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The calcined product of naturally occurring porous diatomite was previously assumed to be structure-
destroyed or at least surface-reconstructed and therefore unsuitable for surface silylation. The present
study indicates that the porosity of the mesoporous/macroporous diatomite remains intact after calcina-
tion at temperatures as high as 800 �C, and the surface silylation of diatomite is achievable even for diat-
omite calcined at high temperatures. The interface interactions between the hydroxyl species of
diatomite and c-aminopropyltriethoxysilane (APTES) are significantly affected by heating pretreatment.
Physically adsorbed water was largely preserved in diatomite at a low heating temperature, leading to
the strong hydrolysis of APTES and the subsequent oligomerization between the hydrolyzed APTES spe-
cies. Under heating at high temperature (800 �C), the isolated silanols initially covered by water mole-
cules were exposed and available for the direct grafting of APTES, forming a grafting-dominant
structure with high thermal stability (540 �C). The grafting-dominant diatomite had a much higher Cu(II)
adsorption than the oligomerization-dominant type, because the coordination between the copper and
nitrogen was stronger in the former case. These results demonstrate that heating pretreatment plays a
key role in the surface silylation of diatomite, and that Cu(II) adsorption is highly dependent on the sur-
face structure of the silylated diatomite.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Diatomite, also known as diatomaceous earth or kieselgur, is a
fossil assemblage of siliceous diatom frustules. Diatom frustules
are mainly composed of amorphous hydrated silica (SiO2�nH2O),
which is categorized as non-crystalline opal-A according to the
mineralogical classification [1,2]. Diatomite is easily available at
a low cost because diatomaceous silica is the most abundant form
of silica on earth. Diatomite also has many unique physical and
chemical characteristics [3–6], such as highly developed mesopo-
rosity and/or macroporosity, strong acid resistance, high mechani-
cal strength and low thermal conductivity, enabling their wide
uses in a variety of applications for high-performance technologies
(e.g., microelectronics, chemo- and bio-sensors, and transducers)
or as fillers, filters or supports, catalysts, adsorbents, and mild
abrasives [4,7,8]. In particular, diatomite has been predominantly
used as a filtration medium (e.g., filter aid) [9] for purifying various
beverages and for gasification applications in fluidized bed reactors
ll rights reserved.

.

[4]. A key reason for the use of diatomite as a filtration medium is
that the bimodal mesoporosity/macroporosity of diatom frustules
is usually desirable for filtration because mesopores enhance the
specific surface area, while macropores increase the efficiency of
the mass-transport and diffusion processes. Another reason is that
the diatom frustules are rigid and naturally separated. Depending
on the diatom species, the dimensions of frustules range from <1
to >100 lm (usually more than 10 lm) [4]. Therefore, the voids be-
tween the frustules are capacious and strong enough to maintain a
high filtering velocity and to avoid the blocking of the filtering cake
[1,8,9]. As a result, a diatomite-based filtering system is signifi-
cantly more efficient in removing tiny solid particles in different
liquids than other natural materials (such as zeolite and clay min-
erals) [8,9].

In addition, naturally occurring diatomite with a mesoporous/
macroporous structure possesses good adsorptive properties and
has been used for the adsorption of metal ions or organic mole-
cules in aqueous solution. The adsorptions of some metal ions
(e.g., Ni(II) [10,11], Pb(II) [11–13], Cu(II) [11], Cd(II) [13] and Th(IV)
[14]) and organic contaminants [15] on raw diatomite and the
effects of aqueous chemistry conditions, such as pH and
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temperature, on the adsorptions have been comprehensively
investigated. However, diatomite exhibited an ordinary adsorption
capacity for these molecules or ions that was close to or even lower
than those of natural zeolite [16] or clay minerals, such as kaolinite
[17] and montmorillonite [17,18]. This difference in adsorption
capacity is due to the fact that the aforementioned adsorbates
are too small to be filtered by the micron- or nanometer-sized
channel of diatomite, and the surface silanols (i.e., Si–OH) of dia-
tom frustules do not possess a strong adsorption affinity for these
adsorbates; moreover, the ionic exchange capacity of diatomite is
much smaller than that of zeolite or montmorillonite [16,18]. It
is noteworthy that the adsorption capacity of some metal ions on
diatomite is likely to be overestimated in the literature, because
considerable clay mineral impurities were shown in the diatomite
samples utilized [13,14], as evidenced by the high Al2O3 content
(10–20 wt.%), and many clay minerals possess much higher metal
adsorption capacities than natural silica [17,18]. However, this
overestimation on the adsorption capacity of diatomite has not
yet received sufficient attention.

Increasing attention has been paid to modifying the surface of
diatomite by using surfactants or inorganic coatings to improve
its adsorption of some organic or bioactive target molecules (e.g.,
dyes and viruses) to make diatomite versatile for both filtering
and adsorption [19–24]. In contrast, much less efforts have been
made to enhance the adsorption of heavy-metal ions on diatomite
[25,26], even though the heavy-metal adsorption is associated with
extensive demands for the remediation of heavy-metal pollution,
noble metal recovery, and metal supporting for catalysis purposes.
Surface silylation by using organosilane with metal-affinitive
groups has been applied to several types of synthetic silicas to im-
prove their heavy-metal adsorption, particularly in the cases of or-
dered mesoporous silica, such as MCM41 and SBA15 [27,28].
However, these silica materials are too expensive to produce to en-
able their large-scale utilization in the field of adsorption or filter-
ing. In this sense, the organosilane modification of naturally
occurring mesoporous/macroporous diatomite for metal adsorp-
tion purposes is of great significance. Through surface silylation,
the metal chelating functionality (such as by an amino or mercapto
group) can be introduced to overcome the inherent limitations
(e.g., low adsorption capacity, weak binding strength and low
selectivity) of diatomite for metal adsorption.

Unfortunately, the organosilane modification of mesoporous/
macroporous diatomite has so far been rarely investigated [29]. This
is most likely because the commercial diatomite used for filtering is
actually the calcined product that already underwent calcination at
600–1100 �C [7,9], and is thus supposed to be structure-destroyed or
at least surface-reconstructed and therefore unsuitable for surface
silylation. This scenario is quite unlike the case of ordered mesopor-
ous materials, which do not undergo any thermal treatment before
silylation [28]. In a very recent report, Losic et al. demonstrated
the effects of 3-mercaptopropyltrimethoxysilane modification on
improving the Au(III) adsorption of diatom silica [30]; however, lit-
ter attention was paid to the roles of the hydroxyl species at the sur-
faces of diatom silica in the silylation process.

It is noteworthy that our previous study indicated that the sur-
face reconstruction of diatomaceous silica, i.e., the complete dehy-
droxylation of silanols and the formation of siloxane, occurs at a
higher temperature (approximately 1000–1100 �C) than generally
postulated [31,32]. This result implies that a considerable number
of silanols may exist after calcination and possibly be available for
organosilane grafting. However, the problems of whether or how
the evolution of different hydration states during the dehydration
and dehydroxylation processes affects the surface silylation of
diatomite and how the porosity of diatomite changes after calcina-
tion and silylation still remain unknown; therefore, these problems
very deserve further investigation.
In the present work, various chemical, textural (nitrogen
adsorption–desorption isotherms), spectroscopic (Fourier-trans-
form infrared spectroscopy, thermogravimetry and X-ray photo-
electron spectroscopy) and microscopic (scanning electron
microscopy and transmission electron microscopy) characteriza-
tion techniques were used to study the key mechanism of how
the evolution of the porosity and hydration states of diatomite un-
der heating influences the organosilane functionalization process.
c-Aminopropyltriethoxysilane (APTES, H2NCH2CH2CH2Si4(OCH2-

CH3)3) was used to the silylate the diatomite. The raw diatomite
sample was carefully purified to reduce the influences of the impu-
rities. Cu(II) was selected as a model guest ion and used for the up-
take tests to explore how the silylation corresponding to different
heating pretreatments affects the heavy metal binding properties
of the functionalized diatomite adsorbents. The fundamental infor-
mation derived from this study is important for the versatile uses
of diatomite in any fields related to metal ion adsorption.
2. Experimental methods

2.1. Materials and methods

A raw diatomite sample was obtained from Changbai deposit in
Jiling Province, China. Purifying the raw diatomite involved the
commonly used sedimentation method followed by an acid-wash-
ing process, in which a 2 M HCl solution was used and the mixture
was kept at 105 �C for 4 h, with a ratio of HCl solution:diatomite of
15 cm3:1 g of diatomite. At the end of the acid-washing process,
the diatomite dispersion was centrifuged and washed repeatedly
until it was free of Cl� (tested by AgNO3). The purified diatomite
was dried at 150 �C for 24 h and ground into powder in a mortar.
The product was denoted Dt. The chemical composition (wt.%) of
Dt was as follows: SiO2, 94.74; Al2O3, 2.11; Fe2O3, 0.23; K2O,
0.43; CaO, 0.15; TiO2, 0.14; and ignition loss, 2.72. The heat pre-
treatment of Dt was performed in a programmed temperature-
controlled muffle oven at 400, 600, 800, 1000 and 1100 �C for
1 h, and the obtained samples were denoted Dt-400, Dt-600, Dt-
800, Dt-1000 and Dt-1100, respectively.

Organosilane-modified diatomite samples were prepared
according to the following procedures: 4 mL of APTES was dis-
solved in 50 mL of dry toluene (AR grade), and approximately 1 g
of diatomite powder was added to the APTES/toluene mixture.
The mixture was then ultrasonically dispersed for 0.5 h. After that,
the suspension was refluxed at 120 �C for 20 h under constant stir-
ring (400 rpm). In the refluxing system, a calcium chloride drying
tube was attached to the end and the reaction system was placed
under an N2 atmosphere to ensure a dry environment. The solid
phase in the resultant mixture was filtered, extensively washed
six times with fresh toluene to remove the excess organosilane,
and then dried overnight at 90 �C for further curing. The APTES
(99%, Aldrich) was used as received. Toluene was used after distil-
lation over activated molecular sieves. The APTES-modified diato-
mite samples are differentiated by the suffix ‘‘/M’’; for example,
Dt-400/M denotes the diatomite-based material that was ther-
mally treated at 400 �C and further modified by using ATPES.

In a typical run of the Cu(II) adsorption test, 0.1 g of diatomite
adsorbent was added to a Cu(II) solution with the scheduled con-
centration in a 100-mL polyethylene bottle. The Cu(II) solution
was prepared by dissolving CuSO4�5H2O in distilled water. To test
the adsorption kinetics, the mixture in the polyethylene bottle
was strongly shaken at a rate of 150 rpm in an oscillator to ensure
complete mixing. The contact time ranged from 5 to 720 min. At
timed intervals, the mixture was centrifuged and the supernatant
was used to determine the Cu(II) content by a PE-3100 atomic
absorption spectroscopy. The experiments performed to obtain
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the adsorption isotherms followed a very similar procedure, except
the equilibrium time was fixed at 480 min. The adsorption results
were corrected by performing blank tests in which no adsorbent
was added to the Cu(II) solution. The amount of Cu(II) adsorbed
per unit mass of the adsorbent, q (mg/g), was computed by using
the expression q = (C0 � Ct)/m, where C0 and Ct (mg/L) are the con-
centrations of Cu(II) in the reaction solution before and after treat-
ment, respectively, and m (g) is the amount of adsorbent in 1 L of
Cu(II) solution. The removal efficiency of Cu(II), E (%), was calcu-
lated using the equation E = [(C0 � Ct)/C0] � 100.
2.2. Characterization methods

The X-ray diffraction (XRD) patterns were obtained with a Bru-
ker D8 Advance diffractometer with an Ni filter and CuKa radiation
(k = 0.154 nm) using a generator voltage of 40 kV, a current of
40 mA, and a scan rate of 1� (2h)/min. N2 adsorption–desorption
isotherms were measured on a Micromeritics ASAP2020 system
at liquid-nitrogen temperature. Samples were outgassed at
110 �C for 8 h before measurement. The specific surface area, SBET,
was calculated using the multiple-point Brunauer-Emmett-Teller
(BET) method, and the total pore volume, Vpore, was evaluated
based on nitrogen uptake at a relative pressure of approximately
0.99.

The CHN elemental analysis was performed with a Vario El III
elemental analyzer. The contents of the loaded APTES (mmol/g)
in the modified diatomite samples were calculated from the con-
tent (wt.%) of N obtained by CHN analysis in which the content
of N in original diatomite had been subtracted.

The thermogravimetric (TG) analysis was conducted on a Net-
zsch STA 409PC instrument. Approximately 10 mg of the sample
was heated in a corundum crucible. The sample was heated from
30 to 1000 �C at a heating rate of 5 �C/min under a highly pure
N2 atmosphere (20 cm3/min).

The solid-state NMR experiments were carried out at B0 = 9.4 T
on a Bruker AVANCE III 400 WB spectrometer. The corresponding
resonance frequency of 29Si was 79.5 MHz. Samples were packed
in a 7 mm ZrO2 rotor and spun at the magic angle (54.7o), and
the spinning rate was 7 kHz. 29Si MAS NMR spectra were acquired
using a 90o pulse of 6.0 ls and a recycle delay of 60 s. The 29Si
chemical shift was referenced to kaolinite at �91.5 ppm. For better
resolved MAS NMR spectra, Gauss deconvolution by curve-fitting
was applied to give the exact position, relative intensity, and area
of each chemical shift signal. The fitting goodness (R2) values for all
NMR spectra are P0.996.

Fourier-transform infrared spectroscopy (FTIR) spectra of the
samples were recorded on a Bruker Vertex-70 Fourier-transform
infrared spectrometer. The specimens were prepared for measure-
ment by mixing 0.9 mg of the sample powder with 70 mg of KBr
and pressing the mixture into a pellet. Over 64 scans were col-
lected for each measurement at a resolution of 2 cm�1.

Scanning electron microscopy (SEM) micrographs were ob-
tained using a 5-kV FEI-Sirion 200 field emission scanning electron
microscope. Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 electron microscope operating at
an acceleration voltage of 200 kV. The specimens were prepared
by the following procedure: the diatomite sample was ultrasoni-
cally dispersed in ethanol for 5 min, and a drop of the sample sus-
pension was then dropped onto a carbon-coated copper grid,
which was left to stand for 10 min before being transferred into
the microscope.

X-ray photoelectron spectroscopy (XPS) data were obtained
using an ultra-high vacuum XPS system (Kratos Amicus), equipped
with monochromatic Mg Ka radiation (12 kV, 180 W). The pressure
in the analysis chamber was maintained at 10�6 Torr or lower. All
binding energies were referenced to the C1s hydrocarbon peak at
284.6 eV.
3. Results and discussion

3.1. The original diatomite and its structural and textural changes
resulting from calcination

As showed by the SEM and bright-field TEM images (Fig. 1a and
b), the dominant diatom of sample Dt, which is disc-shaped and
has highly developed macroporous and mesoporous structure, is
classified in the genus Coscinodiscus Ehrenberg (Centrales). The
mesopore sizes, ranging from 20 to 50 nm, were determined from
different TEM images. The diatom frustules are relatively uniform
in diameter (20–40 lm) and thickness (1.2–1.8 lm). The XRD pat-
tern of Dt (Fig. 1c) is characteristic of one broad peak centered at
21.8� (2h) with a d spacing of 0.409 nm, which is in good agree-
ment with that of the reference amorphous Opal-A. A small quan-
tity of quartz impurity (<3 wt.%, based on a semi-quantitative
calculation) is also contained in Dt (Fig. 1c). The specific surface
area and pore volume of Dt are 25.2 m2/g and 0.065 cm3/g,
respectively.

Two mass losses are resolved in the TG curve (Fig. 1d) of Dt. The
mass loss in the temperature range of 30–200 �C, with a related
DTG peak centered at 80 �C, is mainly ascribed to the dehydration
of diatomite (Fig. 1d). This mass loss is very small because Dt was
heated at 150 �C. The second mass loss is a gradual and slow loss,
which occurs in the temperature range of 300–1000 �C and corre-
sponds to the broad and poorly resolved DTG peak centered at
approximately 600 �C. This mass loss is attributed to the dehydr-
oxylation of the silanols of Dt.

Thermal treatment did not dramatically alter the diatomite
mineral structure until 1200 �C, as indicated by the fact that the
XRD patterns of diatomites heated at temperatures lower than
1200 �C remained unchanged. However, the XRD pattern of Dt-
1200 is representative of the transformation of diatomaceous
amorphous silica into the cristobalite phase (see Supplementary
Fig. S1).

As shown in Fig. 2a, the nitrogen adsorption/desorption iso-
therm of Dt is characterized as a type II isotherm with an H3 hys-
teresis loop, according to the IUPAC classification [33]. The
hysteresis is associated with the filling and emptying of the mesop-
ores by capillary condensation. Calcination at temperatures lower
than 800 �C did not evidently change the shape of the isotherms
of the heated diatomite samples (Fig. 2a). However, calcination at
higher temperatures resulted in a dramatic decrease in nitrogen
adsorption and a weakening of the hysteresis, reflecting the decon-
struction of the diatom frustule mesoporous structure.

The deconstruction of the porous diatom skeleton occurred at
approximately 1100 �C, before the phase transition from the amor-
phous silica to cristobalite. The deconstruction is evidenced by the
fact that the specific surface area and the pore volume of Dt-1100
are 4.9 m2/g and 0.017 cm3/g, respectively, which are significantly
smaller than those of Dt (Fig. 2b). The diatom frustule decomposi-
tion may begin in the range of 800–1000 �C because Dt-1000
exhibits an evident decrease in the specific surface area and pore
volume in this temperature range, whereas Dt-800 only shows a
slight change in the specific surface area in the same temperature
range (Fig. 2b). The textural parameters of the diatomite samples
heated at different temperatures are summarized in Fig. 2b.

Fig. 3 displays the FTIR spectra of diatomite heated at different
temperatures. The frequency and assignment of each vibration ob-
served are listed in Table 1. The spectrum of Dt shows only one
broad band centered at approximately 3430 cm�1 (Fig. 3a) in the
hydroxyl region (3000–4000 cm�1), which is attributed to the OH



Fig. 1. (a) SEM and (b) bright-field TEM images of Dt; (c) XRD pattern of Dt; (d) TG/DTG curve of Dt.

Fig. 2. (a) Nitrogen adsorption–desorption isotherms of diatomite samples; (b) The values of specific surface area and pore volume of the heated and APTES-modified
diatomite samples; (c) the content of APTES in the modified diatomite samples.
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vibration of the physically adsorbed H2O. With increasing heating
temperature, the intensity of the 3430 cm�1 band decreases and, fi-
nally, almost disappears at 1000 �C (Fig. 3a), corresponding to the
gradual removal of the physically adsorbed water. Note that the
diatomite sample is readily rehydrated, as is well known, so some
water molecules may be re-adsorbed while preparing the sample
and obtaining the spectrum.

A band at 3745 cm�1 is well resolved in the spectrum of Dt-800
(Fig. 3a). Its intensity evidently decreases in the spectrum of Dt-
1000. This band is attributed to the isolated hydroxyl groups,



Fig. 3. FTIR spectra of (a) diatomite samples heated at different temperatures; and
(b) APTES-modified diatomite samples.
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which has been confirmed by various studies [32,39,40]. The band
is not resolved in the spectra of diatomite samples heated at tem-
peratures lower than 600 �C because the isolated hydroxyl groups
are H-bonded with the physically adsorbed H2O at these tempera-
tures, such that their vibration signals are covered by the water
signals. The evident weakening of the 3745 cm�1 band at 1000 �C
indicates that most isolated silanols have been removed by con-
densation. This change is accompanied by the structure break-
down, as revealed by the dramatic decrease in porosity (Fig. 2b).

In addition, a poorly resolved band at approximately 3728 cm�1

is observed in the spectrum of Dt-600. It is attributed to the H-
bonded silanols [39,41]. Silanols of this type are condensed more
easily than the isolated silanols [32], so their vibration signals dis-
appear in the spectrum of Dt-800.
Table 1
Positions and assignments of the IR vibration bands [34–38].

Position (cm�1) Assignments

3745 O–H stretching of isolated hydroxyl groups of diatomi
3732, 3730 O–H stretching of hydrolyzed APTES
3728 O–H stretching of H-bonded hydroxyl groups of diatom
3430 O–H stretching of water
2934, 2928 Symmetric C-H2 stretching
1630 O–H deformation of water
Fig. 4a presents the 29Si MAS NMR spectrum of Dt. The chemical
shift signals at �111.7 ppm, �101.7 ppm, and �91.9 ppm are as-
signed to the siloxane bridge (Q4 silicon, i.e., Si(OSi)4), single sila-
nols (Q3, Si(OSi)3(OH)), and geminal silanol (Q2, Si(OSi)2(OH)2) of
diatomaceous silica, respectively. The fractional population of sila-
nol sites (Fs, %), is 20.6%, calculated from the equation Fs = (A(Q3) + -
A(Q2))/(A(Q4) + A(Q3) + A(Q2)), where A is the peak area of the Qi

group [42]. The fractional population of germinal silanol sites (Fg,
%) is only 6.4%, on the basis of the calculation using the equation
Fg = A(Q2/(A(Q3) + A(Q2)). This result indicates that the single sila-
nols are the primary population in the silanol groups of Dt. The
29Si MAS NMR spectrum of Dt-800 (Fig. 4b) is analogous to that
of Dt, where the Fs value of Dt-800 is slightly decreased to 17.5%,
indicating that a small amount of silanols were condensed upon
heating at 800 �C. It is noteworthy that the quantitative calculation
of the silanols density, i.e., the number of OH groups per unit sur-
face area, was not conducted on the basis of the obtained 29Si MAS
NMR results. The reason is that the presence of silicon circum-
stance of cyclic trisiloxane ring in the structure of diatomaceous
silica has been demonstrated [43]; for this type of silica, 29Si
MAS NMR must be combined with Raman spectroscopy in evaluat-
ing the number of hydroxyls, otherwise the silanols density would
be significantly overestimated. An in-depth explanation of this
phenomenon and the related discussion has been given by Hum-
bert [42].
3.2. Influences of heating on the surface organosilylation of diatomite

As shown in Fig. 2c, the modified diatomite samples exhibit evi-
dent APTES introduction, reflecting the success of the organosilane
modification. The APTES content in the modified diatomites grad-
ually decreases from the maximum (0.94 mmol/g for Dt/M) as
the heating temperature increases, but Dt-800/M is an exception
because its APTES content is higher than those of Dt-400/M and
Dt-600/M (Fig. 2c).

The C/N molar ratios (MC/N) of all modified diatomites are larger
than the theoretical C/N molar ratio (3.0) of completely hydrolyzed
APTES (Fig. 2c), indicating the incomplete hydrolysis of ethoxyl
groups in APTES. This result implies that the physically adsorbed
water molecules in diatomite are not sufficient to completely
hydrolyze of APTES. Dt-800/M shows the lowest extent of APTES
hydrolysis with the largest MC/N valueamong the APTES-modified
samples (Fig. 2c), which is in agreement with the fact that the larg-
est removal of the physically adsorbed water was demonstrated in
Dt-800/M.

The FTIR spectra of the APTES-modified diatomites exhibit some
new vibrations compared with those of the unmodified diatomites
(Fig. 3b), including CH2 stretching (2934 cm�1), NH2 deformation
(1558 cm�1), CH2 deformation (1490 cm�1), and CH2 deformation
(1384 cm�1). These results confirm the success of the amine-
modification.

The appearance of the aforementioned APTES vibrations is
accompanied by the emergence of a 3732 cm�1 band in the spec-
trum of Dt/M (Fig. 3b). The 3732 cm�1 band is attributed to the
O-H stretching of the silanols in the hydrolyzed APTES [44,45].
Position (cm�1) Assignments

te 1558 N-H2 deformation (scissoring)
1490 C-H2 deformation (scissoring)

ite 1384 C-H2 deformation (wagging)
1102 In-plane Si–O stretching
800 Symmetric Si–O stretching
470 Si–O–Si deformation



Fig. 4. 29Si MAS NMR spectra of diatomite samples (dotted lines for experimental and solid lines for simulated).
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The bands existence indicates that a large amount of silanols re-
main in Dt/M. Normally, the hydrolyzed APTES species are very
readily condense with each other to form an oligomerized cross-
linking framework [44], during which time the silanols of APTES
should be consumed. Therefore, these remaining silanols may be
sourced from the APTES molecules that were introduced into the
framework through weak interactions, including hydrogen bond-
ing, hydrophobic interactions, and Van der Waals interactions.
Moreover, the chemical covalent grafting between the hydrolyzed
APTES and the diatomite surface should be limited to a small scale
because most surface silanols of diatomite in this case are covered
by the H-bonded water molecules and above which, the physically
adsorbed water molecules.

Quite different from the Dt/M case, the appearance of the APTES
vibrations in the spectrum of Dt-800/M is accompanied by the dra-
matic weakening of the vibration (3745 cm�1) of isolated silanol
groups (Fig. 3b). This result reflects the occurrence of grafting be-
tween the hydrolyzed APTES and the surface silanols of diatomite.
Some APTES molecules are very likely to be bonded to the diato-
mite silanols by direct condensation with a loss of ethanol
[45,46] because the water molecules are not sufficient for APTES
hydrolysis at 800 �C, as previously noted.

The APTES signals in the spectra of Dt-400/M and Dt-600/M
(Fig. 3b) are weaker than those in the spectra of Dt/M and Dt-
800/M, reflecting smaller contents of APTES. These results are in
good agreement with the elemental analysis, which was expected
due to the following reasons. The high APTES content in Dt/M is a
result of the formation of the cross-linking framework of oligomer-
ized APTES, which attracted and contained many APTES molecules
through some weak interactions. In Dt-800/M, the APTES mole-
cules were grafted onto the diatomite surface through strong
chemical bonds scuh that the introduced APTES was not readily re-
moved by washing in the preparation process. However, in the Dt-
400/M or Dt-600/M case, the physically adsorbed water was lar-
gely removed, and the APTES molecules were not completely
hydrolyzed to form oligomerized complexes. Moreover, the water
molecules directly hydrogen-bonded with the silanols, so-called
capping water molecules [31,47], still remained at 400 or 600 �C.
As a result, the surface silanols were shielded from condensation
with the APTES molecules by the capping water molecules. Accord-
ingly, neither oligomerization among the APTES species nor graft-
ing between APTES and diatomite occurred; therefore, the APTES
species were dissociative in the hybrid and prone to removal by
washing, leading to a low APTES content.

The N2 adsorption–desorption isotherms of the APTES-modified
diatomites (Fig. 2a) exhibit similar shapes to those of the unmod-
ified diatomites, but with less developed hysteresis loops, which
implies that the mesoporosity of the silylated diatomite is reduced.
A decrease in the SBET and Vpore values after APTES modification is
also observed (Fig. 2b). The largest decrease in these values occurs
in Dt/M, supporting the formation of the cross-linking framework
composed of oligomerized APTES, which leads to the blocking of
the diatomite pores. Dt-800/M exhibits a relatively small decrease
in porosity and surface area, indicating that the APTES grafting lay-
eron the diatomite surface is thin, thus causing the porosity to be
mildly affected.

In the 29Si MAS NMR spectrum of Dt/M (Fig. 4c), the chemical
shifts at �68.0 ppm and �60.7 ppm are attributed to the tridentate
(T3) and bidentate (T2) bonded silicons [46,48], respectively. The T3

silicon represents that all the three ethoxyl groups of APTES were
hydrolyzed and condensed with surface silanols of diatomite or
with other hydrolyzed APTES; and T2 means that some APTES spe-
cies possess one ethoxyl (or hydroxyl) group that did not hydrolyze
or condense (Fig. 4c). On the basis of the peak integration, the pro-
portion of T3/(T3 + T2) for Dt/M is 70.5%, indicating that in this case
the hydrolysis and condensation extent of APTES is high. The Fs va-
lue of Dt/M is 16.4%. This value is only slightly smaller than that of
Dt, suggesting that the most silanols of diatomite did not involve
into the condensation of APTES. That means the cross-linking
frameworks were mainly composed of oligomerized APTES, which
is consistent with the FTIR result. In contrast, the proportion of T3/
(T3 + T2) for Dt-800/M (Fig. 4d) is 54.8%, which is substantially low-
er than that for Dt/M. This result indicates that much less hydroly-
sis and subsequent oligomerization of APTES occurred in Dt-800/M
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than in Dt/M, owing to the removal of physical adsorbed water at
800 �C heating. This result implies that the APTES molecules were
linked with diatomite through a direct condensation mechanism
that was mentioned in the discussion on the FTIR results. It is note-
worthy that quantitatively evaluating the different silicon environ-
ments is difficult, because some Q4 and Q3 silicons in the silylated
diatomites were transformed from the initial Q3 and Q2 silicons
owing to the grafting of APTES.

As shown in the TG/DTG curves of the APTES-modified diato-
mite samples, Dt/M exhibits two main mass losses, corresponding
to the DTG peaks centered at 104 and 482 �C, respectively (Fig. 5a).
The first mass loss in the range of 50–150 �C is attributed to the
physically adsorbed APTES or the residual water. The second mass
loss in the range of 150–800 �C is associated with a very broad DTG
peak, implying that this loss was caused by several stages of ther-
mal decomposition. These stages may include the removal of
weakly bonded APTES species in the cross-linking framework, the
decomposition of the oligomerized APTES, and the decomposition
of the grafted APTES species, although the latter one should be very
minor. Among these stages, the first two should occur at relatively
low temperatures because the related weak interactions are less
thermally stable than chemical covalent bonding, as is well known
[42]. However, further specifying the exact boundaries of the re-
moval of weakly bonded APTES species and the decomposition of
the oligomerized species is difficult, because the related two proce-
dures should partially overlap.

The mass loss of the physically adsorbed APTES in Dt-800/M is
much smaller than that in Dt/M (Fig. 5d). In particular, a distinct
DTG peak at 540 �C is resolved (Fig. 5d). This peak reflects a high
thermally-stable state of APTES bonding, so it is attributed to the
decomposition of the covalently bonded APTES. Such a high ther-
mal-resistant performance of organosilane in silica-based hybrid
Fig. 5. TG and DTG curves of the APT
materials has not yet been reported. This observation is in good
agreement with the FTIR and elemental analysis, and strongly con-
firms the grafting of the hydrolyzed APTES on the diatomite
surface.

In addition, a weak shoulder peak centered at 435 �C is resolved
in the DTG curve of Dt-800/M, making the 540 �C peak asymmetric
toward low temperatures. The shoulder peak should be assigned to
the weakly bonded and oligomerized APTES species, just as in the
case of Dt/M. This result reflects the existence of a small amount of
non-grafted APTES species in Dt-800/M.

Dt-400/M and Dt-600/M exhibit thermal behaviors that are
intermediate between the two extremes of Dt/M and Dt-800/M
(Fig. 5b and c). In general, the main DTG peaks in the range of
400–550 �C of all mentioned samples are gradually shifted toward
higher temperatures with the increase in the pretreatment tem-
perature, indicating that grafting becomes increasingly more sig-
nificant with the removal of water. As a simple indication of the
quantity of introduced APTES species, the values of the mass loss
(wt.%), in order, in the range of 150–1000 �C were as follows: Dt/
M (14.4%) > Dt-800/M (7.8%) > Dt-400/M (4.5%) > Dt-600/M
(3.3%), which matches the elemental analysis results well. How-
ever, quantitatively determining the content of APTES based on
TG is not reasonable because the mass of the non-volatile silicon
part of APTES, which remains even after the thermal decomposi-
tion of APTES, is difficult to evaluate.

3.3. Effects of the organosilane modification of diatomite on its Cu(II)
adsorption performance

Grafting between diatomite and hydrolyzed APTES and oligo-
merization of APTES species are the two main mechanisms in-
volved in the APTES modification of diatomite. Oligomerization
ES-modified diatomite samples.
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occurs when there is a relatively large quantity of physically ad-
sorbed water on the surface of diatomite, resulting in a high extent
of APTES hydrolysis. The hydrolyzed APTES species then condense
with each other or with the small quantity of directly grafted
APTES to form a cross-linked structure, as schematically presented
in Fig. 6a. More hydrolyzed APTES species are introduced into the
cross-linked structure by weak interactions. Under a low heating
temperature (e.g., in Dt/M), oligomerization is the dominant form
of the hydrolyzed ATPES. Grafting of the hydrolyzed APTES on
the surface of diatomite occurs when two conditions are satisfied:
the physically adsorbed water molecules are mostly removed, such
that the oligomerization is restrained, and the isolated silanols of
diatomite are largely exposed, making them available for conden-
sation with the hydrolyzed APTES. The appropriate temperature for
achieving a grafting-dominant silylation is approximately 800 �C.

The different silylation mechanisms affect several properties of
the modified diatomite products. First, many more APTES species
are introduced into the oligomerization-dominant Dt/M than into
the grafting-dominant Dt-800/M because of the formation of the
multiple-layered and cross-linked network of hydrolyzed APTES
in the oligomerization structure. In contrast with that, a much
thinner APTES layer is formed in grafting-dominant diatomite
(Fig. 6b). Second, the highly developed oligomerization sharply de-
creases the porosity of the oligomerization-dominant diatomite,
whereas the thin layer of the grafted APTES decreases the porosity
in a mild manner. Moreover, the oligomerization-dominant Dt/M
exhibits less thermal stability than the grafting-dominant Dt-
800/M because the grafted APTES is combined with the diatomite
surface by strong chemical covalent bonds, whereas the oligomer-
ized APTES is mainly attached through weak interactions. The
APTES-modified samples derived from moderate heating, Dt-400/
M and Dt-600/M, exhibit the above-described properties of being
intermediate between the two extremes of the oligomerization-
dominant and grafting-dominant products.

To further evaluate the effects of APTES modification on the
adsorption properties of the silylated diatomite, Dt, Dt/M and Dt-
800/M were used for the Cu(II) adsorption tests. Fig. 7a displays
the removal of Cu(II) by Dt, Dt/M and Dt-800/M as a function of
agitation time. The initial Cu(II) concentration was set at 100 mg/
L. The Cu(II) adsorption on Dt was a fast process in which the equi-
librium state was achieved in 30 min, but the total adsorption
quantity was very low (Fig. 7a). In contrast, both Dt-800/M and
Dt/M exhibited much higher Cu(II) uptakes. The initial Cu(II) up-
take on the modified diatomite was quite fast and was followed
by a slower subsequent removal and an eventual steady state after
Fig. 6. Schematic presentation for the related mechanisms of the APTES modificat
approximately 120 min (Fig. 7a). The rapid adsorption of Cu(II) by
Dt-800/M and Dt/M is attributed to the external surface adsorp-
tion, suggesting that most of the adsorptive sites for Cu(II) existed
in the exterior of the modified diatomite and were easily accessible
to the Cu(II) species, resulting in a rapid approach to the steady
state.

The kinetics curve of the adsorption process is simulated using
the pseudo-second-order model [49,50], with the rate expression
given by

dqt=dt ¼ kpðqe � q2
t Þ ð1Þ

where kp is the second order rate constant (g/mg.min) and qt and qe

are the amounts of Cu(II) adsorbed per unit mass (mg/g) at any time
(t) and at equilibrium, respectively. Eq. (1) can be rearranged to ob-
tain the linear form:

t=qt ¼ 1=kq2
e þ t=qe ð2Þ

where kqe
2 = h, and h is the initial adsorption rate (mg/(g � min)).

As shown in Table 2 and Fig. 7b, which provide the simulation
results, the sorption of Cu(II) onto Dt, Dt/M and Dt-800/M fits Eq.
(2) quite well. This result indicates that the kinetics of this sorption
system are classified as pseudo-second-order, implying that the
rate-limiting step may be chemical sorption involving valency
forces through the sharing or exchanging of electrons between
the amino groups and the Cu(II) species [51].

The initial sorption rates of Cu(II) species onto Dt-800/M and
Dt/M are 26.3 and 1.6 mg/(g � min), respectively, which are signif-
icantly greater than the adsorption rates of Cu(II) species onto Dt.
This result confirms the role of the amino groups that are post-
introduced into Dt/M and Dt-800/M in the improvement of Cu(II)
adsorption. Note that Dt-800/M has a much higher Cu(II) adsorp-
tion rate fthan Dt/M, although the actual amount of APTES in Dt-
800/M is only approximately 78% of that in Dt/M. The reason for
this result is that most amino groups in Dt/M are in the cross-
linked network of oligomerized APTES, which are involved in sev-
eral different interactions (Fig. 6) and therefore less available for
Cu(II) adsorption than those in Dt-800/M case.

Fig. 7c displays the Cu(II) adsorption isotherms of Dt, Dt/M and
Dt-800/M. The Langmuir adsorption isotherm model demonstrates
the best fit in quantitatively describing the adsorption data com-
pared with several commonly used fitting models, such as the Fre-
undrich and Redlich-Peterson models [51]. The linear form of the
Langmuir plot is given as

Ce=Q e ¼ 1=ðbQmÞ þ 1=ðQmÞCe ð3Þ
ion: (a) oligomerization-dominant silylation; (b) grafting-dominant silylation.



Fig. 7. (a) Effect of agitation time on the Cu(II) removal efficiency of Dt, Dt/M and Dt-800/M; (b) linear fitting plots based on pseudo-second-order kinetic model for the
adsorption of Cu(II); (c) the Cu(II) adsorption isotherms of Dt, Dt/M and Dt-800/M; (d) linear fitting plots based on Langmuir isotherm model for the adsorption of Cu(II).

Table 2
Kinetics constants and Langmuir equation parameters for Cu(II) adsorption on various adsorbents.

Model parameters Adsorbents

Dt Dt/M Dt-800/M

Kinetics constants R2 0.970 0.998 0.999
Kp[g/(mg�min)] �0.25 6.3 � 10�3 8.2 � 10�3

qe (mg/g) 0.5 16.1 17.9
t1/2 (min) – 9.8 0.68
h �0.067 1.64 26.32

Langmuir equation parameters R2 0.976 0.996 0.998
kL 0.02 0.8 1.0
Qm (mg/g) 1.4 18.5 22.7
RL 0.8–0.2 0.1–6.4 � 10�3 8.9 � 10�2–4.9 � 10�3
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where b and Qm (mg/g) are the Langmuir constant and the mono-
layer adsorption capacity, respectively, and Ce (mg/L) is the equilib-
rium concentration of the Cu(II) in the liquid phase. As evidenced by
the adsorption coefficients computed from Eq. (3) (Table 2 and
Fig. 7d), the adsorption isotherms of Dt, Dt/M and Dt-800/M fit
the Langmuir model well. The Qm values of different adsorbents fol-
low the order of Dt-800/M (22.7 mg/g) > Dt/M (18.5 mg/g) > Dt
(1.4 mg/g). The Cu(II) adsorption capacity of Dt is slightly smaller
than those of some amorphous silicas, such as synthetic silica gel
(2.3 mg/g [52]) and the naturally occurring biogenic silica from rice
husk (�5 mg/g [53]). The reason for this result is that the specific
surface area of the diatomite used in the present study is much low-
er than those of the aforementioned silicas. The Cu(II) adsorption on
the APTES-modified diatomite is more than 13-fold greater than
that on the unmodified diatomites, demonstrating that the silyla-
tion of diatomite significantly increases its adsorption capacity.
The Cu(II) adsorption capacity normalized to the actual APTES con-
tent (mmol/g), Qm-s, was calculated based on the APTES content
(Fig. 2c) and the Qm values (Table 2) derived from the Langmuir
equation. The Qm-s value of Dt-800/M (31.1 mg/mmol) is much lar-
ger than that of Dt/M (19.7 mg/mmol), confirming the higher
adsorption efficiency of APTES in the form of grafting than that of
oligomerization.

In the Langmuir adsorption isotherm model, RL is often used to
evaluate the affinity between the adsorbent and adsorbate. RL is a
dimensional constant called the separation factor, which is defined
by the following equation [54]:
RL ¼ 1=ð1þ aLC0Þ ð4Þ

where C0 is the initial concentration (mg/L) of Cu(II) and aL is the
Langmuir constant, which is related to the adsorption energy (L/
mg). Different affinities between the adsorbent and adsorbate are
classified according to the value of RL as follows: unfavorable
adsorption (RL > 1), linear adsorption (RL = 1), favorable adsorption
(0 < RL < 1) or irreversible adsorption (RL � 0) [55]. The RL values
of the diatomite samples are in the range of 0–1 (Table 2), indicating
the favorable uptake of the Cu(II). In addition, the RL values of both
Dt/M and Dt-800/M are near zero, implying that the adsorption pro-
cesses are almost irreversible. This result also supports that the
Cu(II) uptake into the APTES-modified diatomite is a chemical
adsorption process.

The XPS spectra of Cu obtained from the adsorbent surface after
adsorption (initial Cu(II) concentration 100 mg/L; 480 min) are
shown in Fig. 8. The Cu-adsorbed samples are indicated by the
addition of ‘‘-Cu’’ suffix, e.g., Dt/M-Cu. The Cu2p XPS spectrum of
Dt-Cu (Fig. 8a) does not exhibit any well resolved peaks, indicating
the very low Cu content in the surface of the unmodified diatomite.
The Cu2p XPS spectrum of Dt/M-Cu shows two peaks centered at
934.4 and 954.4 eV (Fig. 8b), attributed to the Cu2p3/2 and Cu2p1/

2 levels of the Cu0–d+ species, respectively. These peaks reflect the
formation of the mono/bi/multidentate copper complexes with
nitrogen ligands [56]. This result suggests that some chemical
bonds were formed between copper ions and the amino groups,
and the electron cloud density of the copper ions was therefore



Fig. 8. The Cu2p XPS spectra of the different Cu-adsorbed samples: (a) Dt-Cu; (b)
Dt/M-Cu; (c) Dt-800/M-Cu.
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increased, resulting in the observed lower binding energy of the
adsorbed copper ions than that of the Cu2p3/2 and Cu2p1/2 levels
of Cu2+ (at approximately 935 and 955 eV, respectively [57]). Two
similar but stronger peaks for Cu2p3/2 and Cu2p1/2 are resolved in
the spectrum of Dt-800/M-Cu, reflecting a greater degree of Cu
adsorption. The amino groups in Dt/M should be much more in-
volved in the interactions (e.g., hydrogen bonding between nitro-
gen and hydrogen) in the cross-linked network of the
oligomerized APTES, reducing their coordination with Cu and thus
resulting in less Cu adsorption. Moreover, Dt-800/M-Cu shows
slightly lower binding energy values for the peaks of Cu2p3/2

and Cu2p1/2 (at 934.1 and 954.0 eV, respectively) than that of
Dt/M-Cu, implying a strong coordinative interaction for the cop-
per species.

In addition, the minor satellite peaks centered at 944.0 eV
exhibited in the XPS spectra of Dt/M-Cu and Dt-800/M-Cu are
attributed to the adsorbed Cu2+ ions [56]. These Cu2+ ions may
most likely be adsorbed through non-chemical bonding, e.g., by
the electrostatic attraction between Cu2+ and the unmodified diat-
omite surface silanols.

The above results clearly demonstrate that the naturally
occurring porous diatomite that underwent calcination at a tem-
perature as high as 800 �C is capable of being used for organosi-
lane modification and that the APTES-modified diatomite has a
large adsorption capacity for copper ions. It is noteworthy that
the heating temperature for a given diatomite should be opti-
mized because the diatomite samples from diverse sources may
have different properties. Based on these findings, the traditional
applications of porous diatomite in the fields of filtering and
adsorption can be significantly extended. Novel uses of adsorp-
tion, loading, or recovery for the organosilane-affinitive guests
(such as metal ions and protein) can be accomplished by applying
various organosilane species with diverse functional groups.
Many further applications can also be postulated. For example,
the organosilane modification of diatomite-based porous or foa-
my ceramics could enhance their performances for adsorption,
separation and catalysis purposes; however, to date, no such at-
tempt has been reported.
4. Conclusions

The porosity of the naturally occurring porous diatomite re-
mains intact after calcination at temperatures as high as 800 �C.
Heating significantly affects the surface silylation of diatomite by
controlling the evolution of its hydration state. At a low heating
temperature (150 �C), the hydrolyzed APTES is oligomerized and
then attached to the diatomite surface by hydrogen bonding or
Van der Waals interaction, resulting in a cross-linked structure
containing a high content of APTES species. Heating at a high tem-
perature (800 �C) leads to the removal of physically adsorbed
water and the hydrogen-bonded capping water, exposing the sur-
face isolated silanols of diatomite. These silanols act as the sub-
strates for the grafting of the APTES molecules. In grafting-
dominant structures, a relatively thin APTES layer is formed, and
the grafted APTES exhibits a very high thermal stability. The
decomposition temperature of grafted APTES is approximately
540 �C.

The Cu(II) adsorption on APTES-modified diatomite is 13 times
greater than that on unmodified diatomite because of the high
affinity of the amino groups for Cu ions. The grafting-dominant
modified diatomite has a dramatically higher efficiency for Cu(II)
adsorption than the oligomerization-dominant diatomite. The
main reason for this greater efficiency is that the nitrogen atoms
in the cross-linked network formed by oligomerized APTES are
strongly affected by hydrogen bonding, which weakens their coor-
dination with the copper species.

These fundamental results demonstrate that the calcined prod-
uct of the naturally occurring porous diatomite is capable of being
used for silylation. For the metal adsorption application of a given
diatomite, the heating temperature must be carefully selected to
generate a grafting-dominant silylation. Surface silylation accom-
panied by an appropriate heating pretreatment is very promising
for the applications of diatomite in the fields of filtering, adsorp-
tion, and metal supporting for catalysis purposes.
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