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Abstract: Effect of water immersion at different times (from 1/2 h to 24 h) on raw and expanded
vermiculite from Uganda was investigated. The expansion was carried out by electrical heating
at different temperatures and by irradiation with microwaves. After, the expansibility (k) and the
water absorption content (WA) were obtained and the samples were characterized. The elemental
and mineral composition was determined by X-ray fluorescence and X-ray diffraction, respectively;
the thermal behavior by thermal gravimetric analyses; and the textural parameters by BET. The
expansibility of Ugandan vermiculite is relatively lower than the other commercial vermiculites
due basically to its lower K,O content (0.36%) and higher water content (about 20%). The water
absorption capacity of samples significantly increased with the increase in heating temperature. The
maximum WA content, about 130 mg/g, was obtained at 900 °C for 24 h. The loss of water during
the expansion process in the Ugandan vermiculite caused loss of structural order and crystallinity.
Moreover, in the samples expanded and subsequently immersed in water, the structural order and
crystallinity increased with increasing WA values. Specific surface area and porosity hardly vary
with temperature and are practically independent of vermiculite purity. Expanded commercial
vermiculites could be a suitable hygroscopic material, given its efficient water absorption. Microwave

expanded commercial vermiculites, in this case, would not be recommended.

Keywords: Ugandan vermiculite; water immersion; expansibility

1. Introduction

The materials used as pavement in large cities are generally characterized by their
low thermal conductivity and high absorption of solar energy due to their dark color. This
absorption causes day-time temperatures to be higher, as well as night-time temperatures,
especially in the summer. Consequently, the number of nights exceeding 25 °C (the so-
called tropical night) is increasing (e.g., see [1]). The increase in daytime temperature is
also due to heat from automobile exhaust and air conditioners. In addition, refrigeration
by evaporation of vapor from ground surfaces is decreasing.

The other effective way is to improve energy efficiency, which can be realized through
the use of thermal insulating materials with high performance [2].

For various types of functional pavement systems, many materials have been devel-
oped with water retention properties and a particular cooling effect on the evaporation
of vapor from the pavement surface containing such water retention materials. Water
retaining materials for use in pavements must, therefore, have a fast water absorption
rate, a high water absorption capacity, and a slow release of adsorbed water. Hygroscopic
materials can be differentiated and classified according to the adsorption characteristic and
their natural and synthetic origin [3-9].

Hygroscopic materials can also regulate the humidity of the air in a room and reduce
energy consumption. In addition, the whole life cycle cost can be minimized. Therefore,
hygroscopic materials can improve human comfort [3,10].
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Vermiculite is appropriate for improving the water absorption capacity, water/fertilizer
retention properties of cementitious materials [11,12]. These materials constitute the most
important components of planting concrete [13-15].

The main characteristic of vermiculite, well known by all, is their exfoliation and
expansion capacity when it is heated, and it is due to the loss of water molecules located
between the silicate sheets [16-21]. The expansion occurs only at right angles to the
cleavage planes, and the sheets spread apart into an accordion like structure causing spaces
between them and, therefore, increasing the spaces available for water adsorption. Thus,
the exfoliated vermiculite becomes a powerful desiccant. This structure is also excellent for
its breathability, drainage, and cation decomposition ability.

In order to use vermiculite as roof and floor insulation in a house, it is necessary to
know its water retention capacity. So far, some research has been carried out on the behavior
of vermiculite in in a controlled humid atmosphere [2], and with vermiculite mixed with
allophane or other materials [11]. The objective of this work was, on the one hand, to
investigate whether the water absorption capacity of expanded vermiculite, by heating at
different temperatures and by microwave irradiation, is suitable for use it as a hygroscopic
material; on the other hand, to study the effect of water immersion on vermiculite.

Several techniques were used for the characterization: The composition of raw sample
was obtained using X-ray fluorescence (XRF); the expansibility of the vermiculite at dif-
ferent temperatures and with irradiation with microwaves was obtained by heating the
samples at different temperatures with an electric muffle furnace and irradiating them with
microwaves into microwave oven, respectively; X-ray diffraction (XRD) was used for the
identification of the mineral composition; thermal behavior was obtained using thermal
gravimetric (TG) and analyses textural parameters with Brunauer-Emmett-Teller (BET).

2. Materials and Methods
2.1. Materials
Ugandan vermiculite was supplied by the company VERMICULITA Y DERIVADOS

S.L. (Gijon, Spain). The packets dimensions are smaller than 5 mm in diameter and
0.5-1 mm in thickness and gold-colored (Figure 1).

Figure 1. Aspect of raw vermiculite.

2.2. Experiments
2.2.1. Vermiculite Expansion

No previous treatment was performed on the vermiculite samples, in order to preserve
their natural characteristics as much as possible.

Raw samples heating in an electric muffle furnace at 300, 400, 500, 600, 700, 800, and
900 °C, respectively, for about 1 min. Additionally, the raw sample was irradiated with
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microwaves. The expansibility (k) was obtained by the change in the apparent density [22]
(Figure 2). One milliliter of the raw sample was weighed and heated at 300, 400, 500, 600,
700, 800, and 900 °C, respectively, for about 1 min, in the electric muffle furnace. In addition,
one milliliter of the raw sample was weighed and irradiated with microwaves. Then, the
apparent volume for the heated and irradiated samples was measured again as in the raw
samples by tipping the loose fragments into a measuring cylinder (Figure 2).

M

wlml

Figure 2. Illustration of the expansibility. (1) Cleaning of vermiculite by hand-picking of minerals

other than vermiculite. (2) Weight of the raw sample occupying a volume of 1 mL. (3) Vermiculite
expansion by heating in an electric furnace at different temperatures and by microwave irradiation.
(4) Measurement of the volume of the expanded vermiculite in (3). (5) Expanded vermiculite weighing.
(6) Obtaining expansibility k.

2.2.2. Water Immersion

Raw, heated, and microwave irradiated samples with initial mass each one, my, of
0.5 g were immersed in 25 mL of water distilled for 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 5.5, 7.5, 9.5,
11.5, 23 and 24 h, respectively. Afterwards, the samples were filtered and dried at room
temperature (20 °C), and the weight of each sample (1) was recorded (Figure 3). Finally,
the water absorption content (WA) was calculated through the formula:

m — my
myo

WA =

2.3. Characterizations

Raw and treated samples were subjected to characterization of the composition us-
ing X-ray fluorescence, expansibility, identification of the mineral composition by X-ray
diffraction, thermal behavior using thermal gravimetric and analyses textural parameters
with BET.

The chemical composition of the Uganda raw vermiculite has been determined with
an X-ray fluorescence spectrometer PHILIPS PW2404 and Automatic Charger PW2540
(Malvern Panalytical B V sucursal in Madrid, Spain) equipped with a rhodium anode
(Rh) tube with 4 kW of power, five analyzer crystals (Fli 200, Fli 220, Pe, Ge, and Px1)
and three detectors: xenon sealing, scintillation and gas flow. In the quantitative analysis,
a calibration for geological samples was available, with international reference standards.
The major elements determined were: Al,O3, P;05, K>O, CaO, S5iO,, TiOz, MnO,, Fe; O3,
MgO, and Na,O. To analyze the major elements, bead from the U-20 sample was prepared
by fusion with a Quielab pearl.

An electric furnace Carbolite CWF 1100 (Carbolite, Hope, England) was used for
heating samples.

A SHARP R64sT microwave oven (SHARP Electronics (Europe) Limited, Spain) work-
ing at 2.45 GHz of frequency and 800 W of energy was used for microwave irradiation. The
samples were placed in the center of the glass rotating disc of the microwave oven.
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WA=(m-my)/my

(7

Figure 3. Illustration of the water immersion experiment of the vermiculite. (1) Cleaning of ver-
miculite by hand-picking of minerals other than vermiculite. (2) Vermiculite expansion by heating
in an electric furnace at different temperatures and by microwave irradiation. (3) Weight of 0.5 g
of expanded vermiculite (). (4) Immersion of expanded vermiculite in 25 mL of distilled water
during different times. (5) Filtered and dried at room temperature (20 °C) of vermiculite. (6) Weight
of vermiculite (11). (7) Obtaining WA.

XRD patterns of the raw and treated samples, 0.5 g from each one previously grinded
with an agate mortar, were taken with a PANalytical X"pert Pro diffractometer (Malvern
Panalytical B V, Madrid, Spain). Setting conditions were 40 mA and 45 kV (Cu-K« radiation;
A =1.5418 A), 26 range of 4.5 to 70 degrees, 20 step scans of 0.007° and a counting time of 1s
per step. The standard reference material used was 660a NIST LaB6 with Full Width at Half
Maximum (FWHM) of 0.06° for 26 = 21.36°. Changes in the intensity and position of the
basal reflections were used to indicate changes in the structural order and hydration states.

The thermal gravimetric analyses were performed between 25 °C and 1000 °C using a
Mettler Toledo Stare System thermo-balance (Mettler Toledo, Madrid, Spain) with a heating
rate of 10 °C/min. The total mass loss was determined gravimetrically by heating the
samples in an inert atmosphere (N2) at 1000 °C in a muffle furnace and assumed due
entirely as water. The initial sample mass was about 20 mg.

Textural parameters of the powdered samples were determined with the ASAP 2020
equipment (Iberfluid Instruments, Barcelona, Spain) under the following conditions: nitro-
gen adsorption at —195.8 K, with o, (N3) of 0.162 nm?; unrestricted evacuation of 30.0 mm
Hg; vacuum pressure of 10 um Hg; evacuation time of 1 h; and temperature of sample
evacuation prior to N2 adsorption measurements of 22 °C. The data were recorded with
equilibration times (p/p0 between 0.001 and 1.000) between 50 and 25 s and a minimum
equilibrium delay of 600 s at p/p0 > 0.995. Specific surface area and pore size data have
been determined by using a mathematical description of the adsorption isotherms with the
software of the equipment.

The generic code used for the samples is U-T-t, where U refers to the country of
origin of the vermiculite—Uganda-, T refers to the temperature used in °C or microwave
irradiation—MW-, and t refers to the time of immersion in distilled water of the vermiculite.
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3. Results

The major elements percentages expressed in oxides for the raw sample U-20 obtained
by XRF are in Table 1. The potassium content is low and the loss on ignition value (L.O.1.),
mainly due to evaporation of water when the sample is heated to high temperatures, is
similar, as expected, to the weight loss obtained after heating at 900 °C for one minute.

Table 1. Major elements mass percentages expressed in oxides.

Element Oxides Mass%
SiO, 34.96
Al,O3 12.05
Fe2 03 8.38
MnO 0.11
MgO 21.52
CaO 0.36
Na,O 0.14
K,O 0.36
TiO, 1.42
P,0s5 0.11
L.O.L 20.52
TOTAL 99.92

The expansion occurred at right angles to the exfoliation and the sheets spread apart
into an accordion-like structure; the color meanwhile changing to a golden brown (Figure 4a
for U-900 sample as an example) and U-MW (Figure 4b).

Figure 4. Aspect of U-900 (a) and U-MW (b).

The expansibility of vermiculite increases with temperature (Table 2), as expected. The
expansibility of microwave-irradiated vermiculite is similar to that of vermiculite heated
for 1 min at 800 °C.

Vermiculite heated at different temperatures did not absorb water up to 700 °C and
from this temperature, WA increased with it. The WA (mg/g) values for vermiculite heated
between 700 °C and 900 °C are given in Table 3. The WA value is independent of the
immersion time of the vermiculite.

The XRD patterns performed at room temperature for the raw and treated samples
are presented in Figure 5. The reflections shown in the XRD pattern of the raw vermiculite
correspond to those of vermiculite (JCPDS-ICCD card No. 16-613). In the inset of Figure 4a
only the principal reflection, (002), is shown (Figure 4). At room temperature (20 °C),
this reflection, at 14.50 A, corresponds to vermiculite with 2-WLHS (state of hydration
with 2 water layers) and their intensity decreases with increasing temperature, until the
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crystalline structure practically collapses at 900 °C. The principal reflection of the U-MW
sample is slightly displaced towards lower values of 20 and has a somewhat higher intensity
than that of the U-20 starting sample. In order to clearly appreciate the effect of the water
immersion time of the expanded vermiculite, XRD patterns of the vermiculite expanded
between 700 °C and 900 °C with the highest WA value for the investigated times are
presented in Figure 4b. In addition, XRD patterns of vermiculite expanded at temperatures
below 700 °C and microwave irradiated vermiculite with the lowest m-m value are also
presented in the same Figure 4b. In the inset of Figure 4b it is observed that the intensity
of the 002 reflection, at 14.67 A, decreases in relation to that of the samples expanded and
not immersed in water, and its position varies very little. In addition, the intensity of
the principal reflection is greater in the expanded samples up to 500 °C not immersed in
water than in those immersed; in the samples expanded at 600 °C, 800 °C, and 900 °C the
opposite occurs.

Table 2. The expansibility k and its evolution with the temperature of the studied samples.

T°C K 3
U-20 1.00 .
U-300 1.03
U-400 1.12 . 3
U-500 1.51 5
U-600 2.54
U-700 3.07 1
U-800 3.76 0 L
U-900 4.55 p 200 400 600 800 ‘ MW
U-MW 3.50 ‘ T(C) ‘

Table 3. The WA content (mg/g) with time of the vermiculite heated at temperatures between
700 °C and 900 °C.

Time (h) U-700 U-800 U-900
0.5 47 71.1 106.3
1 0.8 79.3 105.6
1.5 4.1 121.5 68.5
2 3.0 66.2 112.5
2.5 24 67.0 88.8
35 2.6 69.2 29.3
55 4.6 68.8 38.3
7.5 22 65.5 1271
9.5 2.0 67.5 101.9
11.5 3.5 69.7 84.6
23 2.0 70.6 67.0
24 4.1 72.0 129.6

The thermal behavior of all the samples (Figure 6) is very similar. The decomposition of
samples takes place in three steps. The first and second steps extends from 25 to ca. 250 °C
and is due to the loss of the water adsorbed at the surface and/or located in the inter-
layer space as has been previously reported for vermiculite [23-25]. In a second step, at
temperatures above 800 °C, an additional mass loss is observed. This mass loss is due
to either recrystallization into new phases or a transformation process associated with
the dehydroxylation of the OH- anions in the octahedral layer [19,23]. The mass loss (%)
is presented in Table 4, which shows that in the first stage it is less than 16% and in the
second stage it is 4.5%. Above 800 °C the mass loss in the first stage is much lower than
at lower temperatures. There are some samples that depart a little from this behavior
and that lose less mass in the first stage. These samples are U-800, U-900, U, U-900-24.
Mass loss decreases slightly with temperature. The mass loss of the sample irradiated



Minerals 2022, 12, 23 7 of 13

with microwaves is similar to that heated in an oven at 700 °C. The first mass loss stage is
endothermic and the second is exothermic (Figure 7).
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Figure 5. X-ray diffraction patterns of the pristine and treated samples.: (a) Pristine and expanded
samples; in the inset X-ray diffraction patterns showing the principal reflection 002 at 14.50 A.
(b) Pristine and expanded samples after immersion in water; in the inset X-ray diffraction patterns
showing the principal reflection 002 at 14.67 A.
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Figure 6. Temperature dependence of the mass loss, TG-curve, for Ugandan samples: pristine, heat-
treated and microwave-irradiated. In the inset, temperature dependence of the mass loss, TG-curve,
for Ugandan samples: pristine and heat-treated (600 °C and 900 °C) and microwave-irradiated and
their counterparts after immersion in distilled water.

Table 4. Mass loss (%) in the two steps.

Mass Loss (%)

Sample 1st Step 2nd Step
U-20 15.6 4.5
U-0.5 15.0 3.6
U-300 14.9 43
U-400 14.7 4.0
U-500 14.8 4.0
U-600 14.5 3.9

U-600-3.5 14.9 3.6
U-700 14.1 4.0
U-800 12.5 4.1
U-900 6.3 3.6

U-900-24 9.9 37

U-MW 14.2 4.0

U-MW-3.5 14.8 4.0

The nitrogen adsorption-desorption isotherms of the untreated vermiculites and the
vermiculites treated are shown in Figure 8. The isotherms of the treated vermiculites
could be of type IV, based on IUPAC classification, showing characteristics of mesoporous
solids [26]. The slight hysteresis H3 shown by samples is a characteristic of plate-like
particles of vermiculites [26].

The specific surface area (SBET), adsorption capacity (Qm), total pore volume (Vy),
pore size (nm), BET constant (C), and correlation coefficient (R2) values obtained from
the adsorption—desorption tests are shown in Table 5. The BET constant (C) values of the
investigated untreated and treated samples confirmed that micropores are not present,
indicating the validity of the BET method.
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Figure 7. SDTA curves for Ugandan samples: pristine, heat-treated and microwave-irradiated. In

the inset, SDTA curves for Ugandan samples: pristine and heat-treated (600 °C and 900 °C) and
microwave-irradiated and their counterparts after immersion in distilled water.

The Sger and Qp, follow the relationship U-20 > U-300 > U400 < U-500 < U-600 > U700
< U-800 > U-900. The specific surface area varies with temperature, from 6.6 to 18.1 m?/g,
but shows no correlation with it. However, an increase in this area and in the adsorption
capacity is observed in the case of expanded samples and subsequently immersed in water.
Meanwhile, the pore size remains constant up to 700 °C, then decreases and at 800 °C
increases, decreasing again at 900 °C. The microwave irradiated sample shows the highest
pore size value. The sample expanded with microwave radiation U-MW shows a slightly
lower Sggt than the starting sample U-20, while the V;, and pore size are higher. As for the
samples expanded and subsequently immersed in water, they show almost equal values of
Sper and V;, but the E-MW-3.5 shows a slightly lower pore size than the U-20-0.5 sample.
The V,, values do not differ much with temperature, although a slight increase is observed
at higher temperatures. The sample at room temperature has the lowest V, value.

Table 5. Specific surface area (Spg), adsorption capacity (Qm), pore volume (Vp), BET constant C,
and correlation coefficient (R?) results from adsorption-desorption nitrogen measurements for raw
and treated vermiculites.

SBET Om A Pore Size

Sample (m2/g)  (mmol/gSTP)  (mmol/gSTP) (nm) C R?
U20  117+01 0.12 0.005 2.93 5.1 0.9999
U-20-05 157 +0.1 0.16 0.04 293 1093 09998
U300  80+00 0.08 0.02 293 3036 09999
U-400  66+0.1 0.07 0.03 2.93 60.6  0.999
U500 14.6+00 0.15 0.04 2.79 1646 09999
U-600 18100 0.19 0.05 2.52 180.6 09999
U-60035 179+ 0.1 0.18 0.05 252 1566 09999
U700 122401 0.13 0.04 252 1353 09999
U800 18300 0.18 0.06 293 2826 09999
U900 132400 0.14 0.06 252 1847 09999
U-90024 169 £ 0.0 0.17 0.06 252 1632 0999
UMW 110+ 0.0 0.11 0.02 3.24 1684  0.9999

U-MW-3.5 15.6 £ 0.0 0.16 0.04 2.79 1444  0.9999
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Figure 8. Nitrogen adsorption—-desorption isotherms of raw and treated vermiculites at different
temperature: (a) 20 °C; (b) 300 °C; (c) 400 °C; (d) 500 °C; (e) 600 °C; (f) 700 °C; (g) 800 °C; (h) 900 °C,
and microwave irradiated (i).

4. Discussion

The expansibility of Ugandan vermiculite is much lower than that of Xinjiang (China) [2]
at any of the temperatures used. The reason is due to differences in composition of the
two vermiculites, basically to K,O and water contents. The results of K,O content in the
analyzed sample suggest that vermiculite from Uganda is quite pure (K;O content of 0.36%
= 0.35%), in agreement with authors such as Justo et al. and Velde [27,28]. On the contrary,
the sample from China is not pure vermiculite, as K,O content is high (6.16%). In relation
to water content, the percentage of Ugandan vermiculite is approximately 20%, while that
of Chinese vermiculite is approximately 11%. The low potassium content and high water
content are the reason why the Ugandan vermiculite has much lower expansibility values
than the Chinese sample [16,29].

The decrease in the intensity of the main X-ray reflection, 002, from vermiculite with
increasing temperature is related to the loss of water due to the expansion process, which
implies loss of structural order and crystallinity, according to Marcos [29]. This loss is
greater in samples immersed in water after expansion. The slight variations of 26 of the
main reflection of the XRD patterns of the samples may be due to structural readjustments
induced by temperature and the water absorption. The slight displacement of the main
reflection (002) of the expanded sample by microwave irradiation towards lower values of
20 and its intensity somewhat higher than that of the starting sample U-20 indicates that
its structural order and crystallinity have increased only slightly as observed in Marcos
and Rodriguez [30]. The explanation for the fact that the structural order and crystallinity
increased in the samples expanded and subsequently immersed in water up to 600 °C,
despite a higher loss of water in the expansion process, lies in the fact that up to 600 °C the
Ugandan sample did not absorb water, regardless of the immersion time.

Otherwise, the maximum water absorption content was very close 130 mg/g for
U-900 for 24 h, followed of 127.1 mg/g for U-900 for 7.5 h and 121.5 mg/g for U-800
for 1.5 h. These values were much higher than those shown in the humidity absorption
experiments carried out by Feng et al. [2]. According to Melero and Li [31,32], expanded
commercial vermiculites could be a suitable hygroscopic material, due to their efficient
water absorption, and mainly those with a composition similar to Ugandan vermiculite.

Probably, the reason why the textural parameters of the microwave-irradiated ex-
panded vermiculite and the raw vermiculite are similar is that they are structurally quite
similar, as evidenced by their respective XRD patterns, although their appearance is very
different. The same reason can be applied to the behavior of both samples upon immer-
sion in water. Therefore, expansion with microwave radiation, in this case, would not be
appropriate. The order of magnitude of the Sger and V,, values of the raw and treated
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vermiculite from Uganda is similar to the values of the raw and treated sample, at the same
temperatures, from China [2]. In addition, in both cases, no correlation of these values
with temperature is clearly observed; however, water loss from vermiculite with increas-
ing temperature seems to cause a slight increase in pore volume. On the other hand, it
seems that Sggt and V), are independent of the vermiculite purity, remember that Ugandan
vermiculite is purer than the Chinese one. The decrease in Vj, with increasing heating
temperature in Ugandan vermiculite is opposite to what occurs in Chinese vermiculite [2].
In the former the explanation may be as follows: In the first stage of expansion process,
the porous channel was formed due to the vapor escape and the porosity was improved.
With the increase in heating temperature, the V,, varied slightly, although it remained more
or less in the same order of magnitude. The reason is due to the fact that the interlayer
structure of vermiculite did not undergo a reduction in interlamellar spacing as the heating
temperature increased, according to the XRD results.

5. Conclusions

The decrease in the intensity of the main reflection of the Ugandan vermiculite with
increasing temperature is related to the loss of water due to the expansion process, which
implies loss of structural order and crystallinity. In addition, in expanded samples and
subsequently immersed in water, as the WA values increased, the structural order and
crystallinity increased.

The specific superficial area and porosity barely vary with temperature and they are
practically independent of the vermiculite purity.

Relatively pure commercial vermiculites, with very low potassium contents, expanded
at high temperature could be suitable hygroscopic materials, given their efficient water
absorption. Expansion of commercial vermiculites with microwave radiation, in this case,
would not be recommended because its water absorption capacity is very similar to that of
the raw sample; both samples are structurally very similar although their appearance is
very different.
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