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Abstract: Magnesium silicate as a high-performance adsorption material has attracted increasing
attention for the removal of organic dye pollution. Here, we prepared a series of magnesium
silicate hydrates (MSH) in a hydrothermal route, and carefully investigated the corresponding
adsorption behavior towards methylene blue (MB) as well as the effect of surface charge on
adsorption capacity. The results show that surface charge plays a key role in the adsorption
performance of MSH for MB, a negative surface charge density follows the increase of Si/Mg
feeding ratio from 1.00 to 1.75, and furthermore the higher negative charge favors the improvement
of the adsorption capacity. Among four investigated samples (MSH = 1.00, 1.25, 1.50, and 1.75),
MSH-1.75 has the highest negative surface charge and shows the largest adsorption capacity for
MB. For example, the equilibrium adsorption quantity is 307 mg-g~! for MSH-1.75, which is
35% higher than that of 227 mg-g~! for MSH-1.00. Besides, for MSH-1.75, the as-prepared sample
with negative charge exhibits ca. 36% higher adsorption quantity compared to the sample at the
zero point of charge (pHzpc). Furthermore, magnesium silicate hydrate material with Si/Mg feeding
ratio = 1.75 demonstrates the promising removal efficiency of beyond 98% for methylene blue
in 10 min, and the maximum adsorption capacity of 374 mg-g~! calculated from the Langmuir
isotherm model.

Keywords: magnesium silicate; adsorption behavior; methylene blue; surface charge

1. Introduction

Various synthetic dyes have been developed and have played an important role in modern life.
During the process of production and application, however, ca. 10% of synthetic dyes are inevitably
released to the environment as the main components in effluent wastewaters [1], which have seriously
negative influences on the chemical oxygen demand, biological oxygen demand, pH value and
translucency to an unacceptable level, and furthermore are threatening the environment and human
health [2].

The trend in water and wastewater treatment is continuously moving towards more sustainable
materials and technologies [3]. Recently, magnesium silicate as a high-performance and sustainability
adsorption material has attracted increasing interest to remove heavy metal ions and various kinds of
dyes [4,5]. However, most special attentions has been paid to the enhancement of adsorption capacity by
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increasing surface area and optimizing pore size, such as mesoporous [6], hierarchical [7], nanosized [8],
sandwich-like [9], nanotubes [10], and yolk-shell magnesium silicate [11]. Besides the pore structure,
the surface properties also play crucial roles in enhancing the adsorption capacity [12-16]. For example,
Ferrero [17] considered that the adsorption mechanism of magnesium silicate was concerned with both
of the electrostatic attraction and the ion-exchange for methylene blue. To date, few reports have been
published on the detailed relationship between surface charge and adsorption behavior on magnesium
silicate material.

In this work, we fabricated a series of magnesium silicate hydrate (MSH) adsorbents with different
surface charge density by adjusting the Si/Mg feeding ratio in a hydrothermal route, and carefully
investigated the corresponding adsorption behavior for methylene blue as well as the relationship
between surface charge density and adsorption capacity.

2. Experimental

2.1. Materials

The magnesium nitrate hexahydrate (Mg(NOj3),-6H>0), sodium silicate nonahydrate
(Nay5i03-9H,0), hydrochloric acid (HCI, 36.5 wt %), sodium chloride (NaCl) and methylene blue (MB)
were all analytical grade and directly used as received from ALADDIN (Shanghai, China). The water
used in this work was deionized water.

2.2. Preparation of Magnesium Silicate Hydrate

Four magnesium silicate samples with different surface charge densities were individually
prepared in a hydrothermal route by adjusting the Si/Mg feeding ratio. As for the sample with
Si/Mg ratio = 1.75, typically, 10.3 g (40 mmol) Mg(NOs3),-6H,0O and 17.1 g (70 mmol) Na;SiO3-9H,0
were separately dissolved in 200 mL of deionized water at 25 °C to produce 0.2 mol-L~! Mg(NO3),
solution and 0.35 mol-L~! Na,SiOj; solution. Both of two solutions were mixed under vigorous stirring
for 3 min. Subsequently, the resulting white slurry was transferred into an autoclave (1 L) and then kept
at 190 °C for 12 h at the stirring speed of 300 rpm. Finally, the sample was collected after being washed
by water, centrifuged, and dried at 60 °C for 12 h. Another three samples were synthesized with the
similar procedure and same amount of Mg(NO3),-6H,O but different Si/Mg feeding ratios. Here, four
samples were individually obtained and named as: MSH-1.00 for Si/Mg ratio = 1.00, MSH-1.25 for
Si/Mg ratio = 1.25, MSH-1.50 for Si/Mg ratio = 1.50, and MSH-1.75 for Si/Mg ratio = 1.75.

2.3. Characterization

Crystal structure was determined by X-ray Diffraction (XRD) on a Rigaku Ultima III X-ray
powder diffractometer (Cu K« radiation, A = 0.15406 nm) in the range of 3°~70° /26 with 10° min~!
(Tokyo, Japan). Particle size and size distribution were examined by Malvern Mastersizer 2000-Hydro
2000MU particle size analyzer (Malvern, UK) by dispersing the powder in water. Elemental analysis
was performed using a Shimadzu ICPS-75000 (Kyoto, Japan) inductively coupled plasma atomic
emission spectrometer (ICP-AES). Morphologies were recorded with a Hitachi S-4700 scanning electron
microscope (SEM) (Eindhoven, The Netherlands) at 30 kV and a JEOL JEM-2100F transmission
electron microscope (TEM) (Tokyo, Japan). Elemental distribution was tested by a EDAX-GENESIS
60 energy-dispersive X-ray spectroscopy (EDX) (Mahwah, NJ, USA) coupled with SEM. Specific surface
area and pore property were analyzed by low-temperature N, adsorption-desorption method on
Micromeritics ASAP 2390 (Norcross, GA, USA) volumetric adsorption analyzer. Considering the wide
range of pore sizes from 0.5~200 nm, the density functional theory (DFT) was used to calculate pore
size distributions from adsorption isotherms based on given intermolecular fluid-fluid and fluid-solid
potentials [18]. The pH value was measured by Mettler Toledo FE20 pH meter (Zurich, Switzerland)
with LE438 combination electrodes with a resolution of 0.01. Fourier transform infrared spectroscopy
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(FT-IR) spectra were collected on Bruker Vector 22 infrared spectrophotometer (Karlsruhe, Germany)
in the wavenumber range of 400~4000 cm 1.

2.4. Surface Charge Studies

The surface charge of the samples was estimated according to the method of potentiometric
titration [19]. To further investigate the quantitative change of adsorption capacity caused by surface
charge, 32.5 mg of MSH-1.75 was dispersed in a 100 mL flask containing 40 mL deionized water with
a preset pH value adjusted by dilute HCI and the same ionic strength by adding NaCl, respectively.
Subsequently, nine flasks per pH value were sealed using plastic wrap, put in the thermostatic
shaker, and shaken for 12 h at 25 °C and 160 rpm, and the final pH values of the suspension were
recorded. Then 10 mL, 1000 mg-L~! MB solution was individually added into these flasks to produce
a suspension containing 200 mg-L~! MB. These flasks were sealed using plastic wrap, put in the
thermostatic shaker, and shaken for 0~120 min at 25 °C (160 rpm). After a certain time, the suspension
was separated by centrifugation (3700 rpm, 5 min), and the rest concentration of MB after adsorption
was estimated by a UV /Vis spectrophotometer at A = 664 nm [20]. The adsorption quantity g; of the
sample at a certain time t was calculated using the following equation [21]:

o= QmC XV )

m
where g; (mg-g~') is the adsorption quantity of the sample for MB at the contact time ¢ (min),
Co (mg-L’l) is the initial concentrations of MB, C; (mg-L’l) is the rest concentration of MB at the
contact time t (min), V (L) and m (g) are the volume of MB solution and the mass of adsorbent
sample, respectively.

2.5. Adsorption Experiments

The adsorption kinetic experiments were carried out in 100 mL flasks with the dispersion of
32.5 mg of the prepared samples in 50 mL of 200 mg-L~! MB solution. Subsequently, these flasks were
sealed using plastic wrap, put in the thermostatic shaker, and shaken for 0~120 min at 25 °C (160 rpm).
Also, the adsorption isotherm experiments were performed in 100 mL flasks where 32.5 mg of the
sample was dispersed in 50 mL, 0~300 mg-L~! MB solution for 120 min. The concentration of MB
and the adsorption quantities were determined using a UV /Vis spectrophotometer at A = 664 nm and
calculated following Equation (1). To estimate the regeneration properties, the MSH-1.75 sample after
adsorption of MB was collected after being centrifugated, dried at 60 °C, and calcined at 600 °C for
4 h with a rate of 5 °C/min in air [22], then the same adsorption isotherm experiments were repeated
by dispersing 32.5 mg of the regenerated samples in 50 mL of 100 mg-L~! MB solution at 25 °C for
120 min.

All these experiments were carried out three times, and the average values were used to prepare
the graphs in this work.

3. Results and Discussion

3.1. Characterization

Figure 1 shows the powder XRD patterns of four prepared MSH samples, which are very similar
to those reported in the literature with three major broad peaks occurred at 20 = 20°~30°, 35° and
60° for magnesium silicate hydrate (MSH) [23]. The low XRD diffraction densities result from the low
crystallinity degree of the MSH as described in our previous work [7]. The chemical composition of four
samples were further determined by ICP and EDX, and the corresponding results were summarized in
Table 1 and Figure S1 (Supporting Information), respectively. One observes that all the four samples
have similar chemical composition while the determined Si/Mg ratios slightly increase with the
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same trend as the Si/Mg feeding ratios, which are in the Si/Mg ratio range of the reported in the
literature [24].

MSH-1.75
MHS-1.50

MSH-1.25
MSH-1.00
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Figure 1. X-ray Diffraction (XRD) patterns of magnesium silicate hydrate samples (MSH) with different
Si/Mg feeding ratios from 1.00 to 1.75.

Figure 2 and Figure S2 (Supporting Information) display the SEM and TEM images of four MSH
samples. For all of four samples in Figure 2a and Figure S2, the morphologies from SEM are similar
with the increase of Si/Mg feeding ratio from 1.00 to 1.75, and the samples present an irregular
morphology with large particle size resulting from the aggregation. Figure 2b exhibits the TEM image
of MSH-1.75, which are composed of lots of interlaced or aggregated nanosheets. Figure S3 (Supporting
Information) further displays the particle size distributions of MSH samples tested by the laser particle
size analyzer. The average particle size (ds) is 480, 530, 606, and 615 nm for MSH-1.00, MSH-1.25,
MSH-1.50, and MSH-1.75, respectively.

Figure 2. (a) Scanning electron microscope (SEM) and (b) Transmission electron microscope (TEM)
images of MSH-1.75 sample.

Figure 3 illustrates the N, adsorption/desorption isotherm and the pore-size distribution of four
samples and all the Brunauer-Emmett-Teller (BET) data are listed in Table 1. In Figure 3a, all the samples
exhibit the Type H2 hysteresis loop which is usually referred to pores like “ink bottle”. Besides, all the
samples exhibit similar pore-size distribution in Figure 3b and Figure 54 (Supporting Information) and
close average pore diameter in the range of 2.28-2.56 nm despite the difference in the Si/Mg feeding
ratio. The surface area is decreased from 597 m?-g~! for MSH-1.00 to 283 m?-g~! for MSH-1.75.
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Figure 3. (a) N; isothermal profiles of four MSH samples; (b) the pore size distribution of four samples
calculated from the density functional theory (DFT).

Table 1. The inductively coupled plasma (ICP), energy-dispersive X-ray spectroscopy (EDX), and pore
structure analysi results of four samples with different feeding Si/Mg ratio.

Samples Si/Mg Molar Ratio  Si/Mg Molar Ratio =~ Surface Area Average Pore
Tested by ICP Tested by EDX (m2.g~1) Diameter (nm)
MS-1.00 1.06 1.09 597 2.28
MS-1.25 1.20 1.23 428 2.56
MS-1.50 1.41 143 381 2.37
MS-1.75 1.66 1.73 283 2.51

3.2. Surface Charge and Adsorption Behavior

Figure 4 shows the FI-IR spectra of MB powder, mixture of MSH-1.75 and MB, and MSH-1.75
before and after adsorption of MB. Before the adsorption, MSH-1.75 exhibits some typical adsorption
bands for MSH, for example, the adsorption bands at 464 and 1036 cm ™! are individually attributed
to the Mg-O and Si-O stretching vibration while the bands at 1384, 1645 and 3450 cm ! are due to
the O-H vibrations [23]. After adsorption of MB, the characteristic absorption peak of aromatic rings
at 1590 cm~! and the C-N stretching vibrations at 1323 and 1384 cm ! [25] shift to 1605, 1335 and
1395 cm ™!, in comparison with MB. No similar change is observed for the spectrum of the mixture
sample with MSH-1.75 and MB. These results confirm the existence of possible electrostatic interactions
between MSH and MB after adsorption.

1590
1384; 3V

—MB
— MSH after adsorption
— MSH and MB

— MSH

T T

| = | . . A | T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber(cm™)

Figure 4. Fourier transform infrared spectroscopy (FT-IR) spectra of methylene blue (MB), mixture of
MSH-1.75 and MB, and MSH-1.75 before and after adsorption of MB.
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Generally, surface charge plays a key role during the adsorption process, especially for the
electrostatic attraction mechanism. Figure 5a shows the potentiometric titration results for four MSH
samples. Firstly, the pH value at the zero point of charge (pHzpc) is 7.86, 7.41, 7.27 and 7.30 for
MSH-1.00, -1.25, -1.50, and -1.75, respectively. When the pH value is higher than pHzpc, all the MSH
samples exhibit negative charge, resulting from the loss of the protons in the surface silanol groups [19],
and furthermore the negative charge density is increased with the pH value. In comparison, moreover,
the samples with higher Si/Mg ratio, such as MSH-1.75 and MSH-1.50, present higher negative surface
charge density than MSH-1.25 and MSH-1.00 at the same pH value.
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Figure 5. (a) Surface charge density of four MSH samples with different Si/Mg feeding ratio at different
pH values; (b) equilibrium adsorption quantity of four MSH samples for MB; (c) the relationship
between equilibrium adsorption quantity and surface charge density; (d) equilibrium adsorption
quantity of MSH-1.75 sample at different pH values.

Figure 5b demonstrates the adsorption behavior of four MSH samples for MB. One observes
that the adsorption of all the samples reaches the equilibrium in 120 min. However, there is a
significant difference in the equilibrium adsorption quantity among these MSH samples, for example,
as for MSH-1.50 and MSH-1.75 sample, more than 90% of the MB were removed in 10 min, and the
equilibrium adsorption quantities at 120 min are 303 and 307 mg-g~! respectively, which are much
higher than 227 mg-g~! for MSH-1.00. That is to say, the equilibrium adsorption quantity of MSH-1.75
is 0.35 times higher than that of MSH-1.00 although the surface area of MSH-1.00 (597 m?/ g)is 1.1 times
higher than MSH-1.75 (283 m?/g). Figure 5c further shows that the variation trend of the equilibrium
adsorption quantities is the similar with that of the surface charge densities as described in Figure 5a.
Therefore, here one may conclude that the surface charge is one of key parameters concerning the
adsorption behavior of MSH for the MB.

Figure 5d shows the difference in the adsorption quantity of MSH-1.75 at three different pH values
under the same ion strength of the solution. The equilibrium adsorption quantity is 301 mg-g~! at
pH = 10.12, which is much higher than 221 mg-g~! at pH = 7.39 and 154 mg-g~! at pH = 4.05.
As described in Figure 5a, the pHzpc of MSH-1.75 is 7.30, which is lower that pH = 10.12 and higher
than pH = 4.05, and very close to the pH value of 7.39 in this experiment. That is to say, MSH-1.75 with
negative surface charge density of —1.16 C-m~?2 exhibits ca. 36% higher adsorption capacity related to
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the same sample at the zero point of charge. The results further provide another proof for the effect of
the surface charge on the adsorption capacity.

Figure 6 demonstrates the adsorption behavior of MSH-1.75 and the corresponding kinetic models
for MB at Cy = 200 mg-L~!. As shown in Figure 6a, 98.7% of the MB in the solution are removed by
MSH-1.75 in 10 min, and the adsorption process reaches the equilibrium in 20 min with the removal of
99.5% MB. Here, two typical adsorption kinetic models (the pseudo-first-order kinetic model shown as
Equation (2) [26] and the pseudo-second-order kinetic model shown as Equation (3) [27]) were used to
further analyze the adsorption mechanism of MSH-1.75 for MB. Also, the corresponding results are
shown in Figure 6b and Figure S5 and summarized in Table 2.

Pseudo-first-order kinetic : log(g. — q¢) = log(g.) — 2’;10 3t )
. 1 t

Pseudo-second-order kinetic: — = -— + — 3)
g kaqz - qe

where g, (mg-g~!) and g; (mg-g~!) are the adsorbed quantity for MB at equilibrium and at contact time
t (min), respectively; k; (min~!) and k, (g-mg~!-min~!) is the rate constant for the pseudo-first-order
kinetic model and the pseudo-first-order kinetic model. Through the linear relationship, the parameters
such as ki, kp and g, can be determined from the slope and intercept.
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Figure 6. (a) Variation of adsorption quantity of MSH-1.75 as a function of contact time; and (b) the
liner fitting of pseudo-second-order kinetics.

For MSH-1.75, the adsorption kinetic curves match the pseudo-second-order model well, with a
better linear relationship in Figure 6b and a relatively higher R? value, compared to the pseudo-first-order
model in Figure S5 and Table 2. Also, the calculated ge ., values from the pseudo-second-order model are
very close to the experimental data e exp-

Table 2. Pseudo-first-order and pseudo-second-order adsorption kinetic constants for MB adsorption.

Pseudo-First-Order Model Pseudo-Second-Order Model

Sample Teexp
mgg™)  gealmgg™ ki R gealmgg™) kR
MSH-1.75 307 50.3 0941 0.786 308 0.00552  0.999

Figure 7 and Figure S6 show the adsorption isotherm of MSH-1.50 and MSH-1.75 for the
MB in water after the adsorption for 120 min, and the corresponding results are expressed in the
linear form of the Freundlich adsorption isotherm (Equation (4)) and Langmuir adsorption isotherm
(Equation (5)) [28,29].
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1
Freundlich : log g, = log Kr + - log C, 4)

C 1 C
Langmuir : —< + ==

p— 5
de Kirgm qm ©)

where g, (mg-g~!) and g,; (mg-g~!) is equilibrium adsorption quantity and the maximum adsorption
capacity, respectively; C. is the equilibrium concentration of MB in solution; K, is the equilibrium
constant (L-mg~!); K is the Freundlich isotherm constant and 1 presents the adsorption tendency.
Through the linear relationship between C./g. and C,, logg. and logC,, the other parameters: g,;, K1,
Kr and 7, can be calculated from the slope and intercept.
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Figure 7. (a) Curve and (b) liner fitting of Langmuir isotherm for MB adsorption by MSH-1.50,
MSH-1.75 and regenerated MSH-1.75 samples.

One observes that the adsorption behavior of both MSH-1.50 and MSH-1.75 samples matches the
Langmuir adsorption model much better than the Freundlich isotherm with the relatively higher R
value as summarized in Table 3, suggesting that the adsorption of MB is much closer to the monolayer
coverage on the surface of MSH sample [30]. The g, values of MSH-1.50 and MSH-1.75 based on the
Langmuir adsorption model are 351 and 374 mg-g~! respectively, and the g,, value of 374 mg-g~! for
MSH-1.75 is the highest one among those reported in the literature as summarized in Table 4. Besides
adsorption capacity, reusability is another crucial parameter for a high-performance absorbency [31].
Here, the regenerated MSH-1.75 sample exhibits a g, value of 268 mg-g~! and remains ca. 72% of g,
suggesting promising reusability. Certainly, it still has large space to enhance reusability of the MSH
by building a polymer network or porous substrate-supported composites for practical applications,
although the reusability efficiency of 72% is higher than that of 60% for mesoporous magnesium
silicate in ref [22]. The corresponding work is on the way. In brief, the high surface charge of the
MSH sample significantly promotes the improvement of adsorption capacity for the removal of MB in
aqueous solution.

Table 3. Langmuir and Freundlich isotherms parameters of MSH-1.50, MSH-1.75 and regenerated
MSH-1.75 samples for MB adsorption.

Langmuir Freundlich
Sample
qm Ky, R? n Kpr R?
MSH-1.50 351 1.04 0999 359 146 0.834
MSH-1.75 374 134 0999 331 166 0.820

Regenerated MSH-1.75 268 0.84 0.999 - - -




Nanomaterials 2018, 8, 271 9of 11

Table 4. Summaries of adsorption capacity of various adsorbents for MB under a certain condition.

Equilibrium pH Surface Area Adsorption

Adsorbents Time Value (m2.g~1) Capacity (mg-g~1) Ref.

MgSi hollow spheres 30 min - 521 207 [32]

Florisil 4h - 250 1493 [17]

t-yolk-shell magnetic MgSi 15h - 293 188 [11]

MgSi nanotubes - - 649 276 [4]

Diatomite 48 h 11 27.8 198 [19]

Activated carbon 90 min - 984 68.72 [33]

Graphene-c-MWCNT hybrid aerogel - - 435 190.0 [34]

Copper silicate hollow nanotubes - - 518 173 [35]

Modified montmorillonite clays - - - 71 [21]

GO-CS hydrogels 58 h 6.5 - 350 [36]
MSH-1.75 2h 10.1 283 374 this work

4. Conclusions

In this work, we successfully fabricated magnesium silicate hydrate (MSH) adsorbents with
different surface charge by adjusting the Si/Mg feeding ratios, and examined the relationship
between surface charge density and adsorption behavior for methylene blue (MB) in aqueous solution.
The Si/Mg feeding ratios significantly modify the surface charge density of MSH, and then influence
the adsorption capacity for MB in aqueous solution. Among the investigated four samples, MSH-1.75
has the highest negative surface charge density of —1.16 C-m~2 and exhibits ca. 36% higher adsorption
capacity related to the same sample at the zero point of charge. With the largest adsorption capacity
of 374 mg-g~! calculated from the Langmuir isotherm, furthermore, the MSH materials show good
regeneration ability with ca. 72% of reusability efficiency. Therefore, this is an available route to
improve the removal capacity of magnesium silicate hydrate for cationic dyes by increasing the
corresponding negative surface charge density. Furthermore, magnesium silicate hydrate is one kind
of promising material for removing dye pollution from wastewater.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/5/271/s1.
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