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Abstract

In this study, the feasibility of using red mud (RM)-loess (L) mixture (RM-L) to treat acidic
wastewater (AW) containing Mn(Il) was investigated through batch experiments. The optimum mass
ratio of RM to L was obtained by exploring the treatment performance of varied mass ratios of RM
to L on AW under different initial pH values. Furthermore, the effects of dosage, contact time, and
initial concentration on the treatment of AW with RM-L under optimum mass ratio were explored.
The removal mechanism of Mn(II) was clarified using adsorption mathematical models combined with
characterization. The results indicate that the optimum mass ratio of RM to L was 7:3. The addition of
L promotes the equilibrium adsorption for Mn(I) on RM-L under optimum mass ratio (RM-L (7:3))
and improves the dispersibility of RM-L (7:3). Moreover, hydroxyl, carbonate, and metal-oxygen groups
in RM-L (7:3) play an important role in the removal of Mn(II) and the increase in pH value to 8.4
from 3. The adsorption type of Mn(II) is monolayer adsorption, and the adsorption process of Mn(Il) is
spontaneous and dominated by chemical adsorption.
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adsorption
Introduction is experiencing severe challenges due to industrial
production and human activities, which makes water
Safe and healthy water resources are the basis of resources have organic and inorganic pollution
human survival, but the actual water environment [1-5]. Acid mine drainage (AMD) is one of the three

major ecological risks recognized by the United
States Environmental Protection Agency [6]. AMD
is formed by the oxidation of sulfide-containing
minerals when they are exposed to oxygen and water
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after mining [7, 8]. Whether mine wastewater is neutral
or acidic depends on the pyrite content [9]. The AMD
generated by mines in operation can be effectively
controlled and treated at a low cost through human
intervention. However, the problem of AMD generated
by abandoned mines is challenging to the ecosystem
[10, 11]. The AMD generated by abandoned coal
mines cannot be effectively and properly treated and
improved, so a large amount of Fe(Il), Pb(Il), Cu(Il),
Zn(1l), Cd(II), Mn(II) and highly acidic wastewater
directly enters groundwater and surface water, which
produces extremely serious pollution in the ecological
environment and triggers irreversible implications
[12-14]. Therefore, the treatment of AMD has attracted
worldwide attention.

At present, adding chemical neutralizers is the
most widely accepted approach to treating AMD.
Nevertheless, some disadvantages may exist in this
method; for instance, the operating cost is high and a
large amount of sludge may be generated and cause
secondary pollution [15]. Thus, a material with good
treatment efficiency and low cost should be urgently
developed to treat AMD. Given its good adsorption
capacity and environmentally friendly performance,
solid waste has created a new chapter of resource
utilization in the field of contaminated water and soil
remediation [16-18].

Red mud (RM) is a type of general industrial solid
waste generated from alumina production. In 2018,
more than 105 million tons of RM were reserved in
China [19]. An excess of RM may cause environmental
pollution and safety hazards [20, 21]. Meanwhile,
loess(L) is a type of aeolian sedimentary soil, especially
the main distribution soil of Shanxi Province, which is
a major coal-producing province in China [12, 22].

The use of RM to remove heavy metal ions in
wastewater is one of the promising approaches for RM
utilization, since RM has a good adsorption capacity for
most heavy metal ions and a low cost [2, 16, 23-26]. RM
should be dealkalized before it becomes an adsorbent
because RM conventionally has alkalinity [27].
However, the direct use of RM to treat acidic wastewater
containing heavy metal ions can reduce the treatment
cost, considering that the alkalinity and adsorption
capacity of RM will be effectively utilized [16].
There is a net positive synergism in mixing alkaline
waste, i.e., RM, with AMD from an environmental
perspective [28]. Nonetheless, in our preliminary
experiment, a small amount of RM without
dealkalization can easily make the pH value of the
wastewater after treatment exceed the standard value

Table 1. Main chemical components of RM and L.

when the removal sufficiency of heavy metal ions is
not good, which is unfriendly to the environment.
Therefore, we hope that other materials with good acidic
buffering capacity and RM are used in combination
to improve this situation. Chen et al. found that L
had a certain buffering capacity for acidic solutions
and rapid adsorption performance for heavy metals.
And L possesses an excellent adsorption capacity for
Pb(Il), Cu(Il), and Zn(II), but it has a poor adsorption
capacity for Mn(II) [29-31]. As low-cost and abundant
materials, RM and L also have complementary space in
terms of performance in acidic wastewater treatment.
In addition, studies on the adsorption characteristics
and mechanism of mixed adsorbents have rarely been
conducted.

Therefore, the purpose of this study is to obtain
RM and L mixture (RM-L) as a novel adsorbent to
treat acidic wastewater (AW) containing Mn(II). First,
the optimum mass ratio of RM to L was determined
by studying the treatment performance of varied mass
ratios of RM-L on AW under different initial pH
values. The evaluation indices included the pH value
of AW after treatment and the removal efficiency of
Mn(II). Second, the removal characteristic of RM-L
under optimum mass ratio to Mn(Il) from AW was
explored by analyzing the effects of the dosage,
contact time, and initial concentration. Third, the
removal mechanism of RM-L under optimum mass
ratio to Mn(II) from AW was investigated by studying
the adsorption equilibrium isotherms, adsorption
kinetics, and adsorption thermodynamics, in
combination with the characterization of RM-L under
optimum mass ratio tested by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and
scanning  electron  microscopy-energy  dispersive
spectroscopy (SEM-EDS).

Materials and Methods
Materials

RM belongs to Bayer RM with a red-brown color
and was provided by Liulin Aluminum Factory
(Shanxi, China). L belongs to the surface accumulation
soil of the late Quaternary sediment (Q4), which was
collected from approximately 4-5 m underground at
a construction site in the Dongshan area of Taiyuan
(Shanxi, China). The main chemical components of RM
and L tested by S4 Pioneer X-ray fluorescence (Bruker,
Massachusetts, USA) are provided in Table 1. RM

Component (%) AL, Sio, CaO Na,0 Fe,O, TiO, MgO K,0 Others
RM 24.34 20.17 18.26 9.61 9.40 3.56 1.26 0.64 12.76
L 11.75 58.88 7.98 4.54 2.05 2.18 1.70 0.60 10.32
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and L were oven-dried at 105°C for 24 h and subsequently
passed through a No. 200 sieve. The particle sizes of
RM and L were tested by using a BT-9300HT laser
particle size analyzer (BETTER, Dandong, China), and
the cumulative sieve residue curve is shown in Fig. 1.
The percentage of RM particles smaller than 5 um was
greater than 88.4%, while the percentage of L particles
larger than 5 um exceeded 84.5%.

AW containing Mn(II) was produced by dissolving
the analytical reagent MnSO,-H,O in distilled water in
a laboratory. Dilute sulfuric acid was used to adjust the
pH value of the AW to simulate the acidity of AMD.
Manganese sulfate monohydrate (MnSO,-H,O) and
sulfuric acid were purchased from Tianli Chemical
Reagent Co., Ltd. (Tianjin, China).

Methods of Batch Experiment

Batch experiments were conducted by placing a
series of 250 mL conical flasks (containing the simulated
AW and a certain amount of RM-L) in an SHA-BA
thermostatic water-bath shaker (Kewei, Beijing, China)
with a shaking frequency of 150 rpm. The samples
were filtered through a 0.45um filter membrane-aquo
system. Then, the concentrations of Mn(II) and the pH
values of the samples were measured using Arcos ICP-
OES (Spectro, Kleve, Germany) and FE-28 pH meter
(Mettler Toledo, Zurich, Switzerland) respectively. To
reduce the experimental errors and ensure the reliability
of the results, all experiments were performed with two
sets of parallel samples to obtain the average value. The
removal efficiency, adsorption amount at equilibrium
time, and adsorption amount at time ¢ of RM-L were
calculated using Egs. (1), (2), and (3), respectively [32].

R=50C 5+ 100%
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where R is the removal efficiency of Mn(Il), %; C,
C, and C, are the initial concentrations, equilibrium
concentrations, and concentrations at the ¢ of Mn(Il),
respectively, mg/L; ¢, and ¢, are the adsorption amounts
on RM-L of unit mass at the time of equilibrium
and ¢, respectively, mg/g; m is the mass of RM-L, g;
V' is the volume of the simulated AW, L. (m/V is
the dosage, g/L).

The optimum mass ratio of RM to L was determined
by investigating the treatment performance of RM-L
with different mass ratios (i.e., L [0:10], 3:7, 5:5, 7:3,
and RM [10:0]) on AW under different initial pH values
(ie., 2, 3,4, 5, and 6), 12 g/L dosages, 480 min contact
time, 100 mg/L initial concentration, and 25°C contact
temperature.
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Fig. 1. Particle size distribution of RM and L.

The effects of dosage (i.e., 10, 12, 14, 16, and 18
g/L) on the treatment of AW with L, RM-L (7:3), RM
were studied under the conditions of an initial pH value
of 3, a contact time of 480 min, an initial concentration
of 100 mg/L, and a contact temperature of 25°C. The
effects of contact time (i.e., 0, 20, 40, 60, 90, 120, 180,
240, 360, 480, and 600 min) on the treatment of AW
with L, RM-L (7:3), RM were analyzed at an initial pH
value of 3, a dosage of 12 g/L, an initial concentration
of 100 mg/L, and a contact temperature of 25°C.
The effects of initial concentration (i.e., 25, 50, 100,
150, and 200 mg/L) on the treatment of AW at 25, 35
and 45°C were explored using RM-L (7:3) at an initial
pH value of 3, a dosage of 12 g/L, and a contact time
of 480 min.

Moreover, the adsorption isotherms were obtained
by analyzing the results of varying initial concentrations
at 25°C, the adsorption kinetics were obtained by
studying the results of varying contact times at 25°C,
and the adsorption thermodynamics were obtained by
investigating the results of varying initial concentrations
at 25, 35, 45°C.

Characterization of RM-L

The molecular structure of the samples was analyzed
using a VERTEX70 Fourier transform infrared
spectrometer (Bruker, Massachusetts, USA) with the
KBr tablet method. The mineral phase of the samples
was tested using a SmartLab X-ray diffractometer
(Rigaku, Tokyo, Japan). The surface morphology
and particle size of the samples were observed using
a JSM-IT200 scanning electron microscope (JEOL,
Tokyo, Japan).

Results and Discussion

Determination of the Optimum Mass Ratio
of RMto L

Fig. 2 illustrates the effects of initial pH value
(pH,) and mass ratio of RM to L on the treatment
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of AW. Fig. 2a) shows that the pH value of the )
AW after treatment was significantly increased by 9.0 ~*~ PH,=6 7%

the presence of RM. In particular, the pH value of T PHSS /,

the AW after treatment with RM was significantly
higher than those with other adsorbents. With the
increase in initial pH value, the pH values of the AW
after treatment with L stabilized at approximately 8.0,
which indicates that L has a great buffering capacity
for acidic solutions. This observation is consistent with
other research [33], where alkaline substances such as
calcite in L reacted with the acid in AW. The pH values
of the AW after treatment with RM remained extremely
high when the initial pH value exceeded 4; they could
approach approximately 9.0, which is much higher than
the standard limit value (GB/T 14848-2017, pH = 6.5-
8.5) [34]. However, the pH values of AW after treatment
by the other RM-L slightly changed under different
initial pH values, which indicates that the buffering
performance of RM-L to AW was improved once L was
added.

Fig. 2b) illustrates the removal efficiency of Mn(II).
The removal efficiency of Mn(Il) was extremely low at
a low initial pH value (pH, = 2), which was ascribed
to the competing adsorption between hydrogen ions and
heavy metals in the AW, which severely inhibited the
adsorption of Mn(II) [35, 36]. The removal efficiency of
Mn(II) was maintained in a stable range after the initial
pH value exceeded 3, possibly due to the attenuation of
competitive adsorption given the lower concentration of
hydrogen ions in AW. RM greatly helped improve the
removal capacity of RM-L for Mn(Il). The presence
of RM resulted in at least 11.1%-39.6% higher removal
efficiencies for Mn(Il) than that of L. The removal
efficiency of Mn(Il) first increased and gradually
stabilized with the increase in the mass ratio of RM
to L. The great adsorption response of RM improved the
removal efficiency of RM-L for Mn(II). RM-L (7:3) and
RM had an almost equal removal efficiency for Mn(II)
when the initial pH value of AW was 2. This result
demonstrates that the alkaline substances in L continued
to react due to the presence of acidic substances in AW,
which prevented hydrogen ions from occupying the
adsorption sites. Consequently, the numerous adsorption
sites and effective components of RM contributed to the
removal of target ions and could make the pH value of
AW after treatment close to neutral. At various initial
pH values, with increasing mass ratio of RM to L, the
pH values of AW continuously increased. Meanwhile,
the removal efficiency of Mn(Il) first increased and
tended to stabilize when the mass ratio of RM to L
exceeded 7:3. The pH value of the AW after treatment
with RM was high, which might inhibit the wide
utilization and development of RM-L. Accordingly, we
conclude that the mass ratio of RM to L has an optimum
solution in terms of pH value and removal efficiency in
the treatment of AW containing Mn(II).

Therefore, the optimum mass ratio of RM to L
was 7:3, and the RM-L under the optimum mass
ratio (RM-L (7:3)) was selected to study the removal
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Fig. 2. Effect of mass ratio of RM to L on the treatment of AW
under different initial pH values (pH,) with RM-L: a) equilibrium
pH value, b) removal efficiency (12 g/L, 480 min, 100 mg/L,
25°C).

characteristics and mechanism of RM-L (7:3)
in the following contents.

Removal Characteristics of RM-L (7:3)
Effect of Dosage

Fig. 3 shows the effect of dosage on the treatment of
AW. The treatment effect of RM-L (7:3) was compared
with those of RM and L.

Fig. 3a) presents that with the increase in dosage,
the pH value of the AW after treatment with L was
maintained at approximately 7.9. This result shows
the great buffering capability of L to acidic solutions,
and the alkaline substances released from L could be
adjusted in accordance with the pH value of wastewater.
For RM-L (7:3) and RM, the pH values of the AW after
treatment increased with increasing dosage. This was
due to the fact that RM does not have good adjustment
and buffering capabilities for wastewater. Substantial
alkaline substances were still released with the excessive
dosage of the adsorbent under the condition that the
concentration of Mn(II) was fixed, which caused the pH
value of AW to be high. In particular, the pH value of
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Fig. 3. Effect of dosage on the treatment of AW with RM-L:
a) equilibrium pH value, b) removal efficiency (pH, = 3,
480 min, 100 mg/L, 25°C).

the AW after treatment with RM significantly increased
and exceeded 9.0.

Fig. 3b) shows the removal efficiencies of Mn(II)
from AW using L, RM-L (7:3), and RM under different
dosages. The addition of RM increased the removal
efficiency of Mn(II) by at least 37.6%-59.2% compared
with that of L. The removal efficiency of Mn(Il)
significantly increased and subsequently tended to
stabilize with increasing dosage. The concentration
of target ions that remained in AW was high when
the dosage of RM-L was low, since the adsorption
sites on RM-L were scarce relative to Mn(II) once
the initial concentration was fixed and the driving
force for the adsorption of target ions was low [37].
With the increase in dosage, the removal efficiency of
Mn(II) was gradually enhanced owing to the increased
adsorption sites of RM-L and increased alkalinity.
The removal efficiency of Mn(Il) eventually tended
to stabilize because no more heavy metal ions were
adsorbed on the excess adsorption sites when the initial
concentration was fixed. Considering the pH value
and removal efficiency, the optimum dosage of RM-L
(7:3) for treating AW containing Mn(Il) was 12 g/L.
The pH value of AW after treatment was improved to 8.4
from 3, and the removal efficiency of Mn(Il) was
88.5%.
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Fig. 4. Effect of contact time on the treatment of AW with
RM-L: a) final pH value, b) removal efficiency (pH, = 3, 12 g/L,
100 mg/L, 25°C).

Effect of Contact Time

Fig. 4 shows the effect of contact time on the AW
treatment. The treatment effect of RM-L (7:3) was also
compared with those of RM and L.

Fig. 4a) indicates that L, RM-L (7:3) and RM
could be rapidly increased the pH value of AW to
approximately 7.4, 8.3, and 8.1 from 3 at the initial
stage (20 min), and finally reached 7.9, 8.4, 8.7.
Fig. 4b) shows that the adsorption equilibriums of Mn(II)
on RM-L (7:3) and RM both were reached at 480 min.
Compared the fact that the equilibrium adsorption time
for Mn(II) on L was 180 min, which indicates that L
has the characteristic of rapid adsorption, as determined
by Chen et al. [31]. The removal efficiency of Mn(II) by
RM-L (7:3) reached 85.1% at 360 min, which was very
close to the equilibrium removal efficiency of 88.5%.

The adsorption equilibrium trends of both
RM-L (7:3) and RM for Mn(Il) first increased and
subsequently tended to be stable. The adsorption
amount of Mn(Il) sharply increased at the initial
stage. Afterwards, an equilibrium was attained as
time elapsed. The reason could be that the great
concentration gradient of target ions between RM-L
and AW made the mass transfer power large, and there
were many unoccupied adsorption sites on RM-L in
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Fig. 5. Effect of initial concentration on the removal efficiency
of Mn(I) from AW with RM-L (7:3) (pH, = 3, 12 g/L, 480 min,
25-45°C).

the initial stage [38, 39]. With the increase in contact
time, the adsorption rates of Mn(II) decreased, and the
removal efficiency eventually stabilized, possibly due to
the decreased concentration difference between the
solid-liquid interface and the saturated effective
adsorption sites on RM-L. Therefore, the optimum
contact time of RM-L (7:3) to treat AW containing
Mn(II) was 480 min.

Effect of Initial Concentration

Fig. 5 shows the effect of initial concentration on the
removal efficiency of Mn(II) from AW with RM-L (7:3)
at 25, 35 and 45°C. As shown in Fig. 5, when the initial
concentration of Mn(II) was low, the removal efficiency
of Mn(II) under the condition of a fixed dosage remained
great, which resulted from the sufficient adsorption
sites on RM-L (7:3) to accommodate the target ions;
thus, Mn(Il) was completely adsorbed. The removal
efficiency of Mn(II) decreased from 100% to 47.8%
when the initial concentration of Mn(II) increased from
25 to 200 mg/L. This result can be explained by the
incomplete adsorption of Mn(II) in AW because the
available adsorption sites on RM-L (7:3) were reduced
[37], and the adsorption capacity gradually reached
the limit. The removal efficiency of Mn(Il) increased
when the temperature increased, which proved that the
high temperature benefited the adsorption of Mn(II) on
RM-L (7:3).

Removal Mechanism of RM-L (7:3)
Adsorption Isotherms

The use of adsorption isotherms is one of the
important approaches for studying the interaction
between adsorbates and adsorbents.

Langmuir and Freundlich adsorption isotherms are
shown in Egs (4) and (5) [40].
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Fig. 6. Adsorption isotherm of Mn(II) adsorption on RM-L (7:3)
(pH, = 3, 12 g/L, 480 min, 100 mg/L, 25-45°C).
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where ¢ is the theoretical maximum adsorption
capacity of the monolayer, mg/g; K is Langmuir
constant, L/mg; n is the heterogeneity factor; and K|, is
Freundlich constant, (mg/g)/(mg/L)".

We determined the adsorption process of Mn(II) on
RM-L (7:3), specifically whether the adsorption type
was favorable, by calculating the dimensionless

equilibrium parameter from the Langmuir adsorption
1

isotherm: "= 1+KLCo [41].

Fig. 6 and Table 2 show the curve fitting results
of the isotherm adsorption model of Mn(II) on RM-L
(7:3) at 25, 35, and 45°C. The results indicate that the
adsorption isotherm models of RM-L (7:3) for Mn(II)
fit well with the Langmuir adsorption isotherm
model (R?>0.9968). In the conditions of this study,
r was 0.001-0.028, which suggests that RM-L (7:3)
is beneficial to the adsorption of Mn(Il), and has a
high affinity and suitability for it. Moreover, n was
0.07-0.13, which was obtained by fitting the Freundlich
adsorption isotherm with the experimental data. We can
conclude that Mn(II) is beneficial to be adsorbed by
RM-L (7:3) because the value of n is between 0 and 1
[42]. As a result, the adsorption of Mn(II) using RM-L
(7:3) exhibited a better fit for the Langmuir adsorption
isotherm than the Freundlich adsorption isotherms,
indicating that the adsorption type of Mn(I) on RM-L
(7:3) was monolayer adsorption.

Adsorption Kinetics

The rate-controlling steps of the adsorption
process and adsorption mechanism were clarified
by fitting the experimental data of Mn(II) on RM-L
(7:3) to the pseudo-first-order kinetic model and
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Table 2. Adsorption isotherm model fitting parameters for Mn(II) adsorption on RM-L (7:3).
Langmuir model Freundlich model
T( C) qm KL R2 n KF RZ
(mg/g) (L/mg) (mg/g)/(mg/L)"

25 7.98 1.39 0.9997 0.13 4.62 0.9650

35 8.97 2.03 0.9991 0.07 6.56 0.9968

45 9.87 3.61 0.9968 0.08 7.37 0.9707

pseudo-second-order kinetic model, as described in Eqs
(6) and (7).

qt:qe( 1 'e-kl t) ©6)
N qezkzt
t_ 1+qek2t (7)

where k, is the pseudo-first-order kinetic adsorption
rate constant, min'; ¢ is the adsorption time, min; and
k, is the pseudo-second-order kinetic adsorption rate
constant, g/mg/min.

The result of fitting the adsorption kinetic data of
RM-L (7:3) to Mn(Il) is shown in Fig. 7. The correlation
coefficient of the pseudo-second-order kinetic of Mn(II)
was 0.9183, indicating that the adsorption kinetics
of Mn(Il) by the RM-L (7:3) well fitted the pseudo-
second-order kinetics. This result shows that chemical
adsorption was the controlling step of the adsorption
rate in the adsorption system [43-45]. The equilibrium
adsorption capacity of Mn(Il) estimated using the
pseudo-second-order kinetic model was 7.27 mg/g, and
the model-predicted value was in great agreement with
the experimental data.

Adsorption Thermodynamics

The thermodynamic parameters were the Gibbs free
energy change AGY enthalpy change AH® and entropy

8
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Fig. 7. Kinetic data and model for Mn(II) adsorption on RM-L
(7:3) (pH, = 3, 12 g/L, 100 mg/L, 25°C).

change AS®. The standard Gibbs free energy change
AG? is calculated using Egs. (8), (9) and (10):

AGGZ-RTII]KD ®)

AG'=AH"-TAS® )
st A

InKp=-Zr (10)

where K is the thermodynamic equilibrium constant,
dimensionless, and calculated by converting the units
of K, multiplied by the unitary standard concentration
[46, 47]; AGY is the standard free energy change, kJ/
mol; AH" is the enthalpy change, kJ/mol; and AS® is the
entropy change, J/mol/K.

The adsorption thermodynamic parameters of
Mn(II) were obtained through fitting the experimental
data of RM-L (7:3) at 25, 35, and 45 °C. The results
are shown in Fig. 8 and Table 3. From Table 3, AG® in
the adsorption process of Mn(II) by RM-L (7:3) were
negative at various contact temperatures. A higher
temperature corresponds to a larger absolute value of
AG’, indicating that the adsorption process of Mn(II)
using RM-L (7:3) was spontaneous. The spontaneity
was amplified with increasing temperature. AH®
showed positive values during the adsorption process,
illustrating that the adsorption process was endothermic.
The adsorption performance of Mn(Il) on RM-L (7:3)

12.4

e Mn(I)
Fitted curve of Mn( II)

11.2

0.00315 0.00320 0.00325 0.00330 0.00335
1/T (K™Y

Fig. 8. Linear fit of thermodynamics for Mn(II) on RM-L (7:3)
(pH, =3, 12 g/L, 480 min, 25-200 mg/L, 25-45°C).
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Table 3. Adsorption thermodynamic parameters of Mn(II) adsorption on RM-L (7:3).
T (K) K, AG® (kJ/mol) AH® (kJ/mol) AS® (J/mol/K)
298.15 76144.17 -27.86
308.15 111702.99 -29.78 37.69 219.58
318.15 198532.74 -32.27

was improved by the increase in temperature. AS°
remained positive during the adsorption process. The
entropy reduction caused by the adsorption of ions on
RM-L (7:3) was less than the entropy addition caused
by the desorption of other ions, so the total entropy
in the entire adsorption process remained positive and
the degrees of freedom of the solid—liquid interface
increased [48].

XRD and FTIR

Fig. 9 depicts the XRD and FTIR spectra of RM, L,
RM-L (7:3), and Mn(II)-loaded RM-L (7:3).

From Fig. 9a), the mineral phases of RM included
katoite, ~ silicatian  (Ca,Al(SiO,)(OH),),  hematite
(Fe,0,), xonotlite (CaSiO_(OH),), and calcite
(CaCO,). The minerals of L included quartz (SiO,),
calcite (CaCO,), gismondine (CaAl,Si,O,4H,0), and
a small amount of kaolinite (Al(Si,O,)(OH),). No
new minerals were generated after mixing RM and
L. The peaks corresponding to calcite in RM-L (7:3)
after the adsorption of Mn(II) weakened, and the
peaks corresponding to katoite, silicatian and kaolinite
weakened or changed, which indicates that calcite,
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katoite, silicatian and kaolinite contribute to the
neutralization of acid and the removal of Mn(II) in AW.

From Fig. 9b), the stretching vibrations of hydroxyl
group (-OH) were exhibited at wavenumbers of 3661,
3438 and 3429 cm’!, whereas the bands at 1663, 1644
and 1618 cm™ meant the bending of -OH from the water
adsorbed onto the materials [17]. The peaks at 1437 cm!,
1444 ¢m’, and over 877 c¢cm™ correspond to carbonate
group (-CO,) stretching, which implies the presence of
carbonate (i.e. calcite) in RM-L (7:3). The absorption
peaks at 1000 cm™’ were assigned to the stretching
vibration of Si-O-Si and Si-O-Al groups; the adsorption
peaks at 696, 690, 612, 470, 457, and 451 cm’ were
caused by the vibration of Si-O and M-O groups
(M stands for metal ion) [50].

The band of -OH was clearly stronger than that of
L and the -CO, band was stronger than that of RM
after mixing RM and L. The peaks of -CO, weakened
as the adsorption was completed, which was probably
because calcite in RM-L (7:3) greatly contributed to
neutralizing the acid in AW. The peak of -OH moved
from 3438 cm™ to 3429 cm’', which was related to the
stretching vibration of -OH, which indicates that Mn(II)
successfully combined with -OH. And the M-O group
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Fig. 9. XRD and FTIR spectra of RM, L, RM-L (7:3) and Mn(Il)-loaded RM-L (7:3): a) XRD, b) FTIR (pH, = 3, 12 g/L, 600 min,

100 mg/L, 25°C).
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as potential binding sites made the main contribution
to the removal of Mn(Il) [51, 52]. Some complexes
related to Mn(II) could be formed through reaction with
aluminosilicate minerals and complexation reaction
of kaolinite minerals in RM-L (7:3). The interaction
between RM-L (7:3) and Mn(II) could be shown in Eqs
(11) and (12).

CaCO, + 2H'—CO, + H,0 + Ca*  (11)
=XOH + Mn?*-»=XOMn' + H'  (12)

where X represents the clay mineral constituents in
RM-L (7:3).

wEw
" S

SEM-EDS

The surface morphology of RM, L, RM-L
(7:3) before and after adsorption was observed
and characterized using an electron microscope at
a magnification of 5000 times. Fig. 10 shows the SEM
images of RM, L, RM-L (7:3) and Mn(Il)-loaded
RM-L (7:3).

From Fig. 10a) and Fig. 10b), RM particles easily
agglomerate, since most of the RM particles are less
than 5 pm, but L has a relatively large particle size
because the main minerals of L are calcite and quartz.
The RM particles were homogeneously distributed in
a finer state, as shown in Fig. 10c). The dispersibility
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Fig. 11. EDS spectrum of Mn(Il)-loaded RM-L (7:3) (pH, = 3, 12 g/L, 600 min, 100 mg/L, 25°C).
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of RM considerably improved after the RM and L
were mixed, which was undoubtedly beneficial to the
treatment capacity of RM-L (7:3) for AW in terms of
pH value and removal efficiency. This result ensures
that RM-L (7:3) and the heavy metal ions in the AW
were fully contacted.

Fig. 10d) depicts that the protrusions on the surface
of RM-L (7:3) were dissolved, the surface tended to be
smooth, the pores tended to be filled, and the structure
became dense due to the dissolution by acid and the
adsorption of heavy metals. Fig. 11 shows the EDS
spectrum of Mn(Il)-loaded RM-L (7:3). The mass ratio
of Mn(II) detectedby the corresponding EDS spectrum
was 1.9%, which demonstrates the effectiveness and
success of the adsorption.

Conclusions

The feasibility of treating AW with a mixture of
solid waste RM and L was systematically investigated
by evaluating the pH value and removal efficiency.
The optimum mass ratio of RM to L was determined
to be 7:3. Compared with the removal efficiency and
buffering capacity of RM and L, those of RM-L (7:3)
for the Mn(II) could be enhanced by combining RM
and L. L provided a certain promoting ability to reduce
the equilibrium time for Mn(II) adsorption on RM-L
(7:3). Furthermore, the particles of RM-L (7:3) presented
good dispersibility. The AW with an initial pH value of
3 and an initial concentration of 100 mg/L was treated
with RM-L (7:3) at a dosage of 12 g/L, a contact time
of 480 min, and a contact temperature of 25°C, the
pH value of the AW containing Mn(Il) after treatment
increased to 8.4 from 3, and the removal efficiency of
Mn(II) was 88.5%. The adsorption of Mn(II) on RM-L
(7:3) conformed to the Langmuir adsorption isotherm
and pseudo-second-order kinetics. Therefore, the
adsorption type of Mn(Il) was monolayer adsorption,
and the adsorption process was mainly chemical
adsorption and a spontancous endothermic process. The
calcite, aluminosilicate minerals, and kaolinite minerals
in RM-L (7:3) played an important role in the removal
of Mn(II).

Therefore, the combination of RM and L provides a
cost-effective and promising AMD treatment approach,
and it is a far-reaching move for utilizing large amounts
of RM. In the future, we should consider the competitive
adsorption of other interfering ions in competitive
systems and the stability of Mn(II) on Mn(Il)-loaded
RM-L (7:3) under complex conditions.
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