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Abstract

One of the problems that some industries, and more specifically cement industries, still have to deal with is the requirement to determine

and control the content of some chromium, nickel and cobalt compounds due to their allergenic effects on human health (mainly cement

dermatitis). This paper focuses on the quantification of total and soluble chromium, nickel and cobalt content in different materials used

normally in the manufacturing of Spanish commercial cements (limestone, clay minerals, raws and clinkers). These materials belong to three

different cement factories, which could be representative of Spanish Portland cements. This study is a follow-up of a previous research

carried out by the same authors, which provides a valuable contribution to establish possible limitations of these allergenic compounds in

future national as well as international standards. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The cement manufacturing sector has been always con-

cerned in problems related to the environment, specially

those related with the avoidance of gas and dust emissions

during the manufacture of cements, because of their harmful

effect on plants and animals [1,2].

However, very little has been done concerning measure-

ment and control of harmful trace elements. Currently, this

subject is being debated in international forums in order to

acknowledge the importance and evaluate the repercussion

affecting the cement industry.

Therefore, researchers are engaged in two main research

lines: on one hand, to find how the presence of high

amounts of some heavy elements (such as Pb, Zn, etc.)

affects the formation of clinker, the hydration and the

performance of mortars and concretes [3–6] and, on the

other hand, to deepen on the influence that some heavy

elements have on human health, which is a relevant aspect

because of its social repercussions.

Cement dermatitis has been a recurrent problem for many

years. It appears as a general irritation of the skin due to the

alkaline, abrasive and hygroscopic properties of cement.

However, recent studies show that some of these trace

elements present in Portland cements could be the cause

of allergic contact dermatitis.

Back in the 50s, professionals already recognised that

water-soluble chromium was the cause of cement allergy.

Total chromium content in cements comes from the starting

materials (limestone and clay minerals) used to manufacture

cements. This chromate appears in form of Cr (III), which is

inert and insoluble, but during the clinkerisation process, the

Cr (III) can partly be oxidised to Cr (VI), which is soluble

and allergenic.

An important number of medical studies were centred on

the harmful effects of Cr (VI) on human health, mainly skin

in contact with cement (Fig. 1) [7–10]. Later, Fregert and

Rorsman [11] have reported that patients with allergic

eczematous contact dermatitis due to metals were often

allergic to more than one metal. Since that date until now,

this fact has prompted speculation on sensibility of several

allergenic metals, especially chromium, nickel and cobalt.

The medical studies carried out until now show the

complexity of allergic reaction due to a combination of

the Cr, Ni and Co effects. It seems that sensitisation to
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chromate plays an important role in the initial development

of allergic contact dermatitis in construction workers, while

sensitisation to Ni and Co occur subsequently to chromate

sensitivity [10,12]. Professional dermatitis can often become

a chronic disease.

Analytical and medical studies found in bibliography

state different ways of possible reduction of soluble chro-

mium content in Portland cements: on one hand, the

incorporation of ferrous sulfate in order to reduce the

water-soluble chromate (Cr6 +) to no more than 2 mg/kg.

However, right now, even though incorporation of reducing

agents raises the prices of cement, it is still the best solution

to reduce the Cr6 + content in cements. The amount of

ferrous sulfate necessary for that effect will vary consider-

ably from cement to cement. So, Tandon and Aarts [13]

reported that for a starting cement with 6.20 mg/kg of Cr6 +,

a 100% reduction was obtained at a stoichiometric ratio of

1:100 of Cr6 + /Fe2 +.

On the other hand, and from scanty medical works,

Eugeniusz [14] reported a limit of 10 mg/kg of Cr6 + as a

risk of allergic reaction.

From a chemical point of view, the allergenic elements

amount (total and soluble) in Portland cements depend on

factors such as starting materials, purity, clinkerisation

process, nature of steel balls, refractory material used in

kiln, cement type, etc. Therefore, on a worldwide scale, an

extensive chemical composition can be found for the

commercial cements. A typical example can be found in

a previous work where Frı́as and Sánchez de Rojas [15]

reported that the total and hexavalent (soluble) chromium

content in imported and Spanish Portland cements was

between 20 and 110 mg/kg and between 0.9 and 25 mg/kg,

respectively. This means that it is not possible to extra-

polate results from some cement to another.

The purpose of this paper is to carry out a deep study of

total and soluble chromium, nickel and cobalt content in the

main materials used in the manufacturing of Portland

cements. The materials selected for this study come from

three different Spanish factories, which could represent

materials normally used to manufacture Spanish Portland

cements. Results obtained from this research would be a

valuable contribution for the Spanish cement factories as

well as forthcoming legal limitations and standardisation.

2. Experimental

2.1. Materials

For this study, different materials related to the manu-

facture of cement have been tested. Three Spanish commer-

cial clinkers (numbered 1–3) and their starting materials

(three limestones (1–3), 3 clay materials (marl 1, slate 2 and

clay 3) and three raw materials (1–3) were tested.

2.2. Fineness

Away to express fineness is through the specific surface

area of the materials. Different methodologies can be used

in order to know this parameter [16]. However, in this paper,

Blaine permeability method was used because it is widely

employed method to determine the fineness of cements and

accepted in standards of most of the European countries,

among them Spain [17].

2.3. Extraction test

The method applied in this research corresponds to the

one described in the Finnish Standard SFS 5183 [18]. This

method consists mainly of the solubilisation of the hexava-

lent chromium by stirring the samples in water for a

predetermined period of time.

Some modifications were introduced in extraction test.

For example, samples were stirred vigorously for 60 min

instead of 15 min, which is the time recommended in

Ref. [18]. Inductively coupled plasma (ICP) was used as

Fig. 1. Two different aspects of construction worker hands with chronic cement dermatitis.
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analyses technique in order to carry out the quantitative

determination of elements. In previous papers, Frı́as et al.

[19] reported that ICP offered greater advantages over the

traditional colorimetric method.

3. Results and discussion

3.1. Physical characterisation

Fineness is a physical parameter, which plays an

important role in the leaching of the water-soluble metals.

It is well known that one of the main factors to study the

leaching phenomenon is to know the minimum fineness of

materials to avoid a possible interference during extraction

tests. The starting point was a previous paper carried out

by the same author [19]. They recommended specific area

values above 1500 cm2/g for hexavalent chromium.

Beyond this value, the fineness did not have any influence

on the quantitative determinations Fig. 2 shows the max-

imum and minimum value of the specific surface area,

obtained from Blaine permeability data. It can be seen here

that all samples have fineness above 4000 cm2/g, except

for clinkers, which show an interval between 2000 and

3000 cm2/g.

3.2. Chemical characterisation of major elements

Table 1 shows the chemical composition of different

materials selected in this work, expressed as chemical

interval. It is well known that, depending on the nature

and purity of materials, the chemical composition can vary

substantially from one to another. It is important to note that

raw materials show chemical compositions very similar

despite its different origin, quality, etc.

3.3. Total and water-soluble contents of allergenic elements

Figs. 3 and 4 and Table 2 present the total and water-

soluble chromium, nickel and cobalt contents in mg/kg,

corresponding to materials and products from different

factories.

3.3.1. Total contents

The results revealed that the total content of allergenic

elements vary in function of its origin, purity and nature

(Fig. 3), as mentioned above.

3.3.1.1. Chromium. The total chromium contents of the

selected materials were between of 0 and 10 mg/kg for the

limestones, 60 and 120 mg/kg for clays materials, 15 and

20 mg/kg for the raw materials and 20 and 80 mg/kg for

the clinkers.

Fig. 2. Fineness interval of materials studied.

Table 1

Chemical composition interval for the materials studied

Oxides (%) Limestones Clay materials Raw Clinkers

SiO2 1–12 46 –57 13–14 20–23

Al2O3 1–3 10–20 3–4 5–6

Fe2O3 0.5–1 4–10 1.5–2.5 3–4

CaO 45–55 1–18 42–44 65–66

MgO 0.5–1.5 1–2.7 0.5–1.5 0.5–1.5

SO3 0.1–0.3 0.2–0.3 0.1–0.2 0.8–1.8

K2O 0.1–0.5 2–3.5 0.3–0.8 0.5–1.6

LOI 38 –45 17 –20 34–36 0.1–0.4

Fig. 3. Total Cr, Ni and Co contents in starting and raw materials.
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3.3.1.2. Nickel. Materials selected for this study presented

total nickel values below 10 mg/kg for limestones and

between 20 and 50 mg/kg for clay minerals. Value for raws

and clinkers range between 10 and 25 mg/kg and between

30 and 55 mg/kg, respectively.

3.3.1.3. Cobalt. As for total cobalt contents, limestones

showed values between 20 and 35 mg/kg, except for the

limestone 3, which showed a lower value (4 mg/kg). Clay

minerals showed higher total contents with respect to lime-

stones: between 35 and 50 mg/kg are detected. In raw

materials, the total content ranged between 35 and 40 mg/kg.

Finally, total contents between 45 and 50 mg/kg were

detected in clinkers.

The analytic results revealed (as expected) that chro-

mium, nickel and cobalt elements catalogued as allergens

because their repercussions on human health were supplied

mainly by clay minerals (marl, slate and clay). However,

some limestones can also be materials with an important

contribution in cobalt.

A detailed study of the total content showed that values

found for raw materials and clinkers are logical with

respect to values found for starting materials (limestones

and clays). Nevertheless, it is important to note that for

raw 3, the total cobalt content was slightly higher than for

clay 3. At first sight, it is obvious that this value is not

consistent with general idea of raw dosage. Different

explanations apply to this fact: (1) An analytical mistake;

(2) The incorporation of corrective components. It is well

known that in the manufacturing process of Portland

cement, the incorporation of corrective compounds is

necessary to correct the bulk composition: sands, alumi-

num oxides (bauxite), iron oxides, iron ore, etc. are

normally the compounds used [20]. Some of these com-

pounds could contain significant amounts of minor ele-

ments as, for example, cobalt; (3) The clay used in the

manufacture of raw 3 did not exactly correspond to clay 3

analysed in this paper.

3.3.2. Water-soluble content

Table 2 represents the water-soluble Cr, Ni and Co

contents for starting and raw materials, and Fig. 4 shows

total and soluble Cr, Ni and Co contents for clinkers selected.

These analytical results show the wide interval of water-

soluble contents.

3.3.2.1. Chromium. The water-soluble chromium content

obtained for each one of the materials considered had a wide

range of values. As Table 2 shows, insignificant values of

soluble chromium (below 0.1 mg/kg) are detected for lime-

stone, clay minerals and raw materials. Clinkers showed

higher soluble contents. Values between 0.1 and 7.5 mg/kg

were detected (Fig. 4).

These results revealed that in the manufacturing process,

the hexavalent chromium content only comes from materials

that have undergone an oxidation process and high tem-

peratures. These facts ratify results published in the previous

paper [19].

Fig. 4. Total and soluble Cr, Ni and Co contents in three Spanish

commercial clinkers.

Table 2

Soluble contents of chromium, nickel and cobalt for the starting materials

Materials

Soluble chromium

(mg/kg)

Soluble nickel

(mg/kg)

Soluble cobalt

(mg/kg)

Limestone 1 < dl < dl < dl

Marl 1 0.04 0.41 0.12

Raw 1 0.03 0.03 0.1

Limestone 2 0.02 < dl 0.07

Slate 2 0.02 < dl 0.03

Raw 2 0.07 < dl 0.03

Limestone 3 0.09 0.01 0.26

Clay 3 0.02 0.03 0.04

Raw 3 0.03 0.02 0.05

dl = detection limit of ICP.
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3.3.2.2. Nickel. Regarding the soluble nickel content in

materials studied, the values indicated that nickel com-

pounds are insoluble. So, values of soluble nickel very

close to the limit of detection were found (or below), except

for marl 1 (Table 2). Clinkers also had very low contents.

Values below 0.1 mg/kg were quantified (Fig. 4).

3.3.2.3. Cobalt. Water-soluble cobalt contents indicated a

similar behaviour to this of nickel. Insignificant values of

soluble cobalt were detected in all starting materials from

the three factories. It is important to point out that soluble

Co content in raw 3 was only 0.04 mg/kg, while soluble Co

content in limestone 3 was 0.26 mg/kg. In clay 3, it was

0.04 mg/kg. This fact could be associated with different

factors, as mentioned above. Thus, the same considerations

can apply for it.

However, for clinkers (mainly 1 and 2), soluble cobalt

contents of 0.34 and 0.12 mg/kg were detected (Fig. 4). This

fact would indicate a slight increase of cobalt compound

solubility in water after they were submitted to high tem-

peratures (1400 �C) and oxidising conditions during the

clinkerisation process.

Considering results obtained, it is possible to state that

clinkerisation process affects in different ways the solubility

of allergenic elements. For the case of chromium, it is well

known that the trivalent form (inert and insoluble) is

partially converted to hexavalent form (soluble and aller-

genic) during kiln processing, when the raw materials are

heated to 1400 �C in an oxidising atmosphere. These

conditions might have a slight influence on cobalt and none

on nickel.

As for allergens studied, it has been impossible to

observe a direct relation between total and soluble content

in materials used today in the manufacture of commercial

cements, mainly in clinkers. According to bibliographical

documentation, different factors could be related to the

absence of correlation between both contents: nature, solu-

bility of compounds, storage time, leaching test, pH value of

leachate, capacity of fixation with hydrated phases of Port-

land cement (mainly with silicates and aluminates), etc.

[21–24]. In another hand, analytical methodology can also

play an important role on quantitative determination of

elements. In a previous work, Frı́as et al. [19] reported that

the quantification of hexavalent chromium using a colori-

metric method had some associated interference in Portland

cement matrices due to the presence of agents that reduce or/

and mask the chromium (VI) content.

In spite of different factors directly related to the

solubility and concentration of these elements, results

obtained in the current work showed that Ni and Co

elements were practically insoluble in water and therefore

would not have a harmful effect on cement dermatitis.

However, Fregert and Gruvberger [12] reported experimen-

tal data about the solubility of Ni and Co oxides in different

solutions. They demonstrated that Co oxides were partly

dissolved by substances present in body fluids such as

amino acids. This finding would explain in part the

principles of the formation of cobalt complexes and their

capacity of eczematous reactions.

For this reason, it would be necessary to have a better

understanding of a possible negative effect of these elements

on human health, paying also special attention on the

solubility of these elements in different media. This fact

would be considered an important advance for both cement

producers and society for choosing corrective measure-

ments, since right now there is no general recommended

limitation for these allergenic elements on cement dermatitis.

4. Conclusions

The following conclusions can be summarised from this

experimental work:

1. Total Cr and Ni contents present in clinkers are mainly

supplied by clay minerals, while total Co content can come

either from clay materials or some limestones.

2. Soluble contents vary substantially in materials under

study, depending on the minor element and nature and origin

of materials (limestone, clay, raw and main clinker). The

highest contents were detected in clinkers. In this case,

maximum values of 7.3, 0.09 and 0.34 mg/kg were found

for Cr, Ni and Co, respectively. Taking into account the

maximum value recommended by Northern European Coun-

tries (2 mg/kg Cr6 +), two of the three Spanish clinkers had

higher contents but values below the limit value (10 mg/kg)

considered a risk of allergic reaction by Eugeniusz [14].

3. From the water-soluble contents, clinkerisation condi-

tions (high temperature and oxidising atmosphere) are

closely related to the solubility of chromium in water, while

solubility of Co is slightly related and not at all for nickel

compounds. Variation of conditions during clinkerisation

process could be one of the causes of the absence of a linear

relation between total and soluble content for Cr, Ni and Co.

4. Water-soluble content/total content ratio was of 7%,

0.06% and 0.33% for Cr, Ni and Co, respectively. Taking

into account these percentages, Cr is the main allergen in

construction works, followed by Co and then by Ni. From

analytical point of view, Ni and Co compounds, due to their

insignificant solubility in water, would not show any

incidence on cement dermatitis. However, from medical

point of view, these elements have an important negative

repercussion on allergic reaction. This fact is related to the

capacity to elicit eczematous reactions in media different to

water. This possibility does not take into account at present.

5. For this reason, at the moment of carrying out some

corrective measurements in Portland cements, in order to

reduce or eliminate the allergenic effect that Cr, Ni and Co

has on cement dermatitis, authors recommend to pay atten-

tion to the sum of three allergens and not only for the case of

Cr (according to medical works mentioned above, the

cement dermatitis takes place by the presence of three

allergens elements).
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From all results exposed here, exhaustive controls of Cr,

Ni and Co contents in Portland cements are necessary

because of the scanty knowledge about its contribution to

the allergic reaction as well as solubility in different media,

mainly in body fluid.

Therefore, this line requires much more experimental

research, which would permit a better understanding about

possible mechanisms of interaction between allergenic ele-

ments and skin and, on the other hand, to know and

establish the maximum concentrations of these elements in

commercial clinkers (and/or cements) in order to avoid and

reduce the cement dermatitis in construction works.

For these reasons, a mere limitation in the water-soluble

chromium content would not be enough even though it is

fundamental as first step. Possible limitations would also

extend to total and soluble Cr, Ni and Co contents.
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