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Abstract

High-performance chemical systems designed to eliminate pollution caused by dyestuffs are still among the focuses of interest
of chemists. Non-toxic biological materials especially have begun to be widely used in this field. Fourier transform infrared
spectrometry, SEM (scanning electron microscopy), EDS (energy-dispersive X-ray analysis), and TGA (thermogravimetric
analysis) were performed. Adsorption was performed in batch-adsorption experiments. Optimization processes involved
pH, amounts of the sorbent and Safranin O, adsorption kinetics, desorption, and reusability. To highlight the mechanism
of the interaction between Safranin O and S. porticalis and to predict the power and nature interactions, density functional
theory computations were performed. Optimization processes included pH, amounts of sorbent and Safranin O, adsorp-
tion kinetics, desorption, and reusability. Experimental results were re-evaluated using Langmuir and Freundlich isotherm
models and the biosorption process followed Freundlich isotherm kinetics. The biosorption mechanism was understood
by pseudo-first-order (PFO), intraparticle diffusion (IPD), and Elovich models. Adsorption was determined to follow PFO
kinetics: physical, endothermic, and spontaneous. The highest recovery was obtained in NaOH. Density functional theory
(DFT) finding calculations were also performed to prove the high adsorption capacity for Safranin O of the material used.
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1 Introduction

Water is life, but today natural water reserves are heavily
polluted, especially with industrial wastewater, and their
physical (color, odor, and taste) and chemical (acidity and
toxicity) properties irreversibly change. The dyeing industry
ranks first in terms of waste colored matter emissions [1,
2]. Colorful waters can be visually detected in rivers, lakes,
and coastal seas. Waste dye contaminants can be in the form
of high concentrations of natural pigments and of artificial
compounds [3]. Darkish colors in water prevent the sun rays
from penetrating into depths and reduce the temperature and
molecular oxygen content, causing undesirable and rapid
changes in flora and fauna diversity and irreparable drifts in
ecological balance [4-7]. While biodiversity is decreasing,
the molecular diversity in dye materials has reached tens
of thousands. Blue and yellow dyes especially with their
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high toxicity have taken the first place due to their versatile
usability. Removing these pollutants from wastewater has
become a very high priority [8].
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Some common purification techniques have been devel-
oped considering both the physics and chemistry of contami-
nating dyes. For this approach, the most favored adsorption
material has been activated carbon [9—11]. The implemen-
tation costs of such and early developed approaches have
typically become very high, as one can expect [12, 13]. In
the following processes, viable alternative approaches have
been developed by producing and testing different adsorp-
tion materials. In these approaches, the adsorption material
can be single-celled organisms of plant and animal species,
even in its alive form [14]. However, more commonly, the
inanimate forms of these organisms have been used directly
or as certain parts [15—17]. Fossil single cell remains such as
dolomites have also been found among the natural adsorbent
sources [18]. Crustaceans and insects have gained signifi-
cant ground in the decontaminating industry as producers
of natural polymers such as chitosan [19]. Plant-derived
polymers have similarly become instrumental as biosorbent
materials [20-22].

Particularly single-celled organisms and crustaceans,
existing as a component of a particular ecosystem, where
they are rightfully located, can naturally and permanently
retain heavy metals and other harmful substances in their
bodies at extremely high concentrations. These properties
are outside the definition of biosorption and are an important
reason why these organisms are sources of the biosorption
material. Biosorption has already achieved significant suc-
cess in laboratory-scale trials as an alternative approach for
waste dye adsorption [23]. Its cost is low and its adsorption
capacity is relatively higher [23]. Their inanimate forms
especially played an important role in this sense [24].

Obtaining of biosorbent materials from multicellular
algae requires very modest expenditure, because these
organisms can spontaneously grow as large masses in natu-
ral aquatic environments, from where they are harvested
directly. Multicellular algae also produce relatively larger
amounts of biomass. Their cell walls constitute advantageous

sources of polymer-based biosorbent substances [25-27]. In
addition, various functional groups, harboring carbon, nitro-
gen, oxygen, and phosphorus atoms, which play the main
role in the adsorption process, are abundant in the outer
parts. These groups might especially create an ideal envi-
ronment for the dye adsorption [28]. Here, the mechanism
of adsorption might profoundly involve physical bonding
forces, leading to various flocculation events [29]. Physi-
cal interactions might take place due to the high molecular
weight of biopolymers and some other much smaller second-
ary sticky molecules, also produced by the algal cells [30].
In this study, previously collected Spirogyra porticalis (S.
porticalis) biomass was used for the biosorption of Safranin
O. Factors affecting biosorption, namely, pH, biosorbent dose,
adsorption kinetics, and thermodynamics, as well as reusabil-
ity, were investigated. Density functional theory (DFT) was
used to better determine the adsorption mechanism [31].

2 Materials and method

2.1 Materials

Safranin O, ethanol (>99%, EtOH), hydrochloric acid (>37%,
HCI), and sodium hydroxide (NaOH) were of analytical purity
and obtained from Merck and Sigma-Aldrich.

2.2 Preparation of biosorbent

S. porticalis was harvested from Lake Goydiin (Hafik/Sivas,
Turkey) and washed under the tap water and in deionized
water. Dried biomass was then pulverized [32].

2.3 Biosorbent characterization

Biosorbent surface functional groups were analyzed by Fourier

transform infrared spectrometry (FTIR, ATR, Bruker, Ten-
sor II). Its surface morphology was visualized by scanning

Fig.1 FTIR spectra of S. porti-
calis before and after adsorption
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electron microscopy (SEM) (TESCAN MIRA3 XMU)
(CUTAM Central Laboratory of Sivas Cumhuriyet University,
Turkey). X-ray powder diffraction (XRD, Panalytical, Empy-
rean) and thermogravimetric analysis (TGA, Perkin Elmer,
Diamond) were performed at ERU-TAUM (Erciyes University
Technology Research and Application Centre).

dye concentrations, between 30 and 250 mg/L, and time inter-
vals, between 10 and 1440 min, were employed. The biosorb-
ent was precipitated by centrifugation [33], and unbound dye
was estimated at 520 nm.

The biosorption efficiency (%) was computed using Eq. 1.
For the biosorption capacity (q,),

. . -C
2.4 Adsorption reaction Biosorption % = [ 0 ] % 100 (1
4

A Safranin O solution, 1000 ppm, was prepared and used in

10-mL reaction volume using the conditions below: 25 °C; (Cy—C)V

adsorbent, 50 mg; and pHrange 1, 3,5,7,9, and 11. The reac- 9e = m @)
tion mixture was agitated by shaking. In kinetic experiments,

SP

o

™

.....

dye loaded SP

Fig.2 XRD spectra of S. porticalis before and after adsorption
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4= Co=CV 4
m

where C,) is the initial dye concentration (mg/L), C is the dye

concentration (mg/L) at time ¢, g, is the biosorption capacity

(mg/g) at equilibrium, g, is the biosorption capacity (mg/g)

at time ¢, C, is the final dye concentration (mg/L), V is the

solution volume (mL), and m is the biosorbent quantity (g).

2.5 Details of density functional theory calculations

All calculations were performed using the Perdew-Burke-
Ernzerhof (GGA-PBE) exchange—correlation functional [34]
and 6-31G(d) electronic basic set [35] for all elements. A
graphics processor-based TeraChem software [36, 37] was
used. Geometry optimization was carried out with the effi-
cient geomeTRIC energy minimizer [38]. The dispersion

kv WD: 10.10 mm

SEM MAG: 10.0 kx Det: BSE

3 o
SEM HV: 10.0 kV
$7-3
SEM MAG: 10.0 kx

Det: BSE

corrections D3 proposed by Grimme [39] were also to take
into account the weak non-covalent interactions. Concep-
tual density functional theory (CDFT) presents the following
mathematical relations for the easy and fast calculation of
the chemical reactivity descriptors such as chemical poten-
tial (u), electronegativity (y), hardness (1), and softness (o).

—_, = |9
H==x= [BN]W) @
|2 o] .
oN vr) ON? v
c=1/n (6)

The given mathematical relations are based on the para-
bolic relation between total electronic energy (E) and total

Element

Weight%

Atomic%

42.41 4955
11.82 11.84
4234 37.58

293 1.03

Element Weight% Atomic%
4998 56.28
18.91 18.26
29.43 2438
0.46 0.17
1.22 0.41

Fig.3 SEM images. a S. porticalis. ¢ Dye-loaded S. porticalis. EDS analysis. b S. porticalis. d Dye-loaded S. porticalis
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Fig.4 TGA profiles of S. porticalis before and after biosorption

number of electrons (N) at a constant external potential, v/(r).
If one applies the finite difference approach to the afore-
mentioned mathematical relations, the following equations
based on ground state ionization energy and electron affin-
ity of chemical species to compute these popular reactivity
descriptors [31, 40].

n=I-A (®)

First and second electrophilicity indices, namely, w; and
®,, are calculated through the following equations:

w, = x*/2n =1 +A)P/8I - A) )

w, =LA/l - A (10)

In this study, we considered Koopmans theorem. This
theorem can be considered as an alternative tool for the
approximate calculation of ionization energy and electron
affinity of molecular chemical systems based on HOMO and
LUMO orbital energy from the following relations [41]:

I = —Eyomo (11)

A = —Eyymo 12)

3 Results and discussions
3.1 Structural analyses of the biosorbent

3.1.1 FTIR analysis

Spectra of S. porticalis (Fig. 1): the broad peak at 3343 cm™!
was attributed to the O—H stretching vibration and the N-H
band [42, 43]. The vibrational band, indicating the car-
boxyl and phenolic group, appeared in 2922 cm™! [44]. The
peak at 1641 cm™! represents the C=0 group, the peak at
1518 cm™! represents the O—H band in the quinine structure,
the peak at 1334 cm™! represents the N-H band, and the
peak at 1237 cm™! represents C-N stretching [43, 44]. The
peak at 1032 cm™! was attributed to the C—OH vibration
band. The small peak seen at 557 cm™ represents the C-N-S
shear coming from the polypeptide structure [44]. Similar
peaks were seen in the spectra of S. porticalis after biosorp-
tion. Peak of Safranin O at 3339 cm™! indicated the N-H
stretching vibration, and the peak at 1641 cm™! represented
the aromatic ring vibrational band [45]. An increase in peak
intensity was evidenced due to the overlapping S. porticalis
and Safranin O peaks.

3.1.2 XRD analysis

XRD analysis is an important characterization technique for
chemical structure analysis of materials. XRD spectra of S.
porticalis before and after biosorption are shown in Fig. 2.
The crystal structure of S. porticalis was represented by two
sharp peaks. After biosorption, these crystal peaks disap-
peared, and the peaks at 20=14.4° and 22.7° indicated that
S. porticalis was loaded with Safranin [46].

3.1.3 SEM and EDS analyses

The surface morphology of S. porticalis was visualized by
SEM (Fig. 3a, ¢) and EDS (Fig. 3b, d). SEM images pro-
duced an irregular surface topology which was consistent
with those in the literature [47]. The wrinkles on S. porti-
calis before biosorption swelled and flattened after adsorp-
tion. EDS allowed an elemental analysis on the S. porticalis
surface. Safranin O contains the elements carbon, nitrogen,
and chlorine [48]. The weight and atomic percentages of
these elements increased after biosorption. This observation
was another proof of a successful adsorption.
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Fig.7 Isotherm models

of S. porticalis increased after dye biosorption. There are
two decomposition processes between 20-125 °C and
200-400 °C and represent the decomposition of water and
organic part in the structure, respectively. Before adsorp-
tion, the thermal degradation was 49% and after 27%.
These findings argued that S. porticalis biomass was not
altogether temperature-resistant [47].

Table 1 Comparison of various sorbents used in Safranin O adsorp-
tion

Sorbent Imax(Mg/g) References
Magnetite/Ag nanocomposite 46.3 [57]
Kaolinite 16.234 [51]
Rice straw biochar 31.06 [58]
Magnetic rice straw biochar 41.59 [58]

Immobilized M. spicatum-PAN/pvp hybrid
beads

Magnetic Cymopolia barbata biomass

217.391 [59]

192.2 [60]

S. porticalis 322 This study

3.2 Biosorption procedure
3.2.1 Effect of pH on biosorption

Determination of the zero-point charge (pH,,.) was carried
out between pH points 2 and 12 in 0.1 M KNO;. The differ-
ences between the initial pH and the pH after 1440 min were
calculated as ApH and were plotted. The point that cut the
x-axis at 5.94 and it was pH,, . (Fig. 5a).

The highest biosorption efficiency was 27% at pH 4
(Fig. 5b). Fluctuation in biosorption efficiency and g,
might be due to some electrostatic interactions between the
biosorbent and cationic Safranin O [48, 49], as similar find-
ings have been reported [50]. Thus, the increase in biosorp-
tion between pH 8 and 12 could be due to the electrostatic
interactions between cationic dye and negative surface of the
S. porticalis. As the pH of the system increases, the nega-
tively charged area on the biosorbent surface increases, so
the biosorption capacity may also increase [51].
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Fig.8 Kinetic model plots for the Safranin O biosorption of SP

3.2.2 Effect of biosorbent dose on biosorption

Biosorption efficiency appeared to be proportional, up to a
point, to the dose of biosorbent and then it was character-
ized by a slow decrease (Fig. 6). At 1.67 g/L biosorbent

concentration, the highest biosorption efficiency, 73%, was
achieved. However, g, appeared to decrease slightly after
0.83 g/L biosorbent dose, at which the highest g, value
(5.73 mg/g) was reached. This phenomenon could be
explained by an aggregation event, involving the biomass
[52]. This result may be due to the increase in the active site
responsible for sorption as the biosorbent dose increases.
This result is compatible with the literature for S. porticalis
[50].

3.2.3 Isotherm models

Safranin O biosorption of S. porticalis was investigated
using Langmuir and Freundlich isotherm models. The Lang-
muir isotherm model indicates monolayer adsorption and the
presence of homogeneous biosorbent structure (Eq. 13). g,,.«
and K; are the maximum biosorption capacity and Lang-
muir isotherm constant, respectively [53]. The Freundlich
isotherm (Eq. 14) refers to multilayer biosorption and the
heterogeneous surface of the biosorbent. In addition, it also
indicates that the adsorption energy is not distributed uni-
formly between the surface molecules of the adsorbate and
biosorbent [54]. Kf and n are Freundlich isotherm constants.
Equation 15 formulates the Temkin isotherm and f and K,
are the constants of the Temkin isotherm. The Temkin iso-
therm assumes that the decrease in biosorption heat varies
linearly [54]. The D-R isotherm is given in Eq. 16. ¢ is the
Polanyi potential and is given in Eq. 17 [51]. The D-R iso-
therm also suggests that the biosorbent surface is formed in
different sorption zones [54].

L)
q. Imax KLqmax Ce

I
Ing, = InK; + - )InC, (14)
go=p K, +f-InC, (15)

Ing, = Ingp,, — kp - € (16)

l?ott);ienidlé;n;;%?(gﬁ)rvpitcl}?? P Model R J(min™") k(mg-g”":min~?) a(mg-g”' min™") plemg™)
models PFO 0.94 0.009
Elovich 0.88 8.36 0.017
IPD 0.83 10.86
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The biosorption process was compatible with the Freun-
dlich isotherm due to the highest R? value (0.99) (Fig. 7).
Freundlich isotherm constant n was calculated as 1.44,
and a value greater than 1 indicates the presence of physi-
cal biosorption [49]. It also means that the adsorption is
favorable [55]. The K, constant was calculated as 9.837
L/g. This finding indicated that the surface of S. portica-
lis was heterogeneous and a multi-layered biosorption has
taken place [56]. It was determined that the regression
value in Temkin and D-R isotherms was small at 0.8 (0.78
and 0.75, respectively). In this case, it can be said that the
biosorption process does not follow these two isotherm
models. According to the Langmuir isotherm (R*=0.98),
the maximum biosorption capacity (g,,,,) Was calculated
as 322 mg/g and the K, value was 67.546 L/g. When
Table 1 is examined, it is seen that SP has a higher ¢q,,,, in
the adsorption of Safranin O than other sorbents. In this
study, SP was used as a cost-effective biosorbent without
any chemical treatment.

3.2.4 Kinetic models

With the help of kinetic models, the rate of the biosorption
reaction can be determined [61]. To examine the biosorp-
tion mechanism, the reaction kinetics were investigated
by using the PFO (Eq. 18), intraparticle diffusion (IPD)
(Eq. 19), and Elovich models (Eq. 20).

0,0032

0,0033 0,0034

UT (K

0,0035 0,0036 0,0037

k
log(g, — q,) = logq, = 531 (18)

q, = k"> +C (19)

1 1
q, ﬂln(a.ﬁ) + ﬁlnt (20)
It could be concluded that S. porticalis conformed to the
PFO pattern (Fig. 8 and Table 2), where the regression value
(R?) and constant k, were 0.94 and 0.009 min™', respectively.
These findings also indicated that a physical adsorption took
place [62].

3.2.5 Biosorption thermodynamic

Temperature is an important parameter affecting the biosorp-
tion process [56]. Therefore, thermodynamic parameters such
as enthalpy (AH), entropy (AS), and free energy (AG) were
determined using Eqs. 21, 22, and 23. In K versus 1/T data
were plotted (van’t Hoff graph) using Eq. 22. AG and AS data

Table 3 The van’t Hoff plot of In K vs. 1/T for the estimation of
thermodynamic parameters of bioadsorption

Temp (°C) AH’ (kI mol™!) AS°(J AG® (kI mol™) R?

mol™' K™
5 6.77 26.04 -0.62 0.9031
25 6.77 26.04 -1.15
40 6.77 26.04 —1.54
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Fig. 10 Effect of type, con- 100
centration, and volume of 90
eluent on recovery O (n=3)
(Cy 100 mg/L, m 25 mg, 80
temperature 25 °C, contact time 70
1440 min) -
X 60
=
2 50
=4
=
s 40
3
| 30
20
10

were calculated from slope and slip, respectively. The graph is
given in Fig. 9. AG was calculated using Eq. 23.

KC = Ca/Ce (21)
AS AH 1
Ik, === - 22 =
c= R T (22)
AG = AH — TAS (23)

Thermodynamic data (Table 3) were calculated using
Egs. 21, 22, and 23. AH value was 6.77 kJ/mol and AS
value was 26.04 J/mol-K. The positive AH indicated that
the biosorption reaction is endothermic, and the positive AS

Fig. 11 Reusability of adsorbent 100

87
82
42
HC1 EtOH NaOH
Solvent

indicated that the Safranin O biosorption was random at the
interface between solid and liquid. Negative AG values indi-
cated a spontaneous bioadsorption [63, 64].

When the mechanism of biosorption process is examined,
the accumulation of dye on the heterogeneous surface of S.
porticalis biosorbent occurs by spontaneous physical biosorp-
tion. Isotherm and kinetic models support each other.

3.2.6 Recovery
The recovery was effected in HCI, ethanol, or in NaOH by

incubating 1440 min. Calculations were made using Eq. 24.
The highest recovery, 87%, was achieved with 10 mL of

using NaOH as eluent 90

80

Recovery, %
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Table4 Calculated energy and ;0 Dipole HOMO (eV) LUMO (eV) y(eV) 5(eV) o, (eV) Binding
electronic characteristics of S. moment energy
porticalis, Safranin O, and their (Debye) V)
complex

S. porticalis 3.919 -5.222 -0479 2.851 4.743 0.857 -

Safranin O 12.097 -3.872 -3.325 3599 0.547 11.837 -

S. porticalis/Safranin O 9.719 —4.033 —3.388 3711 0.645 10.673 1.152

NaOH. Also, 42% recovery in ethanol and 82% in HCl solution Therefore, using it more than once in wastewater treatment is
were achieved (Fig. 10). Figure 11 shows the reusability graph ~ a good result in terms of sustainability and cost.

with NaOH eluent. At the end of the 5th cycle, there is a slight q

decrease in recovery (below 60%). This result shows that S. Recovery(%)=ﬂ x 100 (24)
porticalis biosorbent will be efficient for several reuse cycles. Gads

Fig. 12 Atomic model of the S.
porticalis: a atomic structure, b
HOMO, and ¢ LUMO
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Fig. 13 Safranin O: a atomic
structure, b HOMO, and ¢
LUMO

(a)

©

(®)

(©)

3.3 Results of DFT calculations

Methanol extract of S. porticalis revealed the presence of
thirteen different chemo types. Among these, ethyl linoleate
(21.32%), stigmasta-5,24(28)-dien-3-ol, (3p) (19.55%),
and 3,7,11,15-tetramethyl-2-hexadecen-1-ol (18.22%) were
abundant. These three chemo types represent almost 60% of
S. porticalis. Thus, for numerical simulation of the energy and
electronic properties of the S. porticalis/Safranin O complex,
we presented S. porticalis as a composition of ethyl linoleate,
stigmasta-5,24(28)-dien-3-ol, (3), and 3,7,11,15-tetrame-
thyl-2-hexadecen-1-ol in approximately equal proportions
(Fig. 11). Energy and electronic characteristics of S. porti-
calis, Safranin O, and S. porticalis/Safranin O complex are
presented in Table 4.

@ Springer

The binding energy of S. porticalis/Safranin O complex
(Fig. 13) was determined as follows:

E, = E(Spirogyra) + E(Safranin O) — E(Spirogyra/Safranin O)
(25)

Calculations indicated a binding energy of 1.152 eV. The
presence of the Safranin O significantly changed the elec-
tronic structure of S. porticalis, facilitating charge transfer
and significantly reducing the gap between the frontier orbit-
als (Table 4). The highest occupied molecular orbital was
localized on stigmasta-5,24 (28)-dien-3-ol, (3f) six-mem-
bered ring near the hydroxyl group, while the lowest unoc-
cupied molecular orbital was localized on 3,7,11,15-tetra-
methyl-2-hexadecen-1-ol chain. The presence of Safranin O
shifted the HOMO to the chlorine atom and part of the chain
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Fig. 14 Atomic model of com-
plex consisting of S. porticalis

and Safranin O: a atomic struc-
ture, b HOMO, and ¢ LUMO

it

(2)

i

e

(©)

3,7,11,15-tetramethyl-2-hexadecen-1-ol chain, while LUMO
was completely located on the Safranin O rings. In Fig. 11,
molecular structure and HOMO and LUMO images repre-
senting S. porticalis are visually presented. In Fig. 12, simi-
lar images are presented for Safranin O molecule. Figure 13
includes HOMO and LUMO and molecular structure for the
complex system formed with the interaction between Safranin
O and S. porticalis (Fig. 14).

It is well known that especially chemical hardness and
electrophilicity concepts provide very useful information
about the chemical reactivity and stability of the chemical
systems. Chemical hardness represents the resistance against
the polarization of chemical systems. Within the framework
of maximum hardness principle, it can be said that chemical
hardness can be taken into consideration as a measure of the
stability. Namely, it can be said that hard molecules exhibit
higher stability than soft ones. Another electronic structure

principle used in chemical reactivity analysis is minimum
electrophilicity principle introduced by Chamorro, Chatta-
raj, and Fuentealba. This principle states that electrophilic-
ity is minimized in stable states. With the help of the given
information, it can be said that S. porticalis with high chemi-
cal hardness and low electrophilicity values is quite stable
chemical system. On the other hand, it is clear that Safranin
O with low chemical hardness and high electrophilicity is
a reactive chemical system. As a result of the interaction
between S. porticalis and Safranin O, a relatively more sta-
ble chemical system was formed compared to Safranin O.

4 Conclusion
The study showed that S. porticalis displayed a significant

adsorption affinity to Safranin O dye in aqueous solutions.
The synthesized composite was characterized by FTIR,

@ Springer
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XRD, SEM-EDS, and TGA techniques and its structure
was investigated. Parameters affecting the adsorption pro-
cess were optimized. The adsorption reaction followed the
Freundlich isotherm and PFO kinetic models. The adsorp-
tion was physical, and the biosorbent surface is heterogene-
ous and irregular. According to the Langmuir isotherm, g,,,,
was calculated as 322 mg/g. The process was spontaneous
and endothermic. The highest recovery occurred in NaOH.
1.152 eV was calculated for the interaction between Safranin
O and the used biomass. DFT calculations supported the
experimental observations. With these results, it is thought
that S. porticalis can be used effectively in dye removal.
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