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HIGHLIGHTS GRAPHICAL ABSTRACT

e MOSB has been used in sequestration of
progesterone (PGT) from solution.

e Optimum adsorbate parameters were
86.8 min, 500 pg L7}, 298 K and 0.1 g
dosage.

e PGT removal from aqueous solutions
was pH independent.

e Biosorption of PGT onto MOSB was a
spontaneous and exothermic process.

e Biosorption mechanism was phys-
isorption and devoid of electrostatic
interactions.

Progesterone

ARTICLE INFO ABSTRACT

Handling editor, Charuvila T Aravindakumar In this study, chemically activated fat-free powdered Moringa oleifera seed biomass (MOSB) was synthesized,
characterized, and utilized as a cost-effective biosorbent for the abstraction of progesterone (PGT) hormone from
synthetic wastewater. Natural PGT is a human steroid hormone from the progestogen family. Synthetic PGT is
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(EDC) with negative health impacts on biota. The X-ray diffractogram (XRD), Scanning electron microscopy-
Energy-dispersive X-ray spectroscopy (SEM-EDS), and Brunauer-Emmet-Teller (BET) analyses displayed a
porous, amorphous biosorbent with an elemental composition of 72.5% carbon and 22.5% oxygen and a specific
surface area of 210.0 m2 g~ 1. The process variables including temperature (298-338 K), pH (2-10), contact time
(10-180 min), adsorbate concentration (20-500 pg L’l), and adsorbent dosage (0.1-2.0 g) were optimized using
response surface methodology (RSM) to obtain the greatest efficacy of MOSB during biosorption of PGT. The
optimum parameters for PGT biosorption onto MOSB were: 86.8 min, 500 pg L~! adsorbate concentration, 298 K,
and 0.1 g adsorbent dosage. PGT removal from aqueous solutions was pH-independent. The Langmuir isotherm
best fitted the equilibrium data with maximal monolayer biosorption capacity of 135.8 pg g 1. The biosorption
rate followed the pseudo-first-order (PFO) kinetic law. The thermodynamic functions (AG < 0, AH = —9.258 kJ
mol~! and AS = +44.16 J mol 1) confirmed that the biosorption of PGT onto MOSB is a spontaneous and
exothermic process with increased randomness at the adsorbent surface. The biosorption mechanism was
physisorption and was devoid of electrostatic interactions. The findings from this study indicate that MOSB is an
inexpensive, low-carbon, and environmentally friendly biosorbent that can effectively scavenge PGT from

aqueous solutions.

1. Introduction

Progesterone (PGT) is a naturally occurring human steroid hormone
from the progestogen family. Synthetic PGT is approved for the regu-
lation of the menstrual cycle by correcting dysfunctional uterine
bleeding or amenorrhea. It also aids with contraception by facilitating
the implantation of the blastocyst in the uterus and sustaining the
pregnancy. PGT has also been recommended and administered as part of
hormone replacement therapy in menopausal and post-menopausal
women (Almazrouei et al., 2023; Ojoghoro et al., 2021). It is intro-
duced into the environment through human excretion, and mainly via
effluent release from wastewater treatment plants (WWTPs), untreated
biosolids from WWTPs applied as fertilizer in farmlands (Ngeno et al.,
2023), and seepage from septic tanks and landfills (Golovko et al., 2018;
Moulahcene et al., 2015). Multiple studies have detected progestogens
in surface water (Almazrouei et al., 2023; Chang et al., 2011; Golovko
et al., 2018; Sauer et al., 2018) including in effluents from various
WWTPs in Kenya (Ngeno et al., 2023).

In the environment, PGT is known to be an endocrine disrupting
chemical (EDC) with negative health impacts on biota. Synthetic pro-
gestogens have been reported to cause disorders in fish by affecting the
sexual development of offspring, reducing egg production, and
decreasing the spawning rate via increasing masculinity in female fish
(Almazrouei et al., 2023; Golovko et al., 2018). Furthermore, zebrafish
exposed to PGT showed altered liver function and ocular growth in
addition to neurodevelopmental consequences (Almazrouei et al.,
2023). Due to the ecotoxicological effects of PGT, its removal from water
is monumentally significant. Physicochemical treatments such as floc-
culation, coagulation, and settling processes do not effectively abstract
PGT (Kasonga et al., 2021; Ng et al., 2021; Orata, 2018), while advanced
techniques like reverse osmosis, nanofiltration, oxidation processes, and
membranes are expensive for developing countries due to high energy
use, and intensive capital investment is required due to toxic waste
material generated during the processes (Jayan et al., 2021; Mukherjee
et al., 2021).

The quest for innovative cost-effective solutions for eliminating
hazardous contaminants from wastewater has focused on biosorption.
The biosorption technology is cheaper and flexible, with low energy
requirements and a high rate of regeneration of the biosorbents. This
simpler technique is based on the binding capacities of various biolog-
ical materials and agro-industrial waste to pollutants (Ahalya et al.,
2006). These carbonaceous porous adsorbents can be used as powdered
materials, biochar, activated carbons, or carbon nanotubes. These bio-
sorbents can be used with or without thermal and chemical modification
(Ngeno et al., 2022).

During the biosorption process, the percentage removal is dependent
on operational processes such as temperature, pH, contact time, initial
concentration, and biosorbent dosage. The biosorbent characteristics
playing a key role include its morphology, functional group type and

density, hydrophobicity, and surface pH (Salame and Bandosz, 2003).
These properties are dependent on the biomass type, and the activation
conditions (Chimi et al., 2023). Biosorption efficiency is also affected by
the adsorbate characteristics such as polarity, hydrophobicity, kinetic
diameter, and dissociation pattern (Shikuku et al., 2018). A super bio-
sorbent exhibits high biosorption capacity, fast kinetics, adsorbs a wide
range of pollutants, and is inexpensive (Ngeno et al., 2022).

Traditionally, the biosorption process is investigated by varying one
operating factor while holding other variables at an unspecified or
specified constant level. The limitation of this is that it does not consider
the synergistic or antagonistic effect, if any, of all the variables involved.
Furthermore, it is costly both time-wise and in the use of reagents, and
optimal conditions are not guaranteed (Jayan et al., 2021; Ong et al.,
2011). These can be avoided by using statistical experimental designs
such as response surface methodology (RSM). RSM is a multivariate
approach for designing experiments, modeling, evaluating factor in-
teractions, and collectively optimizing all parameters affecting bio-
sorption (Ani et al., 2019; Korde et al., 2021) thus giving the system’s
ideal operating conditions or an area that meets the optimum opera-
tional specifications. The use of RSM in biosorption has been noted to be
cost-effective while improving biosorption efficiency, reducing process
variability, and determining the significance of each process parameter,
if any, in controlling adsorbent performance (Aly-Eldeen et al., 2018;
Ani et al., 2019).

The biosorbent in this study was Moringa oleifera (M.O) seed
biomass. M.O. is a tropical tree that can withstand drought and is
available all year round. It has medicinal applications such as analgesic,
anti-inflammatory, and antihypertensive properties, as well as weight
loss (Grosshagauer et al., 2021; Jayan et al., 2021). In terms of nutritive
value, the M.O leaves and seeds are loaded with vitamin C, protein,
potassium, and calcium (Anwar et al., 2007). Besides the foregoing uses,
numerous research has explored the capability of different parts of M.O
(bark, leaves, seed, and seed pods) as a biosorbent for the sequestration
of contaminants from aqueous solutions and have reported positive re-
sults. Imran et al. (2019) reported 98.6% removal of Pb2* ions while
Jayan et al. (2021) reported 95.6 and 89.4% removal of Pb%* and Zn%*
ions, respectively, both using unmodified leaves of M.O. Keereerak and
Chinpa (2020) reported 86.2% removal of crystal violet dye using pod
husks, while Maina et al. (2016) and Ongulu et al. (2015) reported high
removal efficiencies of heavy metals (i.e., Pb, Cd, Cu, Mn, Fe, Zn, Mg and
Cr) using acid treated seed pods.

Few studies have investigated PGT removal using biosorption. Ragab
et al. (2016) reported 95.0% of PGT removal using polytetrafluoro-
ethylene (PTFE) double-layer microfiltration membrane modified with
zeolite imidazolate metal-organic frameworks-8. Moulahcene et al.
(2015) reported 98.2% removal of PGT using cyclodextrin polymers
cross-linked with citric acid. Another study by Ghasemi et al. (2017)
demonstrated that 4 g L™} of PGT required 10 g cellulose (no percent
given), whereas Ifelebuegu et al. (2016) reported a 60.0% PGT removal
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using UV photo-assisted Fenton-like degradation. The paucity of studies
shows that the removal of PGT has not received considerable attention.
To the best of our knowledge, the acid-activated, fat-free M.O seeds have
not been investigated for the removal of PGT from aqueous solutions
with RSM as an experimental design tool for the optimization of process
parameters.

The goals of this study were to (i) determine the adsorptive capa-
bility of acid-activated M.O seeds in adsorbing PGT from aqueous so-
lutions, (ii) optimize the process parameters using RSM, and (iii)
evaluate biosorption dynamics through modeling. The biosorption ki-
netics, thermodynamics, and general mechanistic studies were also
investigated and are herein reported.

2. Materials and methods
2.1. Standards, chemicals, and reagents

A reference standard for PGT was purchased from Sigma Aldrich.
NaOH and HCI (analytical grade) were purchased from Kobian Kenya
Limited. Ultrapure water was obtained from Milli-Q gradient ultrapure
water system.

2.2. Pretreatment of the adsorbent

M.O seeds were purchased from Nakasero market, Kampala, Uganda.
The seeds were manually de-shelled before pretreating as reported by
Ongulu et al. (2015) but with modification as given in Text S1. The
sample was labeled MOSB.

2.3. Characterization of MOSB

The surface chemistry of MOSB was determined by investigating its
pH at a point of zero surface charge (pHp,c). The pH,p. measurements
were obtained using the pH drift method (Text S2). To obtain the sample
crystallinity of MOSB, a Bruker D8 Advance X-ray diffractometer (XRD)
with copper Ka monochromator at the voltage of 15 kV, scanned at a
wavelength (1) of 1.54 A with 20 angle range from 5° to 90° was used.
Morphology, microstructure, and percentage elemental composition of
MOSB were obtained by scanning electron microscopy—energy disper-
sive spectroscopy (SEM-EDS) (JSM-IT500). Fourier Transform Infra-red
(FTIR) spectroscopy (NICOLET iS50 FT-IR) at 400 to 4000 cm~! wave-
numbers were used to determine the surface functional groups of the
biosorbent before and after sorption. The surface area of MOSB was
determined by Brunauer-Emmet-Teller (BET) method using a Quan-
taChrome NovaWin version 11.03 with nitrogen adsorption-desorption
isotherms at 77.35 K. The degassing time was 1 h and the total spe-
cific surface area (SSA) was calculated by the multi-point BET method in
the lower P/P, range of 0.00-0.02.

2.4. Experimental design and statistical data analysis

Five experimental variables (solution contact time: 10-180 min; pH:
2-10; biosorbent dosage: 0.1-2.0 g; temperature: 298 K-338 K; and
initial PGT concentration: 20-500 pg L™!) were evaluated based on a
central composite design (CCD). To achieve the range of independent
input variables, preliminary tests were conducted. The interaction be-
tween these variables and their relative significance were studied and
optimized collectively by applying RSM. Design Expert Version 13 (Stat-
Ease, USA) was used for the experimental planning and statistical
analysis of the data. The number of input variables influences the plan
matrix. Every parameter has three distinct levels, which are denoted by
the numerical values: —1 for low, O for center, and +1 for high (Ta-
ble S1). According to Equation (1), a total of 50 experimental runs were
performed (Bayuo et al., 2020):

N=2"+2n+n, (Equation 1)
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where n is the number of independent factors, n. is the number of center
points and N is the overall total of experimental runs. 50 experimental
runs (Table S2) were used for modeling and optimization and comprised
32 factorial runs, 10 axial runs, and 8 center runs.

The batch biosorption method was used to obtain the dependent
parameter (response), which is the percent adsorbed (R), and was
employed to generate an empirical mathematical model. Equation (2) is
the entire regression equation displaying the interactions between the
input parameters (Bayuo et al., 2020).

-1
R:bo + z’l: b,‘Xi + nz: Zn: bl]XpX] + En:buxlz
i=1

=1 j=itl i1

(Equation 2)

where R is percent PGT adsorbed; by is the model constant; X; and X; are
independent variables and b;, bj;, and b;; are linear coefficients, interac-
tion effect coefficients, and quadratic coefficients, respectively (Bayuo
et al., 2020).

2.5. Batch biosorption experiments

The batch experiments were carried out in duplicate by dispersing a
CCD-specified biosorbent dosage to a 25 mL solution containing PGT at a
known concentration, pH, and temperature according to CCD
(Table S3). A detailed methodology is given in Text S3. The amount of
adsorbate adsorbed (ug L™1), percentage uptake, and equilibrium bio-
sorption amount (g g ) of the PGT were taken as responses. For further
analysis and optimization, the percentage removal of PGT (R) was
designated as the dependent variable. Equation (3) was used to compute
the value of R from aqueous solutions while equation (4) was used to
calculate the equilibrium biosorption amount (q.) (Owino et al., 2023).

(Co-Ce)

o

R= x 100% (Equation 3)

(Co-Ce)V

Qe=—7—

M (Equation 4)

where g, is the equilibrium amount (ug g~1) of PGT adsorbed per gram
of MOSB, C, and C, are the PGT concentrations (ug L™Y) in the solution
before and after biosorption, respectively. V is the volume (L) of the
solution, and M is the mass (g) of the adsorbent.

3. Results and discussion
3.1. Characterization of the biosorbent

3.1.1. Surface chemistry of MOSB

The pHp,c is an index of the surface charge of the biosorbent at
different solution pH. The pHy,. of MOSB was found to be 6.8 (Fig. S1)
implying that MOSB surface charge will be positively charged at solution
pH levels below 6.8, neutral at solution pH levels of 6.8, and negatively
charged at solution pH levels above 6.8 (Bello et al., 2017).

3.1.2. X-ray diffractometry (XRD) analysis of MOSB

The X-ray diffractogram (Fig. 1 (a)) showed weak and unresolved
peaks, indicating the predominance of the amorphous nature of the
biosorbent, a characteristic that helps the penetration of the adsorbates.
This can be attributed to larger quantities of lignin, cellulose, and tannin
that give the biosorbent its complex nature (Afolabi et al., 2021; Jayan
etal., 2021). For the untreated MOSB, there were characteristic peaks at
20 = 16.47°, 17.3° 22.47°, and 34.93° which are in agreement with
isolated cellulose from M.O seeds (Afolabi et al., 2021). For the treated
MOSB, the peaks at 20 = 16.47°, and 17.3° were suppressed, those at 20
= 22.47° and 34.93° were enhanced and there was an additional peak at
27.28° which could be attributed to phosphoric acid hydrolysis.
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Fig. 1. Characterization analysis (a) X-ray diffractogram for treated and untreated MOSB (b) SEM micrograph for treated MOSB (c) FT-IR spectra for treated and

untreated MOSB (d) treated MOSB and MOSB-PGT.

3.1.3. Scanning electron microscopy - energy-dispersive X-ray spectroscopy
(SEM-EDS) analysis

Fig. S2 shows the scanning electron micrographs of the untreated
MOSB while Fig. 1 (b) displays the micrographs of the treated MOSB.
The morphology of the treated MOSB shows a porous complex fiber
matrix with no particular shape, consistent with studies such as Araujo
et al. (2010) and Bagheri et al. (2020). After treatment, the
phosphate-modified MOSB revealed rugged trough-like patterns dis-
playing interstices in the structure that could facilitate the biosorption
processes. This gives the material adequate morphological characteris-
tics for retaining PGT.

The major elemental composition of MOSB was analyzed by EDS
which showed 72.5% carbon and 22.5% oxygen for untreated MOSB
(Fig. S3 (a)). After treatment, 70.1% of the biomass was found to be
carbon while 29.8% was oxygen (Fig. S3 (b)). This is characteristic of
carbonaceous materials. The percentage of oxygen is enhanced in the
treated MOSB due to modification by weak H3PO4 which introduced
more oxygen. Increased oxygenated functional groups provide more
energetically favorable biosorption sites.

3.1.4. Fourier transform infrared spectroscopy (FT-IR) analysis

FT-IR analysis displayed the main functional groups present in
MOSB. Fig. 1 (c) shows the combined FT-IR spectra for untreated and
treated MOSB. A general observation from the spectra shows a broad
band centered at 3288 cm ™! assigned to O-H stretching. This functional
group is a major bond in proteins, carbohydrates, fatty acids, lignin
units, phenolics and silanols present in M.O seeds. Seeds contain a
considerable amount of protein, therefore the N-H stretching of amide
groups also contributes to this region. The peak at 2916 cm ™ is assigned
to the asymmetrical stretching of the C-H in the CHy group which sig-
nifies the existence of methylcellulose. The peak at 2849 cm ™ refers to
the symmetrical stretching of the C-H bond in the CH3 group. In the zone

between 1800 and 1600 cm™?, there are profound bands attributed to
C=0O0 bond stretching and C—=C of the aromatic bonds. Fatty acid and
protein structures contain the carbonyl group and thus the band at 1708
ecm™! is associated with the asymmetrical G=0 stretching of the
carboxyl found in fatty acids. The band at 1649 cm ™! is attributed to the
amide group in the protein. The peak at 1541 cm™! is ascribed to C-N
stretching or N-H deformation. This band’s existence validates the
protein structure in MOSB. The C-O of carboxylic acids is responsible for
the peak at 1460 cm ™!, whereas the C-O stretching of carboxylic acids is
responsible for the peak at 1238 cm™! (Araujo et al., 2018). After
treatment, there was not much shifting of the functional groups nor the
creation of new peaks. The intensity of the bands is however enhanced.
After biosorption of PGT (Fig. 1 (d)), the functional groups —OH
(3288 cm_l), C-H of CH; (2649 cm_l), C-H bond of the CH3 group
(2916 cm™), C=0 bond and C=C (between 1800 and 1600 cm™"), the
C-N stretching and/or N-H (1542 cm’l) and the C-O of carboxylic acids
(1460 cm’l) were affected. This modification may be connected to the
stretching of COO™ bonds present in the heterocyclic ring of PGT. This
implies that these groups may be involved in the biosorption of PGT.

3.1.5. Brunauer-Emmet-Teller (BET) analysis

The total specific surface area (SSA) was estimated at 210 m? g~?
based on the multi-point BET method. The large SSA further confirmed
the favorability of the biosorbent. The linear BET plot (Fig. S4) had a
correlation coefficient close to unity (r = 0.999) thus yielding accurate
values for the SSA.

3.2. Central composite design (CCD) and data analysis
The interaction of the five independent variables, which are initial

PGT concentration, biosorbent dosage, pH, temperature, and contact
time for the biosorption of PGT to MOSB was run based on 50
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experiments developed by CCD and the experimental design plan, and
the outcomes are represented in Table 1.

The percentage removal depicting the biosorption efficiency of
MOSB for the abstraction of PGT from aqueous solutions depends on
whether the combination of the process parameters shows a significant
change. The proposed model for PGT biosorption to MOSB was
quadratic. ANOVA was used in evaluating the significant variation of the
model terms and consequently the adequacy of the proposed model
(Table S3).

Based on the F-values and p-values, the proposed model’s statistical
significance was assessed. The model terms are significant when the p-
values (prob > F) are less than 0.05 and vice versa (Jayan et al., 2021).
Reduction was carried out to enhance the model because of a few
insignificant terms. The reduced quadratic model is shown in Table 2
which displays a model F-value of 73.6, which is large enough implying
that the model is significant. The linear effects of A (time), B (temper-
ature), D (adsorbate concentration), and E (biosorbent dosage), the
interactive effects of AB, AD, AE, BD, BE, CE, and DE, and the quadratic

Table 1
Results from the experimental design matrix.
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effects of A? are significant model terms. C (pH), AC, BC, CD, B2 C2 D?,
and E2 have no significant effect on the biosorption process of PGT. The
lack of fit F-value of 1.21 suggests that the lack of fit is insignificant in
comparison to the pure error and therefore the reduced quadratic model
fits. Even after the model reduction, the parameter coded C which was
the pH was not significant implying that PGT removal is unaffected by
varying pH. This is because PGT is not dissociated under varying pH
values, a scenario observed by Moulahcene et al. (2015) and, Banasiak
and Schafer (2010). This means that electrostatic forces probably do not
contribute substantially to greater PGT biosorption or that their influ-
ence is ignored. The fit statistics gave a regression coefficient (R?) of
0.964 which was satisfactory. The predicted R2 (0.926) was in close
consensus with the adjusted R? (0.951) denoting the proposed model is
acceptable and reliable.

This reduced quadratic model can be utilized to explore the design
space and Equation 5 illustrates the empirical relationship between the
five variables involved in the process and biosorption efficiency (R).

Run Factor 1(A): Factor 2 (B): Factor 3 Factor 4 (D): Factor 5 (E): Response 1: Response 2: Response 3: Amount
Time(Mins) Temperature Kelvin (O): pH Adsorbate ppb Adsorbent g Concentration adsorbed Percentage removal adsorbed (qe) ug g~ *
(gL ®
1 180 298 2 20 0.1 17.2 £+ 0.04 85.8 4.3
2 10 298 2 20 0.1 16.4 £+ 0.05 82.0 4.1
3 10 298 2 500 0.1 441.6 £ 0.65 88.3 110.4
4 95 318 6 260 0.55 233.1 £ 0.07 89.7 10.6
5 180 298 10 500 1 445.6 + 0.34 89.1 11.1
6 180 298 10 20 0.1 17.3 £+ 0.02 86.4 4.3
7 180 338 10 20 0.1 14.2 + 0.01 71.0 3.5
8 10 338 10 20 1 16.7 + 0.02 83.5 0.4
9 10 338 10 500 1 445.7 £ 0.01 89.1 11.1
10 95 318 6 260 0.55 231.4 £ 0.02 89.0 10.5
11 180 338 10 20 1 17.8 + 0.03 89.1 0.4
12 95 298 6 260 0.55 240.7 £ 0.11 92.6 10.9
13 180 338 2 500 1 445.1 + 0.04 89.0 11.1
14 10 298 10 20 1 16.5 + 0.01 82.5 0.4
15 95 318 2 260 0.55 232.0 £ 0.01 89.2 10.5
16 10 338 2 500 0.1 423.3 £0.10 84.7 105.8
17 95 318 6 260 0.1 226.1 £ 0.08 87.0 56.5
18 10 318 6 260 0.55 218.3 £ 0.03 84.0 9.9
19 95 318 6 20 0.55 17.7 £+ 0.05 88.7 0.8
20 95 318 6 260 0.55 229.6 £ 0.06 88.3 10.4
21 180 338 2 20 0.1 14.5 + 0.01 72.5 3.6
22 95 318 10 260 0.55 232.0 £ 0.04 89.2 10.5
23 10 338 10 500 0.1 4249 £ 0.03 85.0 106.2
24 180 338 10 500 0.1 383.1 + 6.06 76.6 95.8
25 10 338 2 20 0.1 14.9 £+ 0.03 74.5 3.7
26 95 338 6 260 0.55 230.3 £ 0.05 88.6 10.5
27 10 298 2 500 1 413.1 + 0.07 82.6 10.3
28 180 338 2 20 1 17.2 £+ 0.03 86.0 0.4
29 10 338 2 500 1 435.7 £0.10 87.1 10.9
30 10 298 10 500 0.1 437.8 £0.03 87.6 109.5
31 180 318 6 260 0.55 216.3 £+ 0.05 83.2 9.8
32 180 298 2 20 1 17.8 £+ 0.03 89.1 0.4
33 10 338 10 20 0.1 14.2 £ 0.48 71.0 3.5
34 10 338 2 20 1 16.0 + 0.14 80.0 0.4
35 95 318 6 260 1 235.0 £ 0.35 90.4 5.9
36 10 298 10 20 0.1 16.0 + 0.16 80.0 4.0
37 180 298 10 20 1 18.0 + 0.04 90.0 0.5
38 95 318 6 260 0.55 226.4 + 0.01 87.1 10.3
39 180 338 2 500 0.1 386.2 + 0.07 77.2 96.5
40 180 338 10 500 1 442.6 + 0.85 88.5 11.1
41 180 298 2 500 0.1 442.8 +£0.11 88.6 110.7
42 95 318 6 260 0.55 235.1 £ 0.03 90.4 10.7
43 95 318 6 260 0.55 232.7 £ 0.05 89.5 10.6
44 95 318 6 260 0.55 228.0 £ 0.02 87.7 10.4
45 10 298 10 500 1 416.3 + 0.01 83.3 10.4
46 180 298 10 500 0.1 441.5 £ 0.43 88.3 110.4
47 10 298 2 20 1 15.5 + 0.02 77.5 0.4
48 95 318 6 260 0.55 232.0 £ 0.02 89.2 10.5
49 180 298 2 500 1 445.3 £ 0.02 89.1 11.1
50 95 318 6 500 0.55 449.5 £ 0.11 89.9 20.4
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Table 2

ANOVA for Reduced Quadratic model.
Source Sum of Squares df Mean Square F-value p-value
Model 1358.90 13 104.53 73.59 <0.0001 significant
A-Time 39.94 1 39.94 28.12 <0.0001
B-Temperature 140.45 1 140.45 98.88 <0.0001
C-pH 1.42 1 1.42 1.00 0.3236
d-Adsorbate 163.05 1 163.05 114.79 <0.0001
E-Adsorbent 186.32 1 186.32 131.18 <0.0001
AB 70.25 1 70.25 49.46 <0.0001
AD 50.26 1 50.26 35.38 <0.0001
AE 80.99 1 80.99 57.02 <0.0001
BD 21.38 1 21.38 15.05 0.0004
BE 218.87 1 218.87 154.09 <0.0001
CE 15.78 1 15.78 11.11 0.0020
DE 33.78 1 33.78 23.78 <0.0001
A? 336.42 1 336.42 236.86 <0.0001
Residual 51.13 36 1.42
Lack of Fit 42.65 29 1.47 1.21 0.4243 not significant
Pure Error 8.48 7 1.21
Cor Total 1410.04 49

R=89.15+1.08*A—2.03*B+0.20*C+2.19*D+2.34 *E —1.48 *
AB-1.25 * AD + 1.59 * AE + 0.82 * BD + 2.62 * BE + 0.70 * CE -1.03 *
DE -5.56 * A2 (Equation 5)

where A-E are the coded values for the independent variables, and R
is the percentage removal indicating biosorption efficiency. Coefficients
featuring a single factor demonstrate the influence of that specific
component, whereas coefficients containing multiple variables describe
the interaction of those variables. Synergistic effects are indicated by a
positive sign before the terms, and antagonistic effects are indicated by a
negative sign (Ani et al., 2019). For specific levels of each coded factor,

Equation (5) can be applied in computing the response. The high values
of the factors are coded as +1, while the low levels are coded as —1. By
comparing the factor coefficients, Equation (5) can be used to determine
the significance of the process variables. Fig. 2 (a), a graph of actual
experimental values versus predicted values, displays a reasonable dis-
tribution along a straight line implying a good relationship. Diagnostic
plots providing additional information about the model’s fitness by
correlating the experimental and predicted values of biosorption of PGT
to MOSB are shown in Fig. 2(b—d). Fig. 2 (b) displays a straight line when
the normal percentage probability is plotted against internally
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studentized residuals demonstrating that the error terms have a normal
distribution. This validated the goodness of fit of the model predictions.
In Fig. 2 (c), the random scatter along a center line of the residuals of the
predicted values of PGT biosorption illustrates that the observed and
predicted values agree, and this is corroborated by Fig. 2 (d) showing a
distribution along a center line in the residuals of the run. The Box-Cox
plot (Fig. S5 (b)) for power transform did not recommend any data
transformation.

3.3. Model graphs for all factor interactions

Fig. S6 (a) displays all factor perturbation around a reference point of
contact time-95 min, temperature-318 K, adsorbate concentration of
260 pg L™}, pH-6, and 0.55g of biosorbent. Fig. 6 (b-f) shows the impact
of independent parameters on the biosorption process, taking into
consideration all the factor interactions. As contact time varied from 10
to 180 min, there was a faster initial increase reaching a peak before a
decrease in percentage removal (Fig. S6(b)) due to abundant vacant
pores before saturation and equilibrium is achieved (Luttah et al., 2023).
The removal efficiency dropped as the temperature increased from 298
to 338 K (Fig. S6(c)). Fig. S6(d) corroborates the ANOVA tests displaying
PGT removal being unaffected by pH and the percentage removal
remaining practically constant. As the concentration of PGT rose, the
percentage eliminated increased alongside the quantity adsorbed, as
seen in Fig. S6(e). The amount adsorbed rose from 87.3% to 90.4% as
the amount of MOSB was increased from 0.1 to 1 g (Fig. S6(f)). This
corresponds to the rising vacant pores (Aly-Eldeen et al., 2018). When
the biosorbent-to-adsorbate concentration ratio is larger, there is swift
surface sorption onto the biosorbent, resulting in a lower adsorbate
concentration in the solution than when the biosorbent-to-adsorbate
concentration ratio is smaller. This is because a specific amount of
biosorbent with a fixed number of available binding sites can only
adsorb a particular quantity of PGT. Consequently, the higher the bio-
sorbent dose, the greater the concentration of PGT purified by a certain
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amount of MOSB.

3.4. Three-dimensional surface plots for the biosorption of PGT onto
MOSB

To estimate the impact of the various interactions of independent
factors on biosorption efficiency, three-dimensional (3-D) response
surface plots were generated. The 3-D plots are shown in Fig. 3(a—f) and
their respective contour plots giving more visual representation of the
observations are in the supplementary information (Fig. S7 (a-f)). From
Fig. 3 (a), biosorption efficiency was affected by both contact time and
temperature. Closer to room temperature (298 K), suitable for real
wastewater treatment, was more favorable. The optimal area of effi-
ciency was observed between 74 min and 163 min and thereafter there
was a decrease depicting desorption. The same range of contact time and
increased amount of adsorbate and biosorbent augmented the bio-
sorption efficiency (Fig. 3 (b & c)). Furthermore, lower temperature and
increased initial concentration of PGT and biosorbent dosage improved
the percentage removal (Fig. 3 (d)). In addition, at higher values of
initial PGT concentration and biosorbent dosage, the collective effect
was greater (Fig. 3 (e)).

3.5. Optimization of the biosorption process

In the optimization analysis, the dependent variables, percentage
removal and amount adsorbed (qe), were set at maximum. For the in-
dependent factors, the temperature was minimized to depict experi-
ments carried out at room temperature, and the pH was targeted at 7 to
depict near-natural conditions of wastewater treatment; the biosorbent
was minimized to ease disposal after use; the adsorbate was maximized
while the contact time was left in range. The goal was to find the best
settings that would result in the best response. Based on the desirability
function, the optimum response in terms of percentage removal was
found to be 93.7% and 109 pg g~ ! amount adsorbed at a contact time of
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Fig. 3. (a-f): 3-D plots estimating the effect of the combinations of the independent variables on the adsorption efficiency.
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86.8 min, pH of 7.0, a temperature of 298 K, biosorbent dosage of 0.1 g
and a desirability function of 0.995. The ramps displaying the optimized
parameters are shown in Fig. S8 in the supplementary file. This confirms
the validity of the proposed quadratic model and reliability in predicting
the response (R). Acid-activated MOSB has been demonstrated to be an
inexpensive alternative biosorbent capable of abstracting PGT from
aqueous media.

3.6. Biosorption isotherm studies

To obtain the biosorption isotherms, the initial PGT concentration
(20-500 pgL!) was varied as all the parameters were kept constant at
the optimized parameters (pH-7; contact time-87 min; biosorbent
dosage of 0.1 g and 298 K). Following equilibration, the remaining PGT
in the solution was determined, and the equilibrium biosorption ca-
pacity, ge, at various initial PGT concentrations, was calculated using
Equation (6) (Owino et al., 2023).

(Co_Co)V

i (Equation 6)

de=

Higher adsorbate concentrations resulted in the rise of both the
percentage removed and the amount adsorbed. This implies that more
molecules of the adsorbate are being taken up by the vacant pores of the
biosorbent. This is because increased concentration levels offer an
intense impetus of the concentration gradient, which aids in overcoming
the mass transfer resistance of the PGT molecules between the liquid and
solid phases (Aly-Eldeen et al., 2018; Bayuo et al., 2020).

The experimental data were fitted to two-parameter isotherm
models, namely, Langmuir and Freundlich, and three-parameter
isotherm models, namely, Redlich-Peterson and Sips. The Red-
lich-Peterson model (Equation (7)) (Redlich and Peterson, 1959) com-
bines Langmuir and Freundlich models and if data fits the model, then
the biosorption is hybrid implying that ideal monolayer sorption is not
feasible. Due to its versatility, it applies to homogeneous or heteroge-
neous surfaces.

AC,

=17BC (Equation 7)

qe

where C, denotes the equilibrium concentration of the solute (pg/L), g,
represents equilibrium biosorption capacity (pg g™1), A (L pg™)), B (L
g 1) denotes the constants of the Redlich-Peterson model and g repre-
sents an exponent expressing the heterogeneity of the biosorbent and its
values between 0 and 1. When g values are equal to zero and one, the
Redlich-Peterson isotherm converges to the Henry and Langmuir iso-
therms, respectively. Furthermore, when the isotherm parameters A and
B > 1 and g < 1, the Redlich-Peterson isotherm will represent the
Freundlich isotherm (Equations (8) and (9)) which is possible at high
solute concentration in the liquid phase.
A

qe= —cl-g

TR (Equation 8)

where A/B—Kg and (1—g) = 1/n of the Freundlich model translating to:

1
qe =K;C? (Equation 9)

Equation (7) changes to the Langmuir isotherm (Equation (10))
when g = 1 and with b = B [Langmuir constant (L g’l), which is asso-
ciated with the biosorption energyl. A = bq, and g, represent Lang-
muir's maximum biosorption capacity of the biosorbent (ug g™1).
(Freundlich, 1906).

quXCC

Q=g

1+K.C, (Equation 10)

Where g, (ug g 1) and C, (ug L) are the adsorbed solute and the so-
lution concentration at equilibrium, respectively, and Q, (g g~ 1) is the
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monolayer biosorption capacity. C, (ug L™1) is the initial solution con-
centration. The K (L mg_l) and Ky (L g_l) are the Langmuir and
Freundlich constants and 1/n is the biosorption affinity or surface het-
erogeneity index (Langmuir, 1916).

When § = 0, equation (7) becomes Henry’s model having A/B as
Henry’s constant (Kyg).

q. =KgCe (Equation 11)
In heterogeneous biosorption, where the adsorbed molecule has
numerous biosorption sites, the Sips isotherm (Equation (12)), which
combines the Freundlich and Langmuir isotherms is the most appro-
priate (Sips, 1948). Adsorbate-adsorbate synergy, however, is not
considered by the model.

By
_ qusasCye

= Equation12
1+aCP (Eq )

e

Where ¢, a5, and B; are the isotherm constants. The constant By is the
heterogeneity index whose magnitude increases with heterogeneity.

The isotherms plots are represented in Fig. 4 (a) and Table 3 (a)
highlights the biosorption isotherm parameters. The Langmuir model
was able to adequately describe the experimental sorption data as
depicted by the R? and the chi-square values (Table 3 (a)) thus implying
a monolayer; however, other biosorption surfaces were also available
and contributed to the biosorption process, hence, the description by
Sips model (Bagheri et al., 2020). This agrees with the Redlich-Peterson
isotherm model whose g value was unity implying a leaning towards the
Langmuir isotherm model. This is further corroborated by the Sips
model where when the B value is closest to unity (0.950), it suggests a
monolayer type of biosorption which is consistent with the Langmuir
equation (Shikuku and Jemutai-Kimosop, 2020). The sips model closely
followed the Langmuir model predicting a maximum biosorption ca-
pacity of 139.94 pg g~!. In summary, the equilibrium data fitted the
isotherms in the following order: Langmuir > Sips > Redlich-Peterson >
Freundlich. All the isotherms gave an R? > 0.94 thus implying that the
biosorption was multi-mechanistic. From the Freundlich parameters,
according to Treybal (1981), the value of n demonstrates the favorability
of the biosorption process. Accordingly, n values in the range 2-10
represent favorable, 1-2 moderately unfavorable, and less than 1 a poor
adsorptive potential. In this study, the magnitude of n (2.54) signifies a
favorable biosorption process. Furthermore, 1/n indicates the strength
of the adsorbate-biosorbent bonds. A value less than 1 indicates weak
adsorbate-biosorbent interaction indicating physisorption. The value
obtained in this study (0.394) therefore implies that the process was
physisorption and the interactions were weak (Shikuku and
Jemutai-Kimosop, 2020).

Giles et al. (1974) categorized organic solute biosorption into four
depending on their shapes: L, S, H, and C, and subsequently into sub-
groups. According to this sub-division, the isotherm of PGT biosorption
displayed an L-type curve, subgroup 2c. In L-type curves, also called type
1 or normal curves, the L stands for Langmuir which in essence is
consistent with data in this study fitting more into the Langmuir model.
In such kinds of curves, the slope usually falls with a rise in adsorbate
concentration because all biosorption sites are occupied. The subgroup
(2c) is majorly displayed by a microporous substrate, further confirming
the porosity of MOSB.

3.7. Kinetic studies

Having optimized the parameters required (pH-7; initial PGT
concentration-500 pg L™1; biosorbent dosage of 0.1 g and 298 K), the
biosorption kinetics experiments were performed by varying the contact
time (0-180 min). Equation (13) was used to determine how much PGT
was adsorbed per unit mass at time (t).
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Table 3

(a) - Adsorption isotherm parameters, (b) - Calculated kinetic parameters for
PGT biosorption to MOSB, (c) - Thermodynamic parameters for PGT adsorption
onto MOSB.

(@)
Isotherm Langmuir Freundlich Redlich- Sips
Peterson

Parameters Qmax = 1/n= A =5.742 as = 0.046
135.848 0.394 B=0.042g qus=
K, = 0.042 K = =1 139.938

18.025 B; = 0.950
Coefficient of 0.995 0.942 0.995 0.995
determination (R?)

Chi-square (x?) 7.706 75.038 8.476 8.092

(b)

Kinetic model PFO PSO

Parameters Qe (cal) (ug g™ = 111.146 Qe (cal) (ng g1 = 111.289

ko (min~!) = 0.051
qe (expt) (g g 1) = 111.1

k; (min~!) = 0.217
qe (expt) (pg g~ = 111.1

Srate (g g ' min™1)  24.119 631.647
tyo (min~1) 3.194 0.176
R? 0.99887 0.99874
¥ 1.39884 1.55385
©
% removal AG (kJ mol™1) AH (kJ mol™Y) AS (J mol ™)

298 89.83 —-22.51 -9.258 +44.16
308 88.03 —22.80
318 86.62 —23.20
328 85.62 -23.70
338 85.02 —24.29

C,—C)V .

q= (G =C)V (Equation 13)

M

Where C, and C; are the initial and equilibrium concentration (pg L’l),
M is the biosorbent mass (g) and V is the volume of the solution (L).
There was a faster initial uptake reaching a peak before a decrease in
percentage removal. PGT’s initial rapid biosorption was facilitated by
the abundance of vacant binding sites as confirmed by the initial bio-
sorption rate (Srate) and the half-life (t;,2). There was no discernible
change in the amount in the solid phase depicting achieved equilibrium
as time passed. The equilibrium changed towards desorption as a result
of saturation of the binding sites, repulsion between adsorbed PGT and
those in bulk solution, and inaccessibility of the active inner pore sites.
The kinetic data was fitted to two frequently used kinetic models,
namely, pseudo-first-order (PFO) (Ho and McKay, 1998), and
pseudo-second-order (PSO) (Ho, 2006) represented in Equations (14)

and (15), respectively:

Pseudo — first — order .
model : g, =g.(1 — %) (Equation 14)

Pseudo — second — order
qgkzt
1+ k2qet

(Equation 15)
model : g, =

Where t (min) and q; (ug g’l) are time and amount adsorbed at
equilibrium time, respectively, while g, is the equilibrium biosorption
capacity. k; (min~1) and k, (g pg~* min 1) are rate constants. Assuming
PFO kinetics, the initial biosorption rate (S;,t) and biosorption half-life
(t1/2) were evaluated using Equations (16) and (17), respectively.

Srate = K14 (Equation 16)
n2 .
5] 27K, (Equation 17)

Equations (18) and (19) were used to calculate the initial sorption
rate and biosorption half-life for PSO.

Srate = K2 (Equation 18)

t s :qu (Equation 19)

The comparative fitting of the experimental data to the kinetic
models is shown in Fig. 4 (b). The model’s suitability to represent re-
action kinetics was determined based on the proximity between exper-
imental (gexp) and model-predicted (q.q) equilibrium biosorption
capacities and the R? and y? values. The calculated kinetic models’ pa-
rameters are presented in Table 3 (b). Based on the R? and XZ, and the
closeness between the experimental (qexp) and the model-predicted (gca)
equilibrium biosorption capacities, both the pseudo-first-order (PFO)
and pseudo-second-order (PSO) model forecasted the biosorption ki-
netics comparatively well but PFO gave the best fit. The PFO model
assumes a physisorption-governed rate-determining step.

3.8. Biosorption thermodynamics

Over a temperature range of 298-338 K, the impact of temperature
changes on biosorption was investigated. Here, 25 mL of 500 g L™! of
PGT at pH 7, was added to 0.1 g of MOSB and swirled using a
temperature-controlled magnetic stirrer at various temperatures (298,
308, 318, 328 and 338 K), until equilibration at 87 min. Using equations
(20)-(22), the thermodynamic parameter, change in Gibbs free energy
(AG) was calculated.
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AG= — RTInK, (Equation 20)

K. =1000K, (Equation 21)

K;= Ccads (Equation 22)
e

Where K, is the equilibrium constant (dimensionless), Cq4s is the equi-
librium solid phase concentration (ug L™Y) and C, is the solution’s
equilibrium concentration (ug LY. Tisthe temperature in Kelvin and R
is the gas constant (8.314 J mol 'K D). K4 is the distribution coefficient
(L g’l), and the density of water is 1000 g L~! (Luttah et al., 2023). The
changes in entropy (AS) (J mol™!) and enthalpy (AH) (kJ mol™1) were
obtained from the intercept and slope of the Van’t Hoff plot (Equation
(23)), respectively (Shikuku et al., 2015).

(Equation 23)

From Table 3 (c), there was a reduction in the percent removal of PGT
with every increase in temperature implying an exothermic process.
This is confirmed by the negative AH value (—9.258 kJ mol™!). The
decline is caused by greater water solubility at elevated temperatures by
most adsorbates, adsorbate’s reduced attraction for the biosorbent sur-
face (Jemutai-Kimosop et al., 2020), and the exothermicity of the re-
action which makes it less favorable with increased temperature. The
biosorption of PGT to MOSB can thus be carried out at room temperature
thus suiting utilization in real wastewater treatment systems. The AH
value (—9.258 kJ mol 1), far below the standard range of 40-120 kJ
mol~! for the chemisorption mechanism, implies that the biosorption
mechanism of PGT onto MOSB is physical with no exchange in electrons,
thus consistent with the PFO model. The negative AG values imply that
the biosorption of PGT onto MOSB is a spontaneous and favorable pro-
cess. The physical biosorption mechanism suggested previously is sup-
ported by the comparatively small magnitudes of AG values. Further
confirming exothermicity, the magnitude of AG increased with an in-
crease in temperature thus becoming less favorable. The enhanced
disorderliness and affinity of the biosorbent for the adsorbate at the
liquid-solid interface has been demonstrated by the positive AS value
(Luttah et al., 2023).

3.9. Effect of pH

Solution pH, the surface charge of the biosorbent, and the pKa values
of the adsorbate are variables that determine the mechanism of bio-
sorption which could be a complex interplay between electrostatic, non-
electrostatic, and hydrophobic interactions (Ngeno et al., 2016). Over a
pH range of 2-12, the impact of pH on the amount of PGT elimination
was examined. The percent removal as a function of pH is displayed in
Fig. S9 pH variations did not greatly affect PGT biosorption, with
percent removal ranging from 89.8 to 90.1% in the chosen pH range.
The surface charge of the biosorbent (pHgp.) (Fig. S1) was 6.8 (neutral)
and the surface charge of the biosorbent is predicted to be positive below
this number and negatively charged above it. 44% of M.O seeds are
proteins of which 53% are globulins and 44% are albumins. These
water-soluble proteins in M.O have a net positive charge (Militao et al.,
2022). However, during modification with H3POy4, negatively charged
phosphates from dissociated H3PO4 interact with the positively charged
MOSB resulting in a neutral species (Fig. S10) (Bagheri et al., 2020) thus
confirming the neutrality of the biosorbent surface. Focusing on PGT, it
is characterized by two pKa values; pKa; at —4.8 and pKay at 18.92.
Therefore, in the pH range of 2-12 of the study, PGT existed entirely as a
neutral species implying that PGT is undissociated under varying pH
conditions. As a result, electrostatic attractions were deemed negligible
and consequently ruled out as a biosorption mechanism since both the
biosorbent and adsorbate are neutral species unaffected by changes in
pH. This is supported by similar observations by Moulahcene et al.
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(2015) as well as the independence of the % removal from solution pH.
The mechanism of biosorption could be ascribed to n-n interactions
facilitated by the availability of oxygen-containing functional groups
such as carbonyl in PGT interacting with aromatic rings (r electron re-
ceptors) found in the carbonaceous biomass compounds, such as lignin,
cellulose, and hemicellulose (Araujo et al., 2018). Furthermore, its Log
Kow of 3.87 and water solubility of 8.81 mg L™! at 25 °C make it hy-
drophobic (National Centre for Biotechnology Information, 2022).
Consequently, the interaction between the PGT’s hydrophobic chain
with the hydrophobic regions of MOSB contributes to the biosorption
mechanism.

3.10. Comparison of MOSB with other adsorbents in the removal of PGT
and other pollutants

The sequestration of different pollutants using M.O biosorbents was
compared and is shown in Table S4.

3.11. Study strengths, limitations and recommendations

To the best of our knowledge, this is the first time acid-activated, fat-
free M.O seeds are being investigated for the removal of PGT from
aqueous solutions with RSM as an experimental design tool for the
optimization of process parameters. Nonetheless, there were some study
limitations encountered; firstly, due to the inadequacy of facilities, the
biosorbent was not characterized using X-ray photoelectron spectros-
copy (XPS). This was however countered by carrying out SEM-EDS
which equally gave the elemental composition. Secondly, biosorption
in real wastewater and regeneration of the biosorbent were outside the
scope of the study and future prospective studies may wish to explore
these areas.

4. Conclusions

In this work, acid-activated fat-free MOSB was used for the bio-
sorption of PGT from aqueous solution using CCD for the optimization of
process parameters. Based on RSM, the optimized parameters, display-
ing a 93.7% removal efficiency were 86.8 min contact time, 298 K, 500
ug L1 as initial adsorbate concentration, and a 0.1 g biosorbent. Bio-
sorption efficiency was unaffected by pH variation. The equilibrium
biosorption data were best described by the Langmuir model with an
estimated maximum biosorption capacity of 135.8 pg g~'. Biosorption
kinetics followed pseudo-first-order (PFO) kinetics while thermody-
namics investigation revealed the biosorption process to be spontaneous
(AG < 0), exothermic (AH = —9.258 kJ mol_l), and random (AS =
+44.16 J mol ). The magnitude of AH and conformity to PFO indicated
that the biosorption mechanism was physical.
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