Applied Water Science (2023) 13:63
https://doi.org/10.1007/513201-023-01867-9

ORIGINAL ARTICLE q

Check for
updates

Biosorption of metronidazole using Spirulina platensis microalgae:
process modeling, kinetic, thermodynamic, and isotherm studies

Zahra Esmaili’ - Behnam Barikbin' - Mahmoud Shams'2 . Hossein Alidadi'-2 - Tariq J. Al-Musawi® -
Ziaeddin Bonyadi'~2

Received: 24 August 2022 / Accepted: 3 January 2023 / Published online: 12 January 2023
© The Author(s) 2023

Abstract

Metronidazole is well-known antibiotic which, globally, ranks high in popular usage. Therefore, traces of residues of this
antibiotic were identified in aquatic bodies. A photosynthetic cyanobacterium, of the microalgae category, S. platensis, has
been found to be efficient in the removal of this antibiotic. This study was performed to evaluate the efficiency of S. platensis
in the removal of metronidazole from aqueous environments. To set up the optimum conditions for facilitating metronida-
zole removal, BBD model was employed. The experiment included the following parameters: the initial metronidazole level
(10-80 mg/L), pH (4-10), contact time (10-60 min), and biomass dose (0.1-0.5 g/L). From the findings it was evident that
S. platensis was able to remove 88.15% of the metronidazole under the following conditions: contact time 38.05 min, metro-
nidazole level 35 mg/L, pH 7.71 and a biomass dose 0.3 g/L. The quadratic model revealed that metronidazole concentration
was the chief variable that influenced its removal rate. MNZ removal rate was observed to follow the pseudo-second-order
model and the Freundlich model. From the thermodynamic data it appeared that the process of metronidazole biosorption
was spontaneous, exothermic and physical. The results of this study revealed that S. platensis could be used as an inexpensive
and efficient biosorbent to remove the metronidazole from aqueous solutions.
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aquatic bodies via the municipal and industrial wastewater are
a variety of compounds (Gondi et al. 2022). These include pes-
ticides, disinfectant byproducts, and antibiotics (Pirsaheb et al.
2013; Gilca et al. 2020). Antibiotics used in the treatment of
some bacterial infections form a big pollutant class (Polianciuc
et al. 2020). Most of them are resistant to biological treatments
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and their concentration has been observed to show a gradual
rise in both water and soil (Bonyadi et al. 2021).

MNZ, an antibiotic of the nitroimidazole family, is com-
monly used in the treatment of bacterial infections as it helps to
decrease inflammation. It finds use in the treatment of parasitic
diseases in poultry and fish as well (Malakootian et al. 2019).
Despite its efficacy in the treatment of various diseases, the use
of MNZ is often linked to problems related to health and the
environment. MNZ is circular in structure and causes damage
to the DNA of the lymphocytes. This pollutant has the poten-
tial to be carcinogenic and mutagenic in humans (Farzadkia
et al. 2015). The two significant properties of this contaminant
are its low degradability and high solubility in aqueous solu-
tions. It is these characteristics that lower the efficiency of its
removal through the use of a variety of purification methods.
Therefore, it is crucial to remove the MNZ from aquatic envi-
ronments employing effective techniques (Jiang et al. 2018).
From a variety of studies, it is obvious that several methods
like chlorination chlorination (Wang et al. 2020), adsorption
(Tang et al. 2021), use of nanoparticles (Adel et al. 2021), and
oxidation (Brito et al. 2021) are being employed for antibi-
otic removal from aqueous solutions. Despite the efficacy of
these techniques in MNZ removal, these are frequently related
to some disadvantages, namely, high cost of investment and
operation, large production of sludge and byproducts (Adel
et al. 2021). Only in recent times has the application of bio-
logical processes in environmental pollutant removal garnered
favorable attention, as these have been found environmentally
friendly, involve low cost of investment, have good efficacy in
pollutant removal and produce lower volume of sludge (Sad-
eghi et al. 2019).

In some recent studies, different algae have been used
as special biosorbents to treat a variety of wastewaters and
polluted waters (Jayakumar et al. 2021; Kiki et al. 2021).
With their high adsorption capacity caused by the carboxyl,
sulfonate, hydroxyl and amine groups present on their sur-
faces, these algae show promise (Nasoudari et al. 2021).
S. platensis, a photosynthetic cyanobacterium, belongs to
the microalgae group. These occur most frequently in saline
waters, like seas and lakes (Liliana et al. 2021).

The aim of this paper is the elimination of metronidazole
from the aqueous medium using S. platensis (as a biosorb-
ent). The MNZ removal process was also explored to attain a
clearer understanding of the biosorption mechanism employ-
ing isotherm, kinetic, and thermodynamic studies.

Materials and methods
Chemicals and reagents

The Sigma-Aldrich Company (Germany) was the suppli-
ers of the MINZ antibiotic. The synthetic solutions prepared
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Table 1 Range and levels of independent factors used for the MNZ
biosorption

Factor Code Factor level

-1 0 +1
MNZ concentration (mg/L) A 10 45 80
S. platensis dose (g/L) B 0.1 0.3 0.5
Contact time (min) C 10 35 60
pH D 4 7 10

at different concentrations were done using the MNZ stock
solution of 500 mg/1 through dilution with deionized water.
Merck (Germany) supplied the other chemicals also used
in this work.

Biosorbent preparation

The organism of S. platensis (abdf 2224) was received
from the Iranian National Algae Culture Collection, Teh-
ran, Iran. Using Zarrouk’s medium this microorganism was
grown under constant light (3000 Ix) and room tempera-
ture (25-27 °C). The separation of the algal cells from the
medium was done using a centrifuge at 8000 rpm for 12 min.
Then, the algae thus collected were dried at 60 °C for 24 h.
Finally, the dried algae were placed under a dryer at room
temperature and used in the biosorption experiments that
followed.

Biosorbent characteristics

Employing the FTIR, SEM, and BET techniques, the
biosorbent surface was investigated and characterized. The
functional groups present on the S. platensis surface and the
interaction between them and the MNZ, post the biosorp-
tion process, was measured using the FT-IR spectrometer
(Broker victor 22). The S. platensis surface morphology was
studied by applying the SEM test (MIRA3-FEG, TESCAN,
Czech). Using the BET method (ASAP 2020, Micromeritics
Co.) the specific surface area of the S. platensis was meas-
ured via the nitrogen single-layer adsorption and computed
as a function of the relative pressure.

Design of experiments

As shown in Table 1, all the various variables, such as the
initial MNZ level (10-80 mg/L), pH (4-10), contact time
(10-60 min), and S. platensis dose (0.1-0.5 g/L) were exam-
ined in this study. All the experiments were performed in
250 mL flux which contained 100 mL of the synthetic mix-
ture. A magnetic shaker (Parsazazma model, Iran) was used
to agitate the synthetic solutions at 300 rpm, fixed velocity.
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When the reaction time ended, sampling was done by
taking 10 mL of the synthetic solution in a reaction ves-
sel, and centrifuging it at 4000 rpm for 15 min. It was then
filtered using Whatman 42 filter paper. Finally, the value of
the remaining MNZ in the supernatant was assessed using
the spectrophotometer at Amax of 320 nm. The following
equation was applied to calculate the removal rate of MNZ:

) (C0 - Ce) x 100
Removal efficiency % = ——— €))]
Co
where C,; is the initial MNZ concentration (mg/1), Ce repre-
sents the MNZ concentration in the treated solution post a
given biosorption time (mg/L).

(Cy—Co) y

m

9. = v @)
where m is the mass of the algae biosorbent (g), and V indi-
cates the reaction solution volume (L).

Modeling MNZ removal

The present study employed the RSM and BBD design, to
optimize the efficiency of metronidazole removal by S. plat-

ensis. The following equation expresses the quadratic model
used by the RSM:

k k k
Y=fo+ D Bt D Bl Y B 3)
i=1 i=1

1<i<j

where Y, B, fB;, Py, By and x; or x; represent the predicted
response, constant coefficient, regression coefficients for lin-
ear impacts, quadratic coefficients, interaction coefficients,
and the coded values of the factors, respectively.

Isotherm, kinetic and thermodynamic studies

For selection of the best isotherm model from the Freun-
dlich, Langmuir and Tamkin isotherms, a series of experi-
ments was conducted under conditions which included MNZ
concentration of 10 to 150 mg/L, pH of 7.7 and algae dose
of 0.3 g/L.

The kinetic studies performed also constitute a crucial
part of the sorption check which gives significant informa-
tion to design a large-scale treatment system. Therefore,
maintaining the same variables cited above, the kinetic stud-
ies were done fitted to pseudo-first-order, pseudo-second-
order, and intra-particle diffusion models.

In the thermodynamic experiments, testing of the samples
was performed at different temperatures (from 15 to 45 °C)
keeping the other parameters fixed as listed: MNZ concen-
tration of 35 mg/L, pH of 7.7, S. platensis dose of 0.03 g/L,
and contact time of 35 min.

Regeneration study

Economically speaking, adsorbent reuse is very significant
in the removal of contaminants from aquatic bodies. In this
study, the initial step was to select the suitable condition
(acidic or alkaline) as the adsorbent was influenced by both
acidic (pH =4) and alkaline (pH =10) solutions. After a
series of adsorption and desorption tests was done, the effi-
ciency of the adsorbent was found to be greater under alka-
line conditions. Hence, the biosorbent regeneration process
was performed in an alkaline solution. The experiments were
then conducted by maintaining the optimized parameters and
regenerated sorbent.

Results
Characterization analysis

Using the FTIR method, analysis was done of the func-
tional groups present on the biosorbent and their effects on
MNZ removal. In Fig. 1 the FTIR spectra of fresh and used
S. platensis are shown. Prior to the removal of the MNZ,
the FTIR spectrum of the biosorbent showed the differ-
ent main intense bands, around 3300, 2961, 2924, 2851,
1657, 1540, 1454, 1398, 1239, 1151, 1079, 697, 668, and
623 cm™~! (Fig. 1A). The peak observed at 3300 cm™! was
correlated to the O—H bond stretching, overlapping with
the NH, group. The adsorption peaks noted at 2961, 2924,
and 2851 cm™! were caused most likely by the stretching
vibrations of the CH3 and CH2 groups. In Fig. 1B, the
situation of a few of the peaks revealed changes post the
MNZ biosorption. The change of the 33,300 cm™! peak
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Fig. 1 FTIR Spectra of (A) before and (B) after MNZ biosorption
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Fig.2 SEM Images of S. Platensis

Table 2 Surface and pore characteristics of S. platensis

Mean pore diameter Total pore volume Surface (m%g)
(nm) (cm®/g)
0.24 0.0011 18.02

to 3313 cm™! enables the MNZ to get attached onto the
—OH and —NH groups (Kousha et al. 2013). The change in
the peak at 1657.38-1660.39 cm™" indicates that the C=0
group is involved. Furthermore, the peak at 1073.94 cm™!
is altered to 1039.19 cm™!, revealing that a carboxylate
group (COO-) is involved in the adsorption of MNZ mol-
ecules (Nath et al. 2015).

Figure 2 reveals the raw SEM of S. platensis. From
the SEM analysis the S. platensis surface is observed to
be irregular and with the presence of various pores. The
effective adsorption of the MNZ molecules occurs in these
pores. Thus, it can be deduced that this alga possesses an
extensive and accessible surface for the biosorption of the
MNZ.

Fig. 3 Effect of pH on zeta 14
potential of the S. platensis

Final pH
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From the BET analysis shown in Table 2, the S. platensis
clearly shows a specific surface area of 0.2477 m*/g. Further,
the average diameter and total volume of the biomass pores
were 18.026 nm (mesopore) and 0.0011 cm?/g, respectively.
The results of this study concurred with the research done by
Bazzazzadeh et al (2020) (Bazzazzadeh et al. 2020).

Figure 3 indicates the influence exerted by pH on the
zeta potential of S. platensis. This Figure shows that in this
study the pHzpc for the biomass was 6.75. This signifies
that the biosorbent surface carries a negative charge or a
positive charge when the pH values are above or below 6.75,
respectively. The pHzpc factor is one of the vital tests for
the identification of the mechanisms of biosorption (Dotto
et al. 2012).

Modeling of the MNZ removal efficiency

In this work, an examination was done on the ways the
main variables, such as the initial MNZ concentration, S.
platensis dose, contact time, and pH, affected the rate of
MNZ removal. In Table 3 a summary is given of the effects

4 6 8 10 12 14

Initial pH
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of the four parameters that coded, as shown in Table 1, on
the removal efficiency of the MNZ. The highest and lowest
removal efficiencies were observed to be 88.15 and 41.41,
respectively.

Design-Expert® Software approved the normality
of experimental findings, a mandatory requirement for
ANOVA. These findings were statistically assessed for the
linear, 2F1, quadratic and cubic models to enable the selec-
tion of the model that best explains the data. From this per-
spective, Table 4 provides the comparative model regression
findings. Thus, for the experimental data in this study, the
quadratic model was proposed as the one with the best fit.

From the results shown in Table 5, the quadratic model is
revealed in Eq. 4 in terms of the coded factors of the MNZ
removal rate (Y).

Y = 85.98 — 7.52A + 3.08B + 2.92C + 3.64D
+5.26AB — 4.34AC — 5.32AD — 2.48BC
— 6.57BD — 0.4CD — 15.63A% — 10.22B>
—17.14C* - 11.27D?

“

From Eq. (4), it is obvious that each model contains both
fixed and variable parts. Although the removal efficiency
was 85.98%, various parameters were seen to affect it. The

coded factors of A, B, C, D had the respective coefficients
of -7.52,43.08,42.92, and + 3.64. The variable of A (MNZ
concentration) having a coefficient value of -7.52 was the
one which exerted the most effect on the removal rate. The
highest interaction effect was evident in the BD, having a
coefficient of value -6.57, while the highest square effects
of the factors were seen in C2, which had a coefficient value
of — 17.14. Conduction of similar experiments at specified
optimum conditions reveals the high repeat ability of method
for prediction of real removal percentage with relative devia-
tion less than 2%.

In Table 6 ANOVA is shown for the response surface
quadratic model. Normally, when the P value is <0.05 it
implies the significance of the model. Therefore, the R2,
adjusted R2, predicted R2, and adequacy precision showed
values of 0.94, 0.89, 0.70, and 12.98, respectively. For
the expression of each model in Table 6, a P value of
below 0.05 shows that the MNZ biosorption is statisti-
cally significant. The difference between the adjusted R2
and predicted R2 was suggested to be less than 0.2, which
is true for this model. The signal-to-noise ratio adequacy
is assessed by the precision term (Aliasghar Navaei et al.
2019). This factor showed a value of 12.98 which exceeds
4, the minimum desirable value. The adequacy of the
model to predict a good outcome for the removal of MNZ

Table 3 BBD matrix for MNZ

. Run No Code of variable Removal (%) RunNo Code of variable Removal (%)
removal by S. platensis
A B C D A B C D

1 -1 0 0 -1 60.04 16 1 0 0 -1 5558

2 0 -1 0 1 72.53 17 0 0 0 0 82.31

3 0 0 -1 1 62.17 18 1 1 0 0 67.58

4 0 -1 0 -1 5229 19 -1 -1 0 0 67.26

5 -1 1 0 0 70.08 20 0 1 1 0 62.24

6 0 0 1 -1 57.86 21 0 0 0 0 88.15

7 1 0 0 1 49.33 22 1 0 -1 0 42.11

8 0 1 0 -1 63.69 23 0 0 -1 -1 51.00

9 0 0 0 0 86.76 24 1 -1 0 0 43.72

10 0 0 1 1 67.42 25 0 -1 1 0 60.32

11 -1 0 0 1 75.06 26 -1 0 -1 0 50.44

12 0 1 -1 0 63.71 27 0 0 0 0 86.76

13 0 1 0 1 57.65 28 -1 0 1 0 67.09

14 0 0 0 0 85.93 29 0 -1 -1 0 51.89

15 1 0 1 0 41.41
Table 4. Statistical adequacy Source Sequential P value Lack of Fit P value Adjusted R? Predicted R?
evaluation of models

Linear 0.2208 0.0012 0.0724 —0.0019

2F1 0.8595 0.0008 —0.0866 —0.2093

Quadratic <0.0001 0.0599 0.8913 0.7028

Cubic 0.5813 0.0226 0.883 -2.0727
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Table 5 Coefficients estimation

. Factor Coefficient Estimate df Standard error 95% CI low 95% CI high VIF

for quadratic model of MNZ

removal by S. platensis Intercept 85.98 1 2 81.7 90.27
A- Conc -7.52 1 1.29 -10.29 —4.75 1
B- Dose 3.08 1 1.29 0.3124 5.84 1
C- Time 2.92 1 1.29 0.152 5.68 1
D- pH 3.64 1 1.29 0.8754 6.41 1
AB 5.26 1 223 0.4676 10.05 1
AC —-4.34 1 223 -9.13 0.4539 1
AD -532 1 2.23 —10.11 —0.5261 1
BC -2.47 1 2.23 -7.27 2.32 1
BD -6.57 1 2.23 —11.36 -1.78 1
CD —0.4025 1 2.23 -5.19 4.39 1
A? —15.63 1 1.75 —19.39 —11.87 1.08
B2 -10.22 1 1.75 —13.99 —6.46 1.08
c? -17.14 1 1.75 -20.9 -13.37 1.08
D? —-11.27 1 1.75 -15.03 -75 1.08

Table 6 Analysis of variance (ANOVA) for quadratic model of MNZ
removal by S. platensis

Source Sum of df Meansquare F value P value
squares
Model 4863.75 14 34741 17.4 <0.0001
A- Time 678.66 1 678.66 34 <0.0001
B- Conc 113.74 1 113.74 5.7 0.0316
C- pH 102.2 1 102.2 5.12 0.0401
D- Dose 159.14 1 159.14 7.97 0.0135
AB 110.63 1 110.63 5.54 0.0337
AC 75.26 1 75.26 3.77 0.0726
AD 113.1 1 113.1 5.67 0.0321
BC 24.5 1 24.5 1.23 0.2866
BD 172.66 1 172.66 8.65 0.0107
CD 0.648 1 0.648 0.0325 0.8596
A? 1584.85 1 1584.85 79.39  <0.0001
B? 677.98 1 677.98 3396  <0.0001
C? 1904.84 1 1904.84 9542  <0.0001
D’ 823.37 1 823.37 4125 <0.0001
Residual 279.47069 14 19.96
Lack of fit 260.07361 10 26.00 5.36 0.05
Pure error 19.39708 4 484
Cor total 5143.22 28
R? 0.94 Predicted R*  0.70

Adjusted R? 0.89 Adeq Preci-

sion

12.98

is clearly shown in Fig. 4, where the actual removal versus
the predicted removal is clearly evident.

Applying Eq. (4), the optimization study was conducted
to maximize the removal of MNZ. The main parameters
were in the range of the coded values of + 1, similar to the

@ Springer

application in the BBD. The quadratic model indicated that
the maximum MNZ removal (theoretically 100%) was noted
when the pH was 7.71, reaction time was 38.05 min, S. plat-
ensis dose was 0.3 g/L, and the MNZ concentration was
35 mg/L. Table 7 indicates the kinetic and isotherm param-
eters fitted for MNZ removal by S. platensis. The thermo-
dynamic factors for the adsorption of MNZ onto S. platensis
are listed in Table 8.

Discussion
Effects study

In Fig. 5a, b, the impact of the MNZ concentration, pH,
contact time, and S. platensis dose on the MNZ removal
rate is observed. From Fig. 5a, it is clear that as the MNZ
concentration escalated from 10 to 80 mg/L, the removal
rate correspondingly dropped by 19% (P value <0.05).
In general, in the initial step, as the MNZ concentration
increased, the removal rate also showed a sharp rise seen
as a steep slope, caused by the active and accessible sits
present on the biomass surface; later, the curve slope is bal-
anced because of the saturation of empty (Ramavandi et al.
2019; Zambrano et al. 2021). One of the significant fac-
tors which affects the biosorption process when this alga is
used, is pH. It can change the removal efficiency by altering
the biosorbent in terms of the surface charge, and the MNZ
molecules in terms of the biosorbent ionization status. In
Fig. 5a, a direct relationship between the MNZ concentration
and biomass (P value < 0.05) is evident. Being a weak base,
MNZ has a pKal value of 2.38 and pKa2 of 14.48, which
show changes in different ways when there are alterations in
the pH. When the pH drops below 4, the pollutant forms a
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Fig.4 Distribution of experi-
mental versus predicted removal
for MNZ biosorption onto

S. platensis
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Table 7 The kinetic and isotherm parameters fitted for MNZ removal by S. platensis
Kinetic Model Linear form Parameter Value at different concentrations
10 (mg L™ 50 (mgL™Y) 100 (mgL7Y) 150 (mg L")
- k
Pseudo-first order (log (qe _ q[) =logq, — Floa . t) Goca [mglg]  32.1 9.49 162.5 135.6
. K, [min~!] -0.002 —0.003 0.0004 —0.002
- 1
<1°g (6. —4,) =logq, = 335 -1 ) R 0.69 0.29 0.90 0.89
Pseudo-second R Gocal Imglg] 242 39.2 256 394
order @ ke g . 1
ky[min~"] 0.007 0.002 0.0004 0.0003
R? 0.99 0.99 0.99 0.99
Intra-particle dif- gr =k, - %5 + ¢ k,[mg/g 1.09 4.90 16.75 3.67
fusion min~07)
R 0.53 0.70 0.98 0.85
Isotherm model Linear form Parameter Value
Langmuir Ce _ Ce 1 qm(mg/g) 20
qe gm gm-K;
K; (L/mg) 0.20
R? 0.92
Freundlich Logg, = logK, + L logC, Kp(mg/g(L/mg)'"™) 0.10
n 0.71
R? 0.97
Temkin q.=B;In-k,+B;InC, k, (L/mg) 8.96
B, 12.19
R? 0.84
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Table 8 Thermodynamics parameters for MNZ sorption onto S. plat-

ensis

T®K)  AG(kJImol™)  AH° (kF/mol)  AS°(J (mol K)™)
288 —17.98 -12.63 19.59

298 —17.58

308 —-17.10

318 —16.49

a
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Fig.5 Response surface plot about the effects of a pH versus MNZ
and b S. platensis versus time

proton (MNZ-H+) as imidazoline nitrogen carries a positive
charge. When pH exceeds 12, the hydroxyl groups present
in the MNZ structure ionize, thus altering the charge of the
MNZ to negative (MNZ-) (Nasseh et al. 2019). Further, this
antibiotic carries a neutral charge when pH is in the range

@ Springer

of 4 to 12. When the pH exceeds 6.75, the negative charge
on the surface of the biomass and MNZ molecules result
in lowering the removal rate again because of the repul-
sive electrostatic interactions. Therefore, maximum MNZ
removal was anticipated when the pH value was neutral or
close to the value of the zero charge of the adsorbent. There-
fore, the maximum MNZ removal was expected when pH
was around neutral or approaching the point of zero charge
of the adsorbent (Bonyadi et al. 2021). Focusing on Fig. 5b,
the inference that is drawn is that as the contact time esca-
lates up to 38 min, the removal efficiency rises rapidly and
then drops slightly (P value <0.05). This occurs because, in
the initial step, there are a large number of hollow adsorption
sites, which drives the high rate of MNZ removal (Mazloomi
et al. 2021).

From Fig. 5b, the efficiency of MNZ removal has a
direct relationship to the rise in the S. platensis dose (P
value < 0.05). As can be understood from Fig. 5b, when the
S. platensis dose is raised from 0.1 to 0.3%, the removal effi-
ciency of MNZ also correspondingly rises from 72 to 85%
and then shows a slight drop. For most sorption processes
this is normal behavior. Therefore, according to the biosorp-
tion theory, the pollutants are attracted onto the sorption
sites present on the biosorbent surface (Kousha et al. 2013).

Adsorption kinetics

Among the most significant factors in the adsorption pro-
cess is the kinetic model, which is capable of simulating
the adsorption rate of the solutes from the solution-solution
interface. This model, controls the velocity constants and
thereby the contact time and volume of an adsorption unit,
giving crucial data on the adsorption economy (Bonyadi
et al. 2022). The coefficients of the reaction rate were also
ascertained by applying the pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion kinetic models. From
Table 7, the factors of the kinetic and isotherm fitted for
the rate of removal of MNZ employing S. platensis are evi-
dent. In Table 7, the values of R2 for the pseudo-first-order,
pseudo-second-order and intraparticle diffusion kinetics
were 0.89, 0.99, and 0.85, respectively, indicating that the
pseudo-second-order kinetic model was the best fit. In fact,
a similar study was done by Karim et al. (2020) on MNZ
adsorption onto carbon materials (Kariim et al. 2020).

Adsorption isotherms

The findings of the present study from the experimental
equilibrium were evaluated using the adsorption isotherm
models including the Langmuir, Freundlich and Tamkin
ones. From Table 7 it is clear that the Freundlich model
concurs with the equilibrium data (Wan et al. 2016). The
high determination coefficient observed for the Freundlich
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Fig.6 Biomass reusability; MNZ removal efficiency for biomass regenerated by alkaline/acid eluting solution a and MNZ removal in consecu-

tive adsorption/desorption cycles b

model is indicative that the MNZ adsorption onto the bio-
mass is multilayer and heterogeneous. The Langmuir model
shows that S. platensis has 20 mg/g as its maximum adsorp-
tion capacity.

Adsorption thermodynamic

The thermodynamic factors for the adsorption of MNZ onto
S. platensis are listed in Table 8. These parameters indicate
the possibility that the biosorption process can occur at a
variety of temperatures (Danish et al. 2018). For each mate-
rial the adsorption capacity may rise or fall in response to
the escalating temperature, based on the type of the reaction
or other factors. In fact, Table 8 shows that the negative
value of AH® suggests that this is an exothermic process.
Hence, the efficiency of the MNZ removal rises as the con-
tact temperature decreases. In this process, the positive AS°
value implies a rise in the irregularity of the biosorption.
The negative AG® value suggests the characteristic of the
spontaneous biosorption process. In terms of the AH® value
(= 12.63 kJ/mol) taken from Table 8, the biosorption mecha-
nism is principally physical (Ahmad et al. 2014).

Reusability of the S. platensis biomass

Biomass reusability was assessed to evaluate the environ-
mental and economic facets. To determine the reusability
of the biomass, an initial experiment was done to identify
whether the alkaline (pH 10) or acid (pH 4) aqueous sol-
ute was more effective in desorbing/detaching the MNZ
molecules from the used biomass. The findings from Fig. 6
revealed that the rate of MNZ removal for the biomass
regenerated by the alkaline solution was higher. In Fig. 6
the MNZ removal rate is observed to drop from 60% in

the first cycle to 54% in the fourth cycle. Hence, it can be
deduced that this alga can remove the MNZ successfully to
a maximum of four times after usage. The reduced removal
may be caused by the active adsorption sites getting blocked,
and the strong/chemical interactions present in nature, which
induced changes in the surface heterogeneity (Bonyadi et al.
2021).

S. platensis, a blue-green, photosynthetic alga, has been
found to have a variety of applications as a biosorbent. The
BBD model was used to study the removal optimization of
MNZ by S. platensis. From the findings it was observed that
88.15% of MNZ was removed from the reaction mixture
by S. platensis, in the following settings: contact time of
38.05 min, MNZ level of 35 mg/L, pH of 7.71 and a bio-
mass dose of 0.3 g/L. The quadratic model revealed that the
chief variable affecting the MNZ removal rate was the MNZ
concentration. The MNZ removal rate was thus seen to fol-
low the pseudo-second-order model and Freundlich model.
The fact that the MNZ biosorption process was spontaneous,
exothermic and physical was evident from the thermody-
namic data. Hence, the conclusion drawn was that the use
of S. platensis was a cost-effective and successful way for
the removal of MNZ from aqueous solutions. The results of
this work ensure that for the removal of MNZ from aque-
ous solutions S. platensis can be successfully employed as a
cheap, available and efficient biosorbent.
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