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Abstract: Activated alumina, with low cost to implement and consistent performance, has been
widely used as a defluoridation adsorbent in contaminated groundwater. However, its application
was hampered by an undesirable adsorption capacity. In the recent research, an innovative adsorbent
(manganese modified activated alumina, MAA) was synthesized by impregnation method and
showed a more significant adsorption capacity than that of freshly activated alumina. The scanning
electron microscope, Brunauer, Emmett and Teller, X-ray diffraction spectroscopy, X-ray photoelectron
spectroscopy, and Fourier transform infrared verified introduction of manganese oxides (MnOOH
and MnO2) successfully, improvement of surface microstructure and nature of single-layer adsorption,
which enhanced the adsorption ability. In a short period of adsorption, the MAA maximum capacity
increased from 38% to 67%. Then, batch-scale kinetic and thermodynamic adsorption investigations
were performed. The high correlation coefficients R2 (close to 1) of the quasi-second-order model,
Langmuir kinetic model, and Langmuir isotherm model confirmed a better fit to the adsorption
experimental data, further indicating that the diffusion of adsorbate was primarily governed by
adsorption onto the active sites and the adsorption of fluoride on MAA was single-layer physical
adsorption. This paper provides an approach to modifying activated alumina as a groundwater
fluoride adsorbent.

Keywords: defluoridation; manganese modified activated alumina (MAA); adsorption; kinetic study

1. Introduction

Fluoride, generated from geochemical and anthropological activities is widely dis-
tributed throughout the world, posing increasing threats to water security [1]. Long-term
intake of fluoride ions will have a diverse impact on human health depending on their
amount and concentration. The formation and maintenance of bones and teeth during
childhood will be curtailed by the low concentration of fluoride water (0.5 mg/L) [2,3].
Whereas exposure to a high-fluoride medium might pose a concern to human health, such
as fluorosis [4,5]. The World Health Organization (WHO) established a limit of 1.5 mg/L
for fluoride-containing water in an effort to raise awareness of fluoride pollution [6]. China,
one of the most affected nations, has extensively distributed high fluoride groundwater
(up to 15.36 mg/L), as Luo pointed out, making it imperative to develop defluoridation
techniques [7,8].

Traditional treatment technologies such as ion exchange [9,10], precipitation, elec-
trodialysis [11], membrane filtration [12], and adsorption [13] have been applied in the
defluoridation process. Nevertheless, the aforementioned technologies have inherent draw-
backs, such as high implementation cost, high pH dependence, the possibility of secondary
contamination, and the presence of a substantial volume of residual sludge. Although
equipment for defluoridation has been delivered and technologies for enhanced removal ef-
ficiency have been developed, ensuring the safety of drinking water is an ongoing challenge
in the present day.

Comparatively, assumed as an environmental-friendly and sustainable technology,
adsorption has gotten considerable attention on account of its high efficiency, low cost
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of adsorbents, unsurpassed simplicity and no additional chemicals and energy require-
ments [14,15]. The common-used adsorbents are chitosan, zeolite, polymeric materials,
and activated alumina (AA) [16,17]. Although they have the capacity to diminish fluoride
concentration in aquatic water, few satisfactory results were received [18]. AA claimed
as a mainstream adsorbent has been utilized in groundwater treatment. Recently, mod-
ification of porous AA, as a new approach for fluoride removal use has been explored
by scholars [19]. By increasing the surface area, the functional group content, and the
pore structure through impregnation, the adsorption capability of AA might be boosted.
Manganese dioxide (MnO2) exhibited a specific large surface area, which can provide the
reaction with additional active sites [20]. Moreover, as a result of the great hydrophilicity
of manganese hydroxide (MnOOH), the hydroxyl oxide surface in an aqueous solution
becomes highly hydroxylated and hydrophilic. Among the three isomers (α-MnOOH,
β-MnOOH, γ-MnOOH), γ-MnOOH is the most stable and shows its excellent adsorption
performance [21]. Herein, manganese modified AA was selected upon the characteristics
mentioned above for fluoride removal [22].

Based on this, a promising adsorbent fabricated by manganese oxides impregnat-
ing had been applied in high fluoride medium, aiming to establish effective and stable
defluoridation ability. Integration with an analytical characterization of adsorbent, the
variations of element composition, functional group, and microstructure of MAA were
clarified. Furthermore, the obtained sample was subjected to adsorption kinetic and thermo-
dynamic experiments and fitted by the quasi-first-order model, quasi-second-order model,
film diffusion model, Boyd model, Langmuir kinetics model, Langmuir isotherm model,
and Freundlich model, respectively. A mechanistic description was also investigated to
understand the contribution of manganese oxides in the system.

2. Materials and Methods
2.1. Materials

Freshly activated alumina of 1–2 nm, sodium fluoride (NaF), ammonium ferrous sul-
fate ((NH4)2Fe(SO4)2·6H2O), Manganese chloride (MnCl2), hydroxylamine hydrochloride
(H4ClNO), ammonia (NH3·H2O) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China). Reagents (aluminum sulfate (Al2(SO4)3), manganese sulfate (MnSO4),
hydrochloric acid (HCl), phenanthroline (C12H8N2), ammonium acetate (CH3COONH4),
glacial acetic acid (CH3COOH) were supplied by Tianjin Kemiou Chemical Reagent Co.,
Ltd. (Tianjin, China). Purchased from Tianjin Damao Chemical Reagent Factory (Tianjin,
China) and America HACH company (Ames, IA, USA), Hydrogen peroxide (H2O2) and
SPADNS reagent were used in this study. Chemicals were all used as received and dissolved
in deionized water (resistivity of 18.20 MΩ·cm) to prepare experimental solutions.

2.2. Preparation of the Adsorbent

As Figure S1 showed, MAA was synthesized by the impregnation method. 30 g of
fresh AA particles (1–2 mm in diameter) were added into a beaker with 150 mL 0.05 mol/L
MnSO4 solution. The reaction lasted for 6 h in a magnetically coupled electric stirrer which
was set to heat up to 388 K at the speed of 145 r/min. Under continuous stirring, 5.1 mL
of 30% H2O2 were dipped into the system to generate manganese oxides. At this time,
the insoluble white cloudy manganese hydroxide was produced. Then, 75 mL of 25%
NH3·H2O was added to the mixture to produce a strong acid ammonium salt capable of
dissolving manganese hydroxide. Clearly, brown sediments were produced during this
synthetic process. The resultant MAA was dried and collected in the oven for 2 h at 373 K
and flushed with deionized water every 8 times. Ultimately, the resulting materials were
dried at 373 K for four hours before being cooled to room temperature. The adsorbent,
dubbed MAA, was prepared for further use.
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2.3. Characterizations of the adsorbent

Conforming to the Standard Test Method for Drinking Water (GB/T 57750-2006), the
concentration of fluoride was 1 mg/L. The concentration of fluoride ions and temperature
were detected and analyzed by fluorometric spectrophotometry and direct-reading method,
respectively. A scanning electron microscope (SEM, Hitachi, S-4800, Tokyo, Japan) was
used to observe the changes in the surface microstructure of the particles. The photomi-
crographs for each were recorded under the accelerating voltage of 5 kV and constant
temperature. Measured by Brunner Emmet Teller (BET, Autosorb-IQ2-MP, Quantachrome,
Boynton Beach, FL, USA), the pore parameters and surface area were computed. The pore
parameters were calculated using equation (P/P0 = 0.005–0.3), the total pore volume was
measured at P/P0 = 0.99 and the average pore diameter was computed by 4 Vt/St. The
frame structure and chemical compositions were detected by X-ray diffraction spectroscopy
(XRD, Spectris, Amsterdam, the Netherlands), which under the condition of tube voltage
40 kV, tube current 40 mA, radiation source Cu target, Ka ray, γ= 0.15406 nm, scanning
range 5–90◦ and scanning speed 5◦/min. The binding energy of the samples was analyzed
to evaluate the composition of the manganese element by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific Co., ESCALAB 250Xi, Shanghai, China), and the spectra
calibrated to the Mn 2p peak at 641.5 eV and 653.8 eV. A Fourier Transform Infrared (FT-IR,
Thermo Nicolet Corporation, NICOLET iS50, Waltham, MA, USA) spectroscopy of particles
was used at 400–4000 cm−1, and each was scanned 32 times to analyze infrared adsorption
spectroscopy in transmission mode.

2.4. Adsorption Studies

This test employed the configuration of simulated water samples. Initially, 0.2210 g of
NaF dried at 378–383 K for 2 h, 0.7020 g of (NH4)2Fe(SO4)2·6H2O and 0.2290 g of MnCl2
were dissolved in a specific volume of distilled water and fixed to 1000 mL, with the
concentration of each standard solution being 100 mg/L. To simulate real groundwater
with high fluoride, iron and manganese, 200 mL beakers holding 100 mL of simulated
laboratory solution with a specific quantity of standard solution were made. Then, the
solution was mixed with a certain amount of MAA for a predetermined contact time.
Experiments on a batch scale were conducted in an incubator at 120 rpm and a constant
temperature. The pH value was adjusted with 1 mol/L HCl or 1 mol/L NaOH in advance.
To ensure the reproducibility of the data, three parallel experiments were undertaken, and
error bars were also included in the image.

2.4.1. Adsorption Kinetics

Experiments on a batch scale were conducted in 200 mL beakers holding 100 mL of
simulated laboratory solution in an incubator at 120 rpm and a constant temperature. The
pH value was adjusted with 1 mol/L HCl or 1 mol/L NaOH in advance. To simulate real
groundwater with high fluoride, iron and manganese, the reaction solution was mixed with
a certain amount of MAA for a predetermined contact time. To ensure the reproducibility
of the data, three parallel experiments were undertaken, and error bars were also included
in the image. External mass transfer, internal mass transfer, and adsorption on active
sides, all consist of the adsorbate transfer processes [23]. This study employed two kinetic
classical models and three diffusion models, including the quasi-first-order model [24],
quasi-second-order model [25], film diffusion model [26], Boyd model [27] and Langmuir
kinetics model [28], to further discuss the rate-limiting procedure and the key kinetic
adsorption mass transfer step. The fluoride ions concentration was detected at certain
time intervals and the adsorption quantity (qt mg/g) representing adsorption ability was
calculated as the following equation:

qt = (C0 −Ct)V/w (1)



Water 2022, 14, 2673 4 of 15

where Ct (mg/L) and w (g) represent the concentration of fluoride ions at time t (min) and
the weight of the adsorbent. The mathematical expressions can be written as follows:

Quasi-first-order model:

ln
(
qe − qt

)
= ln

(
qe
)
−K1t (2)

Quasi-second-order model:

t/qt = 1/K2q2
e + t/qe (3)

Film diffusion model:
ln
(
1− qt/qe

)
= −K3t + A (4)

Boyd model:

F = qt/qe = 1− 6/n2
∞

∑
n=1

1/n2 exp
(
−n2Bt

)
(5)

Langmuir kinetics model:

dqt/dt = KaCt
(
qe − qt

)
−Kdqt (6)

where qt and qe (mg/g) are the amounts of fluoride adsorbed at time t and equilibrium,
respectively. K1 (1/min) and K2 (g/mg·min) are the rates constant of the quasi-first-order
equation and quasi-second-order equation. K3 (1/min) and A are the liquid film diffusion
constants. F is the fractional achievement of equilibrium, and time t and Bt are mathematical
functions of F. As for Ka (L/mg·h) and Kd (h−1) are the adsorption and desorption rate
constants, respectively.

2.4.2. Thermodynamic Study

The conventional Langmuir and Freundlich isotherm models were mentioned and
evaluated in order to discuss the effect of temperature on MAA. The mathematical expres-
sions are displayed in accordance with the following formula:

Langmuir isotherm model:

qe = KLqmaxCe/(1 + KLCe) (7)

Freundlich isotherm model:

ln
(
qe
)
= ln(KF) + ln(Ce)/n (8)

where qD (mg/g) is the maximum fluoride adsorbed, Ce is the concentration of adsorbent
at equilibrium and KL (J/mol) is the constant of the Langmuir isotherm model.

The thermodynamic parameters, Gibbs free energy change (∆Go), enthalpy change
(∆Ho), and entropy change (∆So) were calculated to expound the interaction of MAA and
fluoride ions. The mathematical expressions were detailed as follows:

∆G = −RTlnKd (9)

lnK = ∆S/R− ∆H/RT (10)

ln(1/Ce) = −∆H/RT + lnK0 (11)

where Kd obtained from the Langmuir model, represents the adsorption equilibrium
constant. R is the universal Gas constant value of 8.314 J/(mol·K), and T is the temperature
(K). The available values of ∆H and ∆S severed as the slope and intercept from a linear plot
between lnk versus 1/T.
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2.4.3. Effect of Coexisting Ions

The common-existed anions (e.g., chloride, carbonate, bicarbonate, phosphate, and
nitrate) that could be in groundwater, may affect the fluoride removal effectiveness. Due to
their electronegative nature, the adsorption of fluoride may be impeded by the anions indi-
cated. Determining the interference effect of these co-existing ions is therefore critical. The
prepared concentration of ions with sodium salts ranged from 0 to 300 mg/L, respectively.

3. Results and Discussion
3.1. Characterization of the Adsorbent

To explore the morphology changes of the adsorbent during the modification process
(as Figure S1 showed), SEM images of AA and MAA were captured. Significantly, as
depicted in Figure 1a, accumulated impurities and bulks heaped up in the present structure
of fresh AA led to the immature pore structure. Compared to Figure 1b, the surface of
the changed particles exhibited significant alterations. Partial impurities were removed
that changed the rough surface of AA. In the meantime, a certain number of pore channels
uniformed and broadened, which may result in an increased defluoridation potential [29].
Especially, convex spinous structure occurred which further demonstrated the successful
introduction of manganese oxides.
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Figure 1. SEM image of fresh alumina (a), MAA (b).

BET tests were also conducted to manifest the pore parameters of the adsorbent. The
possessed pore diameter and surface area of nascent AA were approximately 0.434 nm
and 287.259 m2/g, respectively (Table S1). After the impregnation process, the pore size
was slightly diminished to 0.377 nm with certain manganese oxides clogged, while the
average surface area was elevated to 295.599 m2/g. The enlarged specific surface area
facilitated the exposure of adsorption sites and benefited from fluoride removal. As
described in Figure 2, the plots of N2 adsorption-desorption isotherm with parallel trends
were discussed. According to the standard of IUPAC, the nature of the isotherm curve
for both the samples were belong to type IV with an H3 hysteresis loop. Implied that the
particle size of the adsorbent was irregular [30]. These detected results confirmed that the
impregnation process induces minute alterations in frame structure.

The results of frame structure and elemental composition upon XRD analysis of fresh
AA, and MAA were given in Figure 3a. As compared through the spectra, the crystal
structure of the adsorbents was similar, barely with any changes on it. The sharp diffraction
peaks were detected by the emerged (2 2 0), (3 1 1), (2 2 2), (4 0 0) (Al2O3) for both
adsorbents were compatible with current literature values JCPDS No.29-0063. Furtherly,
new characteristic peaks at (1 0 1), (2 1 1), (1 4 1) (JCPDS No.74-1842) and (1 1 0), (1 0 1),
(2 2 0), (3 1 1) (JCPDS No.72-1984), corresponding to γ-MnOOH and MnO2, respectively.
It revealed that the major oxides of fresh AA were Al2O3 and manganese compounds
successfully loaded on the surface of the modified samples following impregnation.
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Using XPS analysis, the chemical composition of the modified particles was further
investigated. As shown in Figure 3b, Al 1 s, C 1 s, O 1 s, along with Mn 2p were detected in
survey scan spectra with peaks located at 80 eV, 293 eV, 537 eV, and 660 eV, respectively. As
pointed out in Figure 3b, the binding energies of Mn 2p in MAA were mainly peaked at
641.5 eV and 653.8 eV, respectively, which assigned to MnOOH and MnO2. The presence
of two divided bands indicated the loading of manganese species, and the coexistence
of MnOOH and MnO2 was the primary factor that facilitated the adsorption procedure.
Meanwhile, the content of MnOOH and MnO2 were accounting for 48.67 and 51.33%,
which further validated the XRD analysis results.

The FT–IR spectrum of the adsorbent was illustrated in Figure 3c to explore the changes
in chemical groups during the adsorption procedure. Peaks at 3450 cm−1, 1630 cm−1, and
542 cm−1 were found and further verified as characteristic peaks for −OH stretching
vibration, water molecules bending vibration, and the combination of Al-O and Mn-O
bonds, respectively. Especially, the intensified peak at 3450 cm−1 of fluoride adsorbed AA
was ascribed to introducing manganese oxide, which increases the content of hydroxyl
groups. Moreover, in spectra of depleted MAA, the intensity of water molecules bending
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vibration increased distinctly at the peak of 1630 cm−1. This consequence proves that
hydroxyl compounds have been substituted which was considered to be ion exchange
interaction. Located at 542 cm−1, was identical to the combined stretching vibrations of
Al-O and Mn-O. A step further, no significant variations of peak location appeared in
the adsorption process, suggesting that no other chemical groups were generated and
presumably be electrostatic adsorption.

3.2. Comparison of Fresh Adsorbent with MAA

Compared to fresh AA that was washed with deionized water, the adsorption capacity
of impregnated MAA for fluoride ions was astronomically higher. As demonstrated in
Figure 4, the MAA particles exhibited a distinct increase in adsorption capacity by 29% as
compared to the control. On the basis of SEM and BET, the improvement of the structure of
pore nature and increased specific surface area both took effects the adsorption process.
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3.3. Effect of Parameters on Fluoride Removal
3.3.1. Effect of Competing for Co-Existing Anions on MAA

To simulate real groundwater, the adsorption selectivity of MAA towards fluoride
ions was investigated in the presence of ubiquitous anions. Different anionic strengths
from 0 to 300 mg/L were employed in the experiment. As demonstrated in Figure 5a, the
removal efficiency of fluoride all declined to varying degrees compared to the absence of
anions in the system. Among them, phosphate had the strongest hindrance to fluoride
adsorption performance whereas chloride, carbonate, and nitrate showed a slight decrease
in fluoride efficiency of MAA. When phosphate ions upgraded from 0 to 300 mg/L, the
percent fluoride removal decreased sharply from 73.81 to 17.37%. On one hand, excessive
PO4

3− exhibited stronger affinity with adsorption active sites on the surface of MAA and
would cause adsorption competition with F−, for another hand, higher negative charge
density of trivalent anion may decrease the number of adsorption sites. The adverse effect
of competing anions on defluoridation, by and large, was in the sequence of PO4

3− >
CO3

2− > HCO3
− > Cl− > NO3

−.
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3.3.2. Effect of Contacting Time on MAA

Figure 5b illustrated the effect of reaction time on fluoride removal by the modified
particles. As anticipated, the amount of fluoride adsorbed enhanced with further increment
in the contacting time. This could be explained by the unsaturated adsorbent reaching
equilibrium of adsorption. Comparatively, in the initial stage, the slope had the highest
value, and further increase of time to 8 h would lead to a distinct drop, with the slope
reaching its lowest point at 12 h. The mentioned results may be largely attributable to
the diffusion route of the adsorbate enormously, which began with the external diffusion
process, continued with the internal diffusion process, and concluded with the active site
adsorption phase. The observed phenomenon of manganese oxide leaching in a solution
of strong acid cannot be disregarded. It has been noticed that manganese oxides began to
leach below pH 4 when a long contacting time was chosen (>24 h) and can be summarized
as the reaction of MnOOH with hydrogen ions, as shown in Equation (12) [31].

2MnOOH + 2H+ = Mn2+ + MnO2 + 2H2O (12)

3.3.3. Effect of Temperature on MAA

As one of the most essential adsorption parameter factors, temperature was chosen
for relevant experiments. Provided in Figure 5c, was the effect of temperature on MAA.
In the selected range of 298–318 K, the removal efficiency increased steadily, which was
mainly due to the heat-adsorption reaction on MAA.

3.3.4. Effect of Initial pH on MAA

Regarded as the significant factor driving the removal efficiency of fluoride, the
relevant experiment was performed. Chen indicated that in a strong acid medium (pH was
set below 2) HF will generate a to obstacle the adsorption process [6]. Herein, in this work,
different pH values ranging from 3 to 10 were set. As displayed in Figure 5d, the adsorption
process was extremely highly pH-dependent and the preferable removal effect, i.e., 59.18%,
was reached after 2 h of reaction at a pH of 4. Meanwhile, the modified AA exhibited a
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wide effective pH range, with maximum percent removal varying from 29.02% to 59.18%.
The wide range of applicable pH indicated that MAA could be effectively severed as a
novel adsorbent for the removal of fluoride from polluted groundwater. Ranged from
3–4 of pH value, adsorption capacity manifested an obvious rise. According to Bingcai
Pan [32], on the one hand, free fluoride ions were insufficient to exchange with Hydroxide
ions at lower pH, on another hand, a 10-fold concentration of chloride ions would induce a
stronger anion competition effect with fluoride. Apparently, on increased pH value from 5
to 9, the adsorption capacity of fluoride decreased steadily. This could be attributed to the
competition of excess OH− ions and negatively charged fluoride ions, which weakened
the interaction of electrostatic forces. Considering the manganese leaching under acidic
conditions, the performance of adsorption at pH 5 was investigated further.

3.4. Kinetic Modeling

Under different circumstances, the adsorption kinetics specified the rate of retention
or released of the adsorbate from the aqueous solution to the solid phase interface [33].
Using batch experiments, the adsorption mass transfer kinetic, which was governed by
external diffusion, internal diffusion, and adsorption on active sides, was investigated.
Corresponding to the typical concentration of high-fluoridated groundwater, 3, 6, and
12 mg/L of contaminant polluted were selected for further kinetic discussion. As depicted
in Figure 6a, a comparison of adsorption dynamic data revealed a similar upward trend.
The adsorption process on MAA was time-limited, as the rate of fluoride adsorption
reached its maximum value at an early stage and then gradually decreased until it reached
solid-liquid equilibrium as time progressed. Especially, the adsorption capacity increased
rapidly in the initial stage (0–600 min) which was mainly governed by external diffusion.
Subsequently, from 600 min to 1500 min, the adsorption rate slowed down. This could
be attributed to the fact that MAA was gradually covered by fluoride ions, particularly
at active sites and pores, a phenomenon referred to as internal diffusion of the adsorbate.
Then, in the final age, a low velocity was confirmed owing to the progressive occupation of
a specific number of active sites. The adsorption reaction tended to be stable, that is to say,
the adsorption came to an equilibrium state.

3.4.1. Quasi-First-Order Model and Quasi-Second Model

The quasi-first-order kinetic model was established to evaluate the adsorption reaction.
In addition, Guo pointed out that the requirements for the quasi-first-order model were:
(1) high initial concentration of the adsorbate; (2) application of the initial adsorption stage;
and (3) the presence of a small number of active sites on the adsorbent [23]. Thus, as
represented in Figure 6b, the experimental data of the kinetic study were fitted by the
quasi-first-order model (Equation (2)) from 0 to 540 min. The regression coefficients R2

corresponding to 6 and 12 mg/L of fluoride initial concentration were 0.9974 and 0.9992 as
evaluated. As summarized in Table S2, parameters qe and K1 were calculated by plotting
ln(qe − qt) versus t. To a step further, the values of K1 were used to describe the ratio
of fluoride removal. The calculated parameters expounded that during the adsorption
process, some fluoride ions passed through the orifice and diffused into the pores of MAA.

The quasi-second-order adsorption rate of modified AA was calculated based on
Equation (3) and the results were manifested in Figure 6c. As Guo suggested, the quasi-
second-order model should be fitted under conditions of low initial concentration of the
adsorbate, the abundance of active sites, and the final stage of adsorption [23]. Additionally,
Mahmoud et al. pointed that there was a significant relationship between quasi-second
order in adsorption capacity and effective active sites [34]. Figure 6c demonstrated that the
quasi-second-order model could perfectly describe the entire defluoridation process, which
was consistent with the previous studies [35]. The parameters of the quasi-second-order
model were presented in Table S2. It is worth noting that high R2 values based on 3, 6,
and 12 mg/L of initial fluoride were 0.9993, 0.9994, and 0.9998, respectively, which were
higher than that of the quasi-first-order model. Additionally, the expressed parameter of
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K2 was calculated. In comparison with K1, the higher K2 indicated that the adsorption
on MAA followed second-order kinetics better. Therefore, the modified AA had a large
number of active sides and some fluoride ions adsorbed owing to the fluoride-hydroxyl
exchange reaction.
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3.4.2. External Mass Transfer Process

The external diffusion process of MAA on fluoride adsorption was examined by
kinetic experiments. This behavior referred to the diffusion of adsorbate from solution to
the liquid film surrounding the adsorbent to reach the external surface of the MAA particles,
corresponding to the highest slope in the initial stage of Figure 6a. Ahmed verified that
the main step limiting the rate of adsorption was external diffusion when the linear curve
of ln(1 − qt/qe) versus t passed through the origin [26]. Thus, the film diffusion model
(Equation (4)) was fitted, and the plot was depicted in Figure 6d. Meanwhile, the calculated
parameters R2, A, and K3 were listed in Table S2. Noted that all the fitting curves did
not pass through the original point and R2 were 0.9620, 0.9655, and 0.9757, respectively.
The above results revealed that the selective-limiting step was not the external diffusion



Water 2022, 14, 2673 11 of 15

and there existed other transport pathways controlling the adsorption performance to
reach equilibrium.

3.4.3. Internal Mass Transfer Resistance

Boyd developed a rate equation based on the assumption that the diffusion of adsor-
bate within the adsorbent controls the rate [27]. To determine the effect of intraparticle
diffusion of adsorbate, the Boyd model was used to fit the kinetic data (Figure 6e). The
linear form of Equation (5) could be simplified as:

Bt = −0.4977− ln(1− F) (13)

Then, the curve of Bt versus t was plotted for each qt value. If this plot is a straight
line and goes through (0, 0), the internal mass transfer will be the primary rate-controlling
step. Nevertheless, the curve avoided the point of origin and the R2 values were 0.9877,
0.9767, and 0.9756, respectively. Thus, it is reasonable to conclude that the overall rate is
not only affected by internal diffusion.

3.4.4. Adsorption onto the Active Sites

The Langmuir kinetics model was adopted to investigate the step of adsorption on
active sites, as described in Figure 6f. The model assumes that the diffusion is negligible,
and the slowest step of adsorption is onto active sites. As shown in Table S2, parameters
R2 (0.9623, 0.9809 and 0.9918) were estimated. Values of determination coefficient R2 were
higher than either film the diffusion model or Boyd model, suggesting that the Langmuir
kinetics model gave a better fit. The preceding studies demonstrated that adsorption onto
active surfaces played the dominant role.

3.5. Isotherm Modeling

To explore the mechanism of temperature on the defluoridation of MAA, the isotherm
behavior of MAA was fitted by Langmuir and Freundlich isotherm models, which was
helpful to further investigate the effect of adsorption, nature of adsorbent, and the behavior
of fluoride removal. Figure 7 showed the higher R2 values of the Langmuir model indicated
that the adsorption isotherm was more of a Langmuir fit rather than Freundlich. In addition,
Mahmoud pointed that the Langmuir adsorption isotherm was proportional to the number
of active sites on the adsorbent throughout the adsorption process [33]. The above result
further verified that the removal of fluoride ions was mainly the result of single-layer
adsorption, active sites played the dominating role in the whole process and the theoretical
maximum adsorption capacity reached 1.97 mg/g.
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The obtained thermodynamic qualities were examined to further discuss the mecha-
nism of adsorptions using Gibbs free energy change (∆G), enthalpy (∆S), and entropy (∆H).
Given in Table S3 were the values of the parameters mentioned above. The negative ∆G
assumed the adsorption process was spontaneous. To a step further, the positive values
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of ∆S and ∆H for fluoride adsorption indicated the endothermic behavior, which, along
with the enhanced randomness at the solid-liquid interface, suggested that the higher
temperature favored the degree of adsorption and that the spontaneity was owing to the
increase in entropy.

3.6. Effect of MAA on Fluoride Removal

The observed adsorption preference of MAA toward fluoride ions can be extrapolated
based on characteristic features. Briefly, the adsorption process may be the reason for
electrostatic attraction and ion exchange. When in the acidic medium, MAA inevitably
absorbed water molecules which occurred surface hydroxylation and lead to the surface
of MAA electropositive [14]. Then, the surface hydroxyl group was protonated based on
XRD and FT-IR. Concurrently, the released hydroxyl caused the pH to rise. Simultaneously,
MnOOH was reduced to Mn(OH)2. Due to the comparable ionic radius of the hydrate,
fluoride is swapped with hydroxyl groups. In the adsorption process, by and large, one
is the negatively charged fluoride bound to the positive surface by electrostatic force
(Equation (14)), and the other is fluoride ion exchanged with hydroxyl groups due to the
similar hydrated ionic radius (Equations (15) and (16)).

AlOH + H2O−H+ + F− = AlOH−H+F− + H2O (14)

(Al2O3)nMnOOH + H2O→ (Al2O3)nMn(OH)2OH (15)

R(Al2O3)nMn(OH)2 + 2F− → R(Al2O3)nMnF2 + 2OH− (16)

3.7. Comparison to Literature

In a comparison of various adsorbents used for the removal of fluoride ions, it was
found that: (1) MAA has a relatively high adsorption capacity and a short adsorption
equilibrium period. The maximum Langmuir calculated adsorption capacity of MAA
(1.81 mg/g) prepared in this work was found to be higher than that of our previously
fabricated [35] (1.45 mg/g) with 12 h of shorter contact time to reach equilibrium state
under conditions of 298 K; (2) MAA performed well throughout a wide pH range, with
the maximum removal rate decreasing by just 30% when the pH was adjusted from 3 to 9.
In contrast, when the pH was changed from 6.7 to 9, the efficacy of fluoride removal from
lanthanum-impregnated chitosan [36] dropped by about 75%. Additionally, the fluoride
removal rate rapidly decreased when the pH of sawdust impregnated ferric hydroxide
and activated alumina (SFAA) was increased above 7 [37]. (3) Additionally, manganese
modified activated alumina was cost-effective in fluoride treatment. The following was a
breakdown of the cost effectiveness of several fluoride removal adsorbents.

Cost of per kg of activated alumina = 0.59–1.33 USD/kg
Cost of per kg of chitosan = 13.35–14.83 USD/kg
Cost of per kg of coconut shell activated carbon = 1.26–1.63 USD/kg
Cost of per kg of red mud = 2.22–2.67 USD/kg

Consequently, it was plausible to believe that MAA was a promising fluoride re-
moval adsorbent.

3.8. The Performance of MAA in Real Water

Despite the fact that activated alumina may efficiently lower the concentration of
fluoride ions in drinking water, there are still several restrictions on the practical imple-
mentation of this technology, such as an unstable fluoride removal effect. Therefore, in this
experiment, manganese-modified activated alumina was applied to fluoride-rich ground-
water in order to evaluate its efficacy as a treatment agent. As shown in Figure 8, the
fluoride removal rate of MAA could fast reach 53.51% after 2 h of contact, but AA’s fluoride
removal rate was only 20.18% at the same time. After 8 h, the fluoride removal rate of
MAA could reach 70.18% nearly twice that of AA. From the test results, it can be shown
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that both the adsorption rate and adsorption quantity increased significantly following
the impregnation.
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Figure 8. Comparison of fluoride removal effect on fresh AA and MAA in real contaminated water.

Reaction conditions: [Fluoride concentration]0 = 4.5 mg/L, [Adsorbent dosage] = 7 g/L,
pH0 = 4.18 and T = 298 K.

4. Conclusions

This paper has shown that manganese impregnation provided a novel approach to
fabricating the modified adsorbent, and the findings demonstrated that MAA possessed a
remarkable accelerated adsorption capacity, resulting in a nearly 30% increase in fluoride
removal efficiency compared to the control. The adsorption kinetics was convinced to
follow the quasi-second-order model that assumed the adsorption process as physical.
The defluoridation kinetics on MAA was better described by the quasi-second-order and
Langmuir kinetics model, which illustrated that the adsorption on active sides played
a crucial part. Langmuir isotherm model gave a better fit of thermodynamics data and
the theoretical maximum adsorption capacity reached 1.97 mg/g. The preceding data
suggested that the adsorption process was spontaneous and endothermic. According to
XRD, the increased fluoride adsorption capability was attributable to the incorporation of
MnO2 and γ-MnOOH onto the surface of AA. Electrostatic attraction and ion exchange
effect were deduced to contribute to the fluoride removal accordingly. Overall, MAA is
a promising tool for fluoride removal and was a promising adsorbent that can offer a
reference for groundwater treatment.
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