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Abstract 

Chromium is a potentially toxic metal whose many properties have made applicable to a wide 

range of industrial processes. A series of relevant and reliable sources were identified and reviewed 

to acquire greater understanding of the potential effects of chromium contamination, their 

implication, and solutions. Concerns with chromium are primarily related to its hexavalent form, 

which has adverse effects on human health and terrestrial and aquatic environments. This 

contaminant is emitted mainly through anthropogenic sources due to its industrial applications in 

the metallurgy, cement, and leather industries, among others. Hexavalent chromium emissions and 

contamination affect all countries in the EU including Spain and its usage is monitored and 

legislated, by ECHA and local decrees. Due to its adverse effects, chromium contamination can 

represent an obstacle to achieving some of the sustainable development goals established by the 

UN. Industries can adopt preventive measures to reduce chromium emissions but overall further 

research in alternatives to chromium in its different applications is necessary. A range of in situ 

remediation strategies were reviewed and while their potential effectiveness was confirmed, 

further field experience is necessary for some of them. 

Keywords:  hexavalent chromium, contamination, chromium, health risk, remediation 

 

Resumen 

El cromo es un metal potencialmente tóxico cuyas múltiples propiedades lo hacen aplicable a una 

amplia gama de procesos industriales. Se identificaron y revisaron una serie de fuentes relevantes 

y fiables para adquirir una mayor comprensión de los efectos potenciales de la contaminación por 

cromo, sus implicaciones y soluciones. La preocupación por el cromo está relacionada 

principalmente con su forma hexavalente, que tiene efectos adversos sobre la salud humana y los 
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entornos terrestres y acuáticos. Este contaminante se emite principalmente a través de fuentes 

antropogénicas debido a sus aplicaciones industriales en las industrias metalúrgicas, de cemento y 

de cuero, entre otras. Las emisiones y la contaminación por cromo hexavalente afectan a todos los 

países de la UE, incluida España, y su uso está vigilado y legislado, tanto por la ECHA como por 

Decretos Reales. Debido a sus efectos adversos, la contaminación por cromo puede representar un 

obstáculo para alcanzar algunos de los objetivos de desarrollo sostenible establecidos por la ONU. 

Las industrias pueden adoptar medidas preventivas para reducir las emisiones de cromo, pero en 

general es necesario seguir investigando alternativas al cromo en sus diferentes aplicaciones. Se 

revisaron una serie de estrategias de remediación in situ y, si bien se confirmó su eficacia potencial, 

se necesita más experiencia de campo para algunas de ellas. 

Palabras clave: cromo hexavalente, contaminación, cromo, riesgo para la salud, 

remediación 
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1. Introduction 

1.1 Chromium: a brief introduction 

Chromium (Cr) is a d-block transition metal with electron configuration [Ar] 3d5 4s1 and 

atomic number 24. It was discovered by Nicholas-Luis Vauquelin in 1979 in the mineral crocoite 

(PrCrO4) and isolated for the first time in 1978 (Rollinson, 1973). Cr occurs in several oxidation 

states ranging from -2 to +6, while elemental chromium does not occur naturally (Barnhart, 1997; 

Wilbur et al., 2012a).  It is the 21st most abundant element in the earth’s crust at about 100 ppm, 

and it occurs naturally in soil and plants (Mohanty and Patra, 2013; Sundaram and Raghavan, 

2013). It does not occur as a free metal and it is mostly found in its most stable form, Cr (III), 

which occurs in nature in ores such as Ferro chromite. The second most stable oxidation state (VI) 

is only found in nature in rare minerals and mostly results from anthropogenic sources (Wilbur et 

al., 2012a). Cr (I), Cr (IV) and Cr (V) are the less common forms (Sundaram and Raghavan, 2013). 

Table 1 summarizes the main physical and chemical properties of elemental chromium and 

other common chromium compounds (Information extrapolated from Wilbur et al., 2012). 

Table 1: Properties of common chromium compounds (Data adapted from Wilbur et al., 2012).  

Compound 
 

Chromium Ferro chromite 
(Cr (III)) 

Sodium dichromate 
(Cr (VI)) 

Chromium 
(III) oxide 

Chromium 
(VI) trioxide 

Chromium 
(IV) oxide 

Molecular 
weight (g/mol) 

51,996 223,84 262 146,97 156,07 83,99 

Melting point 
(ºC) 

1,9 ± 10 No Data 356,7 2435 197 Decomposes 
at 300 ºC 

Boiling point 
(ºC) 

2,642 No Data Decomposes at 400 3000 Decomposes No Data 

Density (at 
20ºC) 

7,14 4,97 2,52 (at 13ºC) 5,22 
(At 25 ºC) 

2,70 
(At 25 ºC) 

2,12 
(at 25 ºC) 

Solubility in 
water (at 20ºC) 

Insoluble Insoluble 2,380 g/L (at 0 ºC) Insoluble 
61,7 g/100 (at 
0 ºC) Insoluble 

Colour Steel-gray Dark brown Bright orange / red Gray-black Red Dark brown 

  

The above table shows that the properties of chromium compounds vary significantly from one 

another, mainly due to the different oxidation states (Wilbur et al., 2012a). 
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The different properties of chromium compounds have made them applicable to a wide 

range of industrial processes in metallurgical, construction, and chemical and other industries 

(Wilbur et al., 2012b). 

Due to its wide range of industrial applications, chromium emissions have become an ever-

growing concern and over the years, a range of legislations have been put in place to regulate its 

usage and release into the environment (Wilbur et al., 2012b). Concern related to the compound is 

mainly related to the use and production of Cr (VI) which is toxic to both humans and animals and 

negatively impacts the environment (DesMarias and Costa, 2019; Jaishankar et al., 2014; Vincent, 

2013). 

 

1.2 Aim and organization of the report 

The main aim of this work is to acquire a greater understanding of chromium and its 

potential effects on human health and the environment and how to prevent and remediate them. 

Additionally, this work discusses the impacts that unsustainable industrial processes using 

chromium can have on achieving some of the Sustainable Development Goals (SDGs) adopted by 

the United Nations in 2015. The SDGs considered are: Goal 3 (good health and well-being), Goal 

6 (clean water and sanitation), Goal 12 (responsible consumption and production), Goal 14 (life 

below water) and Goal 15 (life on land). 

 This review is organized in 9 chapters. Sections 2 and 3 offer an evaluation of the impacts 

of chromium compounds, specifically of hexavalent chromium, on human health and the 

environment respectively. Section 4 aims to evaluate changes in chromium usage and emissions 

of chromium In Europe and Spain. Sections 5 and 6 cover the main industrial uses of Cr which 

can result in emission/contamination of hexavalent chromium, together with any legislation 

regulating them. Finally, Sections 7 and 8 will elucidate a series of preventive and remediation 

measures which industries can put in place to reduce and/or off-set their chromium emissions and 

to protect their workers.  

For the development of this work a series of relevant and reliable sources were identified 

through careful literature search or by pre-existing knowledge on the part of the author.  
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2. Toxicology of Chromium   

2.1 Cr (III); Pharmacological Importance and toxicology 

As previously mentioned, Cr exists in 7 oxidation states, ranging from 0 to VI, with Cr (III) 

and Cr (VI) being the most prevalent in the environment. Trivalent chromium occurs naturally in 

rocks and soil in the form of oxides, hydroxides and sulphates and is an essential trace nutrient and 

pharmaceutical agent (Sundaram and Raghavan, 2013; Vincent, 2013). 

The mechanism of absorption of ligand-bound Cr (III) is not clear. However, it is 

postulated to take place through a mechanism of diffusion into the cell (DesMarias and Costa, 

2019; Vincent, 2013). It is important to notice that as Cr (III) cannot enter the cell though any 

transport mechanism, it has weak membrane permeability and less than 2% of dietary Cr (III) is 

absorbed (Jaishankar et al., 2014). 

The US Food and Nutrition Board (FNB) and the National Academies of Science 

established the adequate Intake (AI) for Cr (III) for an adult between 19 and 50 years old, to be 35 

mcg and 25 mcg for men and women respectively (Institute of Medicine (US) Panel on 

Micronutrients, 2001). Among the main sources of chromium are unrefined sugars and grains, 

high-barn cereals, yeast, wine (mainly red wines), animal fats, and, to a lesser extent, dairy 

products (Institute of Medicine (US) Panel on Micronutrients, 2001; Sundaram and Raghavan, 

2013). 

The pharmacological potential of Cr (III) is mainly related to its ability to potentiate insulin 

both in vivo and in vitro. Supplementation of Cr (III) has been proven to restore glucose tolerance, 

and reduce the risk of insulin resistance and of type 2 diabetes (Institute of Medicine (US) Panel 

on Micronutrients, 2001; Morris et al., 2000; Vincent, 2013).  On the other hand, Cr-deficient diets 

have been linked to decreased fasting plasma insulin and fasting plasma glucose levels.  

Regarding the toxicology of Cr (III), there exists no evidence of cancerogenic nor 

toxicological effects attributable to exposure to trivalent chromium (Integrated Risk Information 

System Division (IRIS), 1998).  In terms of human carcinogenicity data, occupational exposure to 

chromium has been studied, however in all cases subjects were exposed to both Cr (III) and Cr 

(VI). Since the data specific to Cr (III) exposure alone are not available, these studies are 
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inadequate to perform a carcinogenicity assessment of the substance (Integrated Risk Information 

System Division (IRIS), 1998; Schroeder et al., 1965). A range of studies on animal 

carcinogenicity are available but were concluded to be inadequate for the evaluation of the 

carcinogenicity of trivalent chromium (Baetjer et al., 1959; Hueper and Payne, 1962; International 

Agency for Research on Cancer, 1990). For these reason Cr (III) has WOE characterization D for 

cancer assessment: not classifiable as to human carcinogenicity.  

In terms of systemic toxicity, exposure to trivalent chromium compounds has not been 

associated with adverse effects (Institute of Medicine (US) Panel on Micronutrients, 2001; 

Integrated Risk Information System Division (IRIS), 1998). The Oral Reference Dose (RfD) for 

the substance is based upon the No Observed Adverse Effect Level (NOAEL) obtained from an 

animal study (Integrated Risk Information System Division (IRIS), 1998). In the study, 60 male 

and female rats were fed chromic oxide at dietary levels of 0,1%, 2%, or 5%, 5 days a week for 

840 days (Ivankovic and Preussmann, 1975). The study showed no effects due to chromic oxide 

at any of the dose levels investigated. From this study the Oral RfD was set at 1 mg/day, however 

the confidence on this value is deemed low due to lack of details in the study (such as information 

of study protocols) and should be considered conservative (Integrated Risk Information System 

Division (IRIS), 1998). 

The information on the toxicological review of Cr (III) provided by the Integrated Risk 

Information System are summarized in Table 1 (Information on the Integrated Risk Information 

System (IRIS), 1998). 

Table 2: Findings summary for IRIS Toxicological review for Chromium (III), insoluble salts (Data 
adapted from Integrated Risk Information System Division (IRIS), 1998).   

Noncancer Assessment 

Type of Assessment System RfD/RfC  Basis 

Oral Exposure Other 1 mg/kg-day No effects observed 

Inhalation Exposure Information reviewed but value not estimated 

Cancer Assessment 

WOE Characterization Framework for WOE Characterization 

D Guidelines for Carcinogen Risk Assessment 
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2.2 Cr (VI); Toxicology 

Contrary to Cr (III), hexavalent chromium is known as a toxic and mutagenic substance 

(Sun et al., 2015; Sundaram and Raghavan, 2013). The varying capacity of each chromium species 

to enter the cell is considered the most important factor in determining their toxicity (Information 

on the Integrated Risk Information System (IRIS), 1998). Unlike trivalent chromium, hexavalent 

chromium is able to cross the cell membrane through general anion transporters. This is due to the 

similarities between the chromate oxyanion (one of prevalent species with Cr (VI)) and the sulfate 

and phosphate oxyanion, which allow it to use sulfate and phosphate transporters to enter the cell 

(DesMarias and Costa, 2019; Sun et al., 2015). Figure 1 shows the similarities between the 

structures of sulfate, phosphate, and chromate oxyanions. 

 

Figure 1: Formula and structure of phosphate (on the left), chromium (center) and sulfate (on the right). (Figure conceived by 
author). 

As shown in Figure 1, the three molecules illustrated have similar structure (tetrahedral 

arrangement), similar overall charges (3- for phosphate and chromate and 2- for sulfate) and both 

negatively charged oxygen atoms. These similarities allow the chromate oxyanion to form similar 

interactions in the binding site of the phosphate and sulphate transporter to enter the cell member.  

Figure 2 shows the coordination of the phosphate oxyanion in the phosphate transporter 

binding site. The phosphate transporter is composed of two domains, labelled as N-domain and C-

domain in the figure (Pedersen et al., 2013). The phosphate is bound in the central membrane-

buried binding site in between the two domains by interactions with Tyr150, Gln177, Trp320, 

Asp324, Tyr328, Asn431 and Phe174. Phe174 binds to phosphate through electrostatic 

interactions while the other bind through hydrogen bonds (Pedersen et al., 2013). Since chromate 

can form the same bonds, it is able to activate the phosphate transporter to cross the cell membrane. 
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Figure 2: Crystal structure of high affinity phosphate transporter PiPT and its interaction with the phosphate oxyanion (Figure 
sourced from (Pedersen et al., 2013). 

Once Cr (VI) crosses the cell membrane and enters the cell through the aforementioned 

mechanism, it is reduced to Cr (III). This reduction is facilitated by the presence of enzymatic and 

non-enzymatic reducing agents at physiological pH. The intracellular reduction of hexavalent 

chromium results in reactive Cr (V) and Cr (IV) intermediates and hydroxyl radicals which are 

responsible for oxidative stress and lead to DNA damage (Kawanishi et al., 1986; Yao et al., 2008). 

These events are considered critical in the initiation of carcinogenesis (Reuter et al., 2010). 

Reduction of hexavalent chromium to trivalent chromium can also take place outside the cell. In 

this case, due to the low cell membrane permeability of Cr (III), only a very small fraction of the 

reduced product is absorbed (DesMarias and Costa, 2019; Jaishankar et al., 2014; Yao et al., 2008). 

For this reason, this process of extracellular reduction is considered a protective mechanism while 

intracellular reduction is regarded as the key mechanism for the toxicity of hexavalent chromium 

(Sun et al., 2015; Wilbur et al., 2012a). 
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The toxicity of Cr (VI) is strongly dependent on the route of exposure. Evidence of this is 

the RfD values reported in the toxicology review of Cr (VI) by the Integrated Risk Information 

System reported in Table 2.  

Table 3: Findings summary for IRIS Toxicological review for Chromium (VI) (Data adapted from 
Integrated Risk Information System Division (IRIS), 1998).   

Noncancer Assessment 

Type of Assessment System RfD/RfC  Basis 

Oral Exposure Other 3 ∙ 10−3 mg/kg-day No effects observed 

Inhalation Exposure 

(Chromic acid mist and 
dissolved Cr (VI) 
aerosols) 

Respiratory 8 ∙ 10−6 mg/m3 Nasal septum atrophy 

Inhalation Exposure 

(particulates) 
Respiratory 1 ∙ 10−4 mg/m3 

Lactate dehydrogenase 
in bronchioalveolar 

lavage fluids 

Cancer Assessment 

WOE Characterization Framework for WOE Characterization 

A (Inhalation route) Guidelines for Carcinogen Risk Assessment 

D (Oral route) Guidelines for Carcinogen Risk Assessment 

 

When considering oral exposure, no effects were observed following ingestion of Cr (VI) 

compounds (Independent Environmental Technical Evaluation Group (IETEG), 2016; Sun et al., 

2015). Hexavalent chromium is reduced to trivalent chromium in the gastrointestinal system in 

what is considered the major pathway of extracellular Cr (VI) reduction. The main reducing agents 

involved in the process are saliva, intestinal bacteria, and gastric juices (DesMarias and Costa, 

2019; Sun et al., 2015). This process is considered a protective mechanism accounting for the low 

oral systemic toxicity of the substance (Sun et al., 2015). The oral reference dose for hexavalent 

chromium compounds is based on the NOAEL obtained from animal studies. In the study, 16 rats 

(8 male and 8 female) were supplied with drinking water containing between 0.45 ppm and 11.2 

ppm of Cr (VI) In the form of K2CrO4 for 1 year (Mackenzie et al., 1958). A control group of 20 

rats (10 male and 10 female) was also kept. Additionally, a second experiment was carried out 

involving 63 rats split into three equal groups. One group was given 25 ppm of chromium in the 
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form of K2CrO4, another was given 25 ppm of chromium chloride and the third was kept as control 

and given distilled water. Both experiments showed no adverse effects nor pathologic changes 

(Mackenzie et al., 1958). From this study the Oral RfD was set at 3 ∙10-6 mg/kg-day, however the 

confidence on this value is deemed low due to the small size of the experiment, small number of 

parameters measured and lack of toxic effects at the highest dose tested (Integrated Risk 

Information System Division (IRIS), 1998). 

Inhalation of Cr (VI) was investigated in mist form and particulate form to establish 

appropriate RfC (Integrated Risk Information System Division (IRIS), 1998). For exposure to acid 

mist and dissolved Cr (VI) aerosols the RfC is based on the Lowest Observed Adverse Effect Level 

(LOAEL) obtained in a human sub-chronic occupational study (Integrated Risk Information 

System Division (IRIS), 1998). Respiratory symptoms, changes in lung function and changes in 

nasal septum were studied in 43 subjects exposed for an average of 2.5 years to chromic acid in 

chrome plating plants. The subjects were divided into low and high exposure groups (Cohen et al., 

1974). The low exposure groups involved 8 hours TWA below 0.002 mg/m-3 chromic acid while 

the high exposure one involved 8 hours TWA above 0.002 mg/m-3.  The study concluded that an 

8 hour mean exposure to chromic acid level above 0.002 mg/m-3 may result in decreased lung 

functionality while higher concentrations could cause septal ulceration and perforation (Cohen et 

al., 1974; Lucas and Kramkowski, 1975). From this investigation the Inhalation RfC for exposure 

to chromic acid mist and dissolved Cr (VI) aerosols was set at 8 ∙10-6 mg/m3 (Information on the 

Integrated Risk Information System (IRIS), 1998). However, the confidence on this value is low 

due to uncertainties regarding exposure characterization and low confidence in the database 

(Integrated Risk Information System Division (IRIS), 1998). 

For exposure to Cr (VI) particulates the RfC is based on the Benchmark Concentration 

Limit (BMCL10) obtained in two rat sub-chronical studies (Information on the Integrated Risk 

Information System (IRIS), 1998). In the first one, rats were exposed to concentrations of sodium 

dichromate ranging from 0.05 mg/m3 to 0.4 mg/m3 for 22 hr/day, every day for 30 to 90 days. The 

study determined that chromium-induced effects occurred in a dose-dependent manner. The side 

effects observed were obstructive respiratory dyspnea, reduced bodyweight, decrease in white 

blood cell count, increase in lung weight, accumulation of macrophages and focal inflammation 

of the upper airways (Glaser et al., 1985). Another study evaluated exposure of rats to 
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concentrations of sodium dichromate ranging from 0.025 mg/m3 to 0.2 mg/m3 for 22 hr/day, every 

day for 28 or 90 days. Once again, chromium-induced side effects occurred in a dose-dependent 

manner and included decrease in lung and spleen weight, depression of the immune system, 

decrease in bronchoalveolar lavage cell counts and stimulation of spleen T-lymphocytes 

subpopulation (Glaser et al., 1990, 1985). From these studies the RfC was set at 1 ∙ 10−4 mg/m3. 

The confidence on this value is medium (Integrated Risk Information System Division (IRIS), 

1998). 

In terms of human carcinogenetic data, occupational exposure to chromium compounds 

has been studied however in all cases exposure included both Cr (III) and Cr (VI) (Information on 

the Integrated Risk Information System (IRIS), 1998). Epidemiological studies of chromate 

production plants have revealed a correlation between occupational exposure to chromium and 

lung cancer. However, due to the presence of both hexavalent and trivalent compounds in the 

scenarios evaluated, the specific form responsible for the induction of cancer cannot be identified 

(Information on the Integrated Risk Information System (IRIS), 1998; Korallus, U; Lange H; Ness, 

1982; Mancuso, 1997). There exist animal studies which support the findings of aforementioned 

epidemiological studies; Cr (VI) had carcinogenic effects in the animal assays analyzed 

(Information on the Integrated Risk Information System (IRIS), 1998). Considering these factors, 

together with the known relationship between oxidative stress and DNA damage caused by 

intracellular Cr (VI) reduction and incidences of cancer, hexavalent chromium has WOE 

characterization A (human carcinogen) though inhalation exposure (Reuter et al., 2010). 

Regarding carcinogenicity through oral exposure, the classification is D (not classifiable as to 

human carcinogenicity) due to lack of available literature.  

While the IRIS toxicological review does not discuss dermal contact as a route of exposure, 

research shows that due to its high solubility Cr (VI) can readily penetrate the skin (at a much 

faster rate than the less soluble Cr (III)) (Spruit and Van Neer, 1966). However, and extracellular 

reduction similar to the one taking place in the gastrointestinal tract occurs and hexavalent 

chromium is reduced to the less harmful trivalent chromium (Corbett et al., 1997; Independent 

Environmental Technical Evaluation Group (IETEG), 2016). 
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3. Environmental Impacts of Chromium VI 

3.1 Stability of chromium compounds in the environment 

Chromium speciation in the groundwater and surface water depends on pH and redox 

conditions. Figure 3 shows the pH-Eh diagram of Chromium.  

 
Figure 3: pH-Eh diagram for Cr. The area enclosed between the two red lines shows natural conditions (Figure sourced from 

Huang et al., 2014). 

In the environment, the prevalent species of chromium present have an oxidation state of 

3+ (Tchounwou et al., 2012). In specific, at pH below 4 the prevailing species is Cr3+ (Gorny et 

al., 2016; Tchounwou et al., 2012). As the pH increases this species undergoes the following 

reactions: 

Cr3+ + H2O ↔ Cr(OH)2+ + H+ 

Equation 1: Reaction of environmental chromium compound at pH~4 

Cr(OH)2+ + H2O ↔ Cr(OH)2+ + H+ 

Equation 2: Reaction of environmental chromium compound at pH~5.5 
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Cr(OH)2+ + H2O ↔ Cr(OH)3 + H+ 

Equation 3: Reaction of environmental chromium compound at pH~6 

Cr(OH)3 + H2O ↔ Cr(OH)4− + H+ 

Equation 4: Reaction of environmental chromium compound at pH~12 

When the pH rises above 6, the reaction pictured in Equation 3 takes place and the trivalent 

chromium present precipitates as amorphous chromium hydroxide Cr(OH)3  while when the 

conditions of the environment are very alkaline, the prevalent form is Cr(OH)4−  (Tchounwou et 

al., 2012). Hexavalent chromium compounds are also found in environmental conditions. In acidic 

conditions, they exist mainly as the monomeric species H2
 CrO4 

 (at very low pH, close to 0) or 

HCrO4 
–  (in between pH 0 and 6.5). At natural pH, these species are converted to the divalent form 

CrO4 
–  (Gorny et al., 2016; Tchounwou et al., 2012). 

Normal environmental conditions favor the reduction of hexavalent chromium to trivalent 

chromium. Cr (VI) is reduced by soil organic matter, S2- and F2+ ions, especially in oxygen-

deficient environments (Bermúdez-Cañete et al., 2014).  On the other hand, Cr (VI) is prevalent in 

aerobic conditions. While oxidation of Cr (III) to Cr (VI) can also occur in the environment, this 

reaction mostly takes place when other oxidant species are present, and it is much slower 

(Bermúdez-Cañete et al., 2014; Gorny et al., 2016).  

Most of the chromium present in aquatics systems is associated with the solid phase 

(particulate) transported by the water (Bermúdez-Cañete et al., 2014).  In soil and sediments, 

chromium behaves in a slightly different manner than in water. Once again, chromium speciation 

in soil is highly dependent upon pH and redox potential as well as percentage of organic matter 

and minerals present. Since Cr (VI) exists in the environment mainly in the form of oxyanion, 

under acidic conditions it is expected to absorb onto acidic soil and sediment (ECHA, n.d.). This 

is due to the increased protonation of acidic sediment which allows for stronger electrostatic 

absorption sites to be formed on their surface. Under alkaline conditions, however, hexavalent 

chromium compounds are expected to be highly mobile. Like in aquatic environments, Cr (VI) is 

readily reduced to Cr (III) which is readily absorbed into soil matter (Banks et al., 2006; Bartlett 

and Kimble, 1976; ECHA, n.d.). Thus, hexavalent chromium present in soil will remain mobile 

whenever soil pH is alkaline, and its concentration exceeds the reducing capacities of the soil 

(Bartlett and Kimble, 1976; Kožuh et al., 2000). 
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3.2 Aquatic toxicity of Cr (VI) 

Hexavalent Chromium is classified by the European Chemical Agency (ECHA) as 

hazardous to aquatic environments both short and long term (ECHA, n.d.). Toxicity of Cr (VI) to 

fish, aquatic algae and plants and microorganisms has been widely investigated. Overall, it has 

been determined that the degree of toxicity of hexavalent chromium to aquatic environments 

strongly depends on the pH of the water. Higher toxicity has been observed at more acidic pH 

(Aslam and Yousafzai, 2017; Velma et al., 2009). This relation is thought to be caused by the 

prevalent species of Cr (VI) present at this pH being  HCrO4 
– , which has a better ability to cross 

cell membranes than the species found in  more alkaline conditions (Tumolo et al., 2020; Velma 

et al., 2009). In fishes, short term exposure caused acute effects including blood clotting, decrease 

in antibody production and consequent increased susceptibility to bacteria, blood clotting and 

decrease in glycogen content (Aslam and Yousafzai, 2017; Krumschnabel and Nawaz, 2004; van 

Pittius et al., 1992; Velma et al., 2009). Chronic effects resulting from long term exposure included 

the above as well as reduction in weight, diminished humoral response, reproductive issues, and 

overall decreased survival rates (Arunkumar et al., 2000; Patton et al., 2007; Velma et al., 2009). 

When it comes to algae and other aquatic plants, the mechanism underlying different 

sensitivity to Cr in algae remains unclear, but it is dependent not only on the environments pH but 

also on its salinity (Cervantes et al., 2001; Frey et al., 1983). As salinity increases, Cr (VI) toxicity 

decreases. This is thought to be due to salts present in saline water and chromium compounds 

competing for the same binding site (Frey et al., 1983; Riedel, 1984). Cr toxicity in algae results 

in inhibited growth rates, changes in cell sizes and growth of cell metallomes (Cervantes et al., 

2001; Wilson et al., 2019). However, algae have shown ability to withstand high concentrations 

of hexavalent chromium compounds well above those encountered in industrial affluents. This 

ability, together with the capacity to accumulate Cr containing compounds, make algae a valid 

option for wastewater treatment (Cervantes et al., 2001; Tumolo et al., 2020; Wilson et al., 2019). 

 Similarly, studies show that Cr (VI) is toxic to aquatic microorganisms. However, these 

are tolerant of high concentrations of hexavalent chromium compounds and have been investigated 

as a viable option for wastewater treatment plans (Cervantes et al., 2001; Das et al., 2015). This 

remediation method, among others, will be further discussed in Chapter 8. 
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3.3 Terrestrial toxicity of Cr (VI) 

As previously mentioned, due to the presence of organic matter and other reducing agents 

in soil, Cr (VI) is readily converted to Cr (III), which is of lower toxicity (Banks et al., 2006; 

Bartlett and Kimble, 1976; Cervantes et al., 2005). However, when the concentration of hexavalent 

chromium compounds exceeds the soil reduction capacities, Cr (VI) accumulation can take place 

(Bartlett and Kimble, 1976; Kožuh et al., 2000). 

Cr (VI) compounds have been proved to be highly toxic to terrestrial plants (Cervantes et 

al., 2005). Plants do not utilize Cr in any of their physiological properties therefore they do not 

possess specific mechanisms for its uptake. The uptake of Cr (VI) in plants takes place in a similar 

manner to that observed in humans through carriers used for the uptake of essential substances. 

This is due to the similarities between the structures of compounds formed by hexavalent 

chromium and the phosphate and sulphate oxyanions (DesMarias and Costa, 2019; Wallace et al., 

1976). In plants, chromium inhibits photosynthesis and mineral uptake as well as other 

fundamental physiological processes (Cervantes et al., 2005). This results in reduced germination, 

decreases of root length and weight, reduced leaf number and reduced growth rates in terrestrial 

plants (Barton et al., 2000; Biacs et al., 1995; Prasad et al., 2001). 

Analysis of impacts of Cr (VI) on soil microorganisms have also been conducted (Frey et 

al., 1983; Huang et al., 2009; Kamaludeen et al., 2003). As observed in human’s cells, Cr (VI) 

easily diffuses into the cells of microorganisms causing frameshift mutations, enzyme inhibitions 

and lethal DNA damage (DesMarias and Costa, 2019; Kamaludeen et al., 2003). However different 

micro-organisms are impacted differently by hexavalent chromium. Gram-positive bacteria are 

more resistant to Cr (VI) than gram-negative one while fungi are overall less sensitive than bacteria 

to heavy metals including chromium (Kamaludeen et al., 2003). Different fungi, in specific yeasts, 

exhibit resistance to chromate (Cervantes et al., 2001; Kamaludeen et al., 2003). Terrestrial algae, 

while not as intensively studied as the aforementioned microorganisms, exhibited consequences 

to Cr (VI) exposure similar to the ones observed in plants: inhibition of aerobic photosynthesis and 

decrease in growth rates (Brochiero et al., 1984; Travieso et al., 1999). Overall, while still affected 

by its presence, some terrestrial microorganisms are able to tolerate very high concentration of Cr 

(VI) and, due to their ability to reduce it to Cr (III), represent a good bioremediation approach 
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(Huang et al., 2009; Kamaludeen et al., 2003; Ukhurebor et al., 2021). This and other remediation 

methods will be further discussed in Chapter 8. 

Finally, Cr (VI) contamination can also negatively impact local fauna. Like for humans, 

hexavalent chromium is toxic for other terrestrial animals as wells. It can result in reproductive 

issues as well as having carcinogenic effects and other systemic effects including decrease of white 

blood cells and respiratory issues (Information on the Integrated Risk Information System (IRIS), 

1998). 
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4. Literature review of chromium emissions in Europe and Spain 

4.1 Review of chromium emissions in Europe 

This section intends to lay out an overview on chromium emissions in the EU from 1990 

to 2018 based on the information provided by the European environmental Agency (EEA) in their 

most recent European Union emission inventory report. 

The data source for the “European Union emissions inventory report 1990-2018 (LRTAP)” 

is the EU Member States’ emissions inventories. The quality and validity of these data is ensured 

by QA and QC that the member states are encouraged to use when providing the emission values. 

Emission uncertainties are also provided to the EEA together with the emission data to allow for 

uncertainty quantification (EEA, 2020). 

The data on chromium air emissions by all EU member states provided by the EEA are 

reported in Table 4.  

Table 4: Chromium air emissions trends from 1990 to 2018 (Data adapted from the “European Union 
emission inventory report 1990-2018 under the UNECE Convention on Long-range Transboundary Air 

Pollution (LRTAP)” (EEA, 2020)). 

Year 1990 1995 2000 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Chromium 
Emissions 
(t) 

1186 770 561 465 395 378 375 359 374 371 368 371 365 
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Figure 4: Graphical Representation of Chromium emissions (in tonnes) by EU members states between 2010 and 2019 (Data 

adapted from the “European Union emission inventory report 1990-2018 under the UNECE Convention on Long-range 
Transboundary Air Pollution (LRTAP)” (EEA, 2020)). 

  
 

The graph in Figure 4, obtained using the data reported in Table 4, shows that total 

chromium emissions by EU member states have undergone a rapid decline between the years 1990 

and 2010 to then stabilize at about 370 t between 2010 and 2018. 

 

4.2 Review of chromium emissions in Spain based on PRTR data 

This section intends to lay out an overview on chromium pollution in Spain through the 

past decade based on the information provided in the “Registro Estatal de Emisiones y fuentes 

Contaminantes” (PRTR) that is, the Spanish Register of Emission and Pollutant Sources.  

The PRTR provides information on the emissions of over 100 substances to land, air, and 

water (both through direct and indirect release) from different industrial activities every year 

(Ministerio para la Transición Ecológica y Reto Demográfico, 2019). 

Furthermore, the data can be classified based on autonomous region where the company reporting 

the emission operates.  

The data on chromium and compounds emission in Spain between 2010 and 2019 were 

processed. The values provided by the PRTR are limited to release in air and water and are listed 

in Table 5 and represented graphically in Figure 5.  
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Table 5: Chromium emissions to air and water in Spain between 2010 and 2019 in tonnes/year (Data 

adaptad from Ministerio para la Transición Ecológica y Reto Demográfico, 2010 to 2019).  
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

Emissions to 

air (t/y) 
18,25 9,90 8,41 6,27 8,31 5,97 7,98 9,94 29,31 23,66 

Emissions to 

water (t/y) 
9,44 6,56 9,71 26,02 6,42 10,66 5,92 11,04 7,33 7,83 

Total 

emissions 

(t/y) 

27,69 16,47 17,85 32,28 14,73 16,62 13,90 20,98 36,64 31,49 

 

 
Figure 5: Graphical Representation of Chromium emissions (in tonnes) in Spain between 2010 and 2019 (Graph obtained using 

data from Ministerio para la Transición Ecológica y Reto Demográfico, 2010 to 2019).  

The table does not highlight any specific trend or pattern in chromium emissions in Spain 

in the considered time range. Emissions to water have been relatively stable ranging between 6 t/y 

and 11 t/y every year apart from 2013, when they reached over 26 t/y. Emission to air on the other 
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hand have overall increased since the beginning of the decade. The total emissions trendline 

reflects a combination of both these trends.  

The industrial activities considered in PRTR report of emissions are energy/combustion 

industry, production and processing of metals, mineral industries, chemical industry, waste and 

wastewater management, derived wood industry (paper and cardboard), intensive livestock 

production and aquaculture, animal and vegetable products from the food and beverage industries, 

and other activities. The latter includes a range of industrial processes which do not belong to any 

of the previously mentioned categories (Ministerio para la Transición Ecológica y Reto 

Demográfico, 2019). The breakdown of atmospheric and water emissions of chromium in Spain 

based on industrial sector are reported in Table 6.  

Table 6: Total chromium emissions in tonnes (t) during the course of 9 years  (2010 to 2019) in Spain per 
Industrial Activity (Data adaptad from Ministerio para la Transición Ecológica y Reto Demográfico, 2010 

to 2019).  

 

In terms of total release of chromium to air between 2010 and 2019, the production and 

processing of metal sector is responsible for 64.71% of emissions. In specific, the sub-sectors listed 

as “2.b; Production of pig iron or steel (capacity > 2.5 t/h)” and “2.f; Surface treatment using 

electrolytic of chemical process (volume treatment vats or complete lines > 30 m3)” are responsible 

Sector 
Emissions 
to Air (t) 

% 
Emissions 
to Air 

Emissions 
to Water (t) 

% 
Emissions 
to water 

Total 
Emissions 
(t) 

% Total 
Emissions 

1. Energy / Combustion 
Industry 

27,64 21,64 19,63 0,00 47,28 20,68 

2. Production and 
Processing of Metals 

82,66 64,71 13,99 13,87 96,65 42,27 

3. Mineral Industry 13,30 10,41 0,02 0,02 13,32 5,83 
4. Chemical industry 1,05 0,82 4,99 4,95 6,04 2,64 
5. Waste and 
Wastewater 
management 

0,78 0,61 57,93 57,40 58,71 25,68 

6. Derived Wood 
Industry 

2,03 1,59 3,20 3,18 5,23 2,29 

7. Intensive Livestock 
Production and 
Aquaculture 

0,01 0,00 0,00 0,00 0,01 0,00 

8. Animal and 
Vegetable Products 
from the Food and 
Beverage Industries 

0,21 0,17 0,29 0,29 0,50 0,22 

9. Other activities 0,06 0,05 0,85 0,84 0,91 0,40 
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for almost the totality of these emissions (Ministerio para la Transición Ecológica y Reto 

Demográfico, 2019). 

In terms of total release of chromium to water between 2010 and 2019, the “5. Waste and 

water management” sector is the responsible for 57.40% of all emissions. In specific, the subsector 

listed as “5.f; Urban waste-water treatment plants (capacity equal 100,000 resident)” alone 

accounts for 75.79% of them (Ministerio para la Transición Ecológica y Reto Demográfico, 2019).  

These two sectors, together with the one denominated “1. Energy/Combustion industry” 

are responsible for almost 90% of all chromium emission in Spain during the considered period.  

It is important to notice that the information provided in the PRTR are solely based on 

emissions reports supplied by individual companies. For this reason, their reliability is not 

guaranteed. Nonetheless it gives a useful overview of any trends in emission in the country 

(Ministerio para la Transición Ecológica y Reto Demográfic, 2019). 

It is also important to notice that the emissions values referenced in this section as well as 

those mentioned in the following ones refer to total chromium emissions and not emissions of 

hexavalent chromium in specific. However according to the data shown in Table 6, the section 

responsible for most of the chromium emissions in Spain between 2010 and 2019 was that of 

production and processing of metals. This sector in specific is highly related with hexavalent 

chromium emissions since that is the product which is utilized in chrome plating processes.  

 

4.3 Literature review of chromium emission in Spain according to EEA data 

This section intends to lay out an overview on chromium emissions in Spain from 1990xz 

to 2018 based on the information provided by the European environmental Agency (EEA) in their 

most recent European Union emission inventory report. 

The data source for the “European Union emissions inventory report 1990-2018 (LRTAP)” 

is the EU Member State’ emissions inventories. The quality and validity of these data is ensured 

by QA and QC that the member states are encouraged to use when providing the emission values. 

Emission uncertainties are also provided to the EEA together with the emission data to allow for 

uncertainty quantification (EEA, 2020). 
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The data on chromium air emissions in Spain provided by the EEA are reported in Table 

7.  

Table 7: Chromium air emissions in Spain trends from 1990 to 2018 (Data adapted from the “European 
Union emission inventory report 1990-2018 under the UNECE Convention on Long-range 

Transboundary Air Pollution (LRTAP)” (EEA, 2020)). 

Year 1990 1995 2000 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Chromium 
Emissions 
(t) 

26 28 32 32 23 23 24 21 22 22 23 23 24 

 

The data show an overall decrease in chromium emissions to air between 1990 and 2018. 

This decrease amounts to 8% of the starting value. On the other hand, between the last two years 

considered in the study, an increase of 1.1% was recorded. It is also worth noticing that, while in 

1990 Spain was only responsible for 2.2% of total chromium emissions among the EU-28, in 2018 

its share was equal to 6.4%.  

The EEA does not provide information on which specific industrial activities are 

responsible for the emissions reported (EEA, 2020). There appear to be significant discrepancies 

between the values reported by the EEA and those provided by the PRTR. These can be due to 

different data processing steps which are utilized by the EEA. Among these is the previously 

mentioned uncertainty quantification as well as a gap filling procedure. The latter involves a 

mathematical process which is applied to the data provided in the occurrence of missing values, 

with the objective of obtaining a European inventory as complete as possible. While based on 

existing values, the accuracy of these data is not guaranteed (EEA, 2020; Ministerio para la 

Transición Ecológica y Reto Demográfico, 2019). 

It is also worth considering the QC, QA and verification methods applied by the EEA as 

another possible explanation for the discrepancies between these two sources. The PRTR states 

that the data provided by the companies are reviewed by competent authorities but does not 

mention any QC or QA being in place (EEA, 2020; Ministerio para la Transición Ecológica y Reto 

Demográfico, 2019). 

Additionally, the EEA reports air emissions of Cr only, while the PRTR reports emissions 

to air and water but not to soil.  
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4.4 Topsoil Cr contamination in Spain 

As previously mentioned, the EEA only reports air emissions while, in the case of 

chromium, the PRTR also provides information on the emissions to water. Due to the terrestrial 

toxicity of Cr (VI) discussed in chapter 3.3 it is important to evaluate concentration of chromium 

compounds in the soil. 

While no specific information about emissions of total chromium, trivalent chromium or 

hexavalent chromium to soil are available to the public, in a study conducted between 2008 and 

2010, Bel-Lan et. al. analyzed topsoil samples from the Spanish territory to determine total 

chromium concentrations (Núñez et al., 2016). In the study, which was a spatio-temporal cancer 

mortality study assessing the relationship between arsenic and chromium topsoil levels with cancer 

mortality, 21.127 samples were collected at a total of 13,505 sampling points around the country. 

Figure 6 shows the different sampling densities adopted. Sampling densities were defined 

accordingly to the geological complexity and demographical and industrial density of the areas 

(Núñez et al., 2016).  

The samples were analyzed using instrumental inductively coupled plasma mass 

spectrometry (ICP-MS). The mean chromium concentration of the collected samples was 29.790 

± 45.144 mg kg-1 (Núñez et al., 2016). The results obtained were then used in a kriging estimate 

to obtain a map of municipal distribution of chromium topsoil concentrations in Spain. This is 

shown in Figure 7. The map highlights that the most contaminated regions in Spain are the northern 

coast of the country, the region of Andalucía and the coast of Valencia. 
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Figure 6: Topsoil sampling sites in Spain (Figure sourced from Núñez et al., 2016). 

 
Figure 7: Municipal distribution of chromium topsoil concentration in Spain, in mg/kg (Figure sourced from Núñez et al., 2016) 
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5. Causes of Cr (VI) contamination 

5.1 Natural sources of Cr (VI) in the environment 

Hexavalent chromium contamination of soil and groundwater is mainly a result of 

anthropogenic activity. However, instances of naturally occurring Cr (VI) contamination have also 

been reported around the globe (Tumolo et al., 2020). The main route of natural release of Cr (VI) 

in the environment is represented in the schematic in Figure 8. 

 

Figure 8: Schematic of route of natural release of Cr (VI) into the environment. (Figure conceived by author). 
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5.2 Anthropogenic uses of Cr (VI) and causes of contamination 

Chromium has many industrial applications. Among these are mining of chromite ore, 

chrome plating, production of alloys, clothing industry, preservatives industry, cement 

manufacturing, dyeing industry, as chemical catalyst, and numerous others (Fei and Liu, 2016). 

This section will focus of the main industrial uses of chromium compounds which can potentially 

result in production and/or release of hexavalent chromium into the environment. 

 

5.2.1 Chromite ore mining and chromate manufacturing 

Upon mining, the chromite ore is beneficiated through primary and secondary crushing, 

screening, milling and separation methods (Beukes et al., 2017; OSHA, n.d.). This process is 

shown in Figure 9 and elucidates that run off mine ore smaller than 6 mm undergoes primary 

crushing and are then transferred through a vibrating screen (Murthy et al., 2011). If small enough 

the ore continues to a second high frequency vibrating screen, otherwise it first undergoes a 

secondary crushing. From the high frequency vibrating screen, the ore can either be transferred to 

a ball mill and then a centrifugal pump if its size needs to be further reduced otherwise, it is 

transferred directly to a primary hydrocyclone which separates the ore particles based on their 

weight. The particles that go through this first hydrocyclone then make up the ore rougher 

concentrate or, after further treatment, go on to form the scavenger concentrate, concentrate, 

middling and tailings. The particles that do not go through the primary hydrocyclone are 

transferred to a secondary one and also go on to form the ore concentrate, middling and tailings 

(Beukes et al., 2017; Murthy et al., 2011). Among these processes milling is the only step that has 

been implicated in generation of hexavalent chromium (Beukes et al., 2017; Glastonbury et al., 

2010).  

Chromate manufacturing includes the production of substances such as potassium 

dichromate, sodium chromate, potassium chromate and ammonium dichromate from mined 

chromium (International Agency for Research on Cancer, 1990). These are all Cr (VI) compounds, 

and their production involves treatment of chromite ore at very high temperatures. Hexavalent 
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chromium compounds comprise part of the residue produces in these processes (Beukes et al., 

2017; International Agency for Research on Cancer, 1990). 

Figure 9: General process for beneficiation for chromatic concentrate (Figure sourced from Beukes et al., 2017) 

  

5.2.2 Cr (VI) in metallurgy 

Due to its strengthening effects and corrosion resistance, chromium has become very 

important in metallurgy (International Agency for Research on Cancer, 1990). It is used in ferrous 

and nonferrous alloys. For instance, Cr is added to nickel/based alloys and superalloys for 

increased high/temperature resistance and hardness as well as anti-oxidation and corrosion 

properties (Davis, 2000; Riekkola-Vanhanen, 1999).  

It is also used as alloying material for steels which contain between 3 and 5% Cr by weight 

while stainless steel, which is recognized among other materials because of its resistance to 

corrosion, contains concentrations above 11% of Cr (Beukes et al., 2017; Davis, 2000). The latter 

accounts for most off-chromium utilization in the sector and uses ferrochrome, a ferroalloy 

composed of varying concentrations of chromium and iron (Beukes et al., 2017; Riekkola-

Vanhanen, 1999). In specific, High Carbon Charge Grade FeCr, which contains > 50% Cr and 

between 6% and 9% C, is the most utilized type  (Beukes et al., 2017). Its production can result in 
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the formation of hexavalent chromium and the main steps it involves summarized in the flow 

diagram in Figure 10.  

Of the steps illustrated in Figure 10, only some have been linked to formation of hexavalent 

chromium compounds. Processes such drying, pelletization, pellet storage, dosing and preheating 

have not been linked to formation of Cr (VI) even though in steps such as pellet storage, the 

possible natural formation of the compound under ambient conditions could occur and must be 

considered (Beukes et al., 2017). 

Figure 10: Flow diagram illustrating the main steps involved in the production of High Carbon Charge Grade FeCr (Figure 
adapted from Beukes et al., 2017; Riekkola-Vanhanen, 1999). 

Of the other mentioned steps, dry milling results in release of hexavalent chromium, but 

not wet milling. Milling is required prior to the agglomeration which takes place in the palletization 

step and the Cr (VI) released from this process is not simply liberated from breaking the mineral 

matrix of the chromite ores but is formed instead. The amount of hexavalent chromium formed 

depends upon initial chromite composition, particle size, equipment design and other factors which 

make it difficult to quantify (Beukes et al., 2017; Glastonbury et al., 2010).  

Preheating he pellets is a high temperature process which utilizes a furnace. Cr (VI) 

formation depends on the type of process used in this step (Beukes et al., 2017). If lower 

concentrations of carbonaceous reductants (1/2% wt) are used, oxygen is not excluded in the 
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processes and Cr (VI) formation occurs (Beukes et al., 2017; Glastonbury et al., 2010). However, 

when higher concentrations of carbonaceous reductant are used (12/16% wt), a partial positive CO 

gas pressure inside the pellets is generated which prevents oxygen from entering their core. Due 

to its reductive nature and lack of oxygen, less Cr (VI) is expected to be generated in these 

conditions (du Preez et al., 2015). 

The SAF (Submerged arc furnace) step, also referred to as furnace smelting, obtains 

ferrochromium from the preheated pellet, also resulting in the formation of slag and dust. 

Hexavalent chromium has been proven to form in this step, however its formation is affected by 

many factors among which are oxygen availability, slag composition and temperatures, which 

make it hard to quantify (Beukes et al., 2017).  

The slag cooldown and product handling steps have not yet been evaluated for Cr (VI) 

production, however it stands to reason that slag and other product materials containing Cr could 

results in some hexavalent chromium formation due to their high temperatures leftover from the 

SAF step and to oxygen availability (ICDA, 2007). 

The wastewaters produced in these steps which are potentially contaminated with 

hexavalent chromium are usually directed to a thickener to settle out the suspended solids which 

are then treated to enable transport to deposits of settling ponds (Beukes et al., 2017; ICDA, 2007). 

Tapping fume collection and cleaning is also performed but the methods used vary depending on 

the installations used in the aforementioned steps. Recurring methods implement the use of wet 

scrubbers or bag filters (Beukes et al., 2017).  

Environmental and health and safety concerns regarding the steelmaking industry also 

concern utilization and disposal of the slag produced. Investigation on the leachability of 

hexavalent chromium from dust and filter cakes obtained in the steelmaking industry report that 

the compound is readily leached by distilled water and should not be stocked without prior 

treatment. Similar issues also affect the production of other chromium-containing alloys (Tae and 

Morita, 2017).  Additionally, another health concern with this industry is possible worker exposure 

to hexavalent chromium during “hot work” such as welding stainless steel and other chromium 

containing alloys (OSHA, n.d.). 

Use of chromium in the metallurgy industry is not limited to production of metal alloys. 

The anti-corrosion properties of chromium, together with its high hardness and durability make it 

a good candidate for surface coating. In chrome plating processes, a layer of chromium is deposited 
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on pretreated metallic surface through electroplating procedure. The piece of metal to be treated 

are submerged in baths filled with solutions containing acidic chromate or dichromate solutions 

together with an electrode. The substrate to be plated acts as electrode and a current is generated. 

The flow of electricity between the electrode and the substrate causes chromium atoms in the 

solution to be deposited on the electrode to be plated (Weiner and Walmsley, 1980). Depending on 

the thickness of the layer deposited of the substrate, chromium plating can be thin, also known as 

decorative, when the thickness is lower than 1 µm or thick when layer of thickness greater than 1 

µm are deposited to achieve wear/resistant durable surfaces (Dennis and Such, 1993; Weiner and 

Walmsley, 1980).  

Since the solution used in chrome plating processes contain hexavalent chromium, worker 

exposure and release into the environment can occur through different pathways. Since the hard 

chromium baths are operated at temperatures ranging between 55 and 60 °C, evaporation rates are 

elevated and can result in air contamination (Dennis and Such, 1993). Additionally, water and soil 

contamination can occur due to spillages or mismanagement of wastewater obtained from the 

chromate processes.  

 

5.2.3 Chromium in the cement industry 

Another industry responsible for hexavalent chromium emissions is that of cement 

manufacturing (Bodaghpour et al., 2012; Eštoková et al., 2012). Cement is produced in two steps. 

The first step converts raw materials into cement clicker: the raw materials are homogenized and 

crushed into a paste which is then fed to a kiln which heats it to temperatures up to 1400/1500 °C. 

In the second step the cooled cement clicker is grinded by a grinding mill. At this point additional 

raw materials are added, and all elements are reduced to a fine powder (Bodaghpour et al., 2012). 

Hexavalent chromium in cement production can have different origins, the one of main 

concern involves the raw materials utilized (Bodaghpour et al., 2012). Some of these materials, 

namely clay and lime, contain trivalent chromium. In the kiln, at elevated temperatures and in 

presence of CaO, alkalis and oxygen, Cr (III) is oxidized to Cr (VI). The amount of hexavalent 

chromium produced in this step depends upon different factors such as the ratio of raw materials 

used and the kiln operating conditions (Bodaghpour et al., 2012; Eštoková et al., 2012). 

Cr (VI) can also originate from wear metal from the grinding steps in the conversion of 

cement clicker to cement and following the addition of other raw materials into the grinding mill 
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such as gypsum, mineral components and pozzolans (Bodaghpour et al., 2012; Hills and Johansen, 

2007). 

Production of hexavalent chromium in cement manufacturing is a concern due to the 

possibility of workers being exposed to the substance (Bodaghpour et al., 2012; Hills and Johansen, 

2007). Other concerns regard the waste and secondary materials produced by the aforementioned 

processes. Lastly, a secondary concern relates to the solubility and possible leaching of Cr (VI) 

from the final concrete produced into soil or water, however leaching rates have been proven to be 

low (Estokova et al., 2018). 

 

5.2.4 Chromium in the leather industry 

Trivalent chromium salts, especially chromium (III) sulfate, have been used in the leather 

industry for over a century in a manufacturing step known as leather tanning (Basaran et al., 2008; 

Gaidau, 2013; Hedberg et al., 2015). 

Leather tanning using chromium compounds, also known as chromium/tanning, refers to a 

series of technical processes which allow to convert raw skin into finished leather. The chromium 

salts are used to stabilize the leather by crosslinking the collagen fibers and without this crucial 

step, the raw skin proteins would deteriorate (Basaran et al., 2008; Gaidau, 2013). 80% of leather 

finished good produced to date underwent chromium tanning and contain about 4-5% trivalent 

chromium which is bound to the leather proteins (Basaran et al., 2008; Hedberg et al., 2015). 

Although trivalent chromium, which is non-toxic, is used in the leather industry, conversion 

to hexavalent chromium can occur through different pathways and production steps. Hexavalent 

chromium contamination can be a result of chemical processes taking place in the manufacturing 

plants. Waxes, oils, and other substances found in some of these processes can result in the 

formation of free radicals able to oxidize trivalent chromium to its hexavalent form without 

exposure to elevated temperatures (Basaran et al., 2008). Another route of conversion of trivalent 

chromium in the leather industry involves its oxidation by oxygen in air during treatment steps 

which are carried out at elevated pH (Basaran et al., 2008; Lui, 2016). Finally, since the Cr (III) 

salts embedded into the finished leather goods can continue to oxidize, unsuitable storage or 

transport condition such as elevated temperatures or prolonged light exposure can result in Cr (VI) 

contamination of the finished products (Basaran et al., 2008; Lui, 2016). It is worth mentioning 
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that contamination of leather products with hexavalent chromium can also be caused by outside 

sources such as pigments and dyes used in the industry (Lui, 2016). 

Like in the previously mentioned industries, other concerns regarding the use of chromium 

containing substances in leather production are related with waste and secondary products 

produced in the processes and their recycling or management (Basaran et al., 2008; Gaidau, 2013).  
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6. Legislations regulating Cr usage in EU and Spain 

6.1 European REACH regulations for usage of Chromium compounds 

The Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) 

regulation was established on the 18th of December 2006 in the European Union. It became 

effective on the 1st of June 2007 also establishing the European Chemical Agency (ECHA) which 

is responsible for its management. The aim of the REACH regulation was to improve the protection 

of human health and the environment from the risk that can be posed by chemicals, while 

enhancing the competitiveness of the EU chemical industry (ECHA, n.d.). 

The REACH regulation regulates the usage of Substances of Very High Concern (SVHCs) 

in the REACH Authorisation List published by ECHA. This list is regularly updated. Table 8 shows 

the chromium compounds present in the Candidate List for Authorization as of September 2021 

(ECHA, 2021).  

Table 8: Chromium compounds present in the Candidate List for Authorization. Information extrapolated 
from Candidate List of SVHCs for authorization (ECHA, 2021). 

Substance Name Reason for inclusion Date of inclusion 
Potassium 
hydroxyoctaoxodizincatedichromate 

Carcinogenic 19/12/2011 

Pentazinc chromate octahydroxide Carcinogenic 19/12/2011 
Dichromium trix(chromate) Carcinogenic 19/12/2011 
Strontium chromate Carcinogenic  20/06/2011 
Chromium trioxide Carcinogenic, mutagenic 15/12/2010 
Sodium chromate Carcinogenic, mutagenic, toxic for 

reproduction 
18/06/2010 

Potassium dichromate Carcinogenic, mutagenic, toxic for 
reproduction 

18/06/2010 

Potassium chromate Carcinogenic, mutagenic 18/06/2010 
Ammonium dichromate Carcinogenic, mutagenic, toxic for 

reproduction 
18/06/2010 

Lead sulfochromate yellow Carcinogenic, toxic for reproduction 13/01/2010 
Lead chromate molydate sulphate red Carcinogenic, toxic for reproduction 13/01/2010 
Lead chromate Carcinogenic, toxic for reproduction 13/01/2010 
Sodium dichromate Carcinogenic, mutagenic, toxic for 

reproduction 
28/10/2008 
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Companies using substances listed in the Candidate List for Authorisation and in Annex 

XIV of the REACH regulation must receive ECHA authorization and submit reports discussing 

the chemical safety, risks and possible substitute to be allowed to purchase them (ECHA, 2021). 

Annex XVII of the REACH regulation illustrates the restrictions on the manufacture, 

placing on the market and use of certain dangerous substances, preparations, and articles. As of 

September 2021, Annex XVII of REACH contains 75 entries, where Chromium VI compounds 

are entry 47 (ECHA, 2020). This entry puts restrictions on the amount of hexavalent chromium 

and marketing of products in the cement and leather industries. These restrictions are shown in 

Table 9. 

Table 9: Restrictions on hexavalent chromium concentration in the cement and leather industry as 
established in Annex XVII of REACH regulations. Information extrapolated from Annex XVII, REACH 

(ECHA, 2020). 

Entry 47 
Chromium VI compounds 

Conditions of restriction 
1. Cement and cement-containing mixtures shall not be placed on the market, or used, if they contain, 
when hydrated, more than 2 mg/kg (0,0002%) soluble chromium VI of the total dry weight of the 
cement.  
2. If reducing agents are used, then without prejudice to the application of other Community 
provisions on the classification, packaging and labelling of substances and mixtures, suppliers shall 
ensure before the placing on the market that the packaging of cement or cement containing mixtures 
is visibly, legibly and indelibly marked with information on the packing date, as well as on the storage 
conditions and the storage period appropriate to maintaining the activity of the reducing agent and to 
keeping the content of soluble chromium VI below the limit indicated in paragraph 1.  
3. By way of derogation, paragraphs 1 and 2 shall not apply to the placing on the market for, and use 
in, controlled closed and totally automated processes in which cement and cement containing 
mixtures are handled solely by machines and in which there is no possibility of contact with the skin.  
4. The standard adopted by the European Committee for Standardization (CEN) for testing the water-
soluble chromium (VI) content of cement and cement-containing mixtures shall be used as the test 
method for demonstrating conformity with paragraph 1.  
5. Leather articles coming into contact with the skin shall not be placed on the market where they 
contain chromium VI in concentrations equal to or greater than 3 mg/kg (0,0003 % by weight) of the 
total dry weight of the leather.  
6. Articles containing leather parts coming into contact with the skin shall not be placed on the market 
where any of those leather parts contains chromium VI in concentrations equal to or greater than 3 
mg/kg (0,0003 % by weight) of the total dry weight of that leather part.  
7. Paragraphs 5 and 6 shall not apply to the placing on the market of second-hand articles which were 
in end-use in the Union before 1 May 2015. 
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Additionally, on the 18th of December 2020, ECHA released a commission implementing 

decision partially granting an authorisation for certain uses of chromium trioxide under Regulation 

(EC) No 1907/2006 of the European Parliament and of the Council (European Commissin, 2020). 

The uses covered by this authorization are: 

- Use 1: uses of chromium trioxide in the formulation of mixtures 

- Use 2: uses of chromium trioxide in functional chrome plating 

- Use 3: uses of chromium trioxide in functional chrome plating with decorative character 

- Use 4: use of chromium trioxide in surface treatment for applications in the aeronautics 

and aerospace industries (unrelated to functional chrome plating) 

- Use 5: use of chromium trioxide in surface treatment for applications in various industry 

sectors (unrelated to functional chrome plating) 

- Use 6: use of chromium trioxide in passivation of tin-plated steel. 

According to the Regulation (EC) No 1907/2006 of the European Parliament and of the 

Council, the applicants for the Application for Authorization (AfA) must realize a monitorization 

program to evaluate environmental emissions as well as workers exposure before the 18th of June 

2021 and submit they application no later than the 31st of December 2021 (European Commissin, 

2020). 

 

6.2 Regulation of chromium in Spain 

There also exist mentions of chromium regulations and limit values in Directives and Royal 

Decrees specific to Spain.   

On the 27th of December 2017, the European Union department published on the Bulletin 

Oficial del Estado (BOE) a modification of the Directive 2004/37/CE based upon Directive (EU) 

2017/2398 of the European Parliament and of the Council dated 12/12/2017 (Departamento Union 

Europea, 2017). This directive, relative to the workers protection to exposure to carcinogenic or 

mutagenic substances in the workplace, states that, as some compounds containing hexavalent 

chromium meet the criteria to be classified as carcinogens in agreement with Regulation (CE) n.o. 

1272/2008 of European Parliament and of the Council, limit exposure values were established. 

These limit exposure values for Cr (VI) were set at 0,010 mg/m3 until the 17th of January 2025 and 

0,005 mg/m3 afterwards (Departamento Union Europea, 2017). 
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The Royal Decrees 815/2013 dated 18th of October 2013 and published by the Ministerio 

de Agricuoltura, Alimentacion y Medio Ambiente (Ministry of Agriculture, Food and 

Environment) on the BOA, which approves the Industrial Emissions Regulation and development 

of law 16/2002 of the 01/07/2013 for contamination prevention and integrated control also 

mentions hexavalent chromium (Departamento Ministerio de Agricultura, 2013). This decree 

establishes maximum emissions values of different substances in wastewaters proceeding from 

exhaust gas depuration. For chromium and chromium compounds, the limit emissions values in 

unfiltered samples were set at 0,5 mg/L. This decree also states air emission limit values for 

different substances for waste incineration plants. For total chromium, the limit emission values 

measured over a sampling period of a minimum of 30 minutes and a maximum of 8h is 0,5 mg/Nm3 

(Departamento Ministerio de Agricultura, 2013). 

The Royal Decree 60/2011 dated 11th of January 2011 and published by the Ministerio de 

Agricultura, Alimentacion y Medio Ambiente (Ministry of Agriculture, Food and Environment) 

on the BOA which illustrates the environmental quality standards in the field of water policy states 

the limit emission values of different substances in inland surface water and other surface water. 

For hexavalent chromium, both are set at 5 µg/l while for total chromium only limit exposure 

values in inland surface water are stated and at 50 µg/l (Departamento Ministerio de Agricultura, 

2011). 

 

 

  



Review of anthropogenic Cr (VI) emissions in Spain and the EU; current situation and possible improvements 44 
 

7. Sustainable Development Goals and chromium 

The SDGs are part of the 2030 Agenda for Sustainable Development adopted by the United 

Nations in 2015. The SDGs aim to end poverty and other deprivations while improving health, 

education and economic growth and tracking climate change and environmental preservation 

(United Nations, 2020).  

It has been established that hexavalent chromium can have negative impacts on human 

health and the environment. Since both these aspects are contemplated in the 2030 Agenda for 

Sustainable Development, utilizing chromium in industrial processes can potentially impact the 

achievement of some of the 17 SDGs. The likely impacted SDGs are shown and described in 

Figure 11. 

Figure 11: SDGs potentially affected by industrial usage of Cr (Figure adapted from (United Nations, 2020) 
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8. Preventive measures to avoid Cr (VI) contamination 

Due to chromium being used in different processes in a range of industries, the measures 

which can be applied to prevent Cr (VI) contamination depend on the production processes 

considered. This section will discuss specific measures and modifications which can be applied by 

the main industries using chromium. It will also discuss general control procedures which can be 

put in place to safeguard the health of workers potentially exposed to hexavalent chromium and 

general methods which can be adopted to handle contaminated waste. These preventive measures 

are of fundamental importance to achieve the SDGs mentioned in section 7. 

 

8.1 Preventive measures adopted for workers safety 

Due to the toxic nature of hexavalent chromium, one of the main concerns associated to its 

use in industrial processes is the safety of the workers potentially exposed to it. While exposure 

routes can be different depending on the processes realized in each installation, there are general 

steps that can be followed by employers and employees to minimize health risks associated with 

exposure to Cr (VI). These preventive measures are fundamental to achieving Goal 3 and ensure 

healthy lives and promote well-being for all at all ages, in specific target 3.9, which aims to 

substantially reduce the number of death and illnesses from hazardous chemicals and air, water 

and soil pollution and contamination by 2030 (United Nations, 2020). 

Employers must use work practice controls in order to limit employees’ exposure to 

hexavalent chromium as much as possible (OSHA, 2006). These refer to equipment inspections 

and maintenance as well as monitorization programs to verify that the material used in the 

installation is up to standard and that the limit of exposure established by the pertinent legislations 

are respected. Medical surveillance practices should also be put in place to monitor the health 

conditions of all employees who work in contact with Cr (VI) (Decharat, 2015; OSHA, 2006). 

Employers must also investigate possible substitutions and changes in their manufacturing 

processes which can result in decreased risk of exposure (OSHA, 2006). This includes for instance 

automating steps in the production processes to minimize workers’ exposure time or substituting 

Cr compounds with less toxic substances whenever possible. 
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Employers must ensure good ventilation in the workplace either through the use of exhaust 

systems or general ventilation to reduce Cr (VI) concentration in the air. Employers should also 

provide their employees with all the necessary PPE and ensure that they are correctly used. This 

includes face masks, gloves, goggles and work clothes (Decharat, 2015). It is also recommended 

for employers to manage the washing of the possibly contaminated clothing used in their 

installations. The employers should ensure that their employees remove possibly contaminated 

clothing before leaving the workplace. They should also ensure that when the contaminated 

clothing are transported to laundering, they remain sealed in impermeable containers and that, in 

case disposal is needed, such pieces of clothing are treated as contaminated dangerous waste 

(OSHA, 2006).  

Employers must also ensure appropriate training to their employees in order to minimize 

risks. This training should also include careful communication of the risk associated with working 

with Cr (VI) (OSHA, 2006). Additionally, all operations which use Cr compounds and/or result in 

production of hexavalent chromium should be separated from all other industrial processes in order 

to prevent exposure of employees which are not directly involved in them. Access to these areas, 

as well as areas were toxic raw materials and waste contaminated with Cr are stored, should be 

restricted (Barnhart, 1997; OSHA, 2006). 

Lastly, hygiene areas and practices must be put in place (Decharat, 2015). The employers 

should ensure that eating and drinking areas are separate from the areas where processes involving 

the use of Cr compounds are carried out are available. No eating and nor drinking should be 

allowed in possibly contaminated areas. Change rooms and washing facilities should also be 

provided and the employers must ensure that employees who work in contact with Cr (VI) use 

them as necessary before eating, drinking or leaving the facility (OSHA, 2006). 

 

8.2 Disposal or Cr (VI) - contaminated waste 

According to the “Registral Estatal de Emisiones y fuentes Contaminantes” (PRTR), the 

waste and wastewater management industry is the second industry responsible for the most 

chromium emissions in Spain. Between 2010 and 2019 it was in fact responsible for over one 

quarter of all chromium emissions in the country (Ministerio para la Transición Ecológica y Reto 
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Demográfico, 2019). For this reason, optimizing and improving this sector to minimize emissions 

is fundamental to decrease overall hexavalent chromium release into the environment. 

Additionally, SDGs 6 and 12 both mention waste management as key for their achievement 

Goal 6, to ensure availability and sustainable management of water and sanitation for all, is 

particularly concerned with sustainable usage and management of water resources. target 6.3 in 

particular aims to improve water quality by reducing pollution, eliminating dumping and 

minimizing release of hazardous chemicals and materials, halving the proportion of untreated 

wastewaters and substantially increasing recycling and safe reuse globally by 2030 (United 

Nations, 2020). While Goal 12, to ensure sustainable consumption and production patters has 

target 12.4 which aims to achieve the environmentally sound management of chemicals and waste 

throughout their life cycle by 2020, and target 12.5 is concerned to reduce waste generation 

through prevention, reduction, recycling, and reuse by 2030 which are both concerned with waste 

management (United Nations, 2020). 

Landfilling and stockpiling are among the most common ways to dispose of industrial 

waste, including those contaminated with hexavalent chromium, mainly due to economic reasons 

(Fei and Liu, 2016). However, leaching from such waste can occur resulting in contamination of 

the storage site. To prevent environmental contamination industrial residues contaminated with 

hexavalent chromium should not be landfilled, instead, different treatments can be adopted prior 

to disposal (Fei and Liu, 2016). 

Contaminated waste can be treated through removal of Cr (VI) or detoxification (Eccles, 

1999; Fei and Liu, 2016; Zhang et al., 2021). Removal process, mainly used in contaminated 

aqueous solutions, use silica or other absorbent materials such as modified sugar cane bagasse to 

remove the hexavalent chromium from the liquid waste (Agrawal et al., 2011; Zhang et al., 2021). 

These absorbent materials are then handled as contaminated solid waste themselves and are treated 

accordingly. Another commonly used removal and detoxification process involves increasing the 

pH of the of the contaminated liquid to convert soluble hexavalent chromium into its insoluble 

form. This causes the metal to precipitate. It can then be collected and managed accordingly 

(Eccles, 1999).  

Detoxification processes which use reducing agents to convert Cr (VI) to the less toxic Cr 

(III) through treatment with reducing agents can also be used on solid waste (Fei and Liu, 2016). 

Additionally, in recent years, biological treatments have been investigated to handle waste 
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contaminated with hexavalent chromium either through adsorption of Cr (VI) onto microbial cells 

or its reduction through enzymatic reactions (Cheung and Gu, 2007; Morales-Barrera and 

Cristiani-Urbina, 2015). Once these treatments are complete and the concentration of hexavalent 

chromium in the waste is low enough, they can be disposed safely into landfills.  

When detoxification and removal processes cannot be carried out or are not effective, 

stabilization/solidification processes can be used. These processes bond the contaminant to the 

waste matrix to reduce their mobility and prevent leaching, allowing the waste to then be stored 

safely (Fei and Liu, 2016). Example of stabilization/solidification methods are cementation 

processes, lime-based stabilization processes and thermal stabilization processes.  Among these, 

cementation is the most economically favorable. It involves precipitation of Cr (III), incorporation 

of the contaminant into the product of cement and subsequently sorption into clay which results in 

immobilization (Fei and Liu, 2016). This method is also more economically favorable since a new 

and usable product is obtained from the treatment and the Cr is incorporated into the composition 

of cement which can then be used in construction. However, the amount of waste that are threated 

using this method are limited by the legislation which regulates the amount of Cr (VI) present in 

cement mentioned in section 6.1 (ECHA, 2020). Methods which allow to obtain a new product 

from the treatment of waste are referred to as secondary recycling methods. Another notable 

example of secondary recycling after stabilization/solidification processes are fired bricks obtained 

after thermal stabilization (Fei and Liu, 2016). Secondary recycling methods should be preferred 

to other waste management methods as they allow to decrease the amount of waste produced and 

directly work towards achieving sub target 12.5 of SDG 12; to reduce waste generation through 

recycling, and reuse (United Nations, 2020). 

 

8.3 Preventive measures in the chromite ore mining and chromate 

manufacturing industry 

In Spain the industrial sector responsible for over than half of the chromium emissions to 

air and soil registered in the country is the production and processing of metals industry. Between 

2010 and 2019 it was responsible for over 40% of all chromium/containing compounds released 

into the environment in the country (Ministerio para la Transición Ecológica y Reto Demográfico, 
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2019). Minimizing emissions from this sector is therefore important to limit overall hexavalent 

chromium release into the environment. 

As elucidated in section 5.2.1, in chromite ore mining the main step responsible for 

generation of hexavalent chromium is milling of run off mine ore. The beneficiation of chromite 

ore can use two type of milling processes: wet milling or dry milling. Only the latter has been 

proven to generate Cr (VI) (Beukes et al., 2017; Glastonbury et al., 2010). A key modification that 

can be applied to chromite ore mining processes is therefore to use wet milling whenever possible 

and limit the use of dry milling as much as the processes involved allow it.  

In terms of chromate manufacturing, hexavalent chromium compounds comprise part of 

the residues of the production processes (Beukes et al., 2017). The amount of hexavalent chromium 

found in the residues of the chromite ore processing industry depend on the method employed to 

convert the chromite ore into these commercial products. Lime-based processes which were 

extremely popular up until the 1950s generated large volume of Cr-contaminated waste (Beukes 

et al., 2017; Fei and Liu, 2016). While more environmentally friendly extraction methods which 

are lime-free have been developed since, lime-based processes are still in use in some countries 

(Fei and Liu, 2016). Stopping to rely on lime-based processes to favor newer, more sustainable 

ones, is therefore one of the key steps which can be made in this industry to prevent Cr (VI) 

contamination.  

Nonetheless, even these new methodologies result in generation of waste contaminated 

with hexavalent chromium. While proper handling of such residues following methodologies 

described in Section 7.2 are fundamental in order to prevent environmental contaminations, waste 

obtained in the chromate manufacturing industry can also be processed to produce chromium 

trioxide. This is done through acidification of the hexavalent chromium contained in the residues 

(Beukes et al., 2017). Turning this toxic substance into another industrially useful product allows 

to reduce the amount of waste which are sent to treatment plants and landfills, reducing 

contamination risks.  

 

8.4 Preventive measures in the metallurgy industry 

As previously mentioned, the two main uses of chromium in the metallurgy industry are 

alloys production and electroplating (International Agency for Research on Cancer, 1990; 

Riekkola-Vanhanen, 1999). For stainless Steel production ferrochrome is used. The production of 
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ferrochrome is the main source of hexavalent chromium in the sector (Beukes et al., 2017; 

Riekkola-Vanhanen, 1999). Among the steps involved in ferrochrome production illustrated in 

Figure 10, the ones that have been linked with hexavalent chromium formation are milling, 

preheating of pellets, use of the SAF and potentially slag cooldown (Beukes et al., 2017; du Preez 

et al., 2015; Glastonbury et al., 2010; ICDA, 2007). 

Similarly to what stated for the manufacturing of chromate, in ferrochrome production the 

milling step is associate with generation of hexavalent chromium when dry milling is used (Beukes 

et al., 2017; Glastonbury et al., 2010). Since wet milling does not seem to generate hexavalent 

chromium, steps that favour this milling method should be preferred to those which utilize dry 

milling. In regards to the pallet pre/heating step, it was previously explained that Cr (VI) formation 

depends on the method used in this step; when low concentrations of carbonaceous reductant, 

between 1/2% wt are used, oxygen is not excluded in the processes and Cr (VI) formation occurs, 

however, when higher concentrations of carbonaceous reductant are used (12/16% wt), a partial 

positive CO gas pressure inside the pellets is generated which prevents oxygen from entering their 

core and less hexavalent chromium is generated (Beukes et al., 2017; du Preez et al., 2015; 

Glastonbury et al., 2010). Using the latter steps would allow therefore decrease the risk of 

contamination and exposure to hexavalent chromium. In the furnace smelting step, the main factor 

responsible for formation of hexavalent chromium is the availability of oxygen during the heating 

process which allow oxidation of Cr (III) to Cr (VI) (Beukes et al., 2017). The main modification 

that can be made is to use a close furnace rather than a semi-opened one. While this modification 

will not completely prevent the formation of hexavalent chromium, the lower availability of 

oxygen will decrease its formation (Beukes et al., 2017). The type of slag used in this process will 

also affect Cr (VI) formation; closed SAF with acid slag operations have been observed to generate 

20 time less Cr (VI) that SAF with basic slag operations. This method should therefore be the 

favoured one (Gericke, 1995). An optimization of the ferrochrome production as described will 

allow to decrease the amount of hexavalent chromium produced during the operations. However, 

since some Cr (VI) will continue to be produced, other measures to prevent exposure of the 

employees and release of chromium into the environment should be taken. Additionally, the waste 

obtained from this sector, as mentioned in part 5.2.2 and as for all other waste possibly 

contaminated with hexavalent chromium, cannot simply be landfill but must undergo treatments 

beforehand using the methods discussed in section 7.2. 
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In the chrome plating sector, the main concerns are related to direct workers exposure to 

hexavalent chromium solution and possibly contaminated air, while environmental concerns are 

caused by possible spillages and mismanagement of residues which can cause water and soil 

contamination.  

In terms of employees’ protection, employers should ensure that all measures described in 

section 7.1 are followed. Due to the elevated temperatures of chromium baths in this industry, 

which can result in high evaporation rates and air contamination, good ventilation is particularly 

important (Cushnie Jr, 2009; OSHA, 2006). Pollution prevention measures and good operating 

practices are also important in this industry to reduce the generation of waste and ensure their 

correct management. Some of the steps chromate industries can undertake are: 

- Employee awareness and education: this measure allows the employers to safeguard their 

own health by being aware of the dangers associated with the materials they are using but 

it also allows them to prevent waste production (Cushnie Jr, 2009; OSHA, 2006). This step 

includes educating all employees who come in contact with hexavalent chromium and 

possibly contaminated waste on the preventive maintenance methods to reduce waste, 

procedures for handling spills, importance of pollution prevention and all operations 

related to waste management (Cushnie Jr, 2009).   

- Chemical record keeping: this measure includes keeping track of chemicals purchased, 

chemical movements within the installation, bath analysis, wastewater produced, waste 

produced, waste location and storage areas, chemical additions to baths and other important 

factors. It allows to identify increases and decreases in chemical usage and waste 

production and understand weather they are due to changes in production rates or 

operational processes and act accordingly (Cushnie Jr, 2009; Fei and Liu, 2016). 

- Leak and spillage prevention control: these measures involve being prepared for possible 

spillages or leaks of dangerous and potentially toxic chemicals. Employers should 

undertake preventive steps such as equipment maintenance and employment of controlled 

methods for transporting of chemicals within the installation and filling of bath/tanks 

(Cushnie Jr, 2009; Fei and Liu, 2016; OSHA, 2006). Additionally, the installations should 

be equipped with anti/spillage kits and clean-up materials to remediate leaks and spillages 

as quickly as possible. pH and moisture sensor could be installed to detect leaks quickly 

(Cushnie Jr, 2009).  
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- Management of rinse waters: rinse  waters refer to the wastewater which are produced after 

rinsing the newly chromated metal pieces. Since these waters contain hexavalent chromium, 

they should be managed accordingly and their production should be kept to a minimum 

(Fei and Liu, 2016). Different steps can be undertaken to minimize the amount of 

waste/water produced from rinsing. The composition of the plating solution should be 

controlled since higher chemical content will cause the solution to have higher viscosity 

and therefore require more water to be rinsed off. Extraction velocity of the workpiece 

from the bath as the faster an item is extracted from the tank the higher the volume of drag-

out extracted with it. For the same reason workpieces can be left to drip over the bath before 

being taken to the rinsing station. Using sprays instead of narrow water flows and 

controlling flow rates will also minimize wastewater production (Cushnie Jr, 2009). All 

wastewaters produced during rinsing operations should be carefully collected. These 

waters can then be recovered. For example, the rinse waters can be evaporated to obtain a 

sludge high in hexavalent chromium which can be returned to the chrome plating baths 

(Cushnie Jr, 2009; Fei and Liu, 2016). The evaporated waters can then be condensed and 

used either for bath cooling or again in rinsing steps.  

- Using closed-system: this measure involves wastewaters being treated and reused in a 

closed system which allows for zero water discharge (Cushnie Jr, 2009). An example is 

rinse waters being evaporated and reused as mentioned in the previous point.  

 

8.5 Preventive measures in the cement industry 

In the cement industry hexavalent chromium production depends on the raw materials used 

and possible Cr (III) incorporation in waste recycling methods and their treatment in the kiln where 

they are exposed to very elevated temperatures that, due to the presence of oxygen and alkalis, 

result in conversion of Cr (III) to Cr (VI) (Bodaghpour et al., 2012; Eštoková et al., 2012; Fei and 

Liu, 2016). Small amounts of ferrous sulphate (0.35% w/w) proven to be an effective way of 

decreasing hexavalent chromium in cement. When the is wetted the ferrous sulphate reduces the 

water-soluble Cr (VI) to Cr (III). Other materials that can be used for the same purpose are stannous 

sulphate, stannous chloride and manganese sulphate (Bodaghpour et al., 2012).  
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The main health concern reported by construction workers and associated with contact with 

chromium compounds is contact dermatitis. While reducing the amount of chromium in cement 

would help solve this concern, using appropriate PPE, especially gloves and appropriate clothing 

and following hygiene measure like those illustrated in section 7.1 is also important (CSTEE, 

2002). 

The amount of hexavalent chromium present in concrete is legislated almost all over the 

world and cannot exceed concentrations of 2 mg/kg and leaching from the final concrete product 

occurs at very low rates (ECHA, 2020). For these reasons, leaching from concrete is only a 

secondary concern of the industry (Eštoková et al., 2012). However recent studies suggest that 

hexavalent chromium in cement can be immobilized to decrease leaching even further. This can 

be done, for instance, through alteration of the water to cement ratio or through thermal treatments 

(Laforest and Duchsne, 2005; N et al., 2019).  

 

8.6 Preventive measures in the leather industry 

Presence of hexavalent chromium in leather goods is caused by oxidation of trivalent 

chromium used in tanning processes. While the amount of hexavalent chromium present in 

finished leather products is regulated by legislation in Europe, it is important to keep its 

concentration to a minimum (Basaran et al., 2008; ECHA, 2020; Lui, 2016).  

Different procedures can be applied to decrease the formation of Cr (VI) during leather 

treatment. Antioxidant of different nature can be applied to the pre/tanning, tanning and final 

processing steps. Alternatively, the finishing tanning steps in leather production, which normally 

utilize elevated pH, can be carried out in more acidic conditions (Devikavathi et al., 2014). These 

changes allow better trivalent chromium fixation to collagen, preventing its oxidation to 

hexavalent chromium. 

 Like in other industries which handle chromium compounds, waste potentially 

contaminated with hexavalent chromium are also a concern of the leather manufacturing industry 

(Basaran et al., 2008; Gaidau, 2013). Waste management techniques mentioned in section 7.1 can 

also be applied to this industry. In specific, secondary recycling of trivalent chromium extracted 

from tanned leather shavings using alkaline reagents can be used in pigment production for colours 

such as pink, black and green (Fei and Liu, 2016).  
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8.7 Alternatives to chromium in various industries 

The most effective ways to decrease hexavalent chromium contamination and emissions 

into the environment would be to reduce its usage in the aforementioned industries. For this reason, 

the report required by the ECHA to obtain authorization to use chromium compounds and other 

substances in the Candidate List for Authorisation, contains a section in which the applicant must 

illustrate and evaluate possible substitutes of the compound in question in the industrial application 

considered (ECHA, n.d.).   

There have been many attempts to reduce usage of chromium in a range of industrial 

processes. In the metallurgy industry, in specific for chromium plating, trivalent chromium is used 

to some extent, however this substitution result in lower resistance to corrosion and brightness of 

the final product (Frazer, 2006). Other chromium-free alternatives coating techniques and 

technology currently under evaluation are physical vapor deposition (PVD) and electroless nickel-

based plating. PVD is comparable to chrome plating in terms of the results it allows to achieve, 

however it much more expensive than electroplating and, therefore, cannot be considered a feasible 

alternative (Frazer, 2006; Sartwell et al., 1998). Electroless nickel-based plating is a valuable 

option however, while less hazardous that hexavalent chromium, it is also a strictly regulated 

substance restricted under REACH. More recent research has been exploring using tailor 

nanostructure as a substitute for chromium, however this option is still to be further researched 

(ECHA, 2020; Frazer, 2006).   

In terms of stainless-steel production, there has been ongoing research on decreasing the 

amount of chromium contained in stainless steel rather than substituting it completely. An 

investigation conducted by the Bureau of Mines, US, determined that a combination of Mo, Si and 

Al can potentially substitute up to half of the chromium contained in the stainless steels used in 

many applications (Glenn et al., 1985). This would allow to considerable decrease chromium usage 

in this sector and consequently positively impact hexavalent chromium emissions in both stainless-

steel production and industry in which hot stainless steel is wielded.  

In the leather industry, a suitable substitute for chromium in the tanning process has not 

been found. For this reason, research has been focusing on using combination tanning. This process 

uses more tanning agents that individually do not have the desired properties to substitute 

chromium but, when together represent a valid alternative. For instance, using vegetable tannins 
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and aluminum sulphate allows to obtain a final product with similar features to leather goods 

treated with chrome tanning (China et al., 2020). 

Further investigating and implementing these and other alternatives to chromium would 

also decrease demand in chromium ore mining and chromite manufacturing, decreasing the 

amount of Cr (VI) emissions released by this sector as well.  

 

  



Review of anthropogenic Cr (VI) emissions in Spain and the EU; current situation and possible improvements 56 
 

9. Remediation techniques for hexavalent chromium contamination 

As established throughout this review, contamination of soil by hexavalent chromium can 

be problematic due to the toxic nature of the compound. For this reason, it is necessary to discuss 

remediation measure and techniques which can be adopted to decontaminate soil and groundwater. 

Remediation of contaminated soil is key to achieve SDG 15; to protect, restore and promote 

sustainable use of terrestrial ecosystems, sustainably manage forest, combat desertification and 

halt and reverse land degradation and halt biodiversity loss. In particular target 15.3, which aims 

to restore degraded land and soil can be achieved through the remediation techniques discussed 

below (United Nations, 2020). 

It is also important to achieve goal 14; to conserve and sustainably use the oceans, seas, 

and marine resources for sustainable development. Part of this goal is to preserve marine wildlife, 

for this reason remediation of water contaminated with hexavalent chromium is fundamental as 

the substance is toxic to aquatic life (United Nations, 2020). 

 This section will focus on providing an overview of the main in-situ remediation 

approaches for dealing with hexavalent chromium site contamination.  

 

9.1 Geochemical fixation 

Geochemical fixation is among the in-situ remediation for hexavalent chromium 

contamination which effectiveness has been proven. The aim of this technique is to reduce 

hexavalent chromium to the less toxic trivalent chromium which is then fixed into aquifer solids. 

Therefore, the total concentration of chromium does not change, however the concentration of Cr 

(VI) is decreased and that of Cr (III) is increased (EPA, 2000). 

The contaminated water is extracted and treated above ground with a reductant. For the 

reduction, sulfur compound together with Fe (II) catalyst are often used. Commonly used 

reductants are calcium sodium polysulfides and sodium metabisulfite. Equation 5 and 6 show the 

reaction taking place in presence of excess sulfide and excess Cr (VI) respectively (EPA, 2000; 

Gorny et al., 2016). 

6𝐻𝐻+ + 2𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻4− + 3𝐻𝐻𝐻𝐻𝐻𝐻3− → 2𝐻𝐻𝐻𝐻+3 + 2𝐻𝐻𝐻𝐻4−2 + 𝐻𝐻2𝐻𝐻6−2 + 6𝐻𝐻2𝐻𝐻 
Equation 5: Reduction of hexavalent chromium by sulfide (excess). 
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5𝐻𝐻+ + 2𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻4− + 3𝐻𝐻𝐻𝐻𝐻𝐻3− → 2𝐻𝐻𝐻𝐻+3 + 3𝐻𝐻𝐻𝐻4−2 + 5𝐻𝐻2𝐻𝐻 

Equation 6: Reduction of hexavalent chromium (excess) by sulfide.  

Geochemical fixation can also be applied to the vadose zone. This is done by recovering 

groundwater from nearby areas, treat it with reductant and allowing it to percolate into the 

contaminated unsaturated soil (EPA, 2000).  

This remediation method also strongly relies on the ability of the soil in the affected area 

to fix trivalent chromium into the aquifer solids. For this reason, important information about the 

site which must be collected prior to the remediation are the total organic carbon and dissolved 

organic carbon present, which indicate the ability of the soil to form Cr (III) complexes. 

Additionally, the soil must be porous to allow water flow (EPA, 2000). 

Limitation of geochemical fixation are that the reduced trivalent chromium can potentially 

be deoxidized in extreme conditions, additionally, the reductants may result in iron precipitation 

causing clogging of the aquifer pores (EPA, 2000; Gorny et al., 2016; Huang et al., 2014).  

 

9.2 Permeable reactive barriers 

Permeable reactive barriers, also known as PRBs, are another remediation method proven 

to be effective for removal of hexavalent chromium. This technique provides treatment of 

groundwater emitting from the source zone. It consists in reactive barriers placed strategically 

along the flow path of the contaminated plume, downgradient of a source zone. It is used to 

intercept and treat contaminated plumes rather than to treat a contaminated area. The barriers used 

can be permanent, semi/permanent, and replaceable. Once they have been installed, the natural 

hydraulic gradient transport the contaminant through the barriers which either immobilize it or 

transform it into a less toxic specie (EPA, 2000).  

In the case of hexavalent chromium, the contaminant is immobilized through precipitation 

onto the reactive media or onto the aquifer solids. Commonly, reactive iron metals are used to 

reduce hexavalent chromium to trivalent chromium which precipitates (Equation 7) (EPA, 2000; 

Gorny et al., 2016).  

𝐻𝐻𝐻𝐻(𝑉𝑉𝑉𝑉) + 3𝐹𝐹𝐹𝐹(𝑉𝑉𝑉𝑉) → 𝐻𝐻𝐻𝐻(𝑉𝑉𝑉𝑉𝑉𝑉) + 3𝐹𝐹𝐹𝐹(𝑉𝑉𝑉𝑉𝑉𝑉)      (𝑝𝑝𝐻𝐻 < 10, [𝑃𝑃𝐻𝐻4] < 0.1𝑚𝑚𝑚𝑚) 

Equation 7: Reduction of hexavalent chromium by iron metals. 
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For this remediation method to be effective, the entire contaminated plume must flow 

through the reactive media installed. To achieve this result, a site characterization must be realized 

in order to determine the plume location and its direction as well as contaminant concentration (as 

well as possible changes in concentration through time), aqueous geochemistry, variation in soil 

permeability and fracturing (EPA, 2000).  

The main advantages associated with this technique are it being passive (no ongoing energy 

input is necessary) and it not requiring any surface installation. Additionally, since the 

contaminated water is not extracted from the soil, the risk of cross contamination is low, and the 

groundwater flow patterns are not altered. Limitations of this techniques are mainly related to 

barrier installation since these operations can be expensive and require excavation, also making it 

only suitable for treatment of superficial plumes. Additionally, as observed for geochemical 

fixation, products of the reaction can result in pore space clogging (EPA, 2000; ITRC, 1997a).  

 

9.3 Reactive zone 

The reactive zone technique involves the creation of one or more subsurface zone where 

migrating contaminations are intercepted and permanently immobilized or converted into a less 

harmful form. It has different similarities with PRBs; both techniques are passive and do not 

involve groundwater extraction, however the reactive zone method allows for groundwater to flow 

naturally as no barriers are involved. The zone is established by injecting a reagent in locations 

withing the contaminated plume. Another advantage this technique presents over PRBs is therefore 

that it does not need excavation to be performed. It is also cheaper, reduces human exposure to 

hazardous chemicals and materials and allows for remediation campaign in deeper sites where 

reactive barriers cannot be installed (EPA, 2000).  

The man three steps necessary to implement a reactive zone are: 

1- Creation and maintenance of an optimum redox environment 

2- Selection of a target reaction and reactants necessary 

3- Design of a delivery and distribution method for the reagents within the active zone in a 

homogeneous manner.  

Determination of the baseline site conditions are key in the active zone design, for this 

reason the site characterization must provide information on the total organic matter in the area, 
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dissolved oxygen, dissolved solids, alkalinity, microbial population, and permeability. This latter 

parameter is especially important as low permeability can compromise the effectiveness of this 

remediation method (EPA, 2000; ITRC, 1997a).  

The reactive zone can be reagent-based, molasses-based or biotic (EPA, 2000). In specific 

for hexavalent chromium, reagent-based active zones tend to reduce and precipitate the 

contaminant using ferrous sulphate solutions similarly to how done I geochemical fixation (EPA, 

2000; Gorny et al., 2016). In molasses-based active zones carbohydrate solution promote microbial 

reduction of hexavalent chromium to its trivalent form while biotic reactive zone utilizes yeast, 

microbes and bacteria to reduce chromium (Chen et al., 2021).  

The main advantages of this method are the cheap installation and operation, the fact that 

to excavation not infrastructures are required and that deep plumes can be treated. Limitations are 

mainly linked with the long remediation times, limited hydraulic control and in general, limited 

field testing for hexavalent chromium (EPA, 2000). 

 

9.4 Soil Flushing 

Soil flushing is used to mobilize metals by leaching contaminants from soils so that they 

can be extracted without need for excavation. Water or other aqueous solutions are injected into 

the contaminated soil to mobilize the contaminants. The solution can be applied to the area of 

interest through injection wells, surface flooding, sprinklers or trench/basin infiltration systems 

(Surriya et al., 2015).  

After coming in contact with the contaminated soil, the contaminant is mobilized through 

solubilization, emulsion or chemical exaction with components in the injected solution. After 

mobilizing the contaminant, the solution is collected again using pump/and/treat method an 

disposed or treated for reuse (EPA, 2000; Surriya et al., 2015).   

The main advantage of this remediation method is that the contaminant removed from the 

soil and contained in the extracted solution can potentially be recovered and reused in industrial 

application. Additionally, like the previously discussed methods, Soil flushing does not require any 

excavation nor for surface infrastructure to be built (Surriya et al., 2015). However, there is limited 

field experience for this technique when it comes to hexavalent chromium removal as it is still in 

its developing stage and may be more applicable to organic contaminants rather than metals. 
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Additionally, this technique might not be applicable to soils with low hydraulic conductivity or 

high organic matter content and could potentially cause the contamination to spread if unsuccessful 

(EPA, 2000). 

 

9.5 Electrokinetic 

This technique applies electric current to groundwater for remediation of heavy metals. 

Electrodes are placed into the contaminated area to apply a charge through it. Because of the charge 

in water molecules and in the contaminant, subsurface migration takes place and the contaminant 

in the solution is collected around the electrodes. The contaminants are then removed by 

electroplating or precipitation at the electrodes or by pumping the contaminated solution to the 

surface and treating it (EPA, 2000; ITRC, 1997b). 

In the site characterization step, when using electrokinetic for remediation, it is important 

to evaluate the electrical conductivity of the soil as low poor electrical conductivity can 

compromise the efficacy of this method. It is also important to investigate the presence of any 

subsurface anomaly which can also reduce removal efficacy. Permeability however does not affect 

the efficiency of this method and it can be used in site where permeability is low (EPA, 2000; 

ITRC, 1997b).  

This method allows for metals to be mobilized without use of strong acid or any pH 

modification. It is also a cost competitive method, applicable to a soil with a wide range of 

characteristics and can potentially be used in unsaturated soils. However, for this method to work, 

the chromium needs to be solubilized (EPA, 2000).  

 

9.6 Natural attenuation and phytoremediation  

Natural attenuation, also known as monitored natural attenuation refers to the reliance of 

natural attenuation process for site remediation (Information on the Integrated Risk Information 

System (IRIS), 1998; ITRC, 1997a). These include natural physical, chemical, and biological 

processes which result in contaminant removal or transformation into a less hazardous form. In 

the case of chromium for instance, reduction of hexavalent chromium to its trivalent form can take 

place in aquifers were iron sulfides or other natural reductants are present and the Cr (III) resulting 

from this reduction will be immobilized (EPA, 2000; Gorny et al., 2016).  
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These natural processes are typically occurring at all sites to different extents. For soil 

remediation and monitoring. The processes responsible for the removal of the contaminant of 

interest in a site must be identified in the site of interest and monitored through time to evaluate 

their efficacy. The monitoring programs performed should be site specific and continue until the 

contamination in the area remains above the required level (EPA, 2000).  

The main advantages of this method are the low prices and labor force involved for its 

development as well as low amount of waste generated and the virtually inexistent soil alterations. 

However, it is a slow remediation method which requires long-term monitoring (EPA, 2000). 

Phytoremediation is a technique which uses plants to remediate contaminated soils and 

groundwater to uptake of the contaminant into the plant. The plant used in this process have the 

ability to accumulate and, in some cases, degrade the contaminant. Ideally, the contaminant should 

be immobilized into the plants roots and not leaves to prevent it from further mobilizing into the 

food chain (Information on the Integrated Risk Information System (IRIS), 1998; ITRC, 1997c; 

Radziemska et al., 2020). 

While phytoremediation of hexavalent chromium with plant is not common, evidence 

suggest that there exists pant such as A. Alba and F. Rubra, which are able to uptake the 

contaminant from the soil and store it in their roots (Radziemska et al., 2020).  

While slow, this method is relatively cheap, non-invasive and allows to restore vegetation 

in contaminated area while treating the soil, making it particularly efficient in achieving SDG 15, 

which is also concerned with reforestation and prevention of loss of biodiversity. In specific for 

remediation of soils contaminated with hexavalent chromium, phytoremediation can be supported 

by using additives which increase soil pH resulting in better rates of Cr (VI) uptake by the plats 

(EPA, 2000; Radziemska et al., 2020).  

 Natural attenuation and phytoremediation are the most natural remediation processes due 

to their non-invasive nature. They can be applied together or in combination with any of the 

previously mentioned methods to achieve a complete soil remediation (EPA, 2000; ITRC, 1997c). 
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10. Conclusion 

The purpose of this paper was to acquire a greater understanding of chromium and its 

potential impacts on human health and the environment and how to prevent and remediate them. 

In specific, the situation in Spain was considered. Additionally, the possible relationship between 

the Sustainable Development Goals (SDGs) established by the United Nations in 2015 and 

industrial usage of chromium was evaluated. 

It was determined that, in terms of toxicology of chromium compounds, the sources 

reviewed highlighted that trivalent chromium does not pose a risk to human health and is in fact 

an essential nutrient and promising pharmaceutical agent in the treatment of insulin resistance and 

type 2 diabetes. On the contrary, hexavalent chromium is classified as a human carcinogen and 

systemic toxicant. Additionally, the sources reviewed confirmed that Cr (VI) is toxic to both 

aquatic and terrestrial environment and represents a treat when contamination occurs. 

 For this reason, chromium emissions in EU and Spain have been monitored over the past 

decades. Overall, total chromium emissions by the EU members have undergone a rapid decline 

between 1920 and 2010. In regard to emission of chromium in Spain, existing information is 

conflicting. The PRTR and the EEA data show significant discrepancies. These discrepancies can 

possibly be blamed by the nature of the PRTR data, which are solely based on emissions reports 

supplied by individual Spanish companies. Additionally, these discrepancies can be due to the data 

processing methods applied by the EEA to obtain missing values. A review of topsoil chromium 

contamination in Spain was also performed using data from a study conducted by Nunez et al 

between 2008 and 2010 in which topsoil samples from all over Spain were analyzed for total 

chromium content. That he region most affected appeared to be the north coast of the country as 

well as Andalucía and the coast of Valencia. 

 It was also concluded that, due to its polluting and toxic nature, industrial usage of 

chromium can represent an obstacle to the achievement of some of the SDGs, namely Goals 3 

(good health and well-being), 6 (clean water and sanitation), 12 (responsible consumption and 

production), 14 (life below water) and 15 (life on land). Therefore, it is important for chromium 

usage to be regulated and for emissions to be prevented and kept to a minimum.  

 The main anthropogenic sources of hexavalent chromium into the environment were also 

reviewed. While usage of chromium compounds is regulated by REACH in the EU and by Royal 
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Decree in Spain, there still are preventive measures which the different industries can undertake 

to limit release of Cr (VI), decrease risk of contamination, and help achieve the aforementioned 

SDGs. Most of these preventive measures are specific to the different industries but there are also 

general guidelines regarding employee’s protection and waste management which can be followed. 

It was also established that, while these measures can help decrease emissions of hexavalent 

chromium, the most substantial change that can be made in all production sectors which still rely 

on chromium, is to find a valid, less toxic and less polluting substitute. Feasible options have been 

found in terms of leather production, but further research is needed in order to substitute chromium 

in the metallurgy industries, namely in chrome plating and stainless-steel production. 

 The sources consulted for this review also highlighted that there exist many options to 

conduct in-situ remediation of sites contaminated with hexavalent/chromium. Remediation for 

contaminated soil and waters is fundamental due to the environmental toxicity of the compound 

and is key to achieve SDGs 14 and 15. Some of the remediation techniques discussed, namely 

geochemical fixation and permeable reactive barriers, have been widely used and have proven 

effective, while others need more field experimentation to be validated.  

 In closing, it was concluded that, in the past decades, since the health and environmental 

risks associated with hexavalent chromium have been more clearly understood, many important 

steps have been made to prevent Cr (VI) emissions and contamination. An example is the recently 

established legislations as well as the research into finding new and more sustainable alternative 

for chromium in industrial processes. However further research is needed in this field as many 

industrial areas still heavily rely on chromium for their production. In terms of soil remediation, 

many new techniques have been theorized and are beginning to be applied to contaminated sites. 

Further research is also needed in this sector to understand the effectiveness of these techniques 

and how they can be combined with more natural decontamination methods such as natural 

attenuation and phytoremediation to promote complete soil remediation, restoration, and 

reforestation.  
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