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Mesoporous adsorbents containing mono-(-(CH,);NHC(=S)NHC,H;) or
bi-(—(CH,)3NHC(=S)NHC,H;/amino) functional surface layer have been synthesized in
a single-step process using bi- or tricomponent (with respect to alkoxysilanes) systems and
1-dodecylamine as a template. The studied systems have been shown to have a disordered
lattice similar to hexagonal one, a developed porous structure (S, 409 to 718 m?/g; V, 0.26
to 0.82 cm3/g; d 2.4 to 2.5 nm) and a relatively high content of functlonal groups (Cpog from
0.7 mmol/g to 2.2 mmol/g). It has been found that hydrothermal treatment of mesophases in
a mother liquor for 24 hours at 80°C does not result in an enhanced structure ordering but
even in worsened structure-adsorption characteristic of the final products.

Mesomopucreie agcopbentsr, comepamue MoHO-(—(CH,)sNHC(=S)NHC,Hg) uanm
6u-(—(CH,);NHC(=S)NHC,Hy/amMmun) GyHKIMOHAIBHEIA TOBEPXHOCTHBIN CJIOW, OJHOCTAIMI-
HO CHUHTE3UPOBAHBI C WCIIOJH30BAHUEM [JBYX- UM TPEXKOMIIOHEHTHHIX (IO aJIKOKCHUCUJIAHAM)
cucreM u l-gomenmaaMuHa Kag TeMmIniata. 1I0KasaHo, YTO OHM HMEIOT HEYIOPSAJLOYEeHHYIO
peméTKy, OJMBKYI0 K TeKCaroHaJbHOW, PasBUTYIO IOPUCTYIO CTPYKTYDPY (S,, 409-718 M2/,
V. 0.26-0.82 em3/r, d 2.4—2.5 HM) ¥ OTHOCHUTEIHHO BBLICOKOE COZepIKAHIE ()yHKHI/IOHaJIBHI)IX
rpynn (Coog — oT 0.7 mmoan/r go 2.2 MMOJL/T). YCTaHOBJIEHO, UTO THIPOTEPMAalbHAA
o0paboTka me3odas B marouHoM pacTBope B TeueHue 24 u mpu 80°C He TOJIBKO He BeLET K
0oJiee YIIOPSAJOUYEHHON CTPYKType, HO gake HECKOJbKO YXYIIIAeT CTPYKTYPHO-aICOPOI[MOH-
HBblE XaPaKTEePUCTUKN KOHEUHBIX MPOLYKTOB.
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Ions of heavy metals, particularly mer-
cury (II), being very dangerous for human
organism, often are carried over the envi-
ronment with water [1]. Thus, water purifi-
cation from these ions pays a special atten-
tion. From this point of view, silicas modi-
fied with ligand groups imparting
selectivity in sorption processes [2] are very
attractive compounds. As a rule, thiol and
thiourea groups are use to adsorb selec-
tively Hg(ll) ions. It is to note that the func-
tionalization of silica matrix should not
worsen its kinetic characteristics. Thus, in
[3], the MCM-48 functionalized with 1-ben-
zoyl-3-propylurea groups was chosen as a
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matrix. The material so obtained appeared
to be a good adsorbent for Hg(ll) ions. The
maximum sorption capacity was 6.7 mmol/g
(at the functional group concentration
1.55 mmol/g). Thiourea group and its de-
rivatives are very interesting complexing
agents [4]. The use thereof provides effec-
tive silica sorbents. These materials are ef-
fective in extracting not only metals such
as Ag(l), Hg(ll), Pd(ll), Pt(IV), etc., but also
halogen anions (F~, Br7). However, mesopor-
ous adsorption materials are usually synthe-
sized in two-step synthesis. Recently, [5—7]
the opportunity of one-step synthesis of se-
lective mesoporous thiol-containing sorbents
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Table 1. Composition and functional groups content of obtained functionalized mesoporous silicas

Sample Functional group Ratio of Elemental analysis, % (mass.) Content of
alkoxysilanes functional
groups, mmol/g
C H | N S C/IN/S Ce=s CnH
FMS- | —(CHy)sNHC(S)NH(C,Hg) 10:2 14.5/3.3| 5.4 (6.4 6/1.9/1 2.2 -
1.1A
FMS-2A| —(CH,);NHC(S)NH(C,Hg) 10:1:1 11.1 /3.6 4.0 |2.2 13/4/1 0.7 1.6
—(LH5)3NH,
FMS- | —(CH,);NHC(S)NH(C,Hz) 10:1:1 12.1/3.44.3|3.3 9.7/3/1 1.1 1.1
2.1A —(CH,)2:NH,,
FMS-3A| —(CH,)3NHC(S)NH(C,H5) |10:0.67:0.67 |14.9|3.4 | 8.3 | 2.2 18/3.5/1 0.7 1.1
= [(CH,)3],NH
FMS- | —(CH,)3NHC(S)NH(C,H;) [10:0.67:0.67 (12.9|3.3 | 3.4 |2.32| 14.8/3.4/1 0.7 1.1
3.1A = [(CH,)a]l,NH
FMS 4A| —(CH,);NHC(S)NH(C,H;) |10:1.33:0.67 |13.4|3.5| 5.1 | 3.4 |13.8/4.5/1.33| 1.1 0.8
—(CH,); NHCH,CH,NH,
FMS- | —(CH,)3NHC(S)NH(C,H;) [10:1.33:0.67 |14.5|3.5| 5.4 | 4.2 12.4/3.9/1.33| 1.4 0.7
4.1A —(CH,)3 NHCH,CH,NH,

for Hg(ll) using different types of templates:
cetyltrimethylammonium bromide [5], n-oc-
tylamine [6], triblock surfactant [7] has
been demonstrated. In this connection, the
main goal of our investigations is to synthe-
size mesoporous sorbents with thiourea
group selective to Hg(ll) ions in one-step
template process. In this paper, the synthe-
sis of mesoporous adsorbents (1-dodecy-
lamine as template) functionalized with 1-
ethyl-3-propylthiourea group, their struc-
ture-adsorption characteristics and the
influence of the hydrothermal treatment
(HTT) is described. It is expected that the
HTT of the mesophases provides more or-
dered adsorbents and, consequently, an im-
provement of the pore structure parameters.
Tetraethoxysilane, Si(OC,Hg), (TEOS,
98 %); 3-aminopropyltriethoxysilane,
(C5H50)3Si(CH5)3sNH, (APTES, 99 %); bis-
[(8-trimethoxysilyl)-propylJamine,
[(CH30)3Si(CH5)3l,NH (BTMPA, 97 %, Fluka);
N-[8-trimethoxysilyl)-propyllethylenediamine,
(CH30)3Si(CH,)3NH(CH,),NH, (TMPEA, 97 %);
1-dodecylamine, CH3(CH,)4NH, (DDA); an-
hydrous acetonitrile and ethanol were used
as initial materials (all reagents from
Aldrich, if no otherwise specified). The tri-
functional silane with thiourea groups
({C5H50)3Si(CH5)3NHC(S)NHCH;, ETUS)
was synthesized according to [8]. The sam-
ples were synthesized using the following
technique. FMS-2A (TEOS/ETUS/APTES =
10:1:1): to the DDA (0.015 mol) solution in
ethanol (80 cm3), first ETUS (0.005 mol),
then TEOS (0.05 mol) and APTES
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(0.005 mol) were added under stirring.
Then, under continuous stirring, water
(25 cm?3) was added dropwise. During about
two minutes, a precipitate was formed from
the clear solution, which was left to stand at
ambient temperature for 48 h. Then it was fil-
tered off and dried in air during 48 h. The
FMS-3A (TEOS/ETUS/BTMPA = 10:0.67:0.67)
and FMS-4A (TEOS/ETUS/TMPED =
1.83:0.67) samples were synthesized in the
same way. Thus, the molar ratio of reac-
tants as follows: 0.1 TEOS:0.02 (RQO);SiR’
(total quantity trifunctional silanes): 0.03
DDA: 2.8 H,O. When using BTMPA, the
presence of two (CH30)3Si(CH,)3-chains in
its molecule was taken into account, i.e. the
molar ratio of trifunctional silanes
(BTMPA/ETUS) in the initial solution for
the FMS-3A sample was 0.67:0.67. When
using TMPED, the presence in its molecule of
two amino centers was taken into account,
i.e. the molar ratio of trifunctional silanes in
the initial solution for the FMS-4A sample
was 1.33:0.67. The surfactant was washed
out from all obtained white powdery sub-
stances with acetonitrile under boiling for 3 h
(60 cm3 CH5CN per 2 g of sample); the opera-
tion was repeated thrice. Then the samples
were dried in vacuum at 100°C for 4 h. The
FMS-1.1A (TEOS/ETUS = 10:2), FMS-2.1A,
FMS-3.1A and FMS-4.1A samples were syn-
thesized from white precipitates in mother
liquor using HTT at 80+2°C for 24 hours.
The further treatment of the samples was
analogous to that mentioned above.
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+ HpO, DDA
Si(OEt)4 + (Et0)3Si(CH2)3NHC(S)NHEE + (AIkO)3SIR'
— EtOH, MeOH
INTERMEDIATE
PRODUCT
- DDA
—>  (Si02)x*(03/2Si(CH2)3NHC(S)NHEt)y+(03/2SiR') 7,
where Alk = CH, or C,Hg; R’ = — (CH,)3NH,, 1/2 = (CH,);l,NH or — CH,);NHCH,CH,NH,.

The elemental analysis was carried out at
Analytical Laboratory, the Institute of Or-
ganic Chemistry (NASU, Kyiv). X-ray dif-
fraction powder examinations were done
using a DRON-4-07 diffractometer in Cu K
radiation. The DRIFT spectra were recorded
on the Thermo Nicolet Nexus FT-IR at 8 ecm™
1 resolution using the Spectra Tech collector
diffuse reflectance accessory at room tem-
perature. The samples were mixed with KBr
(1:30) and were used to fill the DRIFT sample
cup before measurements. The nitrogen ad-
sorption isotherms for all the samples were
measured by a Kelvin-1042 adsorption ana-
lyzer. Before the measurements, the samples
were outgassed at 383 K in helium. The BET
specific surface area [9] was calculated in the
relative pressure range between 0.05 and
0.85. The total pore volume (V,) was deter-
mined from the amount adsorbed at the rela-
tive pressure 0.99 [9]. The pore size distribu-
tions were determined using the Barrett,
Joyner and Halenda (BJH) approach [10].

Multicomponent systems were used for
synthesis of functionalized mesoporous sil-
ica (FMS) (see schema).

The elemental analysis data for the sam-
ples obtained (after extraction the template
using boiling acetonitrile) are presented in
Table 1. These data show indirectly that the
nature of functional groups remains un-
changed after the HTT of mesophases as well
as after template removal. The somewhat
higher carbon content in FMS samples ex-
tracted from template can testify to the pres-
ence of a small quantity of non-hydrolized
alkoxy groups [11] and probably DDA traces.

IR spectra of some synthesized samples
(after template extraction) are shown in
Fig. 1. All the spectra contain an intense
absorption band with high-frequency shoul-
der in the 1050-1200 cm™! region. Its pres-
ence can be attributed to formation of
three-dimensional siloxane network with
carbon-containing functional groups [12]. The
IR spectra of all samples show also a sharp
moderate intensity adsorption band at about

276

R, a.u.

1 ST
™~
© N
8 Ry
& 5
0 ©
o]
© o
)
o
L L L
4000 3000 2000 1000 v, cm™

Fig. 1. IR spectrum of FMS-4.1A (1), FMS-
3.1A (2), FMS-2.1A (3), FMS-2A (4), and
ETUS (5).

1560 ecm™1, which attributed to
v,(NCN) vibration of thiourea fragment —NH-—
C(S)-NH- [13]. This fact is also confirmed by
the presence of an intense and broad absorp-
tion band at about 3300 em™!, which can be
masked by absorption band of water v(OH) vi-
bration. Furthermore, in the 2800-3000 cm™!
region, there is a well-defined adsorption band
of C—H bonds valence vibrations in an alkyl
chain. There is no absorption bands that are
typical for DDA in the IR spectra.

The powder X-ray diffraction patterns of
all FMS samples obtained with and without
HTT are shown in Fig. 2. Those comprise a

can be
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Fig. 2. Powder XRD patterns of materials prior to (a) and after HTT (b). 1-FMS-2A; 2-FMS-3A;

3-FMS-4A.

single broad reflex which is typical for the
mesoporous silicas synthesized with DDA
[14]. Interplanar spacing dgy constants for
all obtained samples, as calculated from these
patterns, are presented in Table 2.

The nitrogen adsorption isotherms of syn-
thesized materials are shown in Fig. 8. As is
seen, the isotherms for FMS-2A, FMS-2.1A,
FMS-4A and FMS-4.1A samples belong to the
Type I according to IUPAC classification [15].
Isotherms of FMS-1.1A and FMS-3.1A sam-
ples are similar to those described above,
while the isotherm of FMS-3A sample belongs
to the Type IV. The structure and adsorption
parameters of all samples, as calculated from
obtained isotherms, are displayed in Table 2.

The use of DDA as a neutral templating
agent provides an easy synthesis mesopor-
ous silicas with mono- and bifunctional sur-
face layer containing thiourea groups,
=Si(CH,)3sNHC(S)NHC,Hg. The boiling ace-
tonitrile has been found to be a very effec-
tive template-removing agent. The powder
X-ray diffraction patterns of all FMS sam-
ples comprise a single reflex at ~ 2.9 260/°,
which is typical to the mesoporous silicas
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synthesized with DDA [16]. It was demon-
strated that such materials have small scat-
tering domain sizes and can still exhibit
local hexagonal symmetry [17]. The com-
parison of X-ray patterns of the samples
synthesized using HTT (Fig. 2b) and with-
out it (Fig. 2a) testifies that in case of the
HTT use the corresponding X-ray patterns
are worse than when HTT is not used. Fur-
thermore, it is expected that the HTT will
increase the lattice parameter (ag), due to
thermal expansion of the mesophase hydro-
carbon fragments. That conclusion was con-
firmed before in the synthesis of silica
mesoporous materials in the presence of
alkyl trimethylammonium cations [18, 19].
However, it is seen from Table 2 that in
FMS samples this effect is observed only
after the template removal from the meso-
phase. Furthermore, after removing the
template, the lattice parameter increase is
practically observed for all samples. How-
ever, this increase is more significant in
HTT treated samples (Table 2). Obviously,
these effects are due to the presence of func-
tional groups at the surface micelle/polysilox-
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Table 2. Structural characteristics of obtained adsorbents

Sample Initial form Removed form Ssp., m2/g Ve cm3/g d, nm
d1pp> DM aommmgB#SZB, dipp> DM ag, nm
nm
FMS-1.1A 3.61 4.16 3.84 4.44 593 0.34 2.4
FMS-2A 3.68 4.25 3.84 4.44 718 0.4 2.5
FMS-2.1A 3.68 4.25 4.02 4.64 409 0.26 2.4
FMS-3A 3.54 4.08 3.93 4.53 602 0.82 2.5
FMS-3.1A 3.61 4.16 4.42 5.10 508 0.34 2.4
FMS-4A 3.54 4.08 3.54 4.08 674 0.36 2.4

ane network interface in the mesophases.
Negative influence of the HTT affects also
the structure-adsorption characteristics
(Table 2). In HTT treated samples, Sep and
V, values are smaller. However, the pore di-
ameter remains practically unchanged. It can
be concluded that the mesoporous structure is
partially destroyed during the HTT.

Thus, the use of DDA in di- or tricompo-
nent (with respect to alkoxysilanes) systems
during template synthesis allows to obtain
the mesophases easily from which the tem-
plate can be removed using boiling acetoni-
trile. The elemental analysis and IR spec-
troscopy data indicate the presence of the
surface layer in these samples which con-
sists of either thiourea groups
=Si(CH,)3sNHC(S)NHC,Hg or a combination
thereof with amino groups. The synthesized
mesoporous silicas show a developed pore
structure and relatively high content of func-
tional groups (Cg=g 0.7 to 2.2 mmol/g). Hy-
drothermal treatment of the mesophases in
mother liquor causes neither an improvement
of mesoporous structure nor structure -adsorp-
tion characteristics of the final products.
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OpHocTamiiiHMH TEMILJIATHHH CHHTE3 ME30MOPHUCTHX
KpeMHe3eMiB 3 TiOCeUOBUHHUMH (PYyHKI[iOHAJIbHUMH
rpynamMu

10.J1.3y6, O.1.'ona, 0.0.9yiixo, H.A.lpowenko,
A. Jabposcvruil

Mesomopucti agcop6enru, mo micrare Mmoro-(—NHC(=S)NHC,Hg) um 6i- (-
NHC(=S)NHC,H/amin) ¢pyrKmionansHuil mosepxHeBuit map, OAHOCTAJiHHO CHHTE30BAHO 3
BUKOPUCTAHHAM [BO- YU TPUKOMIIOHEHTHUX (3a ajKoKcucuiaaHamu) cucrem i 1-momermiaami-
Ha AK remmiary. IlokasaHo, 110 BOHM MAaOTh HEYIOPALKOBAHY I'PATKY, OJIMSBKY L0 r'eKcaro-
HAJBHOI, POSBUHYTY IOPYBaTy CTPYKTYPY (S,,, = 409-718 M2/, V.=0.26-0.82 em3/r, d
= 2.4-2.5 uM) Ta BigHOCHO BHCOKHIt BmicT dyrKmionamsaux rpyn (Coog Bix 0.7 Mmons/r mo
2.2 mmousn/r). BeraHoBieHO, 10 rizporepmasibHa 0o0poOKa mMesodhas y MATOYHOMY POSUMHI
nporarom 24 ropgue npu 80°C He TiNbKU He Bele L0 OiNbII BHOPAAKOBAHOI CTPYKTYPH, a
HaBiTh [JeIo MOTIpINye CTPYKTYPHO-aAcopOIiiiHi XapaKTepUCTUKM KiHIEBUX IPOAYKTIiB.
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