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Silica  minerals  are  widely  used  in environmental  remediation  for their  prevalence  in soil  and  sediment.
Two  common  SiO2 polymorphs,  �-quartz  and  �-cristobalite,  were  investigated  for  the  removal  of  a  typical
cationic  dye,  methylene  blue  (MB),  from  aqueous  solutions.  Their  adsorption  behaviors  were  studied  in
batch experiments  as  a function  of  specific  surface  area  (SSA),  pH, and  temperature.  The  surface  site  den-
sity of  �-quartz  (10.6  sites/nm2) was higher  than  that  of �-cristobalite  (6.2  sites/nm2) with  the Gran  plot
method,  and  the  adsorption  maxima  of MB  on  the  two  were  0.84  mg/m2 and  0.49  mg/m2,  respectively,
at  303 K and  pH 8. The  potentiometric  titration  showed  the  capacity  of  proton-donating  by �-quartz  was
stronger  than  that by  �-cristobalite.  A drastic  increase  of  adsorption  amount  on  �-quartz  at pH <  3  was
caused  by  its greater  quantity  of isolated  silanols.  The  negative  �G  and  positive  �H  values  suggested
-Cristobalite
dsorption
ethylene blue

adsorption  of MB  on  both  minerals  was  spontaneous  and  endothermic.  At three different  temperatures
(288  K, 298  K, and  303 K), the  adsorption  capacities  of  two polymorphs  increased  with  increasing  temper-
ature.  The  surface  heterogeneity  of �-quartz  and  �-cristobalite  corresponds  to their  different  adsorption
behavior,  and  our work  also  provides  some  referential  significance  in  evaluating  the overall  quality  of
soils  and  sediments.
. Introduction

Silica minerals, whose abundance in the earth’s crust is as high
s 12%, not only are extensively present in rocks, soils, sediments,
nd dustfalls, but also dominate many geochemistry processes, as
ell as physical, chemical and biological characteristics of subsur-

ace environments [1–5]. The adsorption of charged species at the
ilica–water interface is an important process in understanding
nvironmental sinks, both terrestrial and aquatic, of a number of
rganics and heavy metal ions [6]. Dyes are well known to be used

n many industries such as textiles, pulpmills, leather, dye synthe-
is, printing, food, and plastics, which comprise the major source
f colored effluents [7]. Most of the effluents could be not only just
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hazardous for the environment, but also toxic for human beings
[8,9]. As the most abundant minerals in the soils and sediments,
silica minerals play irreplaceable roles in the fate of these dye pol-
lutants. Meanwhile, the interface reaction between silica minerals
and the dyes exerts a substantial effect in the environmental pro-
cess of soils and sediments.

The diversity of the SiO4 tetrahedron polymerization style
results in various SiO2 polymorphs with different crystal structures
[10]. Crystalline silica occurs with some common polymorphs, such
as quartz, cristobalite, and tridymite. Specifically, �-quartz is the
most general mineral in the continental crust and is the most com-
monly encountered polymorph, and �-cristobalite usually occurs
in the dustfalls of the ceramics industry [11]. In the crystal struc-
tures, silicon and oxygen bond with different bond lengths and
bond angles always break in a random pattern. The different atomic
arrangement and various forms of Si O bond cleavage in the crys-

tal structures of �-quartz and �-cristobalite lead to their difference
in surface microstructure, which dominates the quite different sur-
face properties of these polymorphs [12,13]. To a large extent, the
structural and chemical characteristics of the surface functional

dx.doi.org/10.1016/j.apsusc.2015.07.214
http://www.sciencedirect.com/science/journal/01694332
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all three conical flasks as the electrolyte. Then, the suspensions
Fig. 1. Different species of surface silanols exhibited on the silica surface.

roups perform a crucial role in the physical–chemical processes
t the mineral–environment interface [14].

Nuclear magnetic resonance (NMR) studies have revealed that
he silica surface contains two types of surface functional groups:
ilanols (Si OH) known as Q2 and Q3 [15,16], which determine its
urface chemistry and reactivity. The Q2 site has two  Si OH groups
ointing away from the surface with two Si O groups pointing

nto the bulk (O2 Si (OH)2), whereas the Q3 site has the structure
3 Si OH, which is clearly depicted in Fig. 1 Previous computa-

ional reports showed that heterogeneity of silanol species and its
istribution occur not only on different dominant crystal planes
ut also in different silica polymorphs. Murashov et al. [14] con-
idered that the average silanol density in a fractured particulate
f �-quartz was larger than that of �-cristobalite. Meanwhile, the
roportion of isolated silanols in both �-quartz and �-cristobalite
as larger than that of germinal silanols. Musso et al. [17] dis-

ussed the distribution and density of surface hydroxyl groups
n different crystallographic planes with periodic B3LYP calcula-
ions, as well as H-bond interactions and their spectral signatures.
hey thought the thermodynamics of surface hydroxylation cor-
elated with the strength of the H-bonds formed at the surfaces,
s measured by the bathochromic shift of the � (OH) stretching
requency with respect to the value for a free surface OH group.
owever, the ideal molecular simulation results still lack support
ith adequate experimental evidences, and the different behav-

ors of the two silanols are not yet very clear. To investigate the
eterogeneity of the surface microstructure and properties of some
iO2 polymorphs, Fubini and his colleagues used water and alcohols
s probe molecules to measure the adsorption enthalpy and test
he hydrophilicity/hydrophobicity [18–21]. Although some studies
n the interface reactions of SiO2 polymorphs have been con-
ucted, they focused merely on the interaction between the SiO2
olymorphs and some small model molecules (e.g., water, ammo-
ia, and alcohols) in a relatively simple environment. In fact, the

nteractions between silica polymorphs and charged species are
ery different from the reactions via hydrogen bonds only. There-
ore, detailed information on the interface reactions with charged
pecies will provide a much more comprehensive understanding
f the surface heterogeneity of some SiO2 polymorphs and their
ignificant importance in environmental remediation.

The primary purpose of this work was to elucidate the hetero-
eneity of two common SiO2 polymorph minerals, �-quartz and
-cristobalite, in the adsorption of methylene blue (MB) from aque-
us solutions. First, the surface site density and potentiometric

istribution were measured directly by the method of Gran plots
nd zeta potential titration, respectively. Then, we  investigated
he effect of the specific surface area (SSA), pH and temperature
nce 355 (2015) 1161–1167

on the adsorption capacities of MB  on �-quartz and �-cristobalite
from aqueous solutions by batch adsorption experiments. Mean-
while, their different adsorption behaviors in response to various
factors were also discussed in detail. According to our research,
a better understanding of the surface microstructure and prop-
erty of SiO2 polymorphs will exert a great guiding significance
in mineral–environment interface processes and industrial appli-
cations. Hence, it should take their surface heterogeneity into
consideration while evaluating the environmental behaviors of
SiO2 minerals system.

2. Materials and methods

2.1. Materials

The �-quartz sample was naturally collected from Guiding
County, Guizhou Province of China, and the commercially avail-
able �-cristobalite sample was purchased from Veston Silicon Co.,
Ltd. (Guiping City, Guangxi Province of China). To obtain homoge-
neously finer powders, both samples were ground by a planetary
ball grinder (FRITSCH Pulverisette 6, Germany) for 2 h. The pow-
der samples were immersed in a 0.01 M HCl solution for 24 h and
then rinsed with deionized water until they are free of chloride
ions. After drying, the samples were calcined in a muffle furnace at
450 ◦C for 12 h to remove possible organics.

The reagent-grade MB  (C16H18N3SCl·3H2O, purity ≥ 98.5%) and
crystal violet (CV) (C25H30N3Cl·3H2O, purity ≥ 99.0%) were pur-
chased from Tianjin Kemiou Chemical Reagent Co., Ltd and were
used as received. The solutions were prepared with deionized
water, and the pH was  adjusted with standard acid solution (0.1 M
HCl) and standard base solution (0.1 M NaOH).

2.2. Characterization

Powder X-ray diffraction (XRD) measurements were performed
to confirm the structures of �-quartz and �-cristobalite, using a
Bruker D8 ADVANCE X-ray diffractometer operated at 40 kV and
40 mA  with Cu K� radiation. The diffraction patterns were recorded
at a scanning speed of 3◦/min and at a 2� range between 20◦ and
80◦. The selected minerals were quantitatively analyzed with the
reference intensity ratio (RIR) method.

Nitrogen adsorption/desorption isotherms were measured at
−196 ◦C using a Micromeritics ASAP 2020M specific surface area
and porosity analyzer. Before analysis, both samples were out-
gassed at 120 ◦C for 8 h. The SSA was  calculated based on the
Brunauder, Emmertt, Teller (BET) equation.

Fourier-transform infrared spectroscopy (FTIR) spectra of the
samples were recorded on a Bruker Vertex-70 Fourier-transform
infrared spectrometer. The specimens were prepared by thorough
mixing 0.9 mg  of the sample powder with 80 mg  of KBr, and the
mixture was pressed into a pellet. More than 64 scans were col-
lected for each measurement at a resolution of 2 cm−1.

2.3. Surface site titration

Acid–base titration experiments were conducted at ambient
temperature (28 ◦C). In the experiments, 0.5 g of �-quartz and �-
cristobalite powders were added to two conical flasks with 50 mL
of deionized water, and the flasks were marked as A and B, respec-
tively. One more conical flask marked as C was prepared for a blank
experiment without any sample powder and with 50 mL  of deion-
ized water only. Two drops of 0.1 M NaCl solution were added to
were stirred on a magnetic stirring apparatus for 12 h at ambi-
ent temperature. After that, suspensions in flasks A, B, and C were
titrated to a pH of approximately 1.8 with a standard HCl solution



ce Science 355 (2015) 1161–1167 1163

(
u
T
L

2

w
2
0
2
n
o
t
1

2

d
Q
s
5
c
T
s
w
s
t
p
w
s
e
p
m
5
e
t

3

3

c
o
i

(
s
�
(
c
w
s
l
v
a

3

i
h

Fig. 2. FTIR spectra of �-quartz and �-cristobalite samples.
C. Tang et al. / Applied Surfa

0.1071 mol/L). Then, a standard NaOH solution (0.1037 mol/L) was
sed to back-titrate the suspensions to a pH of approximately 10.6.
he pH values were measured by a pH meter (PHS-3C, Shanghai
eiCi, China).

.4. Zeta potential distribution measurement

The surface zeta potentials of �-quartz and �-cristobalite
ere measured using an automatic zeta potential analyzer (MPT-

/Zetasizer Nano ZS, Malvern Instruments Ltd., England). Briefly,
.1 g of �-quartz and �-cristobalite powders were dispersed in
0 mL  of 0.01 M KCl electrolyte solutions, and stirred on a mag-
etic stirring apparatus for 20 min. After standing for 5 min, 10 mL
f the supernatant was used for potentiometric titration. The pH of
he suspensions was adjusted to the desired value in the range of
–9 with 0.05 M/0.1 M HCl solutions and 0.05 M NaOH solution.

.5. Adsorption experiments

Adsorption experiments of �-quartz and �-cristobalite with
ifferent SSA were performed at ambient temperature and pH 7. �-
uartz and �-cristobalite (0.4 g) with different SSA and 20 mL  of MB

olution with an initial concentration of 30 mg/L were added to each
0 mL  polypropylene centrifuge tube. The mixtures were shaken
ontinuously at 160 rpm for 24 h in an incubator shaker at 28 ± 1 ◦C.
hen, the samples were centrifuged at 4200 rpm for 10 min. The
upernatant solutions were diluted to appropriate concentrations
ith deionized water and characterized using ultraviolet–visible

pectrophotometer (PerkinElmer Lambda 850 UV/VIS Spectrome-
er, America) at a wavelength of 664 nm.  The same experimental
rocedure was used for CV adsorption, and the UV–Vis detection
avenumber was set at 583 nm.  For the initial pH experiments, the

ame experimental conditions mentioned before were followed,
xcept that the initial MB  concentration was 40 mg/L and the initial
H values were from 2 to 10. Adsorption isotherms were deter-
ined at pH values of 3, 5, and 8 with initial MB  concentrations of

, 10, 20, 30, 40, 50, 60, and 70 mg/L. For temperature dependent
xperiments, the pH was maintained at approximately 8 while the
emperatures were at 288, 298, and 303 K.

. Results and discussions

.1. Characterization of ˛-quartz and ˛-cristobalite

Powder XRD patterns of �-quartz and �-cristobalite revealed no
haracteristic reflections of impurities, suggesting that both were
f high purity [13]. The calculated results based on the RIR method
ndicated that the purity were higher than 95% for both minerals.

The characteristic structural vibrations in the FTIR spectra
Fig. 2) were studied, and three main vibration bands were clas-
ified: (1) Si O bending vibration at 470 cm−1 and 515 cm−1 for
-quartz [22] and at 491 cm−1 as a singlet for �-cristobalite;

2) Si O Si symmetrical stretching vibration at 796 cm−1 for �-
ristobalite and at 780 cm−1 and 799 cm−1 as a doublet for �-quartz,
hich are its characteristic vibrations; (3) Si O Si asymmetrical

tretching vibration located at 1098 cm−1 for �-quartz and at a
arger wavenumber (1106 cm−1) for �-cristobalite. The different
ibration wavenumbers were caused by the various bond lengths
nd bond angles in the structures of �-quartz and �-cristobalite.

.2. In situ Gran plot method
When dissolution and precipitation reactions play a less dom-
nant role at the solid–liquid interface, the concentration of free
ydrogen ions in the solution is controlled by surface chemical
Fig. 3. Gran plots for �-quartz and �-cristobalite dispersions.

reactions. The in situ Gran plot method is commonly used to deter-
mine the total surface site concentration of oxides and silicate
minerals in solutions [23,24]. The Gran function value of 10−pH

(V0 + Va + Vb) (acidic side) or 10pH−14 (V0 + Va + Vb) (alkaline side)
was set as the y-coordinate, and the added hydroxyl volume was
set as the x-coordinate. V0, Va, and Vb were the initial volume (mL)
of the suspension, the volume of HCl added in the acid titration and
the volume of NaOH added in the hydroxyl back-titration, respec-
tively. During the hydroxyl back-titration, the added NaOH first
reacted with the excess HCl added in the acid titration (reaction
(1)). After that, the added OH− began to react with silanols (Si OH)
on the solid surface (reaction (2)), and the remainder contributed
to increasing the pH value of the system (reaction (3)). This result
is clearly shown in the Gran plots (Fig. 3). The titration demarca-
tion point of reaction (1) and reaction (2) was the Ve1  point, and
the Ve2  point separated reaction (2) from reaction (3). From the
plot, the Ve1 and Ve2 points of �-quartz and �-cristobalite were
not identical owning to their different surface properties, which
implied that they were equipped with different buffering capac-
ities to hydroxyls [24,25]. Therefore, the concentration of surface
sites (Hs, mol/L) of �-quartz and �-cristobalite could be calculated
from the two equivalence points (Ve1 and Ve2) in the Gran plot of
the hydroxyl titration after subtracting the hydroxyl consumed in
the blank experiment, as shown in the equation below:

Hs = (Ve2sample − Ve1sample)Cb − (Ve2blank − Ve1blank)Cb

V0
(1)

where Cb is the concentration of the NaOH solution (mol/L).
Then, the surface site density (Ds, sites/nm2) of �-quartz and �-

cristobalite could be obtained from the following equation:

Ds = HsNA

SCs1018
(2)
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Table 1
Total surface site concentration (Hs) and surface site density (Ds) in �-quartz and
�-cristobalite suspensions.

Sample Cs (g/L) Hs (10−4 mol/L) Ds (sites/nm2)

w
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�-Quartz 10 2.90 10.6
�-Cristobalite 10 1.87 6.2

here NA is the Avogadro constant (6.022 × 1023), S is the BET SSA
m2/g), and Cs is the solid concentration in the suspensions (g/L).

The total surface site density (Ds) of �-quartz was
0.6 sites/nm2, which was higher than that of �-cristobalite
6.2 sites/nm2) (Table 1). The results were similar to our previous
ata determined by traditional acid–base titration method [13].
lso, the result of �-quartz was in line with previous references
y different measure methods, which reported the range of
–12 sites/nm2 [26,27]. While, all of our experimental results
ended to be larger than the computational data [14] because of
xperimental deviation. As shown in the Gran plots, the higher
urface site density in �-quartz corresponded to its higher buffer-
ng capacity to the hydroxyl solution, implying that �-quartz

ould behave quite differently in geochemical and environmental
rocesses, compared with �-cristobalite.

.3. Zeta potential measurement and potentiometric titration

The zeta potential distributions of �-quartz and �-cristobalite
uspensions over a pH range of 1–9 are shown in Fig. 4 and the
oints of zero charge (pHPZC) of the two minerals are given in
able 2. According to the figure, the pHPZC of �-quartz was approxi-
ately 2.8, which was lower than that of �-cristobalite (3.2). As per

he protonation and deprotonation reactions, the lower pHPZC value
ndicated that �-quartz surface was more acidic than �-cristobalite
28]. In other words, the capacity of proton-donating by �-quartz
as stronger than that by �-cristobalite.

The difference in the zeta potentials of the two SiO2 polymorphs

nd their response to acid/alkali can be understood by taking into
onsideration the different crystal structures and dominant crys-
al orientations of �-quartz and �-cristobalite. Murashov et al.
14] determined that the (1 0 1) plane occurred with the highest

ig. 4. Zeta potential as a function of pH for �-quartz and �-cristobalite in the
resence of 0.01 M KCl.

able 2
HPZC and the specific surface area of �-quartz and �-cristobalite.

Sample pHPZC Specific surface area (m2/g)

�-Quartz 2.8 1.66
�-Cristobalite 3.2 1.81
Fig. 5. The amount of adsorbed MB as a function of SSA of �-quartz and �-
cristobalite.

probability in �-quartz and was 100% covered by isolated silanols,
whereas the (0 0 1) plane was  covered by 100% germinal silanols.
For �-cristobalite, the common (1 0 0) plane was  covered by germi-
nal silanols, whereas the (1 1 1) and (1 1 0) planes were covered by
isolated silanols only. Unlike many brittle crystals, SiO2 polymorphs
typically reveal no perfect crystallographic planes of cleavage other
than some dominant fracture planes. Multiple species and distri-
butions of silanols on the dominant fracture planes of �-quartz
and �-cristobalite may  cause surface sites with different acidities
and the observed heterogeneity in the pH response [28]. Fisk et al.
[6] reported that two types of silanols on the surface of quartz
exhibited different pKa values, i.e., pKQ3 = 4.5 (more acidic), and
pKQ2 = 8.5 (less acidic). The different relative proportions of the two
silanols resulted in the heterogeneity of the surface acidity between
�-quartz and �-cristobalite. Moreover, according to our present
results, the surface site density of �-quartz was  higher than that
of �-cristobalite. Hence, it could be deduced that a much greater
quantity of isolated silanols existed on the surface of �-quartz.
This conclusion was  consistent with the previous findings obtained
using the model calculation [14].

3.4. Effect of SSA

SiO2 polymorphs are tectosilicate minerals without porous and
open structures. Clearly, surface silanols are dominantly responsi-
ble for the reactivity of silica. Consequently, the SSA plays a key
role in the physical and chemistry interface reaction processes.
The amount of MB  adsorbed on �-quartz and �-cristobalite pos-
itively correlated with their SSA (Fig. 5) Interestingly, even though
both were composed of silica, the linear relationship between the
amount of adsorbed MB  and the SSA in �-quartz was inconsistent
with that of �-cristobalite. The relationship was well described
by two  lines with different slopes (Fig. 5) It could be concluded
that the surface heterogeneities of �-quartz and �-cristobalite
were not fully controlled by their SSA, and the difference in sur-
face microstructures and properties exerted a significant effect.
The influence of SSA on CV adsorption on the �-quartz and �-
cristobalite followed the same pattern (Fig. 5 insert).

3.5. Effect of initial pH

The solution pH is a critical factor affecting the adsorption char-
acteristics of �-quartz and �-cristobalite. The adsorption amount of

MB on �-quartz and �-cristobalite rapidly increased with increas-
ing pH until 3.0, after which both increased more slowly (Fig. 6).
The adsorption isotherms of MB  on �-quartz and �-cristobalite
at different pH values (pH 3, 5, 8) at 28 ◦C were all best fit with
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solution (mg/L), m is the mass of adsorbent (g), and v is the volume
of the MB solution (L). �H  and �S  could be calculated from the
slope and intercept of the Van’t Hoff plots of ln K versus −1/T. The
values of �G were negative, which indicated that the adsorption of

Table 3
Thermodynamic parameters for the adsorption of MB  onto �-quartz and �-
cristobalite.

�G (kJ/mol) �H (kJ/mol) �S (J/mol K)
ig. 6. Adsorption amount of MB  on �-quartz and �-cristobalite as a function of
nitial pH.

he Langmuir adsorption model, which were depicted in Fig. 7 The
sotherms clearly showed that the adsorption capacity of MB on �-
uartz varied little with the pH increased from 3 to 8, ranging from
.70 mg/m2 to 0.78 mg/m2. In line with �-quartz, the saturated
dsorption amount of �-cristobalite increased from 0.20 mg/m2 to
.37 mg/m2 with the pH increased from 3 to 8.

It is well known that silanol groups (Si OH) naturally exist on
he surface of silica minerals [16,29]. According to the plot of the
eta potential as a function of pH, the pHPZC of �-quartz and �-
ristobalite were 2.8 and 3.2, respectively. Generally, when the
olution pH was higher than the pHPZC, Si O− sites could be pro-
uced because of deprotonation reaction, seen in reaction (3) [30].
nder this pH condition, MB  was positively charged and served as
B+. Hence, MB+ could be adsorbed on the negative surface via

lectrostatic attraction, as depicted in reaction (4). Furthermore,
he electrostatic interaction between MB+ and Si O− was abso-
utely dominant during the adsorption of MB  onto �-quartz and
-cristobalite. With the pH increase, more deprotonation resulted

n a larger amount of Si O− on the surface [31]. Consequently, a
igher adsorption capacity of MB  on �-quartz and �-cristobalite
as obtained.

 Si OH + OH− ⇒ Si O− + H2O (3)

 Si O− + M+ ⇒ Si O M (4)

Considering the results of surface site titration, the surface site
ensity of �-quartz was higher than that of �-cristobalite; corre-
pondingly, the amount of adsorbed MB  on �-quartz was larger
han that on �-cristobalite at an identical pH. Meanwhile, the dras-

ic increase in the adsorption capacity of MB  on �-quartz caused
y raising the pH from approximately 2 to 3 (Fig. 6) should not be
xclusively because the adsorption amount did not change much
hen the pH was increased to values greater than 3, and the same

Fig. 7. Effect of different initial pH values on the adsorpt
nce 355 (2015) 1161–1167 1165

effect occurred in �-cristobalite. It is known that there are two
silanol species (isolated and germinal) with different pKa values
[32] on the surface of �-quartz and �-cristobalite. At a low pH, the
adsorption was  dominated by the deprotonated Q3 sites, whereas
Q2 and Q3 site binding would prevail on the sample surface at a
higher pH. Compared with �-cristobalite, the amount of isolated
silanols (Q3 sites) on �-quartz was larger, considering the pre-
vious theoretical research [10]. Therefore, the larger amount of
isolated silanols on �-quartz accounted for the drastic increase in
the adsorption amount that accompanied the pH increased from 2
to 3. To be specific, when the solution pH was  lower than 3, the iso-
lated silanols with lower pKa values could more easily complete the
deprotonation reaction with the increasing pH, and produce more
Si O− sites on the surface. By contrast, at higher pH values, the
deprotonation and adsorption reactions in �-quartz occurred rela-
tively gradually. That could be accounted for that the total quantity
of silanols (isolated and germinal) on �-quartz was larger than that
on �-cristobalite.

3.6. Thermodynamics study

The adsorption capacity of MB  on �-quartz and �-cristobalite
was favored by elevating the temperature (Fig. 8) The thermody-
namic parameters, including the Gibbs free energy (�G), enthalpy
(�H) and entropy (�S), could be obtained from the experiments at
various temperatures by the following equations: [33]

�G = −RT ln K (5)

ln K = �S

R
− �H

RT
(6)

where R is the gas constant (8.3145 J mol−1 K−1) and T is the abso-
lute temperature in Kelvins (K). K is the distribution coefficient for
adsorption determined as:

K = qe
m
v

Ce
(7)

where qe is the amount of MB  adsorbed on the adsorbents at
equilibrium (mg/g), Ce is the equilibrium concentration of MB  in
288 K 298 K 303 K

�-Quartz −1.37 −1.64 −2.41 16.71 62.47
�-Cristobalite −2.41 −2.59 −3.14 10.31 43.93

ion of MB  onto �-quartz (a) and �-cristobalite (b).
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M
n
c
f
b
p

Fig. 8. Adsorption isotherms of MB onto �-quartz

B  on both �-quartz and �-cristobalite was favorable and sponta-
eous (Table 3). The �H values were positive for the MB  adsorption,

orresponding to endothermic processes. The higher value of �H
or �-quartz (16.71 kJ/mol) implied a much different adsorption
ehavior and spatial arrangement of MB  on the surface, [13] com-
ared with �-cristobalite (10.31 kJ/mol). The positive �S  values

Fig. 9. Changes of the average tilt angle of the MB  mo
-cristobalite at 288 K (a), 298 K (b) and 303 K (c).

reflected an increase in the randomness at the solid/solution inter-
face, implying more possible arrangements during the adsorption

of MB  [34].

Additionally, according to our previous research, the surface
site density of �-quartz and �-cristobalite controlled the spatial
arrangement of MB  adsorbed on the surface. In detail, the MB

nomers on �-quartz (a) and �-cristobalite (b).
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onomer went through from a lower tilt angle between the long
xis of MB monomers and the sample surface to a larger one during
he adsorption [13]. As shown in Fig. 9 �-quartz exhibited a larger
ngle change than �-cristobalite when the adsorption changed
rom the unsaturated state to the saturated. The higher value of �H
or �-quartz could be used to account for its tilt angle change: more
nergy was needed to lift the free end of the MB  monomer, thereby
levating the average tilt angle. The different thermal effects were
lso good indicators of the various adsorption behaviors of �-quartz
nd �-cristobalite caused by their surface heterogeneities.

. Conclusions

The surface site titration results along with Gran plots showed
hat the surface site density of �-quartz was higher than that of �-
ristobalite. Furthermore, compared with �-cristobalite, the pHPZC
f �-quartz was much lower, suggesting that the capacity of proton-
onating by �-quartz was stronger than that by �-cristobalite. As

 consequence, the adsorption capacity of MB on �-quartz was
arger than that on �-cristobalite under an identical condition.
he adsorption amount of MB  on �-quartz and �-cristobalite were
oth positively related with their SSA. The equilibrium data were
ell described by the Langmuir isotherm model, indicating that

he adsorption occurred on a homogeneous surface by monolayer
orption. The amount of MB  adsorbed on both �-quartz and �-
ristobalite increased with the increased initial pH, whereas, the
eprotonation and adsorption reactions occurred dramatically on
-quartz at a lower pH owing to its larger quantity of isolated
ilanols. Combined with the characteristics of MB  and the two
inerals surface, it could be inferred that the adsorption involved

lectrostatic attraction and competition with the protons for the
ationic sites. Furthermore, the thermodynamic parameters indi-
ated the adsorption of MB  was spontaneous and endothermic. The
dsorption processes of MB  on �-quartz and �-cristobalite were
avored by increasing the temperature. From the perspective of

olecule topology, the higher �H  value of �-quartz (16.71 kJ/mol)
mplied a larger average tilt angle change of MB  monomers on its
urface.

The topic of this study was focused on a comparison of sur-
ace chemistry and reactivity of �-quartz and �-cristobalite. As one
f the most abundant mineral species in the soil and sediments,
he heterogeneity will play a significant role in the environmental
emediation. The results of this study give a good baseline for the
mportance of surface properties which SiO2 polymorph minerals
erformed in environmental evaluation and industrial applications.
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