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moval by Ca(II)–manganite (g-
MnOOH)-modified red mud granules in water

Yingying Su,a Qi Zhu, *a Jian Li,a Dongdong Wang,a Zipeng Xing*a and Lei Fang*b

In this study, a material (DLRMG) was synthesized by modifying Ca2+ and manganite (g-MnOOH) on red

mud granules (RMG), which were the main raw materials derived from industrial alumina. Moreover,

a series of experiments were conducted on the adsorption of Fe2+ and Mn2+ in underground water. The

prepared samples were analyzed by X-ray diffraction (XRD), thermogravimetric analysis-differential

thermal analysis (TG-DTA), zeta potential analysis, BET and scanning electron microscopy (SEM); the

concentration of the effluent was found to be of acceptable standard after the treatment. DLRMG

continued to treat fluoride wastewater even after the saturated adsorption of Fe2+ and Mn2+, and the

results clearly showed that the treatment was effective. Overall, the problems of red mud stockpile and

pollution in China would be effectively controlled by DLRMG.
1. Introduction

Groundwater is a major source of water for industrial use,
agricultural production and residents in China; it usually has
adequate quality as it is ltered and adsorbed by the strata and
not readily affected by human activities; however, due to the
overall improvement of industry and agriculture, the pollution
of groundwater is becoming a signicantly serious concern. In
this regard, an effective treatment of groundwater has drawn
signicant attention.1,2 Groundwater is generally hypoxic and
weakly alkaline under natural conditions. The regional
groundwater that ows through the minerals, rocks and other
substances oen contains elements, such as Fe2+ and Mn2+,
owing to the physical and chemical reactions; moreover, some
metal ions enter groundwater via various ways due to the
continuous ow of groundwater, and this leads to an increase in
the concentration of metal ions in groundwater beyond the
safety standards. In addition, the industrial and agricultural
pollution can exacerbate groundwater pollution.

The major source of drinking water in rural areas is
groundwater, and the existing status of Fe2+ and Mn2+ in
groundwater exceeds the safety standards in some areas;3,4

according to the drinking water health standards of China
(GB54789-2006), the Fe2+ content in drinking water should not
be more than 0.3 mg L�1 and the Mn2+ content in drinking
water should not be more than 0.1 mg L�1 because water con-
taining Fe2+ and Mn2+ in excess is harmful for drinking in the
long run. An excessive intake of Fe2+ and Mn2+ can result in
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osteoporosis, liver cirrhosis, Parkinson's disease and damage to
the central nervous system of humans, leading to organ
damage;5–7 in addition, excess Fe2+ and Mn2+ in water can lead
to mass problems in some aspects of industrial production. In
industrial production, groundwater containing Fe2+ and Mn2+

should not be used as boiler water. Fe2+ and Mn2+ will form
scales, which will affect the energy transfer, reduce the
production efficiency, and even block the cooling pipe. In the
textile industry, the use of untreated water containing Fe2+ and
Mn2+ leads to the xation of these ions to the ber; this leaves
rust on the fabric; during dyeing operations, Fe2+ and Mn2+ can
bind to dyes and affect the dyeing process; in bleaching, Fe2+

and Mn2+ catalyze the decomposition of bleach; this makes
bleaching difficult. During papermaking, the pulp turns yellow
because of the adsorption of Fe2+ and Mn2+ between cellulose.8

Both Fe2+ and Mn2+ are transition elements and have the same
valence electron conguration; therefore, Fe2+ and Mn2+ always
co-exist in groundwater;9 the conventional methods for Fe2+ and
Mn2+ processing include oxidation (biological oxidation,
contact oxidation, and chemical oxidation), ion exchange,
adsorption and so on;10–14 moreover, different treatment
measures can be applied to treat various wastewaters; among
these methods, adsorption is commonly used because of its
simple operation, better removal effect, ease in recovery aer
adsorption and no secondary pollution. The selection of
a proper adsorbent is crucial in the removal of heavy metals by
adsorption; therefore, the selection of an excellent adsorbent
has become a hot topic of research in the scientic community.
At present, the main adsorbents used are activated carbon,
zeolite, y ash and so on.15–17

Red mud produced by the alumina industry generates signi-
cant waste.18,19 Red mud is easily available and can function as an
efficient ltrationmaterial through a simple treatment. Numerous
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studies have shown that red mud has a good treatment effect on
the adsorption of heavy metals (e.g., arsenic, lead, and cadmium),
various salts (e.g., sulfate and nitrate) and organic pollutants due to
its sustainable use, porous surface structure, and easy separation
from muddy water;20–22 this solves the problem of disposal of
excessive red mud, and the resource utilization of waste can be
achieved; therefore, the use of pulverized coal and bentonite-
prepared red mud ball for the ltration of drinking water has
signicant benets. In previous studies, redmud has been used as
a functional lter material to remove pollutants from water.23

Based on the abovementioned facts, herein, the synthesis of a new
material via impregnation of Ca2+ and g-MnOOH on RMG was
carried out, and the resultant material could effectively remove
excess Fe2+ and Mn2+ from water; moreover, the RMG lter
material could be recycled and retreated; herein, the Fe2+ andMn2+

contents of the water sample were adjusted according to those in
the underground drinking water in small towns to simulate the
actual groundwater conditions.24,25 A series of batch experiments
for the optimization of several parameters, including adsorption
time, solution pH and adsorbent addition dosage, were designed.
The surface properties of the DLRMG and the mechanism of Fe2+

and Mn2+ removal have been discussed using various testing
methods. The impregnation of Ca2+ and g-MnOOH onto RMG is
a new research topic, which has not been reported to date. In
addition, it was of vital importance to retreat the lter material
aer saturation adsorption. There was also a small amount of
excess F� in groundwater, and excessive intake of F� could cause
a series of adverse effects on people such as on teeth and bones;26

nally, to achieve recycling of the lter media, saturated adsorp-
tions of Fe2+ and Mn2+ lter media were conducted during the
treatment of F� in water.
2. Material and methods
2.1 Chemicals and materials

The red mud raw materials used in this experiment were ob-
tained from China Shandong Aluminum Industry Company.
Polyvinyl alcohol (PVA), bentonite, hydrochloric acid, acetic
acid, concentrated sulfuric acid, polyethylene glycol-400,
hydroxylamine hydrochloride, 1,10-phenanthroline mono-
hydrate, potassium, pyrophosphate, potassium periodate,
ammonia water, sodium salt, potassium permanganate,
sodium hydrogen sulte, sodium uoride, sodium nitrate, and
calcium chloride were obtained from Tianjin Kermel Reagent
Co. and were of analytical grade; all the solutions in the
experiments were prepared using deionized water.
2.2 Characterization methods

The composition of red mud was investigated using X-ray
uorescence analysis (PANalytical, AXIOS-PW4400, The Neth-
erlands), and the results are shown in Table 1. The X-ray
Table 1 The composition of red mud (wt%)

Composition SiO2 Fe2O3 Al2O3 Na2O

Red mud 36.338 28.030 22.846 8.864

10306 | RSC Adv., 2019, 9, 10305–10313
diffraction (XRD) patterns of the samples were obtained using
the Rigaku D/max-IIIB X-ray diffractometer with Cu Ka radia-
tion (l ¼ 1.5406 �A) generated at 40 kV and 20 mA. The Bru-
nauer–Emmett–Teller (BET) surface areas of the samples were
determined using the N2 adsorption isotherms obtained via the
Micromeritics ASAP 2420 instrument, and the plot of the pore-
diameter distribution was determined using the Barrett–Joy-
ner–Halenda (BJH) method from the desorption branch of the
isotherm. Micromorphological characteristics of the samples
were characterized using the Hitachi S-4800 scanning electron
microscope (SEM) with an accelerating voltage of 5.0 kV. The
TG/DTA analysis was conducted using the Setaram-Labsys
thermal analyzer. The surface charges of the supported
sample were determined using a zeta-potential analyzer
(Horiba, SZ-100Z, France). The amount of Fe was determined
using a phenanthroline spectrophotometric method. The
manganese ion content was measured using potassium peri-
odate spectrophotometry. Fluorine was measured using an ion
selective electrode method.
2.3 Sample preparation

2.3.1 Preparation of the RMG lter material. The RMG raw
powder material is a mixture of red mud, bentonite, and
pulverized coal. All the raw materials were screened and then
ball milled at the mixing ratio of 90 : 4 : 6. A certain amount of
the abovementionedmixture powder and polyvinyl alcohol were
mixed and stirred at 70 �C until they were muddy and attained
a shape like a sieve ball, which was about 1 mm in size.27 Aer
drying, the spherical particles were placed in a muffle furnace,
calcined at 1030 �C and then acquired.

2.3.2 Preparation of the g-MnOOH/RMG (SLRMG) lter
material. Herein, to 0.1360 g of potassium permanganate dis-
solved in 50 mL of deionized water, PEG-400 was added fol-
lowed by stirring for 1 h; then, the solution was transferred to
a 100 mL stainless steel reactor.28 The reaction was carried out
at 120 �C for 12 hours, and then, the reaction mixture was
naturally cooled down to room temperature; aer being cooled
down, the obtained lter material was rinsed repeatedly with
deionized water and ethanol till neutral and then dried for use.
During the reaction in the stainless steel reactor, the same
procedure was repeated to prepare g-MnOOH by adding 1 g of
RMG. Thus, we obtained a single loaded RMG (SLRMG)
material.

2.3.3 Preparation of the Ca2+–manganite/RMG (DLRMG)
lter material. Typically, 1 g of SLRMG was added to a 10 mL
(0.5 mg L�1) calcium chloride solution; the solution was then
placed in a water bath at 90 �C for four hours aer being shaken
for 1 h. The obtained lter material was washed repeatedly with
clear water, then dried and stored. Finally, the double-loaded
RMG (DLRMG) material was obtained for use.
TiO2 CaO SO3 K2O P2O5

1.781 1.078 0.399 0.121 0.168

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TG/DTA curves of the ceramic filter material.
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2.3.4 Experiments of Fe2+ and Mn2+ removal. A series of
batch experiments were carried out based on the ability of RMG
to remove Fe2+ and Mn2+ before and aer loading Ca2+ and g-
MnOOH. Briey, 0.15 g of RMG and DLRMG material were
mixed in a 100 mL beaker, which contained 20 mL of (2 mg L�1

and 1 mg L�1) Fe2+ and Mn2+ solution at pH 7. The experiment
was performed at 120 rpm at room temperature; the superna-
tant obtained aer shaking was ltered using 0.45 lters, and
then, the concentration was measured using a spectrophotom-
eter. The blank experiment and parallel experiment were set up,
and each experiment was repeated thrice.
3. Results and discussion
3.1 Characterization of the sample

3.1.1 Preliminary selection of the sintering temperature.
Thermogravimetric analysis was performed on the mixed raw
materials, and the TG-DTA curve is shown in Fig. 1. With
a continuous increase in temperature, the lter element
exhibits different degrees of weight loss, and it may be mainly
divided into two stages; the rst stage of weight loss is from
30 �C to 220 �C, the weight is lost due to the evaporation of
Fig. 2 XRD patterns of the (1-a) raw powder red mud, (1-b) calcined RM

This journal is © The Royal Society of Chemistry 2019
physically adsorbed water, and the weight lost is 1.3%; the
second stage is from 220 �C to 680 �C with the weight loss value
of 6.8%. The corresponding DTA curve has a strong absorption
peak, indicating the removal of bound water from a portion of
the hydrated mineral and the decomposition of carbonate and
limestone to produce CO2. When the temperature exceeds
700 �C, there is no signicant change in the mass loss of the raw
material, and theminimum ring temperature is 700 �C. On the
basis of the TG analysis results, for complete reactions, 400 �C
was selected as the pretreatment temperature; since the pore
size of the sintered ceramic lter material increased with an
increase in temperature, an excessive increase in temperature
could cause the material to adhere.29 Therefore, the sintering
temperature chosen for this experiment was 1030 �C.

3.1.2 XRD. Fig. 2-1 shows the XRD patterns of the red mud
powder before and aer sintering. The results show that the raw
redmudmaterial contains quartz, gibbsite, and hematite. It can
be seen that the minerals silicon, aluminum, and iron are the
main components of red mud. Quartz is still the main phase in
the spectrum of the sintered RMG, and the gibbsite peaks
disappears aer calcination because of its decomposition into
aluminum oxide. The peak strength of hematite and alumina
increases aer sintering. The main reasons for this change were
the transformation of other iron systems into hematite and the
decomposition of gibbsite. Fig. 2-2 shows the XRD pattern of the
SLRMG before and aer the loading of Ca2+, and it is not
apparent from Fig. 2-2 that the absence of the characteristic
peak of Ca2+ may be due to the insufficient loading or high
dispersibility of Ca2+ on RMG.27

3.1.3 SEM. The morphology of the ceramic lter material
was studied using SEM images. As shown in Fig. 3-a, the red
mud powder has a smooth surface and a relatively smooth
channel. The surface of the material is smooth, and the surface
area is small. Fig. 3-b shows the image of the RMG lter
material aer sintering. At high temperatures, the sintered
RMG exhibits the following characteristics: a uffy appearance,
more pore structures, and an increase in the number of folds in
the pores; the porous structure and the discontinuous structure
make the lter material attain the pore size of the particle
surface, which provides a suitable condition for loading. Fig. 3-c
G material, (2-a) DLRMG and (2-b) SLRMG material.

RSC Adv., 2019, 9, 10305–10313 | 10307
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Fig. 3 SEM images of (a) raw RMG, (b) sintered RMG, (c) g-MnOOH single loaded on RMG, and (d) Ca2+ loaded on g-MnOOH/RMG.
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shows that the shape of g-MnOOH is nanorod. This demon-
strates that the RMG particles loaded with g-MnOOH on the
surface and a large number of rod-shaped g-MnOOH are
arranged crosswise on the surface of the ceramic lter material
and in the macropores.30–32 Fig. 3-d shows a scanned image of g-
Fig. 4 Nitrogen adsorption–desorption isotherms and pore size distribu

10308 | RSC Adv., 2019, 9, 10305–10313
MnOOH/RMG loaded with Ca2+. The results show that Ca2+

increases the specic surface area of the lter and enhances the
adsorption capacity of the lter by entering the pore channel.
The hardness, surface area and adsorption capacity of the red
mud particles are improved aer calcination. Aer loading Ca2+
tion curves of RMG, SLRMG and DLRMG.

This journal is © The Royal Society of Chemistry 2019
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and g-MnOOH, the surface area becomes larger; this is
consistent with the BET result shown in Fig. 4.

3.1.4 BET analysis. Fig. 4 shows the nitrogen adsorption/
desorption isotherms of RMG, SLRMG and DLRMG and the
corresponding pore size distribution curves. Based on the
IUPAC classication, the adsorption isotherms of the original
lter media and the modied lter media samples show
a typical IV adsorption behavior and an H3 hysteresis cycle. The
typical characteristic is that the adsorption curve is inconsistent
with the desorption curve. RMG shows a narrow hysteresis loop;
however, the hysteresis loop of LRMG is much wider. The pore
size distribution of the modied ceramic lter material has also
changed. As observed in Fig. 4, RMG has only large mesopores
and macropores with no obvious peak value; this indicates that
the pore size distribution has dispersed; however, DLRMG has
many mesopores andmicropores that may be due to the uneven
aggregation of small nanoparticles; the results are also in
accordance with those obtained by SEM. Therefore, compared
with the case of the original material, most of the modied
pores are in the mesoporous range, and the supporting samples
have many contact sites with reactants. The specic surface area
of the modied material also conrms the possibility of high
adsorption capacity of Fe2+ and Mn2+. Table 2 presents the pore
size, specic BET surface area and pore volume of the synthetic
samples with different shapes. According to the data presented
in Table 2, it is concluded that continuous modication of RMG
increases the specic surface area and decreases the pore size.

3.1.5 Zeta potentials. The zeta potential of DLRMG and the
saturated adsorptions of Fe2+ and Mn2+ by DLRMG were
investigated at pH ¼ 7. As shown in Fig. 5, the zeta potential
Table 2 Textural properties of RMG, SLRMG and DLRMG

Name
BET surface area
(m2 g�1)

Average pore
width (nm)

Pore volume
(cm3 g�)

RMG 2.2529 26.2184 0.007
SLRMG 9.2422 12.4348 0.015
DLRMG 14.0702 9.6244 0.023

Fig. 5 Zeta potentials of RMG at different pHs.

This journal is © The Royal Society of Chemistry 2019
decreased from 20.73 to�31.11 mV with an increase in pH from
1.0 to 9.0. The isoelectric point of RMG was 3.05 mV. As seen in
Table 3, the zeta potential of DLRMG was �13.51 mV, which
illustrated that the negatively charged surface of DLRMG would
exert a positive effect on the removal of Fe2+ and Mn2+. The zeta
potentials of the supported samples decreased when compared
with that of RMG at pH 7. Hence, the supported samples were
more conducive to attract the positively charged ions. The zeta
potential increased to �8.99 mV aer adsorption.
3.2 Characteristics of the modied RMG in the Fe2+ and
Mn2+ removal process

3.2.1 Effect of polyethylene glycol-400 addition on removal
efficiency. The SLRMG samples were prepared using polyvinyl
alcohol at different concentrations (additions were 3 mL, 2.5
mL, 2 mL, 1.5 mL, and 1 mL). Their Fe2+ and Mn2+ removal
ability was compared at pH 7, as shown in Fig. 6. When the
amount of polyethylene glycol-400 added was 2 mL, maximum
removal rate of Fe2+ and Mn2+ was achieved, which was signif-
icantly higher than that of the pure RMG particles. This indi-
cated that the presence of g-MnOOH enhanced the ability of
RMG particles to remove Fe2+ and Mn2+ when 2 mL of polyvinyl
alcohol was added. The cross-distribution of the surface and the
arrangement of the pores could be realized with the proper
incorporation of g-MnOOH. The adsorption efficiency increases
with an increase in the number of adsorption sites. The reason
for the adsorbance of Fe2+ being larger than that of Mn2+ was
probably the small ion radius of Fe.33 As the added amount of
PEG-400 increased, the length of g-MnOOH increased.
Table 3 Zeta potentials of RMG, DLRMG and after adsorption of Fe2+

and Mn2+ by DLRMG

RMG DLRMG Aer adsorption

Zeta potentials �10.97 �13.51 �8.99

Fig. 6 Fe2+ and Mn2+ removal efficiencies by SLRMG at different
additions of PEG-400.

RSC Adv., 2019, 9, 10305–10313 | 10309

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00123a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 6
:4

0:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Therefore, the effect of an additional amount of PEG-400 on the
removal of Fe2+ and Mn2+ was taken into consideration during
the preparation of an optimized adsorbent.

3.2.2 Effect of time, pH and dosage.With an increase in the
reaction time, the removal rate of Fe2+ by RMG and DLRMG
increased continuously and attained an adsorption equilibrium
at 180 min. The supernatant concentration of RMG reached the
Chinese drinking water standard at 3 h and that of DLRMG
reached the Chinese drinking water standard at 2 h, and the
removal rate of Fe2+ was up to 92.5 mg L�1. With an increase in
the reaction time, the removal rate ofMn2+ increased by the same
process, and the removal rate of Mn2+ reached 90% when the
reaction time was 2.5 h. The removal rate of Mn2+ by RMG and
DLRMG increased continuously to reach an adsorption
Fig. 7 (a) Fe2+ and Mn2+ removal efficiencies by RMG and DLRMG at diffe
at different pH values and (c) Fe2+ and Mn2+ removal efficiencies by RM

10310 | RSC Adv., 2019, 9, 10305–10313
equilibrium at 180 min via the same procedure as that observed
in the removal process of Fe2+. As groundwater is mostly weakly
alkaline, the set principle is based on the actual drinking water
pH of 6–8. In this study, NaOH and HCl were used to regulate the
pH. Based on the time of the maximum removal rate, the inu-
ence of different pH values on the removal rates of Fe2+ andMn2+

was examined. As shown in Fig. 7b, the removal rate of Fe2+

increases with an increase in pH. The results showed that RMG-
treated Fe2+ reached the effluent standard when pH > 7.5; on the
other hand, DLRMG-treated Fe2+ reached the effluent standard at
pH¼ 6.5; the trend of Mn2+ removal was equal to the tendency of
Fe2+ removal. The removal rate of Mn2+ by RMG reached 90% at
pH 7. DLRMG failed tomeet the effluent Mn2+ content within the
treatment range, and it achieved the effluent concentration at pH
rent times; (b) Fe2+ and Mn2+ removal efficiencies by RMG and DLRMG
G and DLRMG at different dosages of the adsorbent.

This journal is © The Royal Society of Chemistry 2019
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> 7. This showed that RMG was not enough to remove the
manganese ions from water to achieve the standard during the
process of Mn2+ removal, and the modied DLRMG could
effectively remove Mn2+ under neutral pH conditions. In Fig. 7c,
it is observed that the removal rate is proportional to the dosage.
The removal rate of Fe2+ increased and reached an equilibrium
with the continuous addition of RMG; when the addition amount
of RMG was 0.25 g, there was no signicant increase in the
removal rate of Fe2+ when compared with the case of the dosage
amount of 0.2 g; the tendency of adsorption efficiency with the
continuous addition of DLRMG becomes slow aer the addition
of 0.2 g DLRMG. However, the effect of the dosage on Mn2+

removal was more signicant when compared with that in the
process of Fe2+ removal. When the dosage amount was 0.2 g, the
removal rates for Fe2+ and Mn2+ were 93% and 90%, respectively.
The effluent concentration reached the standard. Therefore,
considering the preparation technology and the cost of the
laboratory, we chose 0.2 g as the best dosage, thereby not only
achieving the treatment effect but also using the resources
effectively. DLRMG possessed the following characteristics: rst,
the removal pH was within the range of the groundwater pH. In
most of the materials, the pH value needs to be adjusted in
advance; however, it was unnecessary for DLRMG in this study.
Second, the removal efficiency of the two pollutants was quite
obvious, and there would not be a very uneven removal effect of
the two pollutants. Both pollutants could be effectively removed
by DLRMG. Finally, the removal of Fe2+ and Mn2+ by the
proposedmaterial was a simple process, which could be achieved
by direct dosing.
3.3 Fe2+ and Mn2+ removal process and mechanism

3.3.1 Removal mechanism of the lter material. The
preparation process of DLRMG is illustrated in Fig. 8. The
Fig. 8 (a) Preparation process of double-loaded RMG, (b) Ca2+–g-MnOO
subsequent treatment of fluorine-containing wastewater.

This journal is © The Royal Society of Chemistry 2019
arrangement of Ca2+–g-MnOOH on the surface of RMG showed
that g-MnOOH presented a one-dimensional hexahedral shape.
Herein, the MnO6 octahedral single chain shared the vertex and
formed a 1 � 1 node tunnel containing protons.34,35 Manganese
contains more single-coordinated oxygen functional groups
than goethite because of its comparative structure (i.e. single-
chain and double-stranded split-edge octahedron). The Mn-
based oxide nanomaterials with unsaturated valence have
been used as excellent adsorbents.36–39 The mechanism of
removing Fe2+ and Mn2+ by the particle lter is illustrated in
Fig. 8c. First, red mud had an electrostatic attraction to Fe2+ and
Mn2+. The isoelectric point of the sintered RMG material was
3.3. When pH < 3.3, the zeta potential of the sintered RMG
material was positive. In contrast, the zeta potential of the
sintered RMG material was negative when pH > 3.3, which
would have a positive effect during the adsorption process of
cation.27 The zeta potential of RMG was �10.97 mV, indicating
that RMG had a negative charge under the condition of pH ¼ 7,
which played an active role in the process of removing Fe2+ and
Mn2+. The surface potential obtained aer loading showed
negative when the pH value was weak alkali, which could
increase the adsorption of cationic particles through electro-
static attraction. The zeta potential of DLRMG was �13.51 mV,
which was more favorable to the adsorption of Fe2+ and Mn2+.
By successively loading g-MnOOH and Ca2+, the specic surface
area of the lter media increased, such that more adsorption
sites could be provided. Then, the zeta potential of red mud in
water was negative because a large number of metal oxides were
produced during the protonation of the surface hydroxyl group.
The formation of the hydroxyl groups and supported g-MnOOH
on the surface of red mud could redox the pollutants in the
water, thus oxidizing Fe2+ and Mn2+ to an insoluble and high
valence state, which could be ltered and attached to the
H on RMG, and (c) removal mechanism of Fe2+ and Mn2+ by RMG and

RSC Adv., 2019, 9, 10305–10313 | 10311

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00123a


Fig. 9 Removal of F� by RMG, Fe-DLRMG and Mn-DLRMG.
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surface of the granular lter media for removal. Finally, the
adsorption of Fe2+ and Mn2+ by DLRMG was based on the ion
exchange process. Ca2+ loaded on DLRMG can be able to
proceed ion exchange reactions with Fe2+ and Mn2+ in water,
which have been studied by M. E. kady et al.40 and P. Chand et
al.41 Through the electric attraction, oxidation and ion
exchange, Fe2+ and Mn2+ in water could be effectively adsorbed
and removed.
3.4 Reuse of DLRMG

The reuse of adsorbents is very critical in practical applications.
Traditional methods of elution using acid or alkali work well,
but they are prone to additional contamination.42 In this study,
the DLRMG adsorbent that was saturated with Fe2+ and Mn2+

was proposed to be reused for continuous removal of excessive
F�. The two adsorbents RMG, and DLRMG aer the adsorption
of Fe2+ and Mn2+ were compared for the removal of F�. As Fig. 9
showed that the removal rate is better which utilized aer
adsorption. By comparing the results of the adsorbed material
with those of the reported literature,43,44 it was found that the
reused adsorbent had a good treatment effect and reached the
standard aer the treatment. The iron-adsorbed particles were
stronger than the manganese-adsorbed particles because the
amount of Fe2+ adsorbed on the particles was greater than that
of Mn2+. By comparing the effect of RMG, Fe-DLRMG, and Mn-
DLRMG on the removal of F� in water (Fig. 9), we concluded
that Fe-DLRMG was best for removal possibly due to the higher
amount of Fe2+ on DLRMG.
4. Conclusion

Herein, a granular lter material was prepared with red mud as
the carrier of Ca2+ and g-MnOOH. The results showed that g-
MnOOH well dispersed in the macroporous structure of RMG,
and Ca2+ added to the loaded granular ltration material
further improved the removal capacity. Compared with RMG,
DLRMG had higher surface area and uneven surface
morphology and exhibited a better effect in Fe2+ and Mn2+
10312 | RSC Adv., 2019, 9, 10305–10313
removal. The adsorbent obtained aer the saturated adsorption
of Fe2+ and Mn2+ was used to remove F� instead of the tradi-
tional elution process, and good removal efficiency was ach-
ieved. This shows that red mud is a promising material for
heavy metal adsorption.
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