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Abstract: Mexico is characterized as a mining country since it is the world’s main silver producer.
During its extraction, wastewater (mining tailings) is generated which contains cyanide and heavy
metals. The purpose of this research was to determine whether a bacterial consortium isolated from
a tailings dam can use cyanide as a source of nitrogen and carbon to carry out its biodegradation.
The study determined the effects of three physicochemical factors (pH, temperature and inoculum
concentration) and three metals (copper, iron and nickel) on cyanide biodegradation. The results
showed that the highest cyanide removals were obtained when working with a pH of 9.5, a tempera-
ture of 25 ◦C and 15% v/v of inoculum (88%), while the optimum values for copper, iron and nickel
were 0, 7.7 and 0.46 mg·L−1, respectively, showing that copper causes an inhibitory effect (cyanide
biodegradation of 68%) on the bacteria and consequently on the biological degradation of cyanide
and that iron can promote the biodegradation of the pollutant by 91%.
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1. Introduction

Cyanide is the general term applied to a group of chemicals containing a carbon
atom with a triple bond to a nitrogen atom (:CΞN:); organic compounds possessing a
-CΞN functional group attached to an alkyl residue are called nitriles, according to IUPAC
nomenclature [1]. The main man-made forms of cyanide are gaseous hydrogen cyanide
(HCN) and sodium cyanide (NaCN) and potassium cyanide (KCN), the latter two existing
in a solid state [2]. However, there are many other forms of cyanide derived from anthro-
pogenic activities, such as manufacturing, chemical industries, pesticide use, mining, metal
finishing, coke plant operations, paint production, petroleum refining, and explosives and
automobile manufacturing [3].

The classification of the different cyanide compounds depends on the concentration
of the free cyanide ion [4,5]; the compounds can be classified as: (a) weak acid dissociable
complexes (WADs), which are dissociable at pH 4. 5, which in turn are divided into: (1) free
cyanide (CN− and HCN); (2) simple cyanides: easily soluble (NaCN) and insoluble neutral
salts (KCN, Ca(CN)2, Hg(CN)2, Zn(CN)2, Cd(CN)2, Cu(CN), Ni(CN)2 and Ag(CN)); and
(3) weak complex cyanides (Zn(CN)4

2−, Cd(CN)3
− and Cd(CN)4

2−); and (b) strong acid
dissociable complexes (SADs), which are characterized by being dissociable at a pH of
2 and include: (1) cyanides with moderately strong complexes (Cu(CN)2

−, Cu(CN)3
2,

Cu(CN)4
3−, Ni(CN)4

2− and Ag(CN)2
−), (2) cyanides with strong complexes (Fe(CN)6

4−,
Co(CN)6

4−, Au(CN)2
− and Fe(CN)6

3−), (3) Thiocyanate (SCN−) and (4) Cyanate (CNO−).
Cyanide does not cause chronic diseases because it is not cumulative [6–8]. However,

there is a risk to human health, mammals, reptiles, amphibians, birds, fish, and other
aquatic lifeforms upon exposure [9]. since it enters the body through various routes
(inhalation, ingestion, or absorption) and is a non-specific enzyme inhibitor, since it can
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act by inhibiting several enzymes, such as succinyldeshydrogenase, superoxide dismutase,
carbonic anhydrase and cytochrome oxidase [10].

The degree and rate at which these complexes dissociate depends on several factors;
largely, these are the pH of the solution, the initial concentration of the cyanide complex, the
temperature, the UV radiation, the REDOX potential (Eh) of the solution and the formation
constants [11].

Different physical, chemical, and biological techniques have been studied for cyanide
treatment, each type of process removing specific forms of cyanide. In the case of adsorption,
free cyanide is not treated, while membranes and biological processes remove all forms
of cyanide. As for chemical oxidation, this involves removing mainly free cyanide and its
weak bonds [12]. The decision about which is best will depend on factors such as the cost of
the treatment, the available space to be used, the initial concentrations of the contaminant
and the amount of waste to be treated, among others [13].

The biological treatment of mining tailings has been less well studied than the physic-
ochemical processes already established; however, they are considered of great importance
due to the generation of secondary compounds that are less harmful to humans and the
environment compared to those mentioned above (physicochemical processes) [14].

Biological methods use living organisms (biomass), cellular components or free en-
zymes to transform waste or pollutants, as well as to alter the redox state of metals.
Depending on the form of microbial agglomeration used by the biological processes, these
can be divided into: (a) suspended biomass systems and (b) immobilized biomass (biofilm)
systems [3,15], which in turn can be divided into two types: (1) stationary or fixed media
systems (water moves through a stationary medium) and (2) moving media systems or
moving biological bed reactors (solid media move through liquid) [16,17]. In turn, they
can be classified according to the availability of oxygen in them as aerobic, anaerobic, or
anoxic [18].

There are many materials that can be used to carry out biomass immobilization;
however, the most-studied packaging materials are stones (tezontle and granite), clay and
synthetic materials (polypropylene, polyethylene, polyurethane, polystyrene, and plastic
waste) [19]. These packings must possess certain characteristics, such as being structurally
resistant (resistant to degradation by UV, erosion or degradation, and fungal and bacterial
attack), non-toxic to microorganisms, lightweight, having a large surface area (influenced
by the size and configuration of the packaging), having rough surfaces, and being low-cost
and conducive to rapid colonization by microorganisms [18,20–23].

Microorganisms use cyanide as a source of carbon and nitrogen [9,24], which is why it
is important to take into account treatments that use nitrifying bacteria (which use nitrogen
in their growth and development processes), since these types of bacteria are also capable
of metabolizing a wide variety of organic pollutants [25]. Bacteria have developed several
mechanisms to tolerate the harmful effects of metals which involve (a) cellular components
that capture ions, neutralizing their toxicity; (b) enzymes that modify the redox state of
metals or metalloids, converting them into less toxic forms; and (c) membrane transporters
that expel harmful species from the cell cytoplasm [26].

The vast majority of studies that have been carried out on the treatment of free cyanide
have been at the laboratory level and in steady-state systems, either suspended biomass
systems or immobilized biomass systems, using different types of bacteria, such as Bacillus
(B. cereus, among others [27,28], Pseudomonas (P. resinovorans [1], P. fluorencens [29], and
P. pseudoalcaligenes [30], Alcaligenes [31], Rhodococcus sp. [32], Klebsiella pneumoniae [33] and
Ralstonia sp. [34]; however, the use of fungi in this type of treatment has also been reported,
for example, Trametes versicolor [35].

In the case of immobilized biomass systems, various types of packaging and operating
conditions have been studied. The most commonly used packings are natural (granite
rock, citrus peels, cellulose and gravel) and synthetic (stainless steel, geotextiles, alginate
and plastics), which have shown effects on biomass concentrations in treatments varying
from 1 × 106–1 × 107 [28,36] or 3500 mg·L−1 to 10,000 mg·L−1 [37]. The retention time
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and agitation or flow rate depend on the configurations of the reactors and can range from
8 h [36] to 200 days [38], while pH can fluctuate between 6.5 and 10.5 units.

On the other hand, several studies have been conducted in batch reactors on the
degradation of cyanide complexes with metals, which are extremely stable, using bacteria
of the genera Pseudomonas, Burkholderia, Acinetobacter, Bacillus and Azotobacter and fungi
of the genera Fusarium, Trichoderma, Trametes and Penicillium [29,31,39], generally using an
external carbon source, such as cassava, citrus residues or glucose [40], providing promising
results, which is the reason for the elaboration of the present research.

2. Objective

The objective of this work was to study the influence of factors such as pH, tem-
perature, and inoculum concentration in batch systems with suspended biomass for the
biodegradation of free cyanide, as well as the interferences that occur in its biological
treatment when cyanide is complexed with three different metals.

3. Materials and Methods
3.1. Experimental System

All experiments were carried out for 35 days in 500 mL amber bottles. Each bottle was
filled with 450 mL of sterilized synthetic water (mineral medium), which was found to be
constituted as stated by Khamar et al. (2015) [41] (g·L−1) with analytical grade reagents and
was produced by J.T. Baker: Na2HP4.7H2O, 12.8; KH2PO4, 3; NaCl, 0.5; MgSO4.7H2O, 0.5;
CaCl2, 0.1; and 1% (v/v) mineral salts (ZnSO4.7H2O, 0.05; MnCl2.4H2O, 0.05; CuCl2.2H2O,
0.005; Na2MoO4.2H2O, 0.005; Na2B4O7.10H2O, 0.002; CoCl2.6H2O, 0.0003).

3.2. Bacterial Strains/Bacterial Consortia

The first step was to obtain the microorganisms. We worked with two different
microbial consortia, the first one previously acclimatized to cyanide (MC10), while the
second had not been in contact with the contaminant (MC0).

MC10 was obtained from a reactor previously worked with 10 mg·L−1 CN- by Ortiz-
Sayavedra and Tejeda-Gil (2018) [42], which, in turn, came from a soil sample from the
“Mastrantos II” tailings dam of the “El Cubo” mine located in the state of Guanajuato,
Mexico. Meanwhile, MC0 was obtained from the mixed liquor (activated sludge) of the
Domestic Wastewater Treatment Plant of the Mexican Institute of Water Technology (IMTA),
located in Jiutepec, Morelos, Mexico, whose waters are free from cyanide in any of its forms.

3.3. Inoculation, Propagation and Maintenance of Bacteria

To obtain MC0, 100 mL of the water sample was taken and placed in flasks with 500 mL
of deionized water, shaken for one hour, and after 5 min of rest, 10 mL of the supernatant
was inoculated, under sterile conditions, in 90 mL of Meyer brand peptone broth (1:10,
previously sterilized) for 60 h at 35 ± 2 ◦C and with orbital agitation at 120 rpm.

The propagation and maintenance of bacteria was carried out by means of biweekly
reseeding in peptone broth at pH 7.2 in 250 mL Erlenmeyer flasks and incubated at 32 ◦C
with orbital shaking at 120 rpm for 60 h in a water bath, using the Lab Company orbital
shaker model B5-11, and subsequently maintained at a temperature of 32 ◦C in a Precision
model 6 incubator.

3.4. Development of the Biomass Quantification Method

Prior to experimentation, growth curves were generated to determine the correlations
that exist between colony forming units (CFU), optical density (OD) measurement and dry
mass determination [43–45]. The methods of dilution and plate casting described in NOM-
110-SSA1-1994 [46] and NOM-092-SSA1-1994 [47] and cited by the authors Monballiu et al.,
2015 [48] and Madigan et al., 2009 [49] were used to count CFUs. The wavelength at which
the measurements were performed was 600 nm [49–51] and the target to be used was the
uninoculated culture medium [52], while, for the determination of the dry weight of the
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microorganisms, the procedure of NMX-AA-034-SCFI-2015 [53] for total suspended solids
and volatile suspended solids was taken into account.

3.5. Evaluation of Different Inocula in the Biodegradation of Free Cyanide

The evaluations of the inocula were based on the tests cited by OECD (1992) [54]
301 A and 310 were performed at a temperature of 25 ◦C, cyanide being added as the
only source of carbon and energy, with an inoculum that had not been in contact with
the contaminant (MC0) and one that had been acclimated (MC10); however, the pH was
modified from 7 to 9.5 units to suit the contaminant to be analyzed (cyanide) and to avoid
its volatilization [55]. An important condition for the tests to be considered positive was
that 10% biodegradation had to be achieved within the first ten days (a ten-day window)
and maximum biodegradation after 29 days (latency phase (tL)). The solutions used to carry
out the biodegradability study were three: (a) an inoculum control (IC), which consisted of
a mineral medium (without the addition of cyanide and with glucose as a carbon source) to
ensure microbial activity; (b) a test substance (TS) composed of mineral medium, inoculum
and cyanide, to evaluate cyanide biodegradation; and (c) a volatilization control (VC),
whose composition was mineral medium and cyanide (pH = 9.5), to ensure that the results
were not due to contaminant volatilization [56,57].

3.6. Evaluation of Different Carbon Sources and Inhibition Tests

The evaluation of two different carbon sources was carried out: one was sodium
acetate (SPFC) and the other was glucose (SPFCG), these being added to the mineral
medium to compare the cyanide biodegradation efficiency by having an extra carbon
source; additionally, the volatilization (CV), inoculum (CI) and cyanide without carbon
source (SP) controls were run. The concentrations used to evaluate the different carbon
sources were 10 mg·L−1 for each of the compounds (cyanide, sodium acetate and glucose).
For the statistical analysis, comparisons of means, multiple comparisons and analysis of
variance (ANOVA) tests were performed with a confidence level of 95% to determine
the factors with a statistically significant difference. The program used to carry out the
statistical analysis was Statgraphics Centurion XV, version 15.2.06.

Once the appropriate composition of the mineral medium for cyanide biodegradation
(with or without an extra carbon source) was obtained, tests were carried out with different
concentrations of cyanide (15, 20, 30 and 50 mg·L−1) to determine the inhibitory effect of
the contaminant on the microorganisms.

3.7. Influence of pH, Temperature and Inoculum Concentration on Free Cyanide Biodegradation

To evaluate the effects of various conditions on cyanide biodegradation, physicochem-
ical growth conditions were varied. A 33 factorial design was performed, where the factors
evaluated and their respective levels were: pH, 9.5 (−1), 10.5 (0) and 11.5 (+1); temperature,
25 ◦C (−1), 30 ◦C (0) and 35 ◦C (+1); and inoculum concentration, 10% (−1), 12.5% (0) and
15% (+1). The initial concentration of free cyanide was 30 mg·L−1. The 33 factorial design
was chosen because we wanted to determine whether the chosen factors had an influence
on and the relationship that exists between all the possible combinations of levels of the
response variable, which was the biodegradation of cyanide [58].

3.8. Sorption Tests

Prior to the evaluation of the metals complexed with cyanide for their biodegradation,
the equilibrium time and sorption coefficients were determined for each metal. Inactivated
biomass was used to determine the equilibrium time of the metals to be used. The biomass
was inactivated according to the methodology cited by Flores-Velázquez (2017) [59], Torres-
Bojorges (2012) [60] and Mijaylova-Nacheva et al. (2014) [61], which consists of adding
200 mg·L−1 of Hg2SO4 (HACH brand) to the biomass and leaving it exposed to the toxic
compound for 24 h, subsequently rinsing it with water. A 0.01 M CaCl2 solution (450 mL)
was used as the liquid phase with a concentration of 6 mg·L−1 copper, 10 mg·L−1 iron
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and 1.5 mg·L−1 nickel, and a volume of inactive biomass was added to provide a TSS
concentration of 1000 mg·L−1. The tests were carried out at room temperature and under
orbital shaking at 100 rpm. Samples were taken after 1, 2.5, 5, 10, 12.5, 15, 30, 30, 60, 90, 180,
270, 360, 540, 720, 1080, 1440, 2160 and 2880 min, and the equilibrium time was established
when the values of the metals were constant with respect to time.

Subsequently, tests were carried out for the determination of the sorption coefficient
through the analysis of sorption isotherms, evaluating six different metal concentrations
(copper = 1, 2, 3, 3, 4, 5 and 6 mg·L−1; iron = 1, 2, 4, 6, 8 and 10 mg·L−1; and nickel = 0.25,
0.5, 0.75, 1, 1.25 and 1.5 mg·L−1). All tests were carried out at room temperature and
under orbital shaking at 100 rpm in a Lab Company model B5–11 incubator. The tests had
a duration equal to the equilibration time. The amount of the sorbed compound in the
biomass was calculated with Equation (1).

qe =
(Co − Ce)V

m
(1)

where qe = the sorbed concentration of the compound after equilibrium (mg metal g
lodo−1); m = the mass of the sludge (g); Co = the initial concentration of the compound in
the liquid phase (mg·L−1); Ce = the final concentration in the liquid phase of the compound
at equilibrium (mg·L−1); and V = the volume of the solution (L).

3.9. Determination of the Interference of Cyanide Complexed with Metals in Its Biodegradation

Subsequently, and with the optimum values for pH, temperature and inoculum, the
interference that exists in the biodegradation of cyanide when it is complexed with three
different metals, either individually or in groups, when the biomass is suspended, was
evaluated. The metals and their concentrations were chosen based on the tolerance of
certain bacteria to these metals and on the characterization of mine tailings reported in
the literature [62–65] and because they are characterized as forming strong complexes
with cyanide [4,5]. The initial concentration of free cyanide was 30 mg·L−1. In this case, a
33 factorial design was also performed, in which the metals studied and their respective
concentrations (levels) were: copper, 0 mg·L−1 (−1), 3 mg·L−1 (0) and 6 mg·L−1 (+1); iron,
0 mg·L−1 (−1), 5 mg·L−1 (0) and 10 mg·L−1 (+1); and nickel, 0 mg·L−1 (−1), 0.75 mg·L−1

(0) and 1.75 mg·L−1 (+1).

3.10. Analytical Techniques

Bacterial growth was measured by optical density at a wavelength of 600 nm [49–51,66]
using a Shimadzu brand spectrophotometer model UV-1800. The blank used was uninoc-
ulated culture medium [52]. The pH was measured with an Orion Model Star A211
Potentiometer, which was calibrated daily using three calibration points (4.01, 7.00 and
10.01), while free cyanide and ammonium were measured using a HANNA Instruments
ion selective electrode, using five calibration points: 1, 5, 15, 15, 30 and 50; and 50, 100,
250, 500 and 1000 mg·L−1, respectively. The pH was adjusted using sodium hydroxide
(1 M) (NaOH, J.T. Baker brand) or sulfuric acid (1 M) (H2SO4, J.T. Baker brand). The metals
were analyzed by atomic absorption; for the preservation of the samples, Meyer brand
concentrated nitric acid was added until a pH < 2 was reached, while the atomic absorption
equipment was produced by Perkin Elmer and the lamps were hollow cathode lamps with
wavelengths of 324.7 nm for copper, 239.6 nm for iron and 232 nm for nickel, while the
carrier gas was a mixture of air and acetylene.

The cyanide consumption efficiency (biodegradation, %) was calculated according to
Equation (2). The ammonium production yield (YN-NH4

+, g N-NH4
+/CN− consumed)

(the amount of ammonium formed from the cyanide (substrate) used) was calculated
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according to Equation (3). Equation (4) was used to determine the biomass/substrate yield
(YBM, g N-biomass/g CN− consumed).

Biodegradation (%) =

(
[starting substrate]− [ f inal substrate]

[starting substrate]

)
100 (2)

YieldYN−NH4
+ =

mg f inal product
mg substrate used

(3)

YieldYBM

(
mg cells

mg substrate used

)
= biomass produced

substract used

=
BM f inalexponential phase − BMinicialexponentical phase

[starting substrate] − [ f inal substrate]

(4)

The mathematical model used to describe cell growth was the Monod kinetic model
that describes the growth of biomass when there is a limited substrate. Equation (5) is a
mathematical expression of the Monod model; once it has been linearized, it is expressed
as follows (Lineweaver–Burk):

µ =
µmaxS
Ks + S

(5)

1
µ
=

1
(S0−S)

t

=
Ks

µmax

1
S
+

1
µmax

(6)

where µ = the specific growth velocity (d−1); µmax = the maximum specific growth rate
(d−1); Ks = the concentration of the substrate at which the reaction rate is half its maximum
rate (mg·L−1); and S = the substrate concentration (mg·L−1)

4. Results
4.1. Biomass Quantification Method Development

Figure 1 shows the correlations that exist between colony forming units (CFUs) and
optical density measurements, as well as dry weight (total suspended solids) and opti-
cal density measurements. The coefficient of determination is greater than 0.99, which
determines the linearity of optical density versus dry weight and CFUs. Optical density
measurement has quite a few advantages over solid culture media seeding or mass deter-
mination, such as its low cost and speed and the fact that it is a non-destructive test [50].
The points in the figure (yellow triangles, blue circles, and green squares) are the points for
each measurement (performed in triplicate).
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When evaluating the previously acclimatized (MC10) and non-acclimatized (MC0)
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10% in both cases (MC0 = 20% (9.20 mg CN− L−1) and MC10 = 47% (6.20 mg CN− L−1)).
On the other hand, for the second condition cited by the OECD (100% biodegradation
of the contaminant in 29 days), the toxicity of cyanide is attributed to the inability of
the bacterial consortium to reach the maximum biodegradation at 29 days; however, the
contaminant is considered a biodegradable substance (according to the OECD), since in
the time previously mentioned, 80% biodegradation of free cyanide was reached (2.32 mg
CNf
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Figure 2. Biodegradation of free cyanide and bacterial growth in cyanide biodegradability tests
(pH = 9.5 and T = 25 ◦C).
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The YBM yield rates were 0.012 and 0.023 mg cells · mg substrate consumed−1 and the
maximum growth rates were 0.435 and 1.569 d−1 for MC0 and MC10, respectively.

The formation of ammonium from the degradation of cyanide is based on the following
two chemical reactions (Equations (7) and (8)), in which cyanide is first converted to cyanate
ions, which are then transformed to ammonium ions and carbonate.

2CN− + O2 → 2CNO− (7)

CNO− + 2H2O↔ NH4
+ + CO3

2− (8)

Effective ammonium formation is attributed to the ability of the bacterial consortium
to carry out its adaptation to the contaminant, generating, in turn, its biodegradation. The
ammonium production yield rates were 0.64 and 0.69 mg CN− mg NH4

−1 for MC0 and
MC10, respectively, (Figure 3) and the maximum rate of substrate consumption was 0.09
for MC0 and 0.11 for MC10.
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T = 25 ◦C).

Studies by Kao et al. (2003) [50] and Luque-Almagro et al. (2005) [24] reported
the generation of ammonium from cyanide degradation in aqueous media. Ammonium
production indicates the degradation pathway of free cyanide, which is oxidative [67].
High ammonium values are attributed to high bacterial activity in cyanide degradation
and the increased availability of hydrogen ions, while a decrease in this compound may be
indicative of a reduction in nitrogen use from cyanide and the conversion of ammonium to
nitrite and nitrate [1,63].

4.3. Evaluation of Different Carbon Sources and Inhibition Tests

The data obtained were fitted to the Monod model, both for the case of reactors con-
taining only cyanide as a carbon source and those using another extra source (Figure 4). The
cyanide degradation rates were favored when working with the SPFC medium (3.308 d−1),
followed by SP (2.660 d−1) and, finally, SPFCG (1.879 d−1); however, the differences were
not statistically significant.
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The maximum degradation rates and saturation constants for SP, SPFC and SPGCG
media and for the different concentrations (15, 20, 30 and 50 mg·L−1) of free cyanide were
calculated according to Monod kinetics (Table 1). The maximum rates were determined
when working with an initial free cyanide concentration of 30 mg·L−1 in SP medium,
while when working with SPFC and SPFCG media, the highest rate was determined when
working with 20 mg·L−1 of initial free cyanide. The rates obtained in this study were
higher than those obtained by Abdoul-Raimi (2013): 0.0067, 0.0058, 0.0072 and 0.0087 h−1,
using different initial concentrations of glucose (0.5, 1, 2 and 4 g·L−1). As for the saturation
constant, it was favored when working with the lowest concentrations of the pollutant.

Table 1. Maximum degradation rates and saturation constants for four different cyanide concentra-
tions and three different mineral media.

[CN−]
(mg L−1)

µmax (d−1) Ks (mg·L−1)
SP SPFC SPFCG SP SPFC SPFCG

15 1.22 1.32 1.89 11.48 10.08 11.60
20 1.37 1.83 1.95 16.08 17.59 16.27
30 1.60 1.64 1.29 23.94 25.53 25.06
50 1.01 1.11 1.73 38.24 37.55 31.23

Table 2 shows the final cyanide concentrations and the corresponding removals using
three different mineral media (with cyanide (SP), with cyanide and sodium acetate (SPFC),
and with cyanide and glucose (SPFCG)) and four different cyanide concentrations. In
the reactors operated with 15 mg·L−1 of initial free cyanide, effluents with concentrations
lower than 3 mg·L−1 were obtained in the SPFC after 21 days of operation and in the SP
and SPFCG after 25 days of operation. On the other hand, when working with an initial
concentration of 20 mg·L−1 of the pollutant, 3 mg·L−1 of free cyanide in the effluent was
obtained after 29 days of operation in the SPFCG reactor and after 35 days with the SP
and SPFC reactors. Meanwhile, for concentrations of 30 and 50 mg·L−1, it took more than
35 days to reach values below 3 mg·L−1.

When evaluating the loss of cyanide in the volatilization controls for the different
concentrations used, it was found that this was less than 5%, giving final free cyanide
concentrations of 13.88± 0.21, 21.40± 0.20, 30.40± 0.57 and 46.99± 0.20 mg·L−1; therefore,
it was considered negligible, and the decrease in cyanide in the inoculated reactors was
attributed to the action of the microorganisms through oxidative mechanisms working on
the pollutant.
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Table 2. Free cyanide concentrations after 35 days of operation and corresponding biodegradation
levels using different cyanide concentrations and mineral media.

[CN−]i
(mg·L−1)

SP
[CN−]f (mg·L−1)

SPFC
[CN−]f (mg·L−1)

SPFCG
[CN−]f (mg·L−1)

15 1.72 (87%) 1.65 (88%) 1.37 (91%)
20 1.23 (87%) 2.32 (87%) 2.51 (88%)
30 5.76 (78%) 6.13 (78%) 6.32 (82%)
50 15.70 (67%) 15.19 (66%) 15.15 (72%)

On the other hand, to evaluate the biodegradation of cyanide using different carbon
sources, a comparison of means for each of the concentrations was generated, with a
significance value of 95%. Since the significance value P was greater than 0.05, 0.9315, 0.6017,
0.9738 and 0.7987 for 15, 20, 30 and 50 mg·L−1, respectively, it was concluded that there
was no statistically significant difference between them and that cyanide biodegradation
for each of the concentrations was not affected by the composition of the medium.

To analyze the inhibition of the microorganisms, mean comparisons were made be-
tween the concentrations (15, 20, 30 and 50 mg·L−1) for each of the different media, which
showed that there was a statistically significant difference, with a confidence level of 95%.
Therefore, the tests were analyzed using the least significant difference procedure to de-
termine which concentrations were significantly different from the others. The results
showed that there was no statistically significant difference between the initial cyanide
concentrations of 15, 20 and 30 mg·L−1, nor, in turn, between the cyanide concentrations of
30 and 50 mg·L−1; however, the final cyanide concentrations were favored when working
with 30 mg·L−1, these being 5. 76, 6.13 and 6.32 mg·L−1, compared to final cyanide concen-
trations of 15.70, 15.19 and 15.15 mg·L−1 when working with 50 mg·L−1 of initial cyanide
for SP, SPFC and SPFCG media, respectively.

Tables 3 and 4 show the yields obtained for biomass/substrate and ammonium produc-
tion, respectively. It can be observed that in both cases these were increased when working
with lower cyanide concentrations. When performing a statistical analysis with a significance
value of 95% between the different initial cyanide concentrations, it was determined that
there was no statistically significant difference when working with 15, 20 or 30 mg·L−1 CN−;
however, by increasing the free cyanide to 50 mg·L−1, the difference became statistically
significant in comparison with the previously mentioned concentrations.

Table 3. Biomass/substrate yields with different media (YBM).

[CN−]i
(mg·L−1) SP SPFC SPFCG

15 0.0134 0.0244 0.0062
20 0.0052 0.0158 0.0042
30 0.0042 0.0050 0.0018
50 0.0027 0.0009 0.0004

Table 4. Ammonium production yields with different media (YN-NH4+).

[CN−]i
(mg·L−1) SP SPFC SPFCG

15 27.84 28.00 31.15
20 27.87 27.64 27.46
30 24.96 24.98 26.32
50 21.41 21.07 23.34

4.4. Influence of pH, Temperature and Inoculum Concentration on Free Cyanide Biodegradation

To evaluate the effect of pH, temperature and initial inoculum concentration on free
cyanide biodegradation, an analysis of variance was performed, whereby it was determined
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that the three factors studied had a statistically significant effect on cyanide biodegradation,
since the P values were less than the preset significance value (α = 0.05), these being 0.0000,
0.0370 and 0.0035, respectively. The F-ratio value of 31.22 implies that the model was
significant [Mekuto, L.; Ntwampe].

Figure 5 shows the main effects on cyanide removal, both for pH and inoculum. The
optimum values for cyanide biodegradation were not reached, as it was not possible to
vary the pH values below 9 units due to the volatilization of the contaminant [Logsdon],
while at a pH higher than 11.5 it is difficult to carry out the growth of microorganisms.
However, the optimum temperature value is 28.5 ◦C.

1 
 

 
 
 Figure 5. Main effects in cyanide removal.

The factor with the greatest effect was pH, followed by inoculum concentration and,
finally, temperature. The R-squared coefficient of determination was 72.93%, which is above
the recommended limit (70%) to carry out a good interpretation of the variability present
[Gutierrez, Villegas-Mendoza I]. This means that the values studied were responsible for
cyanide biodegradation. The regression equation of the fitted model is:

Cyanide biodegradation
= 303.741− 29.7778× pH − 4.00556× Temperature
+2.74444× Inoculum + 0.566667× pH × Temperature
+0.466667× pH × Inoculum
−0.2× Temperature× Inoculum.

The best results obtained in this study were obtained when working with the low pH
level (9.5 units), high inoculum concentration (15% v/v) and low temperature (25 ◦C), with
which a maximum absorbance of 0.913 (1551 mg TSS L−1) and a cyanide biodegradation
of 88% were achieved. On the other hand, Khamar et al. (2015) [41] obtained the highest
cyanide biodegradation percentages (66%) when working with a temperature of 25 ◦C, a
pH of 9.5 and an inoculum concentration of 15% v/v, as compared with the results obtained
by Mekuto et al. (2015) [68], where the optimum temperature was 33.6 ◦C and a pH of 9.88
was used with a Bacillus genus strain, and those obtained by Wu et al. (2014) [69], whose
optimum temperature was 31 ◦C and who used a pH of 10.3 with a Bacillus species.

4.5. Sorption Tests

Metal sorption tests on biomass showed equilibrium times of 270 min for copper and
nickel and 5 min for iron. The sorption coefficients (qe) are shown in Table 5.
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Table 5. Sorption coefficients of metals in biomass.

[Cu]
(mg·L−1) qe

[Fe]
(mg·L−1) qe

[Ni]
(mg·L−1) qe

1 0.35 1 0.46 0.25 0
2 0.62 2 0.90 0.50 0
3 0.79 4 1.98 0.75 0.14
4 1.15 6 2.60 1.00 0.08
5 1.04 8 3.70 1.25 0.54
6 1.78 10 4.26 1.50 0.81

4.6. Determination of the Interference of Cyanide Complexed with Metals in Its Biodegradation

The ANOVA tests of the results obtained for the evaluation of cyanide biodegradation
when complexed with metals showed that copper and iron were the factors that had a
significant effect on the final concentration of cyanide, since the P values were less than the
preset significance value (α = 0.05), being 0.0002 and 0.0051, respectively.

The R-squared coefficient of determination was 63.88%, which is below the recom-
mended limit (70%) that can be attributed to the existence of other factors that are influenc-
ing the model. Copper is the factor that has the greatest influence on the biological degra-
dation of cyanide, since it presents an inhibitory effect [70] to carry out the biodegradation
of the contaminant, while iron presents statistically significant effects on its biodegradation
and is benefited when working with values of 10 mg·L−1. On the other hand, there was no
statistically significant effect when working with nickel (0, 0.75 and 1.5 mg·L−1), nor were
there statistically significant differences between the interactions of the three metals.

The response surface plots (Figure 6) show that when working with a concentration of
3 mg·L−1 copper, the best cyanide removals were presented at high iron values and that
nickel did not show a significant effect (Figure 6a); on the other hand, when working with
an iron concentration of 5 mg·L−1 (Figure 6b), nickel did not show a significant effect either;
however, cyanide removal was favored at low copper values, while when working with
0. 75 mg·L−1 of nickel (Figure 6c), cyanide removal was higher with low copper and high
iron values.
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The regression equation of the fitted model is:

Cyanide biodegradation
= 73.3148− 1.46296× Copper + 1.9222× Iron
+4.14815× Nickel − 0.122222× Copper× Iron
−0.22222× Copper× Nickel − 0.84444× Iron× Nickel

The optimum value for copper could not be obtained since it has a tendency to be less
than zero, which is not experimentally possible. On the other hand, the optimum values for
the biodegradation of cyanide complexed with iron and nickel were 7.7 and 0.46 mg·L−1,
respectively. The average values for metals during the whole experimentation were: for
copper, 2.88 ± 0.55 and 5.91 ± 0.67 mg·L−1; for iron, 3.91 ± 1.33 and 7.80 ± 3.44 mg·L−1;
and for nickel, 0.81 ± 0.14 and 1.47 ± 0.23 mg·L−1.

The initial concentrations of metals with which a greater biodegradation of cyanide
(91%) was obtained at day 36 of operation with an initial concentration of the contaminant
of 30 mg·L−1 were as follows: copper, 0 mg·L−1; iron, 10 mg·L−1; and nickel, 0 mg·L−1.
The maximum biomass growth under the above operating conditions was 1500 Abs
(2540 mg TSS L−1).

5. Conclusions

In this study, it was possible to identify the optimal values to carry out the biodegra-
dation of free cyanide, in addition to determining the concentrations of metals at which
bacteria can treat the complexed cyanide.

The degradation of cyanide in the inhibition tests was carried out by the metabolism
of the microorganisms inoculated in the reactors (biodegradation). The volatilization of
the contaminant as hydrocyanic acid was less than 5%. The most appropriate culture to
biodegrade cyanide was MC10, since the YBM yield rate was higher (0.023 mg cells mg
substrate consumed−1) compared to that obtained with MC0 (0.012 mg cells mg substrate
consumed−1), as were the maximum degradation rates, which were 0.435 and 1.569 d−1

for MC0 and MC10, respectively.
The compositions of the mineral media (cyanide, cyanide and sodium acetate, or

cyanide and glucose) at constant conditions with respect to pH, temperature and inoculum
concentration did not present statistically significant differences in cyanide biodegrada-
tion, so the mineral medium that did not have an extra carbon source was chosen as the
most suitable to carry out cyanide biodegradation, with maximum degradation rates of
1.30 ± 0.25, 1.48 ± 0.32 and 1.37 ± 0.30 d−1, respectively.

The optimum values for carrying out free cyanide biodegradation using a previously
acclimatized consortium were: 9.5, 25 ◦C and 15% v/v, for pH, temperature, and inoculum
concentration, respectively. The adsorption of metals on the biomass was 100% for iron, 50%
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for nickel and 70% for copper, while the optimum values to carry out the biodegradation of
complexed cyanide were 0, 7.7 and 0.46 mg·L−1 for copper, iron, and nickel, respectively.
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