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Abstract: Phosphorus pollutants are a crucial component of water eutrophication. In this study,
montmorillonite modified by Keggin Al13 and hexadecyltrimethyl ammonium (Al13-O-MMt) was
used as an adsorbent to remove phosphorus from solutions and thus simulate the practice of a
field trial, such as in wastewater. The ammonium molybdate spectrophotometric method was used
to determine the concentrations of phosphorus in samples. In the batch experiment, phosphorus
was adsorbed by original montmorillonite (MMt) and Al13-O-MMt at various pH values (6–9) to
identify the effect of pH during the adsorption process. The batch adsorption results demonstrate
that Al13-O-MMt can adsorb up to 93% of phosphorus at pH = 8. Six graduated amounts (0.01–0.25 g)
of montmorillonite were tested at three different temperatures to determine the most suitable temper-
ature and the minimum dosage of Al13-O-MMt needed for the adsorption of 200 mg/L phosphorus
in a 30 mL solution, which was 0.1 g at 25 ◦C. Therefore, the adsorption capacity of Al13-O-MMt was
found to be 60 mg/g. Subsequently, a column experiment was conducted. The results showed that
the optimized dosage of Al13-O-MMt was 6.667 g for phosphorus adsorption with a concentration of
200 mg/L in 2000 mL solution, and the breakthrough time was 4794.67 min.

Keywords: column adsorption; modified montmorillonite; phosphorus; batch adsorption

1. Introduction

Montmorillonite is a soft clayey water-absorbent mineral. It is a hydrous aluminum sil-
icate with perceivable layers and sheets, with the general formula of (Na,Ca,K)x+y(Siy−xAlx)
(Al2−yMgy)·O10(OH)2, where x = 0.05–0.45 and y = 0.05–0.65. Each layer is composed of two
types of structural sheets: octahedral and tetrahedral [1,2]. A unit of montmorillonite con-
tains two tetrahedral layers and an octahedral layer between these two tetrahedral layers.
They are turned towards each other by similarly charged oxygen layers, so as to stabilize
the aluminum (magnesium)–oxygen–hydroxolayers by the van der Waals forces [3,4].

Montmorillonite possesses good adsorption and cation exchange capacity (CEC). The
Si4+ in the tetrahedral layers can be replaced by Al3+, and Al3+ in the octahedral layers in
montmorillonite can be replaced by Zn2+, Mn2+, Li+, or Fe3+ to form interlayer negative
charges [5]. The negative charge is balanced by potassium and sodium ions outside the lay-
ered structure. Ions, water, and salts can enter and leave the interlayer of montmorillonite
under environmental conditions [6,7]. In this way, inorganic and organic montmorillonite
complexes are formed. A modified adsorbent with a good adsorption effect can be pre-
pared based on the porous property of montmorillonite after modification by anions or/and
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cations through cation exchange on the surface or interlayer and intercalation of organic
compounds into the interlayer. Additionally, montmorillonite has been adopted as a good
adsorbent on account of the existence of different types of active sites located on its surfaces,
such as ion-exchange sites, Lewis acid sites, and Bronsted sites [5,8]. The efficiency and
effectiveness of the adsorbent are the key factors in adsorption techniques [9]. However,
untreated montmorillonite does not effectively remove targeted pollutants during wastew-
ater treatment processes due to the extremely strong hydrophilicity of the silica structure
on its surface and the hydrolysis of interlayer cations; thus, its adsorption performance
should be improved by modification [10–12].

Studies have revealed that modification has a certain effect on the adsorption capacity
of montmorillonite [13–15]. Nie et al. performed an XRD analysis of C12 alkyl polyglycolide
quaternary ammonium-modified montmorillonite, suggesting that as the interlayer spacing
increased, the number of exchangeable ions between the montmorillonite layers increased,
and the specific surface area decreased compared to that of untreated montmorillonite [10].
Jang et al. reported that with an increase in hexadecyltrimethyl ammonium (HDTMA),
the specific surface area of the modified montmorillonite decreased and the number of
effective sites available for Cr(VI) adsorption also decreased, weakening the strength of
purely physical adsorption; meanwhile, the surface electrical properties of the modified
montmorillonite changed from negative to positive, reflecting that electrostatic adsorption
was enhanced for anionic pollutants [16].

Notably, the pH value of the solution may affect the removal efficiency since the surface
charge density of montmorillonite changes with the ionization of adsorbate species [17–21].
Wang et al. found that the impacts of pH on adsorption of U(VI) on Na-MMt and OH–
Al-MMt were greatly dependent on pH, and the amount adsorbed decreased with the
increase in the pH from 4.0 to 8.0 [22]. Rezala et al. showed that OH-Al-MMt adsorption
indicated that the removal of methylene blue dye increased with an increase in the pH,
up to a pH of 8 in solution. However, the methylene blue uptake capacity did not change
from pH 8 to 10 [23]. Furthermore, temperature variation influences the adsorption rate
of modified montmorillonite [24–28]. Wang et al. demonstrated that the amount of the
herbicide paraquat adsorbed by montmorillonite increased with a decreasing adsorption
temperature in a physical exothermic adsorption process [29]. On the contrary, Manohar
et al. discovered that an increase in temperature could lead to an increase in the retention
effect of metal on clay, presenting an endothermic reaction [30]. pH and temperature were
two key factors used to discern the adsorption mechanism between the adsorbate and
the adsorbent in the above adsorption experiments. In previous studies focusing on the
adsorption abilities of modified MMt, batch adsorption has been a common method for
studying the amounts of different pollutants adsorbed by modified MMt [31–33]. Batch
adsorption is mostly conducted in the laboratory, making it difficult to apply in industrial
wastewater treatment [34–37]. Therefore, the design of a column adsorption facility is a
necessary procedure that can be applied towards actual industrial water and wastewater
treatments [38–41].

It has been reported that the total phosphorus discharge in China was 0.54 million tons
in 2015, according to statistics [42]. Most inlet phosphorus concentrations for wastewater
treatment plants (WWTPs) in China are in the range of 5-20 mg/L [43–45]. High concentra-
tions of phosphorus in water cause damage to the ecosystem and even to human health.
Phosphorus discharge can lead to skin inflammation in humans and eutrophication in the
water system [46–49]. Therefore, the adsorption of phosphorus via the increased adsorba-
bility of modified montmorillonite has been applied as a solution to this problem [50–52].

This study aims to reveal whether modified montmorillonite has an excellent ad-
sorption efficiency for phosphorus in batch and column adsorption experiments. The
optimal conditions of phosphorus adsorption were investigated by studying the effects
of pH, concentration of phosphorus, temperature, and adsorbent dosage on phosphorus
adsorption efficiency. In addition, an elution column was used to conduct a column ad-
sorption experiment to determine the breakthrough time. Furthermore, XRD analysis was
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used to study the changes in the interlayer structure of the modified MMt before and
after batch and column adsorptions to further confirm the enhancement of phosphorus
adsorption resulting from interlayer variations in modified MMt. The results of this study
may provide a new solution for the removal of phosphorus in factory sewage, as well as a
waste-utilization methodology for the application of montmorillonite mineral-containing
waste materials to fabricate environmentally friendly adsorbents.

2. Materials and Methods
2.1. Material and Chemicals

The montmorillonite used was purchased from the high-purity clay mineral sample
library (highly pure clay mineral >95%). The AlCl3 and Na2CO3 used in the modification
of montmorillonite are AR grade and they were purchased from Damao Chemical (Tianjin,
China) and Guangfu Technology Development Co. Ltd. (Tianjin, China), respectively.
The reference code used for the XRD pattern of MMt was PDF#13-0135. Monopotassium
phosphate (MKP) and ammonium chloride solution, which are AR grade, were obtained
from Xilong Scientific (Foshan, China) and Damao Chemical (Tianjin, China), respectively.
Potassium persulfate and sodium molybdate (Baishi Chemical, Tianjin, China) were em-
ployed to prepare the phosphorus stock solution. Ascorbic acid (AR grade) was purchased
from Xilong Scientific (Foshan, China) for the purpose of detecting the concentration of
phosphorus in the samples.

2.2. Preparation of Modified Montmorillonite

Firstly, the Keggin Al13 complex was synthesized, following the procedure reported
by Ma et al., 2016 [53]. To synthesize the Keggin Al13 complex, 400 mL of 0.5 M Na2CO3
was added dropwise into 960 mL of 1.0 M AlCl3 solution in ultrapure water at 60 ◦C
with magnetic stirring for 12 h and aging at 60 ◦C for 24 h. For simultaneous adding of
the modifier, 1.0 CEC (the CEC of MMt is 113 mmol/100 g, using a hexamminecobalt
trichloride solution) hexadecyltrimethyl ammonium (HDTMA) was added into the Keggin
Al13 complex solution to obtain a solution with two modifiers. Then, the modification
of MMt was accomplished by adding 40 g of MMt to the modifier solution and mixing
at 25 ◦C for 24 h, followed by an aging process at 60 ◦C for 24 h. Afterward, the excess
modifying solvent was washed off using DI water and centrifuged at 6000 rpm to obtain a
solid cake. After being dried at 80 ◦C for 15 h, modified MMt was obtained. The sample
was ground into fine particles and passed through a 200-mesh to obtain the samples with a
0.074 mm size. The sample was named Al13-O-MMt.

2.3. Preparation of Phosphorus Stock Solution

Using the ammonium molybdate spectrophotometric method (GB 11893-89,1989),
0.2197 g of monopotassium phosphate (KH2PO4) was dissolved in DI water after being
dried for 2 h at 105 ◦C. Then, 5 mL of 50% sulfuric acid was added and the volume of the
solution was increased to 1000 mL using DI water.

2.4. The Morphology of MMt and Al13-O-MMt as Characterized by Scanning Electron
Microscope (SEM)

A ZEISS EVO18 scanning electron microscope (SEM) was used to investigate the
morphologies on the surfaces of MMt and Al13-O-MMt. Before the investigation, the
samples were plated with gold to enhance their conductivity.

2.5. Batch Adsorption of Phosphorus by Al13-O-MMt
2.5.1. Experiment Regarding the Effect of pH on Phosphorus Adsorption

In this batch adsorption experiment, both Al13-O-MMt and original montmorillonite
(MMt) were used as adsorbents to adsorb phosphorus in solutions at different pH values
to reveal the most suitable adsorbent as well as the best adsorption efficiency. Specifically,
0.3 g of Al13-O-MMt or MMt was weighed into a 50 mL centrifuge tube. According to the
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integrated wastewater discharge standard (GB8978, 1996), phosphorus solutions at pH 6, 7,
8 and 9 were adjusted using 0.1 M hydrochloric acid or 0.1 M sodium hydroxide to simulate
wastewater at different pH values. Then, 30 mL of 2 mg/L phosphorus standard solution
was added into each centrifuge tube. Finally, all samples were placed in a shaker (TY-80A/S,
Ronghua Ltd., Changzhou, China) at room temperature. After being shaken at 150 rpm
for 24 h, the supernatant of each sample was filtered through a 0.45 µm syringe filter
membrane (MCE, Jinteng, Tianjin, China) into a colorimetric tube. The concentration of
phosphorus in the colorimetric tube was determined following the ammonium molybdate
spectrophotometric method (GB 11893-89, 1989). The adsorption efficiency of phosphorus
onto Al13-O-MMt was calculated by the following equation:

R% =
C0 − C

C0
× 100%, (1)

where R% is adsorption efficiency, %, and c0 and c are the initial and equilibrium concentra-
tions of solute in solution, mg/L, respectively.

2.5.2. Experiment Regarding the Effect of Concentration on Phosphorus Adsorption at
Different Temperatures

In this experiment, eight concentration gradients of phosphorus solutions (2, 5, 10, 20,
50, 100, 150, and 200 mg/L), at 30 mL each, were added to centrifuge tubes with 0.3 g Al13-
O-MMt. The pH of each solution was adjusted to 8 to maximize the adsorption capacity
as obtained from the experiment on the effect of pH. Then, the solution in the centrifuge
tubes was shaken at 150 rpm on a shaker for 24 h at the three temperatures of 25, 35, and
45 ◦C. Triplicate samples were conducted in the experiment. The adsorption efficiency was
determined with the method described in Section 2.5.1.

2.5.3. Experiment Regarding the Effect of Adsorbent Dosage on Phosphorus Adsorption

Six dosage gradients of Al13-O-MMt with 0.01, 0.05, 0.1, 0.15, 0.2, and 0.25 g were
prepared in the centrifuge tubes. Then, 30 mL of 200 mg/L phosphorus solution with
pH equal to 8 (the maximum initial concentration of phosphorus with 95% adsorption
efficiency, based on the results from the experiment on the effect of concentration) was
added into the centrifuge tube containing Al13-O-MMt. Then, the solution was shaken at
150 rpm on a shaker for 24 h. The adsorption efficiency was determined using the method
mentioned in Section 2.5.1.

2.6. Column Adsorption Experiment in Elution Column

In the column adsorption experiment, Al13-O-MMt adsorbent was used to treat
2000 mL of 200 mg/L phosphorus. As the results in the experiment on the effect of adsor-
bent dosage on phosphorus adsorption indicate that the optimal dosage of Al13-O-MMt is
0.1 g for the adsorption of 30 mL of 200 mg/L phosphorus, as was demonstrated in the
batch adsorption experiment, the amount of Al13-O-MMt used in the column experiment
could be calculated as follows:

Amount =
total amount of phosphor in aqueous solution

adsorbed amount of phosphor by per g of Al13 − O − MMt

Amount =
200 mg

1 L × 1 L
1000 mL × 2000 mL

200 mg
1 L × 1 L

1000 mL×30 mL
0.1 g

≈ 6.667 g

A total amount of 6.667 g Al13-O-MMt was then weighed and placed in the column
to treat 2000 mL of 200 mg/L phosphorus solution at pH 8. A 0.45 µm filter membrane
(Jinteng, Tianjin, China) was placed at the bottom of an elution column (Huida Laboratory
Consumables, Chongqing, China).



Appl. Sci. 2022, 12, 5703 5 of 14

Next, 6.667 g of Al13-O-MMt was packed into the empty elution column and con-
nected to a constant flow pump (KSP-F01A, Kamoer, Shanghai, China) with a flow rate of
0.417 mL/min (Figure 1). Afterwards, 200 mL of the phosphorus solution (200 mg/L) was
added and drawn evenly across an 8 h period per day. The experiment spanned 12 days
(2000 mL in 10 days was obtained from the prediction in the batch experiment, 400 mL
in 2 days was used for error detection), and a total of 2400 mL of 200 mg/L phosphorus
solutions was loaded into the column to ensure that the adsorbent was saturated. The
operation duration for each day was 8 h. Moreover, 200 mL of sample was collected each
day, and 12 samples were collected at the end of Al13-O-MMt adsorption after 12 days. The
same method (GB 11893-89) as that used in the batch adsorption experiment was applied
to determine the concentration of phosphorus in a daily sample of this column experiment.

Figure 1. Column adsorption device for removal of phosphorus. A indicates the prepared phosphorus
solution, B represents the elution column filled with Al13-O-MMt, and C denotes the solution after
treatment from Al13-O-MMt.

2.7. Calculation of Breakthrough Time

The Thomas model is widely used to describe in-column performance, assuming that
the adsorption process is managed by the mass transfer processes at the interphase species
and is not limited to the chemical reaction between the substrate and adsorbent [54]. This
model is expressed as:

c
c0

=
1

1 + exp
(

kTHq0x
v − kTHC0t

) (2)

where c0 and c (mg/L) are the initial and equilibrium concentrations of solute in solution,
respectively; q0 denotes the adsorption capacity (mg/g); kTH indicates the Thomas rate
constant (mL/min·mg); x represents the quantity of montmorillonite used in the column
experiment; v is the flow rate; and t designates the breakthrough time needed by the
experiment [16].

2.8. Analysis for Further Confirmation of Phosphorus Adsorption

X-ray diffraction (XRD) was performed to further confirm phosphorus adsorption by
analyzing the composition of Al13-O-MMt before and after batch and column adsorptions.
The performance of Al13-O-MMt in adsorbing phosphorus could be identified through the
changes between layers of Al13-O-MMt in the XRD patterns.

For XRD analysis, a random powder sample was prepared by weighing about 100 mg
of each sample and backfilling in a sample holder. Each sample was detected through XRD
(D8 Advance, Bruker, Germany) with the Cu-target at 40 kV, 40 mA, and a step size of 0.05◦.
The XRD patterns were recorded at 3◦–70◦ 2θ.
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3. Results and Discussion
3.1. The Morphology of MMt and Al13-O-MMt

Figure 2 shows that MMt has larger plates with a platy structure, while Al13-O-MMt
has smaller aggregated plates with small particles, indicating that the modifications by the
Keggin Al13 complex and HDTMA caused the changes in particle size and even morphology,
which might have improved the ability to adsorb pollutants.

Figure 2. The morphology of MMt (A) and Al13-O-MMt (B) characterized by SEM.

3.2. The Batch Adsorption of Phosphorus by Al13-O-MMt
3.2.1. Effect of pH on Phosphorus Adsorption by Al13-O-MMt

Figure 3 shows that the adsorption efficiency of Al13-O-MMt is higher than MMt in
the pH range of 6–9. Phosphate is a form of phosphorus in aqueous solution, which has
a negative charge. Modifiers occupying the negatively charged sites of MMt can reduce
the electrostatic repulsion between the phosphate and adsorbent, resulting in an increase
in the adsorption efficiency of Al13-O-MMt. In addition, the Lewis acidity sites from the
Keggin Al13 complex can attract substances with a negative charge [55–57]. Therefore,
the adsorption efficiency of phosphorus onto Al13-O-MMt is better than that onto MMt.
Figure 3 indicates that the pH has an effect on the efficiency of the adsorption of phosphorus
onto both Al13-O-MMt and MMt. The efficiency of the adsorption of phosphorus onto
Al13-O-MMt increased from pH 6 to 8. This is because the concentration of OH− increases
with the increase in pH in the range of 6 to 8, causing HPO4

− to transform into PO4
2−,

and PO4
2− can be more easily adsorbed by Keggin Al13 [58]. The decrease in adsorption

efficiency with a further increase in pH could be explained that the increase in negative
charges on the Al13-O-MMt surface can result in strengthening electrostatic repulsion
between adsorbent and phosphorus. In addition, the high concentration of OH− competes
with PO4

2−, contributing to a decrease in the adsorption of phosphorus [16]. For the
adsorption of phosphorus onto MMt, the adsorption efficiency of phosphorus decreased
with increasing pH (Figure 3). This could be explained by, similar to the explanation for
the adsorption of phosphorus onto Al13-O-MMt, the increasing pH changing the surface
charge of MMt to make it more negative, thereby increasing the electrostatic repulsion
between adsorption sites and phosphorus.
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Figure 3. Adsorption efficiency (%) of MMt and Al13-O-MMt for phosphorus at different pH values.

3.2.2. Effect of Initial Concentration of Phosphorus and Adsorption Temperature on
Phosphorus Adsorption by Al13-O-MMt

Since eight concentration gradients were used in this experiment and the amount of
phosphorus adsorbed increased as the initial concentration of phosphorus increased, the
increase in phosphorus ions could have led the reaction towards adsorption until all the
adsorption sites were filled. An increase in phosphorus in the solution further promoted the
entry of phosphorus into the interlayer of the adsorbent. Consequently, the total amount of
phosphorus adsorbed increased with increasing phosphorus ions in the solution (Figure 4A).
However, the adsorption efficiency decreased with the increasing initial concentration
of phosphorus, as with the continuing increase in phosphorus in solution, additional
phosphorus would not be able to enter the adsorption sites that were already filled [59].
In particular, the adsorption efficiency was higher than 95% at 25 ◦C, suggesting that the
adsorption efficiency was almost stable with the increasing concentration of phosphorus at
25 ◦C. However, the adsorption efficiencies decreased as the concentration of phosphorus
in the solution increased in the cases of 35 ◦C and 45 ◦C (Figure 4B).

Figure 4. Three temperature gradients were measured to determine the amount adsorbed (A) and
adsorption efficiency (B) of Al13-O-MMt in different initial concentrations of phosphorus.
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As illustrated in Figure 4, the phosphorus adsorption efficiency of Al13-O-MMt de-
creased as the temperature increased from 25 ◦C to 45 ◦C, revealing that phosphorus
adsorption was spontaneously exothermic. The increasing temperature might have weak-
ened the interrelation between phosphorus and Al13-O-MMt and even destroyed the active
binding sites [60]. Additionally, a higher temperature would accelerate ion mobility and the
desorption of phosphorus ions. Furthermore, part of the Al13-O-MMt might have dissolved
at higher temperatures, resulting in the decrease in adsorption efficiency.

3.2.3. Effect of the Amount of Al13-O-MMt on Phosphorus Adsorption

Figure 5 illustrates that the adsorption efficiency of phosphorus onto Al13-O-MMt
increased with the increase in the dosage of the adsorbent and became stable at ~95% when
the dosage was 0.1 g. An increasing dosage of adsorbent could adsorb more phosphorus
in the aqueous solution. When the dosage reached 0.1 g, the adsorption of phosphorus
onto Al13-O-MMt approached the equilibrium status, in which nearly the optimal amount
of phosphorus was adsorbed. For reasons of cost-effectiveness, based on the experimen-
tal data, 0.1 g adsorbent is the optimal amount for the removal of 30 mL of 200 mg/L
phosphorus.

Figure 5. Dosage of Al13-O-MMt used in the adsorption of 30 mL 200 mg/L phosphorus solution
with pH = 8, related to adsorption efficiency.

3.3. Column Adsorption of Phosphorus by Al13-O-MMt in the Elution Column and Breakthrough
Time Analysis

In Figure 6, the adsorption efficiency dropped rapidly after day 10 in the column
experiment. The adsorption efficiency was about 85%, which was lower than the efficiency
of batch adsorption, implying that the adsorption approached saturation within 10 days.
The calculation reveals that the phosphorus adsorption capacity of Al13-O-MMt in column
adsorption is 60 mg/g, which is higher compared to that of other montmorillonite-based
sorbents (Table 1).
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Figure 6. Column adsorption for 12 days (8 h/day) with a total of 2400 mL phosphorus solution
(200 mg/L) with pH = 8.

Table 1. Comparison of phosphorus adsorption capacity and sorption condition among various
montmorillonite-based adsorbents.

Sorbent
Experiment Condition Sorption Capacity

(mg/g) ReferenceAdsorbent
Dosage (g) pH Phosphorus

Concentration (mg/L)

Chitosan/Ca–organically modified
montmorillonite beads 10 7 50 48.35 [16]·

Fe-loaded ceramic adsorbent
(contain montmorillonite) 10 6 10 45.88 [61]

Zirconium (Zr)-modified
calcium-montmorillonite (Zr-CaMs) 2.5 4 50 22.37 [62]

Keggin Al13
complex–HDTMA-modified

montmorillonite (Al13-O-MMt)
6.667 8 200 60 This study

To verify the adsorption capacity of Al13-O-MMt in the column experiment as to
whether it met the expectation, the breakthrough time was calculated via Equation (2).

In Equation (2), the Thomas rate constant (kTH) can be calculated using Equation (3):

kTH =
v
m

(3)

where v denotes the flow rate, and m represents the mass of phosphorus flowing in 1 min.
Therefore,

kTH =
0.417 mL·min−1

200 mg·L−1 × (0.417 × 10−3) L
= 5 mL·min−1·mg−1

If the values of the initial and equilibrium concentrations of solute in solution (c0
and c), the adsorption capacity (q0), the quantity of the montmorillonite used (x), the flow
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rate (v), and the Thomas rate constant (kTH) are known, the breakthrough time (t) can be
calculated based on Equation (2). The transformations of Equation (2) are expressed as:

c
c0

=
1

1 + exp
(

kTHq0x
v − kTHC0t

)
exp

(
kTHq0x

v
− kTHC0t

)
=

c0

c
− 1

kTHq0x
v

− kTHC0t = ln
( c0

c
− 1

)
t =

kTHq0x
v − ln

( c0
c − 1

)
kTHC0

Thus, the breakthrough time (t) can be calculated:

t =

5 mL·min−1·mg−1×60 mg·g−1×6.667 g
0.417 mL·min−1 − ln

(
0.2 mg·mL−1

0.03 mg·mL−1 − 1
)

5 mL·min−1·mg−1 × 0.2 mg·mL−1

t = 4794.67 min

After the calculation, the breakthrough time was 4794.67 min in the column experiment.
This result indicates that when a phosphorus ion reached the bottom of the elution column,
it took 4794.67 min to flow away in solution if it could pass the hurdle of being adsorbed
by Al13-O-MMt. This result also verifies that the predicted result of the batch experiment
as applied to the column experiment is correct which means the Al13-O-MMt in the column
experiment met the expected adsorption capacity. Mesfer et al. demonstrated that a longer
breakthrough time could indicate better adsorption efficiency and capacity [63]. Therefore,
adsorption efficiency can be increased if the flow rate of the constant flow pump is reduced
and the breakthrough time is increased. Nevertheless, this increase in breakthrough time
to adsorption efficiency is not linear. Hence, an optimal operating efficiency should be
guaranteed by reducing the flow rate to obtain a more reasonable phosphorus concentration
in the solution, should this treatment be applied to industry.

3.4. Further Confirmation of Batch and Column Adsorptions of Phosphorus by XRD Analysis

In the batch and column adsorption experiment, chemical analysis confirmed that Al13-
O-MMt has a good ability to remove phosphorus in aqueous solution. To further determine
the increase in the adsorption of phosphorus onto Al13-O-MMt, the structural characteristics
of Al13-O-MMt before and after the adsorption of phosphorus were determined using XRD
to verify whether alteration of the interlayer was related to such an increase in adsorption
of phosphorus. According to Figure 7, the d001 peak was shifted to lower angles after
modification, indicating that the interlayer distance within the layers of MMt increased. The
increase in interlayer distance in Al13-O-MMt was due to the intercalation of Keggin Al13
complexes and HDTMA. The increase in interlayer distance could provide more sites for
adsorbing phosphorus. After batch and column adsorptions, the d001 peak of Al13-O-MMt
was shifted to higher angles, suggesting a decrease in the interlayer distance of Al13-O-
MMt. This decrease in the interlayer distance of Al13-O-MMt revealed that the phosphorus
ions adsorbed by the Keggin Al13 complex influenced the arrangement of modifiers in the
interlayer [64]. Furthermore, the changed interlayer distance of modified MMt revealed
that the increase in phosphorus adsorption was due to the increased interlayer, where the
adsorption took place. Compared to the d001 peak of Al13-O-MMt before and after batch
adsorption, the d001 peak after column adsorption became much broader. This could be
explained as follows: the aqueous phosphorus ions retained by Al13-O-MMt in the column
had a longer time to react with Keggin Al13 complexes and HDTMA in the interlayer of
Al13-O-MMt, resulting in the disordered arrangement of modifiers in the interlayer—this
reflected by the broader d001 peak as shown in Figure 7.
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Figure 7. XRD pattern for comparison of MMt, Al13-O-MMt, and Al13-O-MMt after batch and column
adsorption. 26.58◦ 2θ is the quartz diffraction used as the internal standard for spacing identification.

4. Conclusions

This research shows that montmorillonite modified by Keggin Al13 complexes and
HDTMA can more effectively remove phosphorus than MMt in aqueous solution. The
high adsorption efficiency of phosphorus onto Al13-O-MMt was due to the larger inter-
layer distance and greater number of adsorption sites for phosphorus provided by the
modifiers, Keggin Al13 complex and HDTMA. The adsorption efficiency increased as the
pH increased to 8, which implied the better adsorption of phosphorus in PO4

2− form,
which was transformed from HPO4

− with increasing pH. The decrease in the adsorption
efficiency with the further increase in pH to 9 was due to the increase in the negative
charge on the surface, resulting in more electrostatic repulsion between the adsorbent and
phosphorus. Since the phosphorus adsorption process by Al13-O-MMt is spontaneously
exothermic, the adsorption ability of Al13-O-MMt decreased with increasing temperature.
The breakthrough time was 4794.67 min, verifying that the adsorption of phosphorus onto
Al13-O-MMt in the column experiment met the expected adsorption capacity in the batch
experiment.
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