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Birnessite type manganese oxide (δ-MnO2) was synthesized for use in degradation of the 
cationic dye methylene blue in aqueous solution. The material was characterized using infrared 
spectroscopy, X-ray diffraction, and Brunauer-Emmett-Teller (BET) surface area calculations. The 
removal of the dye from aqueous solutions was evaluated considering the effects of the following 
variables: pH, manganese oxide concentration, contact time, and temperature. UV-Vis spectroscopy 
analyses indicated achievement of 99 and 95% removal of methylene blue (7 mg L−1) at pH 2.0 
and 4.0, respectively, after 120 min of contact with the birnessite (100 mg L−1). At higher pH of 
6.0 and 8.0, removals of around 99 and 80%, respectively, were obtained after a longer time of 
1860 min. Analyses of total organic carbon (TOC) revealed that 80% reduction of organic matter 
was obtained at pH 4.0. The method of multivariate curve resolution-alternating least squares 
(MCR-ALS) was used together with UV-Vis spectroscopy to evaluate the removal process, 
confirming the degradation of methylene blue. Thionine (λmax = 601 nm) was identified as one of 
the byproducts of N-demethylation of methylene blue. The results indicated that the degradation 
process started with N-demethylations of the methylene blue molecule.
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Introduction

The chemistry of manganese is complex due to its 
various oxidation states (II, III, IV, VI, and VII), resulting 
in the formation of a range of oxides with different 
morphologies, porosities, and textures.1-4 One of these 
oxides, birnessite, has attracted attention because of its 
suitability for use in adsorption and catalysis.5

The structure of birnessite consists of layers of 
MnO6 octahedrons that share vertices and edges. MnIV 
is the main form present in the lamellar structure of 
birnessite, together with small amounts of MnIII.6-8 Alkali 
metal cations and water molecules are present between 
the oxide layers. The compounds are mesoporous and/
or macropores, favoring adsorptive and ion exchange 
processes.5,9 They can also be chemically active, due 
to electron transfer arising from the reduction of MnIV 
present in the structure.7,8,10,11

Several studies have reported the capacities of these 
oxides to remove organic molecules from water, including 

dyes,5,9,10 environmental contaminants such as bisphenol,12 
and some beta-blockers.11

Dyes are considered important water pollutants as they 
can be toxic to microorganisms and harm aquatic life, while 
some synthetic dyes may be carcinogenic, mutagenic, and 
difficult to degrade. The complexity of the structures of 
these compounds increases their stability towards light and 
makes them resistant to biodegradation.13-16

The use of UV-Vis spectroscopy applied to processes 
of degradation and removal of dyes present in water can 
provide information about new compounds formed during 
these procedures. However, the spectral bands obtained 
are related to chromophores whose absorptions may be 
similar for different molecules, so signal overlap can make 
it impossible to distinguish between bands.17

The statistical method of multivariate curve resolution-
alternating least squares (MCR-ALS) has attracted attention 
due to its ability to extract and recover overlapping 
information provided by UV-Vis spectroscopy, reducing 
the number of experiments required and consequently 
decreasing the amounts of reagents, solvents, and toxic 
residues.18-21
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The objective of this work was to evaluate the use 
of birnessite to remove (by degradation or adsorption) 
methylene blue (MB) dye, as a model compound, from 
aqueous solutions. The process variables investigated 
were the concentrations of birnessite and MB, contact 
time, temperature, and pH of the dye solution. Simple, 
fast, and selective monitoring of the process was 
achieved by combining the information obtained by 
UV-Vis spectroscopy with analysis of the results using 
the MCR-ALS chemometric method. This approach has 
not previously been reported in studies of the removal of 
organic species from aqueous systems.

Experimental

Standards and reagents

All solutions were prepared using analytical grade 
reagents, without further purification: hydroxylamine 
hydrochloride and sodium chloride were obtained from 
Isofar (Rio de Janeiro, Brazil). Potassium permanganate 
and tert-butyl alcohol were obtained from Vetec (Rio de 
Janeiro, Brazil). Ethyl alcohol and sodium nitrite were 
obtained, respectively, from Ls Chemicals and Dinâmica 
(São Paulo, Brazil). 1 mol L−1 HCl and NaOH solutions both 
from Aldrich (St. Louis, USA) were used for pH adjustment. 
The dyes used were methylene blue, CAS: 61-73-4, obtained 
from Vetec (Rio de Janeiro, Brazil) and thionine acetate, 
CAS: 78338-22, from Aldrich (St. Louis, USA). The thionine 
acetate was used as a standard for the byproduct produced 
during degradation of MB by the manganese oxide.

Synthesis of birnessite type manganese oxide

The birnessite was prepared by the reduction of 
potassium permanganate using a solution of hydroxylamine 
hydrochloride, according to the method described by 
Liu et  al.22 For this, a 200 mL volume of 0.07 mol L−1 
NH2OH.HCl solution was added dropwise (at a rate of 
ca. 0.7 mL min−1) to 200 mL of 0.1 mol L−1 KMnO4 solution, 
with vigorous stirring. The addition of NH2OH.HCl resulted 
in formation of a black-brown suspension, which was 
rapidly filtered and washed with deionized water until the 
conductivity of the filtrate was below 20.0 μS cm−1. The 
synthesized solid was dried in an oven, at 50 °C for 18 h, 
followed by disaggregation in an agate mortar.

Characterization of the synthetic birnessite

The crystalline structure of the birnessite was 
characterized by X-ray diffraction (XRD), using a D8 

DISCOVER instrument (Bruker) operating with Cu Kα 
radiation (λ = 0.154 nm), at 40 kV and 40 mA. The solid 
was analyzed by infrared spectroscopy-attenuated total 
reflectance (IR-ATR), using a Varian 660-IR instrument 
fitted with a GladiATR attenuated reflectance accessory 
(PIKE Technologies). The specific surface area was 
calculated according to the Brunauer-Emmett-Teller 
(BET) method, using data acquired from a surface analyzer 
(Quantachrome) operated with 0.077 g of sample and 
nitrogen adsorption/desorption at 77.3 K.

Removal of methylene blue from aqueous systems using 
birnessite

The experiments to evaluate the influence of the different 
variables (contact time, birnessite loading, temperature, and 
solution pH) were performed using a 1000 mL glass beaker 
as the reactor. Birnessite (100 mg L−1) was added to 500 mL 
of 7 mg L−1 MB solution, at controlled temperature and pH 
(FiveEasy Plus pH meter, Mettler Toledo), with the mixture 
being gently agitated using a magnetic stirrer.

In sequence the solids were removed from the solution 
and submitted to desorptive procedures adding 9 mL 
of ethanol 99% and using ultrasonic agitation (Sanders 
Medical, SoniClean 2, 40 kHz) for 40 min.

Chemometric analysis

The MCR-ALS method was applied to the data in order 
to extract and recover possible overlapping information in 
the UV-Vis spectra, hence enabling the pure spectrum of 
each of the possible intermediaries in the dye degradation 
process to be obtained. An experimental matrix D is 
decomposed into two matrices C and ST that contains 
pure profiles of components, usually concentrations and 
spectra, respectively. The bilinear model is described by the 
equation, D = C × ST + E, where E is the residual matrix 
that is not explained by the model. The iterative resolution 
of the equation above is performed with the algorithm 
ALS. The number of components is estimated using the 
singular value decomposition algorithm (SVD).21,23 Initial 
estimates in MCR-ALS can be concentration profiles or 
spectra. They can be obtained from previous knowledge 
about the system if available, such as the pure spectra of 
some of the components in the system. In case that there 
is no previous knowledge, there are methods that can help 
in the task of obtaining this initial information. A common 
denomination of these methods is pure variable selection 
methods. Some of the most widely known in the simple-to-
use self-modeling analysis also called SIMPLISMA, which 
selects the most dissimilar rows or columns in a single 
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matrix or a multiset structure providing initial estimates 
of spectra or concentration profiles.21,23

The spectral data for the aliquots of MB solution 
obtained in the pH 2, 4, 6 and 8 were organized in single 
matrices and the MCR-ALS was applied to each set, the 
data were pre-processed using centering in all calculations. 
The number of components were estimated using the 
algorithm SVD and for initial estimates of spectra the 
SIMPLISMA were used. The maximum permitted noise of 
the spectrum was set at 0.01%. Non-negativity restrictions 
were applied to the spectra and the concentrations.

The data treatment was performed in MATLAB v. 9.024 
using MCR-ALS GUI 2.0.25

Results and Discussion

Characterization of the manganese oxide

The synthesized manganese oxide was characterized by 
XRD, nitrogen adsorption/desorption at 77 K, and IR-ATR. 
The surface area was calculated by method BET.

The XRD pattern was characteristic of amorphous 
birnessite type manganese oxide.22 Diffraction peaks 
appeared at around 7.52, 3.67, 2.44, and 1.41 Å. The first 
peak was related to the interplanar spacing.5,22,26-30 The 
broad and low intensity peaks could be explained by the 
synthesis method employed,22 since they were characteristic 
of the formation of small particles due to the rapid reaction 
of NH2OH with KMnO4 (Figure S1, Supplementary 
Information (SI) section).

The IR-ATR spectrum showed a band at 3303 cm−1, 
which could be attributed to stretching vibration of the 
−OH group of water molecules. A band at 1630 cm−1 was 
assigned to stretching vibration of adsorbed water. While 
in the region from 400 to 800 cm−1 stretching vibrations 
of the Mn−O bonds ocurred (Figure S2, SI section).30,31

A surface area of 154.44 m2 g−1 was calculated using the 
BET method. This was close to the value of 142.1 m2 g−1 and 
was within the range 19-156 m2 g−1 reported for synthesized 
manganese oxides.22,28,32

Removal of methylene blue from aqueous systems using 
manganese oxide

Effect of pH
The solution pH may affect the rate of oxidation 

of organic compounds by manganese oxides, due to 
protonation/deprotonation of the surface and changes 
in the stability of the crystalline lattice.33 Therefore, a 
detailed study of the removal of MB using birnessite 
was performed with variation of the initial pH of the dye 

solution (pH 2.0, 4.0, 6.0, and 8.0). The discoloration of 
the solution was monitored by observing the changes in 
the MB absorbance spectrum, considering the maximum 
absorbance wavelength (λmax) peaks at 664 and 617 nm. 
The results are shown in Figure 1.

The spectral changes observed during contact of MB 
with the birnessite showed that the dye was removed 
(Figure 1). The decreases of absorbance intensity at 644 and 
270 nm were most pronounced at pH 2 and 4 (Figures 1a 
and 1b). The band at 644 nm shifted to a lower wavelength 
(617 nm), while a broad band appeared at 450 nm, which 
disappeared as the contact time increased. These changes 
suggested that the removal of MB was mainly due to 
degradation of the dye molecule, with the formation of 
intermediary compounds.

Previous studies also showed that in cationic dye removal 
processes performed using pyrolusite,34 glass fiber materials 
impregnated with birnessite,28 and pure birnessite,10 there 
were shifts of the spectral bands, with higher removal 
efficiencies achieved under more acidic conditions.

The rate of removal/degradation of MB was determined 
using the absorbance at 664 nm. Therefore, aliquots were 
periodically removed from the system, filtered (0.45 μm 
filter), and subsequently analyzed by UV-Vis spectroscopy 
in the wavelength range 200-700 nm (model U-2000, 
Hitachi). according to equation 1:

	 (1)

where Ai and At are the absorbance values at the wavelength 
of maximum absorbance by MB (664 nm), at the initial 
time and at each time interval, respectively.

The spectra obtained at pH 2.0 (Figure 1a) showed 
that after 120 min, the absorbances were close to zero 
throughout the spectrum (230-700 nm), with an average 
decrease of 99%. At pH 4.0 (Figure 1b), the process was 
similar, but slower, with 95% of the absorbance removed 
after 120 min, as shown by the non-zero absorbance values 
in the region between 450 and 650 nm.

The degradation process was slower at higher pH 
(Figures 1c and 1d). At pH 6.0 (Figure 1c), the absorbance 
at 664 nm only decreased by 99% after around 22 h 
(1320 min), while a wavelength shift was observed for the 
peak at 601 nm. These features were similar to the findings 
by other authors.28,34

At pH 8.0 (Figure 1d), the decay of the maximum 
absorbance band at 664 nm was even slower, with 
incomplete removal of the absorbance after 31 h (1860 min) 
of reaction.

These results suggested that at lower pH, the removal 
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of MB was due to stepwise degradation of the compound, 
with the formation of intermediaries that were also removed 
during the process. At higher pH, there was a decrease of 
absorption intensity at all wavelengths, with the removal 
of color probably being associated with the formation 
of a colorless final product and/or a small number of 
intermediaries with overlapping absorption bands.

In order to evaluate whether the MB removal process 
was related to electrostatic attraction between the birnessite 
surface and the cationic dye, the pHpzc (point of zero charge 
pH) of the oxide was determined (Figure S3, SI section).32 
The pHpzc was 6.22, so at values below this pH, the surface 
of the oxide would present mainly positive charges, hence 
favoring the attraction of anionic compounds. Nonetheless, 
as in the present work, other studies7,10,28,33,34 have also 
observed the removal of cationic dyes even at very low pH.

The stability of the layered crystalline structure of 
birnessite is weaker at low pH, because the reduction of MnIV 
present in the birnessite structure is favored (equation 2).1,35  
Under such conditions, redox reactions are facilitated by 
the direct transfer of electrons between the surface and 
the organic compound, with the reduction of MnIV to MnII.

MnIII/IVO1.8(s) + 3.6H+
(aq) + 1.6e− ⇌ Mn2+

(aq) + 1.8H2O(l),  
E0 = +1.23 V	 (2)

Different reaction mechanisms have been proposed to 
describe the process of degradation of organic compounds 
by birnessite. The oxidative degradation of MB occurs 
according to a surface mechanism, with the organic 
compound being adsorbed on the surface of the Mn oxide, 
followed by rapid formation of a surface complex.7 The 
subsequent transfer of electrons from the organic reductant 
results in the reduction of MnIV to MnII. This is followed 
by N-demethylation processes in which the loss of methyl 
groups leads to intermediary compounds such as azure B, 
azure A, azure C, and thionine, which present absorption 
bands at around 638, 628, 618, and 601 nm, respectively. 
The thionine is adsorbed on the surface of birnessite, with 
its subsequent mineralization proceeding very slowly.7

Differently, other authors15 proposed a degradation 
mechanism based on the generation of hydroxyl radicals 
(•OH) during the conversion of MnIV to MnII (equation 3). 
These radicals could then degrade organic compounds, with 
the formation of inorganic products.

MnIVO2(s) + 2H+
(aq) + 2e– ⇌ Mn2+

(aq) + 2OH(aq),  
E0 = +1.23 V	 (3)

The overall process can be described as being a 
combination of several sequential steps:

Figure 1. Methylene blue UV-Vis spectra (7 mg L−1) obtained after different contact times during treatment at 22 °C, using 100 mg L−1 birnessite, at 
different solution pH values: (a) 2.0; (b) 4.0; (c) 6.0; (d) 8.0.
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(i) Formation of the precursor complex: 

	 ½ MnIV + 2 HOH ⇌ (½ MnIV, 2 HOH)	 (4)

(ii) electron transfer: 

	 (½ MnIV, 2 HOH) ⇌ (½ MnII, 2 •OH) + 2H+	 (5)

(iii) hydroxyl radical release: 

	 (½ MnII, 2 •OH) ⇌ ½ MnII + 2 •OH	 (6)

(iv) release of reduced Mn: 

	 ½ MnII ⇌ ½ Mn2+	 (7)

In order to elucidate the mechanism of degradation of 
MB by birnessite, the degradation process was monitored 
by UV-Vis spectroscopy, with the data obtained being 
treated using the MCR-ALS chemometric method. For this, 
matrices of the absorbance data obtained at pH 2.0, 4.0, 6.0, 
and 8.0 were imported into MATLAB v. 9.0.24

The resolution achieved by MCR-ALS enables 
the separation and identification of compounds in 
multicomponent mixtures such as those resulting from 
catalysis.21,36,37 Figures 2a-2d show the absorbance spectra 
and the corresponding relative concentrations, as a function 
of the time of contact between MB and the birnessite at the 
different pH values, for the purest components obtained 
by the algorithm.

For pH 2.0 (Figure 2a), decomposition of the singular 
values enabled the recovery of four different purer spectra 
from the data matrix, including the MB and thionine (Th) 
spectra, as well as two spectra of byproducts denoted 
SUB.A and SUB.B. Thionine was the final byproduct of 
the N-demethylations of MB,7 although the degradation 
continued, forming the compound SUB.B, which was 
the last byproduct presenting maximum absorption in the 
ultraviolet region.

For pH 4.0 (Figure 2b), four different purer spectra were 
recovered from the data matrix, including the spectra of 
MB, SUB.A, and Th. The profile of the spectrum denoted 
SUB.C differed from the profiles of the spectra recovered 
at pH 2.0, possibly due to the slower degradation kinetics 
at pH 4.0, which could have facilitated the recovery of this 
byproduct spectrum.

Since the degradation process was slower at pH 4.0, the 
contact time of 120 min was insufficient for completion 
of the N-demethylation reactions and arrival at byproduct 
SUB.B. Therefore, experiments were performed using a 
longer contact time and will be shown later.

For pH 6.0 (Figure 2c), there was recovery of the pure 
spectrum of a different byproduct (SUB.D), together with 
the MB and Th spectra. For pH 8.0 (Figure 2d), only the 
MB and Th spectra were recovered.

For all the pH values studied, the quality parameters 
obtained in the MCR-ALS, in terms of the lack of fit 
(LOF), were in the range from 3.77 to 6.83%, while the 
percent explained variance values (R2) exceeded 99.55%, 
indicating satisfactory estimation of the spectral profiles 
and concentrations.23,38

The thionine is expected to be the final byproduct of 
the N-demethylations of MB.7 Comparison between the 
MCR-ALS spectra with maximum absorption at 601 nm 
and the spectrum for a thionine standard (Figure 3), at the 
different pH values, revealed that the spectra were similar, 
evidencing the formation of thionine as a byproduct of 
MB degradation by the birnessite. Also, a comparison for 
the pure spectra recovered for MB by MCR-ALS and MB 
standard were performed (Figure 3), demonstrating that 
the MCR-ALS method can explain the variance of the data 
with high accuracy mathematically.

Use of a longer contact time

In order to confirm the similarity between the 
degradation mechanisms under conditions of low pH (2.0 
and 4.0), the duration of contact between the birnessite and 
the MB (at pH 4.0) was increased, in order to determine 
whether this would allow the degradation process to 
continue, with completion of the N-demethylations and the 
formation of SUB.B, as observed at pH 2.0.

Figure 4a shows the UV-Vis spectra obtained up to 60 h 
(3600 min) of reaction. It can be seen that the degradation 
was progressive and that at 60 h the absorbances were 
very close to zero throughout the wavelength range, 
with an average solution discoloration of 99%. Figure 4b 
shows the spectra generated using MCR-ALS, revealing 
the appearance of the SUB.B compound with maximum 
absorption in the ultraviolet region.

The increase of the contact time at this pH showed the 
importance of the H+ protons for progression of degradation 
of the MB molecule to the byproduct with absorption in 
the ultraviolet region. The resolution of the MCR-ALS was 
satisfactory, with a low LOF value of 6.28%, in relation 
to the original matrix, and percent explained variance (R2) 
of 99.61%.

Determination of manganese in solution

The concentrations of manganese ions in solution were 
determined during the degradation of MB (7 mg L−1) by 
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the birnessite (100 mg L−1). Determination of Mn was 
also performed for an aqueous solution without the dye 
(blank). This experiment was performed similarly to the 
methodology described in “Removal of methylene blue 
from aqueous systems using birnessite” sub-section, but 
in the absence of the dye, with aliquots of the samples 
being filtered and analyzed by flame atomic absorption 

spectrometry (model 240 FS, Agilent Technologies), using 
an air:acetylene flame (13.50:2.0 L min−1).

Birnessite has a small solubility in acidic aqueous 
solution (pH 2) of approximately 3 mg L−1. This quantity 
remained in solution during the entire 120 min process 
(Figure 5). In the presence of MB at pH 2, there was 
a progressive increase in the amount of manganese 

Figure 2. Spectra (left, absorbance versus wavelength) and relative concentrations (right, relative concentration as a function of contact time) of the purest 
components resolved by MCR-ALS, for the treatments at different pH: (a) 2.0; (b) 4.0; (b) 6.0; (d) 8.0.
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in the solution, reaching values near 10 mg L−1. This 
suggested that the birnessite was consumed during the MB 
degradation process.

In aqueous solution at pH 4 and in the absence of MB, 
the amount of solubilized manganese was low (1 mg L−1), 
reflecting the solubility of the birnessite. In the presence 
of MB, the amount of manganese in the solution increased 
with increasing contact time, reaching values of around 
4 mg L−1 (Figure 5).

At higher pH values (pH 6 and 8), the amount of Mn 
in the solution was low for all the experiments, remaining 
near the limit of quantification of the method, even in the 
presence of MB. A clear increase of manganese in the 
solution was only observed at pH 6 and in the presence of 
MB. At these higher pH values, the amount of manganese 
present in the solution was likely to be governed by the 
solubility of manganese hydroxides.7

Figure 3. Results of the MCR-ALS spectral resolution procedure, showing comparison between the spectra of a pure dye standard (methylene blue (left) 
and thionine (right)) and the corresponding spectra obtained by application of the algorithm to the data for the experiments at pH (a) 2.0; (b) 4.0; (c) 6.0; 
and (d) 8.0.
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Mechanism for direct electron transfer via radicals

In order to understand the mechanism of degradation of 
MB by birnessite, the experiments described in “Removal 
of methylene blue from aqueous systems using birnessite” 
sub-section, but in the absence of the dye were repeated, 
with the addition of tert-butyl alcohol or NaNO2 to the 
MB solution. These experiments were performed under 
the conditions considered optimal (MB at 7 mg L−1 and 
birnessite loading of 100 mg L−1). It was decided to perform 
the tests at pH 4.0, for two reasons: firstly, because the 
kinetics was slower, which allowed better monitoring of the 
process; secondly, because this pH value was more easily 
achieved, with lower reagent consumption. Monitoring of 
the degradation kinetics was performed by following the 
decay of the band at 664 nm.

It can be clearly seen from Figure 6a that the presence 
of tert-butyl alcohol did not affect the rate of dye oxidation. 
However, the presence of NO2

− inhibited MB removal by 
almost 80%, probably due to competition between nitrite 
and the dye for oxidation.

Free radical species such as •OH, •HOO, and •O2
− may 

contribute to dye removal.39 Therefore, experiments were 
performed in the absence of oxygen, by bubbling N2 gas 
through the MB solution before and during the reaction. 
The results were similar to those obtained in the absence 
of N2 (Figure 6b), suggesting that oxidation of the MB 
molecules occurred preferentially on the surface or near 
the oxide, involving direct electron transfer, rather than 
reactions of radicals.

Kinetic study

Pseudo-first order and pseudo-second order kinetic 
models were applied to the data obtained during the 
removal of MB by the birnessite at the different pH values, 
considering the decay of the absorbances at the maximum 
absorbance wavelength of 664 nm.

The parameters were obtained from nonlinear fitting 
performed using Origin 8.0 software40 (Table S1, SI 
section). All the determination coefficient (R2) values were 
close to 1 and the kinetic constant (k) values indicated that 

Figure 5. Concentrations of manganese present in solution after addition of 0.100 g L−1 of birnessite to the different systems: (a) () pH 2.0 without the 
presence of the dye, ( ) pH 2.0 with the presence of the dye, () pH 4.0 without the presence of the dye, and ( ) pH 4.0 with the presence of the dye; 
(b) () pH 6.0 without the presence of the dye, ( ) pH 6.0 with the presence of the dye, () pH 8.0 without the presence of the dye, and ( ) pH 8.0 
with the presence of the dye.

Figure 4. Spectral profiles obtained by (a) UV-Vis spectroscopy and (b) using the MCR-ALS, for treatment of the methylene blue solution (7 mg L−1) with 
100 mg L−1 birnessite, at pH 4.0 and 22 °C, during a total contact time of 3600 min (60 h).

Figure 5. Concentrations of manganese present in solution after addition of 100 mg L−1 of birnessite to the different systems: (a) () pH 2.0 without the 
presence of the dye, ( ) pH 2.0 with the presence of the dye, () pH 4.0 without the presence of the dye, and ( ) pH 4.0 with the presence of the dye; 
(b) () pH 6.0 without the presence of the dye, ( ) pH 6.0 with the presence of the dye, () pH 8.0 without the presence of the dye, and ( ) pH 8.0 
with the presence of the dye.
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the rate of removal of MB was faster at lower pH (pH 2.0 
and 4.0) (Figure S4, SI section).

For pH 2.0 and 4.0, the pseudo-first order model 
provided the best fit to the experimental data, with lower 
dispersion of the residuals. For pH 6.0 and 8.0, the pseudo-
second order model showed the best fit to the experimental 
data (Figure S4, SI section). These results provided further 
evidence that the processes of removal of MB were different 
at high and low pH. In previous work,7,33 it was also shown 
that at optimal pH, the pseudo-first order model provided 
the best description of the degradation of MB by birnessite.

Thermodynamic study

Experiments were performed at different temperatures 
(16, 22, 30, and 46 °C), which were adjusted using a 
thermostatically-controlled water bath. Correlations between 
the temperatures and the rate constants (k) were obtained by 
applying the pseudo-first order model to the data obtained 
at the different temperatures (Table S2, SI section). The 
parameters A (exponential factor) and E* (activation energy) 
were calculated using the linear model of the Arrhenius 
equation, according to activated complex theory (equation 8):

	 (8)

where R is the gas constant (8.314 J mol−1 K−1), T is the 
temperature (K), and A is the collision frequency (or pre-
exponential factor). Plotting ln k against 1/T gave a straight 
line, with −E/R being the angular coefficient of the line and 
ln A being the linear coefficient (Figure S5, SI section). 
The calculated values of E* and A were 32.66 kJ mol−1 and 
2602.66 s−1, respectively.

Hence, the thermodynamic parameters including the 
Gibbs free energy of activation (ΔG*), the variation of 

Figure 6. Removal percentage of MB (7 mg L−1), at pH 4.0 and 22 °C, using 100 mg L−1 birnessite in the presence of (a) radical scavengers (tert-butyl 
alcohol and nitrite) and (b) nitrogen gas.

the activation enthalpy (ΔH*), and the variation of the 
activation entropy (ΔS*) could be calculated using the 
Eyring equation (equation 9).41,42

	 (9)

where k is the kinetic constant obtained using the pseudo-
first order model, T is the temperature (K), h is Planck’s 
constant (6.6262 × 10−34 J s), and kb is the Boltzmann 
constant (1.3806 × 10−23 J K−1).

Therefore, from the equation obtained for the linear plot 
of ln (k/T) against 1/T, the angular coefficient provided the 
enthalpy value, while the intersection of the line gave the 
entropy value (Figure S6, SI section).

The thermodynamic parameters were calculated using 
equations 10-12 and are presented in Table 1.

	 (10)

	 (11)

	 (12)

where a and b are the angular and linear coefficients of the 
line equation, respectively.

Positive values of ΔG* indicate that the attainment of 
equilibrium between the reagent and the activated complex 
is not spontaneous.43 A negative value of the entropy change 
(ΔS*) indicates that the transition state possesses less 
structural freedom than the reactants.44

The energy variation is not related to the value or sign 
of the activation enthalpy (ΔH*), although in fact this value 
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Table 1. Kinetic and thermodynamic parameters for the removal of MB (7 mg L−1), at pH 4.0, using 100 mg L−1 of birnessite

E* / (kJ mol−1 K−1) ΔS* / (J mol−1 K−1) ΔH* / (kJ mol−1)
ΔG* / (kJ mol−1 K−1)

289 K 296 K 303 K 319 K

26.108 –16.741 30.158 54.345 55.473 57.353 59.232

E*: activation energy; ΔS*: activation entropy; ΔH*: activation enthalpy; ΔG*: Gibbs free energy of activation.

is generally positive when the thermodynamic parameters 
are calculated based on linear relations, such as the Eyring 
equation.43 This is because the ΔH* and ΔS* values may be 
influenced by factors such as agitation, temperature, and 
pH.45 Hence, at the equilibrium condition, thermodynamic 
compensation can generate statistical errors.

Analysis of total organic carbon content

Experiments were performed similarly to the removal 
and desorption assays described in “Removal of methylene 
blue from aqueous systems using birnessite” sub-
section. An initial analysis was made of the MB sample, 
before initiation of the degradation using birnessite 
(TOCINICIAL, where TOC is the total organic carbon), 
followed by analyses after 120 and 3600 min of reaction 
(TOCFINAL(120 min  / 3600 min)), as well as after the desorption 
procedure (TOCDESORPTION(120 min / 3600 min)).

The non-purgeable organic carbon (NPOC) method was 
used to quantify the total organic carbon contents of the 
samples after contact times of 120 and 3600 min ( , 
 , , and ) (Table S3, 
SI section). 

Figure 7 shows a comparison of the TOC percentages 
at the start of the reaction (100%) and after degradation of 
MB by birnessite during separate reactions performed for 
120 min (45.89%) and 3600 min (18.68%). These results 
confirmed that the reaction continued after the 120 min 
period used initially, in agreement with the UV-Vis analyses 
showing that after 3600 min, the absorbances were close to 

zero throughout the wavelength range, suggesting that the 
degradation process eventually led to the mineralization 
of MB.

Conclusions

The use of birnessite for the removal of the cationic dye 
MB resulted in faster degradation at lower pH values (2.0 and 
4.0), with the removal following pseudo-first order kinetics. 
The best conditions for removal of the dye from aqueous 
solution were pH 4.0, birnessite loading of 100 mg L−1, 
and temperature of 22 °C. Analysis of TOC showed that 
the degradation proceeded towards mineralization of MB, 
with 60 and 80% elimination of the organic matter after 
120 and 3600 min, respectively, when 70 mg L−1 MB was 
treated using 1.00 g L−1 birnessite, at 22 °C and pH 4.0. The 
results indicated that the degradation was probably due to 
the transfer of electrons, since the presence of tert-butyl 
alcohol (employed as a radical scavenger) did not alter 
the kinetics of the dye degradation reaction. The results 
obtained using the MCR-ALS method provided evidence 
of the formation of degradation byproducts and enabled 
the identification of thionine (λmax = 601 nm) as one of the 
byproducts of N-demethylation of the MB molecule during 
degradation of the dye in aqueous solution by birnessite.

Supplementary Information

Supplementary data (XRD, FTIR spectra, point of zero 
charge (PZC) and kinetic parameters and residues) are 
available free of charge at http://jbcs.sbq.org.br as PDF file.
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