Journal of Sustainable Metallurgy (2023) 9:1744-1758
https://doi.org/10.1007/540831-023-00762-6

RESEARCH ARTICLE q

Check for
updates

Recovery of Vanadium and Nickel from a High CaCO; Containing
Petroleum Coke Ash by Roasting and Acidic Leaching

Ozgun Yurtseven' - Ahmedaljaali Ibrahim Idrees Ibrahim’ - Soner Top? - Sait Kursunoglu® - Mahmut Altiner’

Received: 10 May 2023 / Accepted: 18 October 2023 / Published online: 8 November 2023
© The Minerals, Metals & Materials Society 2023

Abstract

In this study, it was aimed to extract vanadium (V) and nickel (Ni) from a petroleum coke ash (PCA) using a roasting process
without additives, followed by leaching with sulfuric acid (H,SO,). The experiments were designed based on the Taguchi
approach, taking into account the parameters of temperature, acid concentration, time, and solid ratio. Additional leaching
tests were conducted on the non-roasted PCA for comparison, to assess the effect of roasting on the extractions of V and Ni.
The results showed that no extra reducing agent was needed as the PCA contained high levels of CaCO;, which could be
used as a reducing agent during roasting. It was found that roasting was essential for high Ni extractions, but had no strong
effects on V extractions. The Ni extraction was found to be between 13.3 and 80.8% for the non-roasted PCA and between
43.6 and 99.3% for the roasted PCA. The V extraction was between 36 and 97.9% for the non-roasted PCA and between
45.4 and 99.9% for the roasted PCA. The optimal leaching conditions were determined to be a sulfuric acid of 4.5 M, a solid
ratio of 10%, a temperature of 75 °C, and a time of 75 min. In addition, it was determined that the leaching conditions had
a great effect on the oxidation state of vanadium ions, and an increase in the acid concentration led to the formation of V3*
ions (green color) instead of VO** ions (blue color) in the pregnant leach solution. The final pregnant leach solution contain-
ing 1056.50 mg/L V, and 251.85 mg/L Ni was achieved with an extraction yields of >98%. The experimental results were
greatly fitted by the shrinking core model and the activation energy (E,) for V and Ni was calculated as 3.60 and 4.01 kJ/
mol, indicating that the leaching mechanism can be explained by the diffusion control model.
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900-6695”, C: Calcium carbonate “01-086-0174”, A: Anhydrite “96- yellow: nickel) (Color figure online)
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Table 1 Preliminary leaching test conditions

Exp.no Roasting Tem- Acidcon.  Solid ratio Time (min)
perature (M) (%)
°O

Pre-1 Yes 60 5 6.67 30

Pre-2 Yes 45 12 5 30

Pre-3 Yes 45 3.76 5 75

Pre-4  No 30 0.9 20 30

Pre-5 No 60 3.76 10 75

Pre-6  No 60 5 6.67 30

Introduction

Vanadium (V) and its compounds have received great
attention for many years in various industries, including
metallurgy, petrochemicals, electronics, defense, paint,
and coatings, due to their exceptional physical and chemi-
cal properties, such as mechanics, electrochemistry, and
magnetism [1]. Several governments, including Australia,
South Korea, Canada, the USA, and Japan, as well as the
European community, have declared V as a critical raw

material in their reports due to its economic significance
and supply risk. Previous researches have shown that
nearly 88% of V was extracted globally from a titano-
magnetite ore, which was the most significant source of
this element [2, 3]. Additionally, V can be produced from
various raw materials and secondary residues, such as
vanadium slag [4, 5], stone coal [6, 7], petro-coke [8],
fly ash [9], black-shale [10] and spent-catalyzer [11, 12].

There are several methods including NaCl salt roast-
ing [13], Cl gas [14], CI,-N, gases [15]), alkaline leach-
ing (NaOH [16]), Na,CO; roasting + water leaching
[17], roasting + NH,HCO; leaching [18], ammonium
sulfate roasting 4+ diluted H,SO, leaching [4], CaO roast-
ing + H,SO, leaching [19, 20], CaO roasting + NH,HCO,
leaching [20, 21], two stages leaching (NH,C1+ Na,CO5)
[22], a mixture of acid (H,SO,+ HF + NaClO) [10],
ammonium sulfate leaching [23], H,SO, pressure leach-
ing [24]. Furthermore, the use of ultrasonic power [9]
or microwave power [25] resulted in an increase in the
extraction of V in the presence of organic or inorganic
acid. When these powers were used together, V was dis-
solved in a NaOH solution with an extraction of over
80%, higher than the extraction of V (approximately 60%)

Table 2 Experimental parameters with their levels and the conditions conducted based on the Taguchi approach (L32, 2”1, 4/3)

Parameters Level 1 Level 2 Level 3 Level 4
Temperature (°C) <50 °C >75°C
Acid concentration (M) 1 2.5 4.5 6
Time (min) 15 45 75 90
Solid ratio (%) 20 10 6.67 5
Exp. no Temp Acid con Time Solid ratio Exp. no Temp Acid con Time Solid ratio
Experimental conditions (L32, 271, 473)

1 1 1 15 20 17 2 1 15 5

2 1 1 45 10 18 2 1 45 6.67

3 1 1 75 6.67 19 2 1 75 10

4 1 1 90 5 20 2 1 90 20

5 1 2.5 15 20 21 2 2.5 15 5

6 1 2.5 45 10 22 2 2.5 45 6.67

7 1 2.5 75 6.67 23 2 2.5 75 10

8 1 2.5 90 5 24 2 2.5 90 20

9 1 4.5 15 10 25 2 4.5 15 6.67
10 1 4.5 45 20 26 2 4.5 45 5
11 1 4.5 75 5 27 2 4.5 75 20
12 1 4.5 90 6.67 28 2 4.5 90 10
13 1 6 15 10 29 2 6 15 6.67
14 1 6 45 20 30 2 6 45 5
15 1 6 75 5 31 2 6 75 20
16 1 6 90 6.67 32 2 6 90 10
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obtained using only microwave power [26]. In the pres-
ence of Na salts (NaCl or Na,SO,), roasting may release
corrosive gases (Cl,, SO,, or HCI) into the atmosphere
[27]. However, Na,COj; roasting followed by the water
leaching process can be classified as eco-friendlier and
more economical compared to other processes [28]. Cal-
cification roasting with CaO or CaCOy; is another option
to produce Ca-vanadate, which is insoluble in water and
can be dissolved in acid or alkaline methods [29]. V with
high recovery from the leachate solution was achieved by
precipitation using different chemicals such as urea [30],
oxalic acid [31-33], ammonium chloride [34], glutamic
acid [35], lysine [36], glycine [37]. These studies have
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shown that key factors affecting V precipitation include
solution pH, temperature, time, and molar ratio of chemi-
cal: vanadium content.

In this study, it was aimed to extract V and Ni from a
petroleum coke ash (PCA) generated in a lime-processing
plant through agent-free roasting and H,SO, leaching
processes. The PCA contained high and remarkable con-
centrations of nickel (NiO: 0.32%) and V (V,05:1.96%),
making them economically important [38]. Ni is a stra-
tegic metal with increasing usage in batteries, and its
price is expected to remain stable according to a previ-
ous study that forecasted Ni price using artificial neural
network methods [39]. The roasting process in this study
was unique as no roasting additive was used, which distin-
guishes it from previous studies that used Na,COj; roasting
followed by water leaching processes [40]. If Na,CO; was
used as a roasting agent in this study, the roasted product
would contain a mixture of Ca- and Na-vanadates due to
the high content of CaO and CaCO;. The leaching behav-
ior of Ca- and Na-vanadates in a H,SO, solution would
become complicated, so no roasting agent was added to
prevent the formation of Ca- and Na-vanadates in the
product after roasting. The extraction of V and Ni from
the roasted PCA was investigated based on the Taguchi
approach to understand the effect of the following leach-
ing conditions: temperature, acid concentration, time, and
solid ratio. For comparison, additional leaching tests were
carried out on the non-roasted PCA.
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Fig.3 a XRD pattern and b TG-DT curves of the roasted PCA [L: lime “01-077-2376”, CS: calcium sulfate “01-080-0787”, CV: Calcium vana-

dium oxide “01-072-2312”, CH: calcium hydroxide “01-084-1271"]
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Material and Methods
Material

The PCA used in this study was obtained from the over-flow
of an air-cyclone separator in a lime-processing plant (Kak-
san Kire¢ A.S) in Adana/Turkey. Its chemical composition
was analyzed using X-ray Fluorescence (XRF, Panalytical
MiniPal 4), Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy (ICP-OES, Perkin Elmer), and Atomic
Absorption Spectrometer (AAS, Perkin Elmer 900H).
Results showed that the PCA had 15.60% SO;, 48.35% CaO,
0.55% Fe,05, 0.05% Ti0O,, 0.95% K,0, 0.01% MnO, 0.75%
Al 04, 0.18% Na,O, 1.19% MgO, 1.96% V,0s, and 0.32%
NiO with a LOI value of 31% (Fig. 1a), which was deter-
mined by a Thermogravimetric analyzer (Mettler Toledo,
TGA 3 +). The X-ray pattern (XRD, Panalytical Empyrean)
given in Fig. 1b showed that PCA was primarily composed
of lime (Ca0), calcium carbonate (CaCO;), and anhydrite
(CaSO,) minerals together with calcium vanadium oxide
(Ca;V,0,,) as aminor content. The presence of V and Ni in
PCA was further confirmed by a scanning electron micro-
scope (SEM, Fei Quanta 650), as shown in Fig. lc—f. The
chemicals used in this study were of analytical grade (Sigma
Aldrich) and used without conducting any purification.

Methods

Preliminary leaching tests were conducted to determine the
effective parameters for extracting V and Ni from non-roasted
and roasted PCA. Roasting was performed at 1000 °C for 1 h
with no additional agents, as previous studies have shown that
the high CaCOj; content in the PCA can serve as a natural
reducing agent for the extraction of V [21, 29, 41]. The pre-
liminary leaching tests conditions are summarized in Table 1.

Fig.4 The PLS with different
colors obtained in this study
[green solution; Exp. No: 16,
blue solution; Exp. No: 27]
(Color figure online)
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Based on the preliminary results, a series of experiments were
designed using the Taguchi approach (L32, 2”1, 4/3). The
effects of temperature, acid concentration, time, and solid ratio
on V and Ni extraction from both roasted and non-roasted
PCA were studied. These extraction values were considered
as output parameters, while the experimental conditions were
used as input values in the Taguchi approach. The “Larger-to-
better” option was selected. The results were calculated into
S/N ratios using Eq. 1. Table 2 shows the experimental param-
eters and their levels.

S/N ratio(larger-to-better) = —10log (% Z %) (1)

The leaching tests were carried out in a 250 mL flat-bot-
tomed three-necked jacketed reactor equipped with a glass spi-
ral-type reflux condenser. The slurry was mixed using a mag-
netic stirrer (MTOPS, MS300HS). The desired temperature
was controlled by a circulated water bath (JSR-22 T). At the
end of the reaction time, the stirring was stopped and the slurry
was centrifuged (ELEKTRO-MAG M415 M). The concentra-
tions of V and Ni in the pregnant leach solution (PLS) were
measured using ICP-OES and AAS, and the metal extraction
values were calculated using Eq. 2.

C, xV;

Extraction(%) = ————
xtraction(%) WX H,

x 100 @)

where the C, is the metal concentration in the PLS (mg/L),
V; is the volume of the PLS (L), W, is the weight of the
feeding sample (kg), H, is the metal concentration in the
feeding sample (mg/kg).

Considering all experimental results obtained in this
study, the extraction mechanism of V and Ni from the
slag at the optimal conditions was evaluated in a range
of 40-90 °C for various times by the diffusion control
model, which is one of the shrinking core models. The
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Table 3 Experimental findings obtained in this study based on the Taguchi approach

Exp.no  Temp Roasted Non-roasted Exp.no  Temp Roasted Non-roasted
V(%) Ni(%) V(% Ni(%) V(%) Ni(%) V(%) Ni(%)
1 Temperature: 50 °C ~ 45.65  43.56 36.04 15.72 17 Temperature: 75 °C ~ 78.96  66.30 86.55 44.81
2 67.39  50.13 65.26  23.46 18 96.70  80.75 7423 53.06
3 69.80 6046  69.09 22.23 19 9525 87.12 85.80 51.84
4 7047 7478 73.83  20.33 20 95.99  86.75 66.53 3292
5 52.65 72.56 55,55 16.68 21 90.15  87.96 80.88  46.77
6 69.26 84.66  68.54 2245 22 99.30  91.81 7547 61.61
7 75.83  81.01 7397 2242 23 98.14  91.85 77.82  57.02
8 79.71 9493 75.73  21.21 24 97.03 87.71 80.60  56.23
9 78.63 83.16 7523 1791 25 95.61  96.98 80.98  57.70
10 85.68 8720 6996 1328 26 99.49 9491 79.67  64.94
11 90.48  96.34 81.85 19.15 27 97.18 9837  91.16 68.61
12 98.23  91.85 97.89 19.72 28 98.20  99.25 88.88  65.31
13 9091 82.13 6553 19.06 29 90.55 88.32  90.11 61.59
14 85.77  89.28 73.36  23.59 30 99.98 94.72 9227 80.78
15 97.51 9540 7276 21.05 31 97.73  98.89 89.84  62.51
16 98.48  93.81 97.74  26.09 32 94.51 98.88 88.07 67.59
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following equation represents this mechanism. Afterwards, Results and Discussion

the activation energy (Ea) was calculated for V and Ni,

respectively. Figure 2 shows the preliminary experimental findings
obtained under different conditions to identify the range
of parameters that could have a significant impact on the
extraction of V and Ni from both roasted and non-roasted
PCA. The V and Ni were dissolved with extractions ranging

1-(1-a)P =kxt 3

where «a is the fraction reacted (%), t is the reaction time
(min), k is the reaction rate constant (min™").
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Fig.6 XRD pattern of the leach residue

from 18.65 to 91.02% and 25.90 to 98.88%, respectively,
based on the experimental conditions.

The XRD pattern after roasting the PCA at 1000 °C for
1 h, shown in Fig. 3a, revealed the disappearance of peaks
representing the CaCO; mineral, while new peaks of CaO
were observed. The roasted PCA was composed of calcium
sulfate (CaSO,, 74%), calcium hydroxide (Ca(OH),, 2%),
lime (CaO, 17%), and calcium vanadium oxide (Ca,V,05,
7%) minerals. No Ni-bearing mineral was detected in the
pattern, likely due to the detection limit of XRD. The loss on
ignition (LOI) value was found to be around 3%, confirming
the presence of Ca(OH), in the roasted PCA (Fig. 3b). The
possible reaction for V extraction using H,SO, is shown in
Eq. 4.

2Ca,V,0, + 8H,50, + O,
- 4(V0,)SO, + 4CaS0, | +8H,0 @

The roasting of the PCA prior to leaching had a significant
impact on the extraction of metals, especially Ni. For exam-
ple, Ni was dissolved with an extraction of 62.16% from
the roasted PCA with 5 M H,SO, solution (Experiment No.
Pre-1), which was almost double of the extraction from non-
roasted PCA (Experiment No. Pre-6,~38%). The extractions
of V from the roasted and non-roasted PCA were 63.34%
(Experiment No. Pre-1) and 56.65%, (Experiment No. Pre-
6), respectively. It was obvious that the effect of roasting
on the extraction of V was lower compared to Ni. In each
leaching test, the solution temperature increased to a value
higher than the desired temperature (approximately + 10 °C).

@ Springer

This can be explained by the exothermic reaction of CaO
in the PCA with acidic water that resulted in not only the
formation of Ca(OH), but also the release of heat energy, as
described in Eq. 5.

CaO + H,0 — Ca(OH), + heat(AH’ = —65.15kj) Q)

It is recognized that there are four different species of
V in solution: (1) purple “V2*”, (2) green “V>*”, (3) blue
“VO>*, and (4) yellow “VO,*”. Previous research has
emphasized the influence of pH on the oxidation state of V
in solution [20, 42]. Herein, a decrease in solution pH due
to the addition of H,SO, resulted in obtaining PLS with dif-
ferent colors (shown in Fig. 4). For example, increasing the
acid concentration from 4.5 M (Exp. No. 27) to 6 M (Exp.
No. 16) turned the PLS color to green from blue. These reac-
tions can be represented by Eqs. 6 and 7.

VOj (ag) +2H*(ag) + ¢~ — VO**(aq) + H,0(aq)

6
AG —96.709kj(blue color) ©)

208 =

VO* (ag) + 2H* (ag) + e~ — V3 (aq)

. 7
+ H,0(aq)AG,, = —91.621kj(green color) )

The experimental findings are listed in Table 3. Results
indicated that the extraction of Ni was strongly influenced
by the roasting process, as demonstrated in Fig. 5. Ni had
a lower extraction (13.28-80.78%) when the PCA was not
roasted, while the extraction of V ranged from 36.04 to
97.89% depending on the leaching conditions. Conducting
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Fig.7 Effects of leaching parameters on S/N ratios

the roasting process before the leaching increased the
extractions of V and Ni. It was determined that the extrac-
tions of V and Ni from the roasted PCA were in a range of
45.43-99.98% and 43.56-99.25%, respectively.

During the leaching, the stirring of the solution was
difficult at higher solid ratios (> 10%) and lower acid con-
centrations (<2.5 M) due to the formation of new phases
in the leach residue, which was composed of anhydrite
(CaSO,) and basanite (CaSO,-0.5H,0) minerals (Fig. 6).

However, it was observed that an increase in the acid
concentration and temperature made the stirring of the
solution better even though CaSO, was formed under each
experimental condition. The values of S/N ratio calcu-
lated from the experimental findings are given in Fig. 7.

2 3 45 6 7
Acid concentration (M)

0 20 40 60 80 100 22201816141210 8 6 4

Reaction time (min) Solid ratio (%)

The effects of leaching conditions can be clearly evalu-
ated from these graphs based on the highest S/N ratio. As
such, the order of the effect of leaching conditions (from
the highest to the lowest) on the extraction of Ni from the
roasted PCA was: (1) acid concentration, (2) reaction time,
(3) temperature, and (4) solid ratio. The effect of leaching
conditions on the extraction of V from the roasted PCA
was in the following order (from the highest to the lowest):
(1) temperature, (2) acid concentration, (3) reaction time,
and (4) solid ratio. Although the solid ratio had no effect
on the leaching of V and Ni from the roasted PCA, the
optimal solid ratio was selected as 10% to avoid stirring
difficulties during the leaching caused by the formation
of CaSO,.
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Fig. 8 Extractions of a V and b Ni from the roasted PCA, ¢ V, and d Ni from the non-roasted PCA

Contour plots shown in Fig. 8 indicate that the roasting
process had little effect on the extraction of V from the PCA.
There was a negligible difference in V extraction before and
after roasting. The extractions of V were high both in the
non-roasted PCA (Fig. 8a) and roasted PCA (Fig. 8c). Fig-
ure 8b and d shows that the leaching behavior of Ni was
strongly influenced by the roasting process. The use of the
roasting process makes Ni dissolution with high extractions.
For example, Ni with an extraction over 90% was dissolved

@ Springer

from the roasted PCA in 3 M H,SO, solution under all reac-
tion temperatures, whereas the extraction of Ni from the
non-roasted PCA was below 70% under all conditions.

The interaction plot in Fig. 9 reveals the relationship
between parameters and the extraction recoveries of V and
Ni. According to previous research [43], parallel plots show
a weaker interaction between parameters, while intersect-
ing plots suggest that interactions exist. It is clearly seen in
Fig. 9 that the interaction plot clearly demonstrates positive
interactions between temperature and the other parameters
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Fig. 10 Interaction plots showing the extraction behaviors of a Ni and b V from the non-roasted PCA
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Table 4 The elemental concentration of the final PLS

Element Concentration (mg/L) Extraction (%)
v 1056.50 >98

Ni 251.85 >99

Al 354.34 89.18

Fe 366.16 95.06

K 739.50 93.72

Mg 706.52 98.39

Ca 433.51 1.25

(acid concentration, reaction time, and solid ratio). However,
there was no notable interaction between reaction time and
solid ratio as the line is parallel to the x-axis. Similar trends
in lines were observed when the leaching behaviors of V and
Ni of the roasted PCA were evaluated as shown in Fig. 10.
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The interaction plots for the non-roasted PCA are presented
in Fig. 10.

Finally, V and Ni ions were recovered from the roasted
PCA with extractions of >99% under the optimal leaching
conditions, which are as follows: a sulfuric acid of 4.5 M,
a solid ratio of 10%, a temperature of 75 °C, and a time of
75 min. The concentrations of elements in the final PLS are
summarized in Table 4. The PLS contained high undesirable
elements (Fe, Al, Mg, and K) but their precipitation behav-
iors at different pH are different and it is possible to precipi-
tate desired elements in hydroxide form with the addition
of different bases. Furthermore, solvent extraction can be a
good option for the separation process.

The extraction behavior of V and Ni from the slag was
further investigated in a range of 40-0 °C and the obtained
results were examined by the diffusion control model, as
shown in Fig. 11a and b. It is clear that the diffusion control
model was greatly fitted to the obtained experimental results.
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Fig. 11 The fitting results of leaching by the diffusion control. a vanadium leaching, b nickel leaching, ¢ and d Ink 1000/T
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The classification of the reaction mechanism was strongly
dependent on the temperature and activation (E,) value [44].
The mechanism of the leaching process was identified as
follows: (i) diffusion control, If E, lower than 20 kJ/mol,
(i1) mixed control, If E, in a range of 20—42 kJ/mol, and (iii)
chemical control, if E, higher than 42 kJ/mol. The Ea value
for V and Ni leaching was found to be 3.60 and 4.01 kJ/
mol, respectively. These values are much lower compared to
those of previous studies in which spent catalysts, sintered
nickel alloy, nickel matte, and laterite ores were leached with
different reagents [45-50]. In a different study, microwave-
assisted leaching was applied to spent catalysts to recover
V and Ni, simultaneously. The activation energy of V and
Ni was calculated to be 3.28 and 34.41 kJ/mol, respectively
[51]. It was understood from these studies that the chemical
content and mineralogical composition of the material used
as Ni or V source played a key role in the leaching mecha-
nism. Therefore, Ea values may be calculated in a range of
3-50 kJ/mol depending on the properties of the raw material.

Finally, it was aimed herein to show such tailings having
good potential as a raw material for Ni and V, which are
highly demanded in many industries. Ni content in the tail-
ings may be too low to apply the beneficiation process based
on the Ni current price, but we believe that the demand for
Ni will continue to rise as it is used in the production of Li-
based batteries. Also, previous studies indicated that Ni con-
sumption in battery production increase to 37% at the end of
2030 and its uses will replace stainless steel in the battery
production on 2040 [52, 53]. Moreover, the presence of V
in the tailings makes this study valuable. Also, the residue
after leaching was mainly composed of gypsum, anhydrite
or CaS0O,0.5H,0 (as shown in Fig. 6) that can be used as
an additive in the production of concrete [54] and therefore
zero waste was obtained after the process conducted in this
study. Moreover, CO, gas released during the roasting can be
captured and used in the production of precipitated calcium
carbonate (PCC) particles from gypsum wastes in the pres-
ence of various alkali sources [55].

Conclusions

The extraction of V and Ni from a petroleum coke ash (PCA)
by pyro- and hydro-metallurgical methods, including roast-
ing in the absence of additive and H,SO, leaching, was
investigated. Furthermore, the obtained results were fitted
by the shrinking core model. Results showed that CaCO; in
the PCA served as the roasting agent, negating the need for
additional agents. Moreover, additional leaching tests were
carried out on the non-roasted PCA for comparison. Results
indicated that V extractions were similar between the roasted
and non-roasted PCA. However, it was only possible to dis-
solve Ni with a high extraction (>99%) in a H,SO, solution

@ Springer

from the PCA after the roasting process. The leaching pro-
cess was designed based on the Taguchi approach, which
showed that the parameters could be ordered as follows: acid
concentration > reaction time > temperature > solid ratio and
temperature > acid concentration > reaction time > solid ratio
for the Ni and V extractions, respectively. It was observed
that increases in acid concentration changed the color of
PLS due to the formation of V ions with different oxidation
states. The optimum leaching conditions were found to be a
sulfuric acid of 4.5 M, a solid ratio of 10%, a temperature of
75 °C, and a time of 60 min for the leaching process result-
ing in>98% V and Ni extraction from the roasted PCA.
The final PLS contained 1056.56 mg/L V and 251.85 mg/L
Ni. Moreover, the Ea value found to be 3.60 kJ/mol for V
and 4.01 kJ/mol for Ni, respectively. These value showed
that the leaching mechanism can be explained by the diffu-
sion control model. In a follow up study, the separation and
purification of V and Ni from the PLS will be investigated
by solvent extraction and precipitation methods.
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