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Magnesium oxide nanostructures were synthesized via a sol-gel combustion method using urea, oxalic acid, and
citric acid fuels. The effect of the fuel type on the products was studied. The as-prepared products were charac-
terized by means of FE-SEM, HR-TEM, XRD, and FT-IR analyses. The results exhibited that the used fuels gave
MgO products with different morphologies, and the oxalic acid fuel produced pure MgO nanoparticles with the
smallest crystallite size (ca. 12 nm). The adsorption properties of the MgO products for the removal of Reactive
Red 195 (RR195) and Orange G (OG) anionic dyes were examined. Using a batchmethod, various parameters af-
fecting the adsorption properties were studied. The results revealed that MgO nanostructure generated from the
oxalic acid fuel had the highest adsorption capacities (207 and 21.5 mg/g for RR195 and OG dyes, respectively).
Additionally, the adsorption data followed the pseudo-second-order kineticmodel and Langmuir adsorption iso-
therm model. And the adsorption process was controlled by intra-particle diffusion, bulk diffusion, and film dif-
fusion mechanisms. Besides, the thermodynamic study showed that the adsorption of the textile dyes of interest
on the as-prepared MgO nanostructures was an exothermic, physisorption and spontaneous process.

© 2016 Elsevier B.V. All rights reserved.
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Sol-gel combustion kinetics
Thermodynamics
1. Introduction

Recently, much consideration has been paid to the environment to
keep it free from the textile dye contaminations [1–4]. The discharged
wastewater of the textile industries contains unavoidable byproducts
as a result of the dyeing process. It is assessed that around 1–20% of
dyes are discharged into the environment upon completion the dyeing
process, and about 125–150 L of water is employed for each 1 kg of
the textile product [5–7]. Among these dyes are the reactive dyes
which are extensively utilized in textile industries due to their strong in-
teraction with the natural and synthetic fabrics surfaces [8]. However,
releasing this kind of dyes including Orange G (OG) and Reactive Red
195 (RR195) dyes into the aquatic environment results in various prob-
lematic issues such as undesirable colors, inhibition the sunlight pene-
tration into the aquatic media, as well as toxicity and carcinogenicity
of these dyes [2,9]. Hence, removingdyes fromwastewater and its treat-
ment is economically and environmentally of great importance.

In this vein, various conventionally biological, physical and chemical
methods have been proposed to get rid of synthetic and natural dyes
from wastewaters such as sedimentation, activated sludge, membrane
r@fsc.bu.eg.edu (M.Y. Nassar),
separation, coagulation, ozonation, photocatalytic degradation, adsorp-
tion, electrochemical and ultrasonic techniques, fungal, decolorization
aerobic and anaerobic microbial degradation, etc. [10–15]. It is notable
that most of thesemethods have one ormore drawbacks in wastewater
treatment; however, on the other hand, adsorptionmethod still has the
superiority over all methods due to its simplicity, high efficiency, cheap-
ness, and regeneration of the adsorbents. Therefore, various adsorbents
have been suggested for treatment of wastewaters from dyes, such as
clays, sagaun sawdust, activated carbons alginate, natural and synthetic
polymers, surfactant-modified natural zeolite, and hydrotalcites [1,16–
19].

Recently, a considerable attention has been paid to utilizing
nanomaterials, including metal oxides, as nano-adsorbents for decon-
tamination of wastewaters because of their high surface area, large
numbers of active sites, and high stability [20–28]. Among different
nano-adsorbents, nano-sized magnesium oxide (MgO) has received a
significant consideration for decontamination of wastewater attribut-
able to its lower cost, chemical stability, non-toxicity, simple produc-
tion, large surface area, and a high point of zero charge value (12.4)
[13,29]. These characteristics support MgO nanoparticles to be
employed as a promising candidate for the removal of anionic dyes
[29]. Owing to the excellent optical, electrical, thermodynamic, me-
chanical, electronic, and special chemical properties of MgO nanostruc-
tures, they are utilized in various applications including catalysts,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2016.10.135&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2016.10.135
mailto:dr_talaat2003@yahoo.com
http://dx.doi.org/10.1016/j.molliq.2016.10.135
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq
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adsorbents, optoelectronic materials, transparent fillers, antibacterial
agents, fire retardants, and electrochemical biosensors [13,30–34].
Therefore, many synthetic methods have been adopted for the prepara-
tion of MgO nanoparticles such as laser vaporization, precipitation, hy-
drothermal, precipitation, sol-gel, combustion, micro-emulsion,
chemical gas phase deposition, and laser vaporization technique [13,
35–39]. However, due to the scalability, feasibility, and low-cost of the
combustion process, this synthesis route has aroused the interests of
many research groups. Moreover, reports on the synthesis of MgO
nanoparticles via a combustion or sol-gel combustion route are still lim-
ited [36,40].

Herein, we have reported the combustion synthesis of magnesium
oxide nanoparticles using inexpensive fuels such as citric acid, oxalic
acid, and urea. Removal of some textile dyes such as Reactive Red 195
(RR195) and Orange G (OG) dyes using the as-prepared MgO nano-
structures has been extensively investigated. Various experimental fac-
tors influencing the adsorption process alongwith the isothermmodels,
kinetics, and thermodynamic investigation have been examined.

2. Experimental

2.1. Materials and reagents

All chemicals were of analytical grade and utilized as received with-
out further purification: The chemicals: magnesium nitrate
(Mg(NO3)2·6H2O), citric acid (HOC(COOH)·(CH2COOH)2), oxalic acid
(C2H2O4·2H2O), and urea (NH2CONH2) and Orange G dye (OG;
C18H10N2O7Na2; Scheme 1),were purchased fromSigma-Aldrich Chem-
ical Company. Ammonium hydroxide solution (33%) was supplied by El
Nasr Pharmaceutical Chemicals Company (Adwic) Company, Egypt. Re-
active Red 195 dye (RR195; C31H19ClN7O19S6Na5; Scheme 1) was ob-
tained from Rushabh chemicals industries, India.

2.2. Preparation of MgO nanostructures

Magnesium oxide nanostructureswere synthesized via a hybrid sol-
gel combustion method in which urea, oxalic acid, and citric acid were
used as fuels, and the produced MgO products were referred to as A,
B, and C, respectively. In this method, the calculated stoichiometry of
the used redoxmixture for the combustion process is based on the con-
dition that the equivalence ratio,Φc, should be unity (i.e.Φc= (F / O)=
1) in order to maximize the released energy from the combustion pro-
cess for each reaction; where, (O) is the total oxidizing valence of the
oxidizer (i.e. magnesium nitrate) and (F) the total reducing valence of
the fuel [41]. In a typical preparation procedure: urea aqueous solution
(2.0 g, 33.33 mmol, 30 mL) was added to a stirring magnesium nitrate
aqueous solution (5.12, 19.97 mmol, 40 mL) set up at ~70 °C. The reac-
tion blend was allowed to stir at 70 °C until it gave a viscous liquid. Af-
terwards, the temperature was raised to 350 °C, while the entire
Scheme 1. Chemical structures of Reactive
combustion was achieved in ca. 8 min. The burned precursor was
ground and calcined for 2 h at 550 and 800 °C to produceMgO products
labeled as A550 and A800, respectively. Using similar procedure, magne-
sium oxide nanoparticles (labeled as B and C) were also synthesized by
employing oxalic and citric acids as fuels, respectively. However, ammo-
nium hydroxide solution (2M)was added to the reaction blend directly
after mixing the reactants in these cases. Similarly, the burned precur-
sors were calcined at 550 and 800 °C to give MgO nanostructures re-
ferred to as (B550, and B800) and (C550, and C800) in the case of oxalic
acid and citric acid fuels, respectively.

2.3. Adsorption experiment

In Erlenmeyer flasks, adsorption investigations were performed by
stirring 0.05 mg of MgO nanoparticles in aqueous solutions (25 mL) of
RR195 andOG dyes, separately, at room temperature (25 °C). At pre-de-
fined time intervals, aliquots were taken out of the flasks, and centri-
fuged at 4000 rpm. The concentration of the remaining dye in the
supernatant was estimated using the UV–Vis spectrophotometer at
the corresponding maximum wavelength of the dyes utilizing their
pre-constructed calibration curves. Using Eq. (1), one can calculate the
adsorption capacity of the adsorbent (qt, mg/g); where, C0 (mg/L) is
the initial dye concentration, Ct (mg/L) is the dye concentration in solu-
tion at a pre-defined time t, V (L) is the volume of the dye solution, and
m (g) is the mass of themagnesium oxide adsorbent. Moreover, Eq. (2)
can be employed to estimate the percent removal efficiency (%R) of the
dye; where, C0 and Ct have the previously mentioned meaning.

qt ¼
V C0−Ctð Þ

m
ð1Þ

R ¼ C0−Ctð Þ
C0

� 100 ð2Þ

During this study, various factors have been investigated such as
contact time (5–120 min), pH (2–9), KCl concentration (0.05–0.55 g),
temperature (298–318 K), and initial dye concentration of 50–
700mg/L for RR195dye and 10–100mg for OGdye. Additionally, by uti-
lizing Eq. (3), the equilibriumadsorption capacity of theMgO adsorbent,
qe (mg/g), can be determined.

qe ¼
V C0−Ceð Þ

m
ð3Þ

where, Ce (mg/L) is the dye concentration at equilibrium in the superna-
tant after separation of the adsorbent; and V, m, as well as C0 have the
aforementioned meaning.
Red 195 (a) and Orange G (b) dyes.



Scheme 2. The proposed combustion reactions of magnesium nitrate with urea, oxalic acid, and citric acid fuels.
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2.4. Physico-chemical measurements

Powder X-ray diffraction (XRD) of the samples was collected utiliz-
ing an 18 kW diffractometer (Bruker; model D8 Advance) with mono-
chromatic Cu-Kα radiation (λ = 1.54178 Å). FE-SEM images were
recorded employing a field emission scanning electron microscope
(FE-SEM) with a microscope (JEOL JSM-6500F). The HR-TEM images
were collected utilizing a transmission electron microscope (TEM-
2100) at a speeding voltage of 200 kV by dispersing the samples in eth-
anol on a copper grid. FT-IR spectra were recorded using FT-IR spec-
trometer (Bomem; model MB157S) in the range of 4000–400 cm−1 at
room temperature. The adsorption investigation was achieved utilizing
a UV–Vis spectrophotometer (Jasco; model v530).

3. Results and discussion

3.1. Synthesis and characterization of MgO nanostructures

MgO nanostructures were prepared via a sol-gel combustion meth-
od utilizing magnesium nitrate and different fuels such as urea, oxalic
acid, and citric acid using fuel-to-oxidant relative ratio (Φ) of 0.6, 0.2
and 1.8, respectively. In this investigation, the type of the fuel has a re-
markable influence on the crystallite size and morphology of the MgO
products as it will be explained shortly. The proposed combustion reac-
tions of magnesium nitrate and the fuels of interest can be presented by
equations 4–6 (Scheme 2). Scheme 2 shows that the molar ratios of
Mg2+:urea, Mg2+:oxalic acid, and Mg2+:citric acid are 0.6:1, 0.2:1,
and 1.8:1, respectively. The burned and calcined products were charac-
terized using different techniques.

3.1.1. XRD analysis
XRD was employed to investigate the phase composition of the as-

prepared MgO nanostructures. Fig. 1 exhibits the XRD patterns of the
calcined products at 550 °C. It is clearly seen that 550 °C is enough tem-
perature for urea and oxalic acid fuels to produce pure MgO
Fig. 1. XRD patterns of the as-prepared MgO products calcined at 550 °C using urea (a),
oxalic acid (b), and citric acid (c) fuels.
nanoparticles because all the reflections of their products are indexed
well to the cubic phase of MgO (periclase) [JCPDS No. 87-0652; space
group: Fm3m], as shown in Fig. 1(a) and (b), respectively. No other re-
flections for impurities have been observed. Additionally, the calculated
crystallite size (D, nm) forMgO products; A550 and B550, was found to be
30 and 12 nm, respectively, using theDebye-Scherrer equation (Eq. (7))
[26,42].

D ¼ 0:9λ=β cosθB ð7Þ

where, λ (nm) is the X-ray radiation wavelength, β is the diffraction
peak full width at half maximum (FWHM), and θB is the Bragg diffrac-
tion angle. Interestingly, it is obvious that using oxalic acid fuel pro-
duced MgO nanoparticles with smaller crystallite size on comparing to
urea fuel. On the other hand, citric acid fuel did not produce pure MgO
nanostructure on combustion, and it generated impure MgO product,
C550, even after calcination at 550 °C (Fig. 1(c)). Consequently, it was
necessary to increase the calcination temperature to 800 °C for all sam-
ples to investigate its influence on the combustion products of the three
fuels. Fig. 2(a-c) presented the XRD patterns of the calcined products at
800 °C. It is clearly observed from Fig. 2(c) that 800 °C calcination tem-
peraturewas enough to generate pureMgOnanostructure (C800) of per-
iclase phase [JCPDS No. 87-0652; space group: Fm3m] when citric acid
was used as a fuel, and the estimated crystallite size was found to be
79 nm. From the other side, increasing the calcination temperature re-
sulted in enhancing the crystallinity of the products generated using
oxalic acid and urea fuels; B800 and A800, and it reached 51 and 90 nm,
respectively. Therefore, it can be concluded that oxalic acid is the opti-
mum fuel in our study because it produces pure MgO nanostructure
with the smallest crystallite size at lower temperature (550 °C).

3.1.2. FT-IR analysis
The chemical compositions of the calcined products at 800 °C were

further identified using the FT-IR spectra (Fig. 3(a-c)), and the spectra
of all products were similar. The FT-IR spectra of the products exhibit
Fig. 2. XRD patterns of the as-prepared MgO products calcined at 800 °C, using urea (a),
oxalic acid (b), and citric acid (c) fuels.



Fig. 3. FT-IR spectra of the as-prepared MgO nanostructures calcined at 800 °C, using urea
(a), oxalic acid (b), and citric acid (c) fuels.
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vibrational absorptions at 440–700 cm−1 whichmay be assigned to the
stretching vibrations of Mg\\O. The bands appeared at 840–900 cm−1

may be due to stretching vibrations, υ1 and υ2, of the magnesium oxy-
gen bond. Finally, the bands appeared at 3290–3650 and 1598–
Fig. 4. FE-SEM images of the as-prepared MgO nanostructures calcined at 800 °C, using
urea (a), oxalic acid (b), and citric acid (c) fuels.
1600 cm−1 can be attributed to the stretching and bending vibrational
frequencies of the hydroxyl groups of the surface adsorbed waters [15,
23,43]. All these data are compatible with those reported by Dhal et al.
[38].

3.1.3. Morphology investigation of MgO nanoparticles
Morphologies of the as-prepared MgO products calcined at 800 °C

(A800, B800, and C800) have been investigated using field emission scan-
ning electron microscopy (FE-SEM) and high-resolution transmission
electron microscopy, as shown in Figs. (4) and (5), respectively. Fig. 4
shows the FE-SEM micrographs of the samples: A800, B800, and C800,

and the images reveal that the obtained products are composed of ag-
gregates of flower-like structures. However, when urea was used as
fuel, the product (A800) consisted of a flower-like structure composed
of plates with an average size of ca. 1.5 μm covered with fine cotton-
like structures. On the other hand, when oxalic acid and citric acid
fuels were used the flower-like structure products (B800 and C800)
were composed of plates with an average size of ca. 2 and 1 μm, respec-
tively, which were not covered with cotton-like structures. Notably,
producing of MgO products with different morphologies might be due
to that the employed fuels in the synthesis procedure produced differ-
ent quantities of heat and gases during the combustion step which
resulted in differentmorphologies and different crystallite sizes. Further
investigation of the morphology of the products using high-resolution
transmission electron microscopy (Fig. 5) exhibits that the products;
Fig. 5. HR-TEM images of the as-prepared MgO nanostructures calcined at 800 °C, using
urea (a), oxalic acid (b), and citric acid (c) fuels.
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A800, B800, and C800, are composed of irregular, hexagonal, cubic and
spherical shape particles with average diameters of 89, 53, and 81 nm,
respectively. These results are compatible with those deduced from
XRD data.
3.2. Adsorption studies on MgO nano-adsorbent

We have studied extensively the adsorption of RR195 and OG dyes
on the as-preparedMgO nanoparticles (B800) produced using the oxalic
acid fuel. Then, the adsorption capacities of the MgO products synthe-
sized using different fuels and calcined at different temperatures were
compared as it will be discussed briefly.
3.2.1. Effect of pH
Due to the significant influence of the pH of the adsorptionmedia on

the efficiency of the adsorption process, we have investigated the influ-
ence of the initial pH of the solution on the removal efficiency of RR195
and OG dyes usingMgO nanoparticles under the adsorption conditions:
2–9 pH range, 24 h stirring time, and 0.05 g adsorbent dose. The results
are depicted in Fig. 6. The experimental data reveal that the dye removal
efficiencies are low at low pH values for both dyes. Moreover, as the pH
value increases the dye removal efficiency enhances until it reaches its
maximum at pH 4 and 7 for the OG (%R = 70%) and RR195 (%R =
84.4%) dyes, respectively. Consequently, the pH values of 4 and 7 are
the optimum pH values for the adsorption of OG and RR195 dyes, re-
spectively. Afterward, the removal efficiency reduces slowly for the
OG dye or reduces sharply for the RR195 dye on increasing the pH
values. This behavior can be explained by taking into the account the
surface charge of theMgOnanoparticles and the dyemolecules at differ-
ent pH values. At lower pH values, the particle adsorbent surfaces (hy-
drous oxide (MOH)) will be probably covered by protons forming
positively charged particles (MOH+

2). However, at higher pH values,
the hydrous oxide may react with the highly concentrated hydroxide
ions to generate negatively charged deprotonated oxide (MO−), as re-
ported by Nassar and others [44–46]. Additionally, since the utilized
dyes are anionic dyes (i.e. negatively charged molecules) and the
point of zero charge for MgO is ca. 12.4 [13,29], it can be concluded
that the adsorption process is mainly controlled by the electrostatic in-
teractions between the negatively charged dye molecules and the
charged adsorbent particles. Hence, there will be an attraction between
the oppositely charged species at lower pH values and this results in an
enhanced adsorption [47]. On the other hand, the smaller value of the
adsorption efficiency at higher pH values may be due to the fact that
at these pH values there will be a competition between the negatively
charged dye molecules and the highly concentrated OH− ions [47,48].
Fig. 6. Effect of pH on the removal of RR195 and OG dyes.
3.2.2. Effect of contact time
The influence of contact time on the adsorption efficiency of MgO

nano-adsorbent was studied at pH 4 and pH 7 for OG and RR195 dyes,
respectively, using 0.05 g MgO nano-adsorbent and initial dye concen-
tration of 50 and 400 mg/L for OG and RR195 dye, respectively. Fig. 7
displays the dye removal efficiency against stirring time in the range
from 5 to 120 min. Inspection of Fig. 7 revealed that the adsorption ca-
pacity of MgO adsorbent for the removal of the dyes increased rapidly
until it reached ca. 168 and 16.4 mg/g for RR195 and OG dyes, respec-
tively, in 60 min, and it remained constant for 20 min under continued
stirring, then decreased. Hence, the optimum contact time for the dyes
was chosen to be 60 min because the adsorption process reached the
equilibrium at that time and remained constant for some time. Howev-
er, the decrease in the dye removal efficiency at 80 min may be due to
the increase in temperature of the adsorption medium to a few degrees
because of the frictions and collisions between adsorbent molecules,
and as will be seen shortly that this adsorption process is an exothermic
process.

3.2.3. Effect of temperature
The temperature of the adsorption medium influences the adsorp-

tion process significantly, so that we have investigated the effect of
the temperature (25, 35, and 45 °C) on the adsorption of the dyes
under study. The adsorption conditions were 0.05 g of the nano-sized
MgO and initial dye concentrations of 400 and 50 mg/L for RR195 and
OG dyes, respectively. The experimental results revealed that the ad-
sorption efficiency reduces slowlywith raising the solution temperature
for both dyes as displayed in Fig. 8. Hence, the experimental results in-
dicate that the adsorption of RR195 and OG dyes on MgO nano-adsor-
bent is an exothermic process. And the reduction in the adsorption
rate on raising the temperature may be due to that the dye molecules
Fig. 7. Effect of the contact time on adsorption of RR195 dye (a) and OG dye (b) on MgO
nano-adsorbent.



Fig. 8. Effect of temperature on adsorption of RR195 dye (a) and OGdye (b) onMgOnano-
adsorbent.
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tend to leave the solid phase and escape to liquid phase at higher tem-
peratures [49].

3.2.4. Effect of ionic strength
The effect of ionic strength on the adsorption of the dyes under study

on MgO nano-adsorbent was studied utilizing KCl salt of doses ranging
from 0.05 to 0.55 g. The results (shown in Fig. 9) reveal that increasing
the ionic strength enhances the RR195 dye removal efficiency and de-
creases the OG dye removal efficiency. This can be attributed to the
ionic strength of the adsorptionmedia that can control both electrostat-
ic and non-electrostatic interactions which can exist between the dye
molecules and the adsorbent surface. It is known that, theoretically,
when there is an electrostatic attraction between the dye molecules
and the adsorbent surface, the increase in the ionic strength will result
in a reduction in the adsorption capacity; consequently, the adsorption
of OGdye onMgOnano-adsorbent follows this convention [44]. Howev-
er, adsorption of RR195 did not obey this rule and the increase in thedye
Fig. 9. Influence of KCl concentration on the removal of the removal of RR195 andOGdyes.
removal efficiency might be due to dimerization of RR195 dye mole-
cules in solution at higher KCl concentrations. Moreover this aggrega-
tion might occur due to increasing in the dipole–dipole, ion-dipole,
and vanderWaals forces between the dyemolecules in solution [44,50].

3.2.5. Effect of initial dye concentration
The influence of the initial dye concentrations on the adsorption ca-

pacity has been investigated in the dye concentration range of 50–
700 mg/L and 10–100 mg/L for RR195 and OG dyes, respectively, at
25 °C, utilizing 0.05 g MgO adsorbent. The results are displayed in Fig.
10 (a) and (b), respectively. The experimental data revealed that the ad-
sorption capacity enhanced with increasing the initial dye concentra-
tion until it reached saturation at ca. 500 and 60 mg/L, for RR195 and
OG dyes, respectively. And the relevant experimental adsorption capac-
ities were found to be 186 and 18.1 mg/g for the aforementioned dyes,
respectively. The increase in the adsorption capacitywith increasing the
initial dye concentration may be due to enhancing the driving forces to
overwhelm the resistance of the mass transfer of the dye molecules be-
tween the liquid phase and the solid phase during the adsorption pro-
cess [51].

3.2.6. Adsorption kinetics studies
Studying the adsorption kinetics is an important factor because this

study can be employed to predict the adsorptionmechanism and the re-
moval rate of the dyes of interest. This kind of investigation helps also to
design a practical system for water treatment from pollutants. In this
vein, the kinetic results were examined using the pseudo-first-order
(Eq. (8)), pseudo-second-order (Eq. (9)), and intra-particle diffusion
(Eq. (10)) models in their linearized forms [2,3,23,52].

log qe−qtð Þ ¼ logqe−
k1

2:303
t ð8Þ

t
qt

¼ 1
k2 q2

e
þ t
qe

ð9Þ
Fig. 10. Influence of initial dye concentration on adsorption of RR195 dye (a) and OG dye
(b) on MgO nano-adsorbent.



Table 1
Kinetic constants for the adsorption of RR195 and OG dyes on MgO adsorbent.

Kinetics models Constants RR195 dye OG dye
Value Value

Pseudo-first-order K1 (1/min) 0.128 0.112
qe(cal) (mg/g) 22,793 16.4
r12 0.49 0.65
qe(exp) (mg/g) 168.4 16.7

Pseudo-second-order K2 [g/(mg min)] 0.0007 0.0066
qe(cal) (mg/g) 186.4 18.8
r22 0.999 0.998
qe,exp. (mg/g) 168.4 16.7
h(mg/g min) 24.24 2.34
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qt ¼ kit0:5 þ C ð10Þ

where, qe is the quantity of the adsorbed dye at equilibrium (mg/g), qt
(mg/g) is the quantity of the adsorbed dye at time t (min), k1 is the pseu-
do-first-order rate constant of the adsorption process (1/min), k2 is the
pseudo-second-order rate constant of the adsorption process (g/
(mg.min)), C is the intercept (mg/g) for Eq. (10) which indicates the
thickness of the boundary layer, and ki is intra-particle diffusion rate con-
stant (mg/(g.min0.5)). The estimated kinetic constants after applying the
models 8 through 10 for the adsorption process are presented in Table 1.
Eq. (8) was applied to estimate the pseudo-first-order rate constant and
the other related constants, as presented in Table 1, by drawing log(qe-
qt) against t (results are not displayed). Plus, plotting t/qt versus t results
in a straight line (Fig. 11(b,c)), and from the slope and intercept of the
line the constants of the pseudo-second-order model are calculated
and tabulated in Table 1. It is noticed that the adsorption of RR195 and
OG dyes on the MgO adsorbent obeys pseudo-second-order model, as
it is clear from the values of the correlation coefficients (r2) which are
Fig. 11. Adsorption kinetic; pseudo-second-order (a) and intra-particle diffusion model (c) for
OG dye, using MgO nanostructure as an adsorbent.
close to unity on comparing with those obtained from the pseudo-first-
order model for both dyes. Furthermore, this conclusion is supported
by the values of the calculated adsorption capacities (qe(cal)). It is found
(as presented in Table 1) that the calculated values employing the pseu-
do-second-ordermodel for both dyes aremuchmore closer to the exper-
imentally obtained ones (qe(exp)) on comparing to those calculated from
the pseudo-first-order model. Consequently, the initial sorption rate (h)
based on the pseudo-second-order ratemodelwas calculated employing
Eq. (11) and presented in Table 1 [53].

h ¼ k2q2
e ð11Þ

To investigate the adsorption mechanism of the rate determining
step of the adsorption process, Weber-Morris intra-particle diffusion
model (Eq. (10)) was utilized to examine the adsorption data. This is
achieved by plotting qt versus t0.5, as shown in Fig. 11(c) and (d) for
the adsorption of RR195 and OG dyes, respectively. The plots do not
pass the origin and reveal a three-stage linearity, and this indicates
that the rate determining step of adsorption of the dyes on MgO adsor-
bent is not only controlled by an intra-particle diffusionmechanism but
also controlled by some other mechanisms including bulk diffusion and
film diffusion [54].

3.2.7. Adsorption isotherms study
Adsorption isotherms deal with the relationships between the con-

centration of the adsorbate (Ce) in the liquid phase and its concentration
on the adsorbent at equilibrium and constant temperature [55]. The col-
lected adsorption data were examined employing two well-known ad-
sorption isotherms such as Langmuir and Freundlich isotherm models,
to gain further information on the adsorption mechanism of the dyes
under study. Formation of a monolayer adsorbate where there is no
any interactions between the adsorbed adsorbate molecules is the as-
sumption of the Langmuir isotherm model. Based on this assumption,
RR195 dye adsorption; pseudo-second-order (b) and intra-particle diffusion model (d) for



Fig. 12. Langmuir (a) and Freundlich (c) isotherms for RR195 dye adsorption, and Langmuir (b) and Freundlich (d) isotherms for OG dye adsorption, using MgO nanostructure as an
adsorbent.
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the linearized form of Langmuir isotherm model can be presented as
given in Eq. (12) [56].

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð12Þ

where, Ce is the equilibrium concentration of the dye solution (mg/L),
the qm constant is the maximum adsorption capacity (mg/g), and KL is
Langmuir constant (L/mg). The plot of Ce/qe against Ce values for the ad-
sorption of the dyes results in a straight line for each dye (Fig. 12(a,b)),
and the KL and qm values (Table 2) can be determined from the inter-
cept and slope of the plots. Additionally, using a dimensionless constant
called equilibrium parameter RL (Eq. (13)), the efficiency and character-
istics of the Langmuir isotherm model can be evaluated and presented
in Table 2.

RL ¼ 1
1þ KLCo

ð13Þ

where, KL (L/mg) is the Langmuir constant and C0 (mg/L) is the initial
concentrations of the used dyes, and RL value gives an indication of
Table 2
Langmuir and Freundlich isotherm parameters for the adsorption of RR195 and OG dyes
on MgO adsorbent.

Adsorption isotherm model Constants RR195 dye OG dye
Value Value

Langmuir KL (L/mg) 0.379 0.343
qm(cal) (mg/g) 187.8 19.27
r12 0.999 0.995
RL 0.36–0.05 0.028–0.226
qm(exp) (mg/g) 186.1 18.1
KF [(mg/g)(L/mg)1/n] 80.22 6.826

Freundlich qm(cal) (mg/g) 80.22 6.826
r22 0.929 0.946
n 5.9 3.72
qm(exp) (mg/g) 186.1 18.1
the nature of the adsorption processwhether this process is unfavorable
(RL N 1), linear (RL = 1), favorable (0 b RL b 1), or irreversible (RL = 0)
[2]. Table 2 exhibits that RL values lie between zero and one, and this
means that the adsorption of the RR195 and OG dyes, separately, on
MgO adsorbent is favorable.

On the other hand, the linearized form of the Freundlich isotherm
model based on the assumption that the adsorption takes place on a
heterogeneous surface can be given by Eq. (14) [56].

lnqe ¼ lnKF þ 1
n
lnCe ð14Þ

where, Ce, KF, and 1/n are the equilibrium concentration of the dyes
(mg/L), the Freundlich constant [(mg/g)(L/mg)1/n], and theheterogene-
ity factor which indicates the adsorption strength [56], respectively. The
values of KF and 1/n can be calculated from the slope and intercept of
the linear plot of lnqe against lnCe (Fig. 12(c,d)). The value of 1/n (0–
1) can be used as an indication of the surface heterogeneity, and the
closer the value to zero the higher the heterogeneity [55–58]. Based
on the parameters estimated using the Freundlich isotherm model
(Table 2), it could be concluded that the adsorption of the dyes of inter-
est on MgO adsorbent took place on a heterogeneous surface since the
1/n value was in the range of 0–1. Moreover, the maximum adsorption
capacity, qm(cal) (as presented in Table 2), can also be estimated
employing the Freundlich isothermmodel by using Eq. (15) as reported
by Halsey [59].

KF ¼ qm

C1=n
0

ð15Þ

The calculated isothermal constants (Table 2) lead us to conclude
that the adsorption of the RR195 and OG dyes on MgO adsorbent fits
better the Langmuir isotherm model. Moreover, the adsorption is a
monolayer coverage because the correlation coefficient (r2) values are
closer to unity, and the qm(cal) values are closer to the experimental



Fig. 13. Plot of lnKc against 1/T for the adsorption of RR195 dye (a) andOGdye (b) onMgO
nano-adsorbent.

Table 4
Effects of fuel and crystallite size on themaximum adsorption capacity (qm) ofMgO prod-
ucts for the removal of RR195 and OG dyes.

Fuel Sample Crystallite size (nm) qm(mg/g)

RR195 dye OG dye

Urea A550 30 192.9 19.3
A800 90 161.2 11.8

Oxalic acid B550 12 207 21.5
B800 51 186 18.1

Citric acid C550 – – –
C800 79 173 16.5
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ones on comparing to those calculated from the Freundlich isotherm
model.

3.2.8. Thermodynamic studies
In order to determine some thermodynamic parameters such as a

change in enthalpy (ΔH0), change in free energy (ΔG0), and change in
the entropy (ΔS0) employing Eqs. (16) and (17) [2,60], some batch ex-
periments were performed at different temperatures: 298, 308, and
318 K.

lnKc ¼ ΔS0

R
−

ΔH0

RT
ð16Þ

ΔG ¼ ΔH−TΔS0 ð17Þ

where, Kc, T, and R are the thermodynamic equilibrium constant (L/g)
which can be calculated from the relationship (Kc = qe/Ce), universal
gas constant (8.314 × 10−3 kJ/mol.K), and absolute temperature (K)
of the adsorption media, respectively. The Van't Hoff plot (Eq. (16),
Fig. 13) results in a straight line, and ΔH0 and ΔS0 constants can be de-
termined from the slope and intercept of the obtained straight line
(Table 3). Furthermore, feeding Eq. (17) with ΔH0 and ΔS0 values gen-
erates ΔG0 value (Table 3). It is clearly seen from Table 3 that the ad-
sorption of RR195 and OG dyes on the as-prepared MgO nano-
adsorbent is spontaneous and exothermic process due to the obtained
negative ΔG0 and ΔH0 values for this process, respectively. Besides,
Table 3
Thermodynamic parameters for the adsorption of RR195 and OG dyes onMgO adsorbent.

Temperature
(K)

RR195 dye OG dye

ΔG0

(kJ/mol)
ΔS0

(J/mol.K)
ΔH0

(kJ/mol)
ΔG0

(kJ/mol)
ΔS0

(J/mol.K)
ΔH0

(kJ/mol)

298 −4.179 −0.0279 −12.486 −1.746 −0.0611 −19.939
308 −3.899 −1.136
318 −3.621 −0.525
reducing the negative values of ΔG0 on raising the temperature indi-
cates that the adsorption process is less favored at higher temperatures.
Moreover, the adsorption of both dyes on the as-prepared nano-adsor-
bent is physisorption because the ΔH0 values are b40 kJ/mol and the
ΔG0 values are between −20 and 0 kJ/mol [23].

3.2.9. Influence of the used fuels on the adsorption process
The effect of the used fuel on the adsorption process has been inves-

tigated by applying the previously obtained optimum adsorption condi-
tions to calculate the maximum adsorption capacities of the various
MgO products synthesized using different fuels calcined at different cal-
cination temperatures (Table 4 and Fig. 14). The results revealed that
oxalic acid fuel produced MgO product (B550) with the smallest crystal-
lite size, and this product had the highest adsorption capacities; 207 and
21.5 mg/g for the removal of RR195 and OG dyes respectively. More-
over, increasing the calcination temperatures enhances the crystallite
size; consequently, this reduces the adsorption capacity and so that
the sample A800 has the smallest adsorption capacity.
Fig. 14. Effects of fuel and crystallite size on the maximum adsorption capacity (qm) of
MgO products at different initial dye concentration of RR195 (a) and OG (b) dyes.



Table 5
Comparison of adsorption capacities with different adsorbents for the removal of RR195
dye.

Adsorbent material Adsorption capacities,
qm, mg/g

Refs.

Cone biomass 7.38 [61]
α-Fe2O3 20.5 [2]
Modified palygorskite with 3-aminopropyl
triethoxysilane

34.24 [62]

Dehydrated beet pulp carbon 58.0 [63]
TiO2 87 [64]
CoFe2O4 91.7 [46]
Wheat bran 119.1 [65]
MgO nanoparticles 207 Present study
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3.2.10. Comparison of MgO adsorbent efficiency with other adsorbents
Finally, Tables 5 and 6 compared between maximum adsorption ca-

pacities (qm) for the adsorption of RR195 and OG dyes, respectively, on
MgO nano-adsorbent with other reported adsorbents. Table 5 reveals
that the as-prepared MgO adsorbent has the highest removal efficiency
in comparison to the tabulated adsorbents for the removal of RR195 dye
from aqueousmedia. On the other hand, it is clearly obvious that the as-
prepared MgO adsorbent has the relatively higher qm values compared
tomost of the tabulated adsorbents for the removal of OGdye, as shown
in Table 6. Hence, our simple preparation and this comparison suggest
that the as-prepared MgO may be applicable and promising in waste-
water treatment.
4. Conclusions

Magnesium oxide nanostructures were successfully prepared
employing a hybrid sol-gel combustion method using various fuels
such as urea, oxalic acid, and citric acid. The results showed that the
fuel type had a significant effect on the as-prepared products including
identity, crystallite size and morphology. The oxalic acid fuel produced
pure MgO nanoparticles with the smallest crystallite size (ca. 12 nm).
The prepared MgO nanostructures have high adsorption capacity for
the removal of textile anionic dyes such as Reactive Red 195 (RR195)
andOrangeG (OG). The results revealed thatMgOnanostructure gener-
ated from the oxalic acid fuel has the highest adsorption capacity 207
and 21.5 mg/g for RR195 and OG dyes respectively. Besides, the adsorp-
tion results fitted well the pseudo-second-order model and Langmuir
adsorption isotherm model. Additionally, the adsorption mechanism
was not controlled only by intra-particle diffusion mechanism but also
controlled by bulk diffusion and film diffusion mechanisms. Moreover,
the adsorption of the textile dyes on the as-prepared MgO nanostruc-
tures was an exothermic, physisorption, and spontaneous process.
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Table 6
Comparison of adsorption capacities with different adsorbents for the removal of OG dye.

Adsorbent material Adsorption capacities, qm, mg/g Refs.

Hematite 0.63 [66]
Modified sawdust 5.48 [67]
MgO nanoparticles 21.5 This study
Magnetic biochar 32.36 [68]
Mesoporous carbon CMK-3 189 [69]
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