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bstract

Distribution of the acid–base strengths of various ion-exchanged montmorillonites was assessed through thermal programmed desorption (TPD)
f NH3 and CO2. Accurate acid–base measurements can be achieved via deconvolution of perfectly symmetrical peaks, under optimal carrier gas
hroughput and heating rate, estimated though a factorial experiment design. No neutral clay samples without interactions with carbon dioxide or
mmonia were found. All clay samples displayed both acid and base characters, with specific TPD patterns, and no pure acidic or pure basic clay

aterials were obtained. Increasing cation radius led to increasing acidity and decreasing basicity, in terms of both total amount of desorbed probe

as and strength of the adsorption sites. It was suggested that basicity and weak acidity are intrinsic features of the clay structure, while medium
nd strong acidities are induced by the exchangeable cation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

When contacted with gases, clays can behave either as base
nd/or acid [1,2], resulting in various gas–solid interactions,
anging from mere physical retention to strong chemical adsorp-
ion. Such interactions, particularly those occurring between
oils and atmospheric pollutants, are strongly dependent of both
he area and chemical composition of that part of the surface
ccessible to gases. Recently, major concerns have been focused
owards the negative effect of acidic or basic gases upon the
hemistry of soils, and the way soils react towards air pollu-
ion. In this regard, the concepts of acidity and basicity can be
ery useful to assess the interactions between solid surfaces and
ases. Some of these concepts have partially been applied to

lay-rich soils [3], and can be of essential importance for envi-
onmental chemistry.

∗ Corresponding author. Tel.: +1 514 9873000; fax: +1 514 9874054.
E-mail address: azzouz.a@uqam.ca (A. Azzouz).
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Clays appear to be the most interesting microporous materials
n terms of availability, widespread and properties. Nonetheless,
o far, no comprehensive approaches were developed for achiev-
ng better overview of the nature and magnitude of gas–solid
nteractions. Clay surfaces display electric charges and modula-
le electrostatic fields as a result of their ionic structure. Through
uitable modifications, clays have found diverse applications
4–8], being regarded not only as effective ion-exchangers, pH-
odifying agents, but also as effective gas-adsorbing agents.
ome authors [8] claimed that the mere presence of a clay mate-
ial favors retention of carbon dioxide, and that acid treatment
mproves the retention capacity of the material. This result was
xplained in terms of increasing numbers of Brønsted and poten-
ial Lewis acid sites, as long as the clay structure is preserved
nder acid attack. Nonetheless, no uses of crude untreated clay-
ich materials for gas retention purposes have been envisaged so
ar.
Assessment of the acid–base character of clays could be of
reatest importance in providing us with information upon how
lay-rich materials can selectively fix or release gases present
n surrounding atmospheres. This is why the present study

mailto:azzouz.a@uqam.ca
dx.doi.org/10.1016/j.tca.2006.07.019
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as been undertaken through both experimental and theoreti-
al approaches. On one hands, thermal programmed desorption
TPD) attempts were performed on a series of montmorillonite
amples ion-exchanged with a wide variety of cations, rang-
ng from alkalines to actinides. Ammonia and carbon dioxide,
sed herein as probe gases, are supposed to be quite representa-
ive to investigate the interactions occurring between clays and
ase or acidic gases. On the other hands, a mathematical model
as also formulated, providing a quick analytical method that

nables accurate assessment of the strength distribution of the
cid–base properties of the clay samples.

. Experimental

.1. Clay preparation and characterization

A montmorillonite-rich material (Mt) having a Si:Al mole
atio of 1.34 [9] was obtained through purification of a smectite
lay material (bentonite) originating from Maghnia repository
Algeria), and supplied by ENOF Ltd. (Algeria). The major
omponents are silica (51%), alumina (32%), magnesia (4%),
e2O3 (2.5%), Na2O (1.5%) and small amounts (less than 1%)
f K2O, CaO and MnO. The native clay contains preponder-
ntly montmorillonite (Mt), in a proportion exceeding 81 wt.%.
he mineralogical composition also includes quartz (14 wt.%),
ristoballite (4.0 wt.%) and beidellite (less than 1 wt.%).

Thorough purification through ultrasound treatment, acid
ashing, repeated settling in distilled water, calcinations at
50 ◦C, ion-exchange and dialysis, according to an optimized
echnique fully described elsewhere [1,10] provided a 95% pure

ontmorillonite. The latter was first ion-exchanged into the
aMt form, and then various samples were repeatedly impreg-
ated with saturated aqueous solutions containing nitrate salts of
+, Na+, K+, Ca+, Mg2+, Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+,
d2+, Mo3+, Pb2+, Hg2+, La3+, Ce3+, and UO2

2+ cations, so as
o be fully ion-exchanged into the respective forms. The proto-
ated form, referred to by HMt, was obtained via ion-exchange
ith aqueous NH4NO3 solution, followed by controlled heating

t 400 ◦C to remove ammonia. Ion exchange was carried out
nder vigorous stirring, for 5–6 h at 80 ◦C, and repeated three to
ve times with fresh salt solutions. HMt, NaMt, KMt, MgMt,
aMt, CrMt, MnMt, FeMt, CoMt, NiMt, CuMt, MoMt, CdMt,
gMt, PbMt, LaMt, CeMt and UO2Mt samples were further dia-
yzed in hot deionized water (40–50 ◦C) in order the remove the
hysically sorbed salt excess, filtered, and air-dried overnight at
5 ◦C. An average cation exchange capacity (CEC), estimated
y measuring the released Na+ amount through atomic absorp-

a
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able 1
evels of key-parameters for 33 factorial design for optimization of the operating con

arameter Symbol of coded parameter Minimu

eight of the clay bed (cm) x1 0.5
article size (mm) x2 0.05
as throughput (mL min−1) x3 20

a In parenthesis: coded variable, i.e. the corresponding reduced (non-dimensiona
xpressed in terms of maximum distance between two peaks summits. Peak width wa
a Acta 449 (2006) 27–34

ion spectrometry, was found to be of 0.95–110 meq/100 g at
eutral pH.

The dry clay samples were further characterized through
-rays diffraction (XRD) analysis using a Philips PW 1710
iffractometer with a CuK radiation (λ = 1.54051 Å). The native
rude clay material showed a broad 0 0 1 line, due to the wide
ariety of species sandwiched between the clay sheets. Quartz
identified by the 4.28, 3.36, 2.23, 1.66, 1.54 and 1.37 Å XRD
ines) and cristoballite (detected through the 5.34, 4.09 2.50 and
.38 Å XRD lines) were removed in proportions of ca. 80%
fter purification. The nearly pure montmorillonite obtained dis-
layed perfectly parallel clay sheets, devoid of any amorphous
hases, as indicated by a straight baseline and a sharp 0 0 1-XRD
ine [1,9].

.2. Measurements of acidity and basicity

TPD measurements were achieved using N60 pure grade
ases. A 200 mg clay sample having a 0.1–0.2 mm particle size,
as introduced in the cylindrical glass microreactor (2 mm inter-
al diameter) of the TPD device so as to obtain a 2–3 cm height
xed clay-bed, which is then dried at 400 ◦C for 5–6 h under a
itrogen flow, at normal pressure. Such operations conditions
re essential requirements for achieving adsorption–desorption
quilibrium and to prevent from diffusion hindrance. The clay
ample was further cooled up to the injection temperature: 80 ◦C
or CO2-TPD or 120 ◦C for NH3-TPD. Carbon dioxide or ammo-
ia was injected through the clay fixed bed till saturation, and the
xcess of the probe gas was purged at the respective temperature.
aturation is attained when no more absorption is observed, and

he inlet and outlet amounts of the probe gas are balanced, or in
ther words when the amount of probe gas injected in the TPD
icroreactor is equal to that of the probe gas evacuated into the

itration device.
Preliminary experiments were performed with various carrier

as throughputs ranging from 20 to 120 mL min−1 for optimiza-
ion purposes. The results presented herein arise from 33 fac-
orial experiment designs achieved by varying simultaneously
hree parameters, namely: the heating rate (X1), gas throughput
X2) and the particle size (X3), as summarized in Table 1. For
he sake of brevity, the entire procedure and calculations were
ot presented in the present manuscript.

The value of 80 mL min−1 was found to be optimal for the

dsorption–desorption equilibrium to take place, at the fixed
eating rates and particle size, preventing from forced desorp-
ion of the probe gas molecules. Later, CO2-TPD was achieved
ith a constant heating rate of 70 ◦C h−1 in the temperature

ditions

m value (−1)a Medium value (0)a Maximum value (+1)a

3.25 6
0.25–0.26 0.5

50 120

l) parameter value. The response function was the peak resolution, arbitrarly
s also taken into account as qualitative criterion.
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ange of 80–500 ◦C, while NH3-TPD was performed with a con-
tant heating rate of ca. 75 ◦C h−1 in the temperature range of
20–550 ◦C. The desorbed probe gas was evacuated by the car-
ier gas was bubbled during 15–18 min in 2 mL samples of a
.02 N sulfuric acid solution or NaOH, through a 2 mm × 20 mm
ylindrical porous glass bubbler and determinated by back titra-
ion using a 0.01 N NaOH or H2SO4 solution. The solution
xcess was back titrated by potentiometry. To avoid contact with
xternal air and measurement errors, the sampling and titration
perations were carried out using a semi-automatic sealed device
lled with pure nitrogen.

Acidity and basicity were estimated as being the total amount
f NH3 or CO2 released through thermal programmed des-
rption (TPD) per gram of dry clay sample, inasmuch as the
umber of desorbed molecules is supposed to be equal to that
f the adsorption sites present on the clay surface. The acid or
ase strength will be proportional to the temperature required
o release the probe gas molecules. The strength distributions
ere expressed in terms of various amounts of ammonia or car-
on dioxide desorbed under controlled temperature increase, and
ere estimated by TPD pattern deconvolution [11]. For the sake
f accuracy, preliminary TPD measurements were performed on
ure standard [quartz + cristoballite] mixtures. As expected [1],
he effect of the remaining traces of quartz and cristoballite on
he strength distribution was found to be negligible.

Additional stepwise thermal desorption attempts (STD) were
erformed through step-by-step heating program with a heating
ate stages of 7–10 ◦C min−1 between two consecutive tempera-
ure. STD requires longer analysis times than TPD, but provides
aluable data when peak resolution or precise acid:base mea-
urements are needed.

. Results

.1. Acid–base character induced by ion exchange
A large series of NH3-TPD measurements were performed
n clays samples modified with a wide variety of exchangeable
ations, some of them being presented in Fig. 1. The results

Fig. 1. NH3-TPD patterns of some ion-exchanged clays.

c
e

t

F
i

Fig. 2. CO2-TPD patterns of alkaline earth exchanged clays.

resented herein provide evidence that ion exchange induces
pecific changes in the acid character for each exchanged clay,
n agreements with previous data [1]. Most of these TPD patterns
how three desorption peaks that differ from a sample to another
y their positions, heights and widths, indicating changes not
nly in the total acidity, expressed in terms of millimoles NH3
esorbed per gram of dry clay, but also in the distribution of the
cid strength.

Similarly, basicity measurements through CO2-TPD showed
hat carbon dioxide also reacts differently with various clay sam-
les (Fig. 2). Nearly similar number of desorption peaks as for
mmonia was observed.

As a general feature, all samples displayed simultaneously
cid and base character, regardless to the cation introduced by
on exchange. Moreover, it appears that there no exist inert clay

aterials that do not react with ammonia or carbon dioxide. The

onsequences of this statement could be of a great interest for
nvironmental researches.

Calculations of the entire area limited by the TPD curve show
hat ion-exchange with various cations, ranging from alkaline

ig. 3. Total acidity and basicity of the exchanged clay according to the cation
ntroduced.
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o actinides, induced an increase of the total acidity from 0.5
o 4.5 mmol NH3 desorbed per gram of clay. Simultaneously, a
ecrease of the total basicity from ca. 1.6 to 0.25 mmol CO2 des-
rbed per gram of clay was registered, as illustrated by Fig. 3.
n agreement with previously reported data [12–15], the gen-
ral tendency is that acidity increases while basicity decreases,
uggesting similarity with aqueous media.

Hereafter, according to the above observations, some findings
ay already be stated, namely: (i) it seems that there is no pure

cidic or pure base clay materials, and all clays must possess
imultaneously both acidic and base sites, whatever the charge
ompensating cation may be; (ii) both acidity and basicity vary
ccording to the exchangeable cation; (iii) acidity appears to be
nversely proportional to basicity.

.2. Correlation between the heating rate and the gas flow
ate

In many cases, peak overlapping makes difficult the accurate
ssessment of the acid or base strength distribution, and peak
eparation becomes strongly recommended. For this purpose,
everal STD analyses with CO2 and NH3 were performed by
ncreasing temperature from 100 to 550 ◦C with three tempera-
ure stages at 250, 450 and 550 ◦C. At each step, temperature was

aintained constant till the total peak elution, and was increased
nce again up to the next stage, and so forth. For the sake of
revity, only the CO2-STD pattern of Mg–Mt is presented herein
n Fig. 4.

Comparison with the corresponding CO2-TPD pattern of
g–Mt already presented in Fig. 2 provides clear evidence that

here exists a narrow analogy between TPD and gas chromatog-
aphy [16,17]. A specific feature of TPD is that peaks elution
volves with increasing temperature.

Additional demonstration of such a statement can be achieved
hrough a suitable modeling that supposes that the tubular TPD
eactor will behave as a package-free open column, and the fixed
ed of clay sample will merely be regarded as an injection cham-

er. One also assumes that no competitive adsorption of nitrogen
akes place. In these conditions, the global mass-balance equa-
ion for both the gas phase (mobile phase) and clay bed, on
n infinitesimal length dx of the column, will be expressed as

ig. 4. Stepwise thermal programmed desorption diagram of CO2 over Mg-
xchanged clay at a programmed variation of the heating rate. (1) Desorption
urve and (2) heating curve (dashed line).
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ollows [17–20]:

∂2C

∂x2 = vx

∂C

∂x
+ ∂C

∂t
(1 + k) (1)

here

= Cgas + CClay (2)

= Dgas + kDClay (3)

Clay = k(T )Cgas (4)

nd Cgas is the concentration of desorbed probe gas in the mobile
as phase, Cclay the concentration of adsorbed probe gas on the
lay, Dgas the diffusion coefficient of the probe gas in the mobile
as phase, Dclay the diffusion coefficient of the probe gas on the
lay and k(T) is the partition constant (adsorption constant).

k(T), the adsorption constant, strongly depends on the pKa or
he pKb of the acid or base sites. In optimal operating conditions,
o convection and no re-adsorption take place [20], and, hence,
esorption will involve only diffusion. If Deff is defined as being
he effective diffusion coefficient and veff the effective linear gas
elocity through the desorption column:

eff = Dgas + kDClay

1 + k
= D

1 + k
(5)

eff = vx

1 + k
(6)

t results that, a particular solution to Eq. (1) can be obtained by
aplace method of integration [21,22], namely:

(x, t) = a√
4πDefft

e−(1/2Defft)((x−vefft)2/2) (7)

q. (7) is viewed as a conventional column-profile for a fixed
emperature, expressed as a function of x, the column axis coor-
inate, that describes a Gaussian-shaped peak having a vefft

ean and a 2Defft variance. At constant flow rate of the carrier
as, each peak will move with a constant velocity veff through
he column.

With controlled increasing temperature, desorption is sup-
osed to occur unidirectionally, along the column axis [17], like
n programmed temperature gas chromatography [23], and to a
esser extent like in thermal differential analysis [24]. For given
cid or base strength, desorption is governed by fixed pK values
f the surface. Thus, the adsorption constant, and subsequently,
he partition capacity (from Eq. (4)) will be considered as being
onstant in a relatively narrow temperature range of each TPD
eak that does not exceed 200 ◦C. When no forced desorption
ccurs, the time needed for thermal desorption will be equal
o that required by the desorbed molecules to move along the
olumn:

= x = T
(8)
vx rT

This makes desorption to take place only upon heating with-
ut convection, and it becomes thus possible to replace time and
, the column length coordinate by temperature, and vx, the gas
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inear velocity:

x = Qv

Aeff
= x

t
(9)

hich are maintained constant during TPD experiments. Qv is
he volume throughput of the carrier gas and Aeff is the effective
rea of the column cross-section, which depends on porosity
nd the clay particle size. The resulting concentration profile is
xpressed as a function of temperature [23]:

(T ) = a

σ
√

2π
e−(1/σ2)(Qv/rTAeff)(k/(1+k))2(T 2/2) (10)

here

=
√

2Deff
T

rT
(11)

To be perfectly symmetrical, the peak skew, defined as being
he third zero-point moment, must be equal to zero [16,17]. This
orresponds to:

Qv

rTAeff

(
k

1 + k

)
= 1 (12)

nd needs to satisfy two conditions, namely: (i) for non-neutral
cidic of base sites, one has always k � 1, and the probe gas
olecules are retained and need heating to be released. It results,

or a given particle size (Aeff fixed); (ii) the linear velocity of

he probe gas molecules must be set according to the heating
ate. Only in these conditions, calculations fit well the experi-
ental measurements as illustrated by Fig. 5, and TPD peaks

an easily be deconvoluted. Therefore, any shoulder or even

t
c
0
N

able 2
istribution of the strength of acidity via NH3-TPD and basicity via CO2-TPD

ample Acid strength distribution (peak area %)a

Weak
(100–200)

Medium
(200–300)

Strong
(300–400)

Very strong
(400–500)

Mt 6 50 40 7
aMt 50 40 10 0b

Mt 48 42 10 0b

gMt 15 40 20 25
aMt 12 46 18 24
rMt 10 27 25 38
nMt 15 25 35 25

eMt 2 30 25 43
oMt 15 39 34 12
iMt 26 25 27 22
uMt 10 35 35 20
oMt 30 15 25 30
dMt 10 30 35 25
gMt 12 30 37 25
bMt 5 40 30 25
aMt 5 30 35 30
eMt 2 31 37 30

UO2
2+)Mt 3 25 37 35

ecause various clay samples present different Tmax values in each temperature range,
ommon surface areas defined between two vertical lines corresponding to the tempe
a Relative error: 5%.
b The values smaller than 5% are regarded as being negligible, taking into account t
nd base properties.
ig. 5. Method for peak deconvolution through Gauss model for CO2-TPD
attern of Mg–Mt sample at a constant heating rate. (1) Experimental curve; (2)
alculated curve; (3) heating curve.

ny slight asymmetry will presumably correspond to overlapped
eaks (peaks 2 and 3 in Fig. 5).

To achieve analogy between TPD and an axial diffusion in a
on-ideal linear equilibrium gas chromatography [16], the probe
as molecules must have laminar flow, by choosing adequate
eating rate and particle size. For the sake of accuracy, a series
f additional TPD measurements were performed by varying the
as flow rate, the heating rate and the clay particle size according

o 33 experiment factorial design. An optimal flow rate of the
arrier gas not exceeding 80 mL min−1, was determined for a
.1–0.2 mm particle size, and a heating rate of ca. 75 ◦C h−1 for
H3-TPD, or 70 ◦C h−1 for CO2-TPD. One also observed that

Base strength distribution (peak area %)a

Very weak
(80–250)

Weak
(250–380)

Medium
(380–450)

Strong
(450–550)

35 30 25 10
30 35 20 15
40 33 12 15
36 48 10 6
30 45 20 5
55 23 17 5
49 28 20 3b

45 28 20 7
40 35 10 15
31 36 28 5
45 26 24 5
32 40 20 8
35 5 45 15
35 40 18 7
44 16 30 10
45 25 25 5
47 29 18 6
54 34 10 2b

for comparison, the data summarized in this table were assessed by calculating
rature range limits, even if there is no peak summit in the respective range.

he value of the accuracy in estimating the strength distribution for both the acid
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igher flow rates affect the peak symmetry, while below this
ptimal value, the shape of the TPD pattern does not seem to
hange, whatever temperature may be.

Thus, one has demonstrated the narrow dependence occurring
etween the flow rate of the carrier gas and the heating rate for a
iven porosity (or particle size) in the fixed bed. The assessment
f a peak area will only need to determine graphically the height
nd the half peak width.

Thus, integration of a peak area does not require the base-
ine to attain zero, but will only need to assume that the peak
hape obeys Gauss model, and to known few key-measurements,
mong which the suspected position of the peak maximum.

hen such measurements are difficult to achieve, one must addi-
ionally assume that any peak asymmetry will be regarded as the
um of at least two parts of peak areas, and further through suit-
ble calculations using only four points (measurements) from the
uspected common line belonging to the suspected overlapped
eaks, it is possible to obtain a linear system of four equations
ith four unknown variables (namely two peaks heights and two
eak widths).

.3. Distribution of the acid and base strengths

Measurements of the peak areas were achieved with a 5%
rror arising mainly from the acid–base titration of the desorbed
robe gas, and the results are summarized in Table 2. However,
his error it is sufficiently small to afford acceptable average
trength distribution for each cation family.

It appears that the acid strength increases but the base
trength decreases with increasing atomic mass of the exchange-
ble cation, confirming, once again, the reverse proportionality
etween the acid and base character for each clay material
Figs. 6 and 7).

As a general feature, alkaline cations induced predominantly
edium and weak acid strength on the clay surface in a pro-

ortion of ca. 90%. This agrees with their low hydration grade

nd small polarizing effect [13]. Rare earths and uranyl cations
romote instead medium to very strong acid strengths in a
roportion exceeding 95%. Between these two limits the total
cidity and acid strength increases progressively in the same

Fig. 6. Acid strength distribution according to the cation introduced.

b
U
[

4

4

a
A
a
r
t
i
l
S
n
a
g
t

Fig. 7. Base strength distribution according to the cation introduced.

ollowing sequence:

lkaline < alkaline earths < transition metals < Mo3+

< Cd3+ < Hg2+ < Pb2+ < La3+ ∼ Ce3+ < UO2
2+

n the meantime, the proportion of weak base sites increased
rom ca. 20 to approximately 50% from alkaline to heavy ele-
ents, and the base strength decreased subsequently, in the

everse sequence. At the limit, the base strength that can be
haded by the acid character of strongly acidic clays [14,25]. It
esults that there no exists pure acidic clays without base prop-
rties, and vice versa. Even the HMt sample cannot be regarded
s pure acidic material, because three CO2-TPD peaks were also
bserved at 80–240, 240–380 and 380–460 ◦C. This base charac-
er may arise unavoidably from the oxygen atoms surrounding
he respective cations, but with weaker strength as compared
o alkali-exchanged clays, as already asserted by some authors
26].

One must also underline that the strength distribution does
ot undergo significant changes under repeated calcinations up
o 500 ◦C and rehydrations, except for UO2

2+-containing clay,
ecause partial conversions of uranyl cations into U2O3 and (or)
O2 unavoidably occur in the presence of traces of nitrate anions

15].

. Discussion

.1. Acid–base interactions between solids and gases

A wide variety of materials like zeolites and clays can fix
mmonia or carbon dioxide, and display acid–base properties.
cid-treated smectites, layered double hydroxides (LDH) and

luminosilicate xerogels (ASG) have already shown affinity in
etaining CO2 [8,27,28]. When clays were contacted with CO2,
heir interactions with gases were explained in terms of changes
n the numbers of Brønsted and potential Lewis acid sites, as
ong as the clay structure is preserved under acid attack [8].
ome authors assert that only the chemically adsorbed ammo-

ia corresponds to the solid acidity [27]. This assertion does not
gree with our experiments, since the amount of released probe
as is always higher than that of the expected number of adsorp-
ion site on the clay surface. Therefore, the acid–base character
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ay also involve pure physical attractive forces between the
aterial surface and the surrounding gas molecules. Some of

hese physical retentions of ammonia are mainly due to terminal
ilanol and aluminol groups, which effectively contribute to the
cid–base character of clay material, and cannot be ignored. If
ne assumes that any acidity on the clay surface may influence
he basicity of the surrounding oxygen atoms, one must expect
hat the latter will exert a wide variety of attraction strength
owards carbon dioxide ranging from chemical interactions to
ure physical retentions.

A question that still remains to be answered is whether pro-
onation and deprotonation of the clay surface take place in dry
edia, as in polar solvents. If the adsorbed probe gas molecules

ehave like a solvent, one must expect that Brønsted acidity
ill require strong polarities. Nitrogen, used as herein as car-

ier gas, like any other non-polar molecules may also adsorb
n the clay surface, at room temperature, as already stated by
ome authors [29,30]. Gas adsorption cannot be attributed only
o ion–quadrupole interactions with the clay surface, as already
tated [29,31], because such interactions may not play signif-
cant role with increasing temperature. For instance, carbon
ioxide is also a non-polar molecule but exhibits stronger inter-
ctions with the clay surface than nitrogen, presumably due to
hemical formation of carbonate species with the framework
xygen’s, like in limestone. The amount of released carbon
ioxide does not seems to be greatly affect by ion-exchange, sug-
esting a certain stoichiometry, but the base strength is strongly
ependent on ion-exchange. That is, it appears that basicity on
ationic clays is exclusively of Lewis nature. Ammonia also
eacts with protonated acid sites, generating ammonium groups
n the clay surface. The different amounts of desorbed ammo-
ia measured for various clay samples indicates that acidity is
artly of Brønsted type, and must necessarily depend on some
roperties of the exchangeable cation, most likely the polarizing
ffect and hydration grade [29].

.2. Effect of the exchangeable cation

On a given clay, the terminal aluminol and silanol groups
ocated at the edges of the clays sheets exhibit an intrinsic weak
cidity. This acidity is not greatly influenced by ion exchange
nd corresponds to the first peak in a TPD pattern. The surround-
ng framework oxygen’s are expected to display base character.
hanges in the chemical composition induced by the exchange-
ble cation on the host surface modify the acid–base distribution.
or instance, low hydrated cations like alkalines are known to

nduce Lewis basicity on the negative charge of oxygen atoms
urrounding the exchangeable cation [1,25]. Small fluctuations
f this intrinsic Lewis basicity also occur according to the cation
12–14]. Unlike the data provided by some authors [30], alkaline
arth-exchanged clays also exhibited base character, in agree-
ent with previously reported results [26–30], but of slightly
eaker strength, as compared with alkali-exchanged clays.

In contrast, ion exchange with heavier cations promotes

ainly Brønsted acid sites, which release strong acidic pro-
ons upon water hydrolysis within the [([Clay]n−)Metaln+

H2O)x] of the clay surface. Such an extrinsic acidity corre-

s
e
i
t

a Acta 449 (2006) 27–34 33

ponds to the second peak in a TPD patter, and is greatly influ-
nced by the exchangeable cation. A bedeilite–montmorillonite
ixture contains both [([Si–O–Al]−)Metal+(H2O)x]groups

elonging to bedeilitic tetrahedral Si-layer and [([Al–O–
n(Fe)]−)Metal+(H2O)x] groups belonging to montmoril-

onitic octahedral Al-layer [9]. In nearly similar proportions,
he TPD pattern should display two peaks instead of one (pure
edeilite or pure montmorillonite).

With increasing temperature, Brønsted acid sites progres-
ively convert into Lewis ones, inducing, thereby, changes in
he [Brønsted:Lewis] ratio [1,13,31,32]. Unless temperature is
xcessively increased, dehydroxylation still remains reversible.
eyond 350 ◦C, more or less pronounced clay dehydroxylation

akes place. For a given clay sample, the [2 Brønsted�Lewis]
quilibrium is greatly influenced by the exchangeable cation, and
ncreasing temperature intensifies the differences in the chemi-
al behaviors between the clay samples and in their TPD profiles.
his is why homologous pairs of cations such as Na+ and K+

howed different profiles for both acidity and basicity. The same
bservations were made for Ca2+ and Mg2+, or for transition
ivalent cations.

.3. Effects of the heating rate and gas flow rate

During TPD, desorption occurs unidirectionally, along the
olumn axis x, and must obey the basic principles of adsorption
hromatography theory [17], provided that time is replaced by
emperature, like in programmed temperature gas chromatog-
aphy [23], and to a lesser extent thermal differential analysis
24]. With increasing temperature, the released NH3 or CO2
olecules are randomly evacuated by the carrier gas stream,

eing more or less attracted by surface sites having various acid
r base strengths. In their translations, these molecules are sup-
osed to cross the column linearly so as all the velocity vectors
an be assumed as being parallel (laminar flow or displacement).
his assumption can be easily achieved with optimal operating
article size, heating rate, and carrier gas flow rate, when no con-
ection and forced desorption take place. Thus, such interactions
ill rather be governed by thermodynamics than by kinetics.
his makes the TPD peak to be perfectly symmetrical, display-

ng Gaussian shape.
The adsorption–desorption equilibrium depends on both tem-

erature and throughput of the carrier gas. When no carrier gas is
sed, only thermal equilibrium is established between adsorbed
nd desorbed molecules. As the carrier gas throughput is raised,
he desorbed molecules are increasingly evacuated, and equi-
ibrium is progressively slightly displaced towards desorption.
aising even more the carrier gas throughput, the desorbed probe
as molecules acquire high velocities, and equilibrium disap-
ears under forced desorption by convection. This phenomenon
s more pronounced with increasing temperature. At the limit, a
owerful flow rate of the carrier gas can cause pronounced des-
rption of the probe gas even at 100–200 ◦C. As a consequence,

urface area of the TPD peak are markedly influenced, inducing
rrors in TPD measurements. This why attention must be paid
n achieving the purge of the non-adsorbed probe gas excess at
emperature lower than 50–80 ◦C, prior to TPD measurements.
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. Conclusion

A narrow dependence between the gas flow rate and the heat-
ng rate for a given porosity in the fixed bed has of clay samples
een herein demonstrated. Analogy between TPD and thermal
rogrammed gas chromatography can be achieved only at opti-
al [flow rate:heating rate] ratio, in fixed clay particle size.
The results obtained herein allow to conclude that the medium

o strong acidity is induced by the exchangeable cation, while
eak acidity and basicity are intrinsic features of the clay sheet

ramework. It was also found that there no exist pure acidic,
ure base or neutral clay materials, since all clays displayed
oth acid and base characters, and that both acidity and basic-
ty vary according to the exchangeable cation. By varying the
xchangeable cation from alkaline to actinides, the total acidity
f a clay sample increases with decreasing total base character
f the anionic surface.

The most significant finding in the present work is that the
cid strength increases at the expense of the base strength, and
ice versa, in the same manner as in liquid. This similarity can be
xplained only in terms of polarizing effect and hydration grade
f the exchangeable cation, and of similarity between solutions
nd condensed adsorbed state over the clay surface.
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