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Cyanide is a commonly-used substance in the gold recovery
processes due to its high affinity for forming complexes with the precious metal, but inadequate
handling and its final arrangement can lead to severe environmental contamination. In this
context, this research focuses on the preparation of nickel ferrite-activated carbon catalysts for
catalytic oxidation of cyanide ion in the presence of air.

Hydrated salts of nickel (Ni(NO,),-6H,0) and iron (Fe(NO,),-9H,0) were used as
precursors. The preparation pathways of ferrite and of ferrite-activated carbon composites
were hydro-chemical with oxalic acid (C,H,0,) and co-precipitation with sodium hydroxide.
The parameters evaluated for catalyst preparation were Ni/Fe molar ratios (1/1.5 and 1/2),
calcination times and temperatures (2-4 h/600-900°C), and ferrite-activated carbon mass ratios
in the case of composites (1/1, 1/2 and 1/3).

Oxidation results showed that the ideal Ni/Fe molar ratio was 1/2, and the calcination
time was 4 h at 600 and 900°C for co-precipitation and hydro-chemical pathways of nickel
ferrites, respectively. The catalyst that showed the greatest capacity for cyanide transformation
was that obtained by the hydro-chemical pathway with oxalic acid, achieving efficiencies of
96.3% oxidation of cyanide ion. It was also determined that the largest impregnation of ferrite
on the carbonaceous surface was 52.6% through the treatment with oxalic acid, with which the
composite was obtained with the best catalytic properties of cyanide ion.

Nickel ferrite is able to oxidize cyanide ion to cyanate ion; being the ferrite-
activated carbon combination, with which composite materials with catalytic properties
of cyanide ion are obtained. Because of this, the materials studied could be applied in the
detoxification of cyanurate solutions from metallurgical processes.

©2021 GJESM. All rights reserved.
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Sodium cyanide (NaCN) is a feedstock widely
used in gold extraction through hydro-chemical
paths due to their chemical affinity. However, it
becomes a significant pollutant when the effluents
generated in such metallurgical processes are not
handled properly downstream. This is because
they cause known impacts to surrounding flora
and fauna (Kuyucak and Akcil, 2013). NaCN is also
identified as a toxic substance that is capable of
generating hydrogen cyanide at pH levels below 9.4
(Stavropoulos et al., 2013). At industrial scale, several
processes have been developed and implemented for
cyanide removal. Moreover, several water treatment
methods add strong oxidizing agents such as hydrogen
peroxide (H,0,) and Caro’s acid (H,SO,+H,0,) in
order to counteract the pollutant effect of cyanide.
However, both oxidizing agents are usually expensive
alternatives that are required in significant amounts
(Teixeira et al., 2013a; Teixeira et al., 2013b). The
development of effective and recyclable catalysts for
the cyanide oxidation process has been a relevant
area of development. Several authors have reported
suitable alternatives from activated carbon (Halet et
al., 2015; Kauspédiené et al., 2017; Sivakumar, 2015),
metal and activated carbon composites (Pesantez et
al., 2010; Singh and Balomajumder, 2016), biomass
(Dehghanietal., 2016), blends of iron, nickel, titanium
and cobalt oxides (Kadi and Mohamed, 2015), and
copper, nickel and cobalt ferrites (De la Torre et al.,
2018; Kariim et al., 2020). As part of this trend, ferrite-
based magnetic nanoparticles MFe,0, (M: Ni, Zn,
Mn, Cu) show several advantages, such as significant
saturation magnetization, superparamagnetism,
stability under high frequency conditions, and
chemical and mechanical durability, among others
(Hung and Thanh, 2011). Trevorite, for instance, is a
rare type of spinel with a considerable nickel content
with the chemical formula NiFe,O,. This compound
is commonly reported in meteorites rather than
terrestrial environments (O’Driscoll et al., 2014).
Their nanoparticles are reported to have adsorbent
properties due to their biocompatibility. Moreover,
they are characterised by strong paramagnetism and
adsorption capacity, low toxicity and relatively ease of
preparation. Inverse spinel structured NiFe,O, ferrite
shows ferromagnetism originating from the magnetic
momentum of antiparallel spins between the Fe3*
ions (located in the tetrahedral interstice) and the
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Ni**ions (located in the octahedral interstice). NiFe,0,
ferrite shows a large surface area and low resistance
for mass transfer. Moreover, the magnetic behaviour
of these nanoparticles is linked to their size (Zandipak
and Sobhanardakani, 2016). The most common
wet-pathway procedures for ferrite synthesis are
thermal decomposition of proper precursors, hydro-
chemical solvo synthesis, inverse micelle synthesis,
polyol-assisted synthesis, non-aqueous sol-gel and
co-precipitation (Diodati et al., 2014; Hajalilou and
Mazlan, 2016; Rafique et al., 2016). In this research,
two methods for obtaining Nickel ferrite were
assayed: co-precipitation with sodium hydroxide and
a hydro-chemical synthesis in a dissolution of oxalic
acid. These approaches were defined by considering
the following information: De la Torre et al. (2018)
synthesised Copper and Cobalt ferrite composites
supported in activated carbon, using Copper, Cobalt
and Iron Nitrates. A factor of 2 was adopted for the
molar Fe/Cu and Fe/Co ratios. Ferrites were obtained
through precipitation with sodium hydroxide at
pH levels above 7 through the generation of mixed
oxides NiO-Fe O, like the ones presented in Fig. 1. The
precipitated compound was supported over activated
carbon in 1:1 (mass proportion). Blends were treated
at 750°C for 4 hours. The catalysts’ effectiveness
reached 98% in terms of cyanide oxidation over 8
hours with aeration.

Kadi and Mohamed (2015) prepared a NiFe,0,/
TiO,-Si0, nanocomposite with magnetic properties
and catalyticactivity for cyanide oxidation. The authors
reported assays carried out with several dispersing
solutions and oxide ratios. Among these alternatives,
NiFe,O, preparation at a molar Fe/Ni ratio of 2, 0.1
M oxalic acid as precursor and thermal treatment at
600 °C (Kadi and Mohamed, 2014) delivered the most
promising results. Other relevant alternatives were
Si0,/NiFe,O,, ethanoI/NiFeZOA‘ NH./NiFe,O, and Ti/
ethanol at 0.03, 20, 1 and 0.8, correspondingly. The
synthesized catalyst reported 100% cyanide removal
after 1 hour of assay. It is important to mention that
ferrites have a low solubility in cyanide solutions
due to their refractory properties. The maximum
dissolution capacity is approximately 4 % for Copper,
Nickel and Cobalt and 1 % for Iron, considering the
initial mass of metals (Rojas and Bustamante, 2007).
Nickel ferrite (NiFe,0,) in contact with an aqueous
solution of cyanide causes the catalyst to act as a
reversible oxygen carrier, which allows the cyanide to
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Fig. 1: Eh-pH diagram for Ni-Fe-H,0 at 25°C, molar ratio Fe/Ni=2

be oxidized to cyanate. At the same time, the catalyst
can be regenerated at the moment it captures oxygen
from the air to return to its original state (Kuo et al.,
2013). Likewise, activated carbon adsorbs molecular
oxygen, which reacts with functional groups to form
hydrogen peroxide, and this in turn oxidizes the
cyanide ion (De la Torre et al., 2018). In this research,
the main objective was the study of the oxidation of
cyanide by catalytic action of nickel ferrite-activated
carbon composites. For this, it was necessary to
evaluate the parameters involved in the preparation
of nickel ferrites by both hydro-chemical and co-
precipitation pathways, followed by impregnation
of these ferrites on granular activated carbon, and
catalysts that were evaluated through cyanide
oxidation kinetic assays in order to measure their
catalytic efficiencies and recyclability in the cyanide
solution purification process. The experiments and
analysis were done in the extractive metallurgy
laboratory of the Escuela Politécnica Nacional (The
National Polytechnic University) in Quito, Ecuador in
2019.

In this research, the preparation of ferrite-based
catalysts was through the hydro-chemical pathway
with oxalic acid (CH,0, analytical grade 98%,
Acros Organics) as a precursor and through the co-
precipitation pathway with sodium hydroxide (NaOH,

analytical grade 97.0-98.8%, Fisher Scientific).

Nickel ferrites preparation
Hydro-chemical pathway with oxalic acid (OA)

In order to obtain Ni*2and Fe*3, Nickel Nitrate hexa-
hydrated (Ni(NO,),6H,0, analytical grade 98.5%,
Taian Health Chemical Co. Ltd.) and Iron Nitrate nona-
hydrated (Fe(NO,),-9H,0, analytical grade 98.5%, Taian
Health Chemical Co. Ltd.) were used. The catalysts’
preparation assays were carried out with molar Ni/Fe
ratios of 1/1.5 and 1/2. Salts were added to 100 mL of
OA at 1 M of concentration. The blending process was
performed on a magnetic stirrer hot plate at 300 rpm
and 80°C for 3 hours. After this stage, the blends were
dried at 110°C for 24 hours. Once the moisture was
removed, the samples were taken to an oven for their
thermal activation. The process started at ambient
temperature and reached 750°C with a heating slope
of 12.5°C/min. The maximum temperature was for
during 4 hours after it was reached. The remaining
soluble compounds were removed through washing.
This was done with 100 mL of sulphuric acid at 2% v/v
(H,SO,, analytical grade 96.6% w/w, Fisher Scientific).
Afterwards, a drying stage (110°C for 12 hours) was
included. With the previous tests, once the best Ni/Fe
molar ratio was defined, the same one with which the
highest oxidation of the cyanide ion was achieved,
the conditions of 600, 750 and 900°C were tested to
establish the effect of the calcination temperature on
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the preparation of ferrites.

Nickel ferrite preparation through the co-precipitation
pathway with sodium hydroxide (SH)

This process required the salts to be dissolved in
300 mL of a sodium hydroxide (NaOH) solution 0.4 M
with stirring at 500 rpm and ambient temperature.
Also, the addition of a basic solution of 20% w/v
NaOH was added until a pH level of 7 was reached.
The stirring process was applied for 2 hours. Then,
the solids were precipitated, filtered, and washed
several times with deionized water. The solids had
a slurry consistency, and they were dried at 110°C
for 24 hours. As it was considered for the hydro-
chemical pathway, molar Ni/Fe ratios of 1/1.5 and
1/2 were assayed. The calcination process at 750 °C
for 4 hours was also included. Calcinated materials
were washed with 100 mL of sulphuric acid at 2% v/v
(H,SO,, analytical grade 96.6% w/w, Fisher Scientific)
and several times with deionized water. Afterwards, a
drying stage (110°C for 12 hours) was also included.
As in the hydro-chemical pathway, after achieving the
best Ni/Fe molar ratio, the effect of the calcination
temperature in the preparation of nickel ferrites was
evaluated. The evaluated temperatures were 600,
750 and 900°C.

Nickel ferrites characterization

The synthetized materials that were obtained
through both pathways were analysed with X-ray
diffraction in order to determine their mineralogical
phases (Bruker AXS model D8 Advance). Moreover,
their elemental composition was determined with X—
ray fluorescence (Bruker S8 Tiger).

Cyanide oxidation assays with Nickel ferrites
Thecyanide oxidationtests consisted of performing
aeration tests (air flow: 180 NL/h) to cyanurated
synthetic solutions of fixed volumes (500 mL) of
sodium cyanide (500 mg NaCN/L, analytical grade
95.0%, Merck). In addition, each batch included 15 g/L
of catalyst and was stirred at 800 rpm for 8 hours. In
each elapsed hour, fixed portions of 5 mL of solution
were taken. Regarding the experimental conditions,
it was carried out at ambient temperature, and a
pH level of 10.5 was maintained during the assays
by adding NaOH (20% w/v). Cyanide quantification
was performed by titration with solutions of Silver
Nitrate (4.33 g/L, AgNO, analytical grade 98.5%,
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Fisher Scientific) and Potassium lodine (KI analytical
grade 99.5%, LobaChemie) at 10% w/v as indicator.
Likewise, dissolved oxygen was registered with a
potentiometer (Central Kagaku Corp model CGS-5).

The oxidation kinetics were adjusted to a
first order reaction. With this, it was possible to
determine the reaction’s kinetic constant. For this, it
was necessary to perform a linear adjustment of the
natural logarithm of the free cyanide concentration
Ln[CN] versus time (t), as indicated in Eq. 1.

Ln[CN-] =Ln[CN‘]O ¥t (1)

Ferrite/activated carbon catalysts preparation

Once the catalysts’ preparation conditions
were defined for the hydro-chemical pathway,
ferrite: activated carbon (Calgon GRC 20) mass
ratios of 1:1, 1:2 and 1:3 were assayed. In a more
detailed manner, the corresponding amounts of
Fe(NO,),-9H,0 y Ni(NO,),-6H,0 were dissolved in OA
1 M while adding granular activated carbon Calgon
GRC 20 (obtained through physical activation of
coconut shell, with specific area of 1058 m?/g and
mesh of 6x12 (1.68 mm — 3.35 mm granulometry,
dp,,= 2.25 mm). Blends were initially stirred at 400
rpm for 1 hour at ambient temperature and then at
90°C for 2 hours in the second stage. Moisture was
removed from composites through drying at 100°C
for 24 hours. Soaked carbon was poured in capped
cresols prior to thermal activation with the purpose
of reducing combustion. The thermal activation
started at ambient temperature and continued until
conditions reached the ferrite preparation settings.
The last stage consisted of washing activated
composites with H,SO, at 2% v/v (100 mL), followed
by filtration and drying at 110°C for 4 hours. A similar
procedure was applied to the catalysts prepared
through co-precipitation. In this case, ferrite:carbon
mass ratios of 1:1, 1:2 and 1:3 were assayed. Each
batch of solids was blended with 300 mL of SH 0.4
M and an additional dissolution of NaOH 20% w/v
until a pH level of 7 was reached. The blends were
stirred for 1 hour at ambient temperature then
heated at 90°C for 2 hours. In the following stage, the
solids were precipitated, filtered and washed with
deionized water. The following procedures, including
drying and thermal activation, were done under the
conditions found in the preparation of the ferrite by



co-precipitation that presented the highest oxidation
capacities of the cyanide ion.

Catalysts characterization

Chemical characterization of activated carbon-
based composites and of activated carbon was
performed according to ASTM standards for
activated carbon: moisture (Standard Test Method
for Moisture in Activated Carbon (ASTM, 2017),
volatiles (standard test method for volatile matter
content of activated carbon samples (ASTM, 2014),
ash and fixed carbon (standard test method for
total ash content of activated carbon (ASTM, 2018).
Physical characterization of ferrite-activated carbon
composites was carried out through scanning electron
microscopy (Vega-Tescan microscope equipped with
an EDS Bruker X-ray analyser). And the surface area
of the porous materials was performed by nitrogen
physisorption (Quantachrome NovaWin analyzer).

Cyanide oxidation assays with ferrites: activated
carbon catalysts

The composites obtained through both
mechanisms were assayed in oxidation tests with
the purpose of identifying the one with the most
effectiveness. Each assay consisted in adding 15
g/L of catalyst to a fixed volume of 500 mL of NaCN
(500 mg/L). Moreover, stirring and aeration was also
included (800 rpm and 180 NL/h, correspondingly).

300
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A comparative analysis of the synergy between
the obtained ferrite and activated carbon was also
proposed. These assays used 15 g/L of activated
carbon and the corresponding amount of Nickel
ferrite impregnated on activated carbon. 10 mL
aliquots were taken to determine the concentration
of iron and nickel in solution by Atomic Absorption
Spectrometry, in a Perkin EImer AA300 spectrometer.
In addition, a test was carried out using 15 g/L of
granular activated carbon and aeration (180 NL/h),
to assess the influence of the catalytic action of
activated carbon without impregnation (De la Torre
et al., 2018). The tests were carried out in duplicate
to evaluate the homogeneity/heterogeneity of the
composites when they are subjected to the oxidation
test, through the calculation of the standard deviation
of the cyanide concentration at each sampling point.

Assessing catalyst recyclability

With the composite that presented the highest
cyanide conversion, cyanide removal tests were
performed with 4 catalyst cycles with the same
conditions as indicated above.

Cyanide oxidation by aeration action reaches 27%
after 8 h (Fig. 2), but the combination of activated
carbon and aeration oxidizes 43% of the initial
cyanide. Continuous agitation and aeration cause

4 5 6 7 8
Time (h)
—@— Aeration 180 LN/h

Activated Carbon (AC) + Aeration 180 LN/h

Fig. 2: Cyanide oxidation test with the presence of aeration and with the presence of activated carbon (15 g/L) and aeration, test time 8 h
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cyanide ion to react with the supplied oxygen, as
indicated in the next reaction Eq. 2 (Chen et al., 2020;
Pesantez et al., 2010):

& CNO, 2)

CN~ )

(aq) (aq)

WL%O2
On the other hand, the addition of activated
carbon (AC) improves cyanide oxidation by 16%, a
value that resembles that achieved by Dash et al.
(2009) of 20% for granular activated carbon’s action
alone. With the above, the combination AC and
aeration is considered able to oxidize twice as much
cyanide as only activated carbon (Mudarra, 2017).
The carbonaceous surface formed by the different
functional groups reacts with molecular oxygen
to generate hydrogen peroxide, which acts as an
oxidizing agent of cyanide, as indicated in the next
reaction Eq. 3 (De la Torre et al., 2018; Tian et al.,
2015).
CN, ., +H,0, 3)

<~ CNO_( +H,0
aq (aq

(aq) (aq) ) )

Oxidation of cyanide ion with the use of nickel ferrites

The catalytic action of nickel ferrites (NiFe,O,)
prepared by the two methods, (a) hydro-chemical
pathway with oxalic acid (OA) and (b) by co-
precipitation pathway with sodium hydroxide (SH),
was evaluated. It is important to mention that the
hydro-chemical method leads the Ni and Fe ions
to meet Ni (+2) and Fe (+3) oxidation states at the
moment of coming into contact with the oxalic

acid solution, and when the dry mixture remains at
high temperatures (600-900°C), the metals react to
form mixed oxide (NiFeZOA). On the other hand, the
preparation by co-precipitation causes the nickel and
iron oxides to precipitate with the addition of sodium
hydroxide solution, and then in the heat treatment,
these reagents react to produce a spinel (NiFe,0,).
With these two explanations, the ferrites obtained
differ in their physicochemical, mineralogical,
morphological and catalytic properties. That is why
in this research, these two methods were evaluated
in order to know the preparation conditions at which
optimal catalysts for the detoxification of cyanide
solutions are obtained.

Table 1 shows the mineral compositions of
the different synthesized catalysts, as well as their
elemental compositions (iron and nickel). Preliminary
preparation of the catalyst by hydro-chemical
pathway (OA) with calcination at 600°C for 2 h (OA
R1/2 600-2h) obtains a compound with 44% trevorite
(nickel ferrite) and 56% hematite (Fe,0,), but with
the increase in calcination time to 4 h (OA R1/2
600), the composition of trevorite increases up to
70%. From these tests, it was determined that the
optimal calcination time for obtaining nickel ferrites
was 4 h. In addition, the influence of the calcination
temperature was evaluated. In the case of the OA
pathway with a molar Ni/Fe ratio of 1/2 ferrite
preparation, by increasing the temperature to 750°C
(OA R1/2 750) while maintaining the calcination time
at 4 h, the composition of the ferrite increases by
10%; at 900°C (OA R1/2 900), it is increased by 8%.

Table 1: X-ray diffraction and x-ray fluorescence analysis of prepared ferrites

Preparation Theoltlcal Calcination Calcination L Trevorite Hematite . Ratio
Ratio X temperature Denomination Ni (%) Fe (%) .
pathway X time (h) N (%) (%) Ni/Fe
Ni/Fe (°C)
Hydro- 1/2 2 600 OAR1/2 600-2 h 44 56 22.08 52.67 0.42
chemical
with oxalic 1/2 600 OAR1/2 600 70 30 21.21 49.00 0.43
acid 1/1.5 750 OAR1/1.5750 82 18 26.17 43,91 0.59
1/2 750 OAR1/2750 80 20 19.87 52.56 0.37
1/2 900 OA R1/2 900 78 22 21.41 50.59 0.42
4
Co- 1/2 600 SH R1/2 600 99 1 17.87 49.18 0.36
precipitation
with sodium  1/1.5 750 SHR1/1.5750 99-100 - 2307  45.89 0.50
hydroxide 1/2 750 SH R1/2 750 99-100 - 19.06 48.12 0.40
1/2 900 SH R1/2 900 99-100 - 19.69 49.00 0.40

*OA= hydro-chemical pathway with oxalic acid, SH= co-precipitation pathway with sodium hydroxide, R= molar ratio Ni/Fe
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When the molar Ni/Fe ratio is 1/1.5 (OA R1/1.5 750),
it is only improved by 2% compared to the 1/2 ratio
(OA R1/2 750). Additionally, the experimental molar
ratio of the samples must range from 0.37 to 0.59,
when the theoretical ratio is 0.50. With the cyanide
oxidation results shown in Fig. 5, the Ni/Fe ratios are
defined, with which the highest efficiencies in the
oxidation process are obtained. In the case of the SH
pathway, catalysts with at least 99% trevorite were
obtained in all preparations, as presented in Table
1, because in the precipitation process at pH greater
than 7, mixed nickel and iron oxides were obtained
(NiO-FeZOB), as shown in Fig. 1, according to Zhao et

al. (2017). The molar ratios obtained ranged from
0.36 to 0.50. It is important to mention that molar
ratios deviate from the theoretical value possibly
to the dissolution of metals when acidic washing of
catalysts was performed, where the color green was
observed in the washing solutions. This phenomenon
occurs due to the dissolution of nickel and iron oxides
(De la Torre et al., 2018).

The XRD patterns in Fig. 3 corresponding to the
ferrites prepared by the hydro-chemical pathway
show the presence of trevorite (NiFe,O,, nickel
ferrite or nickel spinel) and hematite (Fe,0,). The
characteristic peaks for trevorite are located at

o
+
4+ Trevorite [NiFe10a)
O Hematite | F= 3 0]
OAR1/2 750
8]
+
OAR1/2 600
i + B8 ¥
s ) 0 T olo
3 e s el s ii k.
£ o
& -
= OAR1/1.5750
+
+
i | o0
B ' o B e oo
NSNS, - 1 5, Wy W W
0
+
OAR1/2 900
+ e -i- 0 o =
+
£ D o o * olo
- ¥ O ULJ-\._.._L.JJJL_
3 10 0 30 40 50 60 70
26 1(°)

Fig. 3: XRD pattern of ferrites prepared by the hydro-chemical pathway
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positions 18.37° (111), 30.28° (220), 35.66° (311),
43.31° (400), 53.78° (422), 57.34° (511) and 62.93°
(440) (Livani et al., 2018), and for hematite they are
24.14° (012), 33.24° (104), 35.61° (110), 40.81° (113),
49.47° (024), 54.09° (116), 57.62° (018), 62.46° (214)
and 64.13° (300) (Basavegowda et al., 2017). On the
other hand, in the case of the ferrites prepared by the
co-precipitation pathway (Fig. 4), all the XRD patterns
present only trevorite peaks, which is why ferrites
with purities greater than 99% are obtained.

With the catalysts shown in Table 1, cyanide
oxidation tests were conducted to assess cyanide
efficiency, with the results shown in Fig. 5A and
5B. Fig. 5A shows that OA R1/2 600-2h has a lower
catalytic action than the other catalysts. This may
be because this ferrite has the lowest percentage of
trevorite. OA R1/1.5 750 has a linear trend, achieving

+ Treworite [MiFealls)

an efficiency of 78% at the end of 8 h, whereas its
similar OA R1/2 750 has a high oxidation capacity,
achieving values like OA R1/1.5 750 in less than
3 h. In Fig. 5B, the catalyst with the least cyanide
oxidation capacity is SH R1/2 750 unwashed, due
to the presence of sodium that was not completely
eliminated in chemical preparation and causes a
ferrite with an amorphous structure to be obtained,
which in turn is not active (Livani et al., 2018). SH
R1/1.5 750 had an efficiency of 56%, but its similar
SH R1/2 750 reached 64% oxidation. From the results
of Fig. 5, it is confirmed that with a Ni/Fe molar ratio
of 1/2, a nickel ferrite is achieved with a crystalline
structure with the highest catalysis capacities of the
cyanide ion. In conclusion, it was confirmed that the
best Ni/Fe ratio was 1/2 for both methods, which
achieves the highest yield of nickel ferrite production

SH R1/2 600

SH R1/1.5 750

+ + -
e
.

; SH R1/2 750
= &
+ + +
NS S B N Y W
+
SH R1/2 900
+ + i +
............. JI“L—‘L”JJJ\——
3 10 20 30 40 50 [=0] fa
28 (0)

Fig. 4: XRD pattern of ferrites prepared by the co-precipitation pathway
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Fig. 5: Evaluation of the molar Ni/Fe ratio of ferrites prepared in the oxidation of cyanide ion (15 g/L, 180 NL/h, 5.5-8.5 mg O,/L, 800 rpm).
(a) Hydro-chemical pathway with oxalic acid (OA). (b) Co-precipitation pathway with sodium hydroxide (SH)

and higher oxidation of cyanide ion (Diodati et al.,
2014).

To understand the behavior of the curves
presented in the graphs of Fig. 5, the kinetic constants
and their reaction rates were determined, values that
are indicated in Table 2. As can be seen, the kinetics
of the reactions conform to a pseudo-first-order,
as indicated by some authors who carried out the
oxidation of cyanide with the use of ferrites (Guo et
al., 2018; Stoyanova and Christoskova, 2005). In the
case of the hydro-chemical pathway, when evaluating
the Ni/Fe ratio in the preparation of the catalyst, the
ratio 1/2 (AO R1/2 750) is that with which a higher
reaction rate is achieved and in turn the higher
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kinetic constant, in compared to the ratio 1/1.5 (AO
R1/1.5 750). The same phenomenon occurs when
comparing the reaction rates of the ferrites obtained
by the co-precipitation pathway (SH R1/2 750 and SH
R1/1.5 750), where the Ni/Fe ratio of 1/2 presents
the highest reaction rate and the highest oxidation
capacity of the cyanide ion.

From the results of Fig. 5, the influence of
calcination temperature was assessed, as shown
in Fig. 6A and 6B. In Fig. 6A, at a calcination
temperature of 600°C, the compound OA R1/2 600
presented an efficient oxidation of cyanide after
1 h, after which the curve’s trend becomes linear,
achieving an efficiency of 85% at the end of 8 h.



At 750°C ferrite calcination, OA R1/2 750 achieves
high oxidations until the third hour, after which the
cyanide concentration remains almost constant with
an efficiency of 89% at 8 h. Finally, the catalyst OA
R1/2 900 obtained at 900°C had the highest catalytic
activity among all the materials studied (95%), and
therefore the higher cyanide oxidation reaction rate
compared to the other catalysts, as indicated in
Table 2. It is notable to see that, with the increase in
the calcination temperature in the hydro-chemical
preparation, the catalytic properties of ferrites
were improved. In contrast, the co-precipitation
pathway at the calcination temperature of 600°C
achieved the catalyst SH R1/2 600 with greater
oxidation efficiency of cyanide ion. On the other
hand, with a heat treatment at 750°C (SH R1/2
750), ferrite decreases its catalytic capacity by 26%,
compared to SH R1/2 600. Finally, with a calcination
at 900°C, SH R1/2 900 showed the least catalytic
activity, reaching a balance at the fourth hour. The
catalytic activity of ferrites is based on the Mars-
Van Krevelen redox cycle, where an oxygen atom
migrates from the catalyst crystal network to the
surface to be absorbed by cyanide and the oxidation
reaction occurs; then, an oxygen from the aerated
liquid phase replaces the vacancy from the migrated
atom (Hirabayashi et al., 2006; Kuo et al., 2013). It
was determined that the calcination temperature
for optimal ferrite obtention by OA hydro-chemical
pathway was 900°C, and for the SH co-precipitation
pathway it was 600°C. At these temperatures, the
impregnation tests of nickel ferrites on granular
activated carbon were performed.

Oxidation of cyanide ion with the use of ferrite/
activated carbon composites

Fig. 7A and 7B show the oxidation kinetics
of cyanide ion with the use of nickel ferrite-
activated carbon composites obtained by the two
methodologies. The catalyst prepared with a 1/1
mass ratio of ferrite by hydro-chemical pathway
OA and activated carbon (R1/1 OA) had the highest
catalytic capacity, with oxidation percentages of
96.3% (Table 4). From the proximate analysis it is
observed that this compound contains the highest
proportion of ash (52.56%, Table 3), equivalent to
the ferrite impregnated on the surface of the carbon,
so its oxidizing action was the highest reported,
compared to the ratios 1/2 (R1/2 OA) and 1/3 (R1/3
OA). It is also evidenced that the mechanism of Mars-
Van Krevelen takes place, where the oxygens of the
ferrite migrate to the surface of the cyanide ion and
achieve oxidation to ion cyanate (Hirabayashi et al.,
2006; Manova et al., 2011).

It is estimated that approximately 4% of free
cyanide formed complexes with dissolved nickel and
iron during oxidation tests, which helps to understand
that at least 92% effectively corresponds to the
catalytic action of the composite in the oxidation
of cyanide. The composite R1/2 OA, despite having
3% more ash content than R1/3 OA, showed a lower
reaction rate than the latter (Table 4).

Fig. 7B shows the curves of the cyanide
concentration over time through oxidation tests
using catalysts of activated carbon impregnated
with nickel ferrite prepared by the co-precipitation
pathway. In all cases, it is observed that the final

Table 2: Parameters of the reaction kinetics of the prepared catalysts

Preparation pathwa Catalvst Kinetic constant Correlation Reaction Rate Cyanide
P P v ¥ k (h?) coefficient (R2) (mg/ L'h) oxidation (%)
- Activated carbon 0.068 0.959 14.09 42.5
OA R1/2 600 0.197 0.937 28.19 85.0
Hydro-chemical with OAR1/1.5 750 0.186 0.981 25.87 78.0
oxalic acid OAR1/2 750 0.230 0.832 29.52 89.0
OA R1/2 900 0.345 0.979 31.51 95.0
SH R1/2 600 0.249 0.965 29.85 90.0
Co-precipitation with SH R1/1.5 750 0.103 0.957 18.57 56.0
sodium hydroxide
SH R1/2 750 0.138 0.983 21.22 64.0
SH R1/2 900 0.056 0.741 13.27 40.0
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Fig. 6: Influence of the calcination temperature of prepared ferrites on the oxidation of cyanide ion (15 g/L, 180 NL/h, 5.5-8.5 mg O,/L,
800 rpm). (a) Hydro-chemical pathway with oxalic acid (OA). (b) Co-precipitation with sodium hydroxide (SH)

concentration of cyanide (in the range of 139.3-152.6
mg/L) at the end of 8 h is similar for the 3 composites;
so their reaction rates and kinetic constants have
similar values (Table 4). Because the impregnations
of ferrite by the co-precipitation pathway were less
than 18.7%, the prepared composites do not have a
good catalysis capacity of cyanide, which resembles
that of activated carbon without impregnation. At
the time of the calcination of the metal precipitate
on the carbonaceous surface, the ferrite cannot be
impregnated in a homogeneous manner, and the
metal oxides formed agglomerates, which can be
separated with the application of a magnetic field.
The largest addition of nickel and iron achieved for
these composite materials was 2.66% and 5.15%,
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respectively. On the other hand, in the case of OA
composites, the salts used in impregnation manage
to adhere by covering all the grains of the activated
carbon, and at the time of calcination, the catalytic
materials had greater affinity with the surface of the
activated carbon.

Assessment of the recyclability of the ferrite/activated
carbon composite

The reuse of the R1/1 OA composite was
evaluated, as shown in Fig. 8A, as it is considered the
composite with the highest percentage of cyanide ion
oxidation. The initial composite showed a catalytic
activity of 96%, and after the 4 consecutive cycles, it
was 95, 90, 80 and 70%. One of the factors for the
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Table 3: Proximate analysis of the composites obtained

Theorical  Real

Preparation Calcination mass mass  Molar Fixed
Catalyst pathway temperature ratio ratio ratio Moisture (%) Volatiles (%) Ashes (%) carbon (%)
(°C) NiFe;0s NiFe20, Ni/Fe

/AC /AC
Activated carbon - - - - - 6.82 5.79 1.36 92.85
R1/10A Hydro- 1/1 1/0.9 0.61 1.82 10.57 52.56 36.88
R1/2 OA chemical 900 1/2 1/4.8 0.47 2.15 7.87 17.65 74.48
R1/3 OA (OA) 1/3 1/5.9 0.63 2.11 8.06 14.82 77.12
R1/1SH Co- 1/1 1/4.3 0.49 4,99 10.99 18.72 70.29
R1/2 SH precipitation 600 1/2 1/100 1.11 3.02 6.39 1.44 92.18
R1/3 SH (SH) 1/3 1/50 0.66 2.02 6.45 2.17 91.38
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Table 4: Parameters of the reaction kinetics of the prepared composites

Catalyst Preparation pathwa Kinetic constant k  Correlation coefficient Reaction rate Cyanide oxidation
Y i parhey (h) (R) (mg/ L'h) (%)

R1/1 A0 0.419 0.974 32.22 96.3

R1/2 AO Hydro-chemical (OA) 0.112 0.929 15.75 47.5

R1/3 AO 0.069 0.943 20.73 62.5

R1/1 SH 0.068 0.935 15.75 47.5

R1/2 SH Co-precipitation (SH) 0.070 0.990 14.09 s

R1/3 SH 0.074 0.924 15.75 47.5
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Table 5: Comparison of the oxidation capacities of the cyanide ion of different catalysts

Cyanide oxidation

Catalyst Preparation (%) Reference
Nickel ferrite (NiFe20a4) Co-precipitation 85 Stoyanova and Christoskova, 2005
NiFe204/Ti0,-SiO> core-shell nanocomposite Hydro-chemical 100 Kadi and Mohamed, 2015
Nickel ferrite (OA R1/2 900) Hydro-chemical 95 This study
Nickel ferrite (SH R1/2 600) Co-precipitation 90 This study
Nickel ferrite-activated carbon composite . .
(R1/1 0A) Hydro-chemical 96 This study
Table 6: Surface area BET, volume and pore diameter of the materials studied
Parameter Calgon Activated Carbon R1/1 0A R1/1SH
Surface area (m?/g) 1058 610 1008
Volume pore (cm?/g) 0.77 0.48 0.68
Radius pore (A) 1.83 1.84 1.84
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Fig. 9: N, adsorption-desorption isotherms of activated carbon and composites

catalytic activity decrease is that during agitation,
some of the nickel dissolves in the cyanurate solution,
with values ranging from 2.58, 0.92, 0.83, 0.52 and
0.31% Ni, corresponding to the cycles performed; on
the other hand, the iron dissolved was less than 0.08%
in all tests. The composites are also prone to erosion
due to attrition during agitation (Marsden and House,
2006). When comparing the initial composite with
the first cycle, it is observed that similar oxidation
efficiencies were obtained, making it possible to
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assume that the dissolution of nickel does not
contribute to the oxidation of cyanide. In addition,
a comparative analysis was performed between the
R1/1 OA, activated carbon (AC), ferrite (NiFe,O,)
and the activated carbon and nickel ferrite mixture
without impregnation, as shown in Fig. 8B. For this,
the amount of nickel ferrite was taken from the ash
percentage of R1/1 OA and the remaining amount
corresponded to the AC. Activated carbon with
aeration had the least catalytic action. Nickel ferrite
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Fig. 10: Scanning electron microscopy images. (a) Activated carbon 700X, Composite R1/1 OA 157X: (b) morphological analysis,
(c) elemental analysis by EDS, Composite R1/1 SH 157X: (d) morphological analysis, (e) elemental analysis by EDS
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has a kinetics similar to the R1/1 OA composite. Also,
it is observed that the AC and ferrite mixture without
impregnation had lower oxidation capacity of cyanide
compared to the composite, which makes it possible
to show that the incorporation of the catalyst on the
carbonaceous surface improves catalysis properties,
as determined by De la Torre et al. (2018).

Table 5 shows a comparison of different nickel
ferrite-based catalysts used in the oxidation of the
cyanide ion. The nickel ferrite of this study obtained
by the co-precipitation method has a higher oxidation
capacity than that obtained by Stoyanova and
Christoskova (2005). In this study, when working
with calcination temperatures of 900°C, ferrites
are obtained with a crystalline lattice with greater
catalytic capacities than that obtained at 120°C by
the mentioned authors. On the other hand, the core-
shell nanocomposite (NiFe,0,/TiO,-Si0,) obtained
by Kadi and Mohamed (2015) is capable of oxidizing
100% of the initial cyanide. This research achieves a
similar value (95%) to that of the second mentioned
authors.

From the comparative analyzes indicated, it
is established that for this study, the catalyst that
presented the best catalytic capacities was the
composite of nickel ferrite impregnated in activated
carbon, a material prepared by the hydro-chemical
pathway in the medium of oxalic acid, Ni/Fe molar
ratio of 1/2, calcination temperature of 900°C and
ferrite-activated carbon mass ratio of 1/1. This
catalyst was able to oxidize more than 96% of the
initial cyanide ion, with a reaction rate of cyanide
consumption of 32.22 mg/L/h and with a reaction
kinetic constant of 0.419 h (6.98x10°/min).

Characterization of the composites

Table 6 shows the results obtained from nitrogen
physisorption of activated carbon and prepared
composites. Calgon activated carbon has the largest
surface area. Following is R1/1 SH, a material that,
having a higher proportion of fixed carbon and low
impregnated ferrite content, has a porous surface
that is not as affected. In contrast, R1/1 OA reduces its
surface area by 42.3% compared to unimpregnated
carbon, a percentage affected by the incorporation of
calcined ferrite into the carbonaceous surface. In all
cases, the pore radius is the same, so the pore size
is not affected in the impregnation of nickel ferrites.

The nitrogen adsorption and desorption isotherms
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shownin  Fig. 9, indicate that the 3 catalysts fit the type
IV isotherms, according to the IUPAC classification,
characteristic of mesoporous samples (Li et al., 2017).
In the case of the ferrite-carbon composite obtained
by the co-precipitation method, the isotherms are
similar to those of activated carbon, because this
material does not manage to impregnate significant
amounts of ferrite on the carbonaceous matrix and
therefore, it is not seen to be affected the surface area
of activated carbon. On the other hand, in the case
of the composite prepared by the hydro-chemical
pathway, due to the fact that significant amounts
of ferrite are incorporated on the activated carbon,
the carbonaceous surface is affected when the pores
are closed by the presence of impregnated ferrite.
Therefore, this last composite has a lower adsorption
capacity; however, its catalytic properties of the
cyanide ion are not altered by this phenomenon.
Through scanning electron microscopy analysis,
the commercial Calgon carbon has a heterogeneous
surface (Fig. 10A), from 700x magnification, the
characteristic porosity begins to be observed,
indicating a porous material. The R1/1 OA composite
(Fig. 10C) shows homogeneity of the metals
incorporated into the carbon surface. Also, it was
found that in carbon fractures and slits, there are
fragments of sintered ferrite as indicated by De
La Torre et al. (2018). Finally, in R1/1 SH (Fig. 10E),
mixed oxide is impregnated in parts where there is
no porosity, so it is possible to observe macropores.

Nickel ferrites (NiFe,O,) synthesized by hydro-
chemical and co-precipitation pathways had catalytic
activity of oxidation of cyanide ion to cyanate.
Mixed iron and nickel oxides with approximately
100% purity were obtained by the co-precipitation
pathway with sodium hydroxide with oxidation
efficiencies of 90%. It is important to mention that
for this method, it is advisable to carry out several
washes with water after the precipitation process in
order to obtain ferrites with a high content of the
pure species. On the other hand, by preparing the
hydro-chemical pathway with oxalic acid, ferrites of
80% purity and oxidation efficiencies of 95% were
obtained. These ferrites, due to their crystallization
nature, presented the best catalytic oxidation
activities of cyanide ion. The purity of these ferrites
could be increased by varying the concentration of



oxalic acid when the process of dissolving nickel and
iron salts is carried out; also, another influencing
factor would be the increase in the calcination
temperature during the heat treatment. Activated
carbon and nickel ferrite composites were obtained.
The hydro-chemical pathway achieved the highest
impregnation of mixed nickel and iron oxide, with
a maximum value reaching 52.6%; in contrast,
with chemical preparation by co-precipitation, the
maximum impregnation was 18.7%. This shows that
ferrite/activated carbon composites obtained by
hydro-chemical preparation with oxalic acid had the
best catalytic properties of cyanide oxidation, with
reported efficiencies of 96.3%. It should be taken
into account that, during the calcination process,
the salts and activated carbon mixture must be in
covered or insulated containers in order to reduce
the losses of carbonaceous material produced by
combustion with the oxygen in the environment.
Furthermore, recyclability tests of the nickel ferrite-
activated carbon composite demonstrate that
catalysts have high cyanide oxidation efficiencies
(above 70%), but in each cycle, the catalyst loses
effectiveness due to the deactivation of the ferrite
crystalline structure. There is a noticeable difference
when comparing the efficiency of the nickel ferrite
catalyst impregnated in activated carbon to the
ferrite and carbon mixture without impregnation,
where the composite material has twice the catalytic
capacity of cyanideion than the mixture of ferrite and
carbon without impregnation. Also, it is beneficial
to produce composite-type catalysts as they are
easy to handle, recover by sieving or magnetism,
and are reusable. Moreover, the scanning electron
microscopy of the composites showed uniformity
in the distribution of nickel and iron metals on the
surface of activated carbon grains, and it was also
shown that catalyst fragments occupied the slits of
the absorbent material. The materials studied are
the basis for the search for new catalysts for the
detoxification of cyanurate solutions produced in
the mining industry.
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