to the Freundlich isotherm
(R?=0.99977), which assumes the formation of hetero-
geneous multilayers at the end of the adsorption process
[52].

3.6 Adsorption kinetics

The kinetic results for RR180 and BR18 adsorptions were
fitted to pseudo-first-order, pseudo-second-order, and
Elovich models. A comparison of the kinetic parameters and
statistical error calculations for RR180 and BR18 adsorp-
tion can be found in Table 3 and Table 4. The adsorption of
RR180 was found to follow the pseudo-first-order model,
while the adsorption of BR18 onto the prepared WHH
was found to be represented by the Elovich model because
the correlations coefficients are high, and the statistical
errors are low. Elovich’s model supposes basically that
the activation energy grows with the progress in the time
of adsorption. Also, the adsorbent surface is energetically
heterogeneous.

The solute diffusion onto the adsorbent can be clarified
using the intraparticle diffusion model (IDM). The adsorp-
tion capacities at any time were plotted against the square
root of the time. The IDM graphs for RR180 and BR18
adsorption are presented in Fig. 8.

As presented in Fig. 8, the adsorptions of RR180 and
BR18 have three diffusion steps. The first step is a rapid
process proposed from the mass transfer of the dyes particles
when the adsorbent is added to the solution. The reduction
in the uptake speed directs to the film diffusion. Film dif-
fusion is described by the slow motion of the RR18 and

Table 5 The Bangham model

Dye Conc. (mg/L) 10 25 50
results for RR180 and BR18
adsorption onto WHH RR180
K, 24.61633 +6.7371 39.986+3.48251 16.59177+0.7816
o 0.2919+0.0858 0.21363 +0.02805 0.3997+0.01469
X2 red 0.34803 0.21387 0.23276
R? (COD) 0.97056 0.99745 0.99921
R? Adj 0.9632 0.99681 0.99901
BR18
K, 16.82166+1.75819 15.96026 +1.79336 15.13276 +1.55139
o 0.15921+0.03119 0.16407 +0.03347 0.16718 +0.03048
X2 red 0.03507 0.24213 0.76569
R? (CoD) 0.99138 0.99 0.99157
R? Adj 0.98922 0.98749 0.98947

@ Springer



Biomass Conversion and Biorefinery (2024) 14:3715-3728 3725
2'4 L) L] L) L U 1 1 2’4 1 ’ L L} L L Ll
22} (A) | 22}(B) .
2,0 P~ Y - 2,0 - . -
18k . o 18} .

L J

16} - 16} -
14} - 14 F -
12 . 12 A
10k - 10}k -

.
08 1 1 1 L L 1 L 0,8 'l L L 1 A L L
"~ 0,00324 0,00326 0,00328 0,00330 0,00332 0,00334 0,00336 0,00324 0,00326 0,00328 0,00330 0,00332 0,00334 0,00336
1T 1T

Fig. 10 The relationship between 1/T and In K for the adsorption of A RR180 and B BR18 onto WHH

Table 6 Thermodynamic results for RR180 adsorption onto the pre-
pared WHH

T (°C) AH (kJ/mol) AS (J/mol.K) AG (kJ/mol)
25 —179.73375 —250.2015 -5.174
30 -3.923
35 —-2.672

Table 7 Thermodynamic results for the BR18 adsorption onto the
prepared WHH

T (°C) AH (kJ/mol) AS (J/mol.K) AG

25 —37.09873 —106.1781 —5.458
30 —4.927
35 —4.396

BR18 from the boundary layer to the surface of the HH.
The movement of the adsorbate to the pores is defined by
the third step (Fig. 9).

The multilinearity with no interception through the origin
points means that the pore diffusion is not the only rate-
controlling step, and film diffusion also takes place in the
adsorption of RR18 and BR18. The Bangham model con-
firms the IDM results, as shown in Table 5. Many research-
ers noticed a similar mechanism for different types of adsor-
bents [53, 54].

3.7 Adsorption thermodynamic
Gibb’s free energy, enthalpy, and entropy were identi-

fied using the relationships presented in Egs. 10-12. The
adsorption experiments of RR180 and BR18 onto WHH

100

(o]
o

60

40

Dye Removal Efficiency (%)

N
o

Reuse Number

Fig. 11 Reuse cycle of WHH for RR180 and BR18 dye adsorption

were carried out under different temperatures (298, 303,
and 308 K). Accordingly, the linear relationship presented
in Eq. 12 was plotted as shown in Fig. 10.

The linear relationship between the temperature inverse
and the normal logarithm of the equilibrium constant can be
used to calculate the enthalpy and the entropy of the adsorp-
tion. The enthalpy can be found from the slope of the line,
while the line intercept gives the entropy. For RR180, the
enthalpy change has a negative sign, which means that the
adsorption of RR180 onto WHH is an exothermic process
(Table 6). For the same reason, the adsorption of BR18 onto
WHH is also exothermic (Table 7). The entropy changes are
also negatives for both dyes, which revealed a reduction of
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the surface randomness. The Gibbs free energies for RR180
and BR18 adsorption were negative. The negative signs
indicate that the adsorption is feasible and spontaneous in
nature. As shown by the Gibbs values of RR180 and BR18
(<20 kJ/mol), the adsorption of the two compounds onto
WHH can be considered physisorption.

3.8 Reusability study

Desorption experiments were performed to examine the
usability of the adsorbent. At the optimum conditions, des-
orption experiments were conducted. The HH was used five
times for both dyes, at the end of the adsorption, the HH
was cleaned with NaOH and washed with distilled water,
and used again. According to the results demonstrated in
Fig. 11, the efficiency had almost not changed for the first
three cycles. At the fifth cycle, the removal efficiencies for
the RR180 and BR18 declined to 53.6% and 65.2%, respec-
tively. As a result, the HH adsorbent can be used for three
cycles without changes in efficiency.

4 Conclusion

In this study, the human hair waste hydrochar was prepared suc-
cessfully in SWM for the first time. In the preparation steps, no
chemicals were used, and a temperature of 240 °C or less was
used in the preparation. The produced hydrochar (WHH) was uti-
lized as an adsorbent for RR180 and BR18. Langmuir isotherm
described the RR180 adsorption, while Freundlich had the best
fit data for BR18 adsorption. The kinetic studies showed that
the adsorptions of RR180 and BR18 were described by pseudo-
first-order and Elovich models, respectively. For both dyes,
the adsorption process was found to be feasible and naturally
spontaneous.

Human hair waste was reported previously as a commer-
cially profitable waste, and this study confirmed that. The use
of such wastes can reduce the cost of the adsorbent preparation
step. Also, the preparation of WHH adsorbent via the subcriti-
cal water medium can be considered as a green process. The
prepared hydrochar can be exploited as an effective, low-cost,
green adsorbent for RR180 and BR18 dyes removal from the
aqueous solution.
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