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ARTICLE INFO ABSTRACT

Keywords: In this paper, we investigated the use of tea waste as an additive in the production of traditional bricks. This
Bricks could provide several environmental and economic benefits, as well as improving thermal insulation in con-

Tea waste struction. To this end, we produced brick samples with 0, 5 and 10 w% of tea waste mixed with a clayey material

?ﬁgﬂ:gcon ductivit from Teruel (Spain) that was rich in quartz and phyllosilicates and had smaller amounts of carbonates. These
Innovation Y samples were fired at 800, 950 and 1100 °C in an electric oven. We then analysed and discussed their chemical,

mineralogical, textural and physical-mechanical behaviour and evaluated their durability in response to salt
crystallization. The pore system of the bricks was examined using a combination of different analytical tech-
niques (hydric tests, mercury intrusion porosimetry and digital image analysis). We also evaluated their thermal
conductivity and observed that an increase in the firing temperature and the amount of tea waste altered the
texture of the bricks, increasing their porosity. This happened above all at 1100 °C, where it led to the
appearance of a new family of pores and increased the porosity to about 39% for bricks made with 10 w% added
tea waste. The increased porosity made the bricks lighter. The bricks made with tea waste showed higher levels
of water absorption and poorer mechanical strength. Our results suggest that the addition of tea residues strongly
decreases the thermal conductivity and heat diffusion capacity of the bricks. They could therefore be used as
lightweight bricks for the thermal insulation of buildings.

1. Introduction

Tea is one of the oldest traditional beverages in the world and one of
the most widely consumed non-alcoholic drinks after coffee, with con-
sumption estimated at 85 1 per person per year. Tea is particularly
important in Asia, Eastern Europe, and the UK [1]. There are records of
its consumption as early as 1500 BCE in the Yunnan province of China
[2], where it first appeared as a medicinal drink due to the antioxidant,
diuretic and anti-inflammatory properties of Camellia Sinesis [3,4] the
plant commonly known as tea. The particular variety of tea produced
varied greatly depending on the harvesting process and the treatment
applied to it [5,6]. However, it was not until the 16th century that its
consumption became popular in the West, where it became the
emblematic hot drink in the United Kingdom [7,8]. In the early 20th
century, the sale of tea became even more popular worldwide due to the
invention of the tea bag [9]. In 2020, a total of just over seven million
tonnes of tea were produced worldwide. Asia accounted for around 83%
of this volume, growing and harvesting around 5.8 million tonnes [10].

* Corresponding author.

The tea industry is on the rise, and is expected to grow by 4.22% per year
between 2023 and 2025 (https://statista.com). In line with the increase
in tea consumption, the amount of waste is growing rapidly, resulting in
a substantial loss of biomass and increasing environmental stress. Tea
residues, also known as tea waste or tea grounds, are known to be rich in
certain organic compounds, in particular lignin and holocellulose
[11,12]. These compounds play a crucial role in the formation of porous
structures in construction materials. During the tea-leaf manufacturing
process, these components become interwoven within the plant’s cell
walls. Later, when the tea is brewed, they are released into the liquid
phase, and after the tea is consumed, some remain behind in the residues
[13]. Hussain et al. [14] and Li et al. [15] have postulated that tea
residues could be used to produce biochar, which in turn could be used
as a nitrogen-rich biomass precursor for preparing pollutant adsorbents.
Research into the possible reuse of tea waste biomass in practical ap-
plications has so far centred on converting it into bioadsorbents [16],
agricultural compost [17,18] or animal feed [19,20], although more
research is required in this field and other alternatives must be proposed.
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For its part, clay is now considered an exhaustible resource, to such
an extent that in some countries, such as Australia or China, its use in the
manufacture of bricks has been restricted and the use of alternative
waste or recycled materials is being actively promoted [21-23]. To this
end, research has been conducted into the use of various organic addi-
tives in bricks [24-26]. Results have demonstrated their effectiveness as
pore agents/developers, and the improvements they can bring in terms
of insulation and the reduction of heat transmission [25]. The resulting
bricks have also been shown to be well suited for use as lightweight
building materials [26]. With this in mind, in this paper, we explore the
possible use of tea residues (5 and 10 w %) as additives in the production
of traditional handmade bricks. There are various reasons for research
on this subject. Firstly, the use of additives reduces the depletion of
natural supplies of clay, the main raw material used in brickmaking.
Secondly, the reuse of the waste generated by tea-drinking in the brick
manufacturing process can produce energy savings compared to con-
ventional brickmaking. This is due to the biomass capacity of the ad-
ditive, which produces additional heat during firing. Thirdly, the
addition of tea waste enables the production of lightweight bricks with
optimal thermal insulation properties that can help reduce domestic
winter heating bills.

Although various research studies have already been conducted into
the use of tea waste as an additive in brick manufacture, we believe that
there are still many important gaps that our research seeks to fill. To this
end we focus on various issues that we consider essential for appraising
the technical quality of the bricks. These include: 1) measuring the
colour of the fired bricks and assessing how the addition of tea waste
influences the colour values. Colour is of great importance in the field of
architectural heritage, in that it is one of the key factors in the choice of a
replacement brick when restoring the facade of a historic building; 2)
the need to determine the compactness of bricks and relate it to their
compressive strength. In this research, we combine the measurement of
compressive strength with that of ultrasound velocity so as to provide a
more complete picture of the performance of the bricks from a petro-
physical point of view; 3) the study of the porous system and pore size
distribution and how they are altered by the addition of the tea waste.

Previous research on this issue has thrown up interesting results
albeit with certain important differences compared to our research,
which we will now go on to explain. Hamilton and Hall [27] considered
that further studies were needed to understand the effect of added tea
residue on the compressive strength and thermal conductivity of fired
brick samples and on the development of macroscopic defects in the
bricks. Saman [28] used percentages from 2.5% to 10% by weight of tea
waste to study the compressive strength, water absorption and thermal
conductivity of bricks. His results showed that compressive strength and
thermal conductivity decreased, while water absorption increased as the
percentage of tea residue augmented. Ozturk et al. [29] investigated
extruded bricks made with added 10 w% tea waste and fired within a
range of 950-1050 °C, whereas in our research, we prepared the samples
using the traditional manual kneading method. This produces important
differences in the fired bricks. Compared to handmade bricks, extruded
bricks show: 1) generally lower porosity and different pore size distri-
bution; 2) more pronounced orientation of flattened minerals, pores and
organic fibres (i.e., tea waste). It is also important to take into account
the energy cost associated with the use of the hydraulic press to extrude
the bricks. For their part, Anjum et al. [30] also produced extruded
bricks made with added tea waste fired at temperatures of 600 and
1000 °C. In our opinion, this temperature range does not enable us to
fully identify the important mineralogical and textural changes that take
place during the firing process in the matrix of the ceramic samples.
Other studies mixed ground tea waste with inorganic additives [31]
[32]. The particular approach adopted by these researchers made it
impossible to assess the impact of the addition of tea waste on certain
physical and mechanical properties of the bricks, one of the main ob-
jectives of our paper. For example, Sahu et al. [31] used a single firing
temperature (990 °C) and were therefore unable to analyse the effects of
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different firing temperatures on the texture of the fired samples. Simi-
larly, the results obtained by Ibrahim et al. [32] are difficult to compare
with ours in that they did not use clay in the brickmaking process,
instead mixing varying proportions of tea waste (from 0 to 12 w%) with
zeolitic tuff (from 100 to 89 w%).

2. Materials and method
2.1. Geological context and procurement of raw materials

The clayey raw material (with a total mass of over 5 kg) was obtained
from a site (lat. 40.311186, long.-1.13375) on the eastern edge of the
Betic Cordillera, in the province of Teruel (Spain) (Fig. S1), about 4.2 km
from the centre of the city of Teruel. In geological terms, this region is
located in the Aragonese Branch of the Betic System [33,34]. The Teruel
Basin is the largest Neogene extensional macrostructure within the
central-eastern Iberian Chain (NE of Iberian Plate) [35]. The limonitic
facies in which the raw material was obtained is made up of clays
without exceptional structures, in which there are small sandy layers at
the top and high carbonate concentration at the bottom with small
subangular quartz grains, traces of K-feldspar, fragments of limestone
rocks, fragments of quartzite, silex grains and iron oxides [36]. The
quarrying of rock for industrial use is an important sector in this area,
involving above all Miocene (Neogene) clays for the brick and ceramic
industry (https://igme.es). Within a radius of 2 km around the city of
Teruel, there are currently about fifteen quarries producing between
6000 and 18,000 kT of clay per year (Mining Overview, Instituto Geo-
légico y Minero de Espana, IGME 2018-2020, https://igme.es). As
regards the tea residue, it came from the tea bags discarded by local
households.

2.2. Production of traditional bricks using tea grounds as an additive

The residue from the tea bags (particles from leaves, flowers, small
branches, etc.) was mixed and left to air dry for one month at a tem-
perature of approximately 25 °C. The tea residue was not sieved before
mixing with the clay to form a kneadable mixture (with 0, 5 or 10% by
weight of added tea residue) that ensured homogeneity. Mixing the tea
residue with the clay could provide energy savings compared to some of
the previous research studies in which the tea residue was milled before
mixing. Water was then added until a paste-like texture was achieved.
The proportions of raw material, tea residue and water are shown in
Fig. 1. The addition of residue meant that less water had to be added to
the mixture. We observed that the additive gave the clay mixture a
pleasant kneading texture, with a gel-like quality, possibly due to the
organic nature of the tea. The clay paste was placed in a previously
moistened wooden mould of 15 x 20 x 4 cm and pressed down. Once
the mould was full, the surface was smoothed off with a ruler. After one
hour, the moulds were removed and the clayey pastes were cut into ~4
cm edge cubes using a stretched cotton thread and left to dry at almost
constant room temperature and humidity (20-23 °C, 40-50% RH) for
one month.

Once the bricks were dry, they were fired in a Herotec CR-35 electric
oven at 800 °C, 950 °C and 1100 °C. Table 1 sets out the acronyms given
to the control samples made with no added residue (TO) and to those
with added 5 w% (T5) and 10 w% (T10) tea waste. The samples were
preheated for 1 h at 100 °C so as to eliminate any residual moisture that
might still be present inside them. The temperature was then increased
at arate of 2 °C/min. Once the maximum temperature was reached (800,
950 or 1100 °C), it was maintained for 3 h. Finally, the oven was turned
off and the samples were left to cool slowly until the next day, so as to
prevent the development of fissures due to the p-to-a quartz transition at
573 °C. After removal from the oven, the bricks were immersed in water
for about 1 h so as to prevent possible “lime blowing” due to the pres-
ence of lime grains [37].
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Fig. 1. Amount of clay (kg) and water (L) used in relation to the amount of tea residue added (g).

Table 1
Acronyms assigned to the bricks according to the addition of 0, 5 or 10 w% of tea
residue and the firing temperature (800, 950 or 1100 °C).

800 °C 950 °C 1100 °C
TO/800 T0/950 T0/1100
T5/800 T5/950 T5/1100
T10/800 T10/950 T10/1100

2.3. Characterization and testing methods

2.3.1. Chemical, mineralogical and textural study

X-ray fluorescence (XRF) was used to determine the major elements
in the raw material and the fired bricks with a PANalytical Zetium
compact spectrometer. 3 g of each sample was ground to powder prior to
its analysis. The mineralogical composition of the raw clay and the fired
bricks was determined by powder X-ray diffraction (PXRD) using a
PANalytical X’Pert PRO diffractometer. The working conditions were as
follows: CuKa radiation (A = 1.5405 10\), 45 kV voltage, 40 mA current, 3
to 70° 26 exploration range, 0.1 26 s_* goniometer speed. A first qual-
itative mineral phase identification was performed using the PAN-
alytical X’pert Highscore Plus 3.0 software matching the experimental
diffraction peaks with those included in the Joint Committee for Powder
Diffraction Standards (JCPDS) PDF-2 database. A quantitative phase
analysis was carried out using open-source Profex-BGMN software with
dedicated fitting functions [38] and 10 w% internal standard a-Al,O3
was added to the powder samples to comply with the Rietveld re-
finements [39-41]. The petrographic features (mineralogy, texture and
development of vitrification in the matrix) of the samples fired at 800
and 1100 °C were observed by means of polarized optical microscopy
(POM). Observations under plane- and cross-polarized light were carried
out on polished thin sections using a Zeiss AXIO Scope.Al microscope
equipped with a Canon EOS 550D digital camera. In addition, detailed
observations were made on the same thin sections of the samples fired at
800 and 1100 °C using a high-resolution field emission scanning elec-
tron microscope (HRSEM) TESCAN SOLARIS coupled with energy
dispersive X-ray analysis (EDS). The microscope operated at 5 and 10 kV
with a working distance (WD) of 5 mm using a beam current of 300 pA
and 1 nA.

2.3.2. Analysis of the pore system

A detailed study of the pore system of the bricks and how it is
affected by firing temperature and the addition of tea waste was con-
ducted using several physical tests. Hygroscopic water adsorption and
desorption were measured according to the EN-ISO-12571 [42] stan-
dard. Brick samples were oven-dried and then placed in an environ-
mental chamber at a constant temperature of 23 °C and with relative
humidity (RH) increasing according to the following sequence
30-50-70-75-80-85-90-95% and then decreasing through the same
steps in reverse order. The mass of each sample was measured at each
step after equilibration at constant RH.

Hydric tests were used to analyse the water flow through the pore
network of the bricks. Free (Ab, at atmospheric pressure) and forced (Af,
under vacuum) water absorption (UNE-EN 13755 [43]), drying (Di)
(NORMAL 29/88 [44]) and capillarity tests (C) (UNE-EN 1926, [45])

were carried out. These tests enabled us to calculate the saturation co-
efficient (S), the apparent (p,) and real (a,) densities, and the open
porosity (P,) (UNE-EN 1936, [46]). Hydric tests were performed under
controlled thermo-hygrometric conditions (20 °C and 60% relative hu-
midity) using deionized water.

The pore size distribution within a range of 0.002 to 200 mg was
analysed by mercury intrusion porosimetry (MIP) using a Micromeritics
Autopore IV 9600 porosimeter. Samples of about 1 g were dried in a
ventilated oven for 48 h at 30 °C prior to analysis. Apparent and real
densities (pavip and prvip, g/cm3), open porosity (Pomip, %) and specific
surface area (SSA, mz/g) were calculated.

Finally, HRSEM images were analysed using digital image analysis
(DIA) in order to estimate the percentage of pores of over 4 pm in size in
the bricks with and without tea waste fired at 800 and 1100 °C. For each
sample a total of 250 images overlapped by 10% were acquired by the
TESCAN SOLARIS using the same working conditions mentioned above
and then automatically stitched together in order to cover as much of the
thin section as possible, so increasing its representativeness [47,48].
ImageJ software was used to calculate the pore ratio by segmenting and
binarizing the BSE images and calculating the ratio of the pixels corre-
sponding to pores to the total area of interest [49]. The resolution limit
was 4 pm, the size of one pixel.

2.3.3. Thermal conductivity

A Thermal Conductivity Scanner (TCS) with a Optical Scanning In-
strument (OSI) was used to assess the thermal behaviour of the bricks.
This high precision noncontact method uses an optical scanning tech-
nology based on scanning a sample surface with a focused, mobile,
continuously operated heat source in combination with infrared tem-
perature sensors. The thermal conductivity range varied from 0.2 to 25
W/m-K, with an accuracy of 3%. The standards used for calibration were
glass (Standard 1) and fused quartz (Standard 2), in line with the com-
ponents of the bricks. The bricks were painted with acrylic black paint,
with a stripe width of approximately 30 mm for each orthogonal side, so
as to ensure proper infrared absorption to heat the sample. The thermal
diffusivity (o, mm?/s) of the samples was determined indirectly on the
basis of the apparent density values measured by MIP (payp) and a mean
heat capacity (Cp) value of 800 kJ/g-K established in previous research
[50,51].

2.3.4. Compactness and strength

The ultrasound propagation velocity of compressional (V},) and shear
(Vy) waves was performed with a Panametrics HV Pulser/Receiver
5058PR coupled with a EPOCH650® Ultrasonic Flaw Detector
(Olympus) performed with transducers of 1 MHz over a circular contact
surface of 30 mm in diameterto determine the compactness of the bricks
made with and without tea residue. A viscoelastic gel was used to ensure
good coupling between transducers and brick samples. V;, and Vs were
measured in the three perpendicular directions on three samples per
brick type. Once the ultrasound velocities had been determined, we then
calculated the Poisson coefficient (v) and the Young (E), Shear (G) and
Bulk (K) moduli.

The compressive strength (Cs) was measured on three samples per
brick type according to the requirements of the UNE-EN 196-1 [52]
standard. For this purpose, we used a Controls Uniframe T1192
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electromechanical universal tester, equipped with 100 kN and 25 kN
load cells. Samples with dimensions of 1.5 x 1.5 x 6 cm® were tested
using a specifically designed device that is mounted on the press.

The PCE-2500 N Leeb Hardness (LH) tester was used to determine
whether the surface hardness of the bricks varied in line with the firing
temperature or the amount of added residue. The rebound of the
hammer was measured in ten different places along a line running from
one edge of each brick to the opposite side, passing through the centre.

2.3.5. Colour

The colour of the fired bricks was assessed using a Konica Minolta
CM-700d spectrophotometer which quantified their lightness and
chromaticity according to the UNE-EN 15886 [53] standard. Illuminant
D65, 10° observer and a measurement area of 8 mm were used. Nine
measurements per sample were performed to determine their lightness
(L*) and chromatic coordinates (a* and b*). Once the L*, a* and b*
values had been determined, we then calculated the total colour varia-
tion (AE) between bricks with and without tea residue as follows (Eq.1):

AE = \/(L1 — Lz)2 -+ (m — az)z + (bl — b2)2 (€8]

where Li, a1 and b1 are the lightness and chromaticity values for the
control bricks made with no added residue and L2, a= and b2 for those
made with added tea waste.

2.3.6. Durability

Fifteen salt crystallization cycles were performed according to the
UNE-EN 12370 [54] standard. The objective of this test is to reproduce a
decay process that could affect the lifetime of the bricks due to the
dissolution and recrystallization of soluble salts within their porous
systems. Three samples (4 cm-edge cubes) per brick type were used for
this test. To further determine the effect of the salts on the pore system of
these samples, ultrasound measurements were carried out before the
decay test and after the 4th, 10th and 15th cycles.

3. Results and discussion
3.1. Changes in the weight of the bricks after firing

As expected, the difference in weight between unfired and fired
bricks varies according to the amount of tea residue added and the firing
temperature. i.e., the larger the amount of residue added and the higher
the firing temperature, the greater the difference in weight between the
fired and unfired bricks (Table S1). The bricks made with added waste
are lighter. The highest weight change was measured in T1100/10 for
which a weight loss of about 30% was observed. This trend is in line with
the findings of other authors, who reported a decrease in the weight of
the samples made with added organic matter after firing [26,55,56].
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3.2. Chemical, mineralogical and textural study

3.2.1. X-ray fluorescence (XRF)

Table 2 shows the chemistry of the raw material and the fired bricks.
The main difference is that the fired bricks have lower Loss on Ignition
(LOI) values. This is because the organic matter present in the raw
material is consumed during firing, and the carbonates decompose, as
manifested by the ~8% of CaO identified. The dehydroxylation of
phyllosilicates will also have influenced the decrease in the LOI value.
LOI increases in line with the amount of tea residue in the bricks (LOItg
< LOIts < LOIt19). However, with firing temperature the opposite oc-
curs. LOI falls as firing temperature increases. Chemically, the raw
material and the bricks are rich in silica and alumina suggesting the
presence of quartz and aluminium silicates. Based on its CaO content,
the raw material can be classified as calcareous [57]. Iron compounds
are the fourth most abundant with values of between 3.8 and 4.1% and
their presence enables the formation of iron oxides. Finally, KoO makes
up around 2-2.5% and seems linked to the formation of feldspars and
phyllosilicates, while the remaining elements account for <1%.

3.2.2. Powder X-ray diffraction (PXRD)

The Rietveld refinement of the PXRD analysis reveals that the raw
material is mainly composed of quartz (64.78 w%). Calcite, phyllosili-
cates (illite and kaolinite), K-feldspar and hematite were also identified
(Table 3). The clay has an amorphous phase content of 8.46 w%, which
can be attributed to the presence of organic matter. Fig. S2 shows the
changes in the mineralogy of the bricks after firing, which are more
evident at 1100 °C with the crystallization of high-temperature silicates
and an increase in the background noise due to the vitrification of the
samples [37,58]. The amorphous phase content (in w%) increases in line
with the firing temperature and with the percentage of tea residue
added, reaching its highest value in the samples fired at 1100 °C and
with 10 w% waste. It is possible that the tea residues generate additional
heat, which results in a more pronounced vitrification of the matrix. If
we look at the results in more detail, at the three firing temperatures
investigated (800, 950 and 1100 °C), quartz is the most abundant phase
although its concentration drops sharply when the firing temperature
reaches 1100 °C and as the amount of residue increases, with values
ranging from 45 to 27 w% (Table 3). The lower quartz values at 1100 °C
suggest that at this temperature, some of the quartz has been consumed
in mineralogical reactions to form new high-T silicate phases. At 800 °C,
dehydroxylated illite-type phyllosilicates are still present (Fig. S2),
albeit in lower amounts compared to the raw material, while the
kaolinite has decomposed (Table 3). Calcite is detected in smaller
amounts compared to the raw material and disappears at higher tem-
peratures (Fig. S2 and Table 3). The microcline detected in the raw
material is converted into more stable polymorphs, i.e. orthoclase at
800 °C and sanidine at 950 °C and 1100 °C [59,60]. Hematite is detected
in all the samples, irrespective of the amount of tea residue added. It has
a higher concentration in the bricks fired at 800 °C than in the clay raw
material due to the decomposition of the phyllosilicates, which favours
the recrystallisation of Fe in the matrix. At higher temperatures, the

Table 2
XRF results (in %) for the raw material and for the fired bricks.
Si0, Al,03 Fe,03 MnO MgO CaO Nay0 K20 TiO, P,0s LOIL Total
Raw material 65.72 9.40 3.77 0.06 0.69 7.85 0.11 2.21 0.52 0.12 9.52 99.97
T0/800 73.18 9.28 3.8 0.05 0.66 6.98 0.11 2.19 0.54 0.12 3.07 99.98
T5/800 69.39 10.40 4.11 0.07 0.78 8.53 0.12 2.44 0.63 0.15 3.36 99.98
T10/800 68.43 10.13 3.95 0.07 0.78 8.75 0.12 2.46 0.60 0.17 4.53 99.99
T0/950 73.10 9.88 4.02 0.06 0.72 7.62 0.12 2.32 0.56 0.14 1.44 99.98
T5/950 71.84 10.07 4.08 0.07 0.77 7.98 0.13 2.43 0.56 0.16 1.90 99.99
T10/950 70.61 10.39 4.10 0.07 0.82 8.46 0.13 2.60 0.59 0.19 2.01 99.97
T0/1100 73.39 10.08 4.09 0.06 0.73 8.04 0.12 2.34 0.57 0.13 0.44 99.99
T5/1100 73.21 9.70 3.91 0.06 0.73 7.92 0.12 2.44 0.59 0.15 1.16 99.99
T10/1100 70.69 10.73 4.18 0.07 0.84 9.33 0.13 2.59 0.62 0.18 0.63 99.99
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Table 3
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Mineralogical characterization by XRD of the clayey material and the fired bricks with or without tea residue. Data is provided in weight %. Abbreviations of minerals
according to Warr [64]: Qz: quartz; Kln: kaolinite; Cal: calcite; Ilt: illite; Hem: hematite; Mc: microcline; Or: orthoclase; Sa: sanidine; An: anorthite; Aug: augite; Gh:

gehlenite; Wo: wollastonite; AM: amorphous phase.

Qz Kln Cal 1t Hem Mc Or Sa An Aug Ghl AM ERROR
Clayey material 64.78 4.30 6.65 11.81 2.08 1.90 0 0 0 0 0 8.46 +0.96
T0/800 44.04 0 6.91 9.88 4.8 5.66 0 0 0 0 0 28.61 +1.11
T5/800 35.48 0 5.25 13.71 5.82 0 3.01 0 0 0 0 36.72 +2.13
T10/800 33.76 0 5.04 10.67 6.01 0 1.88 0 0 0 0 42.67 +3.12
T0/950 45.13 0 0 0.20 4.52 0 0 1.78 5.12 0 7.14 31.54 +1.63
T5/950 43.15 0 0 2.00 4.93 0 0 2.36 5.77 0 6.04 36.17 +1.06
T10/950 36.34 0 0 0 3.44 0 0 3.64 6.06 0 7.23 44.41 +2.41
T0/1100 40.33 0 0 0 3.91 0 0 2.31 8.34 4.19 5.64 35.24 +1.99
T5/1100 34.24 0 0 0 1.40 0 0 2.74 9.65 5.40 4.22 42.65 +1.78
T10/1100 26.78 0 0 0 0.68 0 0 3.59 10.54 5.88 4.07 48.74 +3.82

hematite content falls to its lowest value of 0.78 w% in the T10/1100
sample (Table 3). This is because iron is trapped inside the structure of
the new silicates, so hindering the formation of hematite [37,61-63].
The decomposition of carbonates and their reactions with quartz and
other silicates leads to the appearance of new Ca-silicates such as geh-
lenite at 950 °C and wollastonite and anorthite at 1100 °C.

3.2.3. Polarized optical microscope (POM)

Polarized optical microscopy (POM) observation of the T0/800
control bricks (samples with no added waste fired at 800 °C) revealed
the presence of quartz grains with undulose extinction of over 1 mm in
length in an orange-to-brown coloured matrix (Fig. 2A), which turns
black in the bricks fired at 1100 °C (T0/1100) (Fig. 2D). Higher porosity
was observed in the bricks with added tea residue (Fig. 2B, C, E and F), in
which this organic matter disappears after combustion leaving imprints
in the form of pores. The porosity increases in line with the percentage of
residue (T5/800 and T10/800, Fig. 2B and C). The addition of tea res-
idue also seems to affect the colour of the matrix, such that in the bricks
made with 5 and 10 w% tea residue, the matrix is darker than in the
control sample (T0/800). In addition to the quartz, calcite, phyllosili-
cates (muscovite-type) and feldspar grains were also identified. Phyl-
losilicates and elongated fragments of other minerals often show a
preferential orientation due to the pressure exerted on the raw material
during the kneading process. Muscovite-type crystals appear unaltered
reaching a second-order interference colour. The carbonate grains are

800
2ok S0 A

-

T T
To/100 RSN
“SCF G p

L s % ¢

partially decomposed and have lost their typical high birefringence
colour. At 1100 °C, the bricks undergo major textural changes due to the
high firing temperature (Fig. 2D, E and F), the pores become ellipsoidal-
to-rounded in shape and the matrix becomes darker and loses its bire-
fringence due to vitrification. Only quartz grains can be identified.

3.2.4. HRSEM

The textural features of the bricks vary considerably according to
their firing temperature (800 and 1100 °C) and tea residue content (0, 5
or 10 w%). Both these factors alter the texture by improving the inter-
connection between mineral grains and increasing the porosity. These
differences are reported in Fig. 3 where SEM-BSE images show changes
in the structures due to the firing process, such as the high sintering in
sample T5/1100 due to the addition of tea residue. In samples fired at
800 °C, there are large gaps/pores between the grains. The pores are
irregular in shape and clay minerals are still evident in the groundmass
(Fig. 3A). Nuclei of new silicates phases are also present in the matrix of
the bricks fired at 800 °C with 5 and 10 w% of tea waste (Fig. 3B and C).
Even though they were not detected by PXRD due to their small quan-
tities, their presence indicates a higher level of sintering as a result of the
addition of tea residue, as suggested by the increased amorphous phase
revealed by the Rietveld refinements (see Table 3). Reaction rims, in
particular on the edges of the quartz grains, are frequent (Fig. 3D).
Fibrous phytoliths resulting from the addition of tea residues have been
observed in bricks fired at 800 °C, where amorphous silica reacts with

' r‘

Fig. 2. Bricks with and without added tea residue fired at 800 and 1100 °C. All photographs were taken with plane-polarized light (PPL).
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Fig. 3. High resolution SEM-BSE images of bricks made with and without added tea residue fired at 800 and 1100 °C.

residual calcite grains [65], (Fig. 3E). This supports the mineralogical
process in which new silicates are formed.

In the samples fired at 1100 °C, the illite has decomposed completely
and melted in a highly sintered matrix, which displays the growth of
new silicates and the development of larger, rounded pores (Fig. 3G and
H). Reaction rims on the edges of the quartz grains are also frequent at
this temperature (Fig. 3J). Framboidal hematite, with microcrystallites
of between 0.5 pm and 5 pm in diameter, was found in some bricks
(Fig. 3K and L). The framboidal texture suggests that they were pyrite
crystals, which probably formed due to the presence of organic matter
[66,67,68] and the establishment of an anoxic environment that
enhanced the activity of sulphate-reducing bacteria [60,69]. During the

firing of the bricks, the sulphur content of the framboids fell due to the
decomposition of these sulphides at 588 °C and, in an oxidising atmo-
sphere, were transformed into Fe;O3 [70].

The chemical composition maps (area and linear) in Fig. 4 reveal the
growth of new Ca-silicate phases (mainly wollastonite and maybe geh-
lenite) close to quartz and calcite grains.

3.3. Pore system
As regards the interaction of the bricks with water vapour and their

behaviour with respect to RH variations, Fig. 5 shows that the bricks
fired at 800 °C adsorb more vapour than those fired at higher
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Fig. 4. A) SEM-EDS elemental maps and B) a linear chemical analysis along a reaction rim between quartz and calcite grains.

temperatures. As for the tea residue, the samples with higher amounts of
additive are those in which mass increases most, because they have more
empty spaces and are able to absorb more water vapour. The samples
fired at 800 °C experienced the greatest increase in mass of around

3-3.5%, values that were reached at 90-95% RH. The mass of these
samples increased progressively, as RH increased from 30 to 90-95%
and then went down again as RH went back to 30%, still retaining some
moisture at the end of the test. In the samples fired at 1100 °C, the mass
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Fig. 5. Interaction of the bricks with water vapour and their behaviour in relation to RH variations (mass increase versus relative humidity both in %), hydric
behaviour of the bricks (weight variation in % versus time in hours) and MIP curves (frequency in % versus pore diameter in pm) for bricks fired at 800, 950 and
1100 °C with no additive (continuous line) and with added tea residue (dashed lines).

only increased during the first cycle (from O to 30% RH) and thereafter
remained almost stable (Fig. 5).

As regards the hydric tests on the bricks, the porosity and water
absorption of the bricks increase in line with increasing amounts of tea
residue (Fig. 5 and Table 4). This indicates that the hydric behaviour of
the bricks is more affected by the addition of tea residue than by the
firing temperature. At 800 °C, Ab increases from 12.9% (TO) to 22.4%
(T10) (Table 4). The same trend is observed with forced water absorp-
tion (Af, Table 4). The interconnection between the pores improves (i.e.,
Ax values decrease) and open porosity augments (Po, Table 4) as the
amount of tea residue increases, so making the bricks more absorbent (S,

Table 4

Table 4). Ax and Po values are more or less the same for each group of
bricks (TO, T5 and T10) at the three firing temperatures. As for capil-
larity (C, Table 4), the bricks tend to absorb water more slowly as the
amount of tea residue increases. The control bricks have the highest C
values. This is because the capillaries are larger in the bricks with added
organic matter, so hampering capillary rise [26,71]. The increase in the
amount of tea residue always leads to a decrease in apparent density (p,,
Table 4). There is less variation in real density (p;), which is mainly
influenced by the mineralogy of the bricks.

MIP analysis revealed that the addition of tea residue alters the pore
size distribution in the bricks. All the bricks show a unimodal pore size

Hydric, MIP and DIA parameters for bricks with and without tea residue. Ab: free water absorption (%); Af: forced water absorption (%); Ax: degree of pore inter-
connection (%); S: saturation coefficient (%); Di: drying index. P,: open porosity by hydric test (%); C: capillarity coefficient (§/m?s°®); p,: apparent density (g cm™>);
pr: real density (g cm ™). Poyp = open porosity by MIP (%); pavip = apparent density (g cm™3); prvrp = real density (g cm™3); SSA = specific surface area (m2/g); Popia
= open porosity by DIA (%); MinFeret = the largest MinFeret diameter measured by DIA.

Hydric behaviour MIP DIA

Ab Af Ax S Di Po C Pa Pr Poyip Pamip PrmIp SSA Popia MinFeret
T0/800 12.94 13.01 11.46 85.12 1.30 40.56 3.80 1.92 3.06 36.47 1.54 2.42 10.06 11.18 1386
T5/800 20.34 20.76 8.90 91.88 2.07 44.91 3.59 1.65 2.88 39.67 1.44 2.39 3.72 19.96 1382
T10/800 22.37 22.42 6.28 93.74 2.24 48.67 3.11 1.55 2.53 46.53 1.36 2.55 2.09 32.89 3529
T0/950 12.68 12.73 11.25 86.46 1.27 42.34 3.56 1.69 2.19 41.43 1.96 1.98 9.72 - -
T5/950 15.94 16.05 7.75 93.46 1.60 45.70 2.91 1.09 1.94 44.44 1.66 1.99 2.8 - -
T10/950 20.78 21.02 5.30 94.65 2.10 49.03 2.14 0.92 1.48 51.61 1.14 1.35 1.49 - -
T0/1100 14.87 14.87 12.95 82.07 1.49 42.81 3.82 1.53 2.40 41.97 1.63 2.81 8.44 14.56 1141
T5/1100 19.20 19.38 6.11 93.34 1.93 44.46 2.46 1.21 2.16 47.12 1.45 2.74 1.43 34.24 3513
T10/1100 15.05 15.46 5.08 95.97 1.54 49.22 1.98 0.98 2.64 54.11 1.51 3.09 1.22 38.92 13,153
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distribution with a maximum peak at around 0.1 pm in bricks fired at
800 °C and 950 °C and 0.2 pm in those fired at 1100 °C. The addition of
residue causes the main peak to shift to the right of the diagrams, i.e.
towards higher pore sizes. This is most evident at 1100 °C where the
peaks for T5/1100 and T10/1100 are at 0.25 and 0.45 pm, respectively.
At 1100 °C, a second family of pores can be clearly distinguished at
around 10 pm (Fig. 5). The open porosity is influenced by the addition of
residue, so confirming the results of the hydric tests (Poyvip, Table 4).

Digital image analysis (DIA) was performed on the two sets of sam-
ples fired at 800 °C (T0/800, T5/800, T10/800) and 1100 °C (T0/1100,
T5/11000, T10/1100) (Table 4). This highlighted the increase in both
porosity and pore size in line with the increase in firing temperature and
in the percentage of tea residue added, so confirming the qualitative
observations reported in Sections 3.2.3 and 3.2.4. The abundance of
pores of over 4 pm explains the differences observed in the weight of the
bricks after firing (Table S1). The pores were also affected by the addi-
tion of tea waste, as is clear in the samples fired at 800 °C where porosity
increased in line with the tea percentages, from 11.18% (T0/800) to
19.96% and 32.89% (T5/800 and T10/800, respectively). A large dif-
ference was noted in the bricks fired at 1100 °C. The high firing tem-
perature increased the porosity [72,73], as confirmed by the T0/1100
sample, which had 20% more pores than the T0/800 sample. At 1100 °C,
the addition of tea waste caused a significant increase in porosity from
14.56% to 34.24% and 38.92% for T5/1100 and T10/1100, respec-
tively. The combined effects of firing temperature and tea waste addi-
tion are also detectable in pore size analysis. Table 5 sets out the
maximum and minimum diameter found in each section in terms of
caliper diameter (MinFeret) [47,48], which increases in line with
increasing firing temperature and tea waste percentage. While the
samples T0/800, T5/800, and T0/1100 display the largest minFeret of
about 1100-1300 pm and the samples T10/800 and T5/1100 show a
minFeret of around 3500 pm, the sample fired at 1100 °C made with
10% of tea residue (T10/1100) has pores with a minFeret of just over
13,000 pm (i.e., >1 cm).

3.4. Thermal conductivity

The results of the thermal conductivity measurements are shown in
Table 5. Values measured on the three orthogonal directions revealed
that the thermal behaviour of the bricks is anisotropic. This is due to the
brickmaking process applied here, which was based on the traditional
method of pressing and moulding by hand (a = perpendicular to the
pressure exerted, b and ¢ = parallel to the pressure exerted). The highest
values were found normal to the side of brick (A(c)), while A(a) and A(b)
showed similar thermal conductivity values, which were about 10%
lower than for (A(c)). The mean thermal conductivity (Amean) ranges
from 0.34 to 0.91 (W/(m-K)), in accordance with the findings of previ-
ous research [25,51,74,75]. Values decrease in line with the increase in
temperature from 800 °C to 1100 °C and with the increase in tea residue

Table 5

Thermal behaviour: A(a), A(b) and A(c) = thermal conductivity measured normal
to the sides a (perpendicular to the pressure exerted), b and c (parallel to the
pressure exerted) of the sample (W/(m-K)); Amean = mean thermal conductivity
(W/(m-K)) calculated on the three sides A(a), A(b) and A(c); « = thermal diffu-
sivity calculated by Amean (Mm/s).

May Ay Mo Amean A
T0/800 0.83 0.89 1.01 0.91 3.71-1077
T5/800 0.64 0.68 0.75 0.69 3.01-1077
T10/800 0.45 0.47 0.48 0.47 2.32-1077
T0/950 0.76 0.82 0.99 0.85 4.89-1077
T5/950 0.53 0.60 0.72 0.61 3.97-1077
T10/950 0.32 0.33 0.37 0.34 2.87-1077
T0/1100 0.75 0.83 0.84 0.81 4.20-1077
T5/1100 0.56 0.63 0.68 0.62 3.62-1077
T10/1100 0.35 0.43 0.49 0.42 2.01-1077

Sustainable Materials and Technologies 39 (2024) e00859

content (0, 5 or 10 w%), suggesting a direct relationship between A and
porosity [75,76]. When thermal conductivity is plotted against porosity
(Fig. S3), an R? > 0.8 is found. The best correlation was obtained by the
hydric test analysis of open porosity (Po, Table 4) (R? = 0.9552), in
which a medium-sized pore range was observed, as compared to the
smaller sizes measured by MIP (R2 = 0.8061) and the larger ones
recorded by DIA (R? = 0.8864) (Fig. S3).

The estimated heat diffusivity o also decreases with an increase in
firing temperature and in tea waste content. a varied from 2.01 - 107
mm/s and 2.87 - 1077 mm/s for samples with 10 w% of tea residues to
3.71 - 1077 mm/s to 4.89 - 10~/ mm/s for samples with no added tea
residue. Those with 5 w% of added residue obtained intermediate values
for all three firing temperatures (Table 5). These results indicate that the
addition of tea residue strongly decreases both thermal conductivity and
heat diffusion capacity, suggesting that bricks made with this additive
would have good thermal insulation properties.

3.5. Compactness and strength

The control bricks (T0) show higher compressive strength than those
with added tea residue (T5 and T10), which is logical considering the
large number of new pores formed in the T5 and T10 bricks after the
combustion of the organic matter during firing (see Po, Table 4). The
sample with the highest compressive strength was T0/1100 (29.3 MPa,
Fig. 6). If we look at the three groups of samples with 0, 5 and 10 w% of
tea residue, the bricks fired at 1100 °C always had the highest
compressive strength values (Fig. 6), due to their higher level of vitri-
fication, as was demonstrated by PXRD analysis and microscope obser-
vations. These results are in line with those of previous research studies
in which it was found that compressive strength is more closely related
with porosity and the degree of vitrification of bricks than with the
mineralogy of the raw material [37,72,77,78]. In a similar trend to
compressive strength, the highest surface hardness values were observed
in the bricks with no tea residue fired at 950 and 1100 °C (385.7 and
446.8, respectively) (Fig. S3). In all the bricks, the higher the amount of
tea residue added, the lower the surface hardness. The lowest hardness
values were obtained in the bricks fired at 800 °C and with 10 w% tea
residue. These were 34% lower than those made without the additive
and fired at the same temperature. However, according to official
specifications from the Spanish Ministry of Public Works (Pliego RL-88)
[79], the minimum compressive strength value for bricks to be used in
the construction industry is 10 MPa. All the samples obtained
compressive strength values above this threshold, so making them
suitable for use as building materials.

Table 6 shows the average values for ultrasound velocities (V, and
V;) measured in bricks made with and without tea residue. The highest
V) and V; values were measured in bricks fired at 1100 °C. The increase
in velocity is not gradual from 800 to 1100 °C, in that V}, and V; are
similar at 800 and 950 °C. In some cases (when residue is added) they
are lower at 950 °C and experience a significant rise at 1100 °C. The
higher velocity is a sign of greater compactness [72]. This indicates that
vitrification occurs more between 950 and 1100 °C than between 800
and 950 °C. The formation of new pores due to use of added tea waste
results in a decrease in Vj, and V. The lowest ultrasound value was for
the samples fired at 950 °C with 10 w% residue (Table 6). In this case, it
is possible that the combustion of organic matter together with the total
decomposition of the calcite grains and the higher phyllosilicate dehy-
droxylation at 950 °C reduced the compactness of the bricks compared
to those fired at 800 °C.

The Poisson’s ratio (v) values are very similar for all the samples
regardless of the firing temperature or the addition or not of tea residue.
The mean values of around 0.30 indicate a value similar to that of shale,
a sedimentary rock with a mineralogy comparable to that of bricks [80].
This value decreases slightly for bricks with added tea residue (about
0.27, Table 6), a value closer to silty materials, loose sands or soft clays
[81]. The Young (E), shear (G) and bulk (K) moduli (Table 6) decrease in
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Fig. 6. Mechanical behaviour for bricks fired at 800, 950 and 1100 °C made without additives (control group, T0) and with added tea residue (T5 and T10).

Table 6

Average velocities for the propagation of ultrasonic Vp and Vg (in m/s). v:
Poisson’s ratio; E: Young’s modulus (in GPa); G: shear modulus (in GPa); K: bulk
modulus (in GPa).

Mean Vp Mean Vg v E G K

(m/s) (m/s) (x10% (x10% (x10%
T0/800 2357 1212 0.31 7.39 2.82 0.93
T5/800 2125 1011 0.28 4.34 1.69 0.64
T10/800 1861 939 0.27 2.55 1.00 0.39
T0/950 2443 1238 0.31 6.79 2.59 0.86
T5/950 2101 995 0.30 2.81 1.07 0.37
T10/950 1581 753 0.28 1.34 0.52 0.19
T0/1100 2526 1292 0.32 6.74 2.55 0.81
T5/1100 2346 1088 0.27 3.64 1.43 0.56
T10/1100 2221 1156 0.26 3.30 1.30 0.53

line with the increases inthe amount of tea residue.
3.6. Colour

The colour of bricks is the result of a combination of factors such as
the temperature, the type of raw material used (in particular the pres-
ence and concentration of Fe oxide, which gives the bricks their reddish
colour [82,83]) and the addition of residue. These factors determine the
final shade and hue of the samples. During firing, our brick samples
underwent certain changes in colour.

The bricks fired at 800 °C are red and have some of the highest a* and
b* values (Fig. S4). Higher firing temperatures tend to result in darker
shades. The chromatic values and the lightness (L*) tend to decrease in
bricks without residues. It is interesting to note that L* is higher for
bricks without residues, e.g. at T0/800, L* = 54.25, going down to 43.47
at T10/800.

At 1100 °C, bricks without additive (TO) reach mean values of 11.75
(a*) and 19.24 (b*). The addition of 10% wt. of tea residue results in
bricks with a lighter colour (Table S2). The general trend in lightness
(L*) is related to the amount of tea residue added, and is higher in the
residue-free bricks fired at 800 and 950 °C (T0/800: 54.25 and T0/950:
56.24) than in the T10/800 samples (43.47). The samples fired at 800
and 950 °C have a rough appearance, with numerous pores (Fig.S4) and
an orangey shade of red. As the firing temperature increases to 1100 °C,
the difference in colour between the bricks produced with and without
the addition of tea residue becomes more pronounced. By contrast, the
lightness values are more similar.
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3.7. Durability

During the salt crystallization test, all the samples gain weight. This
is because of the deposition of sodium sulphate inside the pores and
fissures of the bricks (Fig. 7A). At the beginning of this ageing test, the
weight increase varies from one type of brick to another, with the
greatest increases being observed in those with 10 w% tea residue (T10/
800, T10/950 and T10/1100). This confirms the results of the hydric
tests in which the bricks without residue gained the least weight. This is
because less saline solution can enter the pore system and damage the
bricks. As the ageing test progresses, small fluctuations of the curves can
be observed with increases and losses in weight which are linked
respectively to the crystallization of the salt in new fissures and the
consequent loss of fragments due to crystallization pressure. Using ul-
trasound, we were able to monitor the behaviour of the bricks during the
salt crystallization decay test (Fig. 7b). Again, the P waves move faster in
the bricks without additives and slower in those with 10 w% residue.
Over the course of the test, all the samples showed an increase in the
average wave velocity, which was especially evident after the 4th cycle,
because of the crystallization of salts in the pores of the bricks.

4. Conclusions

In this paper, chemical, mineralogical and physical techniques were
applied to assess the behaviour of solid bricks that were handmade with
a clayey raw material from Teruel (Spain) to which 0, 5 or 10 w% of tea
waste was added. The samples were fired at temperatures of 800, 950
and 1100 °C. The following conclusions were reached:

- Tea residue did not affect the mineralogy of the bricks. The miner-
alogical changes that occurred during firing were dependent on the
raw material and the firing temperature, with higher temperatures
leading to increased amounts of amorphous phase due to the vitri-
fication of the brick matrix.

The tea waste had a more significant effect on the hydric behaviour
of the bricks than the firing temperature, increasing porosity and
water vapour absorption in proportion to the amount of added res-
idue. This is because the residue is consumed during firing, creating
more empty spaces.

Mercury intrusion porosimetry and digital image analysis high-
lighted that pore sizes and porosity increased in line with increases in
the amount of added waste and in firing temperature.
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Fig. 7. A) Weight variation in the bricks made without additives (T0) and with added tea residue (T5 and T10) over 15 salt crystallization test cycles. Each curve
represents the mean of three measurements. B) Vp velocities during the salt crystallization test for bricks fired at 800, 950 and 1100 °C without additives and with

added tea residue.

- The addition of tea waste reduced thermal conductivity and heat
diffusion in the bricks, making them suitable for thermal insulation.

- The bricks made without added waste were mechanically stronger
than those made with the additive, but both comply with the speci-
fications required by the construction industry.

- The addition of tea waste created new pores, so reducing ultrasound
velocities. This indicates a reduction in the compactness of the
bricks. The higher the amount of added residue, the lower the
velocity.

- The addition of tea waste gave the bricks a more greyish colour,
decreasing the lightness and the chromaticity parameters.

- In terms of durability, the bricks made with the highest amount of tea
waste (10 w%) undergo the greatest variation in weight due to salt
crystallization regardless of the firing temperature. The bricks with
no added waste or with 5 w% showed similar decay behaviour.
Therefore, the addition of this percentage of waste does not reduce
the durability of the bricks when exposed to salt crystallization.
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