
ORIGINAL PAPER

Recycling Feasibility of Glass Wastes and Calamine Processing
Tailings in Fired Bricks Making

Yassine Taha1,2 • Mostafa Benzaazoua1 • Mohammed Mansori2 • Rachid Hakkou2

Received: 4 March 2016 / Accepted: 16 August 2016 / Published online: 20 August 2016

� Springer Science+Business Media Dordrecht 2016

Abstract In this work, the recycling feasibility of treated

calamine processing mine tailing (TCPMT) with glass

wastes (GW) for the production of fired bricks is investi-

gated. TCPMT was added into mixtures at a ratio of 0, 10,

20, 30, 40 and 50 % while glass waste was added sepa-

rately for each formulation at ratios of 0, 5, 10 and 15 % of

the dried mass of brick mixtures. The mixes of shale for

brick (ShB), which consisted as the reference material, and

both wastes were prepared, pressed, dried and fired at

previously optimized temperature of 1020 �C. Physical,

mechanical, environmental and durability properties of

fired bricks were determined. The microstructural proper-

ties of fired bricks were investigated by scanning electron

microscopy (SEM) and the total porosity was assessed

according to ASTM standard. The results show that the

increasing substitution proportion of ShB by TCPMT leads

to an increase of the porosity and water absorption and to a

decrease of flexural strength and density (lighter weight

bricks). At the same time, the experiments showed that the

addition of glass wastes into the mixtures enhances the

mechanical properties of fired bricks. However, when more

than 15 % of GW is used, a white scum constituted of a

sodium sulphate appears at the fired brick exposed surface.

Thus, fired light bricks with suitable physical and

mechanical properties could be obtained from mixtures

containing up to 30 % TCPMT and 10 % of GW.

Keywords Industrial ecology � Fired bricks � Calamine

processing mine tailings � Glass wastes � Efflorescence

Abbreviations

TCPMT Treated calamine processing mine tailings

GW Glass wastes

ShB Shales for brick

GHG Greenhouse gas

TCLP Toxicity characteristic leaching procedure

Introduction

Due to the increasing cost of disposal and environmental

regulation laws, it is nowadays a global matter for gov-

ernments and scientists to find new effective ways to

manage the huge amounts of wastes produced unceasingly

by worldwide industries and communities. The recycling of

industrial and mine wastes is consequently a promising

alternative as it allows reducing the high amounts of wastes

continuously produced, decreasing its negative environ-

mental impacts and its related disposal costs and finally

reducing the greenhouse gas (GHG) emissions. For

instance, recycling of mineral wastes as alternative mate-

rials in the production of fired bricks may be an alternative

solution to respond to these issues. As in the cement

industry, brick making processes could absorb high

amounts of wastes and allows the immobilization of most

of heavy metals in the fired bodies [1, 2]. The feasibility of

using multiple wastes in brick manufacture has been

widely investigated and reviewed [3–6]. These studies

show that the targeted wastes could replace successfully
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and to a high extent the non-renewable natural resources

(clay, sand, aggregates, etc.) extensively consumed in the

construction of buildings.

Nowadays, different additives are used in bricks making

(glass waste, fly ash, grog, etc.). Amongst these additives,

glass waste (GW) has been widely studied in the literature

[7–9]. Different sources of glass waste may be distin-

guished; beverage containers, windows glass, electronic

devices, etc. In brick making, waste glass is used particu-

larly for its capacity to produce high amounts of liquid

phase during firing leading to simultaneously decrease the

firing temperature and improve the mechanical strength of

derived bricks [9, 10]. The enhancement of the mechanical

strength is due mainly to the formation of glassy phase

which tends to fill the porosity (solid weakness zones) and

to improve the sintering mechanisms. Several parameters

control the efficiency of the sintering mechanism such as

chemical composition, particle size distribution, specific

surface area, presence of impurities, etc. Therefore, several

tests are realized to determine the optimal parameters to

obtain good quality bricks.

Another waste, less known, is produced by calamine

hydrometallurgical processing plant. This process, based

on a sulphuric acid leaching of low oxidized zinc ores, is

used to produce zinc oxides. Until now, 0.5 million tons

of wastes called calamine processing mine tailings

(CPMT) are disposed in the calamine hydrometallurgical

processing tailings facility (Marrakech, Morocco) [11].

This typology of wastes, composed mainly of gypsum,

was the subject of a recent study [12] and its feasibility to

manufacture ceramic products was investigated. The

results of this study showed that the use of CPMT solely

may provide a potential risk of contamination towards the

environment. So, it is unsafe to use it in the current form

as ceramic base material. The authors recommended using

it as an additive to produce ceramic products. Currently,

the amount of landfilled CPMT is estimated at 0.5 million

tons and the Company is continuously producing these

tailings. Also, glass wastes in Morocco are unfortunately

one of the recycled and valorized wastes that attract less

attention. More attention has to be given to wastes sepa-

ration in order to increase the price of the collected glass

wastes. Brick making industry was chosen due to high

demand on bricks and because Marrakech city is one of

the main centers of bricks, pottery and ceramic production

in Morocco. Therefore, the current work is focused on the

feasibility of using TCPMT and GW as secondary raw

materials for the production of fired bricks. The specific

objectives aimed in characterizing the raw materials and

assessing the effect of the addition of both of wastes on

the physical, mechanical, environmental and durability

properties of fired bricks.

Materials and Methods

A representative sample of treated calamine processing

mine tailings (TCPMT) was supplied by the calamine

hydrometallurgical processing plant (Morocco), located at

35 km in the south of Marrakech (Morocco) (Fig. 1).

Based on a feasibility study, the company succeeded to

extract the maximum possible of the remaining lead in the

CPMT using a pilot flotation process. Consequently, a

second tailing called treated calamine process mine tailing

(TCPMT) is produced and need to be managed. The GW,

composed of micronized different color bottles, was sup-

plied by a glass recycling company. The natural shale

(ShB) was supplied by a local brick plant and serves as the

reference material. The methodology followed in this study

to characterize the raw materials, to manufacture and

characterize the technological and durability properties of

fired bricks is described in Fig. 2.

Raw Materials Characterization

Physical, chemical, mineralogical, thermal and environ-

mental properties of the raw materials were investigated.

The particle size distribution was determined using a laser

analyzer (Malvern Mastersizer). The specific gravity (Gs)

was measured with a helium gas pycnometer (Mi-

cromeritics Accupyc 1330). The chemical composition was

investigated by X-ray Fluorescence (XRF) and the ele-

mental analysis was performed by Inductively Coupled

Plasma (ICP-AES) (Perkin Elmer Optima 3100 RL) after a

multi-digestion (HNO3, Br2, HF, HCl). The mineralogical

composition was determined by X-Ray diffraction (Bruker

AXS Advance D8), using CuKa radiation, and quantified

by TOPAS software. The thermal behaviour of raw mate-

rials was investigated by thermogravimetric analysis

(TGA) (TA Instruments� Q600 SDT). Moreover, the

leaching behavior of raw materials was evaluated accord-

ing to the Toxicity Characteristic Leaching Procedure,

TCLP (US Environmental Protection Agency (US EPA)

Method 1311). The extraction fluid No. 1 was used to

evaluate the mobility of inorganic species. After filtration,

the leachates were collected, acidified for preservation and

analyzed by ICP-AES.

Fired Bricks Manufacturing

The raw materials were dried, blended and homogenized

prior to the production of laboratory fired bricks. A total of

twenty-four different ShB/TCPMT/GW mixtures were

prepared in order to investigate the effect of the addition of

TCPMT and GW on the properties of derived bricks. For

each mix containing a proportion of TCPMT, designed as
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M0, M10, M20, M30, M40 and M50, an amount of 0, 5, 10

and 15 % of GW was separately added (based on dry

weight). The tested mixes are reported in Table 1. The

dried mixes were blended with 20 wt% of water and

0.02 % of barium carbonate. Barium carbonate is used in

order to bond the soluble sulphates and to prevent as

possible the white scum formation known as efflorescence

phenomenon. Then, the mixes were pressed under 6 MPa,

using a hydraulic uniaxial press, to produce laboratory

green bricks (100 9 20 9 12 mm3). The green bricks were

dried in a non-controlled atmosphere at room temperature

for 24 h and then in an electric oven at 60 �C for another

Fig. 1 Calamine hydrometallurgical plant location

Fig. 2 The experimental approach diagram for the manufacture of fired bricks
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24 h. The dried bricks were then fired in a muffle furnace

(Nabertherm�) with a heating rate of 48 �C/h from

ambient temperature to an optimal selected temperature of

1020 �C. The bricks were maintained at this temperature

for 5 h and then cooled according to the furnace inertia.

Fired Bricks Characterization

The technological properties of fired bricks were investi-

gated to determine the physical, mechanical and durability

properties. Five brick samples by mix were tested. The

firing shrinkage was measured in accordance with ASTM-

C326 [13]. The water absorption, apparent porosity and

density were measured using ASTM-C373 [14]. This

standard is based on the Archimedes’ method. The flexural

strength was investigated using an universal testing

machine (Zwick Roell) according to ASTM-C674 [15].

The scanning electron microscopy (SEM) using secondary

electron analysis was used to observe the porosity texture

on polished sections and backscattered electron (BSE)

combined with X-mapping to observe the microstructure

and texture of pores on fractured samples. The efflores-

cence test was assessed using ASTM-C67 [16]. Moreover,

the environmental behavior of bricks containing the opti-

mal content in terms of glass and calamine wastes was

assessed according to the Toxicity Characteristic Leaching

Procedure, TCLP (US Environmental Protection Agency

(US EPA) Method 1311). Extraction fluid No. 1 was used

to evaluate the mobility of inorganic pollutants. After fil-

tration, the leachate was collected, acidified for preserva-

tion and analyzed by ICP-AES.

Results and Discussion

Raw Materials Properties

The physical, chemical and metals leaching characteristics

of the raw materials are presented in Table 2. The physical

results highlight the presence of high amounts of fine

particles in the TCPMT in comparison with the ShB. The

GW present a high proportion of particles (92 wt%) in the

range 2–63 lm. From a chemical point of view, TCPMT is

mainly composed of calcium oxide (CaO) (23.5 wt%),

silica (SiO2) (13.4 wt%) and iron oxide (Fe2O3) (13.3

wt%). The fluxing agents (K2O, Na2O) amount is estimated

Table 1 Mixes prepared for the

production of laboratory brick

samples

Mixes ShB (wt%) TCPMTs (wt%) GW (wt%) BaCO3 (wt%)

M0 100–95–90 and 85 0 0–5–10 and 15 0.02

M10 90–85–80 and 75 10 0–5–10 and 15 0.02

M20 80–75–70 and 65 20 0–5–10 and 15 0.02

M30 70–65–60 and 55 30 0–5–10 and 15 0.02

M40 60–55–50 and 45 40 0–5–10 and 15 0.02

M50 50–45–40 and 35 50 0–5–10 and 15 0.02

Table 2 Main characteristics of raw materials: physical properties,

major oxides (%), trace elements (ppm) compositions and leaching

results properties

ShB TCPMT GW

Physical properties

Specific gravity (g cm-3) 2.72 2.66 2.54

Specific surface area (m2 g-1) 15.53 18.65 0.382

\2 lm (%) 3.5 26 4

2–63 lm (%) 23.4 68 92

[63 lm (%) 73.1 6 4

Major oxides (wt%)

SiO2 57.45 13.4 74.07

Al2O3 15.21 2.3 1.97

Fe2O3 6.28 13.3 0.44

MgO 3.79 1.1 1.26

Na2O 1.03 0.9 7.19

K2O 3.54 0.5 0.62

CaO 2.83 23.5 13.56

TiO2 0.69 0.1 0.14

P2O5 0.16 0.1 0.02

SO3 0.85 24.6 0.2

LOI 6.45 19.7 0.47

Trace elements (ppm)

As 52 493 –

Ba 349 215 –

Cd \5 85.3 –

Cr 91 144 –

Pb 121 8637 –

Zn \55 21,490 –

Metals leaching (TCLP) (lg L-1)

As 5000* 30 \DL –

Ba 100,000* 1350 190.5 –

Cd 1000* 1,5 4535 –

Cr 5000* 9 5.5 –

Pb 5000* 45 32,450 –

Zn 2000* 335 250,500 –

* Regulation limit (US EPA limits)
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at 4.57 wt% in the ShB, at 1.4 wt% in the TCPMT and at

7.81 wt% in the GW. The low amounts of silica and alu-

mina, compared to ShB for brick, might affect significantly

the physical properties of TCPMT based fired bricks.

Quartz is known to form the skeleton of ceramic bodies and

alumina allows improving raw materials plasticity. The use

of GW may improve the fired bricks properties due to its

high content in fluxing agents. Relatively high amounts of

zinc (2.14 wt%) and lead (0.86 wt%) are observed in the

TCPMT sample. When heated to a temperature of 1000 �C,
TCPMT present a high loss on ignition of 19.7 %, while

ShB material and GW lose less matter, 6.41 and 0.47 wt%

respectively. The weight loss in the case of TCPMT is

explained by the decomposition of gypsum and carbonates

minerals.

The results of the leaching test realized according to

TCLP test are presented in Table 2. It is highlighted that

the concentrations of only zinc, lead and cadmium leached

from TCPMT are above the US-EPA thresholds for gran-

ular wastes in landfill [17]. The reference ShB is seen to be

in accordance with these limits.

From a mineralogical point of view, it is shown that

TCPMT is mainly composed of gypsum (CaSO4.2H2O),

quartz (SiO2) and calcite (CaCO3) as major crystalline

phases (Fig. 3). The ShB sample is composed mainly of

quartz, muscovite (KAl2(AlSi3O10)(OH)2), chlorite, albite

(NaAlSi3O8), ankerite (Ca(Fe,Mg,Mn)(CO3)2), calcite

(CaCO3) and anatase (TiO2). The mineralogy of GW is not

presented in this figure due to its high content in amor-

phous phase; undetectable by XRD.

The thermal behavior of TCPMT is illustrated in Fig. 4.

Four weight loss steps are observed. The double successive

weight losses at 148 and 158 �C might be imputed

respectively to the decomposition of gypsum (CaSO4,

2H2O) to basanite (CaSO4, 0.5H2O) and then to anhydrite

III (CaSO4). The third loss in the range 230–320 �C may be

attributed to the iron hydroxides dihydroxylation and to the

polymorphic transformation of anhydrite III to the anhy-

drite II [18]. The last weight loss in the range 640–800 �C
can be affected to the carbonate minerals decomposition.

Fired Brick Samples Properties

The main physical and mechanical properties of the labo-

ratory fired bricks are presented in Fig. 5. The substitution

of ShB by TCPMT and GW affects significantly the fired

bricks properties. The increased addition of TCPMT tends

to increase the open porosity and water absorption while

the flexural strength and density are affected differently

and tend to be reduced. Otherwise, GW improves the

flexural strength of fired bricks.

Fig. 3 The mineralogical composition of treated calamine processing

mine tailings (TCPMT) and shales for brick (ShB)

Fig. 4 Thermal behavior of

treated calamine processing

mine tailings (TCPMT), shales

for brick (ShB) and glass wastes

(GW)
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By digging in the details, it is clearly noticed that the

increase in the water absorption rate and open porosity of

the fired bricks by increasing the proportion of TCPMT can

be explained by the decomposition of gypsum and car-

bonate minerals present in the TCPMT. This decomposi-

tion leads to gas release and then to higher values of

porosity in the fired brick bodies. The water absorption

increased rapidly from 8.73 ± 1.06 to 25.56 ± 1.22 % for

the fired bricks produced respectively from the mixes M0

and M50. Moreover, it is noticed that the increased addition

of GW leads to higher values of open porosity and water

absorption when the proportion of TCPMT is less than

30 %. This could be explained by the increase of open

pores amounts induced by the gas flow channels from the

interior to the exterior of brick bodies. The movement of

gas is affected by the viscosity of the liquid phase formed

during firing process. Figure 6 shows some bubbles at the

surface of the bricks containing 15 % of GW which are in

the form of entrapped gas pockets. However, when more

than 40 % of TCPMT is incorporated, the addition of GW

leads to different effects and seems to decrease water

absorption and apparent porosity.

In relation to weight properties, fired brick densities are

observed to decrease from 2.05 ± 0.05 g/cm3 for the ref-

erence mix M0 to 1.58 ± 0.02 g/cm3 when 50 % of

TCPMT is incorporated. These results are expected since

the addition of TCPMT increases the amounts of volatile

matter which leads to highly porous bricks. The increasing

proportion of GW in brick bodies conducts also to the

reduction of density. It was reported that the decrease of

bulk density with the increase of heating temperature may

be attributed to the pore volume expansion known as

Fig. 5 Physical and mechanical properties evolution with the addition of treated calamine processing mine tailings (TCPMT) and glass wastes

(GW)
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bloating phenomenon. This originates from the high pres-

sures of gas such as carbon monoxide and carbon dioxide

which are entrapped in closed pores [19]. It was reported

that good quality light bricks present densities between 1.5

and 1.8 g cm-3 [20]. SEM observations on polished sec-

tions of bricks containing 15 % of GW and 30 % of

TCPMT revealed the presence of entrapped pores in the

interior structure of these bricks. The diameter of these

pores varies in the range 1–100 lm (Fig. 7).

The firing shrinkage increased with increasing the added

amount of TCPMT. However, this parameter behavior with

the addition of GW does not follow a logic trend and it

seems to be affected by the amount of TCPMT added to the

brick. As a general rule, glass leads to the increase of firing

shrinkage and the enhancement of mechanical strength due

to lower values of water absorption and higher bulk density

[10]. Such trend of mechanical strength improvement and

density increase was effectively observed in bricks con-

taining up to 30 % of TCPMT. After that, increasing GW

addition seems to affect significantly the firing shrinkage

particularly for bricks containing 15 % of GW. The strange

behavior of firing shrinkage with the addition of GW could

be related to an unknown effect of TCPMT.

Concerning the flexural strength, there is a strong

dependence with the proportion added of TCPMT and GW

is clearly visible. The flexural strength is seen to be

reduced with the incorporation of TCPMT. The important

values of the flexural strength were observed in the refer-

ence bricks while the lowest were observed in the mixes

containing 50 % of TCPMT. The mechanical strength of

ceramic products decreases usually with the increase of

porosity. Moreover, this behavior could be attributed to the

complex mineralogical transformations occurring during

the firing and cooling processes. SEM observations show

that some coarse grains in the form of crystals are formed

when TCPMT is added to the bricks (Fig. 8). Those crys-

tals were not identified in the reference bricks. The pres-

ence of such coarse grains may be explained by their

Fig. 6 Entrapped gas pockets at the surface of bricks containing 15 % of glass wastes (GW)

Fig. 7 SEM pictures of entrapped pores in the structure of the reference brick M0 and M30 bricks containing 15 % of glass wastes (GW)
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refractory character which inhibited their reaction with the

surrounding phases during the heating process. One may

observe that these grains are weakly bounded to the sur-

rounding phases resulting in the formation of weak grain

bridges. These regions are generally considered as regions

of weakness when the ceramic products are stimulated by

an external force.

The results showed also that the flexural strength

depends significantly of the amounts of GW added. Unlike

the TCPMT, the increased addition of GW enhances the

flexural strength for all the mixes. As shown in Fig. 9

(same scale SE SEM images), the addition of GW con-

tributes to the formation of high amounts of glassy phase in

samples containing 15 % of GW. However, less glassy

phase is observed in samples without GW addition. Owing

to its low fusion temperature, GW fine particles dissolve in

the mixes and contribute to the vitrification and densifica-

tion mechanisms. Increasing GW addition to 15 % leads to

the enhancement of flexural strength by filling the pores

with glassy phase.

The durability of fired bricks is an important factor to be

controlled in the field of construction materials. The main

source of deterioration of building materials is the miner-

alization of salts [21]. In contact with water, soluble salts

contained in fired bricks migrate to the surface and when

dried, an unpleasant white deposit appeared. In this study,

it was observed that the incorporation of GW affects sig-

nificantly the mobility of active soluble salts; these salts

affect the brick body surface quality. Efflorescence test

shows that only in the case where 15 % of GW is added, a

white scum on the surface of all fired bricks is formed

(Fig. 10). The EDS analysis shows that it is question of a

sodium sulfate (Na2SO4) (Fig. 10). The white scum persists

even after washing it off. The formation of the sodium

sulfate may affect negatively the durability of fired bricks.

It is known that this salt is a high damaging salt [22] and its

crystallization may cause significant damage to fired

bricks.

The results of the TCLP test are compared to the US-EPA

thresholds and presented in Table 3. The TCLP test is gen-

erally used in the literature to assess the mobility of heavy

metals frombricks at the end of their life service;when bricks

are considered as construction and demolition wastes.

Results show that the mobility of heavy metals and

Fig. 8 Combined BSE SEM and X-mapping images of crystals formed with the addition of treated calamine processing mine tailings (TCPMT)

to brick structure
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metalloids has significantly been reduced. Pollutants such as

As, Ba, Cd, Cr, Mo and Pb are all of them under the regu-

latory limits. However, Zn fails to meet the requested limits.

Further work has to be done to stabilize the bricks when

demolished. Moreover, it was observed that the mobility of

As had increased after thermal treatment. This behavior has

been found by other researchers and found that the increasing

release of As may be explained by two facts: (1) the

increasing of the firing temperature enhances the oxides

crystallinity and reduces the proportion of available sorption

sites for As, so it becomes more mobile and (2) the trans-

formation of arsenideminerals into arsenateswhich aremore

soluble. However, it is worth mentioning that As is under the

requested limits fixed by the US-EPA.

Fig. 9 SE SEM images of microstructural properties of fracture surface of fired bricks containing different amounts of treated calamine

processing mine tailings (TCPMT) and glass wastes (GW)
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Conclusions

The combined use of treated calamine processing mine

tailings (TCPMT) and glass wastes (GW) as alternative

materials in fired brick making was investigated in this

study. The main conclusions are:

• The incorporation of TCPMT in the matrix of fired

bricks tends to increase both water absorption and open

porosity which leads to decrease the flexural strength

and apparent density.

• The addition of glass wastes (GW) leads to a certain

extent to the increase of the flexural strength and the

decrease of the apparent density of fired bricks

containing up to 30 wt% of TCPMT.

• The use of glass wastes (GW) powder may not present

the expected results of enhanced sintering, lower water

absorption and increase of bulk density when gypsum

rich wastes are used. When both wastes are used, high

amounts of gases, released during firing process by

TCPMT, may be entrapped in closed pores leading to

the decrease of bulk density. This behavior may be

attributed to the pore volume expansion known as

bloating phenomenon.

• The efflorescence test shows that the addition of 15 %

of GW leads to the formation of sodium sulphate

(Na2SO4) on the fired bricks surface. It is recommended

to use less amounts of GW in order to prevent the

formation of white scum on bricks surface.

• The TCLP test indicated that that the mobility of

pollutants such as As, Ba, Cd, Cr, Mo and Pb was

significantly reduced after thermal treatment and are all

of them under the regulatory limits. However, the

concentration of Zn released from the bricks containing

the optimal content in terms of TCPMT and GW was

above the acceptable level. This will be the subject of a

future follow-up study aiming at the stabilization of Zn

in the fired bricks at the demolition level (end of life

service). Research shows that the incorporation of

adsorbents (magnetite on a zeolite or perlite matrix) in

the raw materials before using as brick materials is a

promising alternative for the stabilization of oxyanions

and other heavy metals.

Based on the results obtained in this study, fired light bricks

with suitable physical and mechanical properties may be

produced from mixtures containing up to 30 wt% of

TCPMT and 10 % of GW. The recycling of TCPMT and

GW in brick making is a promising alternative in Mar-

rakech city. However, it is important to reduce the costs

related to transportation, processing and commercialization

of the valorized products in order to be in a good position

in terms of competition.
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