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Chemical, ecotoxicological
characteristics, environmental fate, and
treatment methods applied to cyanide-
containing wastewater

Check for updates

Katherine Vaca-Escobar 1,2 , David Arregui-Almeida 1,2 & Patricio Espinoza-Montero 1

Themain chemical, ecotoxicological, and environmental fate characteristics of cyanide, along with its
treatment methods for cyanide-contaminated wastewater, were thoroughly examined. A global
biogeochemical cycle of cyanide is proposed, covering the key physicochemical processes occurring
in aqueous, soil, and atmospheric environments. The principles, advantages, and disadvantages of
various treatment methods—including chemical, physicochemical, electrochemical, photochemical,
and biological approaches—are evaluated. Finally, the feasibility of reusing cyanidewaste is explored.

Cyanide has long been recognized as one of the deathliest poisons
throughout human history1. It was not until Stewart and MacArthur dis-
covered its potential as a goldore leaching reagent2 that cyanide foundoneof
its most prevalent modern-day uses. For over a century, the anionic “free”
form of cyanide (CN−) has been employed in gold extraction due to its
exceptional efficiency and low cost2,3.

Despite this long history with cyanide in mining, the chemical industry
is the largest consumer, utilizing over 80%of the cyanide produced annually2.
It is used to produce organic materials such as nylon, nitrile, adhesives,
plastics, paints, solvents, enamels, herbicides, pesticides, and fungicides2,4.
Additionally, it is widely used in metallurgy, jewelry manufacturing, and
certain pharmaceutical processes4,5. Only 20%of global cyanide production is
allocated to themanufactureof sodiumcyanide, ofwhich90% is consumed in
gold mining operations, making up 18% of the world’s cyanide production2.

Unfortunately, all cyanide-consuming industries generate aqueous
cyanidewastes because of incomplete cyanide consumptionorproduction
of cyanide derivatives. Furthermore, cyanide is often produced as a by-
product in industries that do not intentionally utilize it, such as coal, coke,
and petroleum production6. As a result, vast volumes of cyanide-
containing wastewater are generated daily. Like many human-derived
wastes, these effluents are ultimately discharged into the environment.
Given cyanide’s notorious toxicity for humans, plants, and animals—as
well as its long-term persistence in the environment7—it is crucial that all
wastewaters containing cyanide undergo treatment processes tominimize
its environmental impact; particularly when it may enter potable water
supplies.

In the early days of cyanide waste management, effluent dilution
was widely practiced due to its simplicity and low cost8. However, as

cyanide was not broken down into less toxic products, it remained
prone to accumulating in ground and surface waters through natural
processes. As a result, dilution was eventually replaced by chemical
oxidation methods, such as alkaline chlorination and hydrogen per-
oxide (H2O2) degradation

8,9. In time,more efficient, less polluting, and
cost-effective methods emerged based on physicochemical, biological,
and electrochemical principles9. Nevertheless, with each new method,
unique constraints surfaced, requiring further refinement and adap-
tation. Consequently, research continues to this day in search of
methods that offer the best balance between advantages and
limitations.

Success in these efforts depends on a deep understanding of cyanide’s
chemistry, its environmental fate, and the core principles of wastewater
treatment.Whilemuchof this knowledge is scattered across researchpapers
and extensive book chapters, a consolidated and comprehensible overview
remains absent.

Hence, this review presents cyanide’s chemistry and ecotox-
icological characteristics as starting points for understanding cyanides’
behavior in wastewaters and nature, accompanied for the first time by an
integral cyanide’s biogeochemical cycle to assess its interactions while
moving from wastewater sources to the different environmental matri-
ces. Once underlying chemical processes have been addressed, an illus-
trative overview of the fundamental principles underpinning cyanide’s
wastewater treatment methods is presented for a feasible understanding,
as these aspects comprehension is essential for the design of effective
treatment strategies. Additionally, this review synthesizes the latest
insights (5 years past) into cyanide wastewater treatment methods,
highlighting their advantages and disadvantages.
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Cyanide’s chemistry
Cyanides encompass a variety of compounds featuring a carbon atom triply
bonded to the nitrogen atom (–C≡N) moiety in their structure10,11, occur-
ring either as an anion (i.e., inorganic cyanides) or as a covalent functional
group (i.e., nitriles)11.

Inorganic cyanides can generally be classified into free cyanide
and complex cyanide. Free cyanide typically includes anionic cyanide
(CN−) and hydrogen cyanide (HCN), both of which are highly reactive
towards various elements andmolecules. Due to cyanide’s filled “s” and
“p” orbitals, and its empty “d” and “f” orbitals, it can share its triple
bond electrons with oxygen and sulfur, forming cyanate (OCN−) and
thiocyanate (SCN−) anions. Moreover, cyanide can establish π-
acceptor bonds similarly to halides and can also act as a strong
nucleophile in addition reactions, playing a critical role in many bio-
logical processes12.

Both CN− and HCN exist in an acid-base equilibrium. The HCN/CN−

pair has a pKa of 9.24 at 25 °C,meaning thatHCNwill predominantly exist at
a pH below 9.24, while anionic CN− will prevail at pH values above 9.2412,13.
This species distribution, however, can shiftwith temperature changes. Lower
temperatures tend to hinder the dissociation of HCN into CN−, thereby
favoring the presence of HCN12. HCN is typically gaseous due to its poor
solubility inwater and high vapor pressure (KH =−2.8 (Henry’s constant))14.

In its anionic form, cyanide can act as a ligand, often forming coor-
dination complexes with transition metal cations. Cyanide establishes σ-
bonds with the metal’s empty d-orbitals by donating electron pairs, and it
can also establish π-bonds by accepting electron density from themetal into
its empty anti-bonding orbitals12,15. As a result, a variety of metal-cyanide
complexes can form, exhibiting varying levels of stability.

These metal-cyanide complexes are commonly classified into weak
and strong complexes. Weak metal-cyanide complexes, typically involving
cadmium, zinc, silver, copper, nickel, andmercury cations, dissociate under
mildly acidic conditions (pH 4–6)12 due to their moderate stabilization
constants (Ks)

16. On the other hand, strong complexes, involving cobalt,
platinum, gold, palladium, and iron cations, require strongly acidic condi-
tions (pH < 2) for dissociation12,17, owing to their higher Ks values

16.
Free and complexed cyanides are also prone to oxidation reactions.

Under neutral to alkaline pH conditions and in the presence of an oxidizer,
anionic cyanide can be converted to cyanate (OCN−)12. Similarly, when
cyanide dissociates from metal complexes, oxidation to cyanate can occur.
However, due to the strong binding in certainmetal-cyanide complexes, the
cyanide ligands are less likely to undergo oxidation compared to their weak
counterparts.

Whether free or complex, inorganic cyanide can be found in dif-
ferent aqueous and solid states in the environment18, predominantly
associated with anthropogenic activities. Even so, they also naturally
occur primarily as HCN19. HCN is produced by certain bacteria, fungi,
plants, and even insects20,21, as part of their metabolic processes.
Although the precise mechanism of HCN synthesis has not been elu-
cidated for every organism, it is generally well understood in prokaryotes
and cyanogenic plant species.

Particularly, when referring to bacteria, genera such as Alcaligenes,
Aeromonas, Bacillus, Pseudomonas, and Rhizobium are known to have
the ability to produce HCN22,23. These rhizosphere bacteria utilize the
enzyme HCN synthase—encoded by the hcnABC gene cluster—to
convert glycine found in soil pore water and root exudates intoHCNand
carbon dioxide21,24.

In contrast, plants produce cyanide via the ethylene biosynthesis
pathway. Ethylene, an important regulatory phytohormone, is derived from
the oxidation of 1-aminocyclopropane-1-carboxylic acid (ACC) by the
enzyme ACC oxidase (ACO). During this process, cyanide is released as a
by-product25,26. Cyanide also exists in plants as cyanogenic glycosides18,19—
sugar-bonded cyanides—which can release HCN through enzymatic
action27. These secondary metabolites, commonly found in cyanogenic
plants, are primarily derived from amino acids such as L-leucine, L-valine,
L-tyrosine, L-isoleucine, L-phenylalanine, or cyclopentenyl-glycine28,29. The

biosynthesis of cyanogenic glycosides involves a multi-step process cata-
lyzed by two multi-functional cytochrome P450 enzymes, leading to the
formation of unstable hydroxynitriles, which are subsequently glycosylated
by soluble cytosolic glucosyltransferases29.

The resulting concentration of plant cyanide compounds varies con-
siderably depending on factors including plant section, maturity, time, and
growing conditions27. Moreover, several commonly consumed plant goods
have been found to contain cyanidemolecules, including cassava, sorghum,
corn, almonds, apricots, peaches, plums, bamboo shoots, sprouted beans,
cherries, olives, potatoes, soybeans, nuts, and coffee beans30,31.

Ecotoxicological characteristics
Cyanide’s toxicity in nature depends on its chemical form. In aqueous or
atmospheric media, cyanide is largely found as free cyanide, which is its
most toxic form32, particularly for humans and animals. This high toxicity is
due to cyanide’s ability to inhibit crucial metabolic processes33.

In humans, free cyanide forms stable complexes with essential
metalloenzymes19,34, such as cytochrome oxidase, an enzyme involved in
ATP synthesis. By inhibiting the function of cytochrome oxidase, cyanide
disrupts cellular respiration35,36, leading to central nervous system depres-
sion and respiratory failure2,31. Additionally, cyanide binds to iron in the
blood, inhibiting oxygen transport, and causing asphyxiation37.

In contrast, plants have evolved enzyme-meditated detoxification
mechanisms tomitigate cyanide toxicity. These processes dampen cyanide’s
harmful effects by converting HCN to less toxic compounds38–40. For
example, β-cyanoalanine synthases (β-CAS) convert HCN into
β-cyanoalanine by combining it with cysteine. Alternatively, the enzyme
rhodanese converts cyanide into thiocyanate39,40. Furthermore, when cya-
nide is found within organic molecules (e.g., cyanogenic glycosides, cya-
nolipids), it shows reduced toxicity41.

Similarly, cyanide’s oxidized derivatives, such as thiocyanate and
cyanate, which are also present in aqueous environments, are significantly
less toxic than free cyanide41. For example, thiocyanate is approximately
seven times less toxic than cyanide42, while cyanate’s toxicity is reduced by a
factor of 100043,44.

Further reductions in toxicity occur when cyanide forms coordination
complexeswith transitionmetals41. The toxicity of these complexes depends
on their stability constants (Ks) and solubility product constants (Ksp). A
higher Ks indicates stronger binding and reduced dissociation of cyanide,
thereby lowering its inherent toxicity. Meanwhile, lower Ksp describes
complexes with reduced solubility, which may precipitate out of solution
and exhibit diminished toxicity. For example, [Fe(CN)6]

3− and [Fe(CN)6]
4−

complexes are 1000 times less toxic than free cyanide. When precipitation
occurs, as with Prussian blue (Fe4[Fe(CN)6]3), toxicity decreases by a factor
of 195016.

Environmental fate: cyanide biogeochemical cycle
Cyanide fate in nature should not be regarded as a linear manner with a
starting and ending point, but rather as an interconnected system of com-
plex reactions and interactions involving various cyanide species in atmo-
spheric, aqueous, and soilmedia.As such, theCyanide biogeochemical cycle
study approach is strongly recommended instead.

It was first described byMudder in 1984 and has since been referenced
consistently in more recent works45. Mudder’s Cyanide’s Cycle depicts the
main physiochemical processes cyanide undergoes in the Mining Tailings
Model, as illustrated in Fig. 1. Thus, this cycle focuses on cyanide’s envir-
onmental fate as a by-product ofmining activities; especially those involving
gold extraction through cyanidation processes46.

However, cyanide’s fate extends beyondmining tailings, encompassing
other researched scenarios such as the Atmospheric Chemistry of Hydrogen
Cyanide, Bushey’s Cyanide’s fate mechanisms on wetlands, and Cyanide’s
cycle in nature itself. Therefore, this review aimed to integrate these three
scenarios into a comprehensive discussion of cyanide’s biogeochemical
cycle. To the best of our knowledge, such a joint exploration of these sce-
narios has not been carried out yet.
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Cyanide’s biogeochemical cycle begins within the “mining tail-
ings” segment (Fig. 1), where mining-derived cyanide-rich residues
from extraction processes are produced (e.g., gold extraction)2. Once
these residues are discharged in tailing ponds, they separate into two
distinct phases: an upper aqueous phase and a lower phase comprising
solid tailings in slurry form47. Between these two phases and the
atmospheric one, cyanide undergoes one of eight processes: volatili-
zation, oxidation, radical oxidation, photolysis, hydrolysis, precipita-
tion, complexation, or sorption48.

Cyanide’s volatile nature derives from its low solubility in water and
high vapor pressure (reaction 1), where it behaves as a weak acid (HCN)
(reaction 2)13,14. Thus, cyanide’s transport is facilitated throughout the
atmosphere (Fig. 1), resulting in a lengthy atmospheric residence time
(approximately five months)49,50. Particularly, HCN has no major role in
tropospheric chemistry49; instead, in the stratosphere, HCN can undergo
radical oxidation and/or photolysis reactions, which serve as principal sinks
for atmosphericHCN49. Radical oxidation reactions includeHCNoxidation
by hydroxyl radicals (·OH) and singlet oxygen (O(1D))49,51 (reactions 2 and
3, respectively), while photolysis reactions involve the ultraviolet-mediated
photolysis of HCN, which only occur in the upper stratosphere (reac-
tion 4)49,51.

DespiteHCN’s limitedwater solubility, if dissolvedby rainfall or in any
body of water, including the tailings pond of its origin, it undergoes acid-
base equilibria (reaction 5), leading to the formation of aqueous cyanide
anions (CN−). These anions gainmobility inwater and have the potential to
reach nearby land environments.

Within the aqueous phase of the tailings pond, cyanide chemistry is
governedby several processes, includinghydrolysis, thiocyanates formation,
complexation, and biological oxidations45. The first two processes result in
the less toxic formate and ammonium ion (reaction 6), as well as SCN−

(reaction 7). In terms of complexations, cyanide readily forms complexes
with different metals (reaction 8), primarily with ferric (Fe3+) or ferrous
(Fe2+) ions (reactions 9 and 10)45.

All the aforementioned cyanide species can undergo subsequent bio-
logical oxidation (reactions 11–13), including the anionic (CN−) itself
(reaction 14). In addition, secondary processes, such as biological nitrifi-
cation (reaction 15), could occur as part of aerobic microorganisms’
metabolic activity14. Similarly, aqueous CN− or HCN in solid tailings can
also be used by anaerobicmicroorganisms to fulfill metabolic requirements,
resulting in additional reactions (reactions 16–21)14.

Fig. 1 | Cyanide’s biogeochemical cycle45,46,71,141.

Volatilization HCN aqð Þ $HCN gð Þ (1)

Radical oxidation HCN gð Þ þ �OH gð Þ ! �CN gð Þ þ H2O gð Þ (2)

Radical oxidation HCNðgÞ þO 1D
� �

ðgÞ! �CNðgÞ þ �OHðgÞ (3)

Photolysis HCN gð Þ �!UV;λ�179nm �CN gð Þ þ �H gð Þ
(4)

Equilibria HCNðaqÞ$Hþ
ðaqÞ þ CN�

ðaqÞ (5)

Hydrolysis
HCN aqð Þ �!

2H2OHCOO�
aqð Þ þ NHþ

4 aqð Þ
(6)

Thiocyanate formation CN�
aqð Þ þ HS�
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aqð Þ þ 2e� (7)

Complexation
CN�

aqð Þ !
MXþ

M CNð Þm
� �n�

aqð Þ
Where, M = Cu, Ni, Zn
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Additional reactions involving cyanide species in aqueous solution
include precipitation reactions. As mentioned, cyanide readily forms
coordination complexes, particularly ferricyanide ([Fe(CN)6]

3−) and fer-
rocyanide ([Fe(CN)6]

4−) complexes. Under specific stoichiometric condi-
tions, these complexes, previously discussed, can precipitate as insoluble
salts of iron, copper, nickel, manganese, lead, zinc, cadmium, tin, or silver45.
Most commonly, in the case of iron (II) ions, ferrocyanide complexes pre-
cipitate as the well-known coordination compound Prussian blue (reac-
tion 22)45.

If precipitation does not occur, aqueous ferric and ferrous complexes
can undergo further reactions. Under the influence of incident ultraviolet
light, typically coming from sunlight, these complexes can undergo pho-
tolytic reactions, leading to ligand loss. These reactions commonly yield
iron-cyanide complexes with reduced oxidation states and free cyanide
(reactions 23 and 24)52, which can subsequently go through the rest of the
processes.

Up to this point, this examination of cyanide’s chemistry has been
described within the limits of a tailings pond that has kept its integrity.
However, tailings ponds’ linings are prone to ruptures and thus may seep
liquid tailings directly into the soil. Despite the frequency of such incidents,
they have yet to be incorporated into existing cyanide cycle frameworks,
even when they have been repeatedly reported53–56. Further, in addition to
the aforementioned reactions, sorption processes can also occur with
remaining aqueous cyanide species in tailings ponds. These species are
commonly absorbed by ferric hydroxide and manganese hydroxide parti-
cles, as well as clays46.

Similarly, cyanide’s environmental fate beyond tailings ponds has been
overlooked in previous cycles, neglecting the likely event that the pond’s
contents are discharged untreated into water bodies. Indeed, research has
highlighted numerous cases of liquid tailings and associated wastewater
being discharged without proper treatment, whether intentionally57–61 or
because of spill incidents62,63. Consequently, aqueous cyanide species are
allowed to freely migrate into external aquatic environments.

The second segment of the biogeochemical cycle includes Wetland
section (Fig. 1), reported by Bushey in 200346. In this segment, free cyanide,
ferric, and ferrous cyanide complexes are absorbedbyplants and assimilated
through their metabolism46. This process involves the biosynthesis of cya-
nogenic glycosides, secondarymetabolites derived from amino acids, which

plants employ in their defensive mechanisms against herbivores and other
organisms64,65. Synthesized within the plant cytoplasm, these glycosides can
undergo enzymatic hydrolysis into HCN, which is released as a chemical
defense response66. Other processes that may occur in this segment include
reactions between soil organic compounds and cyanide, resulting in the
formation of compounds such as acetonitrile (Me-CN) or other nitrile
solids67.

Finally, the third segmentof the cycle (Fig. 1) encompasses all processes
and interactions involving cyanide with plant and animal species. As pre-
viously noted, cyanide is typically assimilated by plants to produce cyano-
genic glycosides. These compounds can indirectly enter animal organisms
through the consumption of cyanide-containing plants, as in the case of
livestock68–70. Through this mechanism, animals metabolize plant cyano-
genic glycosides, leading to the bioaccumulation of cyanide in their tissues.
When they die, cyanide returns to the soil as free cyanide or various
nitrogen-containing compounds46. Once in the soil, free cyanide and other
soluble cyanide species may be transported through water-assisted leaching
or react with metal ions and remain in the soil as insoluble salts
(precipitates)14. Consequently, soluble cyanide species may continue their
journey until reaching the water table through a very slow kinetic mobility
process14. Cyanide that infiltrates groundwater may persist in soluble form
and migrate within the groundwater or undergo precipitation and miner-
alization processes, depending upon existing ions14,71.

Cyanide wastewater treatment methods
When cyanide is present in the primary environmental matrices, it poses a
critical threat to human health, as well as to aquatic and terrestrial ecosys-
tems. Therefore, cyanide’s toxic nature calls for its removal from environ-
mental matrices, particularly from water sources. Hence, environmental
legislation across countries has established permissible levels of cyanide
concentration in aqueous media. For instance, the US EPA has set a max-
imum level of cyanide concentration in water for human drinking purposes
at 0.2 mg L−1 72. If cyanide is to be discharged into freshwater bodies, the
maximum allowed concentration is capped at 22 µg L−1, while for con-
tinuous discharge, it is 5.5 µg L−1 73.

To comply with these quality standards, cyanide requires effective
removal treatment processes whose selection depends on a series of factors.
First, the type of wastewater must be considered, as cyanide concentration
heavily depends on it. For instance, concentrations range from
≤100,000mgmL−1 in electroplating baths6, 10–1000mgmL−1 coke
plants6,16, 50−500mg L−1 in noblemetal ore processing16, 0.5–144mg L−1 in
petroleum refining74, to 5–10mg L−1 in coal gasification processes75. These
variations determine the specific treatment approach. Conventional che-
mical and physicochemical methods are effective for high cyanide con-
centrations, whereas novel alternatives like biological treatments are better
suited for lower cyanide concentrations (e.g., microbial degradation for
0–10mgmL−1)16. Additionally, pretreatment may be necessary for certain
wastewaters, such as stripping ammonia from coking plant waters76.

Second, the composition of the effluents must be assessed, as not all
treatment methods are effective for different cyanide species. For waste-
waters primarily composed of free cyanide and weak acid dissociable
complexes, conventional chemical and physicochemical treatments are
appropriate. However, for effluents containing strong metal-cyanide com-
plexes, physicochemical methods are preferred due to the complexes’
resistance to oxidation76. The presence of other chemical entities also
requires consideration. Free metal ions can mask and stabilize cyanide
species, while dissolved organic matter increases the chemical oxygen
demand, potentially competing with cyanide for oxidative treatments77.

Third, the current technological readiness of treatment methods must
be evaluated. While newer approaches such as phytoremediation, ozona-
tion, UV-oxidation, or electrochemical advanced oxidation processes show
promise, many remain in the research or pilot stage, with few reaching
commercial scale like carbon adsorption processes76.

Lastly, cost considerations are critical in selecting a treatment method.
Historically, alkaline chlorination has beenwidely used for cyanide removal
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despite its high cost9,78,79, which has driven the development of newer, more
efficient, and cost-effective methods. A green approach has also emerged,
emphasizing the reduction of toxic by-products, economization of reagents,
and minimization of energy consumption as important factors when
selecting the optimal treatment solution.

Methods principles
Cyanide removal from wastewater is generally achieved using five main
treatment methods, each operating on distinct principles: chemical, physi-
cochemical, electrochemical, photochemical, and biological. The following
sections provide a concise yet comprehensive overview of these methods,
aimed at enhancing clarity and understanding.

Chemical methods
Chemical treatment methods for cyanide wastewater involve reactions that
convert cyanide into less toxic derivatives48. Among multiple reaction
pathways, oxidation reactions are often preferred. As outlined in the bio-
geochemical cycle, while cyanide typically undergoes oxidation reactions
throughbiological pathways,with the appropriate oxidizing agent, reactions
can be performed without the intervention of living beings (i.e.,
microorganisms).

Conventionally, cyanide wastewater has been treated through alkaline
chlorination48. At a pHof 1180, this process involves the oxidation of aqueous
cyanide by liquid chlorine (Cl2) or hypochlorite ions (ClO

−) to form cya-
nogen chloride (CNCl), which subsequently hydrolyzes into the less toxic
cyanate ion (OCN−) (Fig. 2). Typically, an excess of chlorine is used to
further oxidize cyanate48. While alkaline chlorination offers numerous
advantages, such as its ability to treat a wide range of cyanide
concentrations48, important drawbacks include the high consumption of
chlorine, resulting in high operational costs, hazardous chlorinated by-
products (e.g., CNCl), and reduced oxidation efficacy for certain cyanide-
metallic complexes48. Nevertheless, precipitation reactions present viable
alternatives to oxidationmethods.Notably, cyanideprecipitationby iron (II)
ions, as discussed in the biogeochemical cycle, stands out, as it can reduce
cyanide concentration up to 1–5mg L−1. Furthermore, it does not require
strong basic conditions; slightly acidic conditions (pH= 5–6) are preferred48.

As the use of alkaline chlorination has declined over time, alternative
oxidations reactions have gained prominence. Typically used ones employ
H2O2 as an oxidizing agent, albeit in combination with other substances. In
theCaro’s acid process, before cyanide oxidation can take place,H2O2needs
to react with concentrated sulfuric acid (H2SO4) to form perox-
ymonosulfuric acid (H2SO5), also known asCaro’s acid

48,81. This compound
is responsible for oxidizing cyanide into OCN−48,82 (Fig. 3). This process is
frequently preferred for treating tailings slurry48.

Alternatively, if H2O2 is used independently, metallic catalysis is
required. By using aqueous copper (II) ions cyanide’s oxidation by H2O2 is
facilitated (Fig. 4). This catalytic process also applies to cyanide-metallic
complexes, wherein metallic ions later precipitate as their corresponding
hydroxides, typically at a pH of 9–9.548. Similarly, copper (II) ions serve as
catalysts when cyanide is oxidized by sulfur dioxide (SO2)

48 or any reduced
sulfur salt (i.e., metabisulfite)82 in the presence of oxygen (O2) gas (Fig. 4).

In general, Caro’s acid process andSO2oxidationmethod are preferred
for treating cyanide solid tailings, whereas H2O2 and SO2 (to some extent)
are commonlyused to treat liquid tailings48.As in alkaline chlorination, their
main disadvantages are the generation of toxic by-products, which is
inherent to chemical treatment processes83; with some exceptions.

Namely, ozonation has recently gained attention in treating cyanide-
containing wastewater. Specifically, it stands out based on cyanide intense
reactivity with ozone and its complete degradation, without unwanted by-
products generation84. In general, cyanide ozonation proceeds by hydroxyl
radicals produced upon ozone hydroxide-ion catalyzed decomposition, in
water84,85. Once these radicals are produced, they oxidize cyanide to cyanate,
which can be degraded by further ozonation or additional hydrolysis
reactions. Normally, a 90% removal is expectedwhen ozone is administered
in a 1–1.2mol O3/mol CN− dose84.

Physicochemical methods
In contrast to chemical methods for treating cyanide wastewater, physico-
chemicalmethodsoffer the advantageof avoiding the generationof toxic by-
products. Among these methods, adsorption processes are notable for their
ease of operation, high efficiency, and cost-effectiveness86–88. Nonetheless, as
a major drawback, physicochemical methods do not eliminate

Fig. 3 | Main reactions involved in the Caro’s acid
process48.

Fig. 2 |Alkaline chlorination process with the use of
chlorine gas or hypochlorite ions as oxidants80.
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contaminants from their original source. Instead, they simply transfer the
pollutants to another medium for further treatment and eventual
discharge89.

In principle, adsorption occurs as a surface phenomenon in which an
adsorbate (in this case, cyanide) interacts with an adsorbent or substrate,
becoming attached to it90. If this interactionoccurs via intermolecular forces,
physisorption takes place; if chemical bonds are established, chemisorption
occurs90. In either case, a wide variety of low-cost absorbent materials are
available for this purpose, both natural or synthetic (organic or inorganic)91.

Generally, in cyanide removal, physisorption is the preferred
mechanism, as adsorbent recovery is desired; however, ongoing research is
exploring chemisorption. Activated carbon (AC) is by far the most fre-
quently used absorbent for cyanide removal, primarily because of its
exceptional adsorptive and catalytic properties92. In addition to adsorbing
cyanide species, AC can catalyze their oxidation to less toxic forms, such as
OCN–92.Nevertheless, studies have indicated thatACalonemaynot achieve
optimal removal efficiency, necessitating surface modifications92.

It has often been noted that AC removal efficiency can be improved by
impregnating it with different metals92,93. The use of copper (i.e., Cu2+ ions)
is typically favored over other metals due to its oxidizing effect on cyanide
(i.e., catalytic oxidation). Briefly, when Cu2+ ions are impregnated on AC,
free cyanide readily forms metallic complexes that get adsorbed on the AC
surface. There, cyanide undergoes early oxidation to cyanogen, and subse-
quently to cyanate94.

Similar results have been found for metallic oxides impregnated AC’s
surfaces93. Alternatively, surface modification can be achieved by incor-
porating organic moieties or functional groups that can enhance cyanide
removal92. For instance, functional groups containing protonated carbonyl
have been found to facilitate electrostatic anion complexation with
cyanide95. Additionally, bacterial biofilms can be impregnated onto the AC
surface; these absorb and biodegrade cyanide throughmetabolic/enzymatic
process20,92,96. This aspect will be discussed in the context of biological
methods for cyanide wastewater treatment.

In addition to AC, other commonly used absorbents include raw and
modified zeolites97–100, as well as new bioadsorbents. These alternatives offer
similar advantages to AC in terms of low cost, effectiveness, and ease of use
and are commonly found in food or plant waste/by-products101–105.

Electrochemical methods
In general, the electrochemical degradation of cyanide wastewater relies on
theuseof an electrochemical cell, comprising ananode, cathode, and electric
power source, wherein cyanide undergoes an oxidation process. This
principle has spurred the development of multiple electrochemical techni-
ques to effectively oxidize cyanide. While differing in approach, they all
share the ability to remove pollutants from aqueous media, even at low
concentrations, as has been reported for cyanide (<500mg L−1)106.

Overall, electrochemical techniques excel in generating less harmful
by-products107, particularly when compared with the toxicity and risk fac-
tors of the target pollutant. However, the exception is when by-products are
of a halogen nature (i.e., Cl− or Br− oxidation by-products)108. Other
advantages include their non-selective character and strong oxidizing
capabilities109. Their primary limitation is their high energy
consumption110,111, especially when used at a large scale110.

The simplest electrochemical techniques for cyanide degradation
constitute direct and indirect electrooxidationmethods. In direct oxidation,
cyanide is oxidized at the anode, while in the cathode, heavy metals present
in the cyanide wastewater are reduced106,112 (Fig. 5). This process is usually
preferred for treating cyanide in high concentrations (>1000mg L−1)106.
Conversely, indirect oxidation uses a “non-active” anode to generate strong
oxidizing species113, which facilitates the oxidation of cyanide in solution,
particularly at low concentrations (<500mg L−1)106. For instance, when
sodium chloride is added to the electrolytic media as an electro-active
supporting electrolyte, cyanide is oxidized by hypochlorite anions (ClO−)
generated in the anode106,114 (Fig. 5).

In both scenarios, platinum or graphite electrodes are predominantly
used as anodes106. However, when more reactive metals are used as anodes,

Fig. 4 | Cyanide oxidation reactions involved in the copper-catalyzed H2O2 process and the sulfur dioxide and air process48.
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electrocoagulation is then possible. This technique involves the use of a
cation-generating anode, typically iron or aluminum115. Once released into
the solution, these cations facilitate the precipitation of cyanide as insoluble
coordination complexes (e.g., Prussian blue) (Fig. 5).

Other novel alternatives have explored the possibility of reducing
cyanide by electrocatalysis instead of the usual electrooxidation pathway.
Although implausible, considering the strong electrostatic repulsion
between anions (e.g., CN−) and the negatively charged cathode, enhancing
the binding ability of the cathode to overcome repulsion has been proposed.
For instance, when transitionmetal oxides (e.g., Co3O4) are used as cathode,
polarization under an electric field can foster the cathode’s cyanide
enrichment116. Consequently, cyanide reduction is made possible. After the
reduction products have been generated, they can experience further oxi-
dation processes.

In addition to the discussed techniques, contemporary research has
shifted focus toward electrochemical advanced oxidation processes
(EAOPs). This method involves the electric generation of hydroxyl radicals
(·OH)117, primarily derived from water108. As one of the strongest known
oxidizers (+2.8 V vs. standard calomel electrode, pH 0)117,118, hydroxyl
radicals play a crucial role in the oxidation processes. Owing to their rapid
reactivity and non-selective behavior, they effectively degrade a wide range
of contaminants118,119, including cyanide. Typical mechanisms for generat-
ing hydroxyl radicals in EAOPs include water anodic oxidation, anodic
oxidation with electrogenerated H2O2, and Electro-Fenton-related
processes120,121. Among these, the first mechanism is particularly suitable
for degrading cyanide, as it operates in alkaline conditions, thereby pre-
venting HCN generation during cyanide oxidation (Fig. 6).

Even though cyanide requires high alkaline conditions to avoid HCN
evolution, while it oxidizes to cyanate, low alkaline conditions are simul-
taneously desired to ensure efficient cyanate hydrolysis122. Although con-
tradictory, Electro-Fenton-related processes can successfully overcome this
obstacle. For instance, it has been reported cyanide can be directly miner-
alized to NO3

− via heterogeneous Electro-Fenton generated ·OH and ·O2
−

radical oxidation122.

Photochemical methods
Like the EAOPs, the photochemical approach to cyanide degradation also
involves the generation of oxidizing radicals, but this only occurs because of
incident electromagnetic radiation. Specifically, only ultraviolet radiation
(UV light) can generate said radicals, either from oxidizing agents or
catalysts118. When these oxidizing radicals, used to remove a particular
pollutant, are produced by exposing oxidizers (e.g., H2O2, O3, or Cl2)

123 to
incident UV light, the process is known as photooxidation.

Conversely, when oxidizing radicals are generated on the surface of a
photo-activated catalyst, typically of a semiconducting nature, the corre-
sponding process is referred to as photocatalysis. In this case, radicals can
form from photogenerated electron-holes pairs (hν+vb), in the semi-
conductor valence band, which has oxidizing capacity, and from excited
electrons (e−cb) in the respective conduction band, which have reductive
capacity118,124. Through these mechanisms, several reactive oxygen species
(ROS) are produced, such as superoxide (•O2−), hydroxyl radicals (•OH),
and singlet oxygen (O(1D))89.

As previously mentioned, strongly oxidizing hydroxyl radicals are
preferred for cyanide degradation, which is commonly produced using a
titanium oxide (TiO2) catalyst

124 (Fig. 7).
Whether employing a photooxidation or photocatalytic approach,

cyanide undergoes oxidization to form cyanate. However, while the former
involves a simple radical reaction125, the latter entails a photocatalytic pro-
cess utilizing electron-hole pairs within the photocatalyst126.

Biological methods
In recent years, biological treatment of cyanide wastewater has gained
popularity among other treatment alternatives, including physical or
chemical processes. This approach utilizes microorganisms to remove
pollutants fromwater in a simple, cost-effective, and robust manner127. In
the case of cyanide, biological methods can reduce its concentration in
wastewater to environmentally acceptable levels while also producing
fewer harmful by-products48. Thus, biological treatment is regarded as an
optimal alternative.

Fig. 5 | Catalytic reactions for cyanide oxidation using Cu-impregnated activated charcoal (Cu-AC)94.
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Biological treatment methods range from phytoremediation to
microbial bioremediation. Phytoremediation involves the use of plants to
remove or reduce cyanide concentrations in water or soil, as plants can
utilize cyanide to fulfill their nitrogen needs128 (Figs. 9a). Conversely,
microbial bioremediation relies on themetabolic activities of bacteria, fungi,
or microalgae to degrade cyanide129,130. These microorganisms use cyanide
as a source of nitrogen131, thus breaking it down through one or more
enzymatic pathways83,131,132 (Fig. 9b). Bacterial strains from the genera
Pseudomonas, Bacillus, andKlebsiella, amongothers, have beenexamined in
the bioremediation of free cyanide and metallic-complexed cyanide133.

Even though the above-mentioned bacteria are capable of degrading
cyanide, they are still susceptible to its toxicity and that of their derivatives.
In general, aerobic bacteria degrade active cyanide via nitrogenmetabolism
(ammonification−nitritation−nitrification) at the cost of free cyanide toxic
inhibition16,134. If complexed with Fe2+ and Fe3+ ions, free cyanide toxic
inhibition on aerobes can decrease134; nonetheless themetallic protection on

cyanide can posemetabolic difficulties due to the complexes’ stability134. On
the other hand, anaerobic bacteria are more prone to degrade cyanide
complexes (exhibiting lower toxicity) to cyanate and formamide via cyanide
metabolic enzymes despite these complexes’ chemical stability16,134.

It has also been found that bimetallic binding on iron-cyanide com-
plexes can foster cyanide release, and hence allowmicrobialmetabolization.
For example, [Fe(CN)6]

4– complex interaction energy (Eint) with Cu
+, Cu2+

orAg+ (i.e., respectively,−0.7,−0.59,−0.68 a.u.) suggests thismetals can set
free cyanide ligands formicrobial degradation, on the contrary to Fe3+, Co2+

and Ni2+ (i.e., respectively,−2.70, −1.55,−1.57 a.u.)134.
In addition, research on bacterial-mediated bioremediation has

expanded into the burgeoning field of environmental omics, particularly
in the context of environmental pollution and remediation technologies,
known as cyanomics. Like other omics technologies, research on cya-
nomics provides useful information on genes, mRNA, sRNA, and
metabolites associated with microorganisms capable of removing

Fig. 7 | Main electrochemical advanced oxidation reaction for cyanide degradation120,121.

Fig. 6 | Main reactions occurring in conventional electrochemical techniques used for cyanide degradation112,114.
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cyanide from polluted media through their metabolic activities135. In
terms of cyanotrophic bacteria, cyanomics has enabled the identification
of genes and proteins involved in cyanide resistance, as well as those in
cyanide degradation, opening possibilities of screening for cyanide-

related genes in other bacterial genomes through comparative genome
analysis135.

Furthermore, its essential to emphasize that most state-of-the-art
methods are centered on enzymatic processes involved in bacterial-

Fig. 8 | Photochemical reactions behind cyanide’s photocatalytic oxidation with TiO2 catalyst
126.

Fig. 9 | Primary biological treatment techniques
for cyanide: phytoremediation and microbial
bioremediation. a In phytoremediation, plants
remove or reduce cyanide in water or soil by using it
as a nitrogen source. b In microbial bioremediation,
bacteria, fungi, or microalgae can metabolize cya-
nide, thereby degrading it132.
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mediated cyanide degradation136. Among these methods, preferred
strategies often include the isolation of new bacterial strands from
contaminatedmedia that are capable of degrading cyanide, as well as the
extraction of bacterial enzymes to use as catalysts in biodegradative
reactions. Other related emerging cyanide bioremediation methods
include electrochemical-based methods such as electro-bioremediation
(EK-Bio) for in situ remediation, microbial fuel cell technologies, and
anaerobic cyanide biodegradation in small reactor setups, with addi-
tional biogas formation83.

Innovations in cyanide wastewater treatment
For a more comprehensive understanding of these treatment methods, this
review examines the latest research pertaining to each technique, clarifying
their fundamental principles and associated strengths and limitations
(Table 1).

Future directions
Given thepersistent threat posedby cyanide’s high toxicity andongoing use,
research on mitigating its impact is being carried out in several scientific
areas. The pursuit of the most efficient and cost-effective degradation
methods remains paramount. Consequently, novel methodologies will
continue to be developed with the aim of achieving maximum reduction of
this pollutant in water, while ensuring economic viability.

While the removal of cyanide from wastewater remains the primary
objective, it is worth considering the potential value of cyanide waste in
different industries. For instance, cassava residues (which contain a sig-
nificant amount of cyanide) from the agro-industry could be repurposed to
produce biosurfactants or biogas137,138, thereby offering products with lesser
environmental impact. Similarly, cyanide residues produced in goldmining
operations could be used for new extraction processes, presenting an eco-
nomically viable alternative for purchasing cyanide for gold mines139,140.
Numerous other scenarios wherein cyanide is produced as waste warrant
further investigation.
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