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Abstract

The Ziziphus jujuba stones chemically modified with orthophosphoric acid (PZJS), then
encapsulated with sodium alginate (BZJS1 and BZJS2) were used for organic dye adsorption.
In this context, the basic dye methylene blue (MB) was chosen as a test molecule. The
characteristics of the prepared beads were examined by different characterization techniques,
such as Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
energy dispersive X-ray diffraction (EDX), X-ray fluorescence (XRF), Thermogravimetric
analysis (TGA) and Brunaver—-Emmett-Teller method (BET) with nitrogen adsorption-

desorption isotherm at 77°K. In a batch system, mitial pH (2-12), temperature (10, 25, 30 and
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40 °C), mitial concentration (50-200 mg/L), contact time, salt and organic compound effects
were studied. The obtained results showed that the maximum MB adsorption amounts were
737.13 mg/g and 660.12 mg/g onto BZJS1 and BZJS2 at ambient temperature respectively,
showing that the prepared materials are more efficient than most of the other adsorbents.
Moreover, experimental data modeling showed that the adsorption process followed the
Redlich-Peterson model. Regarding kinetics modeling, pseudo-first-order (PFO), pseudo-
second-order and Pseudo-nth order models were used to correlate experimental data,
demonstrating that a mass transfer equation (PFO) could describe MB adsorption.
Thermodynamic Parameters were also evaluated, demonstrating that the MB adsorption process
was achievable, spontaneous and exothermic. The regeneration study showed that both of the
beads had excellent adsorption efficiency even at the sixth cycle for the two beads, 92.01 and
82.88 for BZJS1 and BZJS2, respectively. From this and in view of a future implementation at
industrial scale, encapsulation by sodium alginate polymer can be therefore promisingly
proposed as a solution to avoid the problems of conventional materials in powder form, such as
the difficulty of regeneration, performances and mass loss during the recovery step of the
powder from the medum.
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Nomenclature

A Constant of intra particular diffusion.

BZJS  Beads of Ziziphus jujuba stones.

BZJS1 Beads of Ziziphus jujuba stones with a PZJS-alginate ratio equal to 1.

BZJS2 Beads of Ziziphus jujuba stones with a PZJS-algmate ratio equal to 2.

Co MB initial concentration (mg/L).

C. The equilibrium concentration (mg/L).

Ci MB concentration after time t (mg/L).

Er Regeneration efficiency (%).

Ky Pseudo first order (PFO) rate constant (min-!).
K; Pseudo second-order (PSO) adsorption rate constant (g/(mg min)).
Kn Rate constant of Pseudo nth order (P""O) model.
Kia Diffusion rate constant (mg/g min©-).

Kr The Freundlich parameter (mg L/g).

Ky The constant of equilibrium adsorption (L/mg).
Ks The adsorption affinity constant (L/mg).

Kgrp Redlich-Peterson model constant (L/g).

m Adsorbent mass (g)



Ms System heterogeneity index of the Sips model.

n Sorption reaction order.

ny Heterogeneity index of the Freundlich model

PFO Pseudo first order.

PSO Pseudo second order.

PrthQ  Pseudo nth order.

PZJS Treated powder of ziziphus jujuba stones.

T Temperature (°C or °K).

t Time (min).

\% Medum solution volume (L).

Q. The amount adsorbed at equilibrium (mg/g).

Qnm The constant that expresses the recovery of the complete monolayer (mg/g).
Q¢ The amount adsorbed at instant t (mg/g).

Qaas The amount adsorbed at one cycle (mg/g).

Qqes The amount desorbed at one cycle (mg/g).

o Redlich-Peterson model constant (L mg/g).
Bt Mathematical function of “F” function.
B Surface heterogeneity index of R-P model



AHP° The change in enthalpy (J/mol).

AG°® The change n Gibbs free energy (J/mol).

AS° The change in entropy (J/mol K).



1. Introduction

During ther manufacturing activities, the petroleum, petrochemical, chemical and
pharmaceutical industries produce huge amounts of polluted water, where its toxicity and its
carcinogenicity have serious consequences on human health, as well as on the environment
even at very low concentrations [1], leading to a systematic ecological disorder. It is therefore
necessary to treat these waters before their recycling or rejection in the environment. In this
background, and over the last decades, the treatment of these waters has always been a very
mportant area of research and a topical subject for which thousands of research studies have
been carried out, and huge budgets have been established in order to discover appropriate

solutions to treat industrial water at reasonable costs.

As it is known, industrial water treatment is defined as the process of removing contaminants
from industrial water, whether organics, such as heavy metals (arsenic, lead, cadmium),
nitrates, phosphates, or organics, such as pharmaceutical effluents, detergents, acids, oils,

diluents and dyes.

In fact, all industries that use dyes in their processes, such as textiles production, discharge
more than 10° kg tons of dye, including 8000 associated molecules [1], to the natural
environment, making their biodegradation impossible, and hence human intervention is
necessary. In this context, several classical and modern methods have been used to treat these
polluted waters. Among these techniques, adsorption is one of the most widely used in
wastewater treatment processes worldwide [2], due to its rapidity, performances and its

economic efficiency [3].

Therefore, much research has recently been released on dye removal with a wide range of
convenient powdered products already i use, such as activated carbon [4], clays [5],

biosorbents [6]... etc. Nevertheless, it is essential to point out some issues related to the use of



these materials, such as the regeneration problems and the quantities of powder recovered after
an adsorption test. Indeed, in the last decade, scientific research has focused on the development
of new adsorbent materials aimed at avoiding the disadvantages of these conventional materials.
In this aim, encapsulation is proposed in this study to skip these issues on the one hand, and to
gain anumber of benefits such as high adsorption capacity, high porosity, uniform size and ease
of regeneration on the other hand. As a result, several polymers have been considered to
perform the encapsulation step, such as for example alginate [7,8], chitosan [9,10], cellulose
[11,12], etc. In this study, sodium alginate was chosen with regards to its numerous advantages,
such as its simplicity, its biocompatibility and its low cost [13,14] compared to other

encapsulating agents.

This study focused therefore on the preparation of a powdered material from Ziziphus jujuba
stones and its encapsulation with sodium algmnate, considering ratios in the range from 1 to 2.
The efficiency of the prepared materials was evaluated in a batch system by adsorption of
methylene blue dye, which was chosen as a model molecule of basic dye. In addition, the
characteristics of the prepared beads were also exammed by different techniques of
characterization, such as Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), X-ray fluorescence (XRF), thermogravimetric analysis (TGA), Brunauer—
Emmett-Teller method (BET) and the point of zero charges (pHpzc). In addition, the reusability

of the prepared beads was also assessed.



2. Materials and methods

2.1. Chemicals

All products used in this work were purchased from Sigma Aldrich, namely sodium algnate,

phosphoric acid, hydrochloric acid, sodium hydroxide, mnorganic salt NaCl and humic acid.

Table 1 summarizes the main characteristics of the model dye, methylene blue (MB).

2.2. Preparation of the adsorbents

The preparation protocol used in this paper consisted firstly of preparing an adsorbent material
mn powder form, which was then encapsulated using sodum alginate. The considered protocol
is given thereafter. Ziziphus jujuba stones in the form of a treated powder (PZJS) were obtained
according to the following procedure: the stones were crushed, washed, sieved then dried, and
finally, 10 g of this dried powder was mixed with 102 ml of phosphoric acid (1 M). The mixture
was kept in agitation at room temperature for 24 hours and then washed several times. When
the supernatant pH became close to the natural pH (6.2), the product was inserted into a drying

oven at 50 °C, then crushed and sieved for another time, and then stored in a desiccator.

Once the PZJS was ready, the beads of Ziziphus jujuba stones (BZJS) were prepared by
encapsulation using sodium alginate, which shows the ability of forming hydrogels i the
presence of divalent cations [15—17]. To this end, the encapsulation method used in this paper
consisted of mixing a mass of PZJS with a sodium alginate solution (2 percent) and then keeping
them i agitation; where the ratio of PZJS/Alginate varied between 1 and 2. When the blend
PZJS/Alginate became homogeneous, it was added by means of a peristaltic pump into a
divalent solution of CaCl to allow the formation of beads by a quick reaction between the
alginate and the crosslinking agent at the surface; this must be accomplished under agitation to

avoid the consumption of Ca?* cations. The beads obtained were stirred with the CaClz solution



for 12 hours; next, dried at room temperature and then stored under the abbreviations BZJS1

and BZJS2 respectively for the ratios 1:1 and 12 to carry out the adsorption tests.

2.3. Adsorption study

The amount of dye adsorbed was determined using Eq. 1 (Table 2); all the adsorption and
desorption tests were performed in batch mode. Several parameters that can impact the
adsorption of methylene blue on the adsorbents were evaluated, such as temperature, initial pH,

mitial concentration, ionic strength and the impact of the presence of organic compounds.

2.4. Kinetics of adsorption

MB adsorption kinetics on BZJS were examined in a batch system at room temperature (25°C).
The objective was to examine the variation of the adsorbed quantity as a function of two
parameters, the time and the initial dye concentration. In this context, three methylene blue

solutions were prepared with different mitial concentrations ranging from 50 to 200 mg/L.

In a 200 ml beaker, a mass of 100 mg of adsorbent was introduced in 100 ml of MB solution at
a stiring speed of 250 rpm. After a well-defined time mterval, samples were taken to be

analyzed using a Shimadzu Spectrophotometer UV-1700.

Kinetics modeling has a major impact on the design of the adsorption system [18]. In order to
elucidate the adsorption mechanism, five models were considered: the pseudo-first-order (Eq.
2), the pseudo-second-order (Eq. 3) and the pseudo-nth-order (Eq. 4) models, as well as the

Boyd (Eq. 5) and Weber-Morris models (Eq. 6).

The first model used in this part to describe the adsorption kinetics of MB onto BZJS was the
pseudo-first-order (PFO) model, also known as the mass transfer model [19] (Eq. 2 in table 2).
Among the models applied, the pseudo-second-order (PSO) model (Eq. 3) which is based on

chemisorption [18,19]. The Pseudo-nth-order (P""O — Eq. 4) is one of the commonly used



models in the literature; it is used to avoid fixing the value of n as in the previous models (n=1

for PFO and n=2 for PSO) [20], to be closer to experimental results.

Otherwise, the Boyd and Weber-Morris models were considered to better understand the
diffuision mechanism as well as the limiting step that controls the adsorption process [21,22].
The Boyd model (Eq. 5) was applied to discriminate between two mechanisms and to determine
what step controls the adsorption process, between the diffusion into the pores and the diffusion

film [18,23,24]. In this model, the formula of Bt is given according to the fraction value (F=

Qe/Qt).

The Weber-Morris model (Eq. 6) is commonly used in the literature and refers to as the

mtraparticle diffusion model [25], showing the variation of the adsorbed quantity in relation to

tl/2

2.5. Isotherm study

The adsorption isotherm tests were performed by contacting the MB solutions at different
concentrations (between 50 and 1200 mg/L) with adsorbent masses added to have a ratio of m/v
equal to 1. These mixtures were kept under constant stiring equal to 250 rpm for 48h with a
well-controlled temperature (25, 30 and 40 °C). Once the equilibrium was reached the solutions

were separated, then analyzed and the adsorbed quantities were calculated using Eq. 1.

Classical isotherms modeling were considered to correlate the experimental data, namely the

classical Langmuir, Freundlich, Sips, and Redlich-Peterson models.

The empirical Langmuir model relies on the following hypotheses: monolayer adsorption, the
adsorbent surface is homogeneous and the lateral interactions between the adsorbed molecules

can be neglected. This empirical Langmuir model [22] is defined by Eq. 7 (Table 2).
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Unlike the Langmuir model, the Freundlich model (Eq. 8 — Table 2) assumes an adsorption on
a heterogeneous surface at sites with different adsorption energies and multilayer adsorption
possibility [10].

The sips and Redlich-Peterson models are a combination of the two above models, Freundlich
and Langmuir models. The model of Redlich-Peterson (Eq. 9 [26]) supposes an adsorption with
constant enthalpies and also constant adsorption energies as a homogeneous monolayer [26].
The Sips model (Eq. 10 [27]) depends on the values of its parameters. When the  parameter
tends towards 1, the Sips equation becomes the Langmuir equation, and for low concentrations,

the sips model becomes close to the Freundlich model.

2.6. Initial pH effect

The adsorption of the organic dyes is often strongly influenced by the solution's pH, and the
examination of its impact can be very helpful to understand the adsorption mechanism. In this
study, the pH effect was investigated by contacting a volume of 50 ml of MB in beakers of 100
ml where the mitial concentration was 100 mg/LL and containing 50 mg of adsorbent at room
temperature, at25 °C and a constant stirring speed of 250 rpm. The initial pH range varied from
2 to 12, which was adjusted using sodium hydroxide or hydrochloric acid. The obtained
suspensions were analyzed by visible UV after 48 hours of stirring,

2.7. Effect of NaCl and Humic Acid

The impact of ionic strength on the MB adsorption onto BZJS was examined using NaCl; this
morganic salt was used at a steady concentration of 0.1 mol/L., with initial concentrations of
MB ranging from 50to 1000 mg/L. The operating procedure consisted of adding the NaCl to a
50 ml MB solution, which was then put in contact with the adsorbent material; after constant
stiring for 48 hours the suspension was separated and analyzed. Otherwise, humic acid was
also used as an influencing agent to study the impact of organic compounds; the protocol used

was the same that used for the impact of the ionic strength.
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2.8. Effect of Temperature and Thermodynamic Parameters

The effect of the temperature was carried out in the range of 10 to 40°C and the experiments

were carried out similarly to adsorption isotherms. Therefore, considering Eqgs. 11 and 12 the

feasibility of the MB adsorption process onto BZJS was checked [28].

2.9. Regeneration study of BZJS1 and BZJS2

Achieving an efficient regeneration is among the objectives of the encapsulation, to mmnimize
treatment costs in view of subsequent industrial application [3]. For this purpose, 100 mg of
beads was introduced in a MB solution at 100 mg/L initial concentration and at natural pH (6.2).
The mixture was kept under agitation for 48 h; once equilibrium was reached, the used beads
were separated, cleaned several times with distilled water, and then dried at atmospheric
temperature. These dried beads were introduced again into a distilled water solution adjusted
to the mnimum pH of adsorption by adding droplets of HCI; the suspension was stirred for 48
hours. This cycle was repeated six times and the regeneration efficiency was calculated using

Eq. 13.
2.10. M aterials characterization

An Agilent Technologies Fourier Transform Spectrophotometer (FTIR) (cary 600 series FTIR
spectrometer) was used to examine the surface chemistry of BZJS1 and BZJS2 where the
infrared spectra ranged from 4000 ¢cm to 550 cm!.

The micromorphology of PZJS, BZJS1 and BZJS2 was examined by scanning electron
spectroscopy where the captures were made by a Hitachi S-3000N SEM. In addition, using the
same apparatus elemental analysis was examined with energy dispersive X-ray diffraction

(EDX), as well as X-ray fluorescence (XRF) using a ZSX Primus IV-Rigaku device.
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The nitrogen adsorption and desorption isotherms were considered to examine the porous
structure. Before starting the characterization, a vacuum degassing at a temperature of 130 °C

must be carried out on the sample; next, specific surface, size, and pore volume were calculated.

Moreover, thermogravimetric analysis (TGA) of the prepared materials was carried out using
SDT Q600 V20.9 Build 20 thermal gravimetric, attemperatures ranging from 40 to 900 °C with
a heating flow of 10 °C/minute.

The zero charge point (pHpzc) for each material corresponds to a zero charge potential on the
adsorbent surface; it is very helpful for understanding the interaction mechanism between the
liquid and solid phases. A simple protocol was followed which consisted of using a series of 11
beakers of 50 ml containing a suspension of 50 mg of adsorbent with 50 ml of distilled water
where the mitial pHs of water were adjusted from 2 to 12 using HCl or NaOH. These
suspensions were kept under stirring for 48 h and then the final pH of each beaker was
measured. Finally, the results obtained are displayed on a graph according to the following

expression ApH = f (pHi).

3. Results and discussion

3.1. Characterization of the materials

In order to quantify the different functional groups present on the surface of the prepared
materials and after MB adsorption, an FTIR analysis was carried out; the results obtained are
shown in Fig. 1. A broad band was observed at about 3425 cm!, which can be attributed to
vibrations of OH, NH and COOH present on the surface of materials, in agreement with the
related literature [29]. The vibrations of CHz and CH3 were represented by small bands at 2853
and 2923 cm! respectively. The peak at 1624 cm’! can be assigned to asymmetric and
symmetric elongations of C=0 in carboxylic groups, and peak at approximately 1262 cm! can

be demonstrated by stretching vibrations of C-O. Moreover, Fig. 1 demonstrates the presence
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of C-N amines, C-H in aromatic rings and some phosphorus compounds owing to the existence
of certain peaks between 1267 and 700 cm! [30]. The BZJS curves show small bands at 1055
and 1031 cmr!, which can be attributed to the C—O, C— O-H and C—C vibration modes on
alginate carbohydrate rings [31]. These findings indicate that BZJS1 and BZJS2 have similar
functional groups with some variations in the mtensity of some peaks, owing to the different

ratios between Ziziphus jujuba powder and sodium alginate during the preparation step.

These results also show that after encapsulation, some peaks are shifted or reduced in intensity
and others have disappeared, which indicates that the encapsulation was efliciently done; the
same remark after MB adsorption confirming that MB adsorption onto BZJS was efficiently

achieved.

PZJS, BZJS1, and BZJS2 micromorphologies are displayed in Fig. 2 (a, b, c), showing a
heterogeneous surface before encapsulation for the treated Ziziphus jujuba stones in powder
form [32,33]. According to Fig. 2 (b and ¢), BZJS1 and BZJS2 had a spherical structure, with
a more radiated (rigorous) structure for BZJS1 compared to BZJS2; this finding may be due to
a higher algmnate ratio for BZJS1, which promotes the proper integration of PZJS into the

alginate matrix.

With the aim to realize a quantitative comparison between PZJS, BZJS1, and BZJS2, an
elementary analysis using XRF and EDX characterizations were performed and the obtained
results are collected in Fig. 3 and Table 3. Both techniques show that the elemental composition
was changed after the encapsulation of PZJS; this change can be seen in the decrease of certain
elements percentages, such as carbon, as well as the increase in the percentage of some other
elements, such as oxygen, and the appearance of calcium which can characterize the efficiency

of encapsulation. Furthermore, the XRF results show that the percentage of Ca for BZJS1 was
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higher than that for BZJS2; this finding must be related to the considered ratio in the bead

preparation step.

The porous structure of an adsorbent material is characterized by the measurement of’its specific
surface and its pore volume. In this context, the textural properties of BZJS1 (Best adsorbent)
were examined, and hence the 77 K nitrogen adsorption-desorption isotherm onto BZJSI is
shown in Fig. 4 and the corresponding parameters are reported in Table 4. As observed, the
BZJS1 had a specific area of 15.685 nm?/g, a pore volume of 0.032 cm’/g and a pore diameter
of 4.11 nm, showing its low porosity; this can be due to the effect of alginate that hinders or

damages the creation of porosity [34].

Thermogravimetric analysis was carried out for PZJS, BZJS1, and BZJS2 at temperatures
ranging from 40 to 900 °C. The obtained data are shown in Fig. 5. The three samples show
curves characterized by 3 stages. The first stage (from 40 °C to 230 °C for PZJS and from 30
°C to 200 °C for BZJS) defined by a weight loss of approximately 12% which can be attributed
to the remove of the adsorbed water and the volatile matter attached to the surface [35]; the
second stage (from 230 °C to 380 °C for PZJS and from 200 °C to 380 °C for BZJS) was due
to the decomposition of the cellulosic elements [33]; and the last stage (from 380 °C to the end
of the analysis) corresponded to decomposition reactions of organic carbon and mnorganic
oxygen as well as by further degradation of the alginate [36,37]. This final phase can also be
defined by the breaking of the C-H and C-O bands [38]. At the end of the analysis, we notice
that there is a weight loss of 88.74, 76.07 and 74.78 for PZJS, BZJS1, and BZJS2 respectively,

which indicates that the encapsulation may slightly mncrease the thermal stability.

Fig. 6 shows that the isoelectric points obtained were 3.84, 7.41 and 7.22 for PZJS, BZJS1, and
BZJS2, respectively, mndicating that the encapsulation makes the surface character of the

materials more alkaline. This finding shows that when the pH of the solution is below the
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isoelectric point value (7.41 for BZJS1 and 7.22 for BZJS2), the BZJS surface functional groups
are protonated by an excess of H* protons, and in the opposite case (solution pH is greater the
isoelectric point value) the BZJS surface functional groups are deprotonated by the excess of

OH- ions.

3.2. Effect of encapsulation on the M B adsorption capacity

In an attempt to mvestigate the impact of the encapsulation process on the MB adsorption
efficiency, the maximum adsorbed quantity of MB onto the PZJS, BZJS1 and BZJS2 obtained
from the 25°C adsorption isotherms are shown in Fig. 7. As observed, the encapsulation
strongly and positively affected the performances, since the adsorbed quantity increased from

160.85 (PZJS) to 737.13 mg/g (BZJS1) and 660.12 mg/g (BZJS2) respectively.

3.3. MB adsorption isotherms Study

Adsorption isotherms are usually considered to establish an adsorbent-adsorbate relationship,

and to give insight with regards to the adsorption mode in order to achieve a pilot design [39].

The results obtained from the adsorption isotherms of MB onto BZJS1 and BZJS2 at different
temperatures (10, 25, 30 and 40 °C) are illustrated in Fig. 8, showing isotherms of type L
according to the GILL classification; such form of isotherm is characterized by astrong affinity
between the adsorbent-adsorbate duo with a monolayer adsorption mode [40]. Moreover, the
adsorbed quantities decreased from 767.10 to 627.55 mg/g for the BZJS1, and from 680.10 to
493.26 for the BZJS2 for temperatures increasing from 10 to 40 °C; these high values show the

efficiency of the prepared materials for the adsorption of cationic organic pollutants.

Otherwise, the results of the modeling of experimental data for MB adsorption isotherms onto
BZJS1 and BZJS2 are shown in Fig. 8, and the corresponding data are collected in Table 5. The

selection of the best model is generally based on the high value of the R? correlation factor, as
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well as the small delta between the experimentally adsorbed quantity values and that found

theoretically by the considered model [41].

From Table 5, Langmuir, Sips and Redlich Peterson's models showed high correlation
coeflicients for the four temperatures tested (10, 25, 30, and 40 °C); however, the Sips and
Langmuir models demonstrated theoretical adsorbed amounts a little far from that found
experimentally. To conclude this part, it can be assumed that the Redlich Peterson model is the
most appropriate to describe the MB adsorption process onto BZJS1 and BZJS. The Redlich
Peterson model can describe both mono and multilayer adsorption. However, whatever the
temperature, the [ coefficient of this latter model was very close to 1, showing that the Redlich
Peterson model approached the Langmuir model, indicating a monolayer mode for the MB

adsorption onto both materials.

3.4. MB adsorption Kinetics

3.4.1. Effect of the contact time and the MB initial concentration

As observed (Fig. 9), for both materials, especially in the case of high mitial concentrations, the
equilibrium time was slowly achieved. Fig. 9 also shows that the adsorbed quantity increased
with the mitial concentration, from 45.80 to 182.59 mg/L for BZJS1 and from 45.86 to 177.88
mg/L. for BZSJ2 for initial concentrations increasing from 50 to 200 mg/L. It is due to the
driving force that increases with the mitial concentration. It canalso be seen that the adsorption
of MB onto both materials was characterized by three stages, fast adsorption in the first stage
compared to the two others. Itis due to the availability of free adsorption sites at the begnning
of the experiment and occurring on the external surface of BZJS1 and BZJS2, facilitating the
adsorption of MB. The second stage of slower adsorption appears when the free sites are

occupied, making MB adsorption more difficult. The third stage is defined by a saturation of
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the available adsorption sites, which makes the MB adsorption close to impossible; this stage

is illustrated graphically by the equilibrium phase.

3.4.2. Kinetics modeling

Results of MB adsorption kinetics modeling onto BZJS1 and BZJS2 are shown in Fig. 9 and
Table 6. Regardless of the initial concentration, both materials showed excellent correlation
factors for all three models (Table 6). Moreover, when comparing the adsorbed experimental
quantities with those found theoretically by each model, it was obvious that the PFO model was
the most appropriate to describe MB's adsorption kinetics onto BZJS1 and BZJS2 compared to

the two other (PSO, P"thQ) models.

The curves of mtra-particle modeling are shown in Fig. 10. Whatever the mitial concentration
multi-line curves were observed for both materials, meaning that MB adsorption onto BZJS1
and BZJS2 occurred i three stages. These stages can be defined as follows: the first step is the
fastest one due to the diffusion of MB molecules from the boundary layer to the external surface
of the adsorbent. The adsorption rate decreases and the MB molecules of external surface are
transported to the mternal layer of the BZJS in the second step; and the third phase starts when

the equilibrium is reached [21].

The data obtained by the Boyd model are shown in Fig. 11. A linear curve which passes through
the zero suggest that the diffuision into the pores is the limiting step which controls the
adsorption process; while anon-linear curve  =f{t) means that the film diffusion is the limiting
step that controls the process [21,24], as it is the case in this study where the curves were not

linear for BZJS1 and BZJS2.

3.5. Initial pH effect
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Itis evident from Fig. 12 that the pH had asignificant impact on dye adsorption. It can be noted
the efficient adsorption for pH in the range 6 to 12, while efficiency decreased at acidic pH.
This can be explained by considering the pHpzc values (7.4 for BZJS1 and 7.3 for BZJS2),
which can be related to the cations and anions distribution on the adsorbent surface. When the
pH varies towards alkaline values, the OH™ anions become more available that facilitates the
MB adsorption by electrostatic interactions; while the opposite occurs when the pH varies
towards acidic pH. Fig. 12 also shows that even if the adsorbents were positively charged in the
pH range between 4 and 6 there was a significant adsorbed quantity; this indicates that
electrostatic interactions are not the only mode of adsorption involved in the MB adsorption
onto BZJS1 and BZJS2, where the adsorption can be achieved by the contribution of sulfur,
nitrogen and oxygen electrons or by the m-m interactions between the aromatic cycles of MB

and those of BZJS; this mterpretation has recently been assumed by our research group [33].

3.6. Ionic strength and humic acid effects

Fig. 13 shows the effect of the ionic strength and the presence of organic compounds onto
BZJS1 and BZJS22 adsorption of MB. Regarding the ionic strength, the amount adsorbed
strongly decreased for both materials, from 737.17 to 268.95 mg/g for BZJS1 and from 660.51
to 261.82 mg/g for BZJS2, indicating a negative impact of NaCl on the adsorption process,
most likely due to the decomposition of the morganic salt into Na®™ and CI creating
competitiveness between MB molecules and Na* cations for adsorption onto the adsorbents. A
similar impact was observed in the case of humic acid, since the adsorbed quantities decreased

to 375.22 and 297.48 mg/g for BZJS1 and BZJS2, respectively.

3.7. Regeneration study of BZJS1 and BZJS2

In view ofa future implementation at industrial scale, a regeneration study of the prepared beads

was performed (Fig. 14), showing a higher reusability for BZJS1 if compared to BZJS2. Indeed,
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its adsorption performances decreased only slightly, from 99.08% for the first cycle to 92.01%

for the sixth cycle.

3.8. Temperature effect on MB adsorption onto BZJS1 and BZJS2

Fig. 8 shows that the temperature had a negative impact on the adsorption of MB onto each
material, indicating that the adsorption process was exothermic. Furthermore, with the help of
the Qe/Ce plot as a function of the reverse of the temperature and after the necessary
calculations carried out according to Van’t Hoff and Gibbs free energy equations, the
thermodynamic parameters were determined and reported in Table 7. As shown, the free Gibbs
energy was negative proving that the MB adsorption onto the prepared beads was spontaneous.
Negative enthalpies suggest that the adsorption process was exothermic. In addition, on the
basis of enthalpies parameters, it can be deduced that MB adsorption onto both materials was
achieved i physisorption mode because the values were within the range of 0 to -20 kJ/mol
[5]. Table 7 also shows the positive entropy values which indicate that the BM molecules have
arandom character at the liquid-solid mterface during their adsorption onto BZJS1 and BZJS2

[42].

3.9. MB adsorption onto various adsorbents

In this part, a comparison of the performances of the prepared beads (BZJS1 and BZJS2) to
those also considered in the available literature for the removal of methylene blue is displayed
in Table 8, which summarizes the maximum adsorbent capacity of each material as well as the
number of regeneration cycles with a variety of precursors and encapsulating agents. As
observed, BZJS1 displays imteresting performances and hence its relevance must be

subsequently confirmed at larger scale.
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4. Conclusion

In this paper, encapsulation by sodium alginate was used as a proposed solution to avoid some
problems encountered with conventional materials in powder form such as the difficulty of
regeneration. For this purpose, Ziziphus jujuba stones were used as a precursor. The
performances of the prepared materials (BZJS1 and BZJS2) were examined in a batch system
by adsorption of a cationic dye, methylene blue (MB). The results obtained confirmed that the
encapsulation was efficiently carried out, since the adsorption potential of the prepared beads
strongly increased from 160.85 mg/g for PZJS to 767.102 and 680.098 mg/g for BZJS1 and
BZJS2 respectively at 25 °C. Furthermore, the modeling of MB adsorption isotherms showed
that whatever the temperature, the Redlich Peterson model led to the most accurate fitting of
experimental data. Regarding the adsorption kinetics, the nonlinear models of pseudo-first-
order (PFO), pseudo-second-order (PSO) and pseudo nth order (P"hO) were considered and the
PFO model was found to be the most suitable model to describe the kinetic results. In addition,
the Intra particle diffusion model showed that MB adsorption was performed in three steps, and
the Boyd model suggested that film diffusion is the limiting step that controls the MB
adsorption process onto both materials. Otherwise, the effects of ionic strength and organic
compounds have shown that NaCl and humic acid had a negative impact on the adsorption of
MB on both materials. The temperature effect and thermodynamic parameters showed that
adsorption of MB onto BZJS1 and BZJS1 was spontaneous and exothermic. The regeneration
study concluded on the reusability of the beads, since the MB removal yields were 92.01 and

82.88% for BZJS1 and BZJS2 even at the sixth cycle.
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Figure 1. FTIR characterization of PZJS, BZJS1, BZJS2 and afteradsorption of MB.
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Figure 2. SEM captures of PZJS (a), BZJS1 (b) and BZJS2 (c)
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Figure 3. Elemental analysis by EDX of PZJS, BTS1and BZJS2.
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Figure 8. Experimental data (points) of MB adsorption onto BZJS1and BZJS2. Modeling Data (lines)
by Langmuir, Freundlich, Sips, and Redlich-Peterson (R-P) models at different temperatures. (stirring
speed=250 rpm, pH=6.2)
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Figure 9. Kinetics data (symbol) of MB adsorption onto BZJS1and BZJS2 and modeling data(lines) by
PFO, PSO, and P""O with differentinitial concentrations. (T=25°C, stirring speed=250 rpm, pH=6.2)
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Figure 10. Intraparticle diffusion modeling of MB adsorption onto BZJS1 and BZJS2. (T=25 °C, stirring
speed=250 rpm, pH=6.2)
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Figure 11. Boyd model data of MB adsorption onto BZJS1 and BZJS2. (T=25 °C, stirring speed=250
rpm, pH=6.2)
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Figure 12. pH effect of MB adsorption onto BZJS1and BZJS2. (T=25 °C, stirring speed=250 rpm)
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Figure 13. lonicstrength and humicacid effects on MB adsorption onto BZJS1and BZJS2. (T=25 °C,
stirring speed=250 rpm, pH=6.2)
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Figure 14. Regeneration study for BZJS1and BZJS2. (T=25 °C, stirring speed=250 rpm, pH=2)
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Table 1: Some characteristics of Methylene blue (MB) dye.

Methylene Blue dye (MB)

Category

Brute formula

Chemical name

Molar mass (g
/mol)

Diametre (A°)

Maximum
wavelength (nm)

pKa

Solubility at 20 °C
(€49)

Structure

Basic cationic dye
Ci6Hi1sN3SCl

tetramethylthionine hydrochloride
320

15
654
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Table 2: Description of all the used equations in this paper.

Equation Equation Equations forme
number name
01 Adsorbed Q. =(C,—C)*V/m
amount
02 PFO Qe=Qc(1—e"1t)
03 PSO 0 K,Q2t
=\K,0.t +1
nth _\11/(1-n)
04 Po Qe=0c — [(n = DKyt + 087
(@)Y e
F_Qt_l m? n=1\n? g
If F>0.85 then
05 Boyd B, = —0.04977 — In(1— F)
If F<0.85 then
2
T[Z
|- -6
3
06 Intraparticul
diffusion Qr=K;qt®> + A
07 Langmuir Q. KiCe
Om 1+K.Ce
08 Freundlich Q0 = KpCM/™
09 Redlich- 0, = KgpCe
o = T
Peterson (1 + aCf)
10 Sips Qe _ _KsC™
Qm 1+ KSCemS
9 AHO
11 Van’t Hoff ln(&* 1000) _ASo—
Co T
12 Gibbs free
energy change AG®° = AH°—T * AS°
13 Regeneration E, = Qaes | 100
efficiency ads
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Table 3: Elemental analysis by XRF of PZJS, BTSland BZJS2.

Adsorbent PZJS BZJS1 BZJS2
Element % Weight % Weight % Weight
C 47.5 41.6 40.6
O 51.7 52.8 54.3
Ca 0.05 5.19 4.73
Si 0.15 0.08 0.12
Al 0.11 0.03 0.03
P 0.03 0.02 0.01
7n 0.11 0.08 0.08
Others 0.54 0.19 0.13
Total 100.00 100.00 100.00
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Table 4: Textural properties of BZJS1 from N> adsorption-desorption isotherm.

Material BET surface Totale pores  Pore diameter
area (m?/g) volume (nm)
(cm®/g)
BZJS1 15.68 0.032 4.11
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Table 5: Isotherm modeling parameters of Langmuir, Freundlich, Sips and Redlich-Peterson
models for MB adsorption onto BZJS1 and BZJS2 at different temperatures.

Materials Models Parameters 10 °C 25 °C 30 °C 40 °C

Qup(mgle)  767.102  737.126  687.266  627.551
On(mgle) 897416  866.694 773.612 711251

Langmuir Ke (Lime) 0.020 0019 0020  0.021
0989 0987 0994  0.9911

R2
2.81 2.80 3.10 3.12
nr
~ Freundlich Kr(mg/g)(L/mg)! 102.59 96.24 101.36 94.65
VJ R 0.893 0.899 0.884 0.871
Q Qu (me/g) 859.91 845.78 742.59 665.82
m Sips Ks (L/mg) 0.023 0.019 0.022 0.024
s 1.11 1.06 1.13 1.24
R2 0.990 0.986 0.996 0.996
ke (L/g) 14.68 12.77 13.19 11.78
Redlich-
Peterson ar (L/ mg) 0.007 0.006 0.010 0.008
Br 1.136 1.138 1.091 1.123
R2 0.993 0.989 0.9978 0.997
Qexp(mg/g) 680.098  660.120 596.124  493.258
Qu(mg/g) 786.868 760.919 667.623  549.604
Langmuir K1 (L/mg) 0.016 0.016 0.017 0.019
R 0.992 0.991 0.991 0.992
2.80 2.80 2.99 3.36
nr
i 83.32 79.97 &0.10 79.93
Fl'ellndllch KF(mg/g)(Umg)”"
% R? 0.943 0,.938 0.920 0.884
Q Qu(mg/g) 836.71 806. 687.21 536.54
0.014 0.014 0.016 0.020
Q Sips Ks (Umg)
ms 0.881 0.888 0.935 1.086
R2 0.993 0.9914 0.991 0.992
ke (L/g) 13.11 12.93 12.24 8.7
Redlich- ar (L/ mg) 0.019 0.021 0.021 0.008
Peterson Br 0.980 0.968 0.978 1.091
R2 0.991 0.990 0.990 0.995
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Table 6: kinetics modeling parameters of PFO, PSO and P""O models for MB adsorption

onto BZJS1 and BZJS2.

M aterials Models Parameters 50 mg/L 100 mg/L 200 mg/L
Qexp (mg/g) 45.80 92.36 182.59
PFO Qe (mg/g) 45.89 89.56 176.16
K1, (min") 0.004 0.004 0.005
R 0.997 0.976 0.994
— Qe (mg/g) 50.37 100.10 190.77
22! #1074 1.117 0.433 0.368
S ey
m R 0.984 0.988 0.992
Qe (mg/g) 45.88 156.66 178.88
puthQ kn, (mg/g)™/min 0.006 3.471*10°12 9.024*104
n 0.92 5.12 1.37
R 0.997 0.992 0.995
Qexp (mg/g) 45.86 92.10 177.88
PFO Qe (mg/g) 45.83 88.49 174.37
K1, (1/min) 0.004 0.003 0.004
R2 0.999 0.996 0.994
(@ Qe (mg/g) 51.33 101.67 191.93
N 10
E PSO I%fngl?nmgé 0.843 0.336 0.280
m R 0.996 0.997 0.997
Qe (mg/g) 46.115 94.250 182.796
pnthQ kn, (mg/g)'"/min 0.002 2.800*104 1.969%104
n 1.137 1.549 1.626
R2 0.999 0.997 0.997




Table 7: Thermodynamic parameters of MB adsorption onto BZJS1 and BZJS2.

Adsorbent T(°K) AG°(KJ/mol) AH°(KJ/mol) AS°(J/mol*K)

283 -17.708

BZJS1 208 -18.023 -11.655 21.389
303 -18.136
313 -18.350
283 -17.096

BZJS2 208 -17.217 -14.813 8.065
303 -17.257
313 -17.340
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Table 8: MB adsorption

onto various beads with different precursors.

Precursor Encapsulating Adsorbed Regeneratio Reference
agent amount n cycle
Bentonite Sodium algnate 2024 More than 2 [42]
Fe304 particle Chitosan 20.40 -- [43]
graphene oxide Sodium algmnate 357.14 5 [44]
Activated carbon from sodium algmnate 230 -- [45]
Mangosteen fruit peel
Halloysite Chitosan 270.27 5 [46]
Activated carbon from sodium algnate 710.2 7 [47]
spent coffee grounds
Halloysite nanotube sodium algmnate 250.0 10 [48]
Activated carbon from sodium algmnate 502.5 5 [49]
silk sericin
PC@Fe304NPs sodium algmnate 49.66 -- [50]
Ziziphus jujuba stones Sodium algnate 737.13 6 This study
(BZJS1)
Ziziphus jujuba stones Sodium alginate 660.12 6 This study

(BZJS2)
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