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a b s t r a c t
Transparent nanoplates of Diaqua oxalato strontium(II) [Sr(C2O4)(H2O)2], SrOx-NPs, were pre-
pared and employed as adsorbents in an aqueous solution of azodye Eriochrome Black T (EBT). 
X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and Fourier-
transform infrared spectra were used to investigate the structure and morphology of SrOx-NPs. 
To identify the optimal conditions for EBT adsorption by SrOx-NPs, studies were carried out at 
initial dye concentrations, adsorbent doses, contact reaction time, pH, and temperature. The 
investigations revealed that the best conditions for EBT adsorption on the SrOx-NPs surface 
were natural pH (pH = 6), dose concentration of 0.5 g L–1, initial dye concentration of 40 mg L–1, 
and temperature 25°C. The equilibrium uptake increased as the amount of SrOx-NPs increased. 
Fitting the findings of the adsorption studies to Langmuir and Freundlich isotherms were used to 
examine them. The best fit is provided by the Freundlich model, which has an adsorption capac-
ity of 63 mg g–1 and a correlation value of R2 = 0.9837%. The kinetic mechanism of adsorption 
was investigated using pseudo-first-order and pseudo-second-order kinetic models. The experi-
mental data matches well with a pseudo-second-order kinetic model, with a correlation value of 
0.96. The adsorption process’s thermodynamic parameters were also determined.
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1. Introduction

Water pollution is one of the major issues that many 
countries face [1]. Dyes, phenols, metals, pesticides, 
viruses, and bacteria are amongst the pollutants found in 
wastewater [2]. Due to the global water shortage problem, 
water purification from harmful pollutants is an important 
aspect of environmental management. Azo dyes are a type 
of organic pollutant with the –N=N– functional group as 
a chromophore in their chemical structure [3]. Although 
azo dyes are used in a wide range of industries, including 
textiles, leather, chemical and biological laboratories, plas-
tic, paint, and the food industry, they are toxic to humans 
and cause serious diseases [4]. Azo dyes are stubborn 

chemicals that remain stable in the presence of air, light, 
and temperature. Since azo dyes are very toxic, danger-
ous and carcinogenic [5], their removal from effluents is a 
major concern.

Eriochrome Black T (EBT) is an azo dye that is widely 
used in volumetric titration and industrial applications for 
complexometric estimation of metal ions [6]. The chemical 
formula/molecular weight of EBT is C20H12N3NaO7S/461.38, 
with a color index of 14,645 and a chromophore absorp-
tion band of max 530 nm [7]. EBT is classified as toxic to 
aquatic life with long lasting effects [8]. Traditional aerobic 
treatment and biological oxidative reactions do not decom-
pose EBT. So, removing EBT from water is a hard process 
to handle.
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The adsorption process is one of several effective chem-
ical and physical techniques used in wastewater purifica-
tion. The adsorption process is widely used in comparison 
to other techniques because it is simple, effective, safe, 
easy to handle, low-cost, and capable of working at very 
low concentrations of pollutants removal [9]. Several 
adsorbents, such as zeolite [10], graphene [11], activated 
carbon [12], biochars [13], Fe2O3/grapheme oxide [14] 
and polymeric nanocomposite [15] have been studied for 
the removal of EBT from water.

A waste of bottom ash and de-oiled soya have been 
tested as adsorbents for removing a water–soluble azo dye. 
IR and DTA were used to characterize the adsorbents. The 
effects of pH, adsorbate dosage, and particle size on the 
adsorption process were performed using a batch adsorp-
tion approach. The Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich isotherms were used to test the 
experimental results and their parameter constants were 
obtained. The thermodynamics reveal that the process 
is exothermic and spontaneous. According to the kinetic 
studies, the adsorption process follows first-order kinetics. 
Bottom ash and de-oiled soya were saturated at 89.9% and 
94%, respectively, in a fixed-bed adsorption experiment, 
indicating that both adsorbents could be cost-effective [16].

Strontium oxalate, SrC2O4, is a compound that can exist 
in three states: anhydrous, neutral hydrated, and acidic [17].
The resulting form of strontium oxalate depends on the 
starting oxalate precipitant type; oxalic acid, sodium oxa-
late or ammonium oxalate; and reaction conditions such as 
temperature and pH [18]. Recently, [Sr(C2O4)(H2O)2] was 
used as a Congo red adsorbent in water, with a removal 
percentage of 60.50% under studied conditions [19].

In this work, a new adsorbent, Diaqua oxalato stron-
tium(II), is prepared and characterized. On the anionic 
hazardous dye Eriochrome Black T, the material’s adsorp-
tion capacity was evaluated. To the best of our knowledge, 
the adsorption properties of Diaqua oxalato strontium(II) 
are innovative, and no attempt has been made to verify 
its batch adsorption capability for removing harmful dyes 
from wastewater.

2. Experimental

2.1. Materials

Strontium nitrate, hydrated oxalic acid, and EBT are 
Sigma-Aldrich chemicals (USA) and are used as received. 
A stock EBT solution of 100 mg L–1 concentration was pre-
pared and serial dilutions were made for the required con-
centrations using bi-distilled water.

2.2. Preparation of Diaqua oxalato strontium(II) 
nanoplates; SrOx-NPs

In our previous work, SrOx-NPs were prepared 
according to a reported method. [19]. In 20 mL of 
water, Sr(NO3)2 (2.11 g, 0.01 mol) was dissolved. Then, 
a 20 mL solution of (COOH)2·2H2O (1.26 g, 0.01 mol) 
was mixed with the pervious solution. The mix-
ture was heated at 75°C under stirring (100 rpm) at 
75°C. After 1 h, the white precipitate formed was 

filtered (MF-Millipore TM Membrane Filter, 0.45 µm 
pore size). The precipitate was washed three times with 
hot water and kept to dry in the air at room temperature.

2.3. Structural and surface characterization of SrOx-NPs

The structure and morphology of SrOx-NPs were deter-
mined using X-ray diffraction (XRD; XRD-7000–Shimadzu), 
Fourier-transform infrared (FT-IR) spectra (FT-IR affinity-1S 
Shimadzu), scanning electron microscopy (SEM; JSM 6360 
LA, Japan) and transmission electron microscopy (TEM; 
JEOL-JEM-1230 microscope).

2.4. Adsorption studies

Adsorption experiments were carried out to study the 
effects of different parameters (adsorbent masses, initial 
dye concentrations, contact time, pH and temperature) on 
the adsorption process. In this experiment, 100 mL of EBT 
(10–100) mg/L solution was mixed with various doses of 
adsorbent in a 250 mL beaker and stirred in the dark for 
20 min at room temperature (20°C–45°C) of pH is carried 
out using 0.1 M NaOH and HCl. After agitation, the mix-
ture was centrifuged for 5 min. Then the concentration 
of the dye in the upper fluid was used by a UV-Vis spec-
trophotometer set at a λ, 530 nm. Adsorption capacity at 
equilibrium (qe, mg g–1) and percentage of dye removal 
(%) were calculated from Eqs. (1) and (2), [20], respectively.
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where C0 is the initial EBT concentration (mg L–1), 
Ce is the concentration of EBT at equilibrium (mg L–1), 
V is the applied volume of dye (L), and m is the mass of the 
adsorbent (g).

3. Results and discussion

3.1. Characterization of SrOx-NPs

3.1.1. XRD patterns

The resultant XRD patterns of Diaqua oxalato stron-
tium(II), as shown in Fig. 1, were similar to the tetragonal 
crystalline structure of hydrated strontium oxalate obtained 
from XRD analysis, as reported by Chen et al. [21]. The sharp 
peaks indicate high crystanallity, which agrees well with 
SEM and TEM images. The average crystalline size was 
obtained from the Debye–Scherrer equation [22], Eq. (3).
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where D is average crystalline size, λ is wavelength (1.5418 
Å), β is half maximum width and θ is diffraction angle. 
The calculated D was 16.58 nm, indicating the crystal size 
of the prepared material is within the nanoscale.
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3.1.2. FT-IR spectra

FT-IR spectra of the SrOx-NPs adsorbent before and 
after adsorption of EBT and EBT are shown in Fig. 2. As 
displayed, the spectrum of SrOx-NPs exhibits bands at 
3,350; 1,703 and 1,640 cm–1 characteristics of H2O stretch-
ing, –COO stretching, and H2O bending vibrations, 
respectively [23,24]. The reaction of EBT with SrOx-NPs 
is confirmed by comparing the spectra of SrOx-NPs and 
EBT with that of EBT@SrOx-NPs, which displayed the 
weakness of the band at 3,350 and 1,703 cm–1 indicating 
the involvement of H2O and –COO in hydrogen bonding 
with EBT. Also, the broadened band in the EBT spectrum 
at 3,390–3,458 cm–1, which is attributed to the stretching 
of –OH groups is weakened in the spectrum of EBT@
SrOx-NPs, indicating the participation of –OH groups in 
hydrogen bonding with the adsorbent [25]. From these 
findings, we can conclude that the adsorption of EBT on 
SrOx-NPs takes place via hydrogen bonding between the 
adsorbate and the adsorbent [26,27].

3.1.3. Morphological studies

Fig. 3 shows the morphology of the sample and shows 
that there are different contrast spots that appear in SEM 
images a and b. These spots could be attributed to the differ-
ent densities of material at these places. Clearly, TEM images 
showed that these spots appeared on images c and b with 
different densities, which was attributed to the formation 
of porous, transparent, synthesized Diaqua oxalato stron-
tium(II). Therefore, the prepared compound can be charac-
terized as a transparent and porous material according to 
SEM and TEM results.

3.2. Batch adsorption studies

3.2.1. Effect of pH

The effect of solution pH 2, 4, 6, 8, and 10 on the adsorp-
tion percentage of EBT was studied by mixing 50 mg of 

SrOx-NPs with 100 mL of EBT solution concentration of 
40 mg L–1 at room temperature. It is noticeable during the 
addition of HCl or NaOH that it reveals disintegration of 
some adsorbents. As shown in Fig. 4, the best pH value for 
EBT adsorption is the natural pH 6. Decreasing pH values 
leads to a decrease in adsorption removal. Also, as pH val-
ues increase, the adsorption efficiencies decrease. This may 
be associated with the decomposition of the adsorbent 
during the addition of HCl or NaOH and the conversion of 
water insoluble SrOx-NPs into soluble Sr2+ + Cl–or Sr2+ + OH–, 
respectively.

3.2.2. Effect of contact time

To determine the equilibrium time for EBT adsorp-
tion, the effect of contact time (0–30 min) of adsorption 
of EBT (40 mg L–1) on the SrOx-NPs surface (50 mg) was 
investigated at ambient temperature (20°C). Fig. 5 shows 
the plot of applied time vs. removal efficiency at a defi-
nite time (qt). As shown, the adsorption efficiency increases 
with contact time increasing from 5–20 min followed by 
almost constant efficiency value at 25 min which reveals 
that the adsorption reached equilibrium within 20 min. 
This is due to after equilibrium all active sites on adsor-
bent surface are blocked by dye molecules and no more 
sites are available for binding [28].

3.2.3. Effect of initial dye concentration

The adsorption efficiency of EBT was scrutinized 
with variation of its initial concentration (10–70 mg L–1) 
at ambient temperature, time (20 min), SrOx-NPs dose of 
50 mg, and natural pH. The results are shown in Fig. 6. 
The adsorption efficiency was raised with a rise in dye 
concentration from 10–40 mg L–1. It refers to the avail-
able binding sites on the SrOx-NPs surface that are able 
to compete with dye molecules in the solution until this 
concentration. At an initial 50 mg L–1 concentration, the 
adsorption efficiency was almost the same as at an initial 
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Fig. 1. XRD pattern of [SrC2O4·2H2O].
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concentration of 40 mg L–1. Then, the rise in concentrations 
from 60 to 70 mg L–1 was occupied by the rise in adsorp-
tion efficiency. This is perhaps owing to the activation of 
covered sites in the adsorbent surface with the increase 
in EBT molecules [29].

3.2.4. Effect of variation of adsorbent amount

The effect of the amount of SrOx-NPs on the adsorp-
tion process of EBT (100 mL, 40 mg L–1) was studied with 

a variation of doses in the range of 10–110 mg for 20 min at 
natural pH and room temperature. By increasing the SrOx-
NPs dose from 10–50 mg, the adsorption percentage also 
increases until it reaches its saturation point at dose 50 mg. 
After this amount, there was no change in removal percent-
age by increasing the adsorbent dose from 60–110 mg. This 
is attributed to the increasing dose also increasing the sur-
face active sites fitted for molecular adsorption and reach-
ing saturation at 50 mg [30]. The adsorbent concentration 
of 50 mg is adequate for the adsorption of EBT molecules.
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Fig. 2. FT-IR spectra of [SrC2O4·2H2O] before and after EBT adsorption.

Fig. 3. SEM images (a, b) and TEM images (c, d) of [SrC2O4·2H2O].
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3.2.5. Adsorption isotherms

The interaction and adsorption system of EBT with SrOx-
NPs is described by an adsorption isotherm. The adsorp-
tion results were fixed with linear equations of the linear 
Langmuir and Freundlich models, Eqs. (4) and (5), respec-
tively [31].

1 1 1 1

1q k q C qe m e m

= +  (4)

where qe (mg g–1) is the adsorption capacity of dye at equi-
librium, qm (mg g–1) is the maximum adsorption capacity, 
Ce (mg L–1) is the concentration of dye at equilibrium, and 
k1 is the Langmuir constant.

log logq K
n

Ce f e= +
1 log  (5)

where qe (mg g–1) is the adsorption capacity of dye at equi-
librium, Ce (mg L–1) is the concentration of dye at equi-
librium, Kf is Freundlich constant (L mg–1) related to 
adsorption capacity and 1/n is adsorption intensity.

As shown in Fig. 7a, Langmuir isotherm model is not 
fitted with adsorption of EBT and SrOx-NPs with calcu-
lated value of R2 = 0.7106 indicating the non-homogeneous 
nature of SrOx-NPs surface [32]. By applying Freundlich 
isothermal model, plot of lnqe vs. lnCe, Fig. 7b exhibits an 
acceptable linearity straight line. The value of R2 = 0.9813 
shows well agreement with Freundlich model indicates 
the adsorption of EBT molecules on the heterogeneous 
surface of SrOx-NPs via hydrogen or chemical bonds [33].

3.2.6. Adsorption kinetics

To determine the kinetic mechanism of EBT adsorp-
tion from aqueous solution by SrOx-NPs, kinetic models of 
pseudo-first-order and pseudo-second-order were studied 
in this work. As shown in Fig. 5, equilibrium was reached 
in 20 min. The linear equations for pseudo-first-order and 
pseudo-second-order are given in Eqs. (6) and (7), [34], 
respectively.

ln lnq q q k te t e� � �� � 1  (6)

t
q k q e

t
qt e

= +
1

2 2

 (7)

where k1 (min–1) and k2 (g mg–1 min–1) are rate constants 
of pseudo-first-order and pseudo-second-order, respec-
tively. qt and qe are the capacities of adsorption at time t and 
equilibrium, respectively.

The correlation coefficient of the pseudo-first-order 
model (R2 = 0.80), which is not well fitted with adsorption 
experimental data, Fig. 8a. On the other hand, the correla-
tion coefficient of the pseudo-second-order model (R2 = 0.96), 
Fig. 8b. This finding confirms that the kinetics data fits 
best with a pseudo-second-order kinetics model, Table 1.

3.2.7. Thermodynamic studies

The adsorption thermodynamic equilibrium constant K 
was determined as Eq. (8) [35].

K
q
C
e

e

=  (8)

where qe is the capacity adsorption of EBT and Ce is the 
equilibrium EBT concentration in solution (mol L–1). The 
standard free energy change (ΔG°) (kJ mol–1), enthalpy 
(ΔH°) (kJ mol–1) and entropy change (ΔS°) (kJ mol–1) for 
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the adsorption reaction were calculated using Eqs. (9) 
and (10) [36]:

�G RT K� � ln  (9)

where R is the gas constant (8.314 J mol–1 K–1) and T is the 
absolute temperature (K).

lnK S
R

H
RT

�
�
�

��

�
�

�

�
�

� �  (10)

The slope and intercept of the plot of lnK vs. 1/T could 
be used to calculate the values of ΔH° and ΔS°, respec-
tively, as shown in Fig. 9. The calculated values are given 
in Table 2. The enthalpy change ΔH° for the adsorption 
process shows a negative value, which reflects the exo-
thermic nature of the adsorption. The randomness of the 
solid- solution interface of the SrOx-NPs adsorbent toward 
EBT is viewed from the positive entropy value. The neg-
ative values of free energy change reflect the adsorp-
tion reaction’s spontaneous nature and thermodynamic 
feasibility [36].

Table 3 compares the adsorption capacity of SrOx-NPs 
with some previously reported adsorbents of EBT. As shown, 
SrC2O4·2H2O shows good adsorption capacity when com-
pared with other adsorbents of EBT dye. The advantages of 
the adsorbent here are that the preparation method is easy 
and conventional (i.e., simple precipitation, filtration, and 
drying) and can be safely used in wastewater treatments. 
Moreover, the structure contains oxygen atoms in both oxa-
late group and water molecules, as well as hydrogen atoms 
in water molecules, which can easily bind to EBT molecules 
through hydrogen bonds.

Table 1
Adsorption isotherm and kinetic model

Model Formula Value Equation References

Langmuir isotherm model
1 1 1 1

1q k q C qe m e m

� � R2 = 0.7106 (4) [31]

Freundlich isotherm model log log logq K
n

Ce f e= +
1

R2 = 0.9813 (5) [31]

Pseudo-first-order kinetic model ln(qe – qt) = lnqe – k1t R2 = 0.80 (6) [34]

Pseudo-second-order kinetic model
t
q k q e

t
qt e

= +
1

2 2

R2 = 0.96 (7) [34]

Table 2
Thermodynamic parameters for removal of EBT using SrOx-NPs

T (K) ΔG°, kJ mol–1 ΔH°, kJ mol–1 ΔS°, J mol–1 K–1

298 –4.963

–25.494.13 68.972944
308 –4.290
318 –3.705
328 –2.800
338 –2.264
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3.2.8. Adsorption mechanism

The mechanism of EBT adsorption on SrOx-NPs was 
evaluated by FT-IR spectra of SrOx-NPs, EBT, and EBT@
SrOx-NPs. The spectrum of EBT@SrOx-NPs showed 
very low intensities of characteristic bands at 3,350 and 
1,703 cm–1 when compared with the free SrOx-NPs spec-
trum, which suggests the participation of H2O and COO, 
respectively, in the adsorption reaction. Also, the spectrum 

displayed the weakness of band at 3,458 cm–1, which exists 
in the spectrum of EBT as a wide band indicates the 
involvement of the OH group in EBT in the adsorption 
process. These findings suggest the adsorption of EBT on 
SrOx-NPs via hydrogen bonding, Fig. 10.

4. Conclusion

In the present study, for the first time, nanoplates of 
Diaqua oxalato strontium(II) were used as an adsorbent 
for the removal of EBT in aqueous solution. Batch exper-
iments were carried out to study the effects of different 
operational parameters such as dose amounts, contact time, 
initial dye concentrations, pH, and temperature on the 
adsorption process. The adsorption capacity of EBT was 
63 mg g–1 under ideal conditions. The adsorption isotherm 
was studied using the Langmuir and Freundlich forms, and 
the results showed good agreement with the Freundlich 
form, which indicates the heterogeneous adsorption pro-
cess. The kinetic adsorption mechanism was evaluated by 
applying the experimental data to pseudo-first-order and 
pseudo-second-order kinetic models. The results exhib-
ited good fitting with the pseudo-second-order model. 
The adsorption mechanism was evaluated from exper-
imental and spectral data, which can be explained as the 
binding of EBT with SrOx-NPs via hydrogen bonding.

Table 3
Comparison of the adsorption capacity of SrOx-NPs with other adsorbents of EBT

ReferencesAdsorption capacity (mg g–1)AdsorbentNo

[37]47.0NiFe2O4 magnetic NPs1
[38]4.71Activated charcoal2
[39]65.35Magnetite/silica/pectin NPs3
[40]6.02Untreated almond shell4
[41]67.1Iron oxide nanoparticles5
[42]32.16Tunisian almond shell6
[43]178.2Sludge-derived activated carbon7
[44]2.021Activated carbon prepared from waste rice hulls8
This work63.0[SrC2O4·2H2O]-NPs9

Fig. 8. Plots of pseudo-first-order (a) and pseudo-second-order (b) kinetic models for the adsorption of EBT with SrOx-NPs.
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