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Abstract: Efficient destruction of cyanide by thermal decomposition with ferric oxide addition was proposed. The
mechanism of destruction of sodium cyanide with or without ferric oxide addition under various conditions was
examined by XRD, DSC-TG, and chemical analysis technologies. In the absence of ferric oxide, sodium cyanide
decomposes at 587.4 °C in air and 879.2 °C in argon atmosphere. In the presence of ferric oxide, about 60% of sodium
cyanide decomposes at 350 °C for 30 min in argon, while almost all sodium cyanide decomposes within 30 min in air or
O, with mass ratio of ferric oxide to sodium cyanide of 1:1. The increase of ferric oxide addition, temperature, and
heating time facilitates the destruction of sodium cyanide. It is believed that with ferric oxide addition, NaCN reacts
with Fe,O3 to form NasFe(CN)g, Na,CO3;, NaNO, and Fe;04 in argon. NaCN decomposes into NaCNO, NayFe(CN)g,
minor NaNO,, and the formed NaCNO and NayFe(CN)g further decompose into Na,COj;, CO,, N,, FeO,, and minor

NO, in air or O,.
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1 Introduction

Cyanide leaching is widely used in gold
extraction due to its advantages of maturity, low
cost and high leaching rate. Around the world,

about 80% of gold is recovered by this method [1,2].

As a result, hundreds of millions of tons of
cyanide-containing wastes are produced, which are
hazardous to human health and environment [3,4].
Constraints on cyanide (especially the free and
weak-acid dissociable cyanides) discharge are being
tightened by local governments worldwide due to
its high toxicity and volatility [5]. Thus, the
disposal of cyanide-containing wastes from the

cyanidation process is a great challenge for the gold
mining industry. The situation in China is much
stricter because cyanide-containing solid wastes
have been enclosed in the List of National
Hazardous Waste by the central government from
2016 [6]. It is required by law that the cyanide-
containing solid wastes must be detoxified to a limit
of 5 mg/L total CN before being discharged to
tailing ponds [7,8]. Otherwise, a penalty rate of
$150 per ton will be imposed in addition to the
disposal fee charged by the certified company [9].
Therefore, the research of effective and versatile
cyanide destruction technologies has been
becoming critical to the sustainable development of
the gold mining industry.

Corresponding author: Feng XIE, Tel: +86-24-83672298, E-mail: xief@smm.neu.edu.cn;
Wei WANG, Tel: +86-24-83672298, E-mail: wangwei@smm.neu.edu.cn

DOI: 10.1016/S1003-6326(21)65565-6

1003-6326/© 2021 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



1114 Kai-wei DONG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 11131126

Many technologies of destructing cyanide
effluent have been reported [10,11]. Nowadays,
natural degradation and acidification-volatilization-
reneutralization (AVR) processes are seldom used
for cyanide effluent treatment due to environmental
concerns [10,12,13]. Alkaline chlorination [14] is
the predominant mode in the treatment of
cyanide-containing wastewater. However, it only
works on free or weakly bound cyanide with harsh
chemical conditions. Similarly, some other
alternative treatments, such as sulfur dioxide [15],
ozone [16,17], hydrogen peroxide [18], and
iron/copper precipitation processes [19] are also
commonly used for cyanide destruction in practice.
However, these methods have the problems of high
chemical costs, the formation of toxic intermediate
and complicated process, which need further
improvement [20]. Some eco-friendly process, such
as activated carbon adsorption [21,22], natural
zeolite adsorption [23], resin ions [24,25], photo-
oxidation [26,27], electrolytic oxidation [28,29]
and biological methods [30], have been devised to
destroy cyanides. However, the complex nature
of cyanide wastewater, primarily the high
concentrations of cyanide, may seriously restrict
their industrial application.

Efficient thermal decomposition or destruction
of cyanides in cyanide-containing solid wastes is
seldom reported. The organic effluent and exhaust
gas produced in the sodium cyanide production
process were treated by incineration at high
temperatures, and the results showed that the highly
toxic organic cyanide decomposed into H,O and
CO, [31]. The cyanide slag arising from the sodium
cyanide plant was mixed with coal and clay at the
mass ratio of 6:4:1 to make pellets, which were then
incinerated at about 850 °C in a special furnace.
About 94.6% of cyanide was destroyed [32].
However, the mechanism of the destruction of
cyanide was less described in the references. The
main species of cyanide remaining in cyanide-
containing solid wastes are free cyanide and
metal-cyanide complexes. About 10%—30% of
cyanogen is free cyanide. Ferric oxide is usually
used as a catalyst for the decomposition of
materials [33,34]. In this study, sodium cyanide was
taken as the free cyanide, and the mechanism of the
destruction of sodium cyanide by thermal
decomposition with ferric oxide addition was
examined with the purpose to elucidate the potential

use of the thermal decomposition for destructing
cyanide-containing solid wastes from gold
cyanidation process. The effect of operational
parameters on the destruction of sodium cyanide
was examined in detail, including Fe,O; addition,
temperature, heating time and atmosphere. The
mechanism of the catalytic destruction of sodium
cyanide by ferric oxide was also discussed.

2 Experimental

2.1 Materials

The industrial-grade solid sodium cyanide
used in this study was supplied by a local gold
mining company in Inner Mongolia, China. The
sodium cyanide was carefully stored in a safe
sealed bottle. Before being used as the feed material
for this study, it was carefully ground to less than
74 ym in a fume hood. Fe,O; and NaOH were
supplied by local chemical
Shenyang, China and Kermel Co., Ltd. in Tianjin,
China, respectively. The purity of O, and Ar gases
used in this study was more than 99.995%. Distilled
water was used throughout the experiments.

manufacture in

2.2 Procedure

About 0.2—0.4 g of the feed was mixed with
various predetermined amounts of ferric oxide
(0-0.6 g) in a ball mill for 20 min. Then, the
mixture was ground and remixed carefully in an
agate mortar to ensure the homogeneity. The
mixture was loaded in an opening porcelain
crucible, which was then heated in a programmable
resistance furnace from the room temperature to the
setting temperature (100—600 °C) at 10 °C/min in
air. After being heated at the set temperature for
a set time, the clinker was immediately taken out
and cooled in air. The mixture and clinker were
weighed and the masses were recorded, respectively.
According to DONG et al [35], O, played an
important role in the decomposition of sodium
cyanate, so the destruction of sodium cyanide by
thermal decomposition with ferric oxide addition
was evaluated in Ar and O, atmosphere.

In the case of heating in Ar atmosphere, the
experiments were performed in a horizontal tube
furnace. The furnace tube was purged with a stream
of Ar gas at 150 mL/min for 20 min when the
crucible was loaded. Then, the pre-set heating
programs were run in Ar gas flowing at 50 mL/min.
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When the pre-set heating programs were over, the
clinker was moved to the furnace door to cool in
dynamic Ar. The gas exiting from the furnace was
bubbled through a 15 mL solution of 10 g/L NaOH
to absorb CO; or NO,.

In the case of heating in O, atmosphere, O,
was charged into the tube furnace intermittently or
continuously as needed. O, was charged into the
furnace for 2 min each time with a flow rate of
150 mL/min when O, was needed intermittently.
Other operations in O, were consistent with those in
Ar.

The mixture and clinker were carefully
crushed to below 74 pm in the fume hood with an
agate mortar and pestle and then leached with
distilled water for 10 min at room temperature. The
leached slurry was filtrated and washed with
distilled water. The filtrate and wash water were
thoroughly mixed and then diluted to 100 mL with
distilled water.

2.3 Analysis

The concentration of NaCN and Na,COs in the
filtrate was analyzed according to the methods
described in Refs. [36, 37], respectively. The filter
residue was analyzed for Fe** according to
AQSIQ [38]. The concentrations of caustic alkali
(N, in form of Na,0), carbonate alkali (N, in form
of Na,0), and total alkali (N, in form of Na,0) in
the NaOH bubbled solution were analyzed by the
volumetric method [39]. The content of Na,CO; in
the feed was analyzed by the gravimetric method
with 5% BaCl, solution. The remaining solutions
were collected in a waste tank for unified treatment.
Some representative mixture and clinker were taken
to analyze the contents of Na, C, N, NO, and NO;
for the balance calculation of elements using atomic
absorption spectrometer, carbon—sulfur analyzer,
oxygen—nitrogen analyzer, and ion chromatography,
respectively.

The characterization of the
investigated by a differential scanning calorimetry
(DSC) and thermogravimetric (TG) simultaneous
thermal analyzer (NETZSCH STA409C/CD) at a
heating rate of 10 °C/min under a dynamic Ar or air
atmosphere with a flow rate of 50 mL/min. About
6.5 mg of the feed was loaded in an alumina
crucible and heated from room temperature to 900
or 1100 °C. Each experiment was performed twice
for reproducibility, and exact thermograms were

feed was

obtained.

The mineral compositions of clinker were
estimated using an Ultima IV with Cu K, radiation.
The diffractometry was conducted with a scanning
speed of 5 (°)/min from 10 to 80° at 40 kV and
40 mA. Each powder sample was carefully and
evenly placed on a rectangular quartz holder,
flattened with a glass slide. The data were analyzed
by the MDI Jade using the PDF2—2004 database.

2.4 Calculation

In the experiment process, the mixture was
oxidized, the mass changed, and the highly toxic
NaCN decomposed into non-toxic products. The
mass ratio of the clinker to the mixture (wey,) and
the residual rate of NaCN to the feed (1.,) are
defined as follows to evaluate the mass change of
the mixture and the decomposition of NaCN:

Wem=(Me/M)x100% ()

Ney=(WeyXme)/ [ 1/(1+Wgey )]
= [ch( 1 +Wf/cy)wc/m] x100% (2)

where m, 1s the mass of the clinker; m,, is the mass
of the mixture; we, is the mass ratio of NaCN in the
clinker; wy,, is the mass ratio of ferric oxide to the
feed.

3 Results and discussion

3.1 Characterization of feed material

The chemical analysis shows that the feed
contains 93.70% NaCN, 0.70% Na,COs, and 3.85%
NaCNO. The ferric oxide used in this study
contains 99.85% Fe,O;. The XRD patterns of the
feed and ferric oxide are shown in Fig. 1. The main
phase is NaCN (cubic, Fm3m (225)) in the feed
and Fe,0; (hexagonal, R3c (167)) in the ferric
oxide.

The TG—DSC curves of the feed in Ar and air
atmosphere are shown in Fig.2(a) and 2(b),
respectively. Figure 2(a) shows that the sample
mass remains almost constant below 700 °C, and
then drops sharply with the increase of temperature.
According to the extrapolated onset temperature
method, the TG curve shows that the initial
decomposition of the feed occurs at 879.2 °C. Two
endothermic peaks occur at 491.1 and 557.9 °C on
the DSC curve. However, the TG curve shows no
mass change at these temperatures, indicating
that the sample undergoes a potential phase change
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Fig. 2 TG—DSC curves for feed in Ar (a) and in air (b) at heating rate of 10 °C/min

before decomposition. According to the calculation,
the endothermic peak area on the DSC curve gives
a heat of 160.6 J/g, which is close to the melting
enthalpy of 179.4 J/g for NaCN [40]. Because
it is reported that the melting point of NaCN is
563 °C [41], the endothermic peak at 557.9 °C is
probably caused by the melting of NaCN. A very
broad endothermic area occurs between 700 and
1050 °C on the DSC curve. Considering the
significant decrease of mass above 700 °C on the
TG curve, the endothermic peak is due to the
volatilization of NaCN.

Figure 2(b) shows that the sample mass
remains almost constant below 450 °C. The sample
mass increases by 18.54% between 450 and
651.2 °C while it decreases by 13.58% between
651.2 and 800 °C. This is due to the oxidation of
NaCN in air to NaCNO and the decomposition of
NaCNO to Na,CO; [42,43]. According to the
extrapolated onset temperature method, the initial
oxidization of NaCN occurs at 587.4 °C. The DSC
curve shows that a broad endothermic peak giving

heat of 179.9 J/g occurs around 487.5 °C, which is
close to the results of Fig.2(a). Another two
exothermic peaks occur at 646.0 and 680.9 °C due
to the oxidation of NaCN and the decomposition of
NaCNO. An endothermic peak observed at
853.8 °C on the DSC curve corresponds to the
melting of Na,CO; and its volatilization [44,45].
Overall, it is suggested that the decomposition of
the NaCN in air happens above 500 °C.
3.2 Destruction of NaCN by thermal
decomposition in air

The decomposition of NaCN in air below
350 °C was investigated. The feed was heated in air
from room temperature to the pre-set temperature
(100—350 °C) at 10 °C/min. Thermal decomposition
results are shown in Fig. 3. In Fig. 3, the mass ratio
of the clinker to the mixture (W) remains almost
constant when heated below 350 °C without
duration. w,,, increases slightly while the residual
rate of NaCN to the feed (7.,) decreases slightly at
350 °C with the prolongation of holding time,
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which suggests slight oxidization of the feed. This
implies that NaCN hardly decomposes in air even
when heated at 350 °C for 60 min.

100
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Fig. 3 Variation of mass ratio of clinker to mixture (W)
and residual rate of NaCN to feed (y.) with various
heating treatments

XRD patterns of the feed heated at 350 °C
(Fig. 4) show that the phase in all clinker is NaCN
with similar peak intensities. When 26=41.3° and
46.0°, two unidentified peaks occur in the clinker
heated at 350 °C for 60 min. Therefore, NaCN is
considered to poorly decompose below 350 °C.
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Fig. 4 XRD patterns of feed heated at 350 °C for
different time in air

3.3 Effect of Fe,O3 on destruction of NaCN in Ar
The effect of Fe,O; on the destruction of
NaCN by thermal decomposition was investigated
with the mass ratio of ferric oxide to the feed (wy.y)
varied between 0:1 and 18:1 at 350 °C for 30 min in

Ar. The clinker in all cases is dark-red powder with
magneticity, suggesting that Fe;O, is formed in
the clinker. The thermal decomposition results
presented in Fig. 5 show that the mass change of
the samples is negligible in all cases. 7., decreases
as Wwyey increases from 0:1 to 18:1, indicating
that NaCN decomposes under the experimental
conditions and Fe,O; promotes the destruction of
NaCN. The composition of the clinker heated at
Weey of 1:1 and 4.5:1 (Fig. 6) shows that NO,, Fe**
and Na,COj; are found in the clinker, but NOj; is not
found, suggesting that NaCN reacts with Fe,O; to
form NaN02, FC304, and N32C03.

90 L. s ! . . 130
0 1.1 45:1 9:1 13.5:1 18:1

wf/cy

Fig. 5 Variation of mass ratio of clinker to mixture (W)
and residual rate of NaCN to feed (#.,) with mass ratio of
ferric oxide to feed (wy.y) varied from 0:1 to 18:1

NaCN
35.56%
NG NaCN
2 8.97%Na,CO;  NO; 0.87%
3.63% 1.79% 2.96% i
() (b)

Fig. 6 Main compositions of clinker heated at mass ratio
of ferric oxide to feed (wycy) of 0:1 (a) and 4.5:1 (b)

XRD patterns of the clinker (Fig. 7) show that
the clinker is made of NaCN, Fe,Os;, Fe;04 and
NayFe(CN)s. NaNO, and Na,CO; are not observed
on XRD patterns due to their low content in the
clinker. The formation of Fe;O, results in the
clinker being magnetic. The diffraction peak
intensity of NaCN, Fe;0, and NasFe(CN)g
decreases with the increase of Fe,O; due to the
decrease of the mass ratio of these components.
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The content of the bubbled NaOH solution is
given in Table 1. Compared with the blank solution,
the contents of the bubbled solution change little,
suggesting that no gas that could be absorbed by

Table 1 Contents of bubbled NaOH solution
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NaOH was formed when the samples were heated
in Ar. Overall, the destruction of NaCN by thermal
decomposition with Fe,O; addition in Ar can be
described by

11Fe;03+7NaCN—
7F6304+N34Fe(CN)6+N32CO3+NaN02 (3)

3.4 Effect of Fe,O; on destruction of NaCN in air
3.4.1 Fe, 05 addition

The effect of Fe,O; on the destruction of
NaCN by thermal decomposition in air was
investigated at 350 °C for 30 min. wy., was varied
from 0.01:1 to 1.5:1. The macrostructures of the
clinker with various wy.y are shown in Fig. 8. It can
be seen that the clinker sintered together in all
cases, and it melted when wy.y is 0.3:1 and 0.5:1. As
Wy increases, the color of the clinker changes from
light-red to yellow, to black, and then to red,
indicating that NaCN reacts with Fe,O; when the
samples are heated in air.

No. Wiy Ng/(g' L™ Nc/(g'L™h Nr/(g-L™) NO,/(mg-L™")  NO,/(mg-L™")
1 1:1 7.29 0.90 8.19 8.06 <0.001
2 4.5:1 7.29 0.90 8.19 7.67 <0.001
3 9:1 7.21 0.98 8.19 - -
4 18:1 7.30 0.88 8.19 - -
5 Blank 7.32 0.87 8.19 7.90 <0.001
(a) (b)

@ A ©

]

d

Fig. 8 Macrostructures of clinker with different mass ratios of ferric oxide to feed (wgcy): (a) 0.01:1; (b) 0.1:1; (c) 0.3:1;

(d) 0.5:1; (e) 0.7:1; () 1:1
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The thermal decomposition results in Fig. 9
show that wgy, is more than 100% in all cases. It
increases rapidly when wy, increases to 0.3:1,
remains almost constant when wy,, is between 0.3:1
and 1:1, and then decreases with further increase of
Wrey. Hey decreases sharply when wye, increases to
0.6:1. When wycy is more than 0.6:1, 7., decreases
to nearly zero. The mass fraction of Na,CO;
increases with the increase of wgc,. This suggests
that more Fe,O; promotes the destruction of NaCN
and the formation of Na,COs in air.
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40 &
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Fig. 9 Variation of mass ratio of clinker to mixture (We/y),
mass fraction of Na,CO; in clinker and residual rate of
NaCN to feed (#.,) with mass ratio of ferric oxide to feed
(Wgey) varied from 0.01:1 to 1.5:1

XRD patterns of the clinker (Fig. 10) show
that the phase composition of the clinker varies
greatly. In Fig. 10(a), the clinker is made of NaCN,
NaCNO and Fe,Os at wye, of 0.01:1, suggesting that
part of NaCN decomposes into NaCNO. The new
phase of Na,CO; is observed at wyg., of 0.05:1 and
0.1:1. The clinker is composed of NaCN, NaCNO,
Na,COs, NagFe(CN)g and Na,O-Fe,O3 when wyy is
0.2:1 and 0.3:1. The diffraction peak intensity of
NaCN decreases rapidly, while that of NaCNO first
increases and then decreases. The diffraction peak
intensity of NasFe(CN)g increases, and that of Fe,O4
first increases and then disappears. According to the
previous research [35], it is considered that NaCN
is oxidized to NaCNO by Reaction (4), NaCNO
decomposes to Na,CO; by Reactions (5) and (6),
and Fe,0; reacts with NaCN and Na,CO; to form
NasFe(CN)g and Na,O-Fe,0; by Reactions (3) and
(7), respectively.

® — NaCN ¥ — Na,O-Fe,0;
* —Na,CO; A —Fe,0;
O0—NaCNO A —NayFe(CN),

A A A A .A A AO @ 0.01:1
25 30 35 40 45 50 55 60 65
26/(°)
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A
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o* —Na,CO; & —Fe;0,

a A — NayFe(CN)g
* | ‘6 Ao N 1.35:1
a
*O * *’ e 1.1:1
A *Q ‘6 Axh A 1.0:1

A
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1 Q‘)\ji éJ\;*jL?.z( Ko askg 4 9 0’3'.1
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200(°)

W

Fig. 10 XRD patterns of clinker with varied mass ratio of
ferric oxide to feed (wgcy): (a) 0.01:1-0.3:1; (b) 0.4:1—
0.8:1; (¢) 0.9:1-1.5:1

NaCN+0, —2% , NaCNO (4)

NaCNO+0, —%% 3 Na,CO, +N,1+CO,t  (5)
NaCNO+0, — %% 3 Na,CO, +CO,1+NO,t  (6)
Na,CO,+Fe,0; — Na,O - Fe,0, +CO,1 (7)

In Figs. 10(b, c), the diffraction peak of NaCN
disappears while that of Fe;O, appears at wyge, of
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0.4:1, indicating that NaCN reacts with Fe,O; to
form Fe;0,4. Fe,O3 occurs again when wy.y is more
than 0.5:1, at which the clinker consists of NaCNO,
Na,CO;, NasFe(CN)s, Na,O-Fe,O;, Fe;O4 and
Fe,O3. When wy is varied between 0.6:1 and 1.1:1,
the clinker is made of NaCNO, Na,COs;,
NaygFe(CN)g, Fe;04 and Fe,0s. The diffraction peak
of NasFe(CN); disappears when wy,, is above 1.1:1,
suggesting that NasFe(CN)s decomposes with the
increase of Fe,O; addition, and Fe,0; also promotes
the decomposition of NasFe(CN)s. The diffraction
peak intensity of NaCNO first increases and then
decreases, suggesting that more Fe,O; favors the
oxidization of NaCN and the decomposition of
NaCNO. When wy, is 1.35:1 and 1.5:1, the
diffraction peak of NaCNO almost disappears,
indicating that NaCNO decomposes almost
completely. The diffraction peak of Na,O-Fe,O4
appears at wge, of 0.2:1-0.5:1. According to the
macrostructures of the clinker, it is considered that
Na,CO; reacts with Fe,O; in the melt.
3.4.2 Heating temperature

The effect of temperature on the destruction of
NaCN by ferric oxide was studied at 100—600 °C
without duration with wge, of 1:1. The thermal
decomposition results (Fig. 11) show that w, is
more than 100% in all cases. It remains almost
constant below 200 °C, rises rapidly at 200—400 °C,
and then drops significantly above 400 °C,
indicating that NaCN decomposes better at higher
temperatures. The mass fraction of Na,CO;
increases slowly below 450 °C, and increases
rapidly above 450 °C, indicating that the higher

40
100
! 7110 132
80
1 <100 24 S
= 2T s
40 190 % q16 2
=
20 180 8
Ot . . : o] K 0
100 200 300 400 500 600
Temperature/°C

Fig. 11 Variation of mass ratio of clinker to mixture
(Weim), mass fraction of Na,COs in clinker and residual
rate of NaCN to feed (#.,) versus temperature without
duration

temperatures favor the formation of Na,COs. 7.y
remains almost constant below 200 °C, decreases
sharply between 200 and 300 °C, and gradually
decreases to near zero above 300 °C. This suggests
that higher temperatures promote the destruction of
NaCN.

The phase composition of the clinker heated at
various temperatures is revealed by XRD (Fig. 12),
showing that the phase composition of the clinker
varies greatly. Only NaCN and Fe,O; are observed
at 200 °C, suggesting that NaCN decomposes
hardly at this temperature. NaCNO appears when
the temperature increases to 250 °C, suggesting that
Reaction (4) happens at 250 °C. The clinker heated
at 300 and 350 °C is made of NaCNO, Na,COs,
NayFe(CN)s, Fe;O4 and Fe,O;. NaCN is absent.
This suggests that almost all NaCN decomposes to
NaCNO, Na,CO; and NagFe(CN)e. Between 200
and 300 °C, the diffraction peak intensity of NaCN
decreases to disappear whilst that of NaCNO
increases correspondingly, suggesting that NaCN is
oxidized to NaCNO. The diffraction peak of
NayFe(CN)g disappears above 400 °C, indicating
that it is formed as an intermediate and decomposes
at 300—400 °C. The diffraction peak intensity of
NaCNO remains almost constant at 300—400 °C,
but decreases above 400 °C, implying that NaCNO
decomposes at 300—400 °C and decomposes faster
above 400 °C. The diffraction peak intensity of
Na,CO; increases with the increase of temperature,
which is consistent with the results in Fig. 11. Fe,O;
has similar diffraction peak intensity in all cases
while Fe;0, slightly increases in diffraction peak
intensity.

@—NaCN 0—NaCNO A —Fe,0;
A= NaCOy o $=Fe0;  4—NaFe(CN),
A o

ooy to 150G
A0 A 400 °C

.

A
(6] o
A &ﬂ h.‘ * *40e A A; 2 350 °C

A ‘ o
:__éM_&A xxdoe & 4o 4 3007°C
A
A A 250 °C
I_JSLM to e hoe o . il
A o
i__l_b pr ted 005G

25 30 35 40 45 50 55 60 65

20/(%)

Fig. 12 XRD patterns of clinker heated at 200—-550 °C
without duration
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3.4.3 Heating time

More than 90% of NaCN decomposed above
300 °C without duration at wgey of 1:1. Therefore,
temperature of 300—400 °C was selected to study
the effect of heating time on the destruction of
NaCN by ferric oxide. The heating time was varied
between 0 and 120 min at 300, 350 and 400 °C and
wyey of 1:1. The thermal decomposition results are
shown in Fig. 13. In Fig. 13(a), wey, is more than
100% in all cases, and it decreases with the
prolongation of heating time. The higher the
temperature is, the faster the w.,, decreases. This
suggests that higher temperatures and longer time
favor the decomposition of the samples.

(a)
112+ —— 300 °C
—A— 350 °C
—— 400 °C
110 +
x
& 108
o
106 -
104 -
102 L. . . : .
0 30 60 90 120
Heating time/min
(b) . 150
4 -
—— 300 °C
—A— 350 °C 140
3t —8— 400 °C S
- 130 &
L L)N
= 2°F S
Z
120 ¢
1 -
10
0f L L : ' 1o
0 30 60 90 120

Heating time/min

Fig. 13 Variation of mass ratio of clinker to mixture
(Wem) (a), and mass fraction of Na,CO; in clinker and
residual rate of NaCN to feed (7.y) (b) versus heating
time

In Fig. 13(b), the mass fraction of Na,CO; in
the clinker increases with the increase of heating
time or temperature. The content of Na,CO; is
linearly related to the heating time at 300 and
350°C, and it increases rapidly first and then
remains almost constant at 400 °C. This suggests

that Na,CO; is gradually formed with the
prolongation of heating time at 300 and 350 °C, and
the formation of Na,CO; is almost completed
within 60 min at 400 °C. 7., decreases with the
prolongation of heating time, and the higher
temperature is, the less the 7., is, indicating that
NaCN decomposes with the increase of heating
time, and higher temperatures promote the
destruction of NaCN thoroughly.

The chemical composition of the mixture and
clinker (Fig. 14) shows that about 85% of C and N
remain in the clinker at 400 °C without duration,
while about 50% C and almost all N are lost at
400 °C for 30 min. In both cases, the mass change
of Na is negligible. Overall, this implies that about
50% C and almost all N run out of the samples in
the form of gases.

120 | B2 Mixture
Y] 400 °C, 0 min
100 22 400 °C, 30 min
o SOT
£
S 60K )
[ 400°C, 0 min (5690 mg) |
40 71 50%
207 22.05% 5.61% 084/
0 [ 400°C, 30 min (534.4 mg) |

N C

Fig. 14 Compositions of mixture and clinker heated at
400 °C for 0—30 min

The clinker heated at 300, 350, and 400 °C for
0—-120 min was analyzed by XRD (Fig. 15).
Figures 15(a, b) show that the clinker heated at
300 °C and 350 °C is made of NaCNO, Na,COs,
NayFe(CN)g, Fe,O3 and Fe;0,4. The diffraction peak
intensity of NaCNO and NasFe(CN)s decreases
with heating time, suggesting that NaCNO and
NayFe(CN)s decompose with the prolongation of
heating time. The diffraction peak intensity of
Na,CO; increases with heating time, which is
consistent with the results in Fig. 13(b). This
implies that NaCNO and NasFe(CN)¢s decompose
into Na,CO;. The diffraction peak intensity of
Fe,O; and Fe;O; remains almost constant.
Figure 15(c) shows that the clinker heated at 400 °C
is composed of NaCNO, Na,CO;, Fe,03, and Fe;0,.
The diffraction peak of NasFe(CN)s disappears,
suggesting that NasFe(CN)s decomposes almost
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completely at 400 °C. The diffraction peak of
NaCNO decreases to disappear, indicating that
NaCNO decomposes rapidly with the prolongation
of heating time.

(a) o —NaCNO ¢ —Fe;0,
a—Na,Fe(CN), *—Na,CO;4
$ 4 —TFe,0,4

£ 120 min

25 30 35 40 45 50 55 60 65

20/(°)
(b) s ©—NaCNO + —Fe;0,
A » —Na,Fe(CN), *—Na,CO;
*0 ‘ —fezO3 A 120 min
% [6) * *

25 30 35 40 45 50 55 60 65

20/(°%)
(c) 0 —NaCNO a4 —Fe;0,
¢ —Fe,0,  *—Na,CO,

A 120 min

A * 30 min
O’O J** * *A%Q X *
ot a
A A A 0 min
ol x xRS X .
25 30 35 40 45 50 55 60 65
20/(°)

Fig. 15 XRD patterns of clinker heated in air for
0—120 min with mass ratio of ferric oxide to feed (Wyey)
of 1:1 at different temperatures: (a) 300 °C; (b) 350 °C;
(c) 400 °C

3.5 Effect of Fe,O; on destruction of NaCN in O,

Subsections 3.3 and 3.4 show that O, has a
serious impact on the destruction of NaCN. Hence,
different feeding amounts of O, were selected for

studying the destruction of NaCN by ferric oxide at
350 °C for 30 min. The macrostructure of the
clinker is shown in Fig. 16. It can be seen that more
clinker melts with more O,, and the molten clinker
is black but strongly magnetic. This implies that
more O, favors the clinker melting and the reaction
of NaCN with Fe,Os;. The content of the bubbled
NaOH solution (Table 2) shows that as the feeding
amount of O, increases, the concentration of Ng
decreases while the concentration of N¢ increases.
This suggests that more CO, is formed as the
feeding amount of O, increases. New NO, is found
in the bubbled solution, indicating that a small
amount of NO, i1s formed in the destruction of
NaCN [46].

Q) (b) :

A
<)

-

Fig. 16 Macrostructures of clinker with different feeding
amounts of O, at flow rate of 150 mL/min: (a) 2-times;
(b) 4-times; (c) 8-times; (d) Continuously

The thermal decomposition results presented
in Fig. 17 show that w,,, is more than 100% in all
cases. It remains almost constant when O, is fed
into the furnace intermittently, but it decreases
when O, is fed continuously. 7., decreases with the
increase of feeding amount of O,, suggesting that
more O, promotes the destruction of NaCN. The
mass fractions of Na,CO; and Fe*' increase,
suggesting that more O, promotes the reaction
between NaCN and Fe,O;, forming more Na,CO;
and Fe;0, [47].

The composition of the mixture and clinker
with intermittent and continuous O, feeding
(Fig. 18) shows that about 60% N and 85%—90% C
remain in the clinker heated in O,. New NO, is
found in the clinker, but NO; is not, suggesting that
a small amount of NaCN decomposes to NaNO,
during the thermal decomposition process. The
amount of C and Na in the mixture is almost equal
to that in the clinker and exhaust gas. Compared
with the results in Table 2, CO,, N, and minor NO,
are formed in the destruction of NaCN [42,48].
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Table 2 Contents of decomposition exhaust gas bubbled solution

1123

No. Ng/(g'L™")  NegL™h Np/(g'L™h NO,/(mg-L™") NO,/(mg-L™") 0, feeding amount
1 6.49 1.83 8.33 - - Intermittent, 2-times
2 6.21 2.12 8.33 - - Intermittent, 4-times
3 5.94 2.39 8.33 <0.001 36.23 Intermittent, 8-times
4 4.83 345 8.29 <0.001 23.72 Continuous
5 7.52 0.75 8.27 <0.001 2.16 Blank

25 e—NaCN _ o—NaCNO
< e *— Na,CO, *— Fe3(')4
\g 20+ 1110 i x| A * +AO & o Continuous
< A—Fe,04
= o i 5—Na, Fe(CN)
+ L 4 4 6
23 15F 1105 < A K dooe % Ao 8-times
= E A A
S 2 o :
§ 10 = B Aog % ¥ 4-times
S 100
=
<
Z 5r
< 2-times
. . . {95 1 ey
X X X S 55 60 65
) &é;% Q &é‘ ' Q\p" ) 6/( )
Ty @ &‘ S
v xﬂ‘ % C Fig. 19 XRD patterns of clinker with different feeding

Fig. 17 Variation of mass ratio of clinker to mixture
(Weim), mass fraction of Na,CO; and Fe?" in clinker and
residual rate of NaCN to feed (#.y) with feeding amounts

of 02

m Mixture
I 0,, 8-times
L - 0,, continuous
- Exhaust gas

Others
61 35%

0, = >
21.40% o 137%

O,, 8-times (544.8 mg)

Others

71.50%
22 os/w 1. 35/

9.54% 7.27%
‘ 0,, continuous (530.5 mg) ‘

Fig. 18 Main compositions of mixture and clinker with
intermittent and continuous O, feeding

The phase composition of the clinker with
different feeding amounts of O, was analyzed by
XRD (Fig. 19). It is shown that the clinker heated in
O, is comprised of NaCNO, Fe;04, Na,CO; and
NaygFe(CN)g. As the feeding amount of O, increases,
the diffraction peak of NaCN is gradually fade
away, and the diffraction peak intensity of Fe,O;
decreases while that of Fe;O4 and NasFe(CN)g
increase, suggesting that the more O, promotes
Reaction (3). The diffraction peak intensity of

amounts of O,

Na,COs; is enhanced while that of NaCNO remains
almost constant. According to the previous
research [35], more O, helps Reaction (4) and part
of NaCNO and NasFe(CN)s decomposes by
Reactions (5) and (6), and Reactions (8) and (9),
respectively, under these conditions:

Na,Fe(CN), +0O, —

N32C03 + N2T+C02T+FCOX (8)
Na,Fe(CN), +O, —
Na,CO; + NO,1+CO,1+FeO, 9

4 Conclusions

(1) NaCN does not decompose below 587.4 °C
in air or below 879.2 °C in Ar.

(2) In the presence of Fe,O3, about 60% NaCN
decomposes at 350 °C for 30 min in Ar while
almost all NaCN decomposes at 350 °C and wyg, of
1:1 for 30 min in air or O,.

(3) The increase of Fe,O; addition and
temperature can result in the completed destruction
of NaCN within 30 min. The optimal parameters for
the destruction of NaCN by thermal decomposition
are to heat the mixture in air above 350 °C for
30 min with wg., more than 1:1.
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(4) The catalytic oxidation of cyanide by Fe,O4
addition is believed to follow a series of reactions:
NaCN reacts with Fe,O; to form NayFe(CN)g,
Na,COj3, NaNO, and Fe;04 in Ar. When the mixture
is heated in air or O,, NaCN decomposes into
NaCNO, NasFe(CN)g, Na,CO; and minor NaNO,.
The formed NaCNO and NasFe(CN)g further
decompose into Na,COs, CO,, N,, FeO, and minor
NO..
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