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ab s t r ac t
Synthetic dye, a valuable industrial material, causes serious pollution to the aquatic environment 
during manufacture and usage with wastewater discharge. Reactive Blue 4 (RB4), a commercially 
important anthraquinone dye, was used as the target compound for an experimental investigation 
on the decolorizating performance of natural manganese mineral. The kinetics of RB4 removal on 
the surface of natural manganese mineral and its influencing factors and metabolic pathways were 
studied based on batch experiments. Results demonstrated that the applied natural manganese min-
eral exhibits an apparently oxidative capacity to transform RB4 with 88.0% ± 1.3% removal efficiency 
within 24 h. The removal of RB4 mainly resulted from chemical transformation rather than physical 
adsorption and followed a pseudo-first-order kinetic model. The RB4 degradation was impaired by 
coexisting metal ions (Fe2+ and Mn2+) and an organic reducer (hydroxylamine hydrochloride). The 
same concentration of Fe2+ and Mn2+ (0.02 mM) had similar inhibitory effects on the oxidative reactions, 
and hydroxylamine hydrochloride manifested even greater suppressive effects on the reactions than 
did Fe2+ and Mn2+. A tentative pathway of RB4 degradation by manganese mineral was proposed based 
on the infrared spectrum results and confirmed by liquid chromatography tandem–mass spectrom-
etry (LC–MS) analysis of RB4 degradation products. This paper suggests that the natural manganese 
mineral has the potential to be an efficient material for anthraquinone dye removal from natural water 
or wastewater.
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1. Introduction

Synthetic dyes, a major class of highly stable organic 
compounds, are popularly applied in the industries of paper, 
leather, cosmetics, plastics, clothing, drugs, electronics, and 
printing [1]. However, around 15% of synthetic dyes are lost 
directly into wastewater and pose pollution problems in 
the form of colored wastewater discharged into the aquatic 

environment [2]. Synthetic organic dyes can also be highly 
toxic and potentially carcinogenic and mutagenic to the 
exposed organisms [3,4]. Therefore, the removal of these pol-
lutants from wastewater has become increasingly important.

A range of physical and/or chemical methods, such as 
coagulation and flocculation [5], adsorption [6], membrane 
processes [7,8], and advanced oxidation [9,10], has been 
extensively investigated for the removal of synthetic dyes 
from aqueous effluents. However, the applications of some 
above-mentioned methods are still limited because of their 



255J. Zhai et al. / Desalination and Water Treatment 63 (2017) 254–261

high operational cost [11–14]. Although biological treatment 
is often deemed an economical alternative in comparison 
with physical or chemical processes, conventional biolog-
ical treatment processes are mostly ineffective against dyes 
[10,15]. Thus, cost-efficient techniques for removing dye 
from water still require urgent attention.

Manganese dioxides readily participate in a wide variety 
of environmental redox reactions with reducing potentials 
of 1.23 V [16]. Manganese oxides can be used for oxidizing 
different types of inorganic contaminants and organic com-
pounds [16–22]. For instance, Zhang et al. [16,18] demon-
strated in their experiment that triclosan and chlorophene 
can be rapidly oxidized by δ-MnO2 and developed a kinetic 
model to quantitatively evaluate the oxidative transfor-
mation of organic contaminants. In addition, Lin et al. [20] 
experimentally showed that δ-MnO2 has efficient capacity to 
remove bisphenol A (BPA). In general, the reaction of MnO2 
with organic compounds can be separated into three steps: 
organic contaminants form complexes with MnO2; electrons 
are transferred to MnO2; and finally, the products dissociate 
from MnO2 [20,23]. However, most of the studies investigated 
the removal of organic contaminants using synthetic pure 
manganese oxides, while studies on the oxidation of organic 
pollutants by natural manganese mineral as an alternative 
method remain limited.

Minerals containing Mn(III) and Mn(IV) are potential 
oxidizing agents for both natural and xenobiotic organic com-
pounds [24]. With their large surface areas and high chemical 
activity, the manganese minerals are involved in a wide vari-
ety of oxidation–reduction and cation-exchange reactions [25]. 
Natural manganese minerals containing Mn(IV) are abundant 
in China [26], and their potential use as media to remove syn-
thetic dyes will support a cost-effective treatment method to 
minimize the pollution of the aquatic environment. In this 
regard, the current study uses a commercially important 
anthraquinone dye, Reactive Blue 4 (RB4) as the target com-
pound. The molecular formula and molar mass of RB4 are 
C23H14Cl2N6O8S2 and 637.43 g/mol, respectively, and its molec-
ular structure is shown in Fig. 1. The main objectives of this 
study are to assess the decolorization of RB4 at the manganese 
mineral surface, to discuss the impact of the presence of Fe2+ 
and Mn2+ and an organic reducer (hydroxylamine hydrochlo-
ride), and to investigate the metabolic pathways of RB4.

2. Materials and methods

2.1. Chemicals and reagents

RB4 (CAS No. 13324-20-4) with a reported purity >99% 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Spectral pure grade KBr was purchased from Guangfu 
Chemical (Tianjin, China). Reagent water (18.2 MΩ resistiv-
ity) was prepared using a Millipore Milli-Q water purifica-
tion system (Millipore S.A.S, Merck, Germany). The dye’s 
stock solution (400 mgL−1) was prepared with the reagent 
water and stored in a 4°C freezer without light prior to use.

2.2. Preparation and characterization of natural manganese 
mineral

The natural manganese mineral was collected from Hebei 
Province, China, then treated by ultrasonic cleaning, drying, 
and crushing sieving to a particle size 0.25–2 mm prior to 
use. Powder X-ray diffraction (XRD) analysis was carried out 
on a Rigaku diffractometer, model D/MAX-III, to determine 
the crystal phase and structure of the manganese mineral. 
Diffraction patterns of the samples were recorded with Cu kα 
radiation and recorded in the range of 10.0°–90.0° with a scan-
ning rate of 2.0°/min and a step size of 0.02°. The X-ray tube 
was operated at 40 kV and 80 mA. X-ray fluorescence (XRF) 
analysis was performed through the XRF analyzer (PPM-100%, 
BAIRD, Co., USA) to investigate the element composition of 
the natural manganese mineral. The manganese mineral par-
ticles were dried in nitrogen gas and powdered in an agate 
bowl before analysis. Samples for XRF analysis were prepared 
according to the method used by a previous study [27].

2.3. Reaction setup

Experiments were conducted in 1,000 mL glass coni-
cal flasks under ambient O2 conditions. Reaction solutions 
(500 mL) were constantly mixed by horizontal shaking at 
25°C ± 1°C and 200 rpm in an oscillator (SKY-2102C). Five 
reactors with different material compositions were set up 
to evaluate the decolorization of RB4 by the natural man-
ganese mineral and investigate the effects of metal ions, 
including Fe2+ and Mn2+ and the organic reducer (hydroxyl-
amine hydrochloride) on RB4 degradation by manganese 

Fig. 1. Molecular structure of the RB4.

Table 1 
Material composition of the five experimental reactors

Reaction reactor Material composition
Reactor A (as control) 200 mgL−1 RB4
Reactor B 20 g manganese mineral, 200 mgL−1 

RB4
Reactor C 20 g manganese mineral, 200 mgL−1 

RB4 and 0.02 mM Fe2+

Reactor D 20 g manganese mineral, 200 mgL−1 
RB4 and 0.02 mM Mn2+

Reactor E 20 g manganese mineral, 200 mgL−1 
RB4 and 0.2 M hydroxylamine 
hydrochloride

Note: The total volume of reaction solution in all reactors is 500 mL.
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mineral (Table 1). Reactions were initiated by adding 500 mL 
of a 200 mg L−1 RB4 solution to the 1,000 mL conical flasks. 
Aliquots of reaction mixture in each reactor were periodically 
withdrawn at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h 
intervals, respectively. Subsequently, the suspension was sep-
arated by syringe filtration through 0.45 μm nylon filters. The 
filtrate was then used to measure the concentration of RB4 
and Mn2+ and determine the total carbon (TC), total organic 
carbon (TOC), and total inorganic carbon (TIC). In addition, 
the filtrate collected from reactor B at certain intervals was  
used to conduct UV-Vis full wavelength scan, infrared 
 spectroscopy, and liquid chromatography tandem–mass 
spectrometry (LC–MS) analysis to determine the RB4 degra-
dation products. Meanwhile, to determine the quantity of RB4 
adsorbed on the surface of manganese minerals,  desorption 
experiments were conducted for the separated manganese 
minerals collected from reactor B. The separated manganese 
minerals were dried by nitrogen gas and then immersed in 
200 mL Milli-Q water after weighing. The released RB4 con-
centrations were measured after 30 min shaking (300 rpm, 
25°C ± 1°C), to calculate the quantity of RB4 adsorbed on the 
surface of manganese minerals. All the experiments were 
performed in triplicate.

2.4. Kinetic calculation

To examine the reaction kinetics of the RB4 transforma-
tion by manganese minerals, the data of RB4 concentrations 
in the reaction solutions over time were fitted to the pseu-
do-first-order kinetic model [22,23] given in Eqs. (1) and (2):

C C et
kt= −

0  (1)

The logarithmic form of Eq. (1) is as follows:

ln lnC Ct( ) = − + ( )kt 0  (2)

where C0 (mgL−1) and Ct (mgL−1) are RB4 concentrations at 
time 0 and an elapsed time t, respectively, and k (h−1) is the 
pseudo-first-order rate constant. When the Napierian loga-
rithm (ln) of RB4 concentrations was plotted against time, the 
slopes of the linearized curve represent the pseudo-first-order 
rate constant k (h−1).

2.5. Analysis methods

The RB4 concentration for each time was determined by 
UV-Vis spectrophotometry, at wavelength λ = 597 nm, which 
corresponds to the maximum absorbance for RB4 [16]. The 
Mn2+ concentration in the filtrate was analyzed by atomic 
absorption spectroscopy (AAS; TAS-990AFG, PERSEE). The 
TC/TOC and TC were measured by a TOC analyzer named 
Perkin-Elmer Lambda 90. The full wavelength scan was per-
formed through an UV-Vis spectrophotometer (model UV2450) 
from Shimadzu, Japan. Infrared spectra were collected from 
400 to 4,000 cm−1 using a Perkin-Elmer Lambda 90 spectrome-
ter. The samples for infrared spectroscopic analysis were pre-
pared through the method used by Chen [17]. The resolution 
for the infrared spectra was set at 4.0 cm−1, and 64 scans were 
collected for each spectrum. Reaction products of RB4 were 

analyzed by an high performance liquid  chromatography–mass 
 spectrometry (HPLC–MS) system with a Zorbax SB-C18 col-
umn (2.4 × 150 mm, 5 μm) (1200/6100MSD, Agilent Technology, 
USA. . The column was maintained at room temperature. 
The injection volume was 20 μL, and the eluent flow rate was 
0.20 mL/min. The MS analysis was  conducted by electrospray 
positive ionization at the fragmentation voltage 80–120 V with 
mass scan range 50–1,000 m/z. Other LC–MS instrumental 
parameters were similar to those previously reported [28].

2.6. Statistical analysis

Two-way analysis of variance (ANOVA) and Fisher’s 
least significant difference (LSD) post hoc (α = 0.05) tests were 
used to determine the significant differences between the 
RB4 removal efficiencies in different experimental reactors. 
The two factors for the two-way ANOVA were reaction time 
and different treatment reactors where samples were col-
lected. Pearson correlation coefficients at the 95% confidence 
level between ln of RB4 concentrations and reaction time 
were analyzed to judge the reaction kinetics of RB4 transfor-
mation by manganese mineral. The calculations were carried 
out with Origin 9.0 software.

3. Results and discussion

3.1. Manganese mineral characterization

Results from the XRD pattern of the studied manganese 
mineral showed diffraction peaks of rancieite [(Ca, Mn2+) 
Mn4+

4 O9 • 3H2O], johannsenite (CaMn2+ Si2O6), dolomite 
[CaMg(CO3)2], and quartz crystal (SiO2) (Fig. 2), all of which 
indicated the existence of these mineral components in the 
investigated mineral. The elemental composition of the nat-
ural manganese mineral is summarized in Table 2. The most 
abundant metal element in the studied mineral is Mn (8.27%), 
followed by K, Al, Ca, Fe, and Mg, which account for 6.00%, 
5.65%, 5.57%, 3.92%, and 1.88% of the elemental composition, 
respectively. The percentage of Si element is 23.76% among 
all elements. Combined with XRD analysis, the results show 
that the studied manganese minerals contain less manganese 
oxides than the implemented mineral by Liu and Tang [26], 
which had a Mn percentage of 30.6%.

Fig. 2. XRD pattern of the manganese mineral (Q: Quartz; 
R: Rancieite; J: Johannsenite; and D: dolomite).
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3.2. Degradation of RB4

In the absence of manganese mineral, RB4 concentration 
was stable under the experimental conditions, and no evident 
removal of RB4 was detected (Fig. 3(a), reactor A). By con-
trast, significant degradation of RB4 occurred in the presence 
of manganese mineral, and the maximum degradation rate 
of RB4 reached 88.0% ± 1.3% after 24 h in reactor B, which 
contained 20 g of the studied manganese mineral and 500 mL 
of a 200 mg L−1 RB4 solution. On the basis of the desorption 
experiment, the removal rate of RB4 due to adsorption was 
accounted for less than 1.2% ± 0.2% of the total RB4 removal 
in the reaction solution of reactor B (data not shown). Our 
findings suggested that the disappearance of RB4 in the reac-
tion solution mainly resulted from chemical transformation 
rather than physical adsorption on the surfaces of the natural 
manganese mineral. 

This study also investigated the degradation effect of RB4 
by natural manganese mineral amended with metal ions (Fe2+ 
and Mn2+ of both 0.02 mM) and an organic reducer (0.2 M 
hydroxylamine hydrochloride). The removal efficiencies of 
RB4 were found to be 84.6% ± 1.0%, 85.5% ± 0.8%, and 76.5% 

± 0.7% in reactors C, D and E, respectively, after a 24-h reac-
tion time. The concentrations of RB4 in reactor B based on 
the results from two-way ANOVA at various sampling times 
were significantly lower than the concentrations in reactors 
C, D, and E (P < 0.05), indicating that the presence of Mn2+, 
Fe2+, and hydroxylamine hydrochloride had an inhibitory 
effect on RB4 degradation by the manganese mineral. The 
RB4 concentration in reactor E at different sampling times 
was also significantly higher than the concentrations in 
reactors C and D (P < 0.05), while the RB4 concentrations in 
reactors C and D were comparable with each other (P > 0.05). 
Our results suggested that the same concentrations of Fe2+ 
and Mn2+ show similar inhibitory effects for RB4 oxidation, 
whereas hydroxylamine hydrochloride manifests even 
greater suppressive effects on the degradation reaction than 
the studied metal ions.

The coexisting metal ions could inhibit the reaction of 
manganese oxide with organic contaminants through the 
decrease of available active surface sites with the occupation 
of oxide surface sites by co-solutes [18,20,23]. Furthermore, 
the presence of dissolved organic matters (DOM) could sup-
press the oxidation reaction by providing an alternate source 
of negatively charged binding sites, blocking MnO2 reactive 
sites, and reacting with MnO2, which enhances the dissolu-
tion of MnO2 [18,29]. The concentration of Mn2+ in different 
reactors over time is illustrated in Fig. 3(b). The concentra-
tion of Mn2+ in all reactors shows a trend of increasing first 
and subsequently reducing to zero. This initial increase of 
Mn2+ implies that Mn2+ was produced through dissolution of 
manganese mineral and disappeared through adsorption by 
the manganese mineral. However, the addition of Fe2+, Mn2+, 
and hydroxylamine hydrochloride has different degrees of 
influence on the peak value of Mn2+ concentration. Therefore, 
the results of this study indicate that the same concentrations 
of Fe2+ and Mn2+ (0.02 mM) having a similar affinity with 
the surface sites of manganese mineral and hydroxylamine 
hydrochloride could occupy the manganese mineral sur-
face reactive sites and react with manganese mineral. Such 

Table 2 
Elemental composition of the studied natural manganese  mineral

Elements Percentage (%)
O 44.39
Si 23.76
Mn 8.27
K 6.00
Al 5.65
Ca 5.57
Fe 3.92
Mg 1.88
Ti 0.30
P 0.12

Fig. 3. Concentrations of: (a) RB4 and (b) Mn2+ as a function of experimental time in reactors A, B, C, D, and E (reactor A only contained 
500 mL of a 200 mg L−1 RB4 solution; reactors B, C, D, and E contained 500 mL of a 200 mg L−1 RB4 solution and 20 g manganese miner-
als; and reactor C, D, and E also contained 0.02 mM Fe2+, 0.02 mM Mn2+, and 0.2 M hydroxylamine hydrochloride, respectively). Data 
points are given as means ± standard errors (n = 3).
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outcomes thereby result in even greater suppressive effects 
on RB4 oxidation by the manganese mineral.

Changes of TC, TOC, and TIC in the experimental reac-
tor B over time are shown in Fig. 4. The TOC in the reactor 
solution decreased from 85.98 ± 0.83 to 64.69 ± 1.30 mgL−1, 
corresponding to a removal efficiency of 24.76% after 24 h, 
while the TIC increased from 1.67 ± 0.83 to 22.91 ± 1.05 mgL−1 
(Fig. 4). The RB4 could be degraded through oxidation at the 
natural manganese mineral surface and partly mineralized to 
inorganic compounds. Moreover, the TC basically remained 
unchanged and maintained balance with the sum of TOC and 
TIC throughout the reaction time [TC = 90.43 ± 1.46 mgL−1, 
TC = (TOC + TIC) ± 2.05 mgL−1], thereby indirectly indicating 
that the RB4 removal caused by adsorption was negligible 
under the experiment conditions.

In this study, the reaction kinetics of the transformation 
of RB4 by manganese mineral was investigated. The RB4 
concentrations in reactors B, C, D, and E gradually decreased 
and had a tendency to flatten out with the increase of time 
(Fig. 3). A general pseudo-first-order kinetics model (Eqs. 
(1) and (2)) was employed to evaluate the RB4 degradation 
process. When the ln of RB4 concentrations were plotted 
against time, linear fits were obtained with correlation coeffi-
cients (R2) 0.95, 0.96, 0.95, and 0.93 for reactors B, C, D, and E, 
respectively, at the 95% confidence level. This study revealed 
that the transformation of RB4 in different reactors closely 
followed the pseudo-first-order kinetic model and the pseu-
do-first-rate constant k was 0.076, 0.070, 0.068, and 0.051 h−1 in 
reactors B, C, D, and E, respectively. Similar reaction kinetics 
were also reported in other Mn oxide-mediated reactors for 
chemical oxidation of organics [22,23]. The difference of rate 
constant in various experimental reactors likewise indirectly 
suggested that the presence of Mn2+, Fe2+, and hydroxylamine 
hydrochloride shows different levels of inhibitory effect on 
RB4 oxidation, which is in accordance with the results from 
the two-way ANOVA.

A surface mechanism involving the sorption of organic 
compounds to the manganese oxide surface and the subse-
quent electron transfer has been proposed by other research-
ers [30–32]. The results of the current study suggested that 

the reaction of RB4 with manganese mineral also follows 
the similar surface reaction process.

3.3. Proposed reaction pathway of RB4 

The result of the UV-Vis full wavelength scan of samples 
from reactor B is illustrated in Fig. 5. The absorbance at 597, 
375, and 281 nm bands related to the anthraquinone group 
[33,34] evidently decreased with the reaction time. In addi-
tion, the peak at 256 nm attributed to the aromatic character 
and chlorotriazine group [34,35] decreased significantly. This 
finding indicated that the chromophore components and 
anthraquinone group of the dye molecules were degraded 
within the reaction process of RB4 at the natural manga-
nese mineral surface. At the same time, the cleavage of the 
aromatic and chlorotriazine group structure could also take 
place.

The infrared spectra of the solution at different reaction 
times are shown in Fig. 6. In the infrared spectra, the RB4 in 
the solution at the beginning of reaction (0 h) showed typi-
cal peaks at 3,430, 2,600–3,050, 1,723, 1,625, 1,461, 1,401, 1,259, 
and 1,027, and at 1,149, and 1,119 cm−1. These peaks are attrib-
utable, respectively, to the frequencies of N–H stretching [36], 
aromatic C–H stretching [37], quinone C=O stretching [38], 
C=N stretching of chlorotriazine [39], C–N bending deforma-
tion [40], C=C stretching at aromatic nucleus [41], S=O stretch-
ing of sulfonic group [36,37], and C–H bending deformation of 
benzene ring [27,41]. With the oxidation of RB4 by manganese 
mineral, the peaks at 1,723 and 1,461 cm−1 rapidly decreased 
and almost disappeared after 4-h reaction time, which indi-
cated that the chemical bonds of C=O and C–N in RB4 mol-
ecule were first broken by oxidation of manganese mineral. 
In addition, a new absorption peak corresponding to C–O 
stretching of ethers or other carbohydrate [27,40] appeared at 
1,200 cm−1 within the first 8 h of the reaction time, and then 
gradually disappeared. The present results suggested that 
some new matters were produced during the reaction and 
then oxidized further by manganese mineral. The absorption 
peak at 1,625, 1,149, and 1,119 cm−1 became stronger within 
the first 8 h of reaction time, and then gradually weakened at 

Fig. 4. Variations of TC, TOC, and TIC over the reaction time in 
reactor B. Data points are given as means ± standard errors (n = 3).

Fig. 5. UV-V is full wavelength scan of RB4 at different reaction 
times in reactor B.



259J. Zhai et al. / Desalination and Water Treatment 63 (2017) 254–261

the succeeding 16–24 h of reaction time. These results revealed 
that the groups of triazine structure and benzene ring were 
stable within the early period of the reaction, and afterward, 
a portion of these groups were further destroyed by the oxi-
dation of manganese mineral. The peaks of RB4 observed at 
1,259 and 1,027 cm−1 gradually decreased and were clearly 
absent after 24 h of reaction time, indicating that the −SO3H 
groups in RB4 molecules were detached. The results of infra-
red spectroscopic analysis indicated that the chromophoric 
group in molecule RB4 was adequately broken, and a part of 
the intermediate products were converted into CO2 and H2O. 
This phenomenon could be supported by the concentrations 
in the TC, TOC, and TIC results.

Six products were detected by LC–MS analysis and 
could be the molecular m/z of 123.03, 166.02, 167.38, 
190.12, 189.31, and 523.54, respectively. These products 
were tentatively identified as benzoic acid, 2-amino-4,6-di-
chlorotriazine, phthalic acid, 2,3-dihydroxy-benzenesul-
fonic acid, 4-amino-2-hydroxybenzenesulfonic acid, and 
5-((3-((4,6-dichloro-1,3,5-triazin-2-yl)amino)-4-sulfona-
tophenyl)amino)-2,3-dihydroxybenzenesulfonate, respec-
tively (Fig. 7). Similar intermediate compounds were also 
formed by using a marine fungus to degrade RB4, as stud-
ied by Verma et al. [42]. In their study, 1,000 mgL−1 of RB4 
treated with partially purified laccase of the marine-derived 
fungus resulted in 61% color removal and 47% decrease in 
chemical oxygen demand in 12 h. The degradation rate of 
RB4 by the manganese mineral was comparable with this 
biological treatment method. However, smaller molecular 
weight compounds were produced in the process of RB4 
treatment by the manganese mineral, given that the deg-
radation products could not serve as substrates for the 
enzyme. Toxicity tests are very important for any bioreme-
diation and chemical remediation process. However, the 
toxicity assay of RB4 before and after treatment with man-
ganese mineral was not carried out in this work. Given that 
this study mostly focuses on the removal efficiency of RB4 
by natural manganese mineral, the toxicity assay should be 
taken into consideration in future research.

On the basis of the experimental results of UV-Vis full 
wavelength scan, infrared spectrum, and LC–MS analysis, 
this study proposed a degradation pathway of RB4 using 

natural manganese mineral (Fig. 8). For the process of RB4 
oxidation on the surface of the studied manganese min-
eral, first, the C=O double bond of the anthraquinone group 
and the C–N bond in the molecule RB4 were broken, which 
caused the molecule RB4 to cleave into phthalic acid. The 
rest of the RB4 molecules were sequentially attacked and 
cleaved into 2,3-dihydroxy-benzenesulfonic acid sodium 
salt, 4-amino-2-hydroxybenzenesulfonic acid sodium salt, 
and 2-amino-4,6-dichlorotriazine. Thereafter, the phthalic 
acid cleaved into benzoic acid and oxidated into micromol-
ecule acid or ketone. Finally, different types of benzenesul-
fonic acid sodium salt with different substituent groups were 
partly oxidized into CO2 and H2O.

Fig. 6. Infrared spectra of solution at certain times in reactor B.

Fig. 7. LC–MS analysis of the organic intermediates of RB4 after 
a 4-h treatment in reactor B.

Fig. 8. Proposed oxidation reaction pathway for RB4 degradation 
by natural manganese minerals.
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4. Conclusions

This study proved that natural manganese mineral can 
be effective materials to remove dye compounds in natu-
ral water or wastewater. The maximum RB4 removal rate 
was 88.0% ± 1.3% after a 24-h reaction time under various 
experimental conditions, and the degradation of RB4 was 
mostly caused by oxidation by the Mn(IV)/Mn(III) in the 
natural manganese minerals. The degradation of RB4 at 
the surface of the natural manganese mineral followed a 
pseudo-first-order kinetic model. The reaction was impaired 
by the coexistence of metal ions (Fe2+ and Mn2+) and an 
organic reducer (hydroxylamine hydrochloride). RB4 was 
partly mineralized with the presence of natural manga-
nese mineral, and the chemical metabolic pathways were 
proposed based on the infrared spectrum results and con-
firmed by the LC–MS analysis of RB4 degradation products. 
This study will improve the understanding on the degrada-
tion pathway of dye compounds using natural manganese 
minerals and its further application in cost-efficient full-scale 
industrial wastewater treatment. 
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