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ARTICLE INFO ABSTRACT
Keywords: Heavy metal ions pose significant risks to human health, pelagic, and several other life forms due
Waste biomaterials to perniciousness, tendency to accumulate, and resistance to biodegradation. Waste bio-materials

Human hair

extend a budding alternative as low-cost adsorbent to address the removal of noxious pollutants
Fixed-bed column

Lead adsorption from wastewater on account of being cost-effective and exhibiting exceptional adsorption ca-
Box-behnken design pacities. The current exploration was accomplished to gauge the performance of raw and
RSM modified human hair concerning lead scavenging in a down-flow fixed bed column. The appraisal
of column performance under varying operational parameters encompassing bed height (15-45
cm), influent metal ion concentration (60-140 mg L’l), and a solution flow rate (20-40 mL
min~!) was performed by breakthrough curve analysis. The consequences acquired were evalu-
ated using the Yoon Nelson, Thomas, Adam-Bohart, and Bed Depth Service Time (BDST) model.
Among these employed models, Bed Depth Service Time (BDST) and Thomas models exhibited
the highest R-squared value compared to the Yoon Nelson and Adam-Bohart’s model for most
cases. In addition, the optimization of lead adsorption was followed using the Box-Behnken
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design of response surface methodology (RSM). The optimal conditions (desirability-1.00) for
achieving a goal of maximum percent removal of lead ions were marked to be a bed height of
42.79 cm, solution flow rate of 20.92 mL min~" and an initial metal concentration of 139.51 mg
L1, Under these optimized conditions, the percent amputation of lead in a fixed bed was
observed to be 82.31 %, while the results of the experiment performed approximately under these
optimized conditions revealed a percent removal of 85.05 %, reflecting a reasonable conformity
with values acquired through Box-Behnken design.

1. Introduction

Water security-the competence mark of a society to ensure the sustainable accessibility of ample water resources that comply
quality standards is already under threat and the challenges are projected to intensify in the upcoming epoch [1]. The scarcity of fresh
water is an escalating strain in the present era, with a count of approximately 7.7 billion populations. By the year 2050, when the
global population is estimated to arrive at 9.4-10.2 billion, representing an escalation of 22-34 %, the issue is projected to become
even more pronounced [2]. In accordance with the findings of the United Nations Wastewater Development Report (UNWDR), a
staggering amount of approximately 3857.3 trillion cubic meters of freshwater is consumed each year. Within this vast quantity,
agriculture accounts for approximately 44 % of water usage, primarily through irrigation and evaporation. Out of the total water
consumption, the leftover 56 % is released as wastewater, encompassing a substantial volume of 628 and 314 trillion cubic meters of
industrial and municipal wastewater, respectively [3]. Concerning wastewater management, UN Water reported that, by and large,
affluent nations effectively address around 70 % of their generated effluent [4]. However, the quotient of wastewater treatment de-
clines to 38 % in upper fairly developed countries, with a further drop of 28 % in developing nations. In countries possessing limited
financial resources, wastewater treatment is only possible for a mere 8 %, owing to the heightened costs affiliated with the process.
This paucity of treatment leads to detrimental consequences such as greenhouse gas emissions, health risks, and environmental
degradation [5].

Heavy metals, pesticides, hydrocarbons, nitrogenous compounds, pharmaceutical residues, phosphorus, and detergents constitute
wastewater’s most prevalent chemical pollutants. Heavy metal pollution is a subject of apprehension due to its persistent nature,
potential toxicity, biodegradation resistance, and ability to accumulate in human organs through the food chain. The occurrence of
lead in the human body above the permissible limit is known to disrupt the usual performance of the nervous system, liver, and kidneys
[6]. To ensure safety, the acceptable concentration of lead (Pb) ions in potable and surface water is strictly regulated to be below 0.015
mg L1 [7]. For lead discharge, the IS limit in inland surface water is 0.1 mg 1-1 [8]. According to the IHME’s estimation in 2019, lead
exposure was found to be accountable for a significant portion of global health issues. Specifically, it accounted for 62.5 % of instances
of idiopathic mental retardation, 8.2 percent of heart diseases related to hypertension, 7.2 % of worldwide occurrences of coronary
artery disease, and 5.65 % of strokes [9]. Considering this, it is crucial to prioritize wastewater treatment and effectively address the
issue of heavy metal pollution so as to keep these ill imprints at bay.

Recently, the inception of advanced technical interventions has alleviated the proficient elimination of noxious pollutants with the
inclusion of heavy metals as well as radionuclide wastes from wastewater [10]. These interventions encircle ultra-filtration, coagu-
lation, solvent extraction, precipitation, membrane filtration, neutralization, electro-dialysis, reverse osmosis, and ion exchange, and
the effectiveness of these techniques in addressing the remediation of heavy metals has been well documented and proven successful
[11]. Although these technologies showcase efficiency, they do face certain limitations, such as elevated operational costs, extensive
instrumentation, and primary suitability for small-scale water treatment applications. The adsorption method has emerged as an
exceptional remediation technique and is widely embraced as a water treatment technique due to its economic efficiency, seamless
operation, and the advantage of not requiring bulky instrumentation. This methodology offers the significant advantage of removing
heavy metals from water and allows for the recovery and reusability of spent adsorbents. Consequently, these interventions strengthen
the waste-to-wealth approaches, promoting sustainable and resourceful practices.

Waste bio-materials frame a budding alternative as low-cost adsorbents with regard to heavy metal remediation of wastewater on
account of being cost-effective and exhibiting exceptional adsorption capacities [12]. Being an abundant and inexpensive biological
resource, keratin biomaterials have the potential to be employed as economically efficient and abundant resources for the remediation
of heavy metals, making them promising bio-sorbents [13]. A wide array of such materials encircling feather, hair, wool, and horn
have been employed as proficient bio-sorbents, either as such or after activation for heavy metal removal, owing to the elevated
contents of hydroxyl, amino, carboxyl, and sulfur-containing functional groups [14]. Human hair is often regarded as waste and is
disposed of through incineration or finds its fate in landfills, with only a meager portion being recycled and cast off as biodegradable
surfactants or fertilizers [15]. The hair fiber contains proteins called keratins and keratin-associated proteins, which play a significant
part in the development of hair fibers. Keratin is a captivating protein and a potential attractant of metal ions. Paying to a profound
cysteine content, keratin has the proficiency to form disulfide bonds and crosslinks. This characteristic contributes to the strong
mechanical properties of human hair and its low solubility in water [16]. However, engineering the characteristics of an adsorbent is a
feasible approach to tune the metal adsorption. To address this, modifications through oxidation or reduction reactions are utilized to
cleave the disulfide interactions in human hair, forming cysteic acid residues. This process enhances the hydrophilic features of hair,
thereby improving its ability to adhere to metal ions that are positively charged [17]. Nevertheless, the adsorption process using these
adsorbents is influenced by several operational parameters, and it is crucial to optimize their effects and interactions to enhance
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process efficiency.

Exploring the optimal level through classical and conventional approaches can be time-consuming, often demanding ample time
and many experiments [18]. Through the integration of a statistical model, the remarkable feat of forecasting the combined imprints of
different factors on adsorption efficiency, ultimately leading to optimization, has been accomplished [19]. Response Surface Meth-
odology (RSM) is a strategic approach in experimental design that helps reduce the number of experiments needed. It allows us to
optimize the desired response within a given range by systematically identifying the most suitable conditions [20]. This optimization is
crucial to maximize the effectiveness and proficiency of the adsorption approach while minimizing the cost at the scale-up phase [21].
Adhering to the attributes mentioned above, the conduct of this investigation was to devise experiments to develop empirical models,
followed by the appraisal of optimum operating conditions for the operational parameters (bed height, initial metal ion concentration,
and solution flow rate) to achieve the peak response (lead adsorption) onto modified human hair using response surface methodology.

2. Experimental procedure
2.1. Materials

The human hair left-over mixture (only male folk aged 13-35) was procured from a local barbershop. The sample was cleansed
using commercial detergent to prepare the adsorbent and then thoroughly rinsed with de-ionized water. Subsequently, it was left for
drying at room temperature. The dried hair samples were chopped to an approaching length of <5 mm with scissors and kept in air-
tight polyethylene bags for subsequent laboratory analysis. The processed human hair was acid and bio-modified to improve its
effectiveness as a biosorbent for removing heavy metals.

2.1.1. Acid modification

The processed human hair was treated with 0.1 N HNOj in the ratio of 1:20. After a brief soaking period, the agitation of the
mixture was performed at 50 °C, employing a thermostatic shaker at 200 rpm for 4 h. Ensuing this, the treated adsorbent was subjected
to multiple washings with de-ionized water, followed by drying at room temperature. These dried samples were stored for subsequent
laboratory analysis.

2.1.2. Bio-modification

The processed hair samples were mixed with a liquid formulation of wet Bacillus subtilis biomass in the ratio of 1:34 and shaken for
72 h in the thermostatic shaker at 27°C and 45 rpm. After being treated, the samples were rinsed with de-ionized water, filtered, and
then dehydrated at room temperature. The resulting adsorbent samples were stored using air-tight polyethylene bags for further
examination.

2.1.3. Preparation of stock solution

Every chemical employed in the current experiment was of analytical grade without any additional purification steps. To prepare a
stock solution of 1000 ppm for lead ions, an appropriate amount of lead nitrate [Pb (NO3);] metal salt was dissolved in de-ionized
water with subsequent dilution to a volume of 1 L with de-ionized water. The strength of the experimental solution was ascer-
tained by referencing its calibration curve. The calibration curve for Pb (II) was created using six working standard solutions
formulated by diluting stock solutions to the requisite strengths. These working standard solutions were used to calibrate the atomic
absorption spectrophotometer (AAS), and the resulting plot of absorbance versus Pb (II) ion concentration was used to construct the
calibration curve. The sample’s lead ion concentration was assessed by measuring its absorbance at 216.9 nm wavelength and
employing an atomic absorption spectrophotometer.

2.2. Fixed bed column adsorption

The performance of adsorbents (raw, acid, and bio-modified human hair) was evaluated in a column of downward flow using 24"
length and 4" diameter PVC pipes. The material packed in the column was supported by glass wool on either side to prevent floatation
of adsorbent and avoid outlet clogging during the operation. Synthetic wastewater of lead was delivered down the column at varying
flow rates, which were adjusted using specific valves. These experiments were performed at room temperature. The collection of
effluent samples from the column outlet was executed at pre-determined time periods. The remnant lead ion concentration quanti-
fication in acquired effluent samples was assessed with an atomic absorption spectrophotometer. In addition, the effect of operational
parameters encircling bed height (15-45 cm), solution flow rate (20-40 mL min’l), and initial metal concentration (60-140 mg L’l)
on lead adsorption were gauged and optimized using response surface methodology.

2.2.1. Analysis of breakthrough curves

The column performance regarding lead adsorption from aqueous solution was analyzed using breakthrough curves. The break-
through curve refers to a pictorial illustration of the ratios of effluent concentration to inlet concentration charted against elapsed time
(C/C, vs. t) or effluent volumes (V) used [22]. A breakthrough curve is imperative in assessing a packed bed’s performance in a
fixed-bed adsorption system. It offers appreciated information about the shape and timing of the breakthrough, which is instrumental
in defining the operational characteristics as well as the dynamic behavior of the adsorption column [23]. In the current study, the
breakthrough time was appraised at a C;/C, value equivalence of 10 %.
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The calculation of effluent volume was performed using equation (1) as:
Veir =Q.t (€9)]

Where V¢ signifies effluent volume accumulated in mL; Q represents the solution flow rate in mL min~" while tyq is the complete
flow time (min).

The quantity of metal adsorbed (in mg) in total by the column was determined by calculating the area underneath the plot of the
metal ion concentration employing numerical integration as represented in Equation (2):

Q A Q t=total

9=7000 1000 J,, (GGt @

Where,

Q represents solution flow rate (mL min’l); C, illustrates influent concentration (mg L’l); C; depicts effluent concentration at t time
while A represents the area beneath the breakthrough curve commencing from time O to time t. The computation of maximum
adsorption capacity was accomplished following Equation (3):

Grotal
Un="1" 3

where m denotes the adsorbent amount (g) packed in column.
The total amount of metal ions delivered to column (Miota)) Was computed using equation (4):

Co thml

Mt =———— 4
total 1000 ( )
The percent removal of metal ions was computed in accordance with equation (5):

Total Removal (%) = doa 109 5)

Mtoml
The estimation of the mass transfer zone, MTZ (cm), was worked out as represented in equation (6):
tioral — 1
MTZ = (M> xZ )
total

where z denotes the bed height (cm).

2.2.2. Modeling of column adsorption

The performance of the fixed-bed column was predicted using different models on account of their regression coefficient (R%) and
the best fit of the straight line. The models employed include the Thomas, Adams-Bohart, Yoon-Nelson, and Bed Depth Service Time
models.

1. Thomas model: This model relies on second-order kinetics with the assumption that chemical reactions do not constrain biosorption
but rather are governed by interfacial mass transfer [24]. The determination of model parameters is carried out in accordance with
the specified mathematical expression of equation (7):

G 1
C" 1+ exp (Kthq‘;;m — K, Cot>

)

Where Ky, represents Thomas kinetic coefficient (ml/mg min); W signifies the solution flow rate (mL min’l).

2. Yoon-Nelson model: The undertaking of this model is the rate at which the probability of adsorption decreases for every adsorbate
particle is directly proportional to both the likelihood of adsorbate breakthrough on sorbent surface as well as adsorbate adsorption
[25]. The mathematical model is illustrated in equation (8) as follows:

G

C,— G

=exp(Kynt — 7Kyn) (8)

Kyn signifies the Yoon-Nelson rate (min~1), and © signifies the time entailed for 50 % breakthrough (min).

3. Adams-Bohart model: The current model’s rationale is that the adsorption rate is directly proportionate to both the adsorption
capacity and the left-over concentration. It is specifically designed to pronounce the initial portion of the acquired breakthrough
curve [26]. The mathematical representation is specified in equation (9) as follows:

G

Z
o exp Kap Co t — Kap N, 7 ©)
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where C; illustrates the left over adsorbate concentration as a function of time; Kp illustrates the kinetic constant (1/mg min), N,
mirrors the saturation concentration (mg L™z represents the bed height of the fixed-bed column, and F reflects the superficial
velocity (cm min™Y).

4. Bed Depth Service Time Model: This model assumes that the adsorption rate is governed by the apparent interaction between the
adsorbate and the unutilized adsorbent capacity [27]. equation (10) establishes a linear correlation between the depth of the bed
and the duration of service time as:

N, 1. (G
=z —chln<a—1) (10)

Where N, represents the dynamic bed capacity (mg g’l); u denotes the linear flow rate (cm min’l), which is demarcated as the ratio
of the volumetric flow rate (cm® min™1) to the cross-sectional area of the bed (cm?). Furthermore, K represents the adsorption rate
constant (L mg~! min~!) while C, and C; refer to the influent and effluent Pb%* concentration at any time t, respectively.

2.2.3. Optimization of variables by response surface methodology (RSM)

On the grounds of preliminary batch studies, the acid-modified human hair exhibited an edge over raw and bio-modified human
hair with regard to lead adsorption. In view of this, only acid-modified human hair was subject to an optimization process using
response surface methodology. Three level-three factors of the RSM-based Box-Behnken design were engaged to appraise the indi-
vidual as well as collaborative imprints of operational parameters on lead adsorption. A total of seventeen experiments were devised
(Table 1), with the studied operational parameters as bed height (15-45 cm), solution flow rate (20-40 mL min’l), and initial metal
concentration (60-140 mg L™1). The response variable (lead adsorption) was expressed as a function of operating variables using a
second-order polynomial model and is represented in equation (11) as:

k k
k
Y=p,+ > pX: > pXP + ng/sijxiyj +e (11)
i=0 i=0 -

Where,

Y mirrors the predicted response (Adsorption efficiency), X; reflects the operating variable, g, is the constant coefficient, §; and f;
are the linear and quadratic coefficients of input variables, f; is the interaction coefficient of X; and X; input variables, and ¢ is the
random error. The effectiveness of the mentioned model, the impact of individual parameters, and their combined Influence were
assessed by applying an analysis of variance (ANOVA). Fischer’s F-test, p-value, and lack of fit analysis of the employed model were
accomplished by employing Design-Expert software. In addition, response surface plots and standardized effects were generated to
elucidate the impact of regulating factors on the response variable and overall value of the model.

2.3. Regeneration and reusability of adsorbents

Desorption experiments were performed for lead ions after the corresponding adsorption step using raw and modified human hair.

The reusability analysis was performed onto the previously exhausted column of 45 cm bed height, a solution flow rate of 20 ml min~?,

and an initial metal concentration of 140 mg L™* 0.1 mol/L EDTA solution was delivered to the exhausted column in down-flow

Table 1
RSM-based Box-Behnken experiment for Column operational variables with actual and predicted response.
Std. Run Factor 1 Factor 2 Factor 3 Actual Response Predicted Response
A:Bed Height B:Flow Rate C:Initial Concentration Percent Removal Percent Removal
17 1 30 30 100 76.59 75.76
14 2 30 30 100 75.32 75.76
9 3 30 20 60 77.52 76.94
10 4 30 40 60 71.56 71.07
12 5 30 40 140 73.13 73.71
11 6 30 20 140 78.91 79.40
3 7 15 40 100 69.31 69.28
15 8 30 30 100 75.01 75.76
6 9 45 30 60 79.23 79.78
13 10 30 30 100 75.98 75.76
1 11 15 20 100 72.89 72.95
5 12 15 30 60 70.09 70.61
8 13 45 30 140 80.77 80.26
16 14 30 30 100 75.92 75.76
7 15 15 30 140 75.77 75.22
4 16 45 40 100 74.34 74.28
2 17 45 20 100 82.14 82.17
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direction at a flow rate of 5 ml min . The metal ion concentration from the column outlet was quantified with an atomic absorption
spectrophotometer. The regenerated column was rinsed with distilled water and subjected to adsorption again. The regeneration
efficiency was computed as:

Regeneration Efficiency(%) = dreg

org

Where qyeg represents the adsorption capacity of regenerated adsorbent; g4 signifies the adsorption capacity of fresh adsorbent.
3. Results and discussion
3.1. Analysis of column performance

The computed values for column adsorption capacity (qm), effluent volume (vgf), breakthrough time (tp,), percent removal (%), and
extent of mass transfer zone (Z,) are encapsulated in Table 2. The column sorption capacity of acid-modied human hair was higher in
contrast to bio-modified and raw human hair. These observations might be attributed to the nitric acid modification which enhances
the oygen containing functional groups of thre adsorbent, thereby enhancing the adsorption capacity of meta ions from aqueous
solutions [28]. In addition, the reduction of sulfide bonds in human hair to mercapto groups (-SH) in response to chemical treatment f
acilitates the coordination of sulfur atoms with metal ions [29]. The acquired breakthrough curves under varied bed height (a-c), flow
rate (d-f), and initial metal ion concentration (g-i), concerning raw, acid, and bio-modified human hair are presented in Fig. 1. During
the initial phase, the adsorbents’ marked a rapid adsorption of lead, followed by a swift decline in the adsorption rate. The column
didn’t realize complete exhaustion or saturation over a stipulated time of 150 min; however, relative stability for lead adsorption was
marked after approximately 120 min of the time interval. The fluctuations in the profile of breakthrough plots are accounted to the
variation of operational parameters and are conferred in succeeding subdivisions.

3.1.1. Influence of bed height

The influence of bed height on lead adsorption in a fixed-bed column was appraised at three distinct bed heights encircling 15 cm,
30 cm, and 45 cm using a solution flow rate of 20 mL min~! and metal ion solution of 60 mg L ™! concentration. The results revealed
that the breakthrough time increased from 15.04 to 58.88 min, 23.63-68.33 min, and 22.77-68.33 min for raw, acid, and bio-modified
human hair, respectively (Table 2; Fig. 1). Consequently, it can be inferred that the smaller the bed height, the faster the attainment of
the breakthrough point. The higher bed depth requires extended time for saturation than lower bed depth [30]. In addition, the
breakthrough time for acid-modified human hair possessed an edge over raw and bio-modified human hair, reflecting a higher lead
uptake by acid-modified human hair. The percent removal of lead ions increased from 67.15 to 79.97 %, 70.83-81.82 %, and
69.33-80.94 % for raw, acid, and bio-modified human hair, respectively, with the surge in column bed height from 15 to 45 cm. The
column sorption capacity (qm) increased from 0.46 to 0.55 mg g™, 0.59-0.65 mg g~ ', and 0.49-0.57 mg g~ ! for raw, acid, and
bio-modified rice straw, with an increase in bed height from 15 to 45 cm. The rise in the lead uptake capacity with increased bed height
of the column might be accredited to the prevalence of a greater number of active sites on the adsorbent. This increase in active sites

Table 2
Fixed bed column paramters for lead adsorption.

Adsorbent Z (cm) FR (mL min~ 1) C, (mg LY tp-10 % (min) Vegr (mL) Qqm (mg g’l) % Removal Zm (cm)

HH 15 20 60 15.04 3000 0.46 67.15 13.49
30 20 60 39.97 3000 0.50 75.77 22.00
45 20 60 58.88 3000 0.55 79.97 27.33
45 30 60 24.06 4500 0.42 71.29 37.78
45 40 60 14.21 6000 0.38 62.96 40.73
45 20 100 16.33 3000 0.61 80.01 40.10
45 20 140 14.18 3000 0.63 81.01 40.74

AMHH 15 20 60 23.63 3000 0.59 70.83 12.63
30 20 60 41.57 3000 0.62 77.52 21.68
45 20 60 68.33 3000 0.65 81.82 24.50
45 30 60 38.68 4500 0.50 79.23 33.33
45 40 60 18.48 6000 0.45 68.99 39.45
45 20 100 33.25 3000 0.67 82.14 35.02
45 20 140 15.04 3000 0.69 85.05 40.48

BMHH 15 20 60 22.77 3000 0.49 69.33 12.72
30 20 60 44.26 3000 0.54 76.25 21.14
45 20 60 68.33 3000 0.57 80.94 24.50
45 30 60 36.53 4500 0.48 76.20 34.04
45 40 60 14.61 6000 0.46 67.37 40.61
45 20 100 21.48 3000 0.63 81.84 38.55
45 20 140 14.18 3000 0.66 83.87 40.74

HH-Human Hair AMHH-Acid Modified Human Hair BMHH-Bio-Modified Human Hair Z-bed height FR-flow rate t;, (10 %)-breakthrough time Vg
effluent volume gy,-column sorption capacity Zp,-length of mass transfer zone.
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Fig. 1. Breakthrough curves for lead adsorption onto raw (a, d, g), acid (b, e, h) and bio-modified (c, f, i) human hair using various bed heights
(a—c), flow rates (d—-f) and metal ion concentrations (g—i).

allows for more binding sites, facilitating the course of adsorption [31,32]. Furthermore, the elevated bed height directs to enhanced
service interval for breakthrough as well as exhaustion time at a specified concentration. Similar dependence has been put forth by
Imran et al. [33] and Shah et al. [34].

3.1.2. Influence of flow rate

To appraise the prominence of various flow rates (20-40 mL min ') on lead adsorption, a fixed bed column was run at an invariable
bed height of 45 cm and an initial metal concentration of 60 mg L' and the respective breakthrough plots are demonstrated in Fig. 1
(d-f). The breakthrough time, in addition to breakthrough volume, decreased with a rise in solution flow rate. The breakthrough time
varied from 58.88 to 14.21 min, 68.33 to 18.48 min, and 68.33 to 14.61 min for raw, acid, and bio-modified human hair, respectively.
The lead removal percentage was marked to decrease from 79.97 to 62.96 % for human hair, 81.82 to 68.99 % for acid-modified
human hair, and 80.94 to 67.37 % for bio-modified human hair on increasing the flow rate from 20 mL min™! to 40 mL min .
The column sorption capacity (qy,) marked a drop from 0.55 to 0.38 mg g}, 0.65 to 0.45 mg g !, and 0.57 to 0.46 mg g~ for raw, acid,
and bio-modified rice straw, with an increase in flow rate from 20 to 40 mL min'. At elevated solution flow rates, the dwelling span of
metal ions in a fixed-bed column declines, leading to a decreased interaction between the adsorbent surface and metal ions [35]. At
lower flow rates, the metal adsorption increases steadily, resulting in a delay of adsorbent saturation, while at higher flow rates, the
bed saturation is attained rapidly. The attainment of bed saturation at lower flow rates demands an extended contact time. The
saturation of sites occurs as the influent flow persists, resulting in decreased proficiency in the removal of metal ions. Eventually, an
instant is reached at which the inlet concentration matches the outlet concentration, indicating that the column has become saturated
[36].

3.1.3. Influence of initial metal concentration

The track of initial metal ion concentration in relation to lead uptake was appraised at an invariable flow rate of 20 mL min~'and a
bed height of 45 cm and the breakthrough curves are illustrated in Figure-1 (g-i). The results elucidated that the breakthrough time
declined from 58.88 to 14.18min for human hair, 68.33-15.04 min for acid modified human hair and 68.33 to 14.18 min for bio-
modified human hair, while increasing the initial metal ion concentration from 60 to 140 mg L~!. Furthermore, the percent
removal of lead ions was marked to increase from 79.97 to 81.01, 81.82-85.05, and 80.94-83.87 %, for raw, acid, and bio-modified
human hair, respectively, while increasing the influent metal concentration from 60 to 140 mg L. The column sorption capacity (qm)
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increased from 0.38 to 0.63 mg g™, 0.45-0.69 mg g}, and 0.46-0.66 mg g~* for raw, acid, and bio-modified rice straw, with an
increase in metal ion concentration from 60 to 100 mg L1, At higher initial metal concentrations, the elevated removal proportion of
lead ions might be accredited to both the increased rate of adsorption in hand and the consumption of all accessible binding loci for
adsorption. Furthermore, the enhanced uptake of lead ions in response to elevated metal ion concentration might be due to the creation
of a stronger propulsion for the transmission process to daze the mass transfer resistance [37]. Typically, with low initial metal ion
concentrations, the proportion of metal ions to accessible binding sites on adsorbent is minimal. As a result, the adsorption process
becomes less dependent on adsorbent characteristics. Despite this, as the quantity of metal ions escalates, a larger amount of adsorbent
is exposed to these adsorbate molecules, which aftermaths results in an enhanced capacity to adsorb metal ions [38].

3.2. Mathematical modeling of column adsorption

The column efficiency can be predicted by exploiting the variables acquired from the breakthrough curves. Four mathematical
models employed in this study for predicting column efficiency in hand with its dynamic behavior encompass the Thomas model,
Adam Bohart model, Yoon-Nelson model, and Bed Depth Service Time (BDST) model. Parameters computed from the employed
models are presented in Table 3. In addition, the parameters for the BDST model were computed at 10 %, 20 %, and 30 % break-
through. The higher correlation coefficient (R%), a value closer to 1, suggested the suitability of all models to anticipate the adsorption
accomplishment of fixed-bed columns using raw and modified human hair. The overall picture of models employed elucidated a higher

Table 3
Model Parameters for fixed-bed adsorption of lead under different operating conditions.
Experimental Conditions Thomas Model
Human Hair Acid-Modified Human Hair Bio-Modified Human Hair
Z C, (mg FR (mL Ky (mL/mg- qo (mg/ R? Ky (mL/mg- qo (mg/ R? Ky (mL/mg qo (mg/ R?
(cm) LY min~1) min) g) min) g) min) g)
15 60 20 0.145 0.787 0.98 0.172 0.790 0.97 0.134 0.789 0.97
30 60 20 0.140 1.088 0.97 0.145 1.107 0.97 0.140 1.089 0.97
45 60 20 0.131 1.724 0.97 0.129 1.781 0.97 0.130 1.750 0.97
45 60 30 0.139 1.038 0.97 0.140 1.405 0.99 0.140 1.081 0.95
45 60 40 0.143 0.715 0.98 0.145 1.126 0.97 0.132 1.003 0.98
45 100 20 0.132 1.751 0.97 0.130 1.799 0.94 0.131 1.777 0.98
45 140 20 0.135 1.772 0.98 0.132 1.781 0.96 0.133 1.780 0.98
Experimental Conditions Yoon-Nelson Model
Human Hair Acid-Modified Human Hair Bio-Modified Human Hair
Z (cm) Co, (mg LY FR (mL min~?) Kyn (min~?%) T (min) R? Kyn (min~') T (min) R? Kyn (min~%) 7 (min) R?
15 60 20 0.022 114.375 0.98 0.023 125.508 0.98 0.022 119.847 0.97
30 60 20 0.022 137.337 0.98 0.021 137.026 0.97 0.022 134.630 0.97
45 60 20 0.020 157.925 0.98 0.020 163.541 0.98 0.022 160.695 0.98
45 60 30 0.023 115.213 0.97 0.020 143.199 0.99 0.023 126.438 0.96
45 60 40 0.025 102.254 0.98 0.021 119.760 0.97 0.022 114.357 0.98
45 100 20 0.020 130.957 0.98 0.019 143.982 0.95 0.018 142.289 0.98
45 140 20 0.021 116.863 0.98 0.019 129.291 0.97 0.020 122.181 0.98
Experimental Conditions Adam Bohart Model
Raw Human Hair Acid-Modified Human Hair Bio-Modified Human Hair
Z C, (mg FR (mL Kap (1/mg- N, (mg R? Kag (1/mg- N, (mg R? Kap (1/mg- N, (mg R?
(cm) L min~") min) Lh min) L min) L
15 0 20 0.000278 161.864 0.95 0.000304 169.259 0.95 0.000273 163.585 0.95
60
30 60 20 0.000274 86.678 0.97 0.000301 85.043 0.96 0.000259 86.243 0.96
45 60 20 0.000263 63.034 0.97 0.000291 63.161 0.98 0.000246 62.086 0.98
45 60 30 0.000267 79.608 0.95 0.000295 90.423 0.98 0.000281 82.575 0.95
45 60 40 0.000271 100.701 0.95 0.000304 110.083 0.95 0.000314 108.179 0.96
45 100 20 0.000274 97.630 0.97 0.000296 101.860 0.95 0.000253 104.122 0.97
45 140 20 0.000281 128.612 0.96 0.000302 136.051 0.95 0.000259 132.752 0.96
Experimental BDST Model
Conditi
onditions Raw Human Hair Acid-Modified Human Hair Bio-Modified Human Hair

K (Lmg™?! N, (mg R? K (L mg™! N, (mg R? K (L mg™! N, (mg R?

min~ 1) g min~1) g min~") g
C/Co =0.1 1.418 21.641 0.99 1.531 22.065 0.98 1.323 22.090 0.99
Ci/Co, =0.2 0.974 25.894 0.98 0.974 27.876 0.98 0.966 26.876 0.97
C/C, =03 0.178 29.889 0.98 0.030 33.388 0.97 0.037 31.871 0.96
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R-squared value for Bed Depth Service Time (BDST) and Thomas model for most cases compared to Yoon Nelson and Adam-Bohart’s
model. The best fit acquired using the BDST model (R% 0.96-0.99) demonstrates a direct correlation between the service span of the
fixed-bed column and bed height [39]. The suitability of the Thomas model (R?: 0.95-0.97) confirms that the lead adsorption follows
the second-order kinetics with no axial dispersion [40].

3.2.1. Thomas model

The data presented in Table 3 reflects an increased adsorption capacity (q,-mg g~ 1) at elevated bed heights and initial metal ion
concentrations for both raw and modified human hair. This might be because of the prevalence of more adsorption sites being available
for metal ions as the height of the column is amplified. In contrast, the sorption capacity marked to drop with an increase in solution
flow rate from 20 to 40 mL min L. At lesser solution flow rates, a prolonged interaction time among sorbent and metal ions directs to
elevated rate constant values, signifying that the attainment of equilibrium with regard to adsorption capacity will be quite faster [37].
The rate constant Kty marked a decrease with increased height and increased with a surge in solution flow rate as well as initial metal
ion concentration. The R-squared value for the respective model (0.94-0.98) confirms the sound conformity among the observed and
predicted values of the Thomas model, reflecting the suitability of the model where external as well as internal diffusion were not the
rate-limiting steps [41].

3.2.2. Yoon-Nelson model

The highest 50 %-breakthrough time (t) was marked at a bed height of 45 cm, following a decline with a decrease in bed height
from 45 to 15 cm, owing it to the increased number of binding sites and a longer residence period at elevated bed heights [42].
Furthermore, Kyy declined with a rise in bed height for raw as well as modified human hair. This might be due to the probable reason
that the elevated bed height stems from a prolonged service span for the breakthrough as well as the exhaustion period at a specified
concentration. The 1 reflected a profound dip at higher solution flow rates and initial metal ion concentrations, accounting for a lower
abiding metal ion span in a fixed bed column [31]. R-square value in a range of 0.95-0.97 confirmed the applicability of the respective
model to explain the experimental inferences.

3.2.3. Adam-Bohart model

The appraisal of model parameters reflected a decrease in N, (maximum saturation capacity) and Kag with an increase in bed height
from 15 to 45 cm and an increase at elevated flow rates and initial metal ion concentration. This might be accredited to the prevalence
of more adsorption sites at higher bed heights, leading to delayed maturation of fixed beds at elevated bed heights [43]. In addition, the
increased N, values at higher solution flow rates and initial metal ion concentration reflect that the approach was conquered by
external mass transfer during the early phase of metal adsorption [44].

3.2.4. Bed Depth Service Time Model

The sorption capacity (N,) and rate constant (K) were assessed at C/C, equivalence of 0.1, 0.2, and 0.3 at different bed heights. The
volumetric bed capacity (N,) increased with the breakthrough, accounting for the enhanced interaction of metal ions with adsorbent
molecules. In addition, it can be inferred that a lesser bed height, high solution flow rate, and influent metal ion concentration are
prerequisites for earlier breakthroughs [45]. The correlation coefficient in the range of 0.97-0.99 suggests the apt suitability of the
model to predict column adsorption performance.

3.3. Optimization of lead adsorption

The employment of Box-Behnken design was done for optimization of lead biosorption using fixed bed column. A total of seventeen
experiments were devised, as portrayed in Table 1, to assess the effect of operational parameters encompassing bed height, solution
flow rate, and initial metal ion concentration. Based on preliminary batch studies, the acid-modified human hair exhibited an edge
over raw and bio-modified human hair with regard to lead adsorption. This inference is backed by the outcome of the breakthrough
analysis depicted in Table 2 and Fig. 1. In view of this, only acid-modified human hair was subject to an optimization process with
response surface methodology (RSM). The outcome of the RSM-based Box Behnken design reflected the empirical relationship of
predicted response and operational variables as:

Percent Removal — AMHH = + 57.00362 + 0.608200 bed height + 0.594450 flow rate — 0.001750 initial concentration
+ 0.0000202 bed height x bed height — 0.011395 flow rate x flow rate 4+ 0.000410 initial concentration
x initial concentration — 0.007033 bed height x flow rate — 0.001725 bed height x initial concentration
+0.000410 flow rate x initial concentration
The model was evaluated for its statistical quality using one-way ANOVA and Fischer’s F-test. The ANOVA of lead adsorption by
acid-modified human hair is illustrated in Table 4. The model generated for lead adsorption was significant, with an F-value of 40.14,
illustrating that there is only a 0.01 % possibility that an F-value this huge might prevail because of noise. Exhibition of p-values
<0.0500 signify the significant model terms. A, B, C, AB, AC, B2 were significant model terms in the current model. Moreover, the Lack

of Fit F-value was 2.01, reflecting a non-significant Lack of Fit compared to pure error. Conclusively, it can be inferred that bed height,
solution flow rate, and initial metal ion concentration play their part in the adsorption of lead by acid-modified human hair.
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The degree of fitting model for lead adsorption was appraised by R-squared value (Table-5). ANOVA results elucidate a high R-
squared value of 0.98, which, in approximation to 1, reflects a substantial correlation between predicted and observed values. The
acquired R? value suggests that the regression model successfully predicted and explained the association between the operating and
the response variable. Specifically, the model accounted for 98 % of the overall variation in lead adsorption using acid-modified human
hair, leaving only 2 % of residual variability for the respective model. The adjusted R-squared value measures how well the model
accounts for the variability in the data, considering the complexity of the model. In contrast, the predicted R-squared value evaluates
the model’s accuracy in predicting the experimental response value [46]. The values pertaining to adjusted and predicted R? values are
portrayed in Table 5 and signify a reasonable agreement between the two parameters as they exhibit a difference of less than 0.20
between them. Furthermore, the plot of experimental results (actual response) versus model results (predicted response) is exemplified
in Fig. 2. The close alignment of the data points representing the percent removal and fit of percent removal suggests that the
RSM-based Box Behnken model sufficiently captures and explains the range of experiments conducted. Similar dependence has been
documented by Fawzy et al. [47] and Cardona et al. [23]. Moreover, the adequate precision quantifies the signal-to-noise proportion
with a desirable mark of more or equal to 4. In the present study, a ratio of 22.784 designated an ample signal and suitability of the
respective model to circumnavigate the design space. Perturbation plot aids in assessing the imprints of individual operational pa-
rameters on the response variable. A high slope parameter signifies the sensitivity towards response [48]. In the current study, the
percent removal of lead ions reflects a high sensitivity in response to variations in bed height, solution flow rate, and initial metal ion
concentration (Fig. 3).

3.4. Effect of operational parameters and their interactions

To address the impact of operational factors with their interactive imprints on lead adsorption efficiency, 2 d and 3 d surface plots
were generated using design expert software and are illustrated in Figs. 4 and 5. These plots exist as a function of two operational
variables while shelving the third operational parameter on hold. Fig. 4 (a) and 5 (a) present the interactive effect of bed height and
solution flow rate. The response function (lead adsorption) was marked to increase from 72.95 to 82.16 % with escalation in bed height
from 15 to 45 cm and declined from 72.95 to 69.39 with surge in flow rate from 20 to 40 mL min . The increase in the percent removal
of lead at elevated bed heights might be accredited to the expansion in the mass transfer zones at higher bed depths, while a low flow
rate assists in improved interaction between sorbent and metal ions, directing to an augmented lead removal [49].

Fig. 4 (b) and 5 (b) represent the pooled Influence of bed height and initial metal ion concentration on the competence of lead
adsorption. The solution flow rate was retained invariable to evaluate this interaction at 20 mL min~". The results inferred that with an
increase in bed height from 15 to 45 cm and an increase in initial metal concentration from 60 to 140 mg L™?, the adsorption increased
from 70.09 to 80.25 %. This might be because of a longer mass transfer zone with increased bed heights, which creates a longer
expanse for mass transfer zone to land at the column exit, thereby enhancing the metal uptake by an extended breakthrough time [50].
The increased adsorption of Pb lead ions with initial metal ion concentration might be because higher influent concentration furnished
the transfer process a driving force to compensate for the mass transfer barrier [51].

The Influence of solution flow rate and influent metal concentration at a constant bed height of 45 cm is elucidated in Figs. 4(c) and
5(c). The percent removal of lead was marked maximum (79.39 %) at a flow rate of 20 ml min ! and an initial metal ion concentration
of 140 mg L™}, while a minimum percent removal of 71.07 was observed at 20 mL min~' flow rate and an initial metal ion con-
centration of 60 mg L. When flow rates increase, the hindrance to mass transfer caused by the external film on the adsorbent surface
is reduced. This results in a hastened mass transfer rate and a stunted enduring span. As a result, saturation is reached more quickly,
leading to a decline in metal ions’ removal efficiency [52]. The higher influent concentration of lead ions is directed to a higher driving
force for the adsorption process, which leads to higher metal uptake and better column performance in the aftermath [53].

Table 4
Analysis of variance for RSM-based quadratic model for lead adsorption.
Source Sum of Squares df Mean Square F-value p-value
Model 196.44 9 21.83 40.14 <0.0001 significant
A-Bed Height 100.96 1 100.96 185.69 <0.0001
B-Flow Rate 66.82 1 66.82 122.89 <0.0001
C-Initial Conc. 12.95 1 12.95 23.82 0.0018
AB 4.45 1 4.45 8.19 0.0243
AC 4.28 1 4.28 7.88 0.0262
BC 0.0081 1 0.0081 0.0149 0.9063
A? 0.0087 1 0.0087 0.0160 0.9028
B? 5.47 1 5.47 10.06 0.0157
c2 1.81 1 1.81 3.33 0.1109
Residual 3.81 7 0.5437
Lack of Fit 2.29 3 0.7624 2.01 0.2553 not significant
Pure Error 1.52 4 0.3797
Cor Total 200.25 16
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Table 5
Model fit statistics.
Per cent Removal
R? 0.9810
Adjusted R? 0.9566
Predicted R? 0.8054
Adegq. Precision 22.7836
Predicted vs. Actual
Percent Removal 84—

Color points by value of

80 —

Percent Removal:

6031 [l &2+ -

76 —

Predicted

68 70 72 74 76 78 80 82 84

Actual

Fig. 2. Appraisal of experimental and predicted values for lead adsorption using acid-modified human hair.
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Fig. 3. Perturbation plot of lead adsorption by acid-modified human hair.
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Fig. 4. 2D-response surface plots to appraise the Influence of (a) bed height and flow rate (b) bed height and initial concentration (c) flow rate and
initial concentration on lead adsorption by acid modified Human Hair.

3.5. Optimization of lead adsorption

The present investigation exploited the numerical optimization of RSM to optimize lead adsorption. The optimization of response
serves researchers to arrive at an anticipated goal within the defined range of factors and determine operational parameters that ensure
this desirable response. One hundred solutions with different combinations of operational variables were deduced. However, the
optimal conditions for achieving a solution with high desirability (1.00) were determined to be a bed height of 42.79 c¢m, a solution
flow rate of 20.92 mL min~" and an initial metal concentration of 139.51 mg L™} (Figure-6). Under these optimized conditions, the
percentage of lead removal using acid-modified human hair was 82.31 %. The experimental results performed under these optimized
conditions approximately revealed a percent removal of 85.05 %, reflecting reasonable conformity with values acquired through the
Box-Behnken design. The contour plots elucidating the desirability and corresponding percent removal under optimized operating
conditions are illustrated in Fig. 7.

3.6. Mechanism of adsorption

Human hair comprises of various tiny cracks on the surface which account for physical adsorption of metal ions onto human hair. In
addition, human hair consists of long peptide chains containing unshared pair of electrons in atoms such a nitrogen and oxygen. These
atoms facilitate the binding of heavy metals via chemical adsorption [54]. Moreover, human hair entails a high proportion of
sulfur-containing cysteine amino acids, which strongly coordinate to heavy metal ions, thereby strengthening the chemical adsorption
onto the hair [15]. The higher adsorption of lead ions by acid-modified human hair might be due to the reduction of sulfide bonds to
mercapo groups, which facilitate the coordination of heavy metal ions. The mechanism is illustrated in Fig. 8. Similar dependnece has
been put forward by Roh et al. [29].

3.7. Regeneration of spent adsorbents
The recovery of adsorbed metal ions and re-use of adsorbents is of considerable importance from the perspective of practical
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Fig. 5. 3D-response surface plots to appraise the Influence of (a) bed height and flow rate, (b) bed height and initial concentration, (c) flow rate and
initial concentration on lead adsorption by acid modified Human Hair.
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Fig. 6. Optimization of lead adsorption in a fixed-bed column using acid modified Human Hair.
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Fig. 7. 2D contour plots elucidating the desirability and corresponding percent removal under optimized operating conditions (a) Bed height and
Flow rate (b) Flow rate and Initial metal ion concentration (c) Bed height and Initial metal ion concentration.
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Fig. 8. Removal of metal ions with reduced human hair.

application. The regeneration of adsorbents is acknowledged for deducing the operational cost substantially [55]. The spent adsor-
bents were regenerated and reused for lead adsorption at a bed height of 45 cm, a solution flow rate of 20 ml min™}, and an initial metal
concentration of 140 mg L1, The comparative adsorption efficiencies of fresh and regenerated adsorbents using raw and modified
human hair is illustrated in Fig. 9. The adsorption efficiency of raw, acid-modified, and bio-modified human hair for lead ions
decreased from 81.01 to 48.84 %, 85.05 to 51.84 %, and 83.87 to 50.02 %, respectively, after three adsorption-desorption cycles. These
observations reflect that the raw and modified rice straw could be reutilized to remove lead ions for three adsorption-desorption cycles,
illustrating the economic feasibility and commercial applicability of the absorbent. EDTA integrates the acidic and complexing effect to
liberate adsorbed lead ions on the adsorbent surface. The substantial elution of lead ions with EDTA solution allow their use for
subsequent adsorption cycle or the eluted adsorbents can be employed for the reinforcement of construction materials [56].

3.8. Comparison with other related studies
The observations acquired in the current study were compared with other related investigations and the results are presented in
Table 6. The current adsorbents possessed a competitive performance with other adsorbents for metal adsorption. Undoubtedly,

activated carbon exhibits high efficiency in removing lead ions but the practicability of activated carbon remains a drawback, despite
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Fig. 9. Adsorption efficiency of fresh and regenerated adsorbents- HH: Human Hair, AMHH: Acid-Modified Human Hair, BMHH: Bio-Modified
Human Hair for lead adsorption across three adsorption-desorption cycles.

Table 6

Comparison of lead adsorption capacities with other adsorbents.
Adsorbent Adsorption Capacities qmax(mg g’l) References
Olive stone 6.39 Blazquez et al. [58]
Rice husk 21.38 Singha and Das [59]
Walnut Shell 3.59 Das et al. [55]
Almond Shell 3.58 Das et al. [55]
NaOH-rice husk ash spirogyra 1.33 Yahya et al. [35]
Surgarcane baggase 0.143 Vera et al. [60]
Sago Bark 22.26 Fauzia et al. [61]
Ficus benghalenesis leaf powder 12.27 Hymavathi and Prabhakar [62]
Ni-Alginate Hydrogel Beads 15.70 Sami et al. [63]
Commercial Activated Carbon 45.82 Hameed et al. [64]
Rosa damascena waste 24.90 Batool et al. [65]
Human Hair 1.75 Preseent study
Acid-Modified Human Hair 1.79 Preseent study
Bio-Modified Human Hair 1.77 Preseent study

its widespread use [57]. In addition, activated carbon is comparatively expensive and is difficult to recycle because of the strong
interaction between activated carbon and heavy metal ions [17]. The adsorbents employed in the current study are renewable and
cost-effective, delivering additional benefits regarding their applicability in water treatment. The employment of human hair as a
low-cost adsorbent was considered due to its high stability, ready accessibility, and ubiquitous nature, the accumulation of which
would cause serious environmental concerns. Therefore, the advantage of this waste as a new raw material is of interest and pays to the
idea of circular economy.

4. Conclusion

The acquired observations elucidated that for raw and modified adsorbents, the breakthrough time was higher at elevated bed
height, low initial metal ion concentration, and low solution flow rate. Among the employed models, Bed Depth Service Time (BDST)
and the Thomas model exhibited the highest R-squared value for most cases. The developed polynomial quadratic models for lead
adsorption with acid-modified human hair validated a strong confirmation with the experimental data at a 95 % significance level.
This was evident from the high regression parameters obtained (R? = 0.98), and further validation was confirmed through analysis of
variance (ANOVA), affirming the cogency of the proposed model. The optimal conditions (desirability-1.00) for achieving a goal of
maximum percent removal of lead ions were marked to be a bed height of 42.79 c¢m, solution flow rate of 20.92 mL min~" and an
initial metal concentration of 139.51 mg L. The percent removal of lead under these optimized conditions reflected a reasonable
conformity with values acquired through the Box-Behnken design. Conclusively, it can be inferred from the results that modified
human hair offers an appealing adsorbent for the remediation of lead (Pb) ions from aqueous solution, thus reinforcing the concept of
waste to wealth. In addition, the RSM-based Box-Behnken mirrors a proficient and consistent means to appraise and optimize the
operational parameters regarding heavy metal adsorption in a fixed-bed column.
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