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Abstract
Exposure to high concentrations of the Eriochrome Black T dye causes some diseases such as skin infections, cancer, and 
blindness. Hence, in this paper, MgCO3/MnCO3 (Abbreviated as MC) and MgMn2O4/Mn2O3 (Abbreviated as MO) novel 
nanostructures were facilely synthesized using the precipitation and ignition methods, respectively. The produced Mg/Mn 
nanostructures were used for the effective removal of Eriochrome Black T dye from aqueous solutions. Therefore, the novelty 
in our current work comes from the use of a simple, easy, and inexpensive method to synthesize novel and effective novel 
nanostructures for the efficient removal of Eriochrome Black T dye compared to many other adsorbents in the literature. The 
high efficiency of the synthesized nanostructures is due to their small crystallite size and large surface area, which makes their 
adsorption property high. The XRD confirmed that the mean crystal size of the MC and MO products is 80.36 and 88.75 nm, 
respectively. The FE-SEM revealed that the MC product includes quasi-spherical shapes where their mean diameter equals 
0.53 μm. Besides, the MO product includes quasi-spherical shapes where their mean diameter equals 0.25 μm, polyhedral 
shapes where their mean diameter equals 0.43 μm, and rectangular rods where their mean diameter equals 0.35 μm width 
and 4.63 μm length. The HR-TEM revealed that the MC product includes quasi-spherical shapes where their mean diameter 
equals 0.62 μm. Besides, the MO product includes polyhedral shapes where their mean diameter equals 0.41 μm and rectan-
gular rods where their mean diameter equals 0.15 μm width and 0.45 μm length. The BET surface area of the MC and MO 
products is 66.47 and 60.23 m2/g, respectively. Furthermore, the maximum uptake capabilities of the MC and MO products 
toward Eriochrome Black T dye are 416.67 and 386.10 mg/g, respectively. Besides, the adsorption of the Eriochrome Black 
T dye using the MC and MO products is better described by the pseudo-first-order model and Langmuir isotherm. Addi-
tionally, the use of the MC and MO products to remove the Eriochrome Black T dye is an exothermic and physical process.
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1  Introduction

The dyeing of fashion and textile goods is a principal 
industrial foundation of the environmental contamina-
tion since this area utilizes a major quantity of water and 
accordingly discharges effluent, including a variety of 
organic dyes, contributing up to about 20% of the world’s 
wastewater production [1, 2]. These industrial effluents 
may have detrimental effects on wildlife and the environ-
ment, as well as contaminate soil and groundwater. Eri-
ochrome Black T (EBT), also known as mordant black 11, 
is an organic sodium salt (azo) utilized in the dyeing of 
nylon and silk multifiber. Additionally, it is utilized in the 
complexometric titrations to estimate the unknown con-
centrations of magnesium and calcium ions, as well as 
for the biological staining. This dye and its degradation 
products, for example, naphthoquinone, are toxic [3–5]. 
Long-term exposure to high levels of EBT dye causes the 
loss of photosynthetic abilities in aquatic plants and the 
occurrence of unintended mutations in aquatic organisms, 
leading to blindness, multiple skin diseases, and various 
types of cancer [6–8]. To reduce environmental pollution 
and public health risks, it is necessary to diminish the 
concentration of EBT dye in industrial wastes prior to its 
liberation into normal aqueous sources. In the industrial 
field, several physicochemical techniques, for example, 
chemical precipitation, adsorption, and electrocoagulation, 
can be used to remove dye molecules [9–14]. The disad-
vantages of chemical precipitation and electrocoagulation 
techniques include incomplete removal, the production of 
toxic sludge, and high energy consumption. In terms of 
ease of use, cost-effectiveness, and dye removal capac-
ity, adsorption is the most prevalent technique. Rathika 
et al. synthesized polyvinylpalmitate ester for the exclu-
sion of EBT dye from aqueous solutions. The maximum 
uptake capability is observed at pH 8 for a contact time 
of 120 min and equals 24.88 mg/g [15]. Raval et al. syn-
thesized a chitosan/ZnO nanocomposite for the exclu-
sion of EBT dye from aqueous solutions. The maximum 
uptake capability is observed at pH 3.5 for a contact time 
of 120 min and equals 40.90 mg/g [16]. Haghighat et al. 
synthesized zeolitic imidazolate metal organic framework 
for the exclusion of EBT dye from aqueous solutions. The 
maximum uptake capability is observed at pH 8 for a con-
tact time of 40 min and equals 263.50 mg/g [17]. Gupta 
et al. synthesized poly(3,4-ethylenedioxythiophene) for the 
exclusion of EBT dye from aqueous solutions. The maxi-
mum uptake capability equals 263.00 mg/g after 50 min 
[18]. Hajjaoui et al. synthesized a SiO2/polyaniline com-
posite for the exclusion of EBT dye from aqueous solu-
tions. The maximum uptake capability is noticed at pH 
2 for a contact time of 120 min and equals 90.23 mg/g 

[3]. Manzar et al. synthesized epibromohydrin modified 
crosslinked polyamine resin for the exclusion of EBT dye 
from aqueous solutions. The maximum uptake capability 
is noticed at pH 2 for a contact time of 60 min and equals 
41.30 mg/g [19]. Dong et al. synthesized β-cyclodextrins/
polyurethane foam for the exclusion of EBT dye from 
aqueous solutions. The maximum uptake capability equals 
20.17 mg/g after 3 h [20]. However, the previous adsor-
bents needed expensive chemicals to prepare them, in 
addition to their weak uptake capability. The precipitation 
and ignition methods were widely utilized in the literature 
to prepare a lot of mixed nanoxides such as Mg(OH)2/
MgO, MgO/Nd2O3, MgO/CeO2, MgO/Er2O3, NiO/ ZrO2/
MgO, CuO/MgO, Mn2O3/WO3, Mn2O3/Fe2O3, Mn2O3/
Bi2O3, and ZnMn2O4/Mn3O4 [21–30]. Nanomaterials 
play an important role in many fields, such as biomedical, 
drug delivery, water treatment, sensors, energy, agricul-
ture, electronic devices, and catalysis [31, 32]. The main 
features that make nanoparticles effective for water treat-
ment are their small size, large surface area, stability, low 
cost, environmental friendliness, and high efficiency. In 
the current work, low-cost chemicals were used to syn-
thesize MgCO3/MnCO3 and MgMn2O4/Mn2O3 as novel 
nanostructures using the precipitation and ignition meth-
ods for the effective exclusion of EBT dye from aqueous 
solutions, respectively. The synthesized nanostructures 
were characterized using field emission scanning elec-
tron microscopy (FE-SEM), X-ray diffraction (XRD), 
high resolution transmission electron microscopy (HR-
TEM), energy-dispersive X-ray spectroscopy (EDS), and 
N2 adsorption/desorption analyzer. Factors affecting the 
exclusion of EBT dye from aqueous solutions, for exam-
ple, pH, adsorption time, adsorption temperature, and EBT 
concentration, were also examined.

2 � Experimental

2.1 � Materials

Manganese acetate tetrahydrate [Mn(CH3COO)2.4H2O], 
magnesium nitrate hexahydrate [Mg(NO3)2.6H2O], 
sodium carbonate (Na2CO3), Eriochrome Black T dye 
(C20H12N3O7SNa), sodium hydroxide (NaOH), potassium 
nitrate (KNO3), and hydrochloric acid (HCl) were purchased 
from the Sigma Aldrich Company and experimentally uti-
lized as received without additional refining.

2.2 � Chemical Synthesis of the Nanostructures

The Mg(II) solution was prepared by dissolving 10.00 g 
of Mg(NO3)2.6H2O in 100 mL of distilled water. Also, 
the Mn(II) solution was prepared by dissolving 10.00 g of 
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Mn(CH3COO)2.4H2O in 150 mL of distilled water. The 
sodium carbonate solution was prepared by dissolving 
8.46 g of Na2CO3 in 100 mL of freshly produced distilled 
water. Also, the solution of Mn(II) ions was poured into the 
solution of Mg(II) ions, followed by the sodium carbonate 
solution, which was added using a burette drop by drop with 
magnetic stirring for 60 min. Finally, the formed precipitate 
was collected using vacuum filtration, washed three times 
using 50 mL of distilled water, dried at 60 oC, and calcinated 
at 700 oC for 3 h. The samples, which were synthesized 
using the precipitation and ignition methods, were abbrevi-
ated as MC and MO, respectively.

2.3 � Characterization Instruments

The morphology, mean grain size, and chemical elements of 
the MC and MO products were investigated using the SEM 
micrographs produced by a JSM-IT800 Schottky field emis-
sion scanning electron microscopy that was coupled to an 
energy-dispersive X-ray unit. X-ray diffraction (XRD) pat-
terns acquired with a Bruker D8 Advance X-ray diffractom-
eter (Kα Cu = 1.5 Å) were utilized to determine the crystal 
sizes and phases of the synthesized MC and MO products. 
Using high resolution transmission electron microscopy 
(HR-TEM) with the model Talos F200iS, the morphologi-
cal images of the synthesized MC and MO products were 
obtained. Operating a Quantachrome of model TouchWin N2 
gas sorption apparatus, the surface characteristics (average 
pore radius, total pore volume, and BET surface area) of the 
MC and MO products were obtained. A Shimadzu UV-1650 
PC UV/Vis spectrophotometer was used to determine the 
concentration of the EBT dye. The EBT dye has a maximal 
wavelength of 530 nm.

2.4 � Uptake Experiments of EBT Dye From Aqueous 
Solutions

To identify the optimal impacts for reaching the maximum 
exclusion of EBT dye from aqueous solutions, a batch 
removal procedure was conducted. Individually, 60 mg 
of either MC or MO products was added to 120 mL of 
220 mg/L EBT dye solutions. Each EBT/adsorbent blend 
was magnetically stirred for a particular time. Besides, 
the adsorbents were then taken out and the concentrations 
of EBT dye in the filtrate were quantified at 530 nm by 
exploiting a UV/Vis spectrophotometer of the Shimadzu 
UV-1650 PC model. Moreover, the impacts of adsorption 
time (10–150 min), pH (3–11), temperature (298–328 K), 
and EBT dye concentration (100–260 mg/L) were studied.

Using Eqs. 1 and 2, the uptake percentage of the EBT dye 
(% R) and the uptake capability of the P1 and P2 products 
(Q) were determined, respectively.

 where, Co is the initial prepared concentration of the EBT 
dye (mg/L) and Ce is the equilibrium residual concentration 
of the EBT dye (mg/L). Moreover, V is the utilized volume 
of the EBT dye solution (L) whereas W is the utilized mass 
of adsorbent (g).

The point of zero charge (pHPZC) of the synthesized MC 
and MO products was experimentally obtained, as illustrated 
by our previous study via Khalifa et al. [33] according to 
the following; Individually, 0.20 g of the MC or MO prod-
ucts were mixed with 60 mL of 0.025 M KNO3 solutions. 
Besides, the primary pH (pHi) of the KNO3 solutions was 
investigated in the experimental range of 2.50–11.50. The 
adsorbent/KNO3 blend was magnetically stirred for 8 h. The 
obtained values of final pH (pHf) were measured and com-
pared to the initial pH values (pHi) using a scatterplot. The 
pHpzc is defined as the pHf at which a characteristic plateau 
was observed.

3 � Results and Discussion

3.1 � Characterization of the Synthesized Products

Figure 1 A, B shows the XRD patterns of the MC and MO 
products, respectively. Moreover, the results revealed that 
the MC product contains two phases; magnesium carbonate 
(MgCO3 as elucidated from JCPDS No. 01-078-2442) and 
manganese carbonate (MnCO3 as elucidated from JCPDS 
No. 00-044-1472). The percentages of the magnesium car-
bonate and manganese carbonate phases that present in the 
MC product are 10.50 and 89.50%, respectively.

The peaks of MgCO3 phase in the MC product at 2θ = 
24.46o, 51.81o, 60.35o, and 76.29o correspond to the (012), 
(024), (211), and (217) lattice planes miller indices, respec-
tively. Besides, the peaks of MnCO3 phase in the MC prod-
uct at 2θ = 31.52o, 37.65o, 41.55o, 45.47o, 49.92o, 64.12o, 
67.98o, 72.35o, and 78.26o are the results of (104), (110), 
(113), (202), (024), (214), (300), (0 0 12), and (306) lattice 
planes miller indices, respectively.

Additionally, the MO product contains two phases; mag-
nesium manganese oxide (MgMn2O4 as elucidated from 
JCPDS No. 00-0231-0392) in addition to manganese oxide 
(Mn2O3 as elucidated from JCPDS No. 01-081-9976). The 
percentages of the magnesium manganese oxide and man-
ganese oxide phases that present in the MO product are 82 
and 18%, respectively.

(1)%R =
Co − Ce

Co

× 100

(2)Q = (Co − Ce) ×
V

W
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The peaks of MgMn2O4 phase in the MO product at 2θ 
= 18.18o, 29.04o, 31.19o, 32.56o, 36.36o, 38.25o, 44.73o, 
50.05o, 51.11o, 54.07o, 56.31o, 58.79o, 60.21o, 63.50o, 
64.92o, 65.87o, 67.98o, 70.12o, 72.50o, 74.49o, 76.97o, and 
77.93o are the results of (101), (112), (200), (103), (202), 
(004), (220), (204), (105), (312), (303), (321), (224), (116), 
(400), (323), (206), (305), (332), (413), (422), and (404) lat-
tice planes miller indices, respectively. Moreover, the XRD 
peaks of Mn2O3 phase in the MC product at 2θ = 19.59o, 
23.25o, 34.35o, 37.50o, 49.31o, 55.20o, and 62.50o are the 
results of (200), (211), (321), (400), (431), (440), and (620) 
lattice planes miller indices, respectively.

Besides, in the Fig. 1B, the (103) and (202) peaks of 
MgMn2O4 phase seem overlapping with (222) and (211) 
peaks of Mn2O3 phase. Furthermore, the mean crystal 
size of the synthesized MC and MO products is 80.36 and 

88.75 nm, respectively. The change in crystallite size of the 
MC and MO products due to calcination that converting the 
phases of MC product into different phases in MO product.

Figure 2 A, B shows the EDX patterns of the MC and 
MO products, respectively. Besides, the obtained results 
revealed that the MC product contains Mn, Mg, O, and C 
as indicated in Table 1. Hence, this is another confirmation, 
besides XRD, that the MC product is a mixture of magne-
sium carbonate and manganese carbonate. Besides, the MO 
product contains Mn, Mg, and O as indicated in Table 1. 
Hence, this is another confirmation, besides XRD, that the 
MO product is a mixture of magnesium manganese oxide 
and manganese oxide.

Fig. 1   X-ray diffraction patterns of the MC (A) and MO (B) products

Table 1   Chemical composition of the MC and MO products

Sample % Mn % Mg % O % C

MC 40.65 14.56 17.50 27.29
MO 59.21 24.78 16.01 –

Fig. 2   EDX chart of the MC (A) and MO (B) products
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Figure 3 A, B shows the FE-SEM morphological images 
of the MC and MO products, respectively. Furthermore, 
the obtained outcomes demonstrated that the MC product 
includes quasi-spherical shapes where their mean diam-
eter equals 0.53 μm. Besides, the MO product includes 
quasi-spherical shapes where their mean diameter equals 
0.25 μm, polyhedral shapes where their mean diameter 
equals 0.43 μm, and rectangular rods where their mean 
diameter equals 0.35 μm width and 4.63 μm length.

Figure 4 A, B shows the HR-TEM images of the MC 
and MO products, respectively. Besides, the obtained 
outcomes demonstrated that the MC product includes 
quasi-spherical shapes where their mean diameter equals 
0.62 μm. Besides, the MO product includes polyhedral 
shapes where their mean diameter equals 0.41 μm and rec-
tangular rods where their mean diameter equals 0.15 μm 
width and 0.45 μm length as shown in Fig. 4B. Hence, by 
comparing the two samples, the small-size MC sample 
is expected to outperform the large-size MO sample in 
removing EBT dye. The discrepancy between the crystal 
size calculated from XRD and FE-SEM or HR-TEM due 
to the coagulation of particles.

Figure  5  A, B shows the N2 adsorption and desorp-
tion isotherms of the MC and MO products, respectively. 
Besides, the results revealed that the obtained isotherms of 

Fig. 3   SEM pictures of the MC (A) and MO (B) products

Fig. 4   TEM pictures of the MC (A) and MO (B) products

Table 2   The surface textures of the MC and MO products

Sample BET surface area
(m2/g)

Total pore volume
(cc/g)

Average 
pore size
(nm)

MC 66.47 0.0707 2.13
MO 60.23 0.0807 2.59
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the MC and MO products were of type IV [34]. Besides, the 
BET surface area of the MC product is higher than that of 
the MO product, as shown in Table 2. Furthermore, the aver-
age pore size and total pore volume of the MC product are 
smaller than those of the MO product, as shown in Table 2.

3.2 � Uptake of EBT Dye Rrom Aqueous Solutions

3.2.1 � Influence of pH

The influence of dye pH alteration (3–11) on the percentage 
of EBT dye removal (% R) as well as the uptake capability of 
MC and MO products (Q) was investigated where the find-
ings are presented in Fig. 6A, B, respectively. It was noticed 
that the EBT dye was eliminated most efficiently in acidic 
environments and least efficiently in basic environments. 

At pH = 3, the maximum percent removal of EBT dye by 
MC and MO products was 92.60 and 83.75%, respectively. 
In addition, the maximum EBT dye uptake capabilities 
of MC and MO products at pH = 3 were determined to be 
407.46 mg/g and 385.50 mg/g, respectively. Consequently, 
other influences will be investigated at pH 3. As displayed 

Fig. 5   Nitrogen adsorption and desorption experimental isotherms of 
the synthesized MC (A) and MO (B) products

Fig. 6   Influence of pH alteration on the percentage of EBT dye 
removal (A) and the uptake capability of MC and MO products (B)

Fig. 7   The pHPZC of the MC and MO products
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in Fig. 7, the pHPZC values of MC and MO products were 
5.50 and 5.72, respectively.

According to the results, the MC and MO products 
are positively charged at pH < pHPZC. As a result of the 
attraction force between negatively charged EBT dye and 
positively charged adsorbents, the percentage of EBT dye 
removal increased and attained its maximum value at pH = 3 
as shown in scheme 1. In addition, the outcomes demon-
strated that MC and MO products are negatively charged at 
pH > pHPZC. As a result of the repulsion force between nega-
tively charged EBT dye and negatively charged adsorbents, 
the percentage of EBT dye removal decreased and attained 
its minimum value at pH = 11 as shown in scheme 1.

The percentage of removal or uptake capability increased 
as follows: MC > MO because the average crystal size 
increased in the opposite direction [33]. Thus, the surface 
area of the MC sample is superior to the surface area of the 
MO sample. Accordingly, the uptake capability of the MC 
sample is greater than the adsorption capacity of the MO 
sample.

To confirm this adsorption mechanism, the FT-IR spectra 
of the MO and EBT dye adsorbed on the MO sample (as 
illustrative example) are shown in Fig. 8A, B, respectively. 
The bands that appeared at 638 and 635 cm−1 before and 
after adsorption of EBT dye represent the stretching vibra-
tion of Mn–O, respectively. Also, the bands that appeared at 

Scheme 1   Mechanism of interaction between the adsorbents andEBT

Fig. 8   FT-IR spectra of the MO adsorbent before (A) and after (B) 
EBT adsorption
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983 and 982 cm−1 before and after adsorption of EBT dye 
represent the stretching vibration of Mg–O, respectively. The 
bands that appeared at 1639 and 1643 cm−1 before and after 
adsorption of EBT dye represent the bending vibration of 
H–O–H, respectively. In addition, the bands that appeared 
at 3439 and 3435 cm−1 before and after adsorption of EBT 
dye represent the stretching vibration of H–O–H, respec-
tively. The band that appeared after adsorption at 3024 cm−1 
represents the stretching vibrations of CH aromatic of EBT 
dye. The bands that appeared after adsorption in the range 
1350–1500 cm−1 represent the stretching vibrations of C=C 
aromatic of EBT dye. The band that appeared after adsorp-
tion at 1540 cm− 1 represents the stretching vibrations of 
N=N group of EBT dye. The bands that appeared after 
adsorption in the range 770–917 cm−1 represent the out of 
plane bending vibrations of CH aromatic of EBT dye [33].

3.2.2 � Influence of Adsorption Time

The influence of the adsorption time alteration (10–150) on the 
percentage of EBT dye removal as well as the uptake capabil-
ity of MC and MO products was investigated, and the obtained 
findings are depicted in Fig. 9A, B, respectively. In addition, 
the outcomes confirmed that there was a noticeable increase 
in the percentage of EBT dye removal or uptake capability of 
the MC and MO products as the adsorption time increased 
from 10 to 110 min. Furthermore, the percentage of EBT dye 
removal and the uptake capability of MC and MO products 
are relatively stable as the adsorption time increased from 110 
to 150 min. After 110 min, the greatest percentage of EBT 
dye removal using the synthesized MC and MO products was 
estimated and found to be 92.87 and 84.12%, respectively. 
After 110 min, the greatest uptake capability of the MC and 
MO products for EBT dye was estimated and found to be 
408.64 mg/g and 370.14 mg/g, respectively. Consequently, 
other influences will be investigated at 110 min.

Fig. 9   Influence of adsorption time on the percentage of EBT dye 
removal (A) and the uptake capability of MC and MO products (B)

Fig. 10   Plot of log (Qe–Qt) versus t (A) and plot of t/Qt versus t (B) 
for the uptake of EBT dye by the MC and MO products
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The experimental kinetics data of the EBT dye uptake on 
the MC and MO products were investigated using the pseudo-
first-order (Eq. 3) and pseudo-second-order (Eq. 4) models, as 
illustrated in Fig. 10A, B, respectively [33].

 where, Qt is the quantity of EBT dye adsorbed at time t 
(mg/g), Qe is the quantity of EBT dye adsorbed at equilib-
rium (mg/g), kFirst is the rate constant of the pseudo-first-
order model (1/min), and kSecond is the rate constant of the 
pseudo-second-order model (g/mg.min). The kinetic con-
stants (kFirst and kSecond) for the uptake of EBT dye by the 
MC and MO products are presented in Table 3. According to 
Table 3, the calculated Qe values and experimentally deter-
mined Qe values are in good agreement. Furthermore, the 
R2 values of the pseudo-first-order kinetic model are greater 
than those of the pseudo-second-order kinetic model, lead-
ing to the conclusion that the adsorption of EBT on MC and 
MO products is better described by the pseudo-first-order 
model.

3.2.3 � Influence of Adsorption Temperature

The influence of a change in temperature (298–328 K) on the 
percentage of EBT dye removal and the uptake capability of 
MC and MO products was investigated, and the experimen-
tal results are depicted in Fig. 11A, B, respectively. As the 
temperature increased from 298 to 328 K, the percentage of 
EBT dye removal or uptake capability of the MC and MO 
products decreased. Therefore, at 298 K, other factors will 
be investigated.

Using Eqs. 5, 6, and 7, the influence of adsorption tem-
perature on the uptake of EBT dye by MC and MO products 
can be exemplified by the thermodynamic constants, for 
example, change in free energy (△Go, KJ/mol), change in 
enthalpy (△Ho, KJ/mol), and change in entropy (△So, KJ/
molK) [33].

(3)log
(

Qe − Qt

)

= logQe −
kFirst

2.303
t

(4)
t

Qt

=
1

kSecondQ
2
e

+
1

Qe

t

(5)lnKd =
ΔSo

R
−

ΔHo

RT

 where, R represents the universal gas constant (KJ/mol kel-
vin), T represents the adsorption temperature (kelvin), and 
Kd represents the distribution constant (L/g). The plot of ln 
Kd versus 1/T determines the values of △So and △Ho from 
the intercept and slope, as presented in Table 4; Fig. 12. 
Furthermore, △Go values were determined based on △So 

(6)ΔGo = ΔHo − TΔSo

(7)Kd =
Qe

Ceq

Table 3   The pseudo-first-order 
and pseudo-second-order 
constants for the uptake of 
EBT dye by the MC and MO 
products

Adsorbents Pseudo-first-order Pseudo-second-order

Qe
(mg/g)

kFirst
(1/min)

R2 Qe
(mg/g)

kSecond
(g/mg.min)

R2

MC 425.97 0.0108 0.9995 704.23 1.811E-5 0.9186
MO 370.02 0.0238 0.9999 537.63 3.3097E-5 0.9854

Fig. 11   Influence of temperature on the percentage of EBT dye 
removal (A) and the uptake capability of MC and MO products (B)
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and △Ho values, as presented in Table 4. The uptake of EBT 
dye is exothermic, as indicated by the obtained negative sign 
of △Ho values. Additionally, the values of △Ho are smaller 
than 40 KJ/mol, indicating that the adsorption is physical in 
nature. Besides, the obtained positive value of △So suggests 
increased randomization at the interface of solution/solid 
following the uptake of the EBT dye with the MC and MO 
products. The negative values of △Go suggested that the 
uptake of EBT dye occurred spontaneously.

3.2.4 � Influence of EBT Dye Concentration

The influence of concentration change (100–260) on the per-
centage of EBT dye removal and the uptake capability of MC 
and MO products was investigated, and the experimental out-
comes are depicted in Fig. 13A, B, respectively. If the concen-
tration of EBT dye changed from 100 mg/L to 260 mg/L, there 
was a reduction in the percentage of EBT dye removal and a 
growth in the uptake capability of MC and MO products. The 
equilibrium data of the adsorption of EBT dye on the MC and 
MO products were investigated using the equilibrium Lang-
muir (Eq. 8) and Freundlich (Eq. 9) isotherms, as illustrated 
in Fig. 14A, B, respectively [34].  where, 1/z represents the heterogeneity constant, kL repre-

sents the Langmuir equilibrium constant (L/mg), kF repre-
sents the Freundlich equilibrium constant (mg/g)(L/mg)1/n, 

(8)
Ce

Qe

=
1

kLQmax

+
Ce

Qmax

(9)lnQe = lnkF +
1

z
lnCe

Fig. 12   Relation between ln Kd and 1/T for the uptake of EBT dye by 
the MC and MO products

Table 4   Thermodynamic values 
(△Ho, △So, and △Go) for the 
uptake of EBT dye by the MC 
and MO products

Adsorbent △Ho

(KJ/mol)
△So

(KJ/molK)
△Go

(KJ/mol)

298 308 318 328

MC − 25.85 0.0593 − 43.53 − 44.12 − 44.71 − 45.31
MO − 22.11 0.0541 − 38.24 − 38.78 − 39.32 − 39.87

Fig. 13   Influence of EBT concentration on the percentage of EBT 
dye removal (A) and the uptake capability of MC and MO products 
(B)



Journal of Inorganic and Organometallic Polymers and Materials	

1 3

and Qmax represents the maximum Langmuir uptake capa-
bility (mg/g). Equation 10 can be used to calculate the Qmax 
using the Freundlich isotherm [33].

The equilibrium constants (kL and kF) for the uptake of 
EBT dye using the MC and MO products are presented in 

(10)Qmax = kF
(

C1∕z
o

)

Table 5. According to Table 5, the R2 values of the Langmuir 
isotherm are greater than those of the Freundlich isotherm, 
leading to the conclusion that the adsorption of EBT on 
MC and MO products is better described by the Langmuir 
equilibrium isotherm. Additionally, the maximum uptake 
capabilities of the MC and MO products toward EBT dye 
are 416.67 and 386.10 mg/g, respectively.

4 � Conclusions

The precipitation and ignition methods were utilized 
for the facile and low-cost synthesis of MgCO3/MnCO3 
(Abbreviated as MC) and MgMn2O4/Mn2O3 (Abbreviated 
as MO) nanostructures, respectively. The XRD confirmed 
that the mean crystal size of the synthesized MC and MO 
products is 80.36 and 88.75 nm, respectively. Further-
more, the FE-SEM demonstrated that the MC product 
includes quasi-spherical shapes where their mean diam-
eter equals 0.53 μm. Besides, the MO product includes 
quasi-spherical shapes where their mean diameter equals 
0.25 μm, polyhedral shapes where their mean diameter 
equals 0.43 μm, and rectangular rods where their mean 
diameter equals 0.35 μm width and about 4.63 μm length. 
The surface area of the MC sample (66.47 m2/g) is supe-
rior to the surface area of the MO sample (60.23 m2/g). 
Accordingly, the uptake capability of the MC sample 
toward EBT dye (416.67 mg/g) is greater than the uptake 
capability of the MO sample (386.10 mg/g). The maxi-
mum uptake capabilities of the MC and MO products is 
very high compared to many other adsorbents in the lit-
erature. The high efficiency of the synthesized nanostruc-
tures is due to their small crystallite size and large surface 
area, which makes their adsorption property high. The 
adsorption of the Eriochrome Black T dye using the MC 
and MO products is better described by the pseudo-first-
order model and Langmuir isotherm. Furthermore, the use 

Fig. 14   Plot of Ce/Qe versus Ce (A) and plot of ln Qe versus Ce (B) for 
the uptake of EBT dye by the MC and MO products

Table 5   The Langmuir and 
Freundlich constants for the 
uptake of EBT dye by the MC 
and MO products

Adsorbent Langmuir equilibrium isotherm Freundlich equilibrium isotherm

kL
(L/mg)

Qmax
(mg/g)

R2 kF
(mg/g)(L/mg)1/n

Qmax
(mg/g)

R2

MC 1.7800 416.67 0.9989 276.16 517.22 0.9469
MO 0.5243 386.10 0.9997 196.00 489.44 0.7837
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of the MC and MO products to remove the Eriochrome 
Black T dye is an exothermic and physical process.
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