
See	discussions,	stats,	and	author	profiles	for	this	publication	at:
https://www.researchgate.net/publication/236022028

Utilization	of	Jarosite/Alunite	residue	for
mortars	restoration	production

Article		in		Matériaux	et	Constructions	·	January	2010

DOI:	10.1617/s11527-009-9478-y

CITATIONS

11

READS

44

7	authors,	including:

Eleni	Aggelakopoulou

Acropolis	Conservation	Service,	Greek	…

29	PUBLICATIONS			393	CITATIONS			

SEE	PROFILE

Petros	E	Tsakiridis

National	Technical	University	of	Athens

66	PUBLICATIONS			1,228	CITATIONS			

SEE	PROFILE

Styliani	Agatzini	-Leonardou

National	Technical	University	of	Athens

33	PUBLICATIONS			665	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Petros	E	Tsakiridis	on	27	November	2016.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue
are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/236022028_Utilization_of_JarositeAlunite_residue_for_mortars_restoration_production?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/236022028_Utilization_of_JarositeAlunite_residue_for_mortars_restoration_production?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eleni_Aggelakopoulou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eleni_Aggelakopoulou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eleni_Aggelakopoulou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Petros_Tsakiridis?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Petros_Tsakiridis?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/National_Technical_University_of_Athens?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Petros_Tsakiridis?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Styliani_Agatzini_Leonardou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Styliani_Agatzini_Leonardou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/National_Technical_University_of_Athens?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Styliani_Agatzini_Leonardou?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Petros_Tsakiridis?enrichId=rgreq-1f4c42a8a5b6a22bf4f3fcda02d37041-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAyMjAyODtBUzo5ODk4ODU4MTcyMDA4MkAxNDAwNjEyMTI1NDQ2&el=1_x_10&_esc=publicationCoverPdf


ORIGINAL ARTICLE

Utilization of jarosite/alunite residue for mortars restoration
production

M. Katsioti Æ O. Mauridou Æ A. Moropoulou Æ
E. Aggelakopoulou Æ P. E. Tsakiridis Æ
S. Agatzini-Leonardou Æ P. Oustadakis

Received: 9 April 2008 / Accepted: 29 January 2009 / Published online: 3 February 2009

� RILEM 2009

Abstract The present study was carried out to

produce artificial hydraulic lime mortars for repair

and conservation of historic masonry using a jarosite/

alunite precipitate, a waste product of a novel Greek

hydrometallurgical process developed to treat eco-

nomically low grade nickel oxides ores. Alternative

mortars were prepared by mixing lime powder, quartz

sand and the above residue, substituting lime up to

50%. The mortars were prepared and tested according

to European Norm EN 1015. They were cured for

periods of 28 and 90 days and the compressive and

flexural strengths were determined. The best mechan-

ical behavior was observed for the mortar with 50%

lime replacement, which also presented a low ratio of

compressive to flexural strength (fc/ff). X-Ray dif-

fraction, TG-DTA and mercury porosimetry were

used to characterize the hydration products at 28 and

90 days. The results showed that the jarosite/alunite

residue was dissolved in the high alkaline environ-

ment of the mortar, producing CaSO4 � 2H2O and

AlOOH. During hydration, gypsum and some of the

Ca(OH)2 were consumed, together with aluminum

hydroxide in order to produce ettringite, a fact that

improved the mechanical behavior of the produced

mortars.

Keywords Restoration mortars � Lime �
Jarosite/alunite residue � Mechanical strength �
Characterization

1 Introduction

Historic buildings need special care to preserve their

special character. Building methods today are often

different to those used in the past and modern

practices are not necessarily the best practices when

applied to historic buildings. This grant is given

partly in recognition of the fact that sensitive

restoration often costs more than standard modern

practices.

Lime used to be traditional binder, used for a large

variety of mortars for brickwork, stonework, renders

and plasters in the ancient buildings of Europe [1].

But for restoration purposes usually current materials

and techniques are employed. These are often found
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to be ineffective and can cause damage. Lime-based

mortars were commonly used in building until the

second half of the nineteenth century, when they

started to be replaced by a new binder, namely

Portland cement. The historic buildings should be

properly looked after and only the highest standards

of current conservation practice are acceptable for

works to ancient buildings.

The application of cement mortars in the restora-

tion of historic buildings has had numerous adverse

effects because the cement-based mixes are too hard,

rigid, and impermeable. In general, mortars should be

more permeable to vapor transport than the other

masonry materials used so that water, which contains

damaging ions, can evaporate before it spreads

throughout the structure [2, 3]. The usual problems

encountered during restoration of a historical

masonry with strong adhesion mortars, are the

irreversibility of the method, the incompatibility

between the old and new mortar and the lowering

of the masonry porosity, resulting in the increase of

humidity [4, 5].

Cement-based mortars show a high content of

soluble salts, potentially dangerous for decay of

ancient mortar by crystallization and/or hydration

(cycles) [6]. Also, cement-based mortars are less

permeable than lime mortars, retaining an excess

water, which initiate alteration phenomena. Finally,

cement-based mortars exhibit a high compressive

strength, but far from being favorable, this is a source

of problems [7, 8].

Modern mortars and adhesives are generally less

porous than natural stones and bricks, and they have a

mechanical resistance and a thermal expansion coef-

ficient higher than those of the materials to which the

mortars themselves are applied. When evaporation,

thermal and mechanical stresses are present, and the

possibility of salt crystallization exists, the introduc-

tion in the masonry of hard, less porous materials can

be very dangerous. Stresses are concentrated on the

surrounding ancient, weaker material which starts

deteriorating in turn. For these reasons the use of

mortars with characteristics as similar as possible to

those of the materials to be repaired, is recommended

[9].

The use of materials similar to the original ones in

a restoration process is an oft repeated recommenda-

tion of many researchers. Some previous works have

insisted upon the compatibility between the new

repair mortar and the original components of the

masonry [10, 11]. Repair mortar which is too strong

restrains movement and leads to stress that can cause

failure in the original masonry [12]. In several recent

cases, extensive damage to the ancient masonry due

to incompatibility of the cement-based mortars with

the old materials has been clearly established [13].

An ideal mortar for restoration should present the

following properties [9]:

• easy workability

• rapid and reliable setting in both dry and wet

environments

• slow shrinking during setting

• mechanical and thermal characteristics, and

porosity, similar to those of the components

(natural stones, bricks, etc.) of the masonry

• soluble salts content as low as possible.

Any renovations to structures built with a lime-

sand mortar should be completed with a similar lime-

sand mix. The lime mortars are cleaner to work with,

as a result of being plastic and more workable, and

their appearance and color blend harmoniously with a

mortar of the same composition. In contrast, common

cement-based mortars produce a grisly result on older

structures. However, the traditional lime/sand mor-

tars, extensively used in ancient masonry in Europe,

can sometimes give unsatisfactory results because of

their difficult workability, their slow and poor setting

in humid environments, and their incomplete carbon-

ation beneath the surface.

The aim of the present research work was to

investigate the possibility of using a hydrometallur-

gical residue, jarosite/alunite precipitate, for the

production of lime restoration mortars. The jarosite/

alunite group of isostructural minerals is described by

the general formula M(FexAlyCrz)(SO4)2(OH)6, in

which ‘‘M’’ may be Na?, K?, NH4
? or H3O? and

x ? y ? z = 3. For x = 3, the formula represents

jarosite, whereas for y = 3 it represents alunite. The

above precipitate is a byproduct of a new integrated

hydrometallurgical method, developed by the Labo-

ratory of Metallurgy of the National Technical

University of Athens suitable to treat, efficiently

and economically, the low-grade nickel oxide ores. It

involves heap leaching of the ore by dilute sulphuric

acid at ambient temperature, purification of the

leaching liquors and recovery of nickel and cobalt.

Iron, aluminum and chromium are then precipitated
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as crystalline, easily filterable salts of the jarosite/

alunite type, at atmospheric pressure [14–16].

The application of the Toxicity Characteristic

Leaching Procedure (TCLP) test [17] has shown the

jarosite/alunite precipitate to be environmentally

stable and safe to be rejected in a tailings pond. It

should also be noted that this precipitate, coming

from the treatment of nickel oxide ores, does not

contain hazardous elements such as Cd, As or Hg, by

contrast with the jarosite precipitate produced during

the hydrometallurgical extraction of zinc from sulfide

ores. However, it is important to find use for this

jarosite/alunite precipitate in order to reduce the cost

of the hydrometallurgical process by avoiding the

construction of a large landfill.

Three different mixtures were produced by substi-

tuting lime (powder) from 0% to 50% with the above

precipitate. Lime powder was used as binder due to

the higher and quasi-stable percentage of Ca(OH)2

content [18]. All mixtures were tested for, water

demand, water retentivity, flow value, air content,

density, compressive and flexural strength, in order to

determine optimum percentage of substitution. In

addition, XRD, TGA and mercury porosimetry were

applied in order to study the hydration products, the

hydration rate and the microstructure of the produced

mortars.

2 Experimental

The chemical composition of the jarosite-alunite

precipitate was carried out by atomic absorption

spectrophotometer (Perkin Elmer 4000) and is listed

in Table 1. The soluble salts content was determined

by electrical conductivity measurements. Approxi-

mately 1 g of dried and powdered mortar sample was

mixed with a known volume of distilled water. The

total soluble salt content was determined by the

electrical conductivity measurements of the salt

extract solutions [19]. The mineralogical phases of

the above precipitate, which were determined by

XRD analysis, using a Siemens D5000 diffractometer

with nickel-filtered CuKa1 radiation (=1.5405 Å,

40 kV and 30 mA), are given in Fig. 1.

The particle size distribution of the jarosite/alunite

residue, which was measured by a Cilas-Model 1064

laser diffraction particle size distribution analyzer, is

given in Fig. 2. This was carried out using 0.1 g of

powder in 100 cm3 of ethanol, dispersed using an

ultrasonic dispersion unit for 60 s. It was found that

50% of the mixed precipitate was below 8 lm,

whereas 100% of the material was below 50 lm. The

mean diameter of the precipitate was computed at

12.9 lm.

Lime mortar containing only lime powder, as a

binder, was compared with two other mixes in which

lime was partially replaced by jarosite/alunite pre-

cipitate. The aggregate used was quartz sand of high

purity, in accordance with the standard EN 196-1

[20]. Table 2 shows the percentages of the compo-

nents employed for manufacturing mortars.

The mortars were prepared in accordance with the

standard EN 1015 [21]. The mortar pastes were

obtained using the amount of water required to

achieve normal consistency (mortars with about the

same consistency: 15.5–17.0 cm) and a good work-

ability (measured by the flow table test) [22].

Aggregate and lime were blended for 5 min. Water

was then added and mixed for 5 min at low speed,

and finally for 1 min at high speed. The mortars were

cast in prismatic 40 9 40 9 160 mm moulds [23]

and demoulded 72 h later. The pastes were slightly

compacted [20] to remove air bubbles and voids.

Curing was carried out at ambient laboratory condi-

tions until the test day (RH 60 ± 10% and

20 ± 2�C). Compressive strength measurements

were conducted at the ages of 28 and 90 days on

mortar prisms. For each mortar three prisms were

cast, which means three specimens for flexural test

and six specimens for compressive test.

Table 1 Chemical analysis of jarosite/alunite mixed

precipitate

Oxides Content (%)

SiO2 1.20

Al2O3 16.85

Fe2O3 39.66

Cr2O3 1.36

MgO 0.46

NiO 0.95

CoO 0.05

MnO 0.04

SO3 18.86

Water soluble SO3 14.60

Total soluble salts 1.21

LOI 19.92
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For the study of the hydration products, the mortar

pastes were obtained using the amount of water

required to achieve normal consistency and a good

workability. Then, they were cured in tap water at a

temperature 20 ± 2�C. At the ages of 28 and

90 days, the hydration was stopped by means of

acetone and ether extraction. The hydration products

were mineralogically determined by X-ray diffrac-

tion. XRD measurements were conducted with a

Siemens D5000 diffractometer using nickel-filtered
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CuKa1 radiation (= 1.5405 Å), 40 kV voltage and

30 mA current.

TGA/DTA was used for the evaluation of the

hydration rate [24]. A Mettler-Toledo TGA/SDTA 851

instrument was used. Type R thermocouple (Pt-13%

Rh/Pt) was used for temperature measurements in this

instrument. The samples were taken in a ceramic

crucible and heated from room temperature to 900�C

at a constant rate of 10�C/min in an atmosphere of

carbon dioxide free nitrogen, flowing at 50 cm3/min.

TGA/DTA were carried out simultaneously.

Finally, mercury intrusion porosimetry was consid-

ered a satisfactory technique for determining basic

structural characteristics, such as pore size distribution,

surface area and pore volume. A Carlo Erba 4000

mercury porosimeter was used for porosimetry mea-

surements, having a pressure range from 1 to 4,000 bar.

3 Results and discussion

3.1 Properties of fresh mortars

The results of tests of fresh mortars properties

(Table 3) show that the Mo (lime-based) mortar

presents lower air content than the other two mixes.

On the other hand, the addition of jarosite/alunite

residue to lime mortar improves the density, as well as

the water retention of fresh mortar. Furthermore, the

mortars containing the above residue require about

16% less water than the reference lime mortar, to

obtain the same flow. This fact can be attributed to the

delayed hydration of the mortars with jarosite/alunite,

due to its mineralogical composition. The water

increase in the mortar is a combined effect of changes

in particle size, density and physical and chemical

reaction between water and solid particles. The

replacement of lime with a by-product, which does

not react with water, results to the decrease of the

hydration rate and, consequently, to higher workability

of the mortar.

3.2 Mechanical properties

The average results of compressive and flexural tests

of hardened mortars, as well as the ratio of compres-

sive to flexural strength (fc/ff) [18], are given in

Table 4. From these results it can be seen that the

reference lime mortar Mo presented the lowest values

at all ages. The addition of jarosite/alunite residue to

lime mortar extremely increases the compressive and

flexural strength of mortar. The rate of compressive

strength development is higher at 28 days, followed

by slower rate at 90 days.

At the age of 28 days, the mortar M1 (16.6% lime

substitution) presented 88% higher compressive

strength and 52% higher flexural strength than the

plain lime mortar. This increase is higher in case of M2

mortar (50% lime substitution), where the compressive

Table 2 Dry mix compositions of mortars

Mortar Mixing proportion (wt%)

Lime (powder) Jarosite/Alunite Sand

Mo 30 0 70

M1 25 5 70

M2 15 15 70

Table 3 Properties of fresh mortars

Mortar Flow value (mm) Air content (%) Water demand (ml/kg) Water retention (%) Bulk density (g/cm3)

Mo 156 2.9 262.5 88.0 1.87

M1 162 3.0 220.0 88.5 1.94

M2 165 3.5 222.0 90.1 1.98

Table 4 Compressive and flexural strengths of hardened mortars

Mortar Compressive strength (N/mm2) Flexural strength (N/mm2) Compressive to flexural strength (fc/ff)

28 days 90 days 28 days 90 days 28 days 90 days

Mo 0.64 ± 0.05 2.10 ± 0.10 0.33 ± 0.01 0.84 ± 0.01 1.94 2.50

M1 1.20 ± 0.10 2.15 ± 0.10 0.50 ± 0.02 0.90 ± 0.02 2.40 2.39

M2 3.29 ± 0.10 3.53 ± 0.15 0.90 ± 0.02 0.95 ± 0.02 3.66 3.72
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strength is increased by 515%. Also the flexural

strength of the mortar is considerably increased, by

270%. The rapid development of mortar strengths

containing different jarosite/alunite replacement levels

at 28 days indicates rapid hydration. Consequently, the

increase in the compressive and flexural strengths of

the mortars with curing time should be attributed to the

hydration phenomena that take place. New hydration

products are formed (by the addition of jarosite/alunite

residue) that filled the pore spaces, thus refining the

size of these pores. This observation was confirmed

and by the mineralogical analysis (XRD) of hardened

pastes. After 90 days of curing time the above differ-

ences are decreased and the compressive strength of

the lime mortar Mo reached 2.1 MPa. The correspond-

ing value for M2 mortar is 3.53 MPa.

All mortars present a low ratio of compressive to

flexural strength (fc/ff), which suggests that those

mortars are characterized by an elastic behavior,

compatible with that of the original lime-based

mortars. The ratio fc/ff of similar materials is propor-

tional to the modulus of elasticity (E), for mechanical

measurements. A low fc/ff ratio corresponds to a low

modulus of elasticity [18].

3.3 Mineralogical analysis of hardened mortars

The XRD patterns of the mortars M1 (16.7% lime

substitution) and M2 (50% lime substitution),

hydrated at 28 and 90 days, are presented in Figs. 3

and 4, respectively. Ca(OH)2, the main hydration

product, appeared at 18� (2h). Its peak of XRD was

the highest at 28 days but was reduced thereafter due

to the carbonation reaction, forming CaCO3. The

carbonation started during the earlier drying phase,

but contact with the atmosphere (and, of course, the

presence of water) is what accelerates the process.

Portlandite will later react with CO2 from the air to

form calcite by carbonation. Due to the dense

structure of the hydraulic mortars, part of the

portlandite from the interior will not be converted

to calcite since moisture and CO2 will not reach the

interior of the mortar.
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Fig. 3 X-ray diffraction of M1 mortar at 28 and 90 days
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It should be mentioned that XRD was unable to

detect the jarosite/alunite phases (at the ages of 28

and 90 days), which obviously were dissolved in the

high alkaline environment of the mortar. This fact

was confirmed by the present of CaSO4 � 2H2O,

FeOOH and AlOOH, phases that were formed from

the residue dissolution.

Strong peaks of gypsum exist at 28 days. The

gypsum was formed from the Ca(OH)2, present in the

mortar, and the sulphate from the residue. With

progressive hydration gypsum and some of Ca(OH)2

are consumed, together with aluminum hydroxide in

order to produce ettringite. The formation of ettringite

needs gypsum, hydrated aluminates, portlandite and

moisture. For both mortars with jarosite/alunite

residue, an ettringite peak was observed at 9.1� (2h).

Its formation, together with the presence of gypsum,

contributed to the improvement of the early mortars

strength. The production of ettringite was maximized

at 90 days.

According to the stability field diagram (Fig. 5) of

the system CaO–Al2O3–SO3–H2O [25] high sulphate

concentrations stabilize gypsum and only when its

concentration is decreased does ettringite become the

stable phase. Water is especially important to

ettringite formation because of the high water content
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Fig. 5 Ettringite stability in alkaline environments [25]
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of the solid. When hydration is carried out in calcium

hydroxide solutions, the amounts of gypsum are

observed to decrease and those of ettringite to

increase. At high sulphate concentrations, gypsum

initially controls the maximum concentration of

sulphate in solution by [26]:

Ca2þ þ SO4
2� þ 2H2O$ CaSO4 � 2H2O ð1Þ

Gypsum is used afterwards as a source of sulphate

in the synthesis of ettringite according to the reaction

given by:

3Ca2þþ2Al OHð Þ4
�þ3CaSO4 �2H2Oþ4OH�

þ20H2O$3CaO �Al2O3 �3CaSO4 �32H2O
ð2Þ

The drastic reduction of the amount of Ca(OH)2,

due to the carbonation reaction and the formation of

gypsum and ettringite, with a very fine microstruc-

ture, resulted to a pore refinement and a reduced

permeability.

3.4 Thermal analysis

The results of the TG-DTA analysis of mortars M1 and

M2 at 90 days, given in Figs. 6 and 7 respectively,

confirmed the findings of the XRD analysis. The

weight loss up to 110�C can be attributed to the

removal of humid water. The endothermic peak at

about 140�C, characterizing the dehydration of et-

tringite is very weak. The TG curve shows that a

continuous heating rate originates a mass loss below

140�C, associated with the loss of the loosely bonded

adsorbed water on the particle surface, which is

accompanied with a small endothermic effect in the

DTA curve. The endothermic peak at 180�C corre-

sponds to the gypsum dehydration. The decomposition

process of ettringite is observed at 250–290�C.

A weight loss at around 450�C can be attributed to

the Ca(OH)2 dehydroxilation and the corresponding

endothermic peak is due to the following reaction,

which reveals the presence of Ca(OH)2:

Ca OHð Þ2! CaOþ 2OH� ð3Þ

The weight loss at 750�C is due to the CaCO3

decarbonation. The endo-peak at 750�C is due to the

following reaction:

CaCO3 ! CaOþ CO2 ð4Þ
Carbonation of a lime-mortar takes place when

CO2 dissolves in water and reacts with dissolved

calcium hydroxide. This reaction results in a calcium

carbonate precipitation, due to the rapid supersatura-

tion with respect to CaCO3 in the solution existing in

the mortar pores (which contains dissolved CO2 and

Ca(OH)2 in the condensed water).

3.5 Mercury porosimetry

For the determination of pore size distributions the

cylindrical mathematical model (Washburns Equa-

tion) was employed to elaborate the results [27]:

P ¼ �2Kcos hð Þ=r ð5Þ

in which ‘‘r’’ is the cylindrical pore radius, ‘‘P’’ is the

pressure at which mercury enters into the pore, ‘‘K’’

is the surface tension of mercury (0.48 N/m at 25�C)

and ‘‘h’’ is the contact angle between the mercury

meniscus and a flat, nonmetallic surface (*140�).

The results of total cumulative pore volume, specific

surface area, pore radius average and bulk density,

are summarized in Table 5.

In all cases the total pore volume decreased with

the increase of curing time. For mortar containing

only lime as a binder, the progressive increase in

jarosite/alunite content reduced the pore volume from

220 to 190 mm3/g (90 days), and consequently, bulk

density was raised. The decrease of pore volume in

case of plain lime mortar should be attributed to the

lime carbonation. During carbonation calcite is

deposited on the inside of pores but also at the

entrance, thus clogging some of these pores and

making them unavailable for mercury intrusion. The

value for maximum volume intruded, in case of M2

mortar (50% lime substitution), corresponded to an

average pore radius of 415 nm. The corresponding

value for plain lime mortar is 760 nm. These results

indicate that hydration products may tend to fill up

the larger pores found in lime. As previously noted,

the addition jarosite/alunite led to the formation of

gypsum and ettringite, during hydration and, conse-

quently, the accumulated porosity was reduced and

the compressive strength increased. This would

explain why the addition of the jarosite/alunite

residue generates a reduction in pore size in lime

mortar. Furthermore, It should be noted that the

porosity at 90 days of curing time of the both

mortars with the above residue were almost the

same or slightly lower, in case of 50% lime

substitution.
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Fig. 6 T.G. and D.T.A. analysis of the M1 mortar at 90 days
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4 Conclusions

The addition of jarosite/alunite residue up to 50%, in

lime-based mortars, improved their mechanical prop-

erties. The produced mortars presented good

workability, rapid and reliable setting and relatively

lower porosity. More specifically:

• With the addition of jarosite/alunite residue,

restoration lime-based mortars can be obtained

with superior properties in fresh and hardened

state, compared to the plain lime mortar. The

necessary amount of water for the same work-

ability of mixed lime mortars is much lower than

this of plain lime mortar.

• The mortar M2 (50% lime replacement) presented

the highest compressive and flexural strengths, in

comparison with the plain lime mortar. It also

presented a low ratio of compressive to flexural

strength (fc/ff).The obtained gain in compressive

and flexural strength could be useful in case of

masonry mortars when the demands for the

compatibility of properties of restoration mortar

to the properties of original lime-based mortar

have to be met.

• The mineralogical analysis of the hydration

products showed that the jarosite/alunite residue

was dissolved in the high alkaline environment of

the mortar, producing CaSO4 � 2H2O and

AlOOH. During hydration, gypsum and some of

Ca(OH)2 are consumed, together with aluminum

hydroxide in order to produce ettringite. The

presence of gypsum and ettringite improved the

mechanical behavior of the produced mortars at

all ages.

• From mercury porosimetry results it was con-

cluded that lime-based mortars reduced both their

porous volume and their pore size as jarosite/

alunite residue content in the mix increased.

Higher reduction in porosity was observed in

mortar with 50% lime replacement, due to the

hydration products. Longer curing times resulted

in lower porosity values.

It is thus concluded that the jarosite/alunite residue,

produced during hydrometallurgical treatment of

nickel oxide ores with sulphuric acid, can be utilized

as a raw material mortar restoration production.
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