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Chromium (Cr) is the seventh most abundant chemical element in the Earth’s crust, and Cr(III) and Cr(VI) are common stable valence states of Cr. Several Cr-containing substances, such as FeOCr2O3 and stainless-steel products, exist in nature and in life. However, Cr(VI) is toxic to soil, microorganisms, and plants and poses a serious threat to human health through direct and indirect exposure. By collecting published journal literature, we found that Cr(VI) can cause acute and chronic toxicity in organisms and has carcinogenic effects, and the mechanisms causing these toxicity include endoplasmic reticulum stress, autophagy and apoptosis. However, the relationship between these mechanisms remains unclear. Many methods have been researched to purify chromium, but each of these methods has its own advantages and disadvantages. Therefore, this review summarizes the hazards of chromium and the mechanisms of chromium toxicity after entering cells and provides a number of methods for chromium contamination management, providing a direction for the next step in chromium toxicology and contamination decontamination research.
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1 INTRODUCTION
Heavy metal pollution is a thorny issue in current environmental pollution and is a global environmental problem (1). Cr is a heavy metal largely used in industrial activities (leather tanning, wood preservation and metal finishing, etc.). Cr-containing products are ubiquitous in the atmosphere, soil, building materials, household products, and even food (Vincent and Lukaski, 2018). Chromium pollution mainly comes from tannery, textile production and printing and dyeing leading to pollution of the atmosphere and water bodies, food processing equipment, packaging may also lead to chromium pollution. However, Cr is also a constant threat to people’s lives. Therefore, a clear and comprehensive understanding of the environmental toxicity of this heavy metal is urgently needed.
Cr can exist in chemical valence states 0–6, but only the trivalent [Cr(III)] and hexavalent [Cr(VI)] states are generally stable (Sharma et al., 2020). For decades, Cr(III) has been considered essential for mammals; however, no clear animal model of Cr deficiency has been established to prove this idea (Xu et al., 2018). Studies on the toxicity of Cr(III) showed that large amounts of Cr(III) orally affect the absorption of trace elements in animals and damage the brain, kidney, and liver. Compared with Cr(III), Cr(VI) is more toxic to soil, microorganisms, plants, animals, and humans. Cr(VI) affects soil pH and enzyme activities, leading to reduced soil fertility; causes oxidative damage, DNA damage, and death of Cr-intolerant microorganisms; affects plant enzyme activity and photosynthesis, leading to stunted growth and reduced yields (Ao et al., 2022); and accumulates in animal tissues and organs, leading to acute or chronic toxicity and carcinogenesis. Direct exposure of humans to Cr (VI) causes poisoning and cancer, but Cr (VI) also accumulates in plants and animals and enters the human body indirectly through the food chain and other forms, causing harmful effects on the human body.
The mechanisms by which Cr poisoning produces these hazards are gradually being revealed. For instance, Cr (VI) can cause cellular oxidative stress, autophagy, apoptosis, pyroptosis, endoplasmic reticulum (ER) stress, and inflammatory response, resulting in cellular damage due to overproduction of reactive oxygen species (ROS) (Sharma et al., 2020). In conclusion, Cr contamination leads to a wide range of toxic effects to the ecosystem and human health. Therefore, physical, chemical, and biological means to remediate Cr contamination have been investigated. However, previous studies on Cr toxicity are scattered and do not form a system.
This review summarizes the toxic effects and mechanisms of Cr and the methods to manage Cr pollution. It also discusses the interconnection between these mechanisms and provides ideas for further research on Cr toxicity and pollution management.
2 HAZARDS OF CR EXPOSURE
2.1 Ecotoxicity
2.1.1 Toxicity to soil and plants
Plants play a vital role in the overall ecological cycle, and Cr (VI) contamination in soil can inhibit plant growth and metabolism and even lead to plant death. In nature, Cr (III) exists as FeOCr2O3, and Cr(VI) combines with oxygen to form CrO42- or Cr2O72-. Cr (III) is the most stable while Cr(VI) is the most phytotoxic form of Cr (Sharma et al., 2020). When Cr slag accumulates, Cr redox consumes a large number of anions, causing the pH to rise and the soil to become alkaline (Liu et al., 2019), which can inhibit soil alkaline phosphatase activity and soil dehydrogenase activity. Cr in the soil is eventually absorbed by green plants growing in the soil and accumulates in plant tissues.
The heavy metals accumulated in plants can affect nutrient uptake and physiological balance, thereby disrupting development and growth. Metal uptake in plants is concentrated in the roots, but some species also redistribute a greater proportion of metals to aboveground tissues, especially leaves. Specifically, Cr(VI) disrupts plant metabolic functions and enzyme activities, leading to oxidative stress, photosynthesis and respiration inhibition, delayed germination, premature defoliation, and reduced yields. It may also induce genotoxicity and even cause plant death (Wang and Chao, 2020). Cr(VI) toxicity affects plant growth and impedes its essential metabolic processes. It reduces plant growth and productivity, photosynthetic pigments, and antioxidant enzyme activity (Ali et al., 2015). The reduced growth rate and smaller leaves after treatment with potassium dichromate may be due to oxidative damage to photosynthetic pigments caused by Cr (VI), thereby decreasing photosynthesis. In peas, excessive Cr (VI) exposure disrupts the structure and function of the pea root plasma membrane, leading to reduced photosynthesis and poor plant growth (Kushwaha and Singh, 2020). In cotton, Cr (VI) toxicity significantly reduces plant height, root length, leaf, stem, and root fresh and dry weights (Farooq et al., 2016). In maize, Cr (VI) stress reduces leaf area, rachis formation, 100-grain weight, and shoot biomass (Anjum et al., 2017). These heavy metals that accumulate in plants can eventually harm animals and humans through the food chain.
2.1.2 Toxicity to microorganisms
Microorganisms play an important role in soil material cycle, and soil Cr (VI) contamination inhibits the growth and metabolism of microorganisms. When assessing the toxicity of Cr (VI), microorganisms are more sensitive indicators of ecotoxicity than soil invertebrates and plants (Zhang et al., 2022). The alpha diversity (species richness and evenness in samples) of microbial communities is usually associated with ecosystem stability and function, and Cr-contaminated soils exhibit reduced bacterial alpha diversity (Sheik et al., 2012). The significant differences in bacterial abundance and diversity between the 0 and >20.00 cm depth layers suggest that the heavy metal content in the soil has a certain depth gradient that affects the bacterial groups at different depths (Liu et al., 2019). High concentrations of Cr(VI) can be lethal to microorganisms that are not tolerant to Cr(VI) growth. However, microorganisms that are Cr tolerant can resist Cr toxicity and convert the more toxic Cr(VI) to the less toxic Cr(III). Thus, people have thought of using Cr-tolerant strains to clean Cr-contaminated soil and water.
2.2 Danger of Cr pollution to humans and animals
2.2.1 Accumulative poisoning
In general, Cr poisoning can be divided into acute and chronic poisoning. Cr(VI) and Cr(III) can cause poisoning, but Cr(VI) is more toxic than Cr(III). China stipulates that the maximum allowable concentration of chromium in ground water is Cr(III) 0.50 mg L-1 and Cr(VI) 0.05 mg L-1 (Ministry of Ecology and Environment of the People’s Republic of China, GB5749-85), and the maximum allowable discharge standard of Cr(VI) and its compounds in industrial wastewater is 0.50 mg L-1 (The People’s Republic of China Ministry of Ecology and Environment Integrated Wastewater Discharge Standards GB 8978-1996).
The role of Cr(III), which was once considered essential for mammals, is controversial. Some believe that Cr deficiency is associated with impaired glucose tolerance, fasting hyperglycemia, increased body fat, dyslipidemia, and impaired fertility (Jomova and Valko, 2011). Cr(III) may regulate the metabolism of carbohydrates, lipids, and even proteins by enhancing the function of insulin. However, this claim is not supported by sufficient evidence. The mainstream view is that excessive intake of Cr(III) can cause some harm to the body. For example, excessive intake of Cr(III) may disrupt the absorption of trace elements in the serum and brain (Liu et al., 2017). Cr accumulates in large quantities in the heart, liver, and kidneys over a long period of time and leads to impaired metal absorption and metabolism in chickens (Liu et al., 2016). Oral administration of CrCl3 can reduce the growth performance of chickens, cause pathological lesions such as renal tubular atrophy and structural degeneration of the glomerulus, and affect the antioxidant capacity of the kidney (Liu et al., 2015). The addition of different concentrations of CrCl3 to drinking water induces oxidative stress in the chicken brain, and Cr(III) at doses up to 50.00% can significantly increase the levels of malondialdehyde and hydrogen peroxide in brain tissue (Cheng et al., 2016). High doses and prolonged exposure to Cr(III) induce oxidative stress and hepatocyte injury (Fan et al., 2015).
The acute oral toxicity of Cr(VI) (1900.00 mg kg-1–3,300.00 mg kg-1) is significantly higher than that of Cr(III) and can damage several tissues throughout the body, and post-mortem examination of rats receiving lethal doses of Cr(VI) results in diffuse hemorrhage, gastritis, and enteritis (Katz and Salem, 1993). Effects of occupational and non-occupational Cr(VI) ingestion include gastrointestinal symptoms, hypotension, and liver and kidney failure (Alvarez et al., 2021). Cr(VI) poisoning can damage multiple tissues throughout the body, including liver, kidney, reproductive organs. Cr(VI) can cause oxidative damage to the liver in chickens (Chen et al., 2017), inflammatory heart tissue damage, mitochondrial impairment, autophagy (Wang et al., 2022a), and oxidative damage to the kidney in roosters (Wan et al., 2017). Cr(VI) enters the body through drinking water and accumulates in the brain and serum over time, disrupting the absorption of trace elements in the brain and serum of animals (Zhu et al., 2018). Excessive intake of Cr(VI) can cause inflammatory brain damage in chickens (Guo et al., 2021). Damage to the male reproductive system, including sperm, has been observed in experimental animals exposed to Cr(VI) (Jomova and Valko, 2011). Cr(VI) can damage dog hearts by causing oxidative damage and altering A-TPase content (Lu et al., 2019). Cr(VI) is also known to have toxic effects on the immune system, causing a series of changes such as a dramatic decrease in the levels of leukocytes, erythrocytes and neutrophils and an increase in lymphocytes in mice (Monga et al., 2022a). Cr accumulation in fish may enter the body through food and cause serious health hazards (Rahman et al., 2012). Cr can also cause hair loss, headaches, diarrhea, nausea, and vomiting in humans. In addition, Cr(VI) increases the expression of tumor necrosis factor-alpha, interleukin 6, and heat shock proteins in chicken liver, triggering inflammatory damage (Wang et al., 2020a). Recently, the neurotoxicity caused by Cr(VI) exposure has also received attention. Rats exposed to Cr(VI) exhibit long aggressive behavior toward “intruder” rats and take long to recognize previously encountered rats, thus confirming the social memory deficit observed in humans (Wise et al., 2022). In addition, Cr(VI) is neurotoxic, and Cr(VI) exposure can cause various behavioral abnormalities in fish, such as irritability and rapid surfacing. The abnormal behavior may be due to the neurotoxic effects and stimulation of the body’s sensory system after Cr(VI) exposure (Ahmed et al., 2013).
2.2.2 Carcinogenicity
The carcinogenicity of Cr(VI) has also been studied experimentally, and chronic or high exposure to Cr in animals and humans can increase the risk of cancer.
In humans, long-term exposure to Cr-containing environments can lead to an increased probability of developing stomach, lung, bladder, and pancreatic cancers. In 1987, investigators in Liaoning Province, China studied the association between Cr exposure and cancer. Data showed that between 1970 and 1978, the mortality rate from stomach cancer was higher in Liaoning Province than in nearby uncontaminated areas, and the mortality rate from lung cancer also increased (Beaumont et al., 2008). Similarly, exposure to Cr(VI) in drinking water increases the likelihood of stomach tumors in humans and animals (Jomova and Valko, 2011). Cancer mortality or incidence rates in industries associated with Cr(VI) exposure have been analyzed, and results showed that workers exposed to Cr(VI) have an approximately 7.00% higher risk of cancer and an increased risk of respiratory, oral, throat, prostate, and gastric cancers compared with the general population of the same age and sex (Deng et al., 2019).
In animals, Cr toxicity increases the risk of developing cancer. Animal experiments showed that exposure to Cr(VI) alone does not cause skin tumors but increases the sensitivity of mice to UV light, whereas the presence of Cr(VI) in drinking water increases the frequency of skin tumors in UV-irradiated hairless mice (Zhitkovich, 2011). The National Toxicology Program designed a 2-year rodent study to determine the potential hazards of human exposure to Cr(VI) in drinking water. The study found a significant increase in the incidence of oral squamous cell carcinoma in F344/N rats and in the combined incidence of adenoma and small intestine cancer in B6C3F1 mice in animals exposed to Cr-containing compounds (Mezencev and Auerbach, 2021).
2.2.3 Genotoxicity
Cr(III) cannot enter the cell through the cell membrane, but Cr(VI) can enter the cell through non-specific ion channels and is eventually reduced to Cr(III). The reduction of Cr(VI) generates unstable radicals, such as thiol groups, hydroxide radicals, hydrogen peroxide, and superoxide anions, which have a wide range of DNA-damaging effects. Cr-DNA formation adducts can lead to chromosome fragmentation and mutagenesis (Zhitkovich, 2011). Earlier studies have shown that Cr(VI) compounds can produce different types of DNA damage, such as single-strand breaks, base instability sites, and DNA–protein crosslinks, while selectively inhibiting the activity of enzymes, such as glutathione reductase (VonHandorf et al., 2021). An increase in Cr(VI) level leads to oxidative damage to tissues, and oxidative damage generates large amounts of ROS; overproduction of ROS an lead to deleterious biological effects and irreversible damage by promoting the oxidation of proteins, lipids, carbohydrates, and DNA (Scharf et al., 2014). Cr(VI) is genotoxic, and nearly 400 out of 450 samples from the experiment showed that soluble Cr(VI) compounds are mutagenic in bacteria. In addition, soluble Cr(VI) compounds can induce a wide range of genetic effects in yeast and insects.
3 MECHANISMS OF CR TOXICITY
3.1 ER stress
Cr(VI) induces ER stress in cells. When Cr(VI)-induced ER stress occurs, protein kinase R-like endoplasmic reticulum kinase (PERK) is activated (Alvarez et al., 2021), eukaryotic translation initiation factor 2α is phosphorylated, and transcription factor 4 (ATF4) is activated (Cho et al., 2011), accompanied by changes in glucose regulatory protein 78 (GRP78 or BiP). Elevated PERK, a typical indicator of ER stress, has been detected after 20 μM Cr(VI) treatment of chicken embryonic fibroblasts (DF-1) for 10, 20, and 30 h, suggesting that Cr(VI) induces ER stress in DF-1 cells (Chen et al., 2019). The addition of Cr(VI) upregulates the expression of GRP78 and p-PERK in A549 cells and causes ER stress. The addition of an ER stress inhibitor (4PBA) reduces apoptosis and autophagy, and ER stress has been hypothesized to occur earlier than autophagy and apoptosis. In a previous study (Ge et al., 2019), an inhibitor of apoptosis (Z-VAD-FMK) and an inhibitor of autophagy (3-MA) were added separately to investigate the relationship between autophagy and apoptosis. Results showed that Z-VAD-FMK can inhibit autophagy, but 3-MA cannot inhibit apoptosis. Thus, many connections exist between Cr(VI)-induced ER stress, autophagy, and apoptosis. Cr(VI) entry into cells increases ROS production, resulting in mitochondrial damage and mitochondrial ROS release, disruption of ER protein folding, and ER stress (Liang et al., 2019). Exposure to Cr(VI) elevates the expression levels of ER stress-related proteins (GRP78/Bip and PERK) and COX-2 in chicken liver cancer cell line (LMH), demonstrating that Cr(VI) can induce ER stress phase in LMH cells (Liu et al., 2020).
3.2 Autophagy
Autophagy is a lysosomal catabolic pathway that degrades damaged and aged cytosolic macromolecules and organelles. Induced autophagy can maintain cell survival under nutrient depletion and oxidative stress conditions. The expression of LC3-II, a typical indicator of autophagy, is elevated after treatment of chicken embryonic fibroblasts (DF-1) with 20 μM Cr(VI), indicating that Cr(VI) induces autophagy in DF-1 cells (Chen et al., 2019). Exposure of LMH cells to Cr(VI) increases the expression of autophagy-related proteins Beclin1 and LC3-II (Liu et al., 2020). Cr(VI) can also lead to mitochondrial dysfunction and imbalance in mitochondrial dynamics, triggering severe mitochondrial autophagy (Wang et al., 2021a). Cr(VI) treatment can damage mitochondrial morphology and function and decrease mitochondria-related index TOMM20, demonstrating that Cr(VI) causes mitochondrial damage in DF-1 cells. Moreover, damaged mitochondria may be cleared by autophagy, leading to autophagy of mitochondria (Xu et al., 2020). Different doses of Cr(VI) intake induce Parkin-mediated mitochondrial autophagy in chicken brain tissue (Guo et al., 2021). Cr(VI) treatment induces the formation of autophagosomes, increases the expression of autophagy-related proteins, such as LC3 II, and decreases the expression of P62 in cells. Silencing the HMGA2 gene with siRNA successfully prevents these changes, demonstrating that HMGA2 is involved in Cr(VI)-induced autophagy and plays a key role, leading to the speculation that HMGA2 is an important marker of Cr(VI)-induced autophagy or other toxic mechanisms (Yang et al., 2017).
3.3 Interactions between ER stress, autophagy, and apoptosis
ER stress has many links to autophagy and apoptosis, suggesting that various intracellular pathways are integral and collaborate with each other to maintain cellular homeostasis. Cr(VI) induces autophagy in DF-1 cells through ER stress and can reduce Cr(VI) damage through the ER stress-COX-2 pathway, suggesting a relationship between ER stress and autophagy with COX-2 (Liu et al., 2022). In addition, the molecular mechanism of Cr(VI)-induced autophagy and damage in DF-1 cells is dependent on ER stress-regulated COX-2 overexpression. Cr(VI) can increase COX-2 levels, but this increase can be inhibited by ER stress inhibitors (NS-398), suggesting that COX-2 plays an important role in ER stress-induced autophagy. Cr(VI) can induce ER stress by upregulating ER stress-related proteins GRP78 and PERK. However, the expression of COX-2 is also upregulated after ER stress, which further increases the expression of Beclin1 and LC3-II and eventually triggers autophagy. These results suggest that COX-2 plays a key role between Cr(VI)-induced ER stress and autophagy (Chen et al., 2019). Cr(VI) induces autophagy and ER stress in LMH cells, and autophagy improves after the addition of the ER stress inhibitor 3-MA, suggesting an association between ER stress and autophagy (Liu et al., 2020).
Autophagy can alleviate Cr(VI)-induced apoptosis to some extent, and the underlying mechanism may be due to the fact that autophagy reduces apoptosis by removing damaged mitochondria to reduce intracellular stress. Cr(VI) induces elevated LC3-II and activates autophagy in L-02 hepatocytes, and the ROS-AKT-mTOR pathway is associated with Cr(VI)-induced autophagy, whereas inhibition of autophagy promotes Cr(VI)-induced apoptosis (Liang et al., 2018). Cr(VI)) activates the Akt, NF-kB, and MAPK pathways and induces cell death through the action of ROS (Lee et al., 2014). Cr(VI) entry into cells induces ROS overproduction, causing mitochondrial damage and mitochondrial ROS release. Part of the mitochondria are degraded by the autophagic pathway, whereas the mitochondria that are not degraded show destruction of membrane lipids, leading to outer membrane rupture, triggering the release of CytC and other substances to the cell membrane and causing apoptosis (Liang et al., 2019). The reduction of Cr disrupts the redox balance in cancer cells, which induces intracellular DNA damage and activation of the p53 pathway, ultimately leading to aspartase-dependent and mitochondria-mediated apoptotic cell death (Chen et al., 2021). Cr(VI) treatment increases the levels of glycolysis-related proteins, such as HK2, GLUT1, PKM2, and LDHA in A549 cells. It also increases the rates of glucose consumption and lactate and ATP production, indicating that Cr(VI) can induce aerobic glycolysis in A549 cells. ER stress and autophagy play important roles in Cr(VI)-induced aerobic glycolysis. While aerobic glycolysis plays an important role in resistance to Cr(VI)-induced apoptosis, ATF4 is involved in Cr(VI)-induced aerobic glycolysis in A549 cells. Therefore, ATF4 may be involved in Cr(VI)-induced apoptosis (Gao et al., 2020). Cr(VI)-induced apoptosis in DF-1 cells attenuates the decrease in mitochondrial membrane potential (MMP) and ER stress indicators, demonstrating that apoptosis attenuates mitochondrial damage and ER stress. ATF-6 plays a key role in this process (Zhang et al., 2021a). The relationship between ER stress, apoptosis, and autophagy may be that Cr(VI)-induced autophagy rescues Cr(VI)-induced mitochondrial damage by phagocytosis of damaged mitochondria, which consequently reduces apoptosis due to mitochondrial damage, and ER may be the intersection of autophagic and apoptotic pathways (Ge et al., 2019).
3.4 Others
Cr(VI) causes cellular ER stress, autophagy, and apoptosis. It can also cause oxidative stress, induce an inflammatory response, and pyroptosis. Cr(VI) increases inflammation-related markers, such as TNF-α, COX-2, and NF-κB/p65, in human bronchial epithelial cells (BEAS-2B), demonstrating an inflammatory response (Roy et al., 2016). A study in 2019 found that Cr(VI) induces the pyroptosis of DF-1 cells, and the mechanism of interaction is possibly related to the activation of CaSR (Zhu et al., 2019). Long-term exposure to Cr(VI) induces oxidative stress in the chicken brain (Hao et al., 2017). Cr(VI) exposure activates the Nrf2 pathway and induces oxidative damage in the mouse small intestine (Zhu et al., 2021a). In addition, Cr(VI) can bind directly to proteins, causing the loss of their biological functions (Scharf et al., 2014).
In conclusion, Cr(VI) entry into cells induces a series of responses, including ER stress, autophagy, and apoptosis, and a close connection exists between these responses. However, the mechanisms underlying these connections are still not well defined and need further investigation (Figure 1).
[image: Figure 1]FIGURE 1 | Mechanism of chromium toxicity in cells. The entry of Cr(VI) into cells induces a series of responses, including ER stress, autophagy and apoptosis, and these pathways also interact with each other through certain mechanisms.
4 REMEDIATION OF CR CONTAMINATION
4.1 Physical remediation
Physical remediation refers to the use of physical technologies, including adsorption, coagulation, and nanotechnology, to effectively separate and transform harmful substances from the soil into non-toxic or less toxic substances. Physical adsorption is considered to be an effective technique, but the cost of the adsorbent affects the feasibility of the process. Finding or synthesizing an adsorbent material with high adsorption efficiency and reusability will be the next research direction for this method. The higher the concentration of chromium contamination the faster the adsorption rate, and generally the efficiency of physical adsorption is between 80.00% and 99.00%.
El-Mehalmey et al. constructed a composite of amino-derived zirconium carboxylate metal-organic backbone and silica using silica as a porous solid carrier. The experimental data showed that the composite has good Cr(VI) adsorption capacity and potential for industrial wastewater treatment (El-Mehalmey et al., 2018). The use of rhizobia and yeast as adsorbents and their combination with nanomaterials to form multi-walled carbon nanotubes provide an ideal adsorption of Cr(VI) (Sathvika et al., 2018). Ionic solids (ethyl cetyl dimethyl ammonium bromide) impregnated with phosphorylated chitosan (ISPC) were applied for the adsorption of Cr(VI) in industrial wastewater. ISPC shows a high adsorption capacity of 266.67 mg g-1 at pH 3.0 with a total Cr recovery of 94.00% (Kahu et al., 2016). Lotus seed pods (LSPs) are an excellent and low-cost biomaterial for the removal of Cr(VI) from aqueous solutions by absorption, redox, and reabsorption. Data show that the maximum removal of Cr(VI) by LSPs in aqueous solution is 153.85 mg g-1 (Shi et al., 2020). Polypyrrole/sugarcane bagasse composites (PPy/SCB) can adsorb and reduce Cr(VI) in wastewater with adsorption capacities of 156.00–251.00 mg g-1 (Chen and Pan, 2021). Nitrogen-doped hydrocarbon prepared from bamboo and NH4Cl is a cheap and efficient adsorbent for Cr(VI) removal from water. The main mechanisms are electrostatic attraction, reduction, and complexation (Li et al., 2021). A novel nano-biosorbent was constructed by encapsulating a nanoscale metal-organic framework (Cu-TMA) in a chitosan matrix coated with vanadium pentoxide, and this material was found to possess excellent adsorption and a removal capacity of 92.43%–96.95% toward Cr(VI) from wastewater (Mahmoud et al., 2021). Palladium nanoparticles 3.00–25.00 nm in size were synthesized for the reduction of Cr(VI). The material is reusable and provides a novel method for the detoxification of Cr(VI) in wastewater treatment (Tripathi and Chung, 2020). In general, physical remediation is often applied only to highly polluted soils or waters. However, this technique is labor and resource intensive and reduces soil fertility.
4.2 Chemical reduction
Chemical reduction involves the use of chemical redox reactions to convert harmful substances in soil and wastewater into non-toxic or less toxic substances. Oxidation–reduction reactions are common remediation strategies for converting Cr(VI) to Cr(III). The chemical reduction method is simple, low cost, and has the advantage of short cycle time, and is generally not limited by the pollution concentration for Cr(VI) The reduction efficiency of Cr(VI) can reach up to 100.00%. However, its use is limited due to its tendency to cause secondary pollution. The combination of this technology and bioremediation technology can be considered, which can make up for the shortcomings of the long bioremediation cycle and reduce secondary pollution.
Li et al. found that 100.00% removal of Cr(VI) could be achieved within 60 min under acidic conditions by using pyrite as a reducing agent and catalyst (Li et al., 2020). S-nZVI composites supported by chitosan-stabilized biochar were used to remediate Cr(VI) contamination, with removal effects of 221.84 and 244.07 mg g-1 at 25°C for 15 and 120 min, respectively. The main mechanism of action of this composite decontamination is redox reaction, supplemented by electrostatic attraction and chelation reaction (Xu et al., 2021). Cr(VI) can be converted to Cr(III) by electrochemical reduction in acidic sodium alginate solution using a gold electrode. Acidic pH also favors the electrochemical reduction of Cr(VI), and the current intensity is proportional to Cr(VI) concentration (Butter et al., 2021). Molasses can remediate Cr(VI)-contaminated groundwater chemically and biologically; in specific, 3 g L-1 of molasses can biologically restore 100 mg L-1 of Cr(VI), and adding a small amount of ascorbic acid (0.05 L-1) promotes Cr(VI) bioreduction (Yang et al., 2021). Chemical leaching and reduction involve the removal of water-soluble and acid-soluble components by initial chemical leaching, followed by the reaction of the reducing agent with the residual Cr(VI) in the soil and in the deep soil by electron transfer. These techniques can reduce the Cr(VI) content in the soil to below the screening value (3.00 mg kg-1) at a low cost, which is effective for the remediation of Cr(VI)-contaminated soil. The removal rate of Cr(VI) is 62.70% at 0.02 mol L-1 oxalic acid and citric acid with a leaching time of 45 min using a 5:1 liquid–solid ratio (Wang et al., 2021b). For Cr(VI), nature also has certain restorative functions. For instance, Cr(VI) can be reduced to Cr(III) in soils or water containing small amounts of Fe(III). In many cases, iron-rich soils contain stable Fe(II) even in an aerobic environment. Thus, the chemical reduction of Cr(VI) may be promoted regardless of the environment (Whitaker et al., 2018). Chemical conversion reduction is commonly used to remediate Cr contamination with high conversion efficiency. However, a large amount of toxic solid sludge is generated during the precipitation of Cr(III).
4.3 Bioreduction
Bioreduction removes contaminated Cr(VI) using microorganisms, plants, and other organisms. Bioreduction is environment friendly and economical. Therefore, it is considered effective for the remediation of heavy metal-contaminated environments. Compared with traditional remediation techniques, bioremediation has many advantages, but still has some shortcomings, such as time-consuming, limited to moderately polluted sites, and susceptible to external environmental interference. The removal rate of Cr(VI) (50.00 mg/L) reached 100.00% and Cr(VI) (100.00 mg/L) reached 92.00% within 24 h after co-culture of bacteria and algae (Roestorff and Chirwa, 2019). Therefore, we should make full use of the synergistic effect of native and exogenous organisms to achieve the best bioremediation effect.
4.3.1 Microbial reduction
Microorganisms have multiple metal chelating mechanisms and have a large metal uptake capacity. Microorganisms use various toxic compounds as a source of energy for growth and development through respiration, fermentation, and metabolism (Ayangbenro and Babalola, 2017). The mechanisms involve active and passive processes, including transport, accumulation, biosorption, and redox reactions (Gutierrez-Corona et al., 2016). A large number of strains with Cr(VI)-reducing activity have been identified. For example, the application of Bacillus subtilis can mitigate the toxic effects of Cr on wheat by converting Cr(VI) to Cr(III) in wheat (Seleiman et al., 2020). Strain G161, isolated from CrO42-contaminated soil near a tannery in Wenzhou, China, exhibits CrO42 tolerance and can reduce Cr(VI) to Cr(III) (Ge et al., 2016). Cr11 strains isolated from tannery wastewater in Kanpur district exhibits Cr(VI)-reducing activity; in addition, Cr11 enhances seed germination and promotes wheat growth in the presence of Cr(VI) in the soil (Sagar et al., 2012). Rhodobacter sphaeroides SC01 strain can remove Cr(VI) from wastewater. The highest removal rate is achieved under the following conditions: temperature of 35°C, pH of 7.20, NaCl concentration of 5.00 g L-1, light intensity of 4,000 lx, and initial cell concentration (OD680) of 0.15. Cr is mostly enriched in the cell membrane as Cr(III) after reduction. The addition of Na4P2O7 and (NaPO3)6 salts increases the Cr(VI) reduction capacity by 15.00%. The combination of biological and chemical techniques provides an efficient solution that can be used for the remediation of Cr(VI)-containing industrial wastewater (Su et al., 2021). The microorganism Lysinibacillus sp. JLT12 can remove Cr(VI) from wastewater. In addition to adsorption and direct reduction, Lysinibacillus sp. JLT12 an also remove passive layers on magnetite to facilitate the reduction of Cr(VI) (Zhu et al., 2021b). Six species of bacteria belonging to the genera Bacillus and Pseudomonas were identified by Aashna Monga et al. that can tolerate up to 20.00 mg L-1 Cr(VI), and demonstrated that the in vitro metal removal capacity of this culture ranged from 90.00% to 96.00% at pH 7.0, 4.00 mg L-1 Cr(VI), and 37°C (Monga et al., 2022b).
CrO42 uptake via sulfate transporter proteins is a common process in bacteria and fungi, although it is slightly different in fungi. Fungal organisms are effective biosorbents for the removal of toxic metals from wastewater. Fungi have a unique property that their cell walls have a strong affinity for metals. Consequently, various enzymes produced by fungi are effective in heavy metal removal from wastewater (Ukhurebor et al., 2021). The enzyme glucose oxidase from Aspergillus niger produces molecules such as gluconolactone and hydrogen peroxide, which can reduce Cr(VI) to Cr(III) (Gutierrez-Corona et al., 2016). Sharma et al. show good purification of Cr from Cr-containing wastewater using a complex of two fungi (Cladosporeum perangustum and Penicillium commune) and two bacteria (Paecilomyces lilacinus and Fusarium equiseti) and using nylon mesh as a support material. The germination rate of seeds in the treated wastewater is close to 50.00% (0 for untreated wastewater under the same conditions) (Sharma and Malaviya, 2016).
In general, the remediation of Cr contamination using microorganisms, such as bacteria and fungi, is an economical and environment-friendly solution, but the application is slow and limited by the contamination concentration and environmental factors (pH, nutrients used for bacterial growth, etc.).
4.3.2 Phytoremediation
The advantages of phytoremediation are in situ remediation, no secondary pollution, low cost, low soil disturbance, and the ability to combine remediation effects with economic effects, making it suitable for treating long-term contaminated areas. However, the efficiency of the action depends on the growth rate of plants and generally has a long cycle time.
Plants can take up soluble metal ions from water and soil during growth, especially during photosynthesis. In addition to the uptake of metal ions, plants can detoxify metals into less harmful forms by chelating heavy metals or changing their oxidation state. Ranieri and Gikas constructed a model of Cr(VI)-contaminated soil (irrigated with 10.00 mg L-1 of Cr(VI) water) and studied the effectiveness of three plants (reed, willow, and stinkhorn) growing in Cr(VI)-contaminated soil to remove Cr(VI) from the soil. Results showed that the total removal of Cr(VI) from water ranges from 56.00% (reed) to 70.00% (willow) (Ranieri et al., 2016). Both macrophytes (Pistia stratiotes and Eichhornia crassipes) show high removal efficiency of Cr from different metal solutions without affecting growth and dry biomass. The mean accumulation amounts of Cr in the roots and leaves of P. stratiotes are 85.00 mg and 56.00 mg, respectively, whereas those in the roots and leaves of E. crassipes are 90.00 mg and 53.00 mg, respectively (Tabinda et al., 2020). Brassica napus can effectively remove 98.00% of 10.00 mg L-1 Cr(VI), and the main mechanisms involved are accumulation (55.00%–60.00%) and adsorption (30.00%) (Perotti et al., 2020). Microalgae can be used as bio-sorbents to remove heavy metals from water, and their mechanisms of action are rapid biosorption and slow bioaccumulation (Leong and Chang, 2020). The microalgae species Chlorella sorokiniana can remove 99.67% of Cr from a 100 ppm Cr(VI) containing effluent in 3 days (Hamouda et al., 2019). The principle of action is that microalgae have high antioxidant activity and can synthesize various antioxidant enzymes for counteracting the oxidative effect of Cr(VI) (Balaji et al., 2016).
4.3.3 Plant-based microbial fuel cell
Plant-based microbial fuel cell (PMFC) is a renewable and sustainable energy technology that generates energy from wastewater by combining a microbial-catalyzed reduction reaction with a biological cathode. PMFC systems can improve the removal of Cr(VI) through bioelectrochemical reduction. It provides a new idea for the removal of Cr(VI) from wastewater or soil (Zhang et al., 2021b). Wetland plants with PMFCs can remediate Cr(VI)-contaminated soils, with plants and electrode materials being the two larger influencing factors. PMFC systems can achieve 99.00% removal of Cr(VI) from soil through different mechanisms, including soil background reduction, plant uptake, and bioelectrochemical processes. Among these mechanisms, bioelectrochemical processes contribute the most to Cr(VI) removal. The use of higher biomass plants (Chinese bromeliads) PMFC is more effective than the use of common ones (Guan et al., 2019). Plants can provide a carbon source for microbial fuel cells by secreting root exudates, and bioelectrochemical reduction is the main mechanism for the removal of Cr(VI). The generation of current is related to the initial Cr(VI) concentration, and a high Cr(VI) concentration leads to a higher current. However, due to the high toxicity of Cr(VI), excessively high Cr(VI) concentrations can affect plant growth and bacterial activity. Therefore, Cr-tolerant strains and plants need to be identified (Habibul et al., 2016). Cr(VI) gradually decreases when strain Lsc-8 isolated from rumen contents is inoculated into growth medium containing 9.44 mg L-1 Cr(VI), and the Cr(VI) concentration decreases from 9.44 mg L-1 to 1.67 ± 1.05 mg L-1 within 24 h. This strain can also be used to produce microorganisms, using carboxymethylcellulose as a carbon source fuel cell with the highest output power density of 3.47 ± 0.28 mWm2 (Cao et al., 2020). Dual-chamber MFCs with air cathodes have been applied to remediate soils contaminated with heavy metals. The metal ions migrate toward the cathode driven by the electrode reaction and the electric field, creating a concentration gradient. Remediation performance can also be improved by lowering the pH and extending the operating time (Wang et al., 2020b). Iron-containing activated carbon particles have been synthesized and incorporated into soil to construct an enhanced microbial fuel cell system, which effectively reduces the resistance of soil and improves the power generation efficiency and remediation efficiency of Cr(VI)-contaminated soil (Wang et al., 2022b).
Microbial fuel cell technology has the advantage of simultaneously remediating Cr(VI) pollutants and generating renewable energy. However, the remediation efficiency of this technology can vary greatly under different hydrogeological conditions, and the relevant conditions (pH, electrode distance, strain selection, etc.) need to be clarified in concrete practice according to actual situations.
In summary, we have discussed the more common and effective remediation methods in physical, chemical and bioremediation, and there are some methods not mentioned in our study, which may be due to the fact that the method is too inefficient or requires a lot of human and financial resources and is not economical. Of course, we do not rule out the possibility that there may be more effective restoration methods that we have not yet discovered. However, we believe that by combining these restoration methods, a more universal restoration method can be developed in the near future.
4.4 Detoxifying substances
In addition to finding methods to remove Cr from contaminated environments, substances that can be used to mitigate Cr toxicity should also be determined. Low amounts of selenium form complexes with Cr(VI) and inhibit the accumulation of Cr(VI) in organs (Chen et al., 2017). Hydrogen-rich medium can reduce Cr(VI) damage via the ER stress-COX-2 pathway (Liu et al., 2022). Tomato anthocyanin ameliorates Cr(VI)-induced autophagy by inhibiting ER stress (Liu et al., 2020). Lycium ruthenicum Murr anthocyanin can inhibit autophagic activity and reduce mitochondrial damage through downregulation of the PINK1/Parkin pathway, resulting in a protective effect on DF-1 cells (Guo et al., 2022), Platycodon grandiflorus polysaccharides could improve Cr(VI)-induced mitochondrial autophagy by inhibiting ROS and restoring MMP (Hao et al., 2020). These studies could serve as bases for the treatment of Cr poisoning.
5 CONCLUSION
Cr(VI) is a widely used heavy metal and its pollution of the environment has been a worldwide concern. Cr(VI) has multiple toxicities (cumulative, ecotoxic and genotoxic) to plants, animals and the environment. Cr(VI) can cause ER stress, autophagy, apoptosis and inflammation, but there are many unclear questions about the mechanisms of its toxic effects, such as the interrelationship between ER stress, autophagy, apoptosis and inflammation. So the next step of research we should carry out around these issues. In addition, researchers have used various techniques (including physical, chemical and biological methods) for the purification of Cr(VI) from the environment, but each purification method has its own advantages and disadvantages. Therefore, a feasible research direction is to combine multiple decontamination methods to develop an efficient, reproducible and cost-effective solution that can be used to treat different forms of Cr contamination.
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