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ABSTRACT: Silica minerals, one of the most abundant mineral species on the earth, play important roles in geochemistry and
environment processes. The diversity of the SiO4 tetrahedron polymerization style might result in the heterogeneity of the
surface microstructures and properties of SiO2 polymorphs. The surface properties of two common crystalline SiO2 polymorphs,
i.e., α-quartz and α-cristobalite, have been investigated by the surface site density measurement, batch methylene blue (MB)
adsorption, and X-ray photoelectron spectroscopy (XPS). The Langmuir adsorption isotherms suggest the formation of
monolayer MB on both α-quartz and α-cristobalite surfaces. The adsorption capacity of α-quartz toward MB is larger than that of
α-cristobalite, which positively correlates with the density of surface site. XPS spectra reveal that the adsorption takes place
between the nitrogen atom of the dimethylamino groups in MB and silanols on α-quartz and α-cristobalite surfaces. The O/Si
atom ratio related with adsorption of α-quartz is found to be about 1.8:1, which is higher than that of α-cristobalite (about 1.3:1).
This suggests that there are two different silanol species (single and germinal) related to adsorption on the surface of α-quartz
and α-cristobalite, and the higher O/Si ratio implies a larger proportion of germinal silanols in α-quartz. The Nlow/Nhigh ratio
(Nlow stands for the N atoms with lower binding energy (399.2 eV), and Nhigh for the N atoms with higher binding energy (399.7
eV)) changes to about 2:1 with the adsorption saturation, implying that the space arrangement of MB adsorbed on the surface
was adjusted with the increase of adsorption amount by lifting the average tilt angle between the long axis of the MB molecule
and the sample surface. The higher surface site density of α-quartz leads to a larger average tilt angle, while α-cristobalite does
conversely.

1. INTRODUCTION

Silica is one of the most abundant species on the earth’s crust.
Because of its unique properties, silica has been wildly used in
industries such as catalysis, electronic devices, optical instru-
ments, and solar cells.1−4 Meanwhile, as a family of significant
minerals prevalent in soil, sediment, and dustfall, the silica
minerals display important influences on the interface reactions
during various geochemical and environmental processes.5−8

Crystalline silica occurs as more than 10 polymorphs with
quartz, cristobalite, tridymite, coesite, stishovite, lechatelierite,
chalcedony, etc. Quartz is the most common mineral in
sediments and soils, and cristobalite is mainly constituted of
ceramic industry dustfall. Most of silica polymorphs are

composed of three-dimensional arrays of linked silicon−oxygen
tetrahedrons (SiO4), and each one has different crystal
structure owning to distinct polymerization styles. The diversity
of the polymerization style and the resultant minerals structures
might result in the heterogeneity of the surface microstructure
and properties.9,10

The surface hydroxyl groups, namely silanols (SiOH), are
mainly responsible for the surface properties of silica minerals.
A number of studies about silica surface properties have been
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conducted during the last decades. Legrand et al.11 studied the
silicon functionality distribution on the surface of amorphous
silica by 29Si solid state nuclear magnetic resonance (NMR)
spectroscopy. They believed that the evolution of single versus
germinal silanols was interpreted as the result of some
equilibrium of the functional groups. Yuan et al.12 further
demonstrated that there are different forms of silanols existing
on the diatomite (amorphous silica) surface (i.e., isolated,
vicinal, germinal, and interacting via H-bond) by using 1H
magic-angle spinning nuclear magnetic resonance (1H MAS
NMR) technology. Meanwhile, a few researchers devoted
themselves to point out the difference of reactivity among the
various surface silanol groups. Davydov et al.13 believed that the
main role in specific adsorption and in the chemical reaction
with trimethylchlorosilane must be credited to the isolated
hydroxyl groups of the silica surface. However, studies centered
on silica hazard and hemolytic activity14−16 indicated the much
more significant role of germinal silanols. The surface chemistry
of quartz or amorphous silica, such as surface charge,
complexation constants, surface silanol groups, etc., has been
extensively studied by surface titration and other measurement
methods.17−19 A plethora of investigation on adsorption of
quartz toward heavy metal ions has been conducted.20 James et
al.21 thought the adsorption of Co2+ on quartz involved in
specific adsorption, and Hayes et al.22 supported this viewpoint
with the observed phenomenon that the adsorption was
effected less by the change of concentration of supporting
electrolyte, while the three layers surface complexation model
implied supporting electrolyte ions also participated in the
reaction of surface complexation.23 To further reveal the surface
properties of different SiO2 polymorphs, Fubini and his
colleagues24−27 investigated the heterogeneity of the surface
microstructure and properties of some SiO2 polymorphs by
using water and alcohols as probe molecules via determining
the adsorption enthalpy and testing hydrophilicity/hydro-
phobicity. Moreover, with the application of molecular
simulation techniques, researchers have reported that the
surface microstructures of some SiO2 polymorphs are not in
general the same,16,28 especially in different crystal surfa-
ces.29−31 The difference in Si−O bond strength in silica
tetrahedron results in the diverse Si−O−Si cleavage and various
surface silanol groups. The distribution and density of surface
silanol groups are closely related to the surface activity of silica
polymorphs and crystal planes, and the different proportion of
the single and germinal may lead to the diverse surface
reactivity.
Because of the abundance and distinct difference in

crystallinity, most of these studies paid main attention on the
most common crystalline silica, namely α-quartz, as well as the
amorphous phase, amorphous silica. Although a few studies on
the heterogeneity of some SiO2 polymorphs have been
reported, these researches mainly focused on the interaction
between the SiO2 polymorphs and some small model molecules
in a relatively simple environment. Besides the most common
interaction between mineral surface and water, the interactions
between mineral surface and various environment-relevant
substances (particularly organic contaminants and heavy
metals) also extensively exist in the earth surface environments.
The interactions exert great effects on the fate of these
pollutants. Although the importance of the effect of silica on the
transportation and transformation of environmentally relevant
substances has been realized, experimental investigation on the
surface reactivity heterogeneity of several important SiO2

polymorphs in soils or environmental system toward typical
organic pollutants has been scarcely reported so far, as well as
lack of reasonable reaction mechanism to interpret the
interaction difference between silica polymorphs and organic
molecules in a silica−water interface.
X-ray photoelectron spectroscopy (XPS) has been proven to

be an efficient technique to investigate surface chemical
composition of minerals such as silicates,32−34 oxides,35 and
sulfides.36 The surface composition of α-quartz reacted with
various aqueous solutions of pH 0−10 was qualitatively and
quantitatively evaluated using XPS.37 For subtle difference
among the surface properties of SiO2 polymorphs, XPS will
turn out to be a powerful tool to detect the surface
heterogeneity and interpret adsorption mechanism of organic
molecules under atomic level.
To further investigate the surface heterogeneity of silica

polymorphs, in the present paper, the surface site density of
two most common polymorphs, i.e., α-quartz and α-cristobalite,
was measured by method of conventional acid−base titration.
Then the performance of α-quartz and α-cristobalite in removal
of typical cationic dyes methylene blue (MB) from water was
investigated. In batch adsorption experiments, the adsorption
amounts were obtained by examining adsorption equilibrium
curves. XPS spectra of α-quartz and α-cristobalite before and
after adsorption of MB were applied to determine the O/Si
atomic ratio involved in adsorption and the Nlow/Nhigh ratio
(Nlow represents nitrogen atom with the binding energy at
399.2 eV, and Nhigh represents the one with the binding energy
at 399.7 eV.). With a combination of the measured surface site
density, adsorption isotherms, and XPS characterization, a
novel model of MB dye molecules adsorption on the silica
surface is put forward.

2. EXPERIMENTAL SECTION
2.1. Materials. The natural α-quartz was collected from

Guiding, Guizhou Province of China, and the commercially
available α-cristobalite was purchased from Veston Silicon Co.,
Ltd. (Guiping County, Guangxi Province of China). Both the
two samples were ground with a planetary ball mill (Fritsch
Pulverisette 6, Germany) for 2 h. The powder samples were
immersed in 0.01 M HCl solution for 24 h and then rinsed with
deionized water until free of chloride ion. After drying, the
samples were calcined in a muffle furnace at 450 °C for 12 h.
Methylene blue (MB) of reagent grade (C16H18N3SCl·3H2O,

purity ≥98.5%, Tianjin Kemiou Chemical Reagent Co., Ltd.)
was used, without any further purification, to prepare all
solutions for the experiments. The solutions were prepared
with deionized water, and the pH was adjusted to 8 with
standard acid (0.1 M HCl) and standard base (0.1 M NaOH)
solutions. The pH value was chosen to 8 because it is the
optimum pH value showed in the pre-experiments.

2.2. Characterization Techniques. The powder X-ray
diffraction (XRD) measurement was conducted on a Bruker D8
Advance X-ray diffractometer, operating at 40 kV and 40 mA
with Cu Kα radiation. The patterns were recorded at a 2θ range
between 20° and 80° at a scanning speed of 3°/min. The
reference intensity ratio (RIR) method was used for
quantitative phase analysis of the selected samples.
The particle size of the powder samples was measured by

laser particle size analyzer (JL-1177 full-automatic laser particle
size analyzer, Chengdu, China). Nitrogen adsorption/desorp-
tion isotherms were measured at −196 °C using a Micro-
meritics ASAP 2020 M specific surface area and porosity
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analyzer. Prior to analysis, samples were outgassed at 120 °C
for 8 h. The specific surface area was calculated according to the
Brunauder, Emmertt, Teller (BET) equation.
X-ray photoelectron spectroscopy analyses were carried out

on a Thermo Scientific Escalab 250 instrument equipped with
Al Kα source (10 mA, 14 kV) and operating at 1486.8 eV
during the measurements. The base pressure in the
spectrometer analyzer chamber was lower than 2 × 10−9

mbar. The charge neutralizer filament was used during all
experiments to control charging of the samples. All dried
mineral samples were taken to analyze as quickly as possible so
that fresh and clean samples were present in all analysis. The
Carbon C 1s line with a position at 284.8 eV was used as
reference to correct the charging effect. Collected XPS data
were analyzed with a nonlinear least-squares fit routine with
Gaussian/Lorentian Area band shape.36 All spectra were
performed with Smart background correction
2.3. Surface Site Density Titration. The acid−base

titration method as reported in the literature38,39 was applied
to measure the surface hydroxyl group density. Then 20 mL of
standard base solution (0.1 M NaOH) was added into a
dispersion of α-quartz and α-cristobalite, respectively. To make
sure the reaction was performed fully, the dispersions were
stirred on magnetic stirring apparatus for 12 h at room
temperature. After that, the dispersions were centrifuged at
4200 rpm for 10 min. The excess base was back-titrated by
standard acid solution (0.1 M HCl). All reactions and
measurements were conducted at room temperature, and all
the experiments were in duplicate. The average values were
calculated from two independent measurements. The mole
amounts of surface hydroxyl group were obtained by
subtracting the consumed acid mole amounts from the total
base mole amounts, and combining with the specific surface
area data, the density of surface site could be calculated.
2.4. Adsorption Experiments. In adsorption experiment,

certain amounts (20 g/L) of α-quartz and α-cristobalite
particles were added to designated concentrations (5, 10, 20,
30, 40, 50, 60, 70 mg/L) of MB solutions, respectively. To
ensure sufficient reaction space, 20 mL of solution was pushed
into a 50 mL volume polypropylene centrifuge tube. Batch
experiments on α-quartz and α-cristobalite were performed in
an incubator shaker continuously shaking at 30 ± 2 °C with an
oscillation rate of 160 rpm for 24 h. After adsorption, the
dispersions were centrifuged at 4200 rpm for 15 min, and 5 mL
of supernatant solutions were extracted to dilute to 25 mL
solutions with deionized water. The solid samples were rinsed
with deionized water and then dried in vacuum freezing dryer
for 24 h. The concentrations of MB in the filtrate were
determined by using ultraviolet−visible spectrophotometer
(PerkinElmer Lambda 850 UV/vis spectrometer) at a wave-
length of 664 nm. The determination experiments were
conducted in triplicate, and the average value was taken for
calculation. Blank experiments showed no detectable MB
adsorbed on the surface of the centrifuge tubes. All adsorption
experiments were performed in duplicate, and the results show
a good repeatability. The dried samples were kept in drying
apparatus for further X-ray photoelectron spectroscopy analysis.

3. RESULTS AND DISCUSSION
3.1. Sample Characterization. Powder X-ray diffraction

(XRD) patterns (Figure 1) show the structural heterogeneity of
the two silica polymorphs. They are identical to the
international center for diffraction data (ICDD)’s powder

diffraction files (PDFs) 85−1780 and 77−1317, respectively.
XRD pattern of α-quartz displays characteristic reflection at
3.35 Å (Q (101)), it belongs to trigonal, while the indicative
reflection for α-cristobalite is recorded at 4.06 Å (C (101)), it
belongs to tetragonal. No characteristic reflections of impurities
detected in the XRD patterns of α-quartz and α-cristobalite
suggests that both the two samples are of high purity. A
calculation by using RIR method, a semiquantitative phase
analysis technology, indicates that the purities of α-quartz and
α-cristobalite are both higher than 95%.
To minimize the effect of particle size on the heterogeneity

of the studied samples, both the two samples used in
experiments have a similar average particle size, ca. 5 μm.
The specific surface area of α-cristobalite is about 3.6 m2/g, a
slightly lower than that of α-quartz, 3.8 m2/g. To well compare
the difference of surface property between α-quartz and α-
cristobalite, the amount of surface silanol groups and the
adsorption capacity are both normalized to the specific surface
area.

3.2. Surface Site Distribution. Generally, silica poly-
morphs have typical framework structure without pore and
opening structures. Thus, the surface silanol groups are the
predominant reactive functional groups for α-quartz and α-
cristobalite. In the reaction of NaOH solution, surface silanol
groups on the silica polymorphs serve as proton donators.
According to the NaOH and HCl (back-titration) consump-
tion, the total amounts of surface silanol groups could be
calculated.
On the basis of acid−base titration experiments, the results

indicate that the surface site density of α-quartz is 11.8 sites/
nm2, larger than that of α-cristobalite, 7.4 sites/nm2 (Table 1).
This is similar to those values of α-quartz (5−12 sites/nm2)
reported in the literature,40,41 in which different methods were
used. The reported ideal molecular computational data29 also
showed that the surface site density of α-quartz was larger than
that of α-cristobalite. When compared with the computational

Figure 1. XRD patterns of α-quartz and α-cristobalite samples.

Table 1. Surface Site Density of α-Quartz and α-Cristobalite
by Acid−Base Titration

sample α-quartz α-cristobalite

average surface site density (nmol/m2) 0.0196 0.0123
surface site density (sites/nm2) 11.8 7.4
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data, both the measured values of α-quartz and α-cristobalite
are larger than the computational results. This may be mainly
caused by deviation in the experiments.
3.3. Adsorption Isotherms. Adsorption isotherms can

illustrate the equilibrium characteristics of the adsorption of
MB onto α-quartz and α-cristobalite, from which the
adsorption behavior difference between adsorbate (MB) and
different adsorbents (α-quartz and α-cristobalite) can be
shown. In this study, the experimental data acquired at pH =
8 are well described by the linearized forms of the modified
Langmuir isotherm expressed as follows:

= +
C
Q

C
Q Q K

1e

e

e

m m l

where Qe and Ce are equilibrium adsorption amount by per unit
area of adsorbent and equilibrium concentration, respectively.
Qm is the saturated adsorption capacity by per unit area of
adsorbent, and Kl is the Langmuir adsorption constant related
to binding affinity. According to the adsorption isotherms, the
adsorption mechanism of MB onto α-quartz and α-cristobalite
involves in monolayer and physical adsorption. Under the
condition of pH = 8, MB mainly exists in the form of cation in
the solutions, and the surface of α-quartz and α-cristobalite are
negatively charged because the pH of the solution is lower than
their point of zero charge (pHpzc). Hence, the electrostatic
attraction between MB cations and the negatively charged
mineral surface is the predominant interaction. Combined with
the adsorbed amounts of MB and the specific surface area of α-
quartz and α-cristobalite, the adsorbed amounts of MB on per
unit area of the samples can be calculated. Also, the related
adsorption constants are obtained from the adsorption
isotherms (Figure 2) and presented in the Supporting
Information, Table S1.

The adsorbed amounts increase with the increasing initial
concentrations of MB solution until reaching a maximum
(Figure 2). The maximum of adsorbed MB on per unit area of
α-quartz is significantly larger than that of α-cristobalite. As
depicted in the plot, at a relatively lower initial concentration
(<6 mg/L), more MB cations are adsorbed on per unit area of
α-cristobalite than that of α-quartz. However, when the
equilibrium concentration is above 6 mg/L, the amounts of
adsorbed MB by α-quartz become obviously larger than that by

α-cristobalite. Our calculation based on the surface acid−base
titration results demonstrates that the density of surface
hydroxyl groups of α-quartz (11.8 sites/nm2) is larger than
that of α-cristobalite (7.4 sites/nm2). Correspondingly, the
saturated MB adsorption amount by α-quartz (0.85 mg/m2) is
higher than that of α-cristobalite (0.49 mg/m2). The difference
of adsorption maximum between α-quartz and α-cristobalite
should be attributed to the nature, density, and distribution of
surface silanol groups. The effect of surface silanol groups
density on adsorption is remarkable,42 i.e., sufficient space is
needed for the array of the adsorbed MB. The space
requirement for a MB monomer is significantly larger than
that available for a single metal ion as mentioned in ref 43.
Because of the close distance between two vicinal hydroxyl
group sites, once one site is bonded with adsorbate cations, the
other may be subject to be sheltered by the free end of the
adsorbed monomer, forming a temporarily invalid reactive
site.44 Compared with α-quartz, α-cristobalite has a smaller
silanol density. Thus, at the first stage, the adsorption amount
of α-cristobalite per unit area is larger than that of α-quartz.
With the increasing of the MB concentrations, the adsorbed
MB undergoes reorientation,42,45 and subsequently with the
adjustment of monomer arrangement, temporarily invalid
reactive sites become available, resulting in an increase of
adsorbed MB amount until a saturation state (adsorption
maximum). That is to say, the saturated adsorption amount of
α-quartz becomes larger than that of α-cristobalite, resulting
from the different surface silanol groups density. As we all
know, the most common types of SiOH on silica polymorphs
are isolated, germinal, vicinal, and so on. In a sense, germinal
silanol is a kind of particular vicinal silanol, which has a
remarkable effect on the adsorption behavior of SiO2
polymorphs. Previous work16 has suggested that silica surface
reactivity has a direct relationship with the density of germinal
silanols. Significantly, although it is tough to directly measure
the amount of germinal silanols due to the sensitivity limit of
determination techniques, there are still some clues on the
difference of distribution of germinal silanols on α-quartz and
α-cristobalite in our following work.

3.4. X-ray Photoelectron Spectroscopy. XPS is an
effective method to investigate the interaction between mineral
surface and MB as well as the chemical states of MB adsorbed
on the surface.43 On the basis of survey scan, the emission lines
of relevant elements, such as oxygen, silicon, and nitrogen, have
been analyzed carefully. The content of sulfur in the MB-
adsorbed samples is very low (0.2−0.4 atomic percent). At the
same time, the signals corresponding to carbon are very
complicated and it is difficult to give accurate assignments.
Thus, the two elements (i.e., S and C) were not discussed in
the paper.
XPS spectra and the best fit of oxygen regions for the

samples before and after adsorption of MB are shown in Figure
3 and the Supporting Information, Table S2. According to the
previous studies,37,46,47 an O species at 531.5 eV observed on α-
quartz was assigned to the O atoms in the interface Si−O−M
(M represents reactive site on adsorbate). This lower binding
energy is responsible for the negative shift of the enveloping
peak of the samples with MB (Figure 3). The binding energies
of the bulk oxygen atoms (Si−O−Si) and the surface oxygen
atoms of silanols (Si−O−H) are very close, centered at 532.5
and 532.0 eV, respectively.37,47 Additionally, a possible
deviation between two independent experiments can reach
0.1−0.2 eV, which makes it harder to separate the two signals.

Figure 2. Adsorption isotherms for MB adsorption by α-quartz (Q)
and α-cristobalite (C). Independent experiments of α-quartz or α-
cristobalite were conducted in duplicate, and the fitting curves were
fitted as one of the set of data, respectively.
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Because the intensity of the two signals keeps a consistent
changing tendency, the O 1s peaks of siloxane bridges (Si−O−
Si) and hydroxyl groups (Si−O−H) was merged into one
enveloping peak in the best fit of O 1s region, centered at 532.3
eV, as depicted in plot of α-quartz (Figure 3a) and α-
cristobalite (Figure 3d). The position of the whole broad O 1s
line shifts to lower binding energy gradually with increasing of
the adsorbed MB amounts for both α-quartz and α-cristobalite.
The negative shifts imply the changes in the local environment
of surface oxygen atoms from neutral to more electronegative.
On one hand, the point of zero charge (PZC) of silica is close
to pH = 3, and the pH in the experiment is about 8. The
relatively high pH in the experiments will result in
deprotonation reaction of α-quartz and α-cristobalite surface
silanol groups as follows:19

> + ⇒ +− −SiOH OH SiO H O2

> + ⇒− +SiO M SiOM

The adsorption of MB cations promotes the O 1s signal
intensity of surface hydroxyl group to decrease and the signal
intensity of interface oxygen atoms attributing to Si−O−M to

increase. On the other hand, the probing depth of XPS is about
15 Å, namely thickness of 7−8 atoms. The signal intensity of O
1s assigning to bulk oxygen atoms (Si−O−Si) will be weakened
due to the thicker adsorption layer. For monolayer adsorption
model, thickness of adsorption layer is governed by geometrical
arrangement of monomers adsorbed on the surface. More
detailed information about space array of MB on α-quartz and
α-cristobalite will be interpreted in the part of adsorption
model.
At the same time, silicon is another atom that can provide

useful information about surface characteristics of α-quartz and
α-cristobalite. All the Si 2p lines of the samples with different
amounts of adsorbed MB show a negative shift when compared
with those of α-quartz and α-cristobalite before adsorption
(Supporting Information, Figure S3, Table S4). This is similar
to the change on O 1s lines of the two minerals before and after
adsorption of MB. This shift is caused by the lower binding
energy peak at 102.6 eV because of the adsorption of MB onto
the surface of α-quartz and α-cristobalite. The Si 2p region
exhibits a peak with a binding energy of 103.1 or 103.2 eV,
which is typical for a Si4+ oxidation state.48 To clearly display
the difference between the Si 2p lines before and after

Figure 3. XPS spectra of the O 1s lines of α-quartz (a), α-quartz with unsaturated MB adsorption (b), α-quartz with saturated MB adsorption (c), α-
cristobalite (d), α-cristobalite with unsaturated MB adsorption (e), α-cristobalite with saturated MB adsorption (f).

Figure 4. O 1s (a) and Si 2p (b) lines of α-quartz (Q) and α-cristobalite (C) after subtraction from MB-adsorbed adsorbents to fresh adsorbents.
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adsorption of MB, the spectra have been background
subtracted, normalized, and then subtracted from MB-adsorbed
absorbents to the fresh ones, and so have the O 1s spectra.35

For quantitative evaluation of the surface adsorption site
species, the subtraction spectra of O 1s and Si 2p lines before
and after adsorption of MB are shown in Figure 4. The shift
differences of O 1s and Si 2p lines between α-quartz and α-
cristobalite will be apparent from the spectra. The plots clearly
show that the intensity of the lower binding energy of O 1s and
Si 2p lines increases with MB adsorption for both α-quartz and
α-cristobalite, which indicates the increasing amounts of surface
sites interacting with MB. It is noteworthy that the atomic ratio
of the surface oxygen atoms reacting with MB (Si−O−M) to
the surface silicon atoms bonding to the former oxygen atoms
(Si−O−M) suggests the difference between α-quartz and α-
cristobalite. The proportion of the part over zero graduation
line is quantified as the atomic ratio. The O/Si atomic ratio for
α-quartz is about 1.8:1, completely identical with that of the
referred paper,37 and the ratio is larger than that of α-
cristobalite, about 1.3:1. Their surface O/Si atomic ratios are
both between 1:1 (isolated hydroxyls) and 2:1 (germinal
hydroxyls), suggesting that there are two different silanol
species on the surface of α-quartz and α-cristobalite. Moreover,
the higher O/Si atomic ratio in α-quartz implies the higher
proportion of germinal silanols.
MB is a kind of typical cationic dye, in which the positive

charge is equally stabilized in the whole molecule owning to the
π* resonance. Once the π* resonance is destroyed, the positive
charge will be reallocated on the nitrogen atoms of the
dimethylamino groups (Figure 5). When the reallocation of
positive charge is induced by negative charge, or other forces,
the distribution of positive charge will display inequality.43

The N 1s lines also show pronounced difference between
nitrogen atoms in pure MB bulk and that adsorbed on α-quartz
and α-cristobalite (Figure 6). The N 1s emission line in the
bulk shows a narrow and symmetric peak at 399.2 eV with a
fwhm of 1.4 eV, indicating that the chemical environments of
all nitrogen atoms are identical.45 Upon adsorption, these lines
become significantly broader and exhibit a shoulder at higher
binding energy at about 399.7 eV. A shift to higher binding
energy for one of the nitrogen atoms indicates a corresponding
decrease in the electron density for the N atoms. The higher
shift can be interpreted as a stabilization of the positive charge
for MB at one of the nitrogen atoms of the dimethylamino
groups in the adsorbed state on the surface. Slight shifts toward
lower binding energy for the other two N atoms are also
observed due to a slight increase of electron density than in the
bulk state. In the best fit of nitrogen regions, the two species in
different atomic environment located at 399.2 eV (Nlow) and
399.7 eV (Nhigh) could be separated. The detailed information
about the N 1s lines (e.g., fwhm) is shown in Table 2. The
stoichiometric ratio of the two components (Nlow/Nhigh)
increases to about 2:1 with the adsorption amounts of MB
climbing up to the maximum. This implies that geometric

arrangement of MB monomers is adjusted with an increase of
the adsorbed MB amounts. The stabilization of adsorbed
molecules on the mineral surface is comprised of electrostatic
attraction, electrostatic repulsion of neighboring monomers,
van der Waals Force, and so on. When the mineral surface
space is enough to hold the adsorbed monomers, the MB
monomers tend to contact with the surface by a larger area.
Additionally, the extra electronegative surface site will interact
with the other electropositive nitrogen atoms of the
dimethylamino groups of the adsorbed MB, while the inequality
in the distribution of positive charge on the nitrogen atoms of
the dimethylamino groups will result in the active force is much
weaker. When other invading MB gets close to surface, the

Figure 5. Schematic model of MB cation.

Figure 6. XPS spectra of the N 1s lines of pure methylene blue (MB)
powder (a), α-quartz with unsaturated MB adsorption (b), α-quartz
with saturated MB adsorption (c), α-cristobalite with unsaturated MB
adsorption (d), α-cristobalite with saturated MB adsorption (e).

Table 2. Chemical Composition of N for MB Bulk Sample
and Adsorbed on α-Quartz and α-Cristobalite

binding
energy (eV)

fwhm
(eV)

distribution
(%) Nlow/Nhigh

standard
deviation R2

MB 399.2 1.4 100 0.996

Q-1 399.2 1.5 50.3 1.01:1 0.941
399.8 1.2 49.7

Q-2 399.0 1.2 64.3 1.81:1 0.929
399.7 1.3 35.7

C-1 399.0 1.4 59.0 1.44:1 0.957
399.7 1.3 41.0

C-2 399.0 1.7 66.1 1.95:1 0.969
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weaker interaction may be broken by the stronger electrostatic
attraction between surface sites and MB. The integrated force
may lead their average tilt angle upraising. Subsequently, the
temporarily invalid silanols are exposed and turn into active
ones. In a way, the more MB adsorbed, the larger their average
tilt angle. However, even with roughly equal load per unit area
for the unsaturated states, the Nlow/Nhigh ratio of α-quartz is a
bit lower than that of α-cristobalite. This also can be explained
by the fact that the surface site density of α-quartz is larger, and
more extra electronegative surface sites are available. The
nitrogen atoms in the dimethylamino groups on the free end of
MB are easier to be attracted by the electrostatic force, resulting
in the adsorbed MB on the surface of α-quartz with lower
average tilt angle. The schematic drawing of adsorption process
of MB onto α-quartz and α-cristobalite, and the different
behavior resulted from their surface heterogeneity are depicted
in Figure 7.
3.5. Adsorption Model. The schematic drawing (Figure 7)

describes an ideal adsorption process, which is modeled for a
more complicated actual situation. The schematic drawing
clearly displays the changes in average geometric distribution of
MB adsorbed on α-quartz and α-cristobalite from the
unsaturated state to the saturated one. There is some difference

between α-quartz and α-cristobalite even though they own
roughly equal adsorption amounts (the left part in Figure 7).
This can be interpreted by the effect of the density of surface
sites. In the case of α-quartz with saturated adsorption, the
larger surface site density keeps larger average tilt angle due to
the weak interaction between free end of the adsorbed MB and
surface site. The average tilt angle between the long axis of the
MB molecule and the mineral surface can be obtained from the
following equation:

θ =
×m N M

S
cos

1/( / )A MB

MB

Where θ (deg) is the average tilt angle, and m (mg/m2) is the
adsorption amount per unit area, NA is the Avogadro constant,
MMB is the relative molecular mass of MB, and SMB (Å

2) is the
area of MB monomer on a flat orientation (125 Å2).43 Thus,
combining with the adsorption amount per unit area of α-
quartz (0.85 mg/m2) and α-cristobalite (0.49 mg/m2), we can
roughly evaluate their average tilt angles θQ and θC at
approximately 60° and 30°, respectively.

Figure 7. Schematic drawing of adsorption process of MB on α-quartz and α-cristobalite; θQ1, θQ2, θC1, and θC2 represent the average tilt angle
between the long axis of the MB monomer and α-quartz and α-cristobalite surface, respectively; 1 represents the unsaturated state, and 2 represents
the saturated state (θQ1 < θQ2, θC1 < θC2, θQ1 < θC1).
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The average tilt angle for α-cristobalite (θC) with a saturated
adsorption of MB is about 30°, very different from that of α-
quartz (θQ). Interestingly, the average tilt angle for α-
cristobalite is similar to that of vitreous silica as reported in
the literature,49 confirming the similarity in the surface site
density and surface reactivity.14,16 However, we could not get
much more quantitative details about the reactivity difference
between single and germinal silanols on α-quartz and α-
cristobalite in the present study, which is of high importance for
better understanding the surface heterogeneity of silica
polymorphs and under way by using molecular simulation.

4. CONCLUSION
In this study, the surface heterogeneity of α-quartz and α-
cristobalite are investigated by acid−base titration, adsorption
experiments, and XPS spectroscopy. Acid−base titration result
shows that the surface site density of α-quartz is higher than
that of α-cristobalite, which significantly affects their adsorption
performance toward MB. At low initial concentration, more
MB is adsorbed on per unit area of α-cristobalite than on that
of α-quartz. With increasing of the concentration, the amount
of adsorbed MB on α-quartz becomes larger than that of α-
cristobalite. The interaction between SiO2 polymorphs (i.e., α-
quartz and α-cristobalite) surface and MB mainly involves
electrostatic attraction between surface hydroxyl groups and
nitrogen atom of the dimethylamino groups of MB. The atomic
ratio of the total surface oxygen reacting with MB to the total
surface silicon bonding to the former oxygen (O/Si) is
indicative of the proportions of single and germinal silanols
on α-quartz and α-cristobalite surface. For the first time, it is
demonstrated that the O/Si atomic ratio of α-quartz is higher
than that of α-cristobalite by experiment, i.e., α-quartz has a
higher proportion of germinal silanols than α-cristobalite. On
the other hand, the XPS spectra show that the stoichiometric
ratio of Nlow/Nhigh reaches about 2:1as the adsorption achieves
the saturation. The change of the Nlow/Nhigh ratio reflects that
the arrangement of MB monomers on surface can be adjusted
in the adsorption process by lifting of average tilt angle between
the long axis of the MB and samples surface.
The present study clearly reveals surface heterogeneity of

SiO2 polymorphs by experimental ways. As one of the most
abundant mineral species on the earth, the obtained insights are
of high importance for better understanding the role of silica
minerals in various environments and their industrial
application.
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