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Abstract: Fe(II)-montmorillonites (Fe(II)-MMTs) were prepared by mixing solutions of Fe(II) and montmorillonite at
pH 3.5. Two different Fe(II)-MMTs were prepared and the ferrous iron contents were 40 mg/L and 80 mg/L. All samples
were characterized by XRD, FT-IR, TGA, DSC, and nitrogen adsorption. By nitrogen adsorption, the pore size can be
obtained in the pore diameter curve with average pore widths of 6.67 nm, 9.96 nm, and 17.07 nm, respectively. The
removal rate of phosphate increased rapidly during the first 40 min, in which Fe(II)-MMT (1) and Fe(II)-MMT (2) were
stronger adsorption systems than MMT. The maximum adsorption was 48.38 mg/g at pH 2.0. The kinetics of phosphate
adsorption were better described using pseudo-second-order models (R2 : 0.997, 0.999, 1.000) than pseudo-first-order
(R2 : 0.933, 0.900, 0.760). R2 is the determinable statistic coefficient that measures the goodness of fit. If the R2 value
is closer to one, the fitting degree of the regression line is better. By the thermodynamic analyses, we obtained the
∆G°and ∆H°of samples at 298 °C, 303 °C, and 310 °C. The adsorption isotherms also better fitted a Langmuir model
in which the process was nonspontaneous and exothermic.
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1. Introduction
Montmorillonite (MMT) is a layered silicate mineral that is monoclinic with two layers of a silicon oxygen
tetrahedron sandwiching an alumina octahedron that has high ion-exchange capacity.1 In light of its excellent
interlayer cation-exchange capacity (CEC), Fe(II)-MMT was prepared by modification of MMT to specifically
target phosphate. Phosphate generally plays an important role in RNA, DNA, and cell metabolism.2 In
addition, excess phosphate can lead to hyperphosphatemia, a common complication arising from chronic kidney
disease. Although dialysis treatment is available, a large number of studies and clinical trials have confirmed
that hemodialysis does not provide sufficient treatment for hyperphosphatemia: about 80% of dialysis patients
still suffer from hyperphosphatemia, resulting in increased mortality.3−5

Phosphate adsorption studies have been reported for a number of targets including the environmental
and long-term surface properties and stability.6−8 Fe(III)-MMTS are most commonly obtained and play an
important role in organic synthesis. However, no study was found for phosphate adsorption using Fe(II)-
MMTs.9,10

Two types of Fe(II)-MMTs were prepared. In comparison, three types of samples (MMT, Fe(II)-MMT
∗Correspondence: daweiqin109@163.com
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(1), and Fe(II)-MMT (2)) were characterized by XRD, FT-IR, TGA, DSC, and nitrogen adsorption.11−14 The
results showed that ferrous ions were adsorbed on the MMT surface or in the interlayer.15−17 The adsorption
experiments of phosphate were carried out at pH 2.0, 7.6, and 8.4 with 0.9% (by wt.%) NaCl. The adsorption
quantities of Fe(II)-MMT (1) and Fe(II)-MMT (2) were higher than that of MMT. Two commonly used kinetic
models simulated the experimental data: the pseudo-first-order and the pseudo-second-order models.18−20

Description of the experimental data indicated that the pseudo-second-order model was more suitable.21−23

Adsorption performance of the modified montmorillonite was better than that of pure montmorillonite.24−27

Fe(II)-MMT was prepared by modification of montmorillonite to specifically target phosphate. We can
introduce a new method to reduce the concentration of phosphate in RNA, DNA, and cell metabolism. Iron
bonds with phosphate forms of insoluble substances that are excreted, while dissociated montmorillonite is not
absorbed and thus can be tuned to achieve a therapeutic aim for high phosphorus. Consequently, more dialysis
patients will be protected from pain.

2. Results and discussion
2.1. Chemical compositional analysis

The chemical compositions of montmorillonites were determined by X-ray fluorescence spectroscopy. The results
are shown in Table 1.

Table 1. The chemical compositions of montmorillonites.

Ions Si4+ Al3+ Fe3+ Mg2+ Ca2+ K1+ Ti4+ Fe2+ Na1+

Percentage 60.18% 15.79% 5.38% 5.20% 2.32% 0.52% 0.35% 0.12% 0.1%

In addition, there was 2.63% H2O and a loss on ignition of 7.41% in the montmorillonites. When the
adsorption finished, we analyzed the difference between the structures of Fe(II)-MMT and Fe(II)-MMT-P. The
results are shown in Figure 1.

Figure 1. The structures of Fe(II)-MMT and Fe(II)-MMT-P

Types of samples were as follows: (1) raw montmorillonite; (2) montmorillonite with pH 1.0; (3)
montmorillonite adsorption of ferrous ion, pH 2.0; and (4) montmorillonite adsorption of ferrous ion, pH
3.5. Then we added six kinds of ions to four different samples. We analyzed the samples with an ICP-5000
spectrometer. The results are shown in Figure 2.
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It can clearly be seen that the contents show little change in Figures 2a–2d, while there are much larger
changes in Figures 2e and 2f. The intensity of Fe was larger after adsorption, proving that Fe existed in the
interlayer or surface of the montmorillonite.

Figure 2. Test results of ICP-5000 spectrometry for samples (six kinds of ions are respectively a: Na, b: Mg, c: Al, d:
K, e: Ca, and f: Fe).

2.2. Material characterization
2.2.1. X-ray diffraction analysis

The XRD patterns are shown in Figure 3. The d001 basal spacing of the three samples is 15.13 Å, 13.19 Å,
and 13.93 Å, which depends on the charge, size, and hydration behavior of the ion located in the interlayer of
phyllosilicate layers. The ionic radius of Fe2+ is 76 pm, smaller than Na+ (102 pm), which can explain the
decrease of the basal spacing in principle. The XRD patterns of Fe(II)-MMT (1) are very similar to that of
Fe(II)-MMT (2), but the 001 reflection is less intense compared to MMT, proving that a portion of Fe(II) is
present in the interlayer space. In addition, the basal spacing of Fe(II)-MMT (2) is slightly larger than that of
Fe(II)-MMT (1), suggesting that Fe(II) is present in the interlayer space at a high concentration.
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2.2.2. FT-IR analysis

Figure 4 shows the FT-IR spectra (500–4000 cm−1) of three samples. The adsorption bands at 3200–3800 cm−1

and 1600–1700 cm−1 may be due to OH groups’ stretching vibrations The absorption bands at 3431 cm−1 and
3628 cm−1 were assigned to stretching vibrations of H-O-H and OH groups, respectively. The absorption
band at 1641 cm−1 is assigned to adsorbed water molecules. The strong absorption peak at 1036 cm−1 is the
uniquely characteristic stretching vibration of Si-O and Si-O-Si in the mineral layer lattice. The band at 914
cm−1 is due to the bending modes of the hydroxyl groups in Al2OH. The stretching vibrations band at 518
cm−1 is sensitive to the presence of Al in the octahedral layer, which suggests that the octahedral Al cations
are retained. Thus, the original structure of the montmorillonite was not fully destroyed, in agreement with the
XRD results.

Figure 3. XRD patterns of MMT, Fe(II)-MMT (1), and
Fe(II)-MMT (2).

Figure 4. FT-IR patterns of three samples (a: MMT, b:
Fe(II)-MMT (1), and c: Fe(II)-MMT (2)).

The FT-IR spectra of the three samples are approximately the same. However, new stretching vibrations
modes at 1784 cm−1 and 1786 cm−1 are observed in Fe(II)-MMT (1) and Fe(II)-MMT (2), respectively, which
may arise from iron species internal or external to MMT. The differences among the three samples may be due
to different charges, ionic radii, and high ionic concentrations in the interlayer.

2.2.3. Thermogravimetric analysis and differential scanning calorimetry
The thermal behavior of the three samples was studied by TGA and DSC in nitrogen up to 900 °C. As shown
in Figure 5, the TGA thermogram of three samples showed a large loss in mass while heating to 120 °C; more
specifically, the weight losses were 13.72%, 7.78%, and 8.83%, characterized by the loss of interlayer water and
adsorbed water. The endothermic peaks at 80 °C and 120 °C in the DSC curve also confirm this contribution.
Upon heating to 630 °C, the weight losses were 0.97%, 1.54%, and 2.08%, respectively, due to the structure of
water hydrogen-bonded in the interlayer of MMT. After 630 °C, the montmorillonite interlayer structure began
to collapse. The weight decrease and endothermic peak can be observed from the TGA and DSC curves. In
Figure 5, it is shown that the thermal stability increased after adsorption of ferrous ions, which proved that
modified montmorillonite had increased thermal stability.
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Figure 5. TGA and DSC curves of montmorillonites and montmorillonites with different adsorbed concentrations of
ferrous ions.

2.2.4. BET surface areas and N2 adsorption-desorption isotherms

Table 2 summarizes the textural characteristics of the MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2) samples.
The specific surface areas of the three samples were calculated by the multiple-point Brunauer–Emmett–Teller
(BET) method, whereas the pore size distribution was calculated using the Barrett–Joyner–Halenda method.
The t-plot method was used to compute the microporous and external surface areas. The single-point surface
area at P/P0 was evaluated from nitrogen uptake and was 0.23, 0.99, and 0.99, respectively. MMT presents a
surface area of 71.90 m2/g, while the MMT surface area significantly decreases after adsorption of ferrous ions.
The values for the BET surface areas of Fe(II)-MMT (1) and Fe(II)-MMT (2) are 33.69 m2/g and 6.35 m2 /g,
respectively. The reason why the BET surface area of Fe(II)-MMT (1) is far greater than that of Fe(II)-MMT
(2) is because of different ionic radii, consistent with XRD analysis. The N2 adsorption-desorption isotherms
of the three samples belong to type IV with H3 hysteresis loops in IUPAC classification. As reported in Figure
6, the adsorption slowly increased at low pressure, which reflects N2 molecular adsorption on the inner surface
of the mesoporous single-to-multilayer system. There is a jump in adsorption quantity at p/p0 0.43–0.46 that
reflects the size of the sample size and suggests a mesoporous system. Adsorption increased at a higher pressure,
which reflects the accumulation of macroporous or mesoporous domains. The pore size can also be seen in the
pore diameter curve, whose average pore widths are 6.67 nm, 9.96 nm, and 17.07 nm, respectively. This suggests
that ferrous ions increased the pore size of the samples as they ingressed into the montmorillonite layers.

2.3. Phosphate sorption kinetics

The adsorption of phosphate by MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2) as a function of time at initial
phosphate concentration of 40 mg/g is displayed in Figure 7 (adsorption at pH 2.0). Phosphate can diffuse
into the inner surface of pores through mesopores and micropores. The phosphate adsorption of Fe(II)-MMT
(1) and Fe(II)-MMT (2) increased rapidly within 40 min and gradually increased for MMT. The adsorption
quantities of Fe(II)-MMT (1) and Fe(II)-MMT (2) are greater than that of MMT during the whole adsorption.
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Figure 6. N2 adsorption-desorption isotherms and pore size curves of MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2).

Table 2. Textural characteristic of the MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2) samples.

Samples
BET t-Plot external t-Plot Adsorption
surface surface area micropore average pore
area (m2/g) (m2/g) volume (cm3/g) width (nm)

MMT 71.90 48.95 0.0104 6.67
Fe(II)-MMT (1) 33.69 27.90 0.0025 9.96
Fe(II)-MMT (2) 6.35 5.48 0.0004 17.07

The main reason is that silicate minerals such as montmorillonites show a lower affinity for phosphate than does
the modified clay. It is well known that the surface of montmorillonite possesses negative charges that logically
repel adsorption of (–3 valency) phosphate. The adsorption of phosphate is only at the clay edges. However,
after adsorption of ferrous ions, the adsorption quantity jumped significantly. Mineral clays coated with Fe
oxides are better phosphate adsorbents than pure montmorillonites due to the electrostatic shielding effect of
the oxides. Thus, phosphate adsorption within Fe(II)-MMT (1) and Fe(II)-MMT (2) is due to ferrous ions.

To investigate the process in the adsorption of phosphate, Fe(II)-MMT (1) and Fe(II)-MMT (2), two of
the most widely applied kinetic models, pseudo-first-order kinetic Eq. (1)28,29 and pseudo-second-order kinetic
Eq. (2),30−33 were used to fit the experimental data:

ln(qe − qt) = ln qe − k1t (1)

t/qt = 1/(k2q
2
e) + t/qe (2)

Here, qe (mg/g) is the adsorption capacity at adsorption equilibrium,qt (mg/g) is the adsorption at time t

(min), and k1 (mg/min) and k2 (mg/min) are the kinetic rate constants for the pseudo-first-order and the
pseudo-second-order models,34−36 respectively.
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Table 3 summarizes the equilibrium adsorption quantity, rate constants, and correlation of the two kinetic
models obtained from the slope and intercept of each model.

The R2 (pH 2.0) values from the pseudo-second-order model fitting of MMT, Fe(II)-MMT (1), and
Fe(II)-MMT (2) were 0.997, 0.999, and 1.000, respectively, while R2 are 0.933, 0.900, and 0.760 for the pseudo-
first-order model fitting. It was also the same at pH 7.6 and 8.4. Thus, the process of adsorption is better fitted
to a pseudo-second-order model while the kinetic parameters demonstrated that the effect of adsorption at pH
2.0 was better than at pH 7.6 and 8.4. The maximum adsorption was 48.38 mg/g at pH 2.0.

2.4. Adsorption isotherms

Figure 8 presents the adsorption isotherms of phosphate on MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2) at 298
K (303 K and 310 K are not shown). The adsorption isotherms were obtained by using initial concentrations
ranging from 10 to 120 mg/L.

Figure 7. Effect of time on the adsorption of MMT
and Fe(II)-MMT (1) and Fe(II)-MMT (2) for phosphate
(adsorption conditions: initial condition 40 mg/L, pH 2.0,
temperature 310 K).

Figure 8. Adsorption isotherm of MMT, Fe(II)-MMT (1),
and Fe(II)-MMT (2) for adsorption of phosphate (adsorp-
tion conditions: initial condition 40 mg/L, pH 2.0, and
temperature 298 K).

Figure 9 provides Langmuir and Freundlich fitted adsorption isotherms of phosphate on MMT, Fe(II)-
MMT (1), and Fe(II)-MMT (2) at 298 K (plots at 303 K and 310 K are not shown), respectively. Langmuir
isotherm Eq. (3) is given by:

1/qe = 1/qm + 1/(qmKLCe) (3)

Here, qe (mg/g) is the amount adsorbed at equilibrium, qm (mg/g) is the maximum monolayer adsorption
capacity, KL (L/mg) is related to the free energy of adsorption, and Ce (mg/L) is the equilibrium concentration
of phosphate in solution, respectively. Plots of 1/qe versus 1/Ce values can be used to determine qm and b.

Freundlich isotherm Eq. (4) is an empirical equation given by:

ln qe = lnKF + (1/n)lnCe (4)

Here, qe (mg/g) is the amount adsorbed at equilibrium; KF [mg/g (L/mg) 1/n], n is the empirical parameter
related to the adsorption capacity and intensity adsorption; and Ce (mg/L) is the equilibrium concentration of
the phosphate in solution. The linear plot of ln qe versus ln Ce can be obtained with KF and n.
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Figure 9. The Langmuir (a) and Freundlich (b) isotherm linear models for the adsorption of phosphate onto Fe(II)-MMT
(1) and Fe(II)-MMT (2) (adsorption conditions: initial condition 40 mg/L, pH 2.0, and temperature 298 K).

The fitted constants of the Langmuir and Freundlich models are shown in Table 4. R2 in the table
represents the regression coefficient. The experimental data fitted the Langmuir models well (R2 > 0.999), which
indicates that the adsorption of phosphate on MMT, Fe(II)-MMT (1), and Fe(II)-MMT (2) was a monolayer
adsorption.

Table 4. Adsorption isotherm parameters of phosphate onto three samples at different temperatures.

Samples Temperature (K) Langmuir isotherm Freundlich isotherm
qm (mg g−1) KL (L g−1) R2 KF (mg g−1) R2 1/n

MMT 298 14.3 0.001 0.9994 0.004 0.9823 0.870
303 15.2 0.002 0.9995 0.005 0.9825 0.875

Fe(II)-MMT (1)
310 15.5 0.002 0.9996 0.005 0.9826 0.877
298 33.3 0.004 0.9996 0.088 0.9826 0.962
303 35.1 0.005 0.9997 0.091 0.9827 0.966

Fe(II)-MMT (2)

310 36.4 0.006 0.9997 0.093 0.9828 0.968
298 49.8 0.007 0.9998 0.137 0.9924 1.627
303 50.3 0.008 0.9999 0.142 0.9925 1.633
310 53.5 0.008 0.9999 0.145 0.9927 1.642

2.5. Thermodynamic analyses

According to the fundamental equations of thermodynamics and the Gibbs function:37−42

dG = −− SdT + V dp (5)

∆G = ∆H −∆(TS) (6)

The thermodynamic equations (Eqs. (7), (8), and (9)) are given by:
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∆G0 = −RT lnKL (7)

ln(1/Ce) = lnKL −∆H0/(RT ) (8)

∆S0 = (∆H0 −∆G0)/T (9)

Here, KL is the adsorption equilibrium constant; Ce (mg/L) is the equilibrium phosphate concentration in
the solution; R represents the universal gas constant (8.314 J/(mol K)); and T represents the temperature in
Kelvin. Table 5 summarizes the thermodynamic parameters for the three samples.

Table 5. Parameters of thermodynamics of phosphate on three samples at different temperatures.

Samples Temperature (K) ∆G° (kJ mol−1) ∆H° (kJ mol−1) ∆S° (J mol−1 K−1)

MMT 298 17.11 –6.97 –0.08
303 16.23 –6.98 –0.09

Fe(II)-MMT (1)
310 16.14 –7.05 –0.11
298 15.98 –7.11 –0.15
303 15.88 –7.32 –0.17

Fe(II)-MMT (2)

310 15.78 –7.36 –0.22
298 15.75 –7.41 –0.25
303 15.68 –7.43 –0.27
310 15.65 –7.52 –0.31

Because ∆G°is positive and ∆H°is negative at difference temperatures, the adsorption process is non-
spontaneous and exothermic; thus, the adsorption capacity increased with temperature. This was consistent
with the front end of the adsorption isotherm data.

2.6. Conclusions
Characterization of the three samples revealed that ferrous ions were adsorbed on the montmorillonite surface
or in the interlayers. Phosphate adsorption of Fe(II)-MMT (1) and Fe(II)-MMT (2) was significantly higher
than that of pure montmorillonite, which demonstrated that modified montmorillonite was a good adsorbent.
The adsorption of phosphate onto Fe(II)-MMT (1) and Fe(II)-MMT (2) was rapid, within 40 min, and the
kinetics were better described by a pseudo-second-order model. Adsorption isotherms fitted the Langmuir
model better and revealed that the adsorption process was nonspontaneous and exothermic. Hence, modified
montmorillonites with ferrous ions exhibited excellent removal capacity for phosphate.

3. Experimental

3.1. Chemicals and materials
The unmodified montmorillonite was obtained from Shandong SiBang Pharmaceutical Co., Ltd., and had CEC
of 80 mmol/100 g. All chemicals were of analytical reagent grade and were purchased from Aladdin Reagent
(China). To avoid oxidation of ferrous iron, ascorbic acid was added during its preparation and N2 -gas was
used. All the pH values in the experiments were measured with a pH S-3C acidity meter.
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3.2. Preparation of materials

Two different Fe(II)-montmorillonites were prepared and the ferrous iron contents were 40 mg/L and 80 mg/L.
Fe(II)-MMT (1) was prepared by adding 10.0 g of MMT into 200 mL of deionized water and the pH of the
suspension was adjusted to 3.5 with 1.0 M HCl. Sufficient ferrous sulfate was added to obtain a 40 mg/L Fe(II)
solution, and 0.03 M ascorbic acid was dissolved. Subsequently, the suspension was oscillated in the thermostat
oscillator at 25 °C for 220 min. Fe(II)-MMT (1) was obtained by centrifugation at 3500 rpm for 15 min and
washed 3 times with deionized water. The resulting material was freeze-dried, passed through a 325-mesh sieve,
and stored for future use.

The preparation of Fe(II)-MMT (2) was the same as Fe(II)-MMT (1) except that 80 mg/L Fe(II) solution
and 0.06 M ascorbic acid were used.

3.3. Characterization of materials
The measurement of phosphate concentration followed the method proposed by Murphy and Riley.5 The powder
XRD patterns were recorded on a Bruker D8 Advance diffraction analyzer between 4°and 10°using Cu Kα

radiation. FT-IR spectra of the samples were measured by KBr pressed pellet method using an IRPrestige-21
spectrophotometer. All spectra were collected at room temperature in the range of 500–4000 cm−1 having
a resolution of 0.5 cm−1 . TGA and DSC were carried out on SDT-Q600 equipment with a heating rate
of 10 °C/min under nitrogen. The specific surface area was measured by N2 -adsorption/desorption using a
Micromeritics TriStar 3000 analyzer.

3.4. Phosphate adsorption
Adsorption experiments of phosphate onto all samples were carried out at pH 2.0, 7.6, and 8.4. For the
adsorption kinetics experiment of MMT, 0.0168 g of NaH2PO4•2H2O was dissolved in 250 mL of deionized
water, a weighed amount of solid NaCl was added to obtain a 0.9 wt.% solution, and the pH was adjusted to
2.0, 7.6, and 8.4 by adding HCl or NaOH solutions. MMT (0.1 g) and ascorbic acid (0.03 mm) were dispersed
and blended well. One milliliter of supernatant was taken out and added to a 50-mL volumetric flask, after
which 1 mL of ascorbic acid solution and 2 mL of molybdate salt solutions were added, followed by dilution
to 50 mL. Similarly, this procedure was applied for adsorption kinetics of Fe(II)-MMT (1) and Fe(II)-MMT
(2). Adsorbed phosphate was calculated from the difference between the initial phosphate concentration and
the concentration that remained. All experimental data were repeated three times and relative errors ranged
within ±3%.
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