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ABSTRACT

Sodium carbonate exhibits high selectivity for vanadium and low vanadium recovery rate (43%) from the fly ash of
Al-Dura thermal power plant (Baghdad, Iraq) under standard conditions (35<C , 12 hrs, 1M Na2CO3, L/S=10). The
recovery increases to 57% in the presence of 0.005M KMnO4. This study explores the role of tri-sodium citrate (0.1M)
as a chelating agent in enhancing recovery, achieving up to 85% recovery under the same conditions. Vanadium was
precipitated as ammonium metavanadate (NH4VO3) by adjusting pH to 5 using NH4CI and heating to 50T for 6 hrs.
The precipitate was roasted at 650<C for 2 hrs to obtain vanadium pentoxide (76% purity). The controlling step in
vanadium recovery is the chemical reaction rate on the surface of fly ash, as determined by the unreacted-core model.
The activation energy for the reaction is (8.47kJ/mole) at a temperature range (35-60<C).
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1. Introduction

Vanadium is one of the important elements in industry; it is used
in many industrial applications such as the production of alloys (ferrous
and non-ferrous), catalysts used in chemical industries, energy storage
batteries, spacecraft, and metal smelting furnaces (-8 Vanadium
enhances alloy strength and wear resistance 4, and it was one of the
elements where presence in the earth crust at low concentration !, in
which vanadium exists in various forms with minerals ®!. The rising
demand for vanadium in many industries in recent years has resulted
in the depletion of natural vanadium sources, prompting the search for
alternative sources. It has been found that fly ash, black shale, stone
coal, spent catalysts, and smelting residues contain significant amounts
of vanadium %!, Fly ash is a by-product of heavy fuel combustion in
power plants and may serve as an alternative vanadium source 1%, The
quantities of fly ash increase annually due to the continuous demand
for electrical energy 1%, on the other hand it requires a huge area via
its low density [** in addition to its low density, fly ash characterized
by containing many toxic metals which leach into soil, potentially
groundwater and entering the food chain , which means there is a
negative environmental and health impact ™. For the economic and
environmental consideration, vanadium is recovered or removed from
fly ash. The recovery process is carried out using acid, alkaline, water,
chelating agents and microorganisms 524, The recovery rate of
vanadium from fly ash using alkaline solution is lower than acidic
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media, but it has good selectivity for vanadium from its compounds and is easy to precipitate from its solutions
221 The current study consists of the use of sodium carbonate as an alkaline material to recover vanadium from
fly ash Al-Dura thermal power plant (Baghdad, Iraq). Sodium carbonate exhibits high selectivity for vanadium
and low vanadium recovery rate, as an attempt to increase vanadium rate, in which the tri sodium citrate (TSC)
will be added as an organic chelating agent to enhance recovery. TSC is readily biodegradable, posing minimal
environment risk.

2. Experimental

2.1. Material

The fly ash was obtained from the Al-Dura thermal power plant (Baghdad, Iraq), while the chemicals
used are sodium carbonate (99%) from Prolabo , potassium permanganate (97%) from Science, tri sodium
citrate TSC (99%) from (NCP), nitric acid (65%) from Fisher, ammonium chloride (99.5%) from sigma
Aldrich.

2.2. Procedure

The fly ash is dried of moisture by heating it to a temperature of (120 C°) for 4 hours. The fly ash particles
used have a diameter of less than 50pum and were obtained using standard mesh sieves(50pm). The fly ash was
mixed with a sodium carbonate solution at varying concentrations in the presence or absence of potassium
permanganate and tri-sodium citrate in a 1-liter glass flask with continuous mixing at a stirring rate (200 rpm).
The effect of the following parameters was investigated: temperature, leaching time, potassium permanganate
concentration, TSC concentration, and liquid-to-solid(L/S) ratio. Nitric acid was added to the solution to
precipitate aluminum. Ammonium chloride was added to the solution to obtain ammonium metavanadate
(AMV), which was roasted in an oven to obtain vanadium pentoxide. Morphological and elemental analyses
were conducted using SEM and EDS (Thermo Fisher, Czech Republic) by taking an average measurement of
five readings from multiple locations for each sample.

3. Results and discussion

3.1. Characteristics of fly ash

As determined by EDS was shown in Table 1 and Figure 1 the predominant elements in the fly ash
samples were carbon , oxygen , and sulfur. The element aluminum, silicon iron , copper , and vanadium were
identified at low concentration. As seen in Table 1, the vanadium content is about 0.5 wt.% , which is an
encouraging quantity for the leaching of vanadium from the fly ash. The carbon content in fly ash
approximately half because fly ash is produced from the combustion of hydrocarbon material, which are
primairly composed of carbon and hydrogen.

Table 1. Main element of fly ash ore

Element C (@] Al Si S \V Fe Cu

Weight % 54.6 30.7 0.1 0.1 11.7 0.5 1.3 0.5

The (pH) of the fly ash solution was measured and found to be (10.5) by used (pH) meter (Hanna
instruments, India) , indicating that the fly ash solution possesses a basic nature, making its use suitable for
soil improvement and adjusting soil acidity. The elements composition for the fly ash as shown in EDX
analysis.

Figure 2 A shows SEM image for the fly ash, the morphology of the particles are irregular porous shape,
and the image confirms that the particle of fly ash ranged between (10-50)um, and contains small pores with
few micrometers in diameter by using SEM device (Thermo Fisher, Czech Republic). These small pores were
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formed during combustion process of heavy oil. The porous structure may be because of present of a few
irregular fragments, debris of microsphere, and cohesive bodies. The presence of these pores further increases
the specific surface area of the fly ash and enhances its adsorption ability %, This structure makes fly ash
suitable for use as an adsorbent in some industrial applications after removing its harmful elements.
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Figure 1. Elemental composition for fly ash as shwon in EDX anlysis, inset figure show the elemrntal mapping for the fly ash
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Figure 2. SEM image of fly ash ore

3.2. Leaching fly ash

To recover vanadium from fly ash, it is preferable to use an alkaline solution rather than acidic solutions,
particularly sodium carbonate solution, due to its high selectivity for vanadium over other elements present in
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the fly ash™. However, the recovery rate is lower compared to acidic solutions and some other alkaline
solutions (NaOH) 2. The use of TSC will be added to the sodium carbonate solution here to increase the rate
of vanadium recovery from the fly ash. The solutions of (TSC) have a mild alkaline (pH=7.5-9) which enhances
the desired alkaline medium for vanadium recovery. When dissolving TSC in water, it will dissociate into
three sodium ions (Na*) and one citrate ion (Cs HsO7 %), which possesses three carboxyl groups and one
hydroxy!l group.

CeHsNaz 04 —3Na't + CesHsof3 (1)

This property enables it to act as a chelating agent, contributing to the enhancement of vanadium recovery
from fly ash . The biodegradation of TSC is easy and depends on the air environment, microbial activity,
and temperature of the solution, producing substances that have no negative impact on the environment 2, To
determine the best conditions for recovering vanadium from fly ash using sodium carbonate and TSC, the
effects of sodium carbonate concentration, TSC concentration, oxidizing agent, temperature, time, and the ratio
of solution to fly ash were studied.

Figure 3 shows the impact of using sodium carbonate on vanadium recovery, as seen the vanadium
recovery reached 42% at 1M Na,COs, while it reached 66% when using 0.1M TSC with 1M Na>COs;. The
increase in the concentration of sodium carbonate in the solution leads to an increase in the concentration of
carbonate ions, which results in a higher likelihood of contact with the sites of vanadium presence in fly ash,
thereby contributing to an increase in the recovery rate of vanadium. Further increases above 1M result in
minimal recovery gain due to saturation of active sites. There is a slight increasing in the recovery rate due to
the presence of few vanadium sites that will not be touched by the solution ions. There are many reports that
show that when using different types of surfactants in alkaline solutions such NaOH, and Na,COs, the
vanadium content in leaching solution increased to 39% in comparison without surfactants 2528 | so it may be
concluded that TSC works here as a surfactant.

It is also observed on Figure 4; the recovery percentage of vanadium increases with the increase in the
concentration of (TSC) while keeping the concentration of sodium carbonate constant. The recovery
percentage changes from (50%) to (66%) when the concentration of (TSC) varies from (0.01M to 0.1M). This
is attributed to the increased citrate ions in solution, which acts as a chelating agent that binds with the
vanadium present in the fly ash to form a complex compound in the solution, as below equation:

3FA(V)+R-(COONa);—3FA(Na)+R-(COOV), 2)

Figure 5 shows the impact of temperature on vanadium recovery, while keeping the other parameters
constant (leaching time 12 hr., L/S =10, 1 M Na,COs, and free KMnQ,). The recovery efficiency is increasing
with temperature. The recovery percentages at 60 <C are 96%, and 70% in case of presence, and absence of 0.1
M TSC respectively. The temperature increasing leads to an increase in the vibrations of carbonate and citrate
ions in the solution, and thus the likelihood of collisions with vanadium sites in the fly ash increases; therefore,
the recovery rate of vanadium increases. The selected temperature in this research is 35<C (This temperature
was chosen when determining the preferred factors for this reaction to reduce the amount of energy consumed
in heating the solution during the reaction. This temperature and close to it represent the temperature of
aqueous solutions over long periods of the year in Baghdad , Iraq (especially between March and October), at
which the vanadium recovery percentages are 66%, and 42% in case of presence, and absence of (0.1 M)
TSC respectively M,

Figure 6 shows the effect of time on vanadium recovery, where the percentage of vanadium recovery is
66%, and 42% in the presence, and absence of (TSC) at 12 hours. Beyond this time, the increase becomes
minimal, reaching (67%, 43%) 24 hours. Figure 7 shows the effect of increasing the solution ratio to the
amount of fly ash on the increase in vanadium recovery percentage. The vanadium recovery percentage
increases from 20% to 44%, and from 42% to 66% when the ratio of solutions to fly ash increases from 5 to
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10 (whether in the absence or presence of TSC) due to the increase in carbonate and citrate ions in the solution.
After that, the amount of increase is slight due to the binding of most vanadium sites to the ions.

Figure 8 shows the effect of the oxidizing agent on the increase in the recovery percentage of vanadium,
which rises from (42%) to (57%) Potassium permanganate concentration (0.005M) without (TSC). The
efficiency of vanadium recovery from its ores depends on providing ideal conditions for the oxidation of
vanadium from (V**) to (V™). (V™) has lower solubility than (V**) , which facilitates the precipitation of
vanadium from its solutions and increases its removal percentage. It is observed that TSC increases the
vanadium recovery percentage in the presence of the oxidizing agent from (57%) to (85%).

Previous experiments show that the best conditions for recovering vanadium from fly ash using sodium
carbonate and TSC solutions are as follows: sodium carbonate and TSC concentrations of (1, 0.1 M)
respectively. Time = 12 hours. The ratio of solution to fly ash = 10. Potassium permanganate concentration =
0.005 M. Temperature= 35<C (chosen to reduce energy consumption). It was found that the recovery rate of
vanadium increased from (57% to 85%) when using TSC with sodium carbonate and oxidizing agent.
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Figure 3. Effect of NaxCO;3 concentration on vanadium recovery at 35 °C, leaching time is 12 hr., L/S is 10, and free KMnO4
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Figure 4. Effect of TSC concentration on vanadium recovery at 35°C, leaching time 12hr, L/S=10, free KMnO4 , and Na,CO3=1M
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Figure 5. Impact of temperature on vanadium recovery at leaching time 12 hr., L/S =10, 1 M Na2COs , and free KMnO4
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Figure 6. Impact of leaching time on vanadium recovery at 35 °C, L/S = 10, 1 M Na>COs , and free KMnOsa.
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Figure 8. Effect KMnO4 concentration on vanadium recovery at 35°C, leaching time 12hr, L/S=10, and Na2COs=1M

3.3. Vanadium precipitation

The solution was filtered after treating the fly ash with sodium carbonate and (TSC). After separating the
precipitated materials, the pH of the filtrate was adjusted to 7 by adding nitric acid with continuous mixing to
ensure the precipitation of most of the aluminum from the solution. The solution was filtered to remove the
precipitated aluminum. 1 M Ammonium chloride solution was added to the resulting filtrate until the pH of
the filtration reached 5. The filtrate was heated to 50 <C with continuous mixing for 6 hours, during which 85%
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of the vanadium present in the filtrate will precipitate in the form of (AMV). The precipitate (AMV) was
separated, washed with distilled water, and then dried at a temperature of 120<C for 2 hours. (AMV) is roasted
in a furnace at a temperature of 650<C for 2 hours to obtain vanadium pentoxide with a weight percentage of
76%. The inverse weight percentage was used to calculate the purity of vanadium pentoxide. Figure 9 and
Table 2, which illustrate the percentage of the main elements in vanadium pentoxide produced after roasting.

Table 2. Main element in vanadium pentoxide

Element C (@] Al Si S Vv Fe Cu
Weight% 14.4 39.7 1 <0.1 0.3 425 <0.1 0.5
J
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Figure 9. EDX of vanadium pentoxide produced
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Figure 10. Flow diagram for the recovery of vanadium from fly ash using sodium carbonate solution in the presence of (TSC)

3.4. Kinetics of vanadium leaching

The reaction of fly ash with sodium carbonate and TSC solutions is classified as a heterogeneous reaction
and is expressed by the unreacted-core model. The two main steps that control this model are the diffusion of
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ions through the ash blanket and the chemical reaction of ions with vanadium ore on the surface of the fly ash
261, As shown in the equations.

2
Kyt=1+2(1-x)-3(1-x)3 controlled diffusion step 3)

1
K, t=1-3(1-x)3 controlled chemical reaction step 4)

Where (x) represents the percentage of vanadium recovery, Ky is the diffusion rate constant, K is the vanadium
chemical reaction rate constant and (t) represents the reaction time. The value of R? in Figure 11, and 12 are

98%, and 91% respectively. This indicates that the control step of the reaction is the step of ion chemical
reaction with vanadium ore.
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Figure 12. Un-reacted core model with diffusion control
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The activation energy for the reaction is calculated using the Arrhenius equation 7-28!:

(_&) E,
k=Ae\RT/— Ink=1n A- RT 5)
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by plotting the relationship between In(K) and (1/T) (Figure 13,14,15), where its value was found to be
8.47KJ/mol.

-11.0 -
||
y =-1019.7 x - 8.0958
“1 30 R? = 0.9539
ié -11.2 -
-11.3
-11.4 - -

1 -4 1 > 1 = ] ) N
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033

AT KD

Figure 15. Arrhenius plot of In(K) vs. 1/T for vanadium recovery reaction

4. Conclusions

The addition of tri sodium citrate to sodium carbonate solution in the presence of KMnO,, significantly
enhances vanadium recovery from (57%) to (85%). The factors affecting the recovery of vanadium are a time
of 12 hrs, 1M sodium carbonate of ,0.1 M tri sodium citrate, 0.005 M potassium permanganate, and a liquid-
to-solid ratio of L/S is 10. The temperature of 35<C, representative of natural ambient temperature in Irag, was
selected to minimize energy consumption. Vanadium was precipitated in the form of ammonium meta vanadate
(AMV) by reacting it with ammonium chloride, which is converted to vanadium pentoxide with a purity of
76 % by roasting it at 650<C and 2hours. When studying the kinetics of the reaction, it was found that the rate-
controlling step of the reaction is the chemical reaction rate on the surface of the fly ash for the unreacted-core
model, and the activation energy of the reaction (8.34KJ/mol).
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