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ABSTRACT

In the current work, a highly chelating alginate derivative (phosphorylated alginate [PhAlg]) used
as a template for the development of zinc oxide (ZnO) nanoparticles for the first time. Zn*" ions were
employed for gelation of the phosphorylated alginate, and then the ZnO nanoparticles were formed
via annealing of (Zn-PhAlg) hydrogel. Different particles sizes of the ZnO nanoparticles were obtained
by variation of the used PhAlg solution concentration. Properties of the obtained ZnO nanoparticles
were verified using characterization tools such as FT-IR, SEM, and surface area measurements. Batch
experiments were used to study the ability of the prepared zinc oxide nanoparticles for removing
methylene blue (MB) from its aqueous solutions under different operational conditions such as initial
MB concentration, pH, adsorbent dosage, contact time and temperature. The results further fitted
with different kinetic and isotherm models. Moreover, the thermodynamics of the adsorption process

was investigated.
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Isotherm; Thermodynamics

1. Introduction

Nanoparticles present new or enhanced features which
established with specific characteristics such as size, mor-
phology, and distribution. There are dramatic develop-
ments in the field of nanotechnology within the recent
past years, with numerous developed methodologies to
prepare nanoparticles with specific design and size which

* Corresponding author.

were counted for specific needs. New applications of nano-
materials and nanoparticles are developing rapidly, such as
water treatment, antibacterial, medical and pharmaceutical
applications, etc. [1,2].

Zinc oxide nanostructures have caught extensive atten-
tion due to their remarkable performance in electronics,
optics, and photonics. Several strategies have been utilized
to produce ZnO nanoparticles such as sol-gel, microemulsion
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techniques, spray pyrolysis, laser ablation, thermal evapo-
ration, chemical deposition, microwave method, mechan-
ical milling and hydrothermal synthesis [3-13]. The main
developed synthetic routes of oxide materials with a partic-
ular emphasis on the gel-template ones using alginate as an
efficient raw material were reviewed [14]. A brief review of
the recent advances in metal oxide preparation by the miner-
alization process of biopolymers, including alginate, shows
the diversity of the approaches, and their adaptations to
produce materials with potential applications in catalysis,
energy and environment preservation sectors [15].

The shape and the size of the metal oxides nanoma-
terials developed could be controlled by selection of the
polymer template and the preparation conditions [16-23].
Mixed metal oxides have applications as adsorbents in
organic reactions [16]. Diblock copolymer matrix was used
as a template and produced ZnO nanoparticles having a
size ranging from 7 to 15 nm [17]. Selection of the alginate
salt succeeds in the developing of nanowires or nanoparti-
cles metal oxide [18]. Nano zinc oxide (ZnO) with moder-
ate surface area and high pore volume has been produced
using chitosan template [19]. Rice as a bio-template used to
modify the shape and size of zinc oxide particles. Pore size
and texture of the resulting zinc oxide particles were found
to be template-dependent [20]. The average crystallite sizes
of the nanoparticles obtained using cellulose and alginate
templates were well below 50 nm [21] and in the range of
21-24 nm using starch as template [22]. Further reduction
of the ZnO nanospheres size, reaching to average 5 nm, was
obtained using sodium alginate as a template [23].

In recent years, there is an increase in the generation of
hazardous organic pollutant materials in wastewater [24,25]
that drive the scientists to find more efficient treatments
designed to reduce pollutant concentration; such as floccu-
lation, ozonation and adsorption [26]. The dyes are exten-
sively used in textile, printing, cosmetics, food processing
etc.; in recent years, environmental pollution caused by the
release of toxic chemicals from industries. The toxic efflu-
ents cause various environmental and health hazards [27].
Methylene blue (MB) is one of the famous dyes used in
the industrial dying processes. Removal of MB from dyes
wastewater has attracted much attention in the last decade.
Among different adsorbent materials used in the MB
removal process, ZnO has a significant contribution [28-32].

In this study, zinc oxide nanoparticles with varied size
were prepared using phosphonate alginate as a polymeric
template for Zn* ions. The obtained ZnO nanoparticles
were evaluated as MB cationic dye absorbent materials.
The adsorption data fitted with kinetic, isothermal and
thermodynamic models.

2. Materials and methods
2.1. Materials

Zinc acetate dehydrates Zn (O,CCH,), (H,0), were pur-
chased from Sigma-Aldrich, Sodium alginate (C;H,O,Na)
medium viscosity purchased from Alpha chemika, India.
Epichlorohydrin (purity 99.5%) supplied by Sigma-Aldrich
Chemie Gmbh (USA). Orthophosphoric acid (purity 85%
extra pure) supplied by Sigma-Aldrich Chemicals Ltd.
(Germany).

2.2. Methods

2.2.1. Preparation of zinc oxide nanoparticles using
phosphorylated alginate as the template

Phosphorylated alginate (Ph Alg) was prepared accord-
ing to the previously published results [33]. The Ph Alg
solution (2.0%) was mixed with zinc acetate solutions (2.0%)
using homogenizer to obtain a homogeneous mixture, fol-
lowed by filtration. The obtained hydrogel was washed with
distilled water several times to remove excess zinc acetate.
After that, the zinc-Ph Alg hydrogel was dried in the oven
at 60°C overnight to remove any moisture. Finally, the dried
gel was calcinated in the oven at 700°C for 3.0 h to obtain
the final product of nanoscale zinc oxide.

2.2.2. An adsorption experiment: batch equilibrium studies

The stock solution of 1 g/L of Methylene blue dye
(1,000 ppm) was prepared by dissolving the appropriate
amount of dye in distilled water then the used concentra-
tions were obtained by dilution. All the adsorption experi-
ments conducted in 100 mL flasks by adding a given amount
of adsorbent to 25 mL dye solution of different dye concen-
trations with different pH values and shaking in an orbital
shaker for a given time. The adsorbate concentrations in
the initial and final aqueous solutions were measured by
using UV-Vis spectrophotometer at 664 nm. The amount of
dye adsorbed was calculated from the difference between
the initial concentration and the equilibrium one. The dye
removing percentage was calculated using the following
relationships:

: (Co ~ Cc)
Dye removing % = — x100% (1)

0

where C is the beginning dye concentration, and C, is the
final dye concentration in supernatant.

The removal capacity is calculated according to the
following formula:

mg | _ (Co_ct)
q( 8 ]_V M @

where g is the uptake capacity (mg/g); V is the volume of MB
solution (mL), and M is the mass of ZnO (g).

2.3. Instrumental characterization
2.3.1. Infrared spectroscopic analysis (FT-IR)

The structures of zinc oxide nanoparticles were investi-
gated by carrying FT-IR spectroscopic studies using Fourier
transform infrared spectrophotometer (Shimadzu FTIR -
8400 S, Japan).

2.3.2. Scanning electron microscope

0.05 g, of powder, was dispersed in 10 mL ethanol then
100 uL of the solution was spread on a glass slide and allowed
to dry. The sample was coated with gold using vacuum
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sputter coater. Scanning of coated zinc oxide nanoparti-
cles was carried out using a scanning electron microscope
(Jeol Jsm 6360LA, Japan).

2.3.3. Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) of zinc oxide nano-
particles was carried out using a thermogravimetric analyzer
(Shimadzu TGA-50, Japan) in temperatures ranging from
25°C to 800°C under nitrogen atmosphere at a gas flow rate
of 20 mL/min and a heating rate of 10°C/min.

2.3.4. Particle size analysis

0.1 g of zinc oxide nanoparticles were dispersed in 10 mL
of distilled water. Each sample was sonicated using an
ultrasonic water bath for 15 min before measured in submi-
cron particle size analyzer (Beckman Coulter N5, USA).

3. Results and discussion

Presence of the carboxylic and the phosphonic groups
along the alginate backbone simplified chelating of the Fe*'
ions in the polymer network [34]. In the previous work, Zn?
chelated with the carboxylic groups of alginate simulta-
neously during its gel formation [35]. In the current work,
Zn* will chelate with the carboxylic and the phosphonic
groups of phosphorylated alginate simultaneously during
its gel formation for the first time. The novelty of the current
work comes from the presence of multi chelating groups
creating different gelation rate and three network structure
and consequently control the particle size of the metal oxide
and its surface structure. The produced hydrogel annealed
at 700°C in the presence of oxygen air to depredate the
polymeric network and to form the ZnO nanoparticles. The
prepared zinc oxide nanoparticles were characterized using
physico-chemical characterization tools; FT-IR, SEM and
particle size analysis. Finally, the prepared ZnO nanopar-
ticles were evaluated in the adsorption process of the MB
cationic dye. Factors affecting the adsorption process, such
as MB concentration, adsorption time, temperature and pH,
have been studied. Besides, the effect of variation of the
adsorbent amount and the agitation speed was investigated.
The fitting of the adsorption data with different kinetic
and isotherm models has been determined. Moreover, the
thermodynamic parameters have been calculated. Finally,
the effect of varying the ZnO particles size on the adsorp-
tion capacity and the distribution coefficient (K,) of the MB
has been evaluated.

3.1. Characterization
3.1.1. Particle size measurement

Table 1 demonstrates the effect of variation of the phos-
phorylated alginate concentration on the particle size of
the obtained zinc oxide. Increasing of the polymer solu-
tion concentration induced a decrease of the particle size
formed that could be explained by the presence of an excess
of the chelating groups vs. Zn*, which make the homoge-
nous spreading of the Zn* inside the gels before annealing.

Table 1

Effect of the Ph-alginate concentration on the zinc oxide nanopar-
ticles size (Zn*? solution 2%, 180 min calcinations time, and 700°C
calcination temperature)

Ph-alginate concentration (%) Particle size (nm)

0.5% 193.5
1.0% 174.4
1.5% 164.8
2.0% 138.8
3.0% 98.5

The same behaviour was obtained in previous work using
unmodified alginate [35]. The modification of the alginate
with phosphate groups, compared with the alginate, reduced
the particles size of the formed ZnO particles from 183 to
139 nm under the same preparation conditions; polymer
template 2%, zinc acetate 2%, calcination time 180 min and
calcination temperature 700°C.

3.1.2. Fourier transforms infrared spectroscopy (FTIR)

The FTIR spectra of ZnO nanoparticles are shown in
Fig. 1 where the Zn-O bond appears at around 450-490 cm™
[36]. The bands at approximately 636 and 1,076 cm™ may
be related to the formation of zinc phosphate which has
corresponding characteristic bands at 635 and 1,066 cm™
[37]. The broad peaks around 3,433 cm™ specified to the
O-H stretching mode of hydroxyl group [38,39] and
1,624 cm™ (bending) refers to an asymmetrical stretching
band of the zinc carboxylate that may be attributed to car-
bonate that probably gets from the atmospheric carbon
dioxide [40].

3.1.3. Thermal gravimetric analysis

Fig. 2 exhibit thermal gravimetric analyses of zinc oxide
nanoparticles fabricated using Ph Alg 2% as a template
using 2% of zinc acetate as a source of Zn ions calcinated at
700°C, 3 h. The figure confirming that there is no degrada-
tion peak recognized over testing temperature, which proves
the thermal stability of the prepared nanoparticles and the
complete formation of ZnO nanoparticles.

3.1.4. Scanning electron microscope

Fig. 3 presents SEM images of the prepared zinc oxide
nanoparticles developed under the same conditions, 2%
zinc acetate, calcination for 3 h at 700°C and 800°C, using
2% phosphorylated alginate and 2% alginate. The morpho-
logical structure demonstrates a clear change from nano-rod
with terminal pyramids-like particles produced from algi-
nate template to nano-hexagonal crystals produced from
phosphorylated alginate template. It was recognized a small
salience along with particles surface results of the presence
of multi chelating groups along with template polymer
(i.e., carboxylic and phosphonic groups). Also, the figure
shows that the particles are of crystal shape with growing
limitation in the z-direction.
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Fig. 1. FTIR spectra of the zinc oxide nanoparticles.
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Fig. 2. TGA thermograph of the zinc oxide nanoparticles.
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Fig. 3. SEM images of zinc oxide nanoparticles prepared using alginate and phosphonated alginate templates.

3.2. MB adsorption studies onto zinc oxide nanoparticles

In general, zinc oxide and more specific nanoparticles
were attracted to the attention of scientists to use for dye
removal in wastewater. In the current study, prepared zinc
oxide nanoparticles were examined as adsorbents for the
dye removal taking methylene blue as a model of a cat-
ionic dye. Several factors, such as contact time, solution pH,
temperature, MB concentration, adsorbent dosage and ZnO
particles size, were studied to explore the adsorption process.

Moreover, the adsorption data were fitted using different
kinetic, isothermal and thermodynamic models.

3.2.1. Effect of the adsorption’s pH

The pH of the dye solution plays a significant role in the
adsorption process. The dye adsorption process is highly
pH-dependent, especially for the cationic dye adsorption [41].
It affects the ionization of the adsorptive molecule and there-
fore, the surface charge of the adsorbent. The attachment
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of cationic dyes onto the adsorbent surface is primarily
influenced by electrostatic interaction with the adsorbent
surface charge, which changed by the pH of the solution.
Consequently, studying the effect of pH on the adsorption
process is essential in adsorption analyses. In this particu-
lar case, the solution pH can change the surface charge of
the adsorbent as well as different ionic forms of methylene
blue.

Fig. 4 displays the effect of the MB solution pH on its
adsorption onto zinc oxide nanoparticles. The maximum
adsorption capacity was observed at pH =7. The adsorption
capacity was found minimum at extremely acidic and alka-
line MB solutions. A gradual increase was observed from
pH 3 (to reach maximum at neutral pH 7), then declined
at alkaline pH 9 and 11. At acidic pH, the lower dye sorp-
tion may be due to the presence of excess H+ ions struggling
with the positive groups on the dye. As the solution pH
increased, the active surface sites of ZnO are deprotonated,
and the conflict between dye cationic and H+ for the adsorp-
tion sites lessens, which decrease the dye decolourization.
On the other hand, the higher dye uptake values obtained
by increased pH (above pH 3) are due to the electrostatic
attraction between the positively charged dyes anions and
the immobilized negatively charged ZnO [42].

3.2.2. Effect of the adsorption’s temperature

The temperature is also one of the critical factors which
influence the adsorption of methylene blue onto nano sor-
bent. It can change several characters of the adsorption pro-
cess, for example, the dye solubility, the swelling capacity
of the adsorbent, and the equilibrium position concerning
the endo- or exothermicity of the adsorption phenomenon
[43]. So, the effect of temperature on the stability of MB
adsorption onto the synthesized ZnO investigated in the
temperature range of 25°C-50°C.

Fig. 5 displays a linear increment of the adsorption
capacity by raising temperature in the studied range from
25°C to 50°C. This phenomenon can be explained by increas-
ing the kinetic energy of the MB ions at a higher temperature,
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Fig. 4. Effect of the methylene blue solution’s pH on the
adsorption capacity of the zinc oxide nanoparticles.
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Fig. 5. Effect of the methylene blue solution’s temperature on
the adsorption capacity of the zinc oxide nanoparticles.

leading to increase in the collision of the MB ions and the
ZnO particles [44].

3.2.3. Effect of the adsorbent dosage

Impact of the adsorbent dosage on the adsorption of
the methylene blue was studied and recorded at a different
portion of nanoparticles ranged from 0.025 to 0.3 g and
is presented in Fig. 6. It was seen a decline, almost linear,
with an increase of the amount of zinc oxide nanoparti-
cles. This behaviour may be due to the availability of active
adsorption sites which dye can get attached to it [45].

3.2.4. Effect of the agitation speed

The result of agitation speed on the adsorption capacity
of the ZnO nanoparticles was studied by varying the speed of
agitation from 100, 150, 200, 250 to 300 rpm. It can be seen
from Fig. 7 that the adsorption capacity almost doubled
with an increase of the agitation speed from 100 to 200 rpm.
Further improvement of the agitation speed over 200 rpm,
the adsorption capacity remained almost constant. These
results can be associated with the fact that the increase of
the agitation speed, improves the diffusion of MB towards
the surface of the adsorbent. That also indicates that a shak-
ing rate of 200 rpm is sufficient to ensure that all primary
active sites on the surface are made readily possible for the
methylene blue uptake.

3.2.5. Effect of the initial methylene blue concentration

The impact of the initial methylene blue concentration
on the adsorption capacity was examined at five different
levels of 5, 10, 20, 50, 70 and 100 ppm, and the results are
presented in Fig. 8. The adsorption capacity increased
linearly with increase in the MB concentration from 5 to
100 ppm. This observation is an indication of the availability
of a high number of the free adsorption sites on the surface
of the ZnO adsorbent, which directly gave an insight into
the adsorption capacity. The great surface area plays a sig-
nificant role in shifting the equilibrium of the MB molecules
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Fig. 7. Effect of the agitation speed on the adsorption capacity of
the zinc oxide nanoparticles.
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Fig. 8. Effect of the methylene blue concentration on the
adsorption capacity of the zinc oxide nanoparticles.

between the solid phase (adsorbent) and the liquid phase
(MB solution) to higher concentrations.

3.2.6. Effect of adsorption time

The result of the adsorption time of MB dye onto the
zinc oxide nanoparticles was studied over 180 min (Fig. 9).
It can be seen from Fig. 9 that the adsorption capacity of
the ZnO rapidly increased at the initial period of contact
time to 90 min and then approached a slow rate of adsorp-
tion capacity at which no more dye was removed from the
solution. At this point, the amount of dye adsorbed onto
the adsorbent was in a state of dynamic equilibrium with
the amount of dye desorbed from the adsorbent. The time
required to attain this state of equilibrium termed the
equilibrium time, and the amount of dye adsorbed at the
equilibrium time reflected the maximum dye adsorption
capacity of the adsorbent under these particular conditions.

3.3. Adsorption isotherm models

Adsorption isotherms are mathematical models that
describe the distribution of the adsorbate species among
solid and liquid phases and are thus crucial from the chemi-
cal design point of view. The results obtained on the adsorp-
tion of MB onto the ZnO nanoparticles were analyzed by the
well-known models given by Freundlich, Langmuir, Temkin
and Harkins-Jura. The sorption data obtained for equi-
librium conditions have been analyzed by using the linear
forms of these kinds of isotherms (Fig. 10).

The Freundlich isotherm presented by Eq. (3) assumes
neither homogeneous site energies nor limited levels of
sorption [46-48].

Ing, =InK, +ilnCe 3)
"y

The Langmuir isotherm presented by Eq. (4) assumes
monolayer sorption onto a completely homogeneous surface
with a finite number of identical sites and with negligible
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Fig. 9. Effect of the adsorption time on the adsorption capacity of
the zinc oxide nanoparticles.



382 A.M. Omer et al. / Desalination and Water Treatment 174 (2020) 376-388

3 (b) 7
) y=0.0646x + 1.5207
. R?=0.9693 >
25 - Y= 2.0367x+0.0409 ®
R?=0.9842
2 4
o
c 1.5 4
-
1 .
0.5 4 1 4e
0 T T T T T v L 0 T T T T T T T ]
0 0.2 0.4 0.6 0.8 1 12 14 0 10 20 30 40 50 60 70 80
LnC, C.(mg/L)
(c) T (d) 0.45 -
12 - Py 04 4 .
y=10.216x- 1.4695 0.35 4
P
— R*=0.8776 o
) 0.25 y=-0.2148x +0.3572
~ 8 1 R?=0.8227
-1} N, 0.2 4
E g
& 6 - 0.15 A
0.1 -
4
0.05 A
2 - 0 - .
-0.05 A
o T ' 0.1 . . , r . . \
0 03 0.6 0.9 12 15 0 03 06 09 12 15 18 21
LnC, LogC,

Fig. 10. Adsorption isotherm models: (a) Freundlich, (b) Langmuir, (c) Temkin and (d) Harkins—Jura.

interaction between adsorbed molecules is given by
Eq. (4) [49]:

g_i_kg 4)
9. 4.X 41,

The value R, calculated (Table 2) according to Eq. (5) [50]
fall between zero and one confirmed that the adsorption of
the MB onto the ZnO nanoparticles under the conditions
used in this study was favourable by Langmuir isotherm [51].

R, = 1
1+KC,

®)

Temkin isotherm considered the effects of indirect adsor-
bent/adsorbate interactions on the adsorption process [52]. It
can be expressed in the linear form as [53,54]:

g, =BInK, +BInC, (6)

Finally, the Harkins-Jura adsorption isotherm can be
expressed as [55,56].

Table 2
R, values for different initial MB concentrations

C R

0 L
0.00843

10 0.00423

20 0.00212

50 0.00085

70 0.0006

100 0.00043
MEATER W
7. \Ay) \Ay

The Harkins—Jura adsorption isotherm accounts to mul-
tilayer adsorption and can explain with the existence of
heterogeneous pore distribution.

All the isothermal parameter values obtained from
the four equilibrium isotherm models applied for the MB
adsorption on the ZnO nanoparticles were summarized
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in Table 3. Although the Freundlich isotherm model gave
the highest R? value (0.9842) suggested that the formation
of multilayers of adsorption [54,55], the adsorption capac-
ity K, value, 1.042 mg/g, is far from the experimental value
and the n, < 1 indicating unfavourable adsorption for MB
using Zné nanoparticles [56-57]. On the hand, the R? value
was 0.9693 for Langmuir model is considered an indicator
of the goodness-of-fit of experimental data and the maximum
adsorption capacity g, closely related from the experimen-
tal values which in turn indicated monolayer adsorption of
MB onto the ZnO nanoparticles of complete homogeneous
surface with a finite number of identical sites and with neg-
ligible interaction between MB molecules. The data fitness
(R?) using Temkin and Harkins-Jura adsorption isotherms
is lower than both Freundlich and Langmuir isotherms. The
Harkins-Jura model shows the smallest fit of the results
where R? value is 0.8227. The obtained result confirmed the
existence of homogeneous pore distribution.

3.4. Adsorption kinetic models

The most common models used to fit the kinetic sorp-
tion experiments are Lagergren’s pseudo-first-order model
(Eq. (8)) [52], pseudo-second-order model (Eq. (9)) [53], and
Elovich model (Eq. (10)) [58].

In(q, -q,)=Inqg, - Kt ®)
i — % + i (9)
9. Ka. 4.

g, =o+pInt (10)

where g, (mg/g) and g, (mg/g) are the amount of dye adsorbed
at equilibrium and at time ¢, respectively. k, (min™) and k,
(g mg™' min) are the pseudo-first-order and pseudo-second-
order adsorption rate constants, respectively. The Elovich
constants are a (mg/g min), the initial sorption rate, and
B (g/mg) is the extent of surface coverage and activation
energy for chemisorption.

3.4.1. Pseudo-first-order model

The value of the pseudo-first-order constant (k,; 0.0257)
and correlation coefficient (R% 0.9817) was obtained from
Fig. 11a. It indicated that the correlation coefficients are good
enough. However, the estimated value of q, was calculated
from Eq. (8); 5.17 mg/g have differed from the experimental
value, 4.7 mg/g.

3.4.2. Pseudo-second-order model

The second-order rate constant (k,; 7.2554) and q, value
(5.92 mg/g) was determined from the slope and intercept of
the plot, Fig. 11b. The values of the correlation coefficients
(R% 0.9949) was found almost equal to one. Accordingly,
the kinetics of MB adsorption can be described well by the
second-order equation in agreement with other published
results [59,60]. That suggests that the rate-limiting step in

Table 3
R? values for the MB removal with the different studied
equilibrium isotherms

Isotherm model Parameters

Langmuir K, (L/g) q..., (Mmg/g) R?
23.54 15.48 0.9693

Freundlich K, (mg/g) N R?
1.042 0.4910 0.9842

Harkin-Jura B,, (mg*/L) A, (g%/L) R?
1.663 4.655 0.8227

Temkin K, (L/g) b, (J/mol) R?
0.866 10.216 0.8776

these sorption processes may be chemisorption involving
valent forces through the sharing or exchange of electrons
between adsorbent and adsorbate [61].

3.4.3. Elovich model

From the slope and intercept of the linearization of the
simple Elovich equation, the estimated Elovich equation
parameters were obtained (Fig. 11c). The value of (3 is indic-
ative of the number of sites available for adsorption (1.361)
while a value (2.1694) is the adsorption quantity when Ln
t is equal to zero; that is, the adsorption quantity when ¢ is
1 h. This value helps understand the adsorption behaviour
of the first step [62]. Also, from this figure, it was declared
that the Elovich equation fits well with the experimental
data.

3.5. Adsorption mechanism models

Following up the adsorption mechanism of any ions
onto solid from aqueous phase is going through a multi-step
process. Initially, two steps were recognized in the liquid
phase. The first step is the transport of the ions from the
aqueous phase to the surface of the solid particles, which is
known as bulk diffusion. This step was followed by diffu-
sion of the ions via the boundary layer to the surface of the
solid particles (film diffusion). The last step, consequently,
happened in the solid phase where the ions transport from
the solid particles surfaces to its interior pores, known as
pore diffusion or intraparticle diffusion. This step is likely
to be slow, and therefore, it may be considered as the rate-
determining step.

Adsorption of an ion at an active site on the solid phase
surface could also occur through a chemical reaction such as
ion-exchange, complexation and chelation.

The diffusion rate equations inside particulate of
Dumwald-Wagner and intraparticle models were used to
calculate the diffusion rate of MB on ZnO nanoparticles.
On the other hand, concerning the external mass transfer,
Boyd model was examined to determine the actual rate-
controlling step for MB removal.

Usually, the adsorption process was controlled by
either the intraparticle (pore diffusion) or the liquid-phase
mass transport rates (film diffusion) [63]. Experimenting is
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Fig. 11. Adsorption kinetic models: (a) pseudo-first-order model, (b) pseudo-second-order model and (c) Elovich model.

a batch system with rapid stirring lefts the possibility that
intraparticle diffusion is the rate-determining step [64].
Weber and Morris explored the possibility of affecting the
adsorption process via intra-particle diffusion resistance
[65] using the intra-particle diffusion model described as
follows:

1

g =kgt?+1 (11)

where k,, is the intra-particle diffusion rate constant. Weber
and Morris [65] have figured out the thickness of the bound-
ary layer from the values of I. Greater boundary layer effect
was noticed with more significant intercept [66]. The plot of
g, vs. 1% is presented in Fig. 12a. Two separate linear portions
that represent each line could be observed from the figure.
These two linear portions in the intraparticle model suggest
that the removal process consists of both surface removal
and intraparticle diffusion. While the initial linear part of
the plot is the indicator of the existence of the boundary
layer effect, the second linear portion is due to intraparti-
cle diffusion [67]. The intraparticle diffusion rate (k,), 0.081

(mg/g min), was calculated from the slope of the second
linear portion and the values of C (3.6134), the intercept,
provides an idea about the thickness of the boundary layer.
The larger the intercept, the greater is the boundary layer
effect [66].

In case of involving the intraparticle diffusion in the
sorption process, then a linear relationship would result
from the plot of g, vs. 2, and the intraparticle diffusion
would be the controlling step if this line passed through
the origin [63]. Fig. 12a confirms that straight lines were not
passed through the origin. The difference between the rate
of mass transfer in the initial and final steps of the sorption
process may cause the deviation of straight lines from the
origin. Accordingly, it can conclude that the pore diffusion is
not the sole rate-controlling step [68]. Additional processes,
such as the adsorption on the boundary layer, may also be
involved in the control of the adsorption rate.

The diffusion rate equation inside particulate of Dumwald-
Wagner can be expressed as [69]:

log(le):[ZBK(Bjxt (12)
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Fig. 12. Adsorption mechanism models: (a) intraparticle model, (b) Dumwald-Wagner and (c) Boyd model.

where K is the diffusion rate constant and the removal per-
centage, F is calculated by (g/q,). The proper linear plot of
log (1-F?) vs. t (Fig. 12b) indicates the applicability of this
kinetic model. The diffusion rate constant K for MB diffusion
inside ZnO nanoparticles was found —0.0221 min™.

The kinetic expression further analyzed the adsorption
datais given by Boyd et al. [70] to characterize what the actual
rate-controlling step involved in the MB sorption process.

F :1(62Jexp(3,)

T

(13)

where F is the fraction of solute sorbed at different time t and
B, is a mathematical function of F and given by the following
equation:

=1
qﬂ.

(14)

q and g, represent the amount adsorbed (mg/g) at
any time ¢ and at the infinite time (in the present study 7 h).
With substituting Eq. (13) into Eq. (14), the kinetic expression
becomes:

B, =-0.4978 —ln[qu (15)

q&

Thus, the value of B, can calculate for each value of “F”
using Eq. (15). The calculated B, values were plotted against
time, as shown in Fig. 12c. The linearity of this plot will
provide useful information to distinguish between external
transport- and intraparticle transport-controlled rates of
sorption. Fig. 11c shows the plot of B, vs. t, which is a straight
line that does not pass through the origin, indicating that
the film diffusion governs the rate-limiting process [71].

3.6. Adsorption thermodynamic studies

The effect of variation adsorption temperature is illus-
trated previously in Fig. 5. A positive impact of elevating
the adsorption temperature of MB has been observed.
Such finding is an indication of the endothermic nature of
the MB adsorption process on ZnO nanoparticles adsorbent.

From engineering aspects, the values of thermodynamic
parameters such as the enthalpy change (AH®), the free
energy change (AG®), and the entropy change (AS°) should



386 A.M. Omer et al. / Desalination and Water Treatment 174 (2020) 376-388

be taken into consideration to conclude the spontaneity
of the adsorption process. A spontaneous system will dis-
play a decrease in AG® and AH° values with increasing
the temperature. All the thermodynamic parameters were
calculated from the following equations [72,73]:

Ik, =25 A1 (16)
R RT
where:
q.
K =1¢ 17
T (17)
AG = -RT InK, (18)

where R is the gas constant (8.314 J/mol K), and T is the
temperature in K. Table 4 lists down the values for the ther-
modynamic parameters (Fig. 13). The positive value for
the AH® (27.78 kJ/mol) indicates the endothermic nature of
the process, which explains the increase of MB adsorption
efficiency as the temperature increased. As informed by
Alkan et al. [74], the enthalpy change values as a result of
the chemisorption are between 40 and 120 k] mol™, which
are more significant than that caused by the physisorption.
Consequently, the lower value of the heat of adsorption
acquired in this study indicates that the adsorption of MB
is probably attributable to the physisorption. Conversely,
in the kinetics study, it was described that the adsorption is
chemisorption. Thus, it is evident from the lower AH® value
that the physisorption also takes part in the adsorption pro-
cess in which the MB ions adhere to the adsorbent surface
only through weak intermolecular interactions. The positive
value for the entropy change, AS° (83.47 J/mol K) illustrat-
ing the disorderliness at the solid/liquid interface during
the adsorption of MB ions onto the ZnO nanoparticles. The
AG® values reflect the feasibility of the process.

3.7. Effect of the ZnO nanoparticles size

The effect of ZnO nanoparticles size variation on the
adsorption capacity has been explored. From Fig. 14 it is clear
that the particles size has a direct impact on the adsorption
capacity of the ZnO nanoparticles. An inversely proportional
relation has been realized from the figure where the incre-
ment of the adsorption capacity of the ZnO nanoparticles

Table 4
Thermodynamic parameters

Temperature Thermodynamic parameters

S AG (kJ mol™) AH (k) mol™) AS (J K mol”)
25 2.8046 27.78 83.47

30 2.62

35 2.2421

40 1.6673

45 1.0472

50 0.8249

is accompanied with a decrease of the particles size. This
relation is a linear one in the particles size between 194 nm
and 139 nm, then turned to be exponential one with particle
size below 100 nm where the capacity increase from 4.4 to
6.738 mg/g for 139 nm and 98.5 nm particles. This behaviour
is closely related to the increase of the contacted surface area
of the ZnO nanoparticles with the MB solution, which reflects
on the affinity to adsorb the MB molecules. The affinity has
been measured by the distribution coefficient (K,) which cor-
relate the amount of the adsorbed MB onto ZnO nanoparti-
cles (solid phase) to its concentration in the solution (liquid
phase) at equilibrium according to the following relation:

q
K, =1
i c

e

(19)

The detected behaviour of the K, is quite similar to the
adsorption capacity. Also, the value of the K, for ZnO par-
ticle size below 100 nm (1.0328 Lg™) is much higher than
the counterpart particle size over 100 nm to 193 nm which
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Fig. 13. Van't Hoff plot of the adsorption of MB onto ZnO
nanoparticles.
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Fig. 14. Effect of the particles size on the adsorption capacity and
the distribution coefficient (K).
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fall in the range 0.3 to 0.4 Lg™. The adsorbent was classified
according to the K, value as a good one with a value between
1.0 and 10.0 Lg™ and as outstanding adsorbent with K, value
over 10.0 Lg™. Accordingly, the ZnO nanoparticles size less
than 100 nm considered as a good adsorbent.

4, Conclusion

Highly chelating alginate derivatives (phosphorylated
alginate; PhAlg) were developed and used as a template for
preparation of zinc oxide (ZnO) nanoparticles with varied
size. The structure and morphology of the obtained ZnO
nanoparticles were verified using FI-IR, SEM, TGA, and
surface area characterization tools.

The prepared zinc oxide nanoparticles were tested for
the removal of the methylene blue (MB) from its aqueous
solutions in batch experiments under different operational
conditions. It was found that the initial MB concentration,
the adsorbent dosage and the adsorption temperature have
a positive impact on the adsorption capacity of the ZnO
nanoparticles adsorbent. While 180 min of adsorption time
was found enough to establish equilibrium and pH 7.0 is
optimum for maximum adsorption capacity.

Fitting the results with different kinetic models shows
that the adsorption process was followed by the pseudo-
second-order model. The MB adsorbed as monolayers over
the ZnO nanoparticles surface as proven by Langmuir iso-
therm model. The maximum adsorption capacity, according
to Langmuir, was found to be 15.48 mg/g. The application of
different diffusion models indicated that film diffusion gov-
erns the rate-limiting process. Moreover, the thermodynam-
ics of the adsorption process proved the endothermic nature
of the adsorption process.

Finally, the particles size was found to be a determined
factor where the size below 100 nm was found useful accord-
ing to the adsorption capacity and the distribution coefficient
values.

In conclusion, the ZnO nanoparticles with size below
100 nm are suitable adsorbents for the removal of cationic
contaminants from wastewater. Further investigations to
control the ZnO particles size are needed.
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