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Abstract This study describes the industrial use of

waste generated from the brewing industry, specifically

sludge from a wastewater treatment plant. The processing

technique was developed to produce ceramic material

with the potential for use as a lightweight aggregate in

construction. This waste is usually dumped in landfills,

but the current increase in restrictions on dumping and

interest in improving the environment make our proposal

for gaining value from this sludge a significant contri-

bution. The chemical composition of the raw materials

was analyzed (using X-ray fluorescence and elemental

analysis) and their thermal behavior evaluated (thermo-

gravimetric analysis and differential thermal analysis). To

determine the effect of adding sludge to the aggregate,

different compositions were then prepared and tested. To

obtain the material’s final resistance and cohesion, the

dried sample was subjected to a firing process in a kiln.

The samples were prepared without special pre-treatment

steps, such as milling, and without the addition of

expansive additive. The new aggregate has a low bulk

density, due to the formation of an internal cellular

structure, a porous internal and a partially vitrified

external shell. As waste is added, water absorption

increases by values of 17–26 %, as does the porosity,

resulting in a linear relationship between the pore volume

and percentage of sludge added.
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Introduction

European legislation encourages the development of a

variety of ceramic building materials, such as expanded

aggregates, that incorporate waste. For example, the

national integrated waste plan for 2007–2015 requires

implementing not only measures to reduce generation of

the waste, but also recycling and reuse at all levels. The

technical building code (TBC) seeks to respond to social

demand to improve the quality of construction, while also

achieving better protection of the user and promotion of

sustainable development. European policies such as the

Lisbon and Göteborg Agendas also propose a sustainable

development strategy that assumes responsibility for

management of natural resources. Other technologies that

have been developed successfully include using wastes

such as fly ash, scrap tire rubber, and sludge from the paper

industry in the production of lightweight concrete aggre-

gates [1–3] and expanded clay [4] for structural applica-

tions. The use of waste has the advantage of both

optimizing the properties of ceramic products and reducing

cost and environmental problems involved in depositing

this waste in landfills. It is currently estimated that indus-

trial waste in Europe exceeds 900 million tonnes per year.

Further, using this waste in ceramic building materials

could help structures to obtain sustainable building

certification.
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Lightweight aggregates (LWAs) are increasingly in

demand, particularly in the precast concrete industry,

where they are used in a range of construction products.

The lighter weight of concrete components made with

LWAs aids in off-site manufacturing has significant

advantages, both during construction and throughout the

life of the building [5]. Development of LWAs also fulfils

the need for alternate waste disposal methods. Research

into the economical reuse of various wastes published in

recent years includes studies of the incorporation of these

wastes in clay-based products [6]. Because the final LWA

product varies in shape and size, and because production

rates are very high, LWA production has the potential for

high levels of incorporation. Further, research shows the

reuse of several wastes in expanded clay-based formula-

tions. These wastes include quarry minerals, industrial

wastewater sludge, paper-pulp and wood or incinerator

bottom ash, and pulverized fuel ash [7–14].

Various types of waste are being investigated for use in

the manufacture of construction materials. These include

sewage sludge waste, waste products in power generation

processes and food industry remains [15–18]. The sludge is

used as a partial replacement of clay, or in the manufacture

of cement [19–22]. All studies to date have used \30 %

sludge. Some authors have investigated the use of sludge in

mortar and concrete [23–25]. Others propose lightweight

aggregate (LWA) of sewage sludge and clay [26–30].

The manufacturing principle used is based on the

occluded expansion undergone and the gases formed dur-

ing treatment of a mass of clay mixed with waste when it is

subjected to a temperature increase.

Firing is the most important stage in the ceramic process

for the production of lightweight aggregate. It is during this

phase that decomposition of the clay mineral reticle causes

instability in the joint. This leads to the formation of amor-

phous phase, liquid at this temperature, which serves as a

unifying element in the array. This phase will remain until

the end of sintering, and some of it often creates very stable

crystalline phases. During ceramization, the inorganic por-

tion of the waste enters the amorphous phase of the ceramic

matrix. All solid state reactions, as is the case of ceramics,

have extremely slow reaction kinetics. The factor that can

speed up the process is particle size. The finer the particle, the

greater the surface area and the greater the reaction capacity.

In contrast, a large enough particle will not react. When the

goal is to inertize a waste due to its toxicity, the waste must be

ground very fine. In this case, the waste melts partially and is

integrated into the ceramic matrix. If the particle size is

coarse, the waste particle does not interact with the ceramic

matrix and is simply encapsulated [31, 32].

The thermal process for sintering conventional clay

usually consists of constant and gradual increase in the

temperature until the clay mass reaches approximately

950–1,000 �C. The process is radically different for the

formation of the expanded clay. Here, the temperature rise

is very sharp so that the surface layer of clay vitrifies before

ceramization of the inner layers begins. Vitrification of the

outer layer prevents escape of the gases formed in the

interior of the sample, forcing swelling.

This paper presents a study of incorporating sludge from

a treatment plant for wastewater from the brewing industry

to produce expanded-clay LWA for use in the construction

industry. It also studies the effect that adding these residues

has on the porosity of the materials produced. This process

has valuable potential for turning a waste into an alternate

raw material, thereby helping to reduce the quantity of

waste disposal in landfill and its subsequent impacts.

Methods

Raw materials

The raw materials used in this study are clay from the

ceramics industry in the city of Bailén in the province of

Jaén (Spain), sludge from treatment plant for wastewater

from the brewing industry, and water from the general

utility network.

Because the clay received in the laboratory had a very

heterogeneous grain size, it was subjected to milling in a

hammer mill. If the clay is shaped by pressure, it must

subsequently be passed through a 0.45 mm sieve. Control

of the particle size is important, as it influences the physical

and mechanical characteristics of the final product.

The sludge from brewing industry was collected at the

plant and transported to the laboratory. This waste was

dried in an oven at 90 �C for 24 h to reduce the high initial

moisture content. When dry, the waste was subjected to

grinding in a hammer mill. The resulting substance was

subsequently transferred to an agate ball mill and sieved to

obtain the proper grain size.

Preparation of samples

To determine the effect of adding the sludge, we used

different quantities, from 0 to 15 % of the sample mass.

The appropriate quantities of dry waste and clay were

weighed and then mixed thoroughly in a porcelain mortar.

The samples were shaped by hand. Water was added during

this process (20 % in mass) to obtain appropriate plasticity.

Once the pieces were shaped, measured and weighed, they

were dried at 110 �C for 48 h to reduce their moisture

content. As the drying progressed, the particles came closer

together, and contraction increased [33].

To produce the final resistance and cohesion of the

material, the dried samples were subjected to a firing
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process in a kiln that caused sintering of the grains and

change in their density and porosity. More specifically, the

dry samples were heated in a laboratory kiln until they

reached 950 �C. This temperature was then maintained for

1 h, after which the samples were allowed to cool through

natural convection after the kiln was turned off. The

heating rate in the kiln was 10 �C/min.

Tests performed on the raw materials

The raw materials were tested to determine their physical

and chemical characteristics, as follows:

The total carbon, hydrogen, nitrogen and sulphur con-

tent were determined by combustion of the samples in an

O2 atmosphere using the CHNS-O Thermo Finnigan Ele-

mentary Analyzer Flash EA 1112, Milan, Italy.

The organic matter content was determined by firing the

samples in an oven at 550 �C for 12 h.

The higher heating value (HHV) was determined using a

Parr 1341 Plain Oxygen Bomb Calorimeter, according to

the UNE 32 006:1995 standard [34, 35]. The calorific value

of a fuel is the energy released per unit of weight by

combustion with oxygen. Following the procedure indi-

cated, we introduced eight dry samples of each type into

the calorimetric pump and obtained the higher heating

value (HHV). From this value, we obtained the lower

heating values (LHV).

For the thermogravimetric analysis (TGA) and differ-

ential thermal analysis (DTA), we used a Mettler Toledo

850e balance. Samples of 40–60 mg were placed in a

platinum crucible and heated at a rate of 10 �C/min from

room temperature to 1,000 �C. The data show the per-

centage weight losses based on temperature and the DTA

diagram simultaneously.

Tests performed on the sintered materials

The physical properties for the sintered materials were

determined as follows:

Weight loss from sintering was obtained by weighing

the shaped piece after firing at 950 �C and subtracting the

weight after the firing stage from the weight after the

drying stage at 110 �C.

The absolute density was determined using a gas (He)

displacement pycnometry system, AccupycTM II 1340 by

Micromeritics. Until recently, absolute density was deter-

mined using water or another liquid, which was expected to

fill the pores in the sample and then removing their volume

from measurement. The gas (He) displacement pycnometry

system, AccupycTM II 1340 by Micromeritics is much

more accurate and easier to use. It is faster than liquid-

based techniques because the gases fill the pore spaces

easily, quickly, and thoroughly.

Bulk density was determined by measuring the dry mass

(md), immersed mass (mi) and 24 h saturated surface-dry

mass (ms) of the samples. Particle bulk density was cal-

culated using Archimedes’ principle.

Water absorption capacity was measured using standard

procedure UNE 67–027 [36].

The adsorption and desorption isotherms with N2 were

determined and the distribution of mesoporosity analyzed

following the BJH (Barrett, Joyner, and Halenda) method,

using an ASAP 2020 accelerated surface area and poro-

symmetry system by Micromeritics. The following

parameters were measured with the adsorption isotherm

using the BET surface area method (m2/g), pore volume

(cm3/g) and pore size (Å).

The microstructure of the samples was observed using

scanning electron microscopy (SEM) with a high-resolu-

tion transmission electron microscope, JEOL SM 840. The

samples were placed on an aluminium grate and coated

with gold using an ion sputtering device JEOL JFC 1100.

Results and discussion

Raw materials

The results of elemental analysis of the C, H, N and S

content in the clay and sludge are shown in Table 1.

The analysis shows that the sludge is 13.613 % carbon.

In addition, the organic matter content on ignition at

550 �C is determined to be 25.1 %. The mass loss during

the interval of thermal analysis up to 500 �C is 71 % of

total mass and corresponds to the content of organic

material in the sample. This result indicates that the waste

will have high calorific value. The absence of sulphur in

the sludge is also very significant, since it means that none

of this waste will produce harmful sulphur oxides during

combustion.

The averages are shown in Table 2. The wastewater

sludge has a value of 4,181.7 kJ/kg. A value of this waste

that can be added to the maximum percentage studied

(15 % mass would thus provide 7 % of the fuel needed in

Table 1 CNHS analysis of raw

materials
%C r%C %H r%H %N r%N %S r%S

Clay 2.140 0.023 0.340 0.007 0.025 0.003 0.000 –

Sludge 13.613 0.192 1.973 0.022 1.807 0.046 0 0

Int J Energy Environ Eng (2014) 5:341–347 343

123



manufacturing traditional brick [37–39]. Further, this waste

is sulphur-free. These findings agree with those obtained in

the elemental analysis and indicate a greater calorific

contribution to the process. The results show that the waste

can be used as fuel and thus save energy in the production

process.

The results of the thermal analysis up to 1,000 �C for the

clay can be seen in Fig. 1. We observe a small endothermic

peak at 51.4 �C, which can be attributed to moisture loss

(2 %). As the temperature increases, weight loss increases.

At 200 �C, we observe another endothermic peak, higher

than the first. During this reaction, the sample continues to

lose weight, but not as sharply as during the first endo-

thermic peak. Finally, in the interval from 600 to 900 �C, a

weight loss of 9.5 % occurs, probably due to decomposi-

tion of CaCO3. We find a strong endothermic peak at

780 �C.

The TGA-DTA curve of the sludge is similar to that of a

solid fuel. The endothermic peak, which occurs at 150 �C
and is associated with weight loss, is characteristic of

released hygroscopic water. The exothermic peaks between

340–500 �C are probably attributable to elimination of

structural water, as well as to elimination of the organic

matter by combustion. The weight loss associated with

these reactions is 3 %. The last endothermic peak, at

700 �C, may be due to the decomposition of calcium car-

bonate (calcite). The total weight loss is 35 wt%.

The results of the TGA analysis agree with the CNHS

elemental analysis, which yields contents of carbon

(13.613 %) and hydrogen (1.973 %) that explain the cal-

orific value of this waste.

Sintered materials

The weight losses at the percentages studied are shown in

Table 3. The results show that weight loss increases as the

amount of waste increases. The sample with 15 % mass of

sludge has the greater weight loss. This change corresponds

to the organic content of the waste. When the brick is

sintered, varying weight loss is observed according to the

percentage of sludge added, due probably to combustion of

the organic matter as well as to moisture loss. For the

sample with 0 % mass of sludge, weight loss after firing at

950 �C is 9.74 % and can be attributed mainly to organic

matter content in the clay. With addition of sludge to the

mixture, the weight loss increases, but only the mixture

with the highest sludge content has greater weight loss on

ignition than clay. Weight loss should increase due to the

high contribution of organic loss from sludge.

Water absorption is shown in Fig. 2. Absorption values

range from 17.75 % (clay) to 26.04 % (sample with 15 %

sludge). These results may be due to the lightening of

residue, since its high organic matter content is consumed

during combustion, generating a porous structure.

Ideally, water absorption of the lightweight aggregate

should be as low as possible. Low absorption indicates a

reduction in the volume of the water-accessible surface

connected porosity. Since in many applications LWA is in

frequent contact with the liquid in the environment, whe-

ther the surface of LWA absorbs water will depend on

Table 2 Higher and lower heating values of sludge

HHV (kJ/kg) r LHV (kJ/kg) r

Wastewater sludge 5,194.1 7.9 4,181.7 7.9

Fig. 1 TGA (a) and DTA (b) of clay and sludge

Table 3 Weight loss (% mass) after sintering at 950 �C, 1 h

% in mass waste 0 2 4 6 8 10 12.5 15

Weight loss, % sludge 9.74 10.7 11.08 10.95 12.00 13.45 13.88 14.26

The bold values show the maximun and minimun values
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specific usage. At 950 �C, the samples have significant

interconnected open porosity and therefore high water

absorption values for surfaces highly accessible to water.

This mixture should be used, for example, when techno-

logical application of the aggregates involves laying with

mortar. The higher the absorption, the greater the amount

of moisture from the mortar that affects setting.

To clarify the relationship between water absorption and

the microstructures of the LWA, the porous microstruc-

tures were then inspected using scanning electron micros-

copy (SEM). Sintering at 950 �C produced a fine granular

material. Fracture occurred primarily between particles,

and there is evidence of extensive intergranular connected

porosity. This result agrees with the high water absorption

data obtained. Figure 3 shows differences in the micro-

structure of the samples with a waste content of 0 % and

15 % in mass.

The absolute density (also termed the true, real, apparent,

or skeletal density) is obtained when the volume measured

excludes the pores as well as the void spaces between par-

ticles within the bulk sample. Table 4 shows the absolute

density and the bulk density of the samples. The absolute

density of the samples with residue is similar to the reference

sample, since the absolute density of the voids or pores

generated is not taken into account. The bulk density

decreases at high percentages of residue, however, indicating

connected porosity and water-accessible porosity.

Figure 4 shows the isotherms of adsorption and

desorption for the samples with a waste content of 2, 8 and

15 % mass and indicates that the material has the forms

typical of mesoporous material.

All cases correspond to the so-called Type IV isotherm,

with its distinctive feature, the hysteresis loop. This loop is

characteristic of solid, mesoporous materials with a pore size

of 20–500 Å [40]. The results obtained in the isotherms also

show that the samples are mesoporous, since high adsorption

of the nitrogen half occurs at high pressures. The presence of

hysteresis and increase in the amount of nitrogen absorbed at

high pressures also indicate mesoporosity.

A solid real mesoporous sample, like that obtained in

this study, is composed of an interconnected collection of

pores of different shapes and sizes. In practice, none of

ideal hysteresis cycles occurs. The real sample is thus a

complex system, and precise description of this system has

proven impossible to date. Most isotherm hysteresis cycle

mesoporous materials can, however, be classified into four

Fig. 2 Water absorption: clay and LWA with sludge

Fig. 3 SEM micrographs of clay sample (a) and sample containing 15 wt.% of sludge (b)

Table 4 Absolute and bulk density by LWA with wastewater sludge

% Mass wastewater

sludge

Absolute density

(kg/m3)

r Bulk density

(kg/m3)

r

0 2,699.6 0.7 1,657.4 0.3

2 2,657.3 0.1 1,756.8 1.2

8 2,554.7 0.6 1,826.6 0.9

15 2,626.6 0.6 1,396.0 0.7
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IUPAC categories, H1, H2, H3, and H4. Here, we are

concerned with Type H3, a bond obtained when working

with pores (slit-shaped) in agglomerates of parallel plate-

like particles.

The pore size is 205–170 Å, a size that characteristics of

mesoporous materials. Figure 5 shows the reduction in pore

size that occurs as the percentage of sludge increases.

The pore volume measured also increases considerably

with the addition of waste. This increase is caused by the

porosity generated in the thermal process due to the com-

bustion of waste added.

These results agree with the absorption values presented

above. There is also a linear relationship between these two

variables as shown in Fig. 6.

Increasing the amount of residue increases the porosity

inside the sample, which in turn increases water absorption.

Conclusions

This study investigated the properties of lightweight aggre-

gates produced with clay and sludge from the brewing

industry and sintered at 950 �C. The following conclusions

can be drawn from the experimental study. The results

obtained show that adding brewing industry waste to LWA

generally increases the water absorption and porosity of the

samples prepared, making the LWA less dense and therefore

more attractive for use as construction material. However,

this increase in water absorption (46 % in the samples fab-

ricated with clay only) may have negative effects when these

construction materials are used, since they would absorb

water that could impede setting of the mortar.

We conclude that using wastes in manufacturing LWA is

a feasible option for principles of sustainable development.

Waste from the brewing industry can provide environ-

mental and economic benefit, since some products cur-

rently considered waste could be used as raw material.

Further, adding waste can save energy because the waste

has a higher heating value.

The results enable us to conclude that there is a linear

relationship between the quantities of residue used and

increased water absorption.
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