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ABSTRACT: Malachite Green (MG) dye belongs to the triphenylmethane class and exhibits  

a noxious impact on the living being. Thus, it’s being immensely important to remove it from  

the environment matrix. Herein, the sonochemical synthesized adsorbent material -pyrophanite-

MnTiO3/TiO2 NanoParticles (NPs) was utilized to expel the commercial Malachite Green (MG) dye 

from the solution. The adsorption efficacy data indicate the maximum removal of MG (90.2%)  

is obtained for the NPs calcinated at 1000 °C (MT1). The optimized adsorption material (MT1)  

is characterized by using different techniques including XRD, FE-SEM, EDX, FT-IR, BJH, and BET. 

The XRD analysis indicates the formation of divergent phases viz. rutile TiO2 and MnTiO3. The FE-SEM 

indicates the formation of a nano-rod-like structure. The average size and percentage of void space 

of MT1 NPs are evaluated by using IMAGE J software. The hysteric loops obtain from BET and BJH 

plots reveal the existence of type H3 hysteresis indicating the MT1 NPs exhibit mesoporous structure. 

The surface area, pore volume, and pore size are 61.245 m2/g, 0.139 cm3/g, and 2.0178 nm respectively. 

The pH, dye concentration, and temperature of the solution are optimized for the removal of MG by using 

MT1 NPs. Further, the adsorption isotherms, kinetics studies, and intra-particle studies indicate that 

monolayered second-order diffusion occurs onto the surface of MT1 NPs. The adsorption process is 

endothermic, thermodynamically driven, and accompanied by an increase in entropy. 
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INTRODUCTION 

Several commercial dyes are popular in various 

industries such as dyeing, paper, cotton, leather, cosmetic 

and food industries, etc [1-3]. These synthetic-colored 

effluents are usually very persistent due to their complex 

aromatic structure that is carcinogenic to human health and 

toxic to the aquatic ecosystem and imposes a detrimental 

impact on the environment matrix [4-8]. Malachite Green (MG)  

 

 

 

is a cationic dye extensively used for the dyeing of fibers 

and medicinal purposes like antiseptic, fungicide, 

antiparasitic, etc. However, the higher concentration of 

MG dye causes several health issues including, damage 

nerve system, brain, and liver, dyscrasia, anemia, and 

leucocytosis, and affects the growth and fertility rates  

for aquatic species [9,10]. Thus, it becomes of utmost  

 

 

 

* To whom correspondence should be addressed. 

+ E-mail: abhinandan.syal87@gmail.com 

1021-9986/2022/8/2548-2560      13/$/6.03 



Iran. J. Chem. Chem. Eng. Sonochemically Synthesized Mesoporous Pyrophanite- MnTiO3/TiO2 ... Vol. 41, No. 8, 2022 

 

Research Article                                                                                                                                                                  2549 

importance to remove the MG present in effluent before 

discharging into the main water stream. In the existing 

study, MG is designated as a reference dye to determine 

the adsorption capacity of the as-synthesized adsorbent. 

To date, various dye removal processes from solutions 

involving conventional pre-treatment strategies such as 

coagulation [11], adsorption [12], photocatalytic  

degradation [13], microbial oxidation [14], and sonochemical 

and electrochemical methods [15] were adopted. In particular, 

adsorption and photocatalytic degradation techniques 

received widespread attention due to their supreme 

removal efficiency of pollutants from the environment 

matrix [16,17]. But photocatalytic degradation is a 

photochemical method that produced harmful secondary 

by-products that limit its application [18]. On the contrary, 

the adsorption technique is a physical method that does not 

generate toxic by-products. Moreover, adsorption is a 

much more effective, cost-cutting, and low-energy 

expenditure technique [19-23]. These points conjecture 

the superiority of the blanching of solution using  

the adsorption technique. 

In literature, many adsorbent materials including 

micro-plastic,[24] silica, [25] oxide, [26] mixed oxides, [27] 

metal-organic framework,[28] titanate, [29] biosorbents, [30], 

etc. were reported for the removal of MG dye. Nowadays, 

the ongoing trend has diverted to one/two, or three-

dimensional metal-titanate adsorbent nano-material due to 

their significant surface area, chemical inertness, cost-

effectiveness, regularity, and well-defined structure [31,32]. 

Swathi et al. [33] synthesized SrTiO3 by a solid-state 

reaction to the removal of acid blue 93 dye. Taybeh et al. [34] 

removed congo-red by using solid-state reaction 

synthesized ZnTiO3 nanomaterial. However, metal titanate 

synthesized from solid-state reaction exhibits limitations 

like irregular composite distribution and non-uniform 

morphology. [35] Didwal et al. synthesized MnTiO3 using 

the hydrothermal method and utilized it as a photocatalyst 

for the mineralization of various cationic dyes. [36] To our 

best knowledge, the area of MnTiO3 as an adsorbent 

material to eliminate the cationic Malachite green dye 

from the solution remains untouched.  The characteristic 

chemistry of Mn, enhance the tendency to capture the -OH 

and H2O molecules in the aqueous phase enhances  

the adsorption ability. [37] Nevertheless, MnTiO3 exhibits 

considerable stability, and biocompatibility, and is 

environment friendly [38,39]. These characteristics depict 

the significant potential of MnTiO3 nanoparticles as  

a promising adsorbent material.  

Up to now, the field of adsorption application of MnTiO3 

nanoparticles remains uncharted. Herein, pyrophanite-

MnTiO3 (MTO) is an adsorbent material. Sonochemical 

synthesis of nanoparticles inculcates the qualities like 

regularity in size, large surface area, pare down  

the reaction time, increase the percentage purity, etc. [40] 

Thus, in the present work adsorbent material is synthesized 

by using the sonochemical assistant solid-state reaction 

technique. The phase transformation and morphological 

study of as-synthesized nanoparticles were carried over 

a wide range of calcination temperatures from 550 to 1200 °C. 

Various adsorption parameters such as calcinate 

temperature of MTO, temperature, pH, and concentration 

of the MG dye solution were optimized. Further, different 

adsorption models and kinetic and thermodynamic studies 

are also examined. 

 

EXPERIMENTAL SECTION 

Chemicals 

Mn(CH3COO)2.2H2O, titanium (IV) n-butoxide, and 

Malachite green chloride (C23H25ClN2) were bought from 

Sigma-Aldrich. Nitric acid, ammonia solution, and ethanol 

used were of the analytical grade. 

 

Synthesis of nanoparticles 

Titanium (IV) n-butoxide and manganese (II) acetate 

dihydrate were used as precursors of titanium and 

manganese respectively. 50 mL ethanol and 3.4 g of 

titanium (IV) n-butoxide were mixed along with magnetic 

stirring for 2 hours to get a homogeneous solution  

(solution A). 5.19 g of manganese (II) acetate dihydrate 

was dissolved in 50 mL of millipore water (solution B). 

The solutions (A and B) were mixed on a magnetic stirrer 

for two hours. After that, NH4OH was added dropwise  

at the rate of 1mL/min along with stirring. The gelatinous 

precipitates formed were placed in the ultra-sonication 

bath (40 kHz) for 40 min. The impurities present in the 

resultant precipitate were removed by washing it five times 

with millipore water. The filtrate was dried in an oven  

at 100 °C for two hours. The composite was calcinated  

at a temperature varied from 550 to 1200 °C. (MTO). 

 

Instrumentation 

The XRD pattern of MTO was obtained using  

an XPERT-PRO X-ray Diffractometer with graphite  
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monochromatic copper radiation (CuKα) with λ= 1.5406 

Å. The scanning rate was at 0.5 s-1 in the 2θ ranging 

from 20° to 80°.  Model-Bruker Tensor27 was used  

to record the FTIR spectra of the sample. The sample 

was prepared with dehydrated KBr having a weight 

ratio (1:10; sample: KBr) over the scanning range of 

400-4000 cm-1. FE-SEM spectra of MTO were recorded 

using model JMS-7610FPlus at an accelerating voltage 

of 15 kV. Model-NOVA 2000e USA, N2 adsorption 

analyzer was used for surface area and pores size 

distribution (Brunauer–Emmett–Teller (BET) and BHJ 

(Barrett, Joyner, and Halenda studies). Before 

conducting the adsorption-desorption study the sample 

was degassed at 150 oC for 5 h. The Scherrer equation 

was used to evaluate the crystalline size of as-synthesized 

nanoparticles. [17].  

D =
0.96 λ

β cosθ
                                                                             (1) 

Where β and θ are Full-Width at Half-Maximum 

(FWHM) and Bragg angle, respectively.  

 
Batch adsorption studies 

The adsorption experiments and isotherm studies 

suspension (50 mg of MTO NPs in 50 mL of MG 

solution) were obtained by taking UV- spectra (model- 

Shimadzu UV-1800) of 4mL sample at the preselected 

time interval. The suspension was constantly shaking  

in the thermostat rotator shaker (INNOVA 42) at the rate 

of 120 rpm kept at 30 °C. Before recording UV spectra, 

the suspension was centrifugated in a thermostat 

configuration machine (Centrifuge 5810R) @4000 rpm 

for 4 min. The pH meter model-Oankton ION 2700  

was used to set the pH of the dye solution. At equilibrium, 

the mass of the MG (mg) adsorbed per gram of MTO (𝑞_𝑒) 

was evaluated using Eq. (2). 

qe =
(Co − Ce)

W
V                                                                  (2) 

equilibrium is represented as 𝐶𝑜 𝑎𝑛𝑑 𝐶𝑒 , respectively. 

The 0.005 L of MG solution (V) and 0.05 g of MTO 

adsorbent (W) were taken in a stirring flask. The same 

quantity of MG and MTO was taken for kinetic and 

thermodynamic adsorption studies in the concentration 

range from 10 to 80 ppm and temperature range of  

(20 °C- 45 °C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: XRD spectra of MTO calcinated from 550 °C to 1200 °C. 

[A=Anatase; R=Rutile; + =Mn3O4; * =Mn2O3; #=MnTiO3]. 

 

RESULTS AND DISCUSSION 

Phase and morphological analysis of MNO NPs 

The XRD patterns illustrated in Fig. 1 reveal the 

variation of crystalline phases of MTO for the calcination 

of a synthesized nanomaterial at different temperatures. 

We have noticed at 550 °C, manganese exists in two 

distinct oxides viz. Mn2O3 (2θ= 23.1°, 32.9°, 55.1°; 

JCPDS- 01-071-0635) and Mn3O4 (2θ= 28.8°, 50.7°, 

59.8°; JCPDS- 00-024-0734). TiO2 also appeared as rutile 

(2θ= 27.4°, 36.0°, 41.2°, 54.3°; JCPDS- 00-02-1276) and 

anatase phase (2θ= 25.2°, 37.8°, 48.0°, 55.0°; JCPDS- 00-

021-1272). The results obtained were as per our previous 

report [58]. Above 550 °C, Mn3O4 oxidized to Mn2O3  

(Eq. (3)) and thermodynamically less stable anatase TiO2 

transformed to a more stable rutile TiO2 phase. Thus, rutile 

TiO2 and Mn2O3 phases prominent at 650 and 850 °C.  

At 1000 and 1200 °C, the peaks appeared at 2θ= 53.4⁰ , 

61.2⁰  and 68.2⁰  and 2θ= 27.4°, 36.0°, 41.2°, 54.3° 

(JCPDS 01-089-0552) corresponding to MnTiO3 and TiO2 

rutile phases, respectively. The MnTiO3 is formed as the result 

of a solid solution reaction between Mn2O3 and TiO2. (Eq. (4)) 

The particle size of MnTiO3 nanoparticles was evaluated  
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using the Scherrer equation (Eq. )1() was 279 nm and 390 nm 

at 1000 and 1200 °C, respectively. The agglomeration of 

nanoparticles at 1200 °C resulted from the gain in the size at 

1200 °C. From XRD investigations, it is concluded that 

the synthesized MTO undergoes a phase transformation  

at 550, 850, and 1000 °C. Further, an attempt has been made 

to investigate the morphological changes with phase 

transformation at respective temperatures and, the FE-SEM 

analysis was performed. 

3 4 2 2 3
2 M n O O 3M n O                    (3) 

2 3 2 3 2
M n O 2 T i O 2 M n T i O 0 . 5O                    (4) 

The FE-SEM images of MNO calcinated at 550, 850, 

and 1000 °C temperatures are shown in Fig. 2. At 550 °C, 

(Fig. 2a) non-uniform agglomerated nanoparticles were 

formed along with nano-rods. Fe-SEM attained 850 °C 

(Fig. 2b) depicts the change in morphology with the 

appearance of globular nanoparticles. Further, with a rise 

in calcination temperature, the crystallinity, and porosity  

of nanoparticles increased. The degree of agglomeration  

of nanoparticles decreases at 1000 °C (Fig. 2c) and an almost 

uniform pattern corresponding to MnTiO3 (flattened 

nanorods) and TiO2 rutile (nanospheres) were attained. 

Thus, clear morphological changes are observed with each 

phase transition of MNO NPs composite. The 

nanoparticles become finer and more porous at 1000 °C, 

which increases the surface area and would enhance  

the adsorption property of MNO NPs. 

 

Adsorption efficiency of MTO NPs 

The adsorption efficiency of MTO NPs calcinated  

at different temperatures was investigated by using  

a 10 ppm aqueous solution of MG dye as a model dye. The 

adsorption percentage of dye onto MTO NPs calcinated 

at 550, 650, 850, 1000, and 1200 °C are 60.2%, 64.4%, 69%, 

72% 90.2%, and 70%, respectively. (Fig. 3) The results 

showed the maximum removal of MG achieved  

by MTO NPs as an adsorbent calcinated at 1000 °C. These 

outcomes confirmed the adsorption ability of MTO NPs 

calcinated at different temperatures can be affected  

by particle size and phase formation. At 1000 °C, MnTiO3 

is formed that comprises of unique three-dimensional 

stacking interlayer arrangement that attributes a greater 

number of hydroxy groups, which enhances its adsorption 

ability. Thus, MnTiO3 acts as a key phase for optimum  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: FE-SEM of MTO calcinated at a) 550, b) 850 and  

c) 1000 °C.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: Percentage adsorption of MG dye onto MTO NPs 

calcinated from 550 °C to 1200 °C. 
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Fig. 4: Adsorption of N2 gas onto MT1 NPs a) BET and b) BJH pore-size dispersal (inset figure). c) FTIR spectra of MT1 NPs.  

d) and e) FE-SEM images of MT1 NPs analyzed by Image J software to evaluate the average size and percentage of the void, 

respectively. f) EDX spectra of MT1 NPs 

 

adsorption of MG. Further in-depth studies, including 

characterization, batch adsorption studies, and kinetic  

and thermodynamic studies carried out by using MTO NPs 

calcinated at 1000 °C. (designated as MT1) 

 

Characterization of MT1 NPs 

The surface area and nature, size, and pore volume of 

MT1 NPs were investigated by BET and BJH plots, 

respectively. The loop obtained in Fig. 4a was correlated 

with different types of hysteric loops as per the IUPAC 

system. [41] The obtained result revealed the existence  

of type H3 hysteresis which indicates the MT1 NPs exhibit 

mesoporous structure. The surface area of MT1 NPs 

obtained from BET analysis was 61.245 m2/g. The BJH 

plot of pore volume versus pore size is shown in the inset  

Fig. 4b. The MT1 NPs have pore volume and pore size 

0.139 cm3/g and 2.0178 nm respectively. The pore size 

obtained from BJH analysis lies in the range of 2-50 nm, 
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and supports the mesoporous nature of MT1 NPs with regular 

pore size distribution as per IUPAC nomenclature. [42] Fig. 4c. 

depicted the FT-IR spectra of MT1 NPs. The O-H 

stretching vibration resulting a broad-ranging peak in 

spectra at 3444 cm-1 depicting the hydrogen-bonded H2O 

molecules on the surface of MT1 NPs. The spectral peak 

1632 cm-1 corresponds to residual O-H vibration modes  

of the traces of adsorbing water. The peaks that appeared 

in 407, 494, and 540 cm-1 represent the vibrational mode 

of Mn-O-Mn, O-Ti-O, and Mn-O bond respectively, which 

is in agreement with earlier reports. [43] Fig. 4d and 4e 

show the image analysis of FE-SEM images at 10,000 X 

magnification using IMAGE J software. FE-SEM image 

of MT1 NPs at 4300 X magnification (Fig. 4d) reflects  

the formation of uniform entangled structures from flattened 

nanorods of an average particle size of 270 nm. The obtained 

average size is in accordance with the size calculated using 

the Scherrer equation in XRD analysis.  From Fig. 4E,  

it is observed that void spaces of 15.4%. The EDX spectra 

of MT1 shown in Fig. 4F indicate the MT1 NPs comprise 

Ti, Mn, and O elements that combine to form the 

respective titanate compound. The obtained result is 

similar to the Enhessari et al. report. [44]. 

 

Adsorption batch study of Malachite Green onto MT1 

NPs 

The MG adsorption on the MT1 NPs is the function of 

pH, starting concentration of MG, and the solution’s 

temperature. The optimum pH was evaluated by varying 

the pH ranging from 2 to 11. Fig. 5a illustrates the percentage 

adsorption of MG onto MT1 NPs firstly increases up to  

7 pH and then decreases. This indicates the dominance  

of electrostatic forces between MT1 and MG dye at neutral 

pH [45]. 

After pH, the starting concentration of dye is another 

criterion for the appraisal of the adsorption efficiency of 

the adsorbent. Fig. 5b. depicted the percentage adsorption 

of MG from solution onto MT1 NPs. The removal 

percentage of MG for 10, 20, 40, and 80 ppm solutions 

were found to be 90, 76, 59, and 20% respectively.  

The decrease in the removal efficiency with an increase  

in starting dye concentration is due to congestion of the 

active binding location of the adsorbent. In the next 

session, various isotherm models viz. Langmuir, Freundlich, 

Temkin, and Redlich-Peterson have been adopted  

to investigate the insets of MG adsorption onto MT1 NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: a) Percentage adsorption of MG by MT1 NPs at 

different pH of the solution. b) Percentage adsorption of MG  

at preselected initial concentrations using MT1 NPs. 

 

Equilibrium adsorption isotherm 

The basis of Langmuir Isotherm (LI) is (i) homogeneous 

and monolayer film formation of the adsorbate on the 

adsorbent surface, (ii) neglecting any influence between 

adsorbed molecules. The Langmuir isotherm represents  

in Eq. (5) [46]. 

Ce

qe

=
1

qmKL

+  
Ce

qm

                                                                 (5) 

Where qm and qe are the maximal theoretical adsorption 

capacity and equilibrium adsorption amount of MG  

in mg/g, KL (L/mg) is the binding site of MT1 NPs, Ce  

is the equilibrium concentration. The best linear fitting  

was evaluated by plotting a graph between (Ce/qe) and Ce. 

From the plot (Fig. 6a), the slope and intercept provide  

the values of qm and KL, respectively. The obtained values 

were summarized in Table 1. 

A Freundlich isotherm model based on assumptions (i) 

multilayer adsorption, (ii) the adsorbed species should less 

(a) 

(b) 
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Fig. 6: Adsorption isotherms of MG dye onto MT1 NPs: a) LI, b) FI, c) Temkin, and d) Redlich-Peterson. 

 

than or equal to the number of available active sites. Eq. (6) 

represents Freundlich isotherm (FI). [47] 

ln qe = ln kF + 
1

n
ln Ce                                                        (6) 

Where Ce and qe are the same meaning as mentioned 

in LI. The adsorption capacity represents kF known  

as the Freundlich constant (mg/g (L/mg)1/n). From  

the plot in Fig. 6b, the intercept and slope provide the value 

of kF and ‘n’ respectively and are reported in Table 1. 

The obtained results reveal the R2 value for Langmuir 

isotherm was 0.9998 and nearby values of qe (12.135 mg/g) 

with qm (11.764 mg/g). The best fitting of isotherm 

where of R2 value approach to unity and the closeness 

of qm and qe values indicates the adsorption of MG onto 

MT1 NPs follows the Langmuir model rather 

Freundlich (R2=0.9865). The LI model suggested that 

mesoporous MT1 NPs contained homogenous 

spreading of active sites. The ‘n’ value greater than one, 

shows the adsorption conditions are feasible and  

the possibility of chemisorption. [48] 

The chemisorption interaction of adsorbate onto  

the adsorbent was studied using the Temkin adsorption 

isotherm model. [49]  

qe = a + b ln Ce                                                                     (7) 

a (in g-1) and b (J/mol) are Temkin constants 

representing binding constant and adsorption enthalpy 

respectively. 

The intercept and slope of the plot between qe versus 

log Ce give ‘a’ and ‘b’ respectively. (Fig. 6c) The results 

displayed in Table 1 indicated a good correlation  

(R2 =0.9971), which assured the possibility of dominant 

chemical forces between MG dye and MT1 nanoparticles. 

Equation 8 known as Redlich-Peterson Isotherm (RPI), 

incorporates the characteristics of both the LI and FI. [50] 

Co

qe

= α +  β Ce
g
                                                                       (8) 

RPI constants ‘α’ and ‘β’ are determined from the plot 

between 
𝐶𝑜

𝑞𝑒
  versus 𝐶𝑒

𝑔
. (Fig. 6d) Equation (8) transforms  

to LI equation when g=1 and Henry’s law when g=0. The α,  

(a) 

(b) 

(c) 

(d) 
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Table 1: Adsorption isotherms for MG dye onto MT1 NPs at 25 0C. 

Isotherm Model Parameter Value 

Langmuir 

qe 12.135 mg/g 

qm 11.764 mg/g 

KL 0.1135 L/mg 

R2 0.9998 

Freundlich 

KF 2.838 mg1-(1/n) L1/n g-1 

n 3.2637 

R2 0.9865 

Temkin 

a 0.8735 

b 5.2783 

R2 0.9971 

Redlich- Peterson (g=0.94) 

a 0.6309 mg/L 

βg 0.1274 mg/L 

R2 1 

 

β, and g were evaluated from a plot between C0/qe and 𝐶𝑒
𝑔

. 

The value of ‘g’ was obtained by the hit and trial method by 

maximizing the R2 value and was found to be 0.94, (Table 1) 

The ‘g’ value approaches one, which favors the occurrence of 

monolayer Langmuir adsorption for MG dye onto MT1 NPs.  

 

Kinetics studies 

The kinetic study of MG adsorption onto MT1 NPs was 

analyzed by using Lagergren’s (pseudo-first-order) (FO) 

(Eq. (9)) [51] and Ho and McKay's equation (pseudo-

second-order) (SO) (Eq. (10)) [52]. 

log(qe1 − qt) = log qe1 −  (
k1

2.303
) t                              (9) 

t

qt
=

1

(k2qe2
2)

+  
t

qe2

                                                        (10) 

the rates constant for the FO and SO kinetics are  

k₁  (min-1) and k2 (g/mg min) respectively. qt (mg/g) is the 

quantity of MG adsorbed at a given time (min).  qe1 and qe2 

denote the equilibrium amount of MG for FO and SO 

kinetics, respectively. 

 From the slopes of the plots, log 𝑞𝑒1 versus 𝑡 (Fig. 7a) 

and 𝑡/𝑞𝑡 versus t, (Fig. 7b) provide the values of k1 and k2 

respectively. As compared to the plots of Fig. 7b, Fig. 7a 

indicated the lack of linearity as regression coefficient 

values were relatively poor. The obtained results were compiled 

in Table 2. The experimental qe1 and calculated qcal values 

for the FO didn’t correspond to each other and thus 

indicate the adsorption of MG onto MT1 NPs did not hold 

well for pseudo-first-order. Combinedly, a better 

regression coefficient (𝑅2
2 = 0.9908-0.9976) and the 

closeness of qe2 and qcal confirmed the SO kinetics for MG 

adsorption onto MT1 NPs accompanied by more than  

one step via chemical forces. [53] 

  

Intra-particle diffusion (IPD) model  

This model reveals the approximation concerning the 

mechanism behind the sorption process. Weber et al. [54] 

reported that linearity in the graph between qt versus t1/2 

depicts the intra-particle by contrast to the inter-particle 

diffusion mechanism. The diffusion model is studied  

by using Eq. (11) [55]. 

qt = kidt
1
2 + C                                                                     (11) 

The poly-linear plots in Fig. 8a indicated adsorption  

of MG dye onto MT1 NPs follows the intra-particle 

diffusion mechanism. This also attributes that the adsorption 

mechanism comprises different steps. Nevertheless, more 

than one rate-determining step was controlling the adsorption 

of MG onto MT1 NPs. [56] From the slope and intercept 

of plots (Fig. 8a), the value of IPD rate constant (kid) 

(mg/(g min1/2)) and boundary layer constant (C)  
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Table 2: Kinetics parameters of FO and SO and intrapaticle-diffusion model for the adsorption of MG onto MT1 nanoparticles. 

Concentration of dye (mg/l) 
First order Second order 

qcal 

Intraparticle diffusion 

K1 R1
2

 qe1 K2 R2
2 qe2 Kid C Rid

2  

10 2.1496 0.9567 4.179 0.0578 0.9908 4.826 4.131 0.822 0.704 0.9917 

40 0.0548 0.8837 5.3911 0.1178 0.9927 15.698 15.21 1.2509 7.270 0.9978 

80 0.0271 0.9586 3.8503 0.3355 0.9976 8.210 10.45 0.9205 4.855 0.9178 

* K1, 𝑅1
2  and qe1 are the rate constant, regression coefficient, and experimental adsorption capacity respectively. K2, 𝑅2

2   and qe2 are rate constants, 

regression coefficient, and experimental adsorption capacity (mg/g) for the SO respectively. qcal is calculated adsorption capacity (mg/g). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Kinetics for the adsorption of 10, 40, and 80 ppm MG dye onto MT1 NPs a) FO and b) SO kinetics. 

 

(mg/g) was obtained and summarized in Table 2. Data 

reveals that the decrease in kid and ‘C’ value with an increase 

in the concentration of MG, indicates the diffusion process 

dominates over the boundary-layer effect [54]. The 

relatively poor regression coefficient obtained for 80 ppm 

MG solution (R2
id= 0.9478) confirmed the diffusion model 

is best fitted for a lower concentration of MG solution  

(up to 40 ppm). 

 

Thermodynamic analysis  

In this session, thermodynamics analysis for the 

removal of MG using MT1 adsorbent is evaluated. Inset 

Fig. 8c, represents the adsorption of MG (10 mg/L) by 

MT1 NPs at the temperature ranging from 15 °C to 45 °C. 

The graph was plotted between qe versus temperature.  

The temperature rise (15 °C to 45 °C) of the MG solution 

depicted the direct relation to the adsorption capacity of 

MG onto MT1 NPs. This adsorption behavior suggested 

the existence of chemical interactions between MT1 and 

MG dye. 

Eq. (12) was used to find the ΔH°, ΔS°, and ΔG° for 

the removal of MG by MT1 NPs. [57]  

log qe

Ce

=
∆S°

2.303R
−

∆H°

2.303RT
                                           (12) 

The intercept and slope of the graph between (qe/Ce) 

verse 1 𝑇⁄  provide the ΔS° and ΔH° respectively. The plot 

obtained in Fig. 8b displayed good linearity (R2 =0.9909). 

The results were summarized in Table 3. The diffusion-

controlled process showed ΔH°= +4.902 kJ/mol, revealing 

the endothermic nature of the adsorption of MG onto MT1 

NPs. Further, the positive value of the ΔS° (+29.344 J/K.mol) 

indicates the adsorption of MG onto MT1 NPs proceeds 

along with an increase in the entropy. This increase  

in entropy probably releases more amount water molecules 

from the interface of the solid-liquid throughout the 

adsorption. Adsorption is feasible at high temperatures  

as ΔG° value became more negative. (Table 3). 

 

Mechanism of adsorption 

Herein, we proposed a plausible mechanism for the 

Malachite green dye adsorption onto the surface of MT1 

NPs based on the results obtained in different studies. MT1 

NPs comprise –Ti-Mn-O- as a stacking unit, which creates 

a huge number of oxygen vacancies on the surface of NPs [44].  

(a) 

(b) 
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Table 3. Thermodynamics for the adsorption of malachite green dye onto MT1 NPs. 

Temperature (°C) Initial Concentration of MG (mg/L) ΔH° (Kj/mol) ΔS° (j mol-1 K-1) -ΔG° (Kj/mol) R2 

15 

20 4.902 29.344 

3.549 

0.9909 
25 3.842 

35 4.135 

45 4.429 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Adsorption of MG dye on MT1 NPs a) Intraparticle diffusion plots, b) Graph between log (qe/Ce) versus 1/T,  

c) Effect of change in the temperatures on the adsorption capacity of MT1 NPs. 

 

On these oxygen valencies, several hydroxyl groups  

are adsorbed (broadband observed in FT-IR at 3600 cm-1). 

These hydroxyl groups provide the active sites for the 

adsorption of MG dyes to form a Langmuir monolayer. 

The chemical interaction is present between the hydroxyl 

group (negative charge oxygen) and the quaternary amine 

group of MG dye (positive charge). Thus, resultant 

adsorption is due to the electrostatic force of attraction 

which is as per the outcomes from pH and Temkin model 

study. The second-order kinetics suggests that the 

chemical bond is formed in two steps, the transfer  

of electrons through the oxygen valency. As a result,  

the overall energy of the system decreases with a decrease 

ΔG° value, indicating that the present adsorption is 

thermodynamically driven. 

 

CONCLUSIONS 

In summary, MnTiO3 NPs were synthesized using  

the facile one-pot sonochemical assistant solid-state 

reaction technique. The synthesized NPs calcinated  

at 1000 °C exhibited well define nano-rod (150 nm) 

morphology and demonstrated the best adsorption 

efficiency for MG dye. BET analysis of MT1 NPs 

displayed mesoporous nature with average pore size and 

pore volume were 2.0178 nm and 0.025 cm3/g, respectively. 

The reaction conditions were optimized to get the 

maximum performance of MT1 NPs. The maximal 

efficiency of the adsorbent was found at pH=7 and 10 ppm 

initial concentration of dye solution. Our investigation 

confirmed the LI fitted better than the FI suggesting  

the homogeneous diffusion of the active sites onto MT1 NPs 

with a monolayer adsorption array. Further, the RPI  

(R2 =1) established these results.  The results obtained 

from the pH and Temkin model jointly confirmed the 

chemical interaction exhibits between MT1 NPs and MG 

dye. The SO kinetic profile indicated the MG removal  

by MT1 associated with multi-steps accompanied  

by chemical forces. The SO rate constant value was  

0.3355 L/mol.s. The IPD study indicated the dominating 

of the diffusion process over the boundary-layer effect. 

The adsorption thermodynamics portrayed the endothermic 

diffusion-control process (ΔH⁰ = 4.902 kJ /mol) associated 

with an increase in the entropy (ΔS⁰  = 29.344 J/mol.K). 

The negative ΔG⁰  value favored the adsorption of MG 

onto MT1 NPs. The benefit of the mesoporous structure 

and strong tendency of manganese  to capture OH group, 

(a) (b) (c) 
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- MT1 NPs come out as promising adsorbent nano-material 

for the removal of cationic MG dye. Through the doping  

of transition metal ions in MnTiO3, we supposed that  

the present study might be extended to synthesize a composite 

with a unique and more efficient adsorbent material for 

different dyes/heavy metal ions.  
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