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Abstract: Water pollution is regarded as a dangerous problem that needs to be resolved right away. This is
largely due to the positive correlation between the increase in global population and waste production,
especially food waste. Hydrogel beads based on sodium alginate (Alg) and pomegranate fruit peels (PP) were
developed for the adsorption of Safranin O dye (SO) in aqueous solutions. The obtained Alg-PP beads were
widely characterized. The effects of the contact time (0-180 min) and initial concentration (10-300 mgy/1), the
initial pH (2-10), the adsorbent dosage (1-40 g/l) and the temperature (293-333 K) were investigated through
batch tests. The data proved that the adsorption kinetics of SO reached equilibrium within 30 min and up to
180 min. The adsorption data of SO onto synthesized beads follow the pseudo second-order model. The
experimental data fitted very well to both Freundlich and Langmuir models. The maximum adsorption
capacity of Alg-PP could reach 8.99 mg/g at 293 K. Calculation of Gibbs free energy and enthalpy indicated
that adsorption of SO onto Alg-PP is spontaneous and endothermic. Finally, analysis of diffusion and mass
transport phenomena were presented. The reported results revealed that the Alg-PP beads could be used as a
novel natural adsorbent for the removal of cationic dye pollutants from aqueous environments.

Keywords: alginate; pomegranate; cationic dye; adsorption; adsorbent; isotherm

1. Introduction

Many different types of pollution affect water resources, harming aquatic organisms. Pollutants
can be produced naturally, but a large portion is due to human activities like industrial processes.
Many companies use dyes during the production processes [1]. Even at low concentrations, the
discharge of effluents containing dyes is highly visible and has undesirable effects. The primary effect
is the decrease in sunlight penetration throughout the water body, which has an effect on
photosynthetic activity and, as a result, the rate of dissolved oxygen [2].

Safranin-O (SO) is a dye used in the histology and cytology fields of the pharmaceutical and
biochemical industries. It is frequently employed for detecting cartilage, mucin, and mast cell
granules as well as staining gram-negative bacteria [3]. Furthermore, it is used less frequently in food
products, as well as in the coloring and treatment of tannins, cotton, fibers, wool, paper and leather
[4]. In addition, SO may cause adverse health effects such as eye irritation, dermatitis, and respiratory
allergies [5].

Given these consequences, appropriate wastewater treatment is required. In this regard, there is
a great incentive to develop novel and cheap technologies [4]. Although many techniques, including
membrane filtration, are suggested for dye removal [6] (such as ion exchange [7], coagulation-
flocculation [8], precipitation [9], and electrocoagulation [10]), adsorption is an interesting alternative
since its cheapness [11-14]. Since the high cost of some typical adsorbents, adsorption techniques
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using unconventional low-cost materials from renewable and cheap biomass or industrial wastes
have been investigated to overcome such disadvantages and improve economic viability [15,16].

Many natural and low-cost adsorbents are now being used successfully in the removal of
pollutants from aqueous solutions such as peanut hull [17], rice straw [18], date stone [19], forest
residue [20], natural fibers [21], pulp and paper [22] and cotton stalks [23]. Agricultural wastes have
the benefits of being accessible, cost-effective, and environmentally friendly in addition to being
biodegradable, non-toxic, and cheap [24-29]. Pomegranate peel waste has been successfully used as
an efficient, cost-effective for the removal of pollutants from wastewater [30-32]. Despite the
effectiveness of these low-cost adsorbents, there are some issues related to their implementation, such
as the difficulty of their regeneration and the separation of treated water. The use of biopolymers as
carrier to encapsulate these materials could be considered a solution to this issue [33,34].

The most popular polymer for this purpose is alginate, which is an anionic and hydrophilic
polymer found mostly in brown algae [35]. Alginate has a number of properties that make it suitable
for the adsorption process [36]; one of which is the gelation property, which allows for combining
various substances through an egg-box structure [37]. Therefore, the creation of adsorbent composite
beads can be used in water treatment processes, particularly continuous ones as opposed to
discontinuous ones [11,38,39].

Based on the previously reported statements, the current work aims for fabricating facile, eco-
friendly and biocompatible Alg-PP beads for removing SO from water. The adsorbent was widely
characterized while the effects of different parameters on the removal of SO process were
investigated. Finally, the adsorption kinetics, isotherms and thermodynamics of adsorption of SO
were carried out.

1. Materials and Methods

1.1. Reagents and materials

Sodium alginate (CsHsNaOy, 216.12 g/mol, CAS No. 9005-38-3, >91% purity), hydrochloric acid
(HCl, 37%), calcium chloride (CaCly, AR, 96%), sodium chloride (NaCl, AR, 99.5%), sodium
hydroxide (NaOH, 99%) were purchased from Sigma Aldrich. Safranin O was purchased from
Sigma-Aldrich and was used without further purification. Figure 1 represented the structure of

Safranin O dye.
H3;C N CH
3 = 3
W5
HoN N A NH,
Cl

Figure 1. Molecular structure of Safranin O dye.

1.2. Preparation of Pomegranate peels powder

Pomegranate was purchased from a local market in Algeria. The peels of pomegranate was
washed with distilled water several times to remove the undesirable residues and dried, crushed and
sieved through a 63 um size before its use without any further processing or chemical treatment.

1.3. Preparation of beads

Sodium alginate water solution (3% w/v) was prepared by stirring it for 1 h at 50 °C. Then 3 g of
pomegranate peels powder was added into the solution until a homogenous Alg-PP dispersion was
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obtained. The mixture was dropped through a syringe needle into a 4% (w/v) calcium chloride
solution to form beads and left overnight to stabilize. The Alg-PP hydrogel beads were formed
through an ion exchange process. The beads were then washed with distilled waterro remove the
excess of calcium chloride. Finally, they were dried for 24 in an oven at 50°C.

1.4. Characterization methods

A gravimetric method was used to evaluate the swelling ability of the hydrogel beads [40]. For
6 hours, a certain amount of hydrogel beads was soaked in deionized water at room temperature.
The swelling ratio (S%) was calculated using the equation 1 [1]:
S (%) = Wo = Wa 100 1)
Wy
where W,, and W, represent the weights (g) of wet and dried hydrogel beads, respectively.

The water content of the PP/Alg hydrogel was determined by drying beads to a constant weight
at 50°C (equation 2):

Water content (%) = % %X 100 )
d

where W,, and W, are the weights of hydrogel beads before and after drying, respectively.

Image] software (Version 1.53t) was used to digitize photographs and determine the mean
diameters and distribution of bead sizes of the hydrogel beads. 80 hydrogel beads were measured.
Results were reported as mean+tstandard deviation.

The surface's functional groups of the beads were investigated using Fourier transform infrared
(FTIR) spectroscopy JASCO FT/IR 4600.

In order to investigate the surface charge of the hydrogel beads, the pH-drift method was
applied to evaluate the point of zero charge (pHpzc) [41].

1.5. Batch adsorption experiments

The dye adsorption experiments were carried out via a batch adsorption process by fixing a
stirring rate of 400 rpm. 500 mg of hydrogel beads into 50 mL of different concentrations of dye
solution at room temperature (20°C+2°C). The adsorbed dye amount onto the hydrogel beads was
analyzed by using a UV/VIS spectrophotometer (OPTIZEN POP K LAB Co., Ltd) at the wavelength
A=522 nm. The pH effect on SO adsorption was investigated in the range of 2-10 while the initial dye
concentration was fixed at 50 mg/L. The dosage effect of Alg-PP beads was varied from 1 to 40 g/L
with a set initial dye concentration of 50 mg/L. The temperature was varied from 30 to 60 °C with a
set dye concentration of 50 mg/L. The isothermal adsorption experiments were carried out with 50
mL of dye solutions with different initial concentrations (10-300 mg/L). The adsorption capacity (q)
and the removal efficiency (R %) of SO adsorbed onto hydrogel beads were evaluated by the
following equations 3 and 4

Co—C)*V
atmg/gy ==Y ®
R(%) = L=, 100 )

Co
where Cy(mg/g) and C.(mg/g) are the initial and equilibrium concentrations of SO, respectively,
m (g) represents the mass of adsorbent, V(L) is the volume.

2. Results and Discussion
2.1. Characterization

2.1.1. Beads size and water content

The Alg-PP beads appeared brown, roughly spherical-shaped with a millimetric size (3 mm,
Figure 2a), while the mean diameter of the dried beads was 1 mm (Figure 2b). The diameter
distribution of the Alg-PP beads is shown in Figure 2e. The size of the beads varied between 0.6 and
1.4 mm. Finally, the water content of beads was 95.13%.
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Figure 2. Photographs of wet pure Alg beads (a), dried pure Alg beads (b), wet Alg-PP beads (c), dried
Alg-PP (d), size distribution (diameter) of the dried Alg-PP beads (e).

2.1.2. Swelling ratio

The water swelling ratio of Alg sample was found to be 16.6% while, for Alg-PP was obtained
53.9%. Compared to pure Alg, this increase in water swelling ratio of Alg-PP gel beads can be
associated to their higher surface area. Besides, the higher swelling ratio value for Alg-PP sample is
related to its higher porosity and the more hydrophilic structure of PP powder [27,41]. Therefore, the
swelling ratio studies also suggest that the Alg-PP beads is more suitable to adsorb dye molecules.

2.1.3. FTIR analysis

The analysis of FTIR gives more insight into the presence of the functional groups on the surface
of the PP and the hydrogel beads (Figure 3). The FTIR spectra of the Alg-PP, pure Alg and PP powder
are shown in Figure 3

Alg-PP

3700

T (%)

17104 1 1514 1016 677

1640

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. FTIR spectra of PP, Alg and Alg-PP.

For Alg spectrum, broad peaks centered at 3230 cm indicated the presence of hydroxyl (O-H)
streching vibrations [42]. Besides, PP and Alg-PP didn’t show any broad peaks apart from medium
peaks at higher wavelenghts associated to the presence of O-H streching functional groups. Peak
located at 2911 cm and 2850 cm are related to C-H streching of CHzin the PP, Alg and Alg-PP. All
spectra showed a narrow and long band at 2356 cm™! due to the C = C stretching of alkyne group [43].
The observed peak at 1710 cm™ in PP spectra corresponds to the C=O streching of the aldehydes,
ketones and carbonyl groups. The peak around 1596 cm? and 1418 cm™ can be assigned to the
symmetric and antisymmetric stretching vibrations of COO- functional groups [44], the first one
clearly overlapping don vibration modes of adsorbed molecules of water. The peak at 1514 cm™ in PP
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and Alg-PP represents the cellulosic compounds present in the biomaterial [45]. The absorption band
at 1314 cm! were assigned to the CH streching vibrations. Additionally, the band at 1016 cm is
associated with the C-O stretching vibration of lignin and hemicelluloses components [46]. The band
observed at 677 cm! in the PP spectra is ascribed to C-H in out-of-plane bending [47].

2.2. Adsorption tests

2.2.1. Effect of contact time and initial dye concentration

Figure 4 shows the effect of contact time and initial dye concentration on adsorption.

30

—8—Cp=10mg/l —®— Cy=25mg/l —4A— Cy=50mg/l
¥ Cp=100mg/l ¥ C(=200mg/l 4 C(=300mg/l

4"'4
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T T T T T T
20 40 60 80 100 120 140 160 180 200
t (min)

Figure 4. Effect of contact time on adsorption capacity.

The adsorption trend was essentially separated into three stages: initial rapid adsorption,
slowing of adsorption rate, and eventually achieving the equilibrium state. The adsorbent surface
contains active sites, so the SO molecules are accumulated on the monolayer of the adsorbent surface.
Pores and active sites were saturated as the adsorption time increased. This is evident in the second
step, and the adsorption capacity slowly increases before levelling off. The SO molecules can then
penetrate the pores in the final region, before reaching a steady situation due to the repulsive forces
between the free SO molecules in solution and adsorbed molecules [48]. The results indicated that
the maximum uptake capacities were 0.99, 2.13, 3.99, 8.79, 18.87 and 24.73 mg/g for the 10, 25, 50, 100,
200 and 300 mg/L Safranin O solutions, respectively. The time required to reach plateau regime was
reached after 20 minutes for Co= 10, 25, 50 and 100 mg/L SO and after 40 minutes for higher
concentrations. The dye adsorption is concentration-dependent due to the higher initial concentration
which contributed to increase the driving force overcoming the mass transfer resistance [49].

2.2.2. Effect of initial pH

The pH plays a crucial role [50] since it can affect the surface charge of the adsorbent as well as
the adsorbate properties. The pH effect was studied at the following conditions: dosage of 500 mg
and an initial dye concentration of 50 mg/L (Figure 5a).
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Figure 5. a) Effect of the initial pH on the removal of SO; b) the point of zero charge of Alg/PP
beads.

pH seems to have a slight effect on the adsorption of SO onto Alg-PP. The percent of SO removal
increased from 68 % to 85 % when the pH changed from 2 to 10. It is observed that maximum dye
removal occurs at pH 10. Moreover, even at the lowest pH, the R% is roughly 70% since the presence
of active sites. To evaluate the effect of pH on the SO adsorption, the point of zero charge (pHpx) of
the adsorbent must be investigated (Figure 5b). The pHpz value for the Alg-PP indicates that the
surface of the beads is acidic (3.58). At pH > pHpz = 3.58 the adsorption of cationic dyes is favored
due to the presence of functional groups such as OH and the formation of electrostatic forces. The
lowest SO removal percent is found in the highly acidic mediums (pH <pHjpzc), due to the electrostatic
repulsion between the H* and the cationic SO. In acidic conditions, an amino group (-NH2) of
safranin-O dye is protonated (pKa = 11), inhibiting the hydrogen bonds formation between SO dye
and Alg-PP [51]. At higher pHs, the deprotonated form of safranin-O dye diminishes the possibility
of creating a binding between dye molecules and adsorbents [52]. Due to that behavior, no higher
pHs were investigated since the percentage of removal is supposed to decrease.

2.2.3. Effect of adsorbent dosage

Different dosage of Alg-PP beads were put in contact with a constant initial dye concentration
of 50 mg/l to study the effect of adsorbent dosage. The % removal and adsorption capacity of dye
after a contact time of 3 h are shown in Figure 6. It appeared that the % uptake increased from 58 to
95% when adsorbent dose was increased from 1 to 40 g/l, respectively. The % uptake reached a
maximum value at higher adsorbent dosage. As the adsorbent dosage increases, higher number of
adsorption sites are available for the adsorption, leading to improvement of dye removal. Also, with
increasing adsorbent load, the quantity of dye adsorbed per weight of the adsorbent gets reduced,
thus causing a decrease in qe value with increasing Alg-PP beads loading. Beyond 10 g/L, the R% of
safranin-O dye may be reduced due to overcrowding of dye molecules since it is prohibited an
appropriate binding between the dye groups and adsorbent [53].
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Figure 6. Effect of adsorbent amount on the capacity and the removal of SO adsorption.

2.3. Adsorption kinetics

The adsorption kinetics of SO onto the hydrogel beads were analyzed with pseudo-first-order
model (equation 5) [54], pseudo-second-order model (equation 6) [55], intraparticle diffusion model
(equation 7) [56] and Elovich model (equation 8) [57]:

In(qe = q) = Inqe — kst (5)
t 1 1

= +—t (6)
Q@ k292 4.
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qe = kit'/2 + C ?)

1

qc B

where q; (mg/g) is the adsorption capacity at time t (min), q,(mg/g) is the equilibrium
adsorbent capacity, whereas k; (min'), k, (g/mg min) and ki (mg/gmin'?) are the rate constants of
the pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models, respectively,
C (mg/g) is a constant that represents the boundary layer thickness, a is the initial adsorption rate
in (mg/g min) and S (g/mg) is the desorption constant correlated with the degree of the
chemisorption surface cover and activation energy. 1/ value shows the number of sites available
for adsorption while %ln(aﬁ) indicates the adsorption quantity. The diffusion coefficient of

intraparticle diffusion D;, for the adsorption of SO onto PP can be calculated using the equation 9
[58]:

In(ap) + % Int )

2
= ©)
1/2

Where D; is the intraparticle diffusion coefficient (cm? s), t;, is the time required to complete half
the adsorption (s) and r is the beads radius (cm). If the values of Di are in the range of 10-5 to 103
cm?/s then intraparticle diffusion is involved as the rate-limiting step, especially for chemisorption
systems [58]. Fitting of kinetics models and the derived kinetic parameters for the Alg-PP beads beads
at different initial concentrations are reported in Figure 7 and Table 1. The adsorption of SO dye
followed the pseudo-second-order mode while the theoretical gecal values were in accordance with
the experimental data. This suggests the occurring of chemisorption which is considered different
interactions between the dye and adsorbent functional groups.
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Figure 7. Fitting of pseudo-first-order (a), pseudo-second-order (b), intraparticle diffusion (c) and
Elovich (d).

Table 1. Values of kinetic parameters obtained from fitting process.

. Coefficients 50 mg/l 100 mg/1 300 mg/l
Kinetic model

Qeexp (Mg g7) 3.992 8.7957 24.7377

Ge,car(Mg g1 0.9217 4.6039 12.9416

Pseudo-first-ord .
seuqo-first-order kl(mm'l) 0.0209 0.0288 0.01813
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R? 0.8856 0.6071 0.9387
Gecar(mg g™ 4.0541 9.1166 26.1917

Pseudo-second-order  k,(g mg' min?) 0.0595 0.0141 0.0026
R? 0.9997 0.9988 0.9966

Qecar (MggT) 0.4074 1.3367 4.3697

Elovich a (mg/g min) 54.8413 7.2104 7.4085

B (g/mg) 2.4542 0.748 0.2288

R? 0.8304 0.8278 0.9603

K1 (mg g min'?) 0.5251 1.1135 2.9248

C, (mgg?) 1.1566 1.2241 2.7464

Rf 0.573 0.5325 0.8812

K> (mg g min-1?2) 0.1973 0.1176 1.5126

Intraparticle diffusion C, (mgg") 243 7.2205 8.7234
R3 0.628 0.9580 0.9040

Ki3(mg g min'?) 0.0302 0.1149 0.3266

C; (mgg?) 3.5733 7.2507 19.8407

R} 0.9395 0.9644 0.8199

Di(cm?s!) 1.2.10 1.2.10 6.2.107

As seen from Figure 7c, the plots of q: against t'2 give three straight-line with different slopes
and intercepts. The higher correlation coefficients R? have been obtained for the second step (0.81-
0.96). On the basis of the ki values, the rate constant related to the external surface adsorption (ki)
was the highest one. This also shows that the diffusion resistance of the boundary layer was lower
than the diffusion resistance of the pore diffusion. Therefore, the adsorption kinetics may be
governed by external diffusion and intra-particle diffusion at the same time [59]. The value of the
pore diffusion coefficient D; presented in Table 1 is in the range of 106 to 10 cm? s! indicating that
intraparticle diffusion was involved in the adsorption process controlled by chemisorption.

2.4. Adsorption isotherm

The adsorption isotherm models allows to analyze the interactions between the adsorbent and
the adsorbate. Langmuir (equation 10) [60], Freundlich [61], Temkin [62] and Dubinin-Radushkevich
[63] isotherm models are used to describe the adsorption data of SO on Alg-PP.

¢  Langmuir isotherm model (equation 9):
_ qmbC,

1 =14, (19)
Equation can be linearized into the following form (equation 11):
1 1 1 1
—=—++ . (11)

de B dm  bqm C_e
Where C, (mg L) is the dye concentration at equilibrium, q, (mg g?') is the equilibrium
adsorption capacity, q,, (mg g ') and b (L mg?) are the Langmuir constants.

e  Freundlich isotherm model (equation 12):
1

9e = KrCl (12)
Equation can be linearized (equation 13):
Ing, = InK; + %m C, (13)
Where C, and g are explained as above, K¢((mg g')*(L mg')'")and n are the isotherm constants.
e  Temkin isotherm model (equation 14):
q. = Blna; + BInC, (14)
Where B=RT/br and by the Temkin constant related to sorption heat, ar is the binding
equilibrium constant, R (8.314 ] mol! K1) is a standard gas constant and T (K) is the absolute
temperature of the solution.
e  Dubinin-Radushkevich isotherm model (equation 15):

doi:10.20944/preprints202310.1369.v1
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Ing, =1nQ,, — K;&? (15)
where ¢, is the amount of SO absorbed, Q,, is the theoretic capacity of adsorption (mg g"), K, is a
constant related to adsorption energy and ¢ is Polanyi potential, expressed as equation 16:
1
€ =RTIn (1 + —) (16)
Ce

Where, R, T and C, represent the gas constant (8.314 ] mol! K'), absolute temperature (K) and
equilibrium concentration (mg L), respectively. K; (mol? k]J-?) was calculated from the slope of the
plot of Ing,versus € and g, is determined from the intercept. The mean free energy of adsorption

E was calculated by using the equation 17:
1

E Nexe (17)

The equilibrium experimental data were fitted using the above reported models and the fitting
curves are reported in Figure 8. Data obtained from fitting process are reported in Table 2. Langmuir
equation fits the experimental data with a high R? > 0.934. The constant b, proving a robust dye-
adsorbent bonding, is 0.47 L/mg. The Freundlich isotherm, representative of an adsorption process
on heterogeneous surfaces, well fits the adsorption data. The value n obtained from the Freundlich
model is an indicator of adsorption favorability. A value of n> 1 indicate a favorable nature of
adsorption [64]. 1/n gives an idea of the heterogeneity; if 1/n is close to zero a perfect heterogeneous
surface is obtained. For our system the value of 1/n is 0.65. The presence of active functional groups
with non-uniform distribution may result in changes in the energy level of the active sites available
on the surface of Alg-PP beads. Active sites with greater energy levels create heterolayer SO
compounds coverage with strong chemical bonding support, whereas active sites with lower energy
levels are responsible for monolayer coverage. The high values of Kr justifies the good high
adsorption capacity and affinity of adsorbent for SO. Temkin and Halsey models didn’t fit the data
with good reliability (low R?). They deviated from linearity, so they are not reliable in describing
adsorption data. Moreover, the value of E was found to be 1.77 k] mol'. The value of E is very
useful in determining the type of adsorption: if the value is <8 k].mol", then the adsorption is physical
in nature, while if it is between 8 k] mol! and 16 k] mol?, then the adsorption is due to ion exchange
[65]. In this study, the E value was found to be < 8 k] mol”, so the adsorption possesses a physical

nature.
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Figure 8. Adsorption isotherms of SO on Alg-PP (a), the linear form of Langmuir (b), Freundlich (c),
Temkin (d) and Dubinin-Radushkevich (e).

Table 2. Parameters of isotherm models.

Isotherm model Parameters Value

qm (mg g™) 8.99

Langmuir b (L mg1) 0.47
R2 0.934

n 1.54

Freundlich K¢ ((mg g1)(L mg1)in) 2.17
R2 0.992

ar (Lg") 1.80

. B 4.69

Temkin by (k] mol) 0.52
R2 0.815

Qm (Mg g") 9.30
DR K4 (mol2 kJ2) 1.6E-7

E (k] mol?) 1.77

R? 0.584

2.5. Thermodynamic study

Free energy change (equation 18), enthalpy change (equation 19), and entropy change (equation
20) for SO adsorption on Alg-PP beads were evaluated using the equation reported hereinafter [66].

AG = —RT InK, (18)

AG = AH — TAS (19)
AS AH

_8>_AH 20

InK, 2 " R’T (20)

where K, is the thermodynamic equilibrium constant at temperature T(K) and K, (L g') is
calculated by using equation 21:

qe
Kg ==
a=T (21)

where q,/C, is defined as the adsorption affinity [67]. The In(K4) was plotted against 1/T (Figure 9):

-0.5

o In(K,)=2.803-1116.52*(1/T)
-06 | N

-0.7 | N

In(Ky)
o
/

09+ ©

1.0} o

0.0030 0.0031 0.0032 0.0033 0.0034
1T (°CT)

Figure 9. In(kd) versus T for the adsorption of SO onto Alg-PP.

The thermodynamic values are reported in Table 3.

Table 3. Thermodynamic parameters for the adsorption of SO onto Alg-PP beads.


https://doi.org/10.20944/preprints202310.1369.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2023 doi:10.20944/preprints202310.1369.v1

11
AG AH AS
Temperature (K) (k] mol) (k] mol) (k] mol K1)
293 6.8
303 7.05
313 7.28 9.30 23.30
323 7.5
333 775

The values of AG<0 proved the presence of a spontaneous process [49]. The positive enthalpy of
the adsorption process at different temperatures indicates that the adsorption of SO on Alg-PP
sample is endothermic. So, higher temperature contributed to increase in the activity of the adsorbent
and the kinetic energy of the adsorbate, leading to higher removal efficiencies [68]. The AS>0
demonstrates that the process is irreversible with an increasing system disorder and randomness at
the solid-liquid interface [69,70]. Finally, Van der Waals interactions and electrostatic interactions
take part in the adsorption process if the enthalpy value lies within 20 k]/mol [71]. Hydrogen bonding
also should be taken into account if values lie inside 25 kJ/mol [72].

2.6. Diffusion coefficients evaluation
For a spherical system, the total amount of dye adsorbed can be calculated by equation 22 [73]:

M, 6 1 n2m?Dt
M—;l‘FZﬁe"P TR (22)

i=1

Where M, is the amount of dye adsorbed at time t, M, is the equilibrium amount of dye, R is
the bead radiuswhile D is the diffusion coefficient. For small times, the equation can be written as

equation 23:
M, Dt Cos o nR Dt
M_,oo:6<ﬁ> w40 +22;wrfc—ﬁ _3ﬁ (23)
n=

The diffusion coefficient D (cm?/s) are reported in Table 4 as function of T and pH:

0.5

Table 4. SO diffusion coefficients as function of pH and T.

Parameters Value D, cm?/s
pH 2 1.31E-7
4 1.60E-7

6 2.67E-7

8 2.71E-7

10 2.79E-7

T 293 2.31E-7
303 2.48E-7

313 2.96E-7

323 3.10E-7

333 3.31E-7

Empirical models were reported to find a correlation between D and either pH or temperature.
Figure 10a reports the diffusion coefficient versus H* concentration:
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Figure 10. a) D versus normalized [H*] and b) D versus T for Alg-PP beads.

A power-law model was proposed to correlate the diffusion coefficient to the H* concentration
(equation 24).
+

D=28%10""(1+ )~0.068 (24)

1%1077

The model forecasts the effect of H* onto diffusion. of diffusion. As far as Figure 10b concerns,
diffusion coefficient D (cm?/s) as a function of T is represented. Besides, an Arrhenius like equation
(equation 25) was used (equation 25):

E
D = Axexp(— ﬁ) (25)

Where A is the pre-exponential factor, R is the universal gas constant, Ea represents the activation
energy, T is the absolute temperature. The activation energy (Ea) was equal to 7.67 kJ/mol. These
results suggest that the diffusion coefficient is thermally activated or H* dependent.

2.7. Mass transfer analysis

Adsorption data were modeled through the McKay model to investigate whether the adsorption
process is controlled by liquid film diffusion (equation 26) [74]:

C, 1 MKy, 1+ MKy,
In{—————|=In{—7—|—-|——— | *B *xSs*t (26)
Co 1+MK,, 1+ MKy, MK,,

where Ci (mg/L), C: (mg/L), and m (g/L) are the initial dye concentration, the concentration at the
time t, and mass/volume ratio, respectively. Kip is McKay constant, obtained by multiplying qmax and
b (Langmuir constant). The mass transfer coefficient is 32 and specific surface per unit volume is S.
The linearized McKay model allowed to obtain the data reported in Figure 11:
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Figure 11. Experimental data fitted through McKay model.

From the plot, 3*Ss is calculated and shown in Table 5.

Table 5. Parameters obtained from McKay’s model.

Concentration, mg/L [B*Ss, st R2
10 0.080 0.79
25 0.85 0.81
50 1.03 0.39
100 0.97 0.79
200 0.78 0.84
300 0.53 0.83

The R? coefficients confirm that the McKay model is not appropriate to fully describe the
investigated phenomena. So, the liquid diffusion is not the main rate limiting step.

2.8. Bangham's and Burt model

Beside, pore diffusion can be the rate-controlled mechanism. The Bangaram and Burt models
can determine if the adsorption process is controlled by pore diffusion [75]. Equation 27 represents
the Bangham's and Burt model in lineried model:

G kp * m
loglog (m) = log <m) + a, * log(t) (27)
where Ci (mg/L), m(g), V (L), and q: (mg/g) represent the initial dye concentration (mg/L), mass
of adsorbent, volume and adsorption capacity at time t, respectively. oz and ko are constants. Figure
12 reports the linear plots for SO concentrations ranging from 10 to 300 mg/L.
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Figure 12. Bangham's and Burt model data for adsorption of SO.

Table 6 reports the model constants and R? coefficient. According to R? values, the diffusion of
SO molecules into pores of adsorbent beads can be considered the major rate-controlling step, even
if different phenomena are supposed to occur.

Table 6. Constants of Bangham and Burt’s model.

Concentration, a2 ko R2
mg/L
10 0.57 0.03 0.97
25 0.22 0.10 0.96
50 0.13 0.17 0.94
100 0.34 0.07 0.97
200 0.48 0.05 0.98
300 0.42 0.04 0.98

3. Mechanism of adsorption

The FTIR spectra shown in Figure 13 are studied for proposing the adsorption mechanisms
(Figure 14). For Alg-PP (SO loaded) a peak at 3270 cm indicates the presence of hydroxyl (O-H)
streching vibrations [42], while for Alg-PP there were no broad peaks. C-H streching of CH:assigned
to the peak located at 2911 cm™ and 2850 cm™ are still present. The spectra showed a long band at
2356 cm! which indicates the C = C stretching of alkyne group [43]. The observed peak at 1710 cm!
in PP spectra corresponds to the C=0 streching of the aldehydes, ketones and carbonyl groups. The
small peak disappeared for Alg-PP sample. The peak 1514 cm' in PP and Alg-PP spectra is
representing the cellulosic compounds present in the biomaterial [45]. This peak disappeared after
SO adsorption indicating that the SO dye reacted with the PP powder presented in the beads which
confirmed that the adsorption nature of SO onto Alg-PP is chemical.
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Figure 13. FTIR spectra of Alg-PP beads before and after the adsorption.
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Figure 14. SO adsorption mechanisms onto Alg-PP beads.

The safranin-O dye is a cationic dye able to interacts with lignin, cellulose, hemicellulose, [76].
The free electron pairs of carbonyl oxygen can bind the SO molecule. Electrostatic interactions
between cationic SO dye and polar negative groups of adsorbent are supposed to occur. Non-
covalent, weak interactions such as van der Waals forces and 7t-7t interaction are established between
aromatic rings of safranin-O dyes and hemicellulose, lignin, cellulose [77]. The possible physical
forces involve: (1) diffusion into pore, (2) H-bonding involving carboxyl and hydroxyl groups bonded
directly to a N atom of an -NH2 group; (3) t-m interactions; and (4) rt*-mt interaction, bonding between
N+ of the dye and the aromatic rings of the adsorbent.

4. Conclusion

Peels of pomegranate fruit-based hydrogel beads (Alg-PP) were successfully produced in this
study. The adsorption of SO cationic dye on Alg-PP beads was mainly affected by adsorption time,
Alg-PP dosage, initial SO concentration and slightly affected by initial pH of SO solution. The
dynamic adsorption behavior of SO onto Alg-PP can be represented well by the pseudo-second-order
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model. Adsorption data obeyed Freundlich adsorption isotherm very well with qm value of 8.99 mg/g.
The positive value of AH indicated the endothermic nature of adsorption, and the negative value of
AG showed the feasibility, and spontaneity of SO adsorption on Alg-PP beads. An adsorption
mechanism was proposed by considering the chemical and physical phenomena which are supposed
to occur. Overall, the hydrogel beads synthesized in this study have effectiveness and can be applied
to the removal of cationic dyes in wastewater treatment.
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