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Effect of activation temperature on surface basicity
of natural aluminosilicates
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Montmorillonite and nontronite are layered aluminosilicates of smectite group minerals widely de-
manded in many industries owing to their unique physical-chemical and other properties. By thermal activa-
tion of raw clays there are variations in their porosity, surface area and physical-chemical properties, includ-
ing formation and redistribution of surface active site of acid-base or redox character. The aim of present
studies included investigation of the effect of thermal activation on the character of distribution and a number
of basic sites on the surface of natural layered aluminosilicates by means of the new method of inverse ther-
moprogrammed desorption of COs.

Samples of natural aluminosilicates rich in montmorillonite (Montmorillonite 67%, illite 5%, quartz
5%, feldspars 21%) and nontronite (nontronite 70%, illite 10%, kaolinite 5%, quartz 10%, feldspars 8%)
were characterized by XRD, XRF, BET N, adsorption techniques. To probe surface basicity and determine
the number of basic sites a new iTPD-CO, was used. Prior the iTPD-CO, measurement 100 mg of a sample
was activated at 200, 300, 400°C, then cooled down and loaded with CO, (3ml/min flow rate of CO, for
30 min). Next, the reactor was flushed by 5 ml/min N»-flow to desorb weakly sorbed CO». The iTPD-CO,
profiles were recorded within 20-800°C at a 20°C/min heating rate and treated using ChemStation software.

The experimental profiles of CO, desorption for Mt and Nt samples observed two temperature re-
gions. Low temperature peaks evolved around 80-90°C for Mt and between 110-127°C for Nt were most like-
ly related to the weak basic sites, whereas high temperature peaks around 510 and 620°C for Mt and above
320°C for Nt testified to stronger ones. The reasoning of the obtained iTPD-profiles was done considering
thermal behavior of layered aluminosilicates.

The total basicity of Nt and Mt samples was 359.2 and 209.9 pumol/g respectively. The 1.6 times
higher basicity of Nt was, obviously, caused by its phase and chemical composition and developed surface
area and porosity. At higher activation temperatures the number of weak basic sites related to hydroxyl
groups of adsorbed water molecules gradually decreased, namely, by 21 times for Mt and by 2.8 times for Nt.

Dehydroxylation of structural Al-OH, Fe-OH, Mg-OH above 200°C, which becomes irreversible
above 300°C, provided formation of residual oxygen atoms and their contribution to population of stronger
basic sites. In accordance with thermal behavior of dioctahedral smectites, is assumed that strong basic sites
of Mt are trans- and cis-vacant Al-OH groups dehydroxylating correspondingly at ~550 and 650°C. Fe-rich
sample of Nt rapidly lost hydroxyls at rather lower temperatures that resulted in more heterogeneous distribu-
tion of strong basic sites of varying strength. At higher activation temperatures the ratio of stronger sites
number to weak sites increased from 23 to 200 for Mt, whereas for Nt this ratio varied between 54-67 times.
In general, total basicity of Mt and Nt decreased by 2.2-2.3 times as a result of their dehydration and dehy-
droxylation by thermal activation. The normalized values of basicity per unit surface area (By/S, umol/m?)
were 1,5 times higher for Mt surface, testifying to higher occupancy and density of active sites for Mt than
that of Nt.

Keywords: montmorillonite, nontronite, thermal activation, inverse TPD-CO,, surface basicity.
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Introduction

Montmorillonite and nontronite are lay-
ered aluminosilicates belonging to smectite
group minerals formed during weathering
of igneous rocks in an alkaline media and
constituting soil loams and sedimentary
rocks [1-3]. The structure of monemotil-
lonite and nontronite are represented by
three-layer packages (T-O-T) of silica-
oxygen tetrahedral and alumina-oxygen oc-
tahedra. Different extent of isomorphic sub-
stitutions of Si*" for AI**, and AI** for Fe?",
Fe** or Mg?" in tetrahedral or octahedral
sheets, respectively, leads to origin of 0.2-
0.6 negative layer charge in smectites [1].
The chemical composition of octahedral
sheet is the major difference of montmoril-
lonite from nontronite that is revealed in
their general chemical formulas [1, 3]:

Montmorillonite
(M'yH20)(AP2yMg**y)Si**4010(OH)2 (1)
Nontronite
(M*yH20)Fe* 2(Si*" 4xAF 9010(OH)2  (2)

Smectites are widely demanded in most
of industrial productions owing to their
unique physical, chemical, mechanical,
rheological and other properties, as well as
their rich and spread natural deposits mak-
ing them environmentally compatible and
safe [4-8]. For operation with gases or vola-
tile compounds [9, 10] and, currently, by
cement and concrete productions [11] to be
used as a source of cementitious materials,
raw clays need to be activated. Most often
thermal activation is applied, as a result of
which molecules of CO2, H2O and other
substances leave the surface providing an
increase in porosity and specific surface of

a sorbent [9-12]. However, the exposure of
high temperature can be destructive for
aluminosilicates irreversibly changing their
layered structure [1, 4, 12]. Processes of
dehydroxylation at t>300°C and amorphiza-
tion at t>500°C of layered aluminosilicates
are the reasons for a decline of their internal
surface, loss of ability to swell, ion-
exchange and adsorb [10, 12, 13]. In addi-
tion, thermal exposure changes physical-
chemical properties and, most often, in-
creases free energy of the surface due to
formation, redistribution or enhancing the
accessibility of surface active site of acid-
base or redox character [14, 15].

At ambient conditions, acid-base equilib-
rium of surface active site of natural clays
is shifted towards their higher acidity [14-
16]. The contribution of basic sites of the
surface (structural hydroxyls, adsorbed wa-
ter, edge OH-groups) becomes evident by
the change of external conditions (pH, tem-
perature), chemical [17-20] or physical [21-
23] modification of aluminosilicates. In a
number of processes basicity of catalyst or
sorbent surface plays a decisive role [24,
25] that makes studies on basic properties
of the surface under activation or modifica-
tion of materials of current interest.

The aim of present studies included in-
vestigation of the effect of thermal activa-
tion on the character of distribution and a
number of basic sites on the surface of nat-
ural layered aluminosilicates by means of
the new method of inverse thermopro-
grammed desorption of COx.

Table 1. Phase and chemical composition of natural and modified aluminosilicate samples

[19]

Chemical composition, %

Sample | Phase composition

SiO; | ALOs

F6203

Na,O | MgO | K>O | CaO | TiO, | L.O.L.

Montmorillonite

67%, illite 5%,

quartz 5%, feld-
spars 21%

Mt-0 59.48 | 23.34

2.89

2.09 | 238 | 1.14 | 1.62 | 0.24 | 6.61

Nontronite 70%,
illite 10%, kaolinite
5%, quartz 10%,
feldspars 8%

Nt-0 66.06 | 13.84

6.41

0.2 | 1.78 | 0.99 6.34
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Materials and methods

Samples of natural aluminosilicates rich
with montmorillonite (Mt-0) from Industri-
al Minerals GmbH, Germany, and
nontronite, Nt-0 from Voronezh deposit
“Podgornoe” were chosen as objects of in-
vestigation. Phase and chemical composi-
tions of investigated natural aluminosili-
cates samples were determined by XRD
and XRF techniques [19] and represented in
Table 1.

Specific surface area of the samples was
calculated from the N2 adsorption-
desorption isotherms obtained at -196°C
using a TRISTAR 300 gas adsorption. Out-
gassing conditions included 2 h at 90°C fol-
lowed by 8 h at 250°C. BET-method was
applied for calculation of specific surface
area (SSA); BJH method for mesopores
volume, and t-plot analysis were used for
assessment of micropores volume.

Inverse thermal programmed desorption
of CO2 (iTPD-COz2) was used to probe sur-
face basicity and determine the number of
basic sites. The new iTPD-technique [26]
TPD- is based on the FID-detection of CH4
formed at an intermediate step of methani-
zation of CO2 desorbed from the surface of
investigated sample by a GC. A specially
designed sample loop (SL) of a fixed vol-
ume (250 pL) allows calibration of the FID-
signal of GC received from the measure-
ment and thus quantitatively determine vol-
ume of desorbed COz. For the iTPD-CO2
measurement 100 mg of a sample was
placed in to quartz U-tube reactor and acti-

FID-signal, pA

2000

1800

t,°C

— Mt-200 serees ME-300 Mt-400

vated at different temperatures (200, 300,
400°C) in the Na-flow for 8 hours. After
that samples were loaded with CO: in the
3ml/min flow of CO: for 30 min at ambient
temperature. Next, the reactor was flushed
by 5 ml/min Nz-flow to desorb weakly
sorbed COz. At further step, the profile of
iTPD-CO2 was recorded within the 20-
800°C temperature range at a heating rate of
20°C/min with a total duration of TPD of
90 min. The iTPD-COz profiles were treat-
ed using ChemStation software.

Results and discussion

iTPD-COz profiles of montmorillonite
and nontronite samples treated at different
temperatures are given in Fig.1.

As follows from the Fig.1, there were
two temperature regions of the CO2 desorp-
tion in the profiles of Mt and Nt samples.
Low temperature peaks evolved around 80-
90°C for Mt and between 110-127°C for Nt
were most likely related to the weak basic
sites [27], whereas high temperature peaks
around 510 and 620 °C for Mt and above
320°C for Nt testified to stronger ones. To
reason the obtained i1TPD-profiles one
should consider thermal behavior of layered
aluminosilicates [28] as dehydration state
and products will determine surface proper-
ties. It is well confirmed by thermal analy-
sis that smectites and dioctahedral 2:1 lay-
ered silicates loose water in three tempera-
ture ranges: i) dehydration at <220°C in-
volving loss of H2O from the interlayer
space of expandable clays; ii) OH groups

FID-signal, pA

2800

2400

Nt-200 - NT-300 —— Nt-400

Fig. 1. iTPD-COz-profiles of montmorillonite (1a) and nontronite (1b)
activated at 200, 300 and 400°C
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bound to the surface between 220-350°C,
and iii) dehydroxylation between 350-
1000°C resulting from the reaction between
the octahedral hydroxyls. Due to this, grad-
ual decrease in the intensities of the low
temperature peaks at higher activation tem-
peratures testified to a decrease in the weak
basic sites related to hydroxyl groups of
adsorbed water molecules. As shown for
Na-Mt [27] 23% of basic sites were weak
and caused desorption between 20 and
110°C, whereas at 140-200°C CO2 desorp-
tion was caused by medium strength basic
sites accounting for 42%.

Elevation of activation temperature from
200 to 400°C caused further dehydration of
the samples and a decrease in the number of
weak surface sites. Moreover, at tempera-
tures above 200°C there is a process of de-
hydroxylation of structural hydroxyls Al-
OH, Fe-OH, Mg-OH, which becomes irre-
versible above 300°C due to damage of the
2:1 layered structure of aluminosilicates. As
shown in [29], mainly octahedral hydroxyls
dehydroxylate according to a scheme 2
(OH")=H20+0%*, providing formation of
residual oxygen atoms in the structure and
their contribution to population of stronger
basic sites along with octahedral hydroxyls.
As dehydroxylation of dioctahedral smec-
tites typically has a duplet on DTA curve
due to earlier dehydroxylation of trans-
vacant (tv) Al-OH groups (~550°C), while
that for cis-vacant (cv) Al-OH appears at
higher temperature (~650°C) [30], it is
similarly assumed that strong basic sites of
Mt sample are represented by correspond-

ingly trans- and cis-vacant AlI-OH groups.
The distance between the adjacent OH-OH-
groups is shorter in tv- (2.45 A [30]) then in
cv- (2.85 A [30]) dioctahedral 2:1 layer
minerals that facilitates dehydroxylation of
tv-Al-OH groups and, hence, determines
variations in the strength of basic sites
formed. Redistribution of A1-O and Al-OH
bond strengths due to migration of Al cati-
ons to empty five-coordinated sites testifies
to heterogeneity of aluminous cv-layers de-
hydroxylation [30, 31].

In case of Nt sample, the distribution of
strong basic sites is more heterogeneous as
follows from the shoulder and overlapped
peaks at 350-650°C. Variation of chemical
composition of Nt from Mt, mainly, in the
octahedral sheet strongly affects their sur-
face sites distribution, thermal behavior and
CO2 sorption ability. It was confirmed for
Fe-rich smectites (nontronites) and micas
(glauconites, celadonites) consisting of tv
2:1 layers that they rapidly loose hydroxyls
at significantly lower temperature as com-
pared to Al-rich samples [30, 32]. Indeed,
iTPD-CO:z profiles of Nt samples (Fig. 1b),
rich in Fe, differs from those of Mt samples
by the broad and insufficiently resolved
high temperature region. Apart from week
basic sites, formed around 100°C, formation
of stronger basic sites started above 300°C
and resulted in heterogeneous distribution
of various strength basic sites. One may
distinguish three different basic sites at-
tributed to 1) shoulders around 315-320°C
(Nt-200, Nt-300), i1) maxima at 480°C (Nt-
200, Nt-300) and iii) maxima at 700°C (Nt-

Table 2. Volume of desorbed CO2 (Vcoz, ulL/g) and surface basicity of montmorillonite
and nontronite activated at various temperatures

Volume of desorbed CO,, Total Specific
ulL/g Total Vcoo | number of | basicity of
Tact, S, . .
Sample o ) desorbed, basic sites, | surface,
C m’/g Weak Strong

. . ul/g Bs, By/S,

basic sites basic sites 2

umol/g pmol/ m
200 19.4 450.8 470.2 209.9 49
Mt-0 300 43 3.8 363.3 367.1 163.9 3.8
400 0.9 207.9 208.8 93.2 2.2
200 14.6 790.0 804.6 359.2 34
Nt-0 300 105 14.0 561.5 575.5 256.9 2.5
400 5.1 341.8 346.9 154.9 1.5
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200) and 640°C (Nt-300), and testifying to
their strength enhancement.

It follows from table 2 that total basicity
of Nt samples 1.6-1.7 times that of Mt, ob-
viously, due to its phase and chemical com-
position from one side and developed sur-
face area and porosity as well. At the same
time, Mt samples had slightly higher num-
ber of weak sites as Nt, which are easily
lost by rising temperature from 200 to
300°C as compared to Nt. As activation
temperature rose from 200 to 400°C, the
number of weak sites for Mt decreased by
21 times whereas for Nt by 2.8 times.
Moreover, the ratio of stronger sites number
to weak sites significantly increased (from
23 to 200) for Mt activated at higher tem-
peratures, whereas for Nt this ratio varied
between 54-67 times for the applied activa-
tion temperatures. In general, total basicity
of both Mt and Nt decreased by 2.2-2.3
times at thermal activation as a result of
their dehydration and dehydroxylation.

To compare the basicity of unit area of
the minerals surface, one may normalize the
obtained basicity value Bz, pmol/g, per unit
surface area and produce values of Bs/S,
umol/m?, given in Table 2. The values of
Bs/S testified that basicity of the unit area
of Mt surface was 1.5 times higher than that
of Nt surface obviously due to a higher oc-
cupancy and density of active sites for Mt.

Conclusion

Applying the iTPD-COz technique it was
shown that surface of natural and thermally
treated layered aluminosilicates of smectite
group possesses one type of weak basic
sites and a spectrum of strong basic sites.
The number of weak basic sites for both Mt
and Nt strongly depended on activation
temperature applied and fast decreased due
to the loss of loosely bound water mole-
cules at elevating temperature. The distribu-
tion of strong basic sites was bimodal for
Mt surface and, presumably, was primarily
caused by presence of cis-vacant and trans-
vacant Al-OH groups in octahedral sheet of
the mineral. The Nt sample observed heter-
ogeneous distribution of stronger basic sites
represented by Fe**-OH-AI** and Fe**-OH-
Fe*" in the octahedral sheets proving ther-
mal sensitivity of Fe-rich smectites. The
total basicity and total volume of CO2 ad-
sorbed by Nt samples exceeds that of Mt in
1.6-1.7 times. Nevertheless, the determined
value of specific basicity of unit area of Mt
surface was 1.5 times higher than that of Nt
obviously due to variations in chemical and
phase composition of samples that resulted
in a higher density of active sites of Mt con-
taining sample. The rise of activation tem-
perature from 200 to 400°C resulted in a
2.2-2.3 times drop of total basicity of both
Mt and Nt samples as a consequence of
their dehydration and dehydroxylation.

The authors acknowledge the EU Research Agency and the 7" Framework program of EU
for supporting the studies within the FP7-PEOPLE-IRSES-295260 “ECONANOSORB”
project.
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BnusaHue TeMmnepartypbl akKtTuBauMn Ha OCHOBHOCTb
NOBEPXHOCTU NPUPOAHDLIX aJTOMOCUJTUKATOB

© 2021 Hoeukosa JI.A.!, Xomocosa H.A.!, Benbunnckas JIL.U.!, Peccuep ®@.?

!Boponeoiccruii 2ocyoapcmeennolii iecomexnudeckuti yuueepcumem um. I.&. Moposoea,
Boponeac, Poccuiickas @edepayus
2Onvoenbdypecruii ynusepcumem um. Kapna gpon Occeyxozo, Onvdenbype, I'epmanus

MOHTMOPHUTOHUT ¥ HOHTPOHUT HPEACTABIIIIOT CIOUCTHIE alFOMOCHIIMKATHI TPYIIIBI CMEKTHTA, KO-
TOpBIE MIMPOKO BOCTPeOOBaHBI BO MHOTHMX IPOMBIIUICHHBIX MPOM3BOJICTBAX Onarofapst cBOuM (DHU3UKO-
XMMHYECKHIM M MHOTHM JPYI'MM CBOMCTBaM. TepMHUecKas aKTHBAIMs TJIMHUCTOTO CBHIPbS U3MEHSET MOpH-
CTOCTb, yIEIbHYIO HOBEPXHOCTb M (PU3MKO-XHUMHYECKHE CBOMCTBA MOBEPXHOCTH, BKIIOYas 0Opa3oBaHHE U
HepepacnpeieieHHe TMOBEPXHOCTHBIX AaKTUBHBIX LEHTPOB KHCIOTHO-OCHOBHOTO WM OKHCIHMTEIBHO-
BOCCTaHOBUTEJIBHOTO XapakTepa. L{enbio JaHHOTO MccieqoBaHusl IBIWIOCh H3yueHHe (P PeKTa TepMHUUECKOil
AKTHUBAIIUM HA XapaKTEep pacrpCACICHUSA U KOJIMYCCTBO OCHOBHBIX HEHTPOB MOBECPXHOCTU NPUPOAHBIX CIIOU-
CTBIX QJIIOMOCHJIMKATOB C ITIOMOIIBIO YCOBEPIIEHCTBOBAHHOIO METO/1a 00paIleHHOW TepMOIPOrpaMMHUPOBaH-
Hoii gecopoumu CO,.

OOpa3ubl MPUPOIHBIX ATIOMOCWIMKATOB, OOraTble MOHTMOPHJUIOHUTOM (MOHTMOPHIUIOHUT 67%,
wunt 5%, kBapu 5%, nonesoit mmar 21%) u HonTpoHuTOM (HOHTpOHUT 70%, WimT 10%, KaonuHUT 5%,
kBapn 10%, nonesoii mmat 8%) Obim oxapakrepusoBanbl Merogamu XRD, XRF, BET agcop6unu No. st
MCCJIEOBAaHNSI OCHOBHOCTH MOBEPXHOCTH M ONIPEEIICHNUS KOJIMIECTBA OCHOBHBIX IIEHTPOB OBLT HCIIOIb30BaH
HOBEIN MeTox iTPD-CO,. Ilepen n3mepennem iTPD-CO, 100 mr obpasma akrtuBuposanuchk npu 200, 300,
40cm’/mun, 30 mun). Jlanee, peakTop IPOMBIBAJICS MOTOKAM a30Ta IIPU CKOPOCTH 5 CM>/MMH ISl 1eCOPOMPO-
BaHus cnabo ceszanHoro CO,. [Ipodwmmm iTPD-CO; canmanu B uatepsaiie 20-800°C mpu cKopocTH HarpeBa
20°C/muH u obpadatsiBaiu B mporpamme ChemStation.

OkcnepuMeHTanbHble npodunn necopounn CO, mis oOpasnoB Mt u Nt xapakTepHU30BalInCh MPH-
CYTCTBHEM JIByX TEMIIEPaTYPHBIX y4yacTKoB. HuzkoremmepaTypHble NMUKH, 0OHapykeHHbIe 0K0i10 80-90°C
it Mt u okono 110-127°C mnst Nt, ckopee BCero CBsi3aHbl CO CaObIMH OCHOBHBIMH LIEHTPAaMH, TOT/Ia KaK
BBICOKOTEMIIEpaTypHble MUKH 0KoJio 510 u 620°C i Mt u Beie 320°C s Nt yka3plBaloT Ha 6oJiee Chilb-
HbIE OCHOBHBIE LEHTpHl. OObsicHeHHe Moiy4eHHbIX npoduieid iTPD mpoBeneHo ¢ y4eToM TEpMHYECKOTO
TIOBE/ICHHS CIIONCTBIX ATIOMOCHIIMKATOB.

O6mas ocHOBHOCTE 00pa3ioB Nt m Mt cocraBmma 359.2 u 209.9 MkMonb/T cooTBeTcTBEHHO. OcC-
HOBHOCTH Nt, mpeBbiiatomas B 1.6 pasa TakoByto s Mt, 04eBHIHO cBsi3aHa € ero ()a30BBIM U XUMUYECKUM
COCTaBOM M 0oJjiee pa3sBUTOH YAEIbHOW IOBEPXHOCTBIO, M MOPUCTOCTBIO. [Ipn MOBBIIEHHM TeMIepaTypsl
aKTHBAIMH YUCIIO CJIA0BIX OCHOBHBIX LIEHTPOB, CBA3aHHBIX C TUAPOKCHIBHBIMU IPYNIIAMH BOJBI, TOCTEIICHHO
CHIDKAJIOCh, COCTaBUB yYMeHbIIeHne B 21 pa3 s Mt u 2.8 pasa msa Nt.

HerunpoxcunupoBanue crpykrypHbix Al-OH, Fe-OH, Mg-OH Bbime 200°C, nepexoasiiee B He00-
patuMoe mpu Temieparypax Beiaie 300°C, nmpuBeso K 00pa30BaHHIO OCTATOYHBIX aTOMOB KHCJIOPOJA U HX
BKJIaJy K oOliee KoJuuecTBO 00jiee CHIIBHBIX OCHOBHBIX LIEHTPOB. B COOTBETCTBHHM C TEpMHYECKUM TOBEJIE-
HHEM JMOKTadJ[PUYECKUX CMEKTHTOB, NPEAIOJaraeTcs, YT0 CHIIbHBIMH OCHOBHBIMH LIEHTpaMu obOpasua Mt
ABJISIFOTCS trans- u cis-BakaHTHbIe Al-OH rpynmsl, qeruapoKcuinpyronme cooTBeTcTBeHHO pu ~550°C u
650°C. O6paseit Nt, c TOBBIIIEHHBIM COJIEPXKAHUEM >Kelle3a, OBICTPO Tepsiil THAPOKCHIIBI NpH OoJiee HU3KUX
TEMIIapTypax, 4TO MPH OTPA3HIOCh B OOJIee TeTepPOreHHOM pacNpeeIeHHH OCHOBHBIX LEHTPOB Pa3IMdHOMN
cuibl. [Ipy MOBBIIIEHUN TEMIIEPATyPhl aKTHBALMH OTHOIICHHUE YMCIIa CHIIBHBIX OCHOBHBIX IEHTPOB K CIIa0BIM
noBeICHITIOCE ¢ 23 1o 200 mis oOpasma Mt, Toraa kak st Nt 3To oTHOIIeHHE cocTaBmiio 54-67 pa3. B memnowm,
obmias ocHOBHOCTH Mt 1 Nt cHu3mnach B 2.2-2.3 pa3a B CIEACTBHE MX NETHIPATAIINN U JETHAPOKCUINPOBA-
HUS TpU TepMHUYECKOl akTuBanuu. Hopmanan3oBaHHBIC 3HAUEHHsS OCHOBHOCTH Ha €IUHHILY IUIOIIAAU TIO-
BepxHocTH (By/S, MkMonb/M?) okasanuck B 1.5 pasa BeIme 1 o6pasina Mt, 9TO OYEBHIHO YKa3bIBAET HA
OoJiee BHICOKYIO 3aHSITOCTh NOBEPXHOCTH U INIOTHOCTh PACIIONIOKEHHs aKTUBHBIX LIEHTPOB Juisi Mt B cpaBHe-
Huu ¢ Nt.

KioueBble cji0Ba: MOHTMOPHJUIOHUT, HOHTPOHUT, TEPMHUYECKasi aKTUBALUs, OOpallieHHas TepMO-
nporpammupoBanHas gecopOrus CO», OCHOBHOCTB ITOBEPXHOCTH.
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