Journal Pre-proof

Simultaneous removal of Cr(lll) and V(V) and enhanced synthesis of
high-grade rutile TiO» based on sodium carbonate decomposition

Guo Chen, Qi Jiang, Kanggiang Li, Aoxi He, Jinhui Peng, Mamdouh

Omran, Jin Chen

PIl:
DOI:

Reference:

To appear in:

Received Date:
Revised Date:

Accepted Date:

S0304-3894(20)30025-X
https://doi.org/10.1016/j.jhazmat.2020.122039
HAZMAT 122039

Journal of Hazardous Materials

23 October 2019
1 January 2020
6 January 2020

Please cite this article as: Chen G, Jiang Q, Li K, He A, Peng J, Omran M, Chen J,
Simultaneous removal of Cr(lll) and V(V) and enhanced synthesis of high-grade rutile TiO»
based on sodium carbonate decomposition, Journal of Hazardous Materials (2020),

doi: https://doi.org/10.1016/j.jhazmat.2020.122039

This is a PDF file of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability, but it is not yet the
definitive version of record. This version will undergo additional copyediting, typesetting and
review before it is published in its final form, but we are providing this version to give early
visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal

pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.jhazmat.2020.122039
https://doi.org/10.1016/j.jhazmat.2020.122039

Simultaneous removal of Cr(l11) and V(V) and enhanced synthesis of

high-grade rutile TiO, based on sodium carbonate decomposition

Guo Chen #°, Qi Jiang °, Kanggiang Li 1, Aoxi He®®™ ™, Jinhui Peng®°,

Mamdouh Omran 9, Jin Chen &2:¢*

4 Key Laboratory of Green-Chemistry Materials in University of Yunnan Province, Kunming
Key Laboratory of Energy Materials Chemistry, Yunnan Minzu University, Kunming 650500,
P.R. China.

b Key Laboratory of Unconventional Metallurgy, Ministry of Education, Kunming University
of Science and Technology, Kunming 650093, P.R. China.

¢ State Key Laboratory of Vanadium and Titanium Resources Comprehensive Utilization,
Pangang Group Research Institute Co., Ltd., Panzhihua 617000, P.R. China.

dProcess Metallurgy Research Group, Faculty of Technology, University of Oulu, Finland.

* Corresponding author: Tel: +86-871-65910017; Fax: +86-871-65910017
E-mail address: realchenguo@aliyun.com

** Co-corresponding author: Tel: +86-871-65910017; Fax: +86-871-65910017
E-mail address: yan9249@vip.qg.com

! These authors contributed equally to this work and should be regarded as co-first authors.



Graphical Abstract

V-bearing and
Cd-bearing
liquor -. Filtration & Roasting
;q m— \[3O5, Cr,0;
O es I I
Titanium Slag Roasting Leaching Filtration Precipitation
Titanium conversionto titanates; Formation of vanadium- lon exchange
Vanadium and Cadmium bearing and cadmium-bearing Solvent extraction
conversion to soluble solution Neutralizational
substances | H,S0, process

| E | T | FelMg|ca cr | V|

Filtration Leaching and Hydrolysis Residue EC(%) 4023 734 307 294 0.03 0.04

l E: element; EC: element content

EC(%) 84~86

e

Calcination
Proposed processes for recovering vanadium (V) and chromium (Cr) and

simultaneously preparing rutile TiOz.

Highlights

e Removal of Cr(lll) and V(VI) from titanium slag for enhanced synthesis of TiO»>.
o AGS? for sodium carbonate decomposition reactions were deduced.
e Sodium carbonate can be applied effectively for pretreatment of minerals.

e Rutile TiO2 has been synthesized successfully.



Abstract

Rutile TiOz is widely applied as the raw material to produce titanium dioxide and
titanium sponge, whereas the Cr (II) and V (V) impurities in rutile TiO- significantly affect
the performance of related products. In the present work, the sodium carbonate decomposition
treatment on Panzhihua titanium slag was attempted, to improve the preparation process of
rutile TiO2 with high crystallinity and simultaneously reduce the chromium (Cr) and vanadium
(V) content as hazardous elements. Effects of sodium carbonate decomposition treatment on
the crystal composition, microstructure of rutile TiO2 were determined using XRD, SEM and
Raman characterization. The recovery of Cr(IlI) and V(V) was achieved through leaching the
roasted titanium slag by dilute sulfuric acid, with the chromium and vanadium content in the
residue decreasing up to 0.03 % and 0.04 %, respectively, followed by the final product rutile
TiO2 was produced by the leaching residue calcined at 1323.15 K with a duration time of 120
min, with 85.56 % of TiO> grade. The work highlights the feasibility of synchronously
preparing rutile TiO2 and removing hazardous Cr (1) and V (V) impurities from titanium slag
using sodium carbonate decomposition.

Keywords: titanium slag; chromium; vanadium; rutile TiO2; sodium carbonate decomposition

1. Introduction
The vanadium-titanium magnetite resources in Panzhihua City (Sichuan Province, P.R.
China) are abundant, containing various valuable elements such as Fe, Ti, Cr, V, Co and Ni

(Chen et al., 2013; Dong et al., 2012; Xiang et al., 2017). Moreover, Panzhihua titanium slag



is mainly produced by electric furnace smelting method with the local ilmenite as the raw
material. After electric furnace smelting, titanium occurs in the form of TiO2, Ti2O3 and TizOs,
and iron occurs as FeTi.Os and metallic iron. Meanwhile, Panzhihua titanium slag contained a
multitude of phases, including anosovite phase, glassy silicate containing V, Cr, Ca, Si and Al
elements, rutile TiOo, etc. (Huang et al., 2012a; Huang et al., 2013b; Zhao et al., 2014). The
impurities in ilmenite are reduced to a certain extent after the smelting treatment, including
Cr203, V205, MgO, MnO, Al>O3, Ca0, SiO», P and S (Eriksson et al., 1996; Gueguin et al.,
2007; Guo et al., 2014). From the thermomechanical analysis, these impurities are difficultly
reduced, and gradually remain in titanium slag and further combined with low valence
titanium to form complex compounds. Additionally, Rutile TiO is widely applied as
nanomaterials, ceramics materials, electronic materials (Hearne et al., 2004; Kaviyarasu et al.,
2017; Kaviyarasu and Kennedy, et al., 2016), whereas the Cr(II) and (V) impurities in rutile
TiOz significantly affect the performance of related products. Especially, hexavalent
chromium (Cr®") is more toxic than trivalent chromium (Cr3*), which are mainly attributed to
those parts: structural similarity between sulphate and chromate is responsible for entrance of
chromate into the cell; and in biological PH, trivalent chromium (Cr3") undergoes
precipitation as hydroxide but hexavalent chromium (Cr®*) remains in the solution;
additionally, hexavalent chromium is labile center, with the symmetrical electronic
configuration of the central ion being t2g0eg0, but trivalent chromium is inert, with the
symmetrical electronic configuration of the central ion being t2g3eg0 (Saha and Nandi, 2011;
Saha et al., 2013). It should be avoided for the oxidation behavior of trivalent chromium (Cr3*)

to hexavalent chromium (Cr®"), otherwise there will cause enormous environmental problems.
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Therefore, the efficient recovery of vanadium (V) and chromium (Cr) hazardous elements
from titanium slag can render significant improvement to the environmental quality of
titanium slag for subsequent usage.

Titanium (Ti) is dispersed in nature and difficult to extract, hence being considered to be
a rare metal, which has been widely applied in pigment, catalyst, alloy, paper, corrosion
resistant chemical material (Chen et al., 2010; Gréatzel, 2003; Liu et al., 2013); meanwhile,
titanium compounds are popularly utilized in coating, adsorbent, cosmetic and filler, etc.
(Samal et al., 2009; Zhang and Nicol, 2010). Furthermore, titanium dioxide and titanium
sponge are mainly prepared from rutile TiO2, while the components of Panzhihua titanium
slag are complicated, and the contents of Cr(Ill) and V(V) impurities in rutile TiO are high,
which render a significant impact on the performance of titanium dioxide and titanium sponge.
Therefore, it is meaningful and increasingly urgent to develop an effective and environmental
benign method for the simultaneous removal of Cr(I11) and V(V) impurities and enhanced
synthesis of high-grade rutile TiO> from titanium slag.

The process of upgrading method for rutile TiO2 product is usually reported as follows:
titanium slag was firstly decomposed, and then the impurities were removed in subsequent
leaching stages, followed by hydrolysis and calcination process to synthesize rutile TiOa.
Many methods have been developed for the beneficiation of titanium slag. Nayl et al. used
ammonium hydroxide to manufacture titanium oxide with a high purity, and reported that
ammonium titanite was formed through ilmenite roasted with ammonium hydroxide, followed
by that ilmenite were hydrolyzed in hot water to be converted into anatase TiO. (Nayl et al.,

2009). Alternatively, Liu et al. used a sodium-oxidization process to prepare high-grade rutile



TiO2 pigment with 97.0 % purity from titanium slag, having high contents of Mg, Al, Si (Liu
et al., 2015). Lasheen et al. proposed a soda ash roasting method to synthesize rutile TiOp,
wherein titanium slag was decomposed by Na>COs at high temperatures to form the
intermediate NaFeTiO4; followed by the intermediate was subjected to water leaching and
dilute hydrochloric acid to form rutile TiO. (Lasheen et al., 2008). In summary, earlier works
dissolved titanium slag with additives, indicating the destruction of titanium slag’s refractory
nature enabled it to improve the leaching behavior. Moreover, some processes also enabled
watering leaching prior to acid leaching for Cr(IIl) and V(V) removal, while few detailed
studies have reported the effects of experimental leaching factors on the removal of Cr(IIl) and
V(V) from titanium slag. Furthermore, if the excellent characteristics of microwave heating
were utilized to replace traditional heating in the proposed process (Li et al., 2019a; Li et al.,
2019b; Lietal., 2019c; Li et al., 2020a; Li et al., 2020b; Li et al., 2020c; Li et al., 2020d),
including roasting and calcination, the merits of the process would be much advantageous.

In this work, a highly efficient process by sodium carbonate roasting-leaching was
proposed to produce high-grade rutile TiO2 and simultaneously recover Cr(IIl) and V(V) from
Panzhihua titanium slag. Experimental parameters affecting the quality index of rutile TiO-
and removal degree of Cr(Ill) and (V) were investigated and optimized, and the recovery
process of Cr(IIl) and V(V) were proposed. Furthermore, effects of experimental factors in the
proposed method on the crystal compositions, microscopic appearance of titanium slag were
systematically investigated, including Na>COs/slag mass ratio, roasting temperature and

roasting time.



2. Experimental
2.1 Materials

Titanium slag as the studied raw material was received from Panzhihua Iron and Steel
Research Institute (Panzhihua city, Sichuan Province, P.R. China). Tablel listed the chemical
analysis of raw titanium slag, and indicated that Panzhihua titanium slag contained low-grade
TiO2 (71.82%) and high-content impurities such as Cr, V, Mg, and Fe. In addition, the phase
compositions of raw titanium slag were displayed in Fig. 1. As illustrated in Fig.1, titanium
slag was mainly composed by anosovite phase (MxTis-xOs, 0<x<2, M= Fe?*, Mg?*, etc.); while
the phase of gangue minerals were not detected, which may be attributed to the too low
concentration or the phase of gangue minerals with the nanocrystalline phases.
2.2 Characterization

The chemical compositions of raw titanium slag, the roasted slag and the final product
were determined by X-ray fluorescence spectrometry (XRF, Shimadzu XRF-1800, Japan).
The phase structures of raw titanium slag, the roasted slag and the final product were analyzed
using the powder X-ray diffraction (Rigaku D/Max 2200 X, Japan), with a CuKa radiation
source (A=1.5418A) and graphite monochromatic for the diffracted beam. The
micro-morphological characteristics of raw titanium slag and the final product were
characterized using a scanning electron microscope (XL30ESEM-TMP, Philips, Holland),
operated at 20 kV in a low vacuum. The chemical bonds and structural functional groups of
samples were performed by Raman spectrum with a confocal microprobe Raman system

(Renishaw Raman Scope System 1000, UK).



2.3 Procedure

Na>COs decomposition method was proposed for producing rutile TiO2 and
simultaneously recover Cr(III) and V(V) impurities from titanium slag, using the combined
roasting-leaching process. Firstly, titanium slag and Na,COz agent were mixed with a desired
mass ratio in a porcelain crucible. After fully mixing, 10.0 g of the mixture was introduced
into a furnace to be roasted at an expected roasting temperature and roasting time. After
roasting, the roasted slag was leached at 323.15 K using dilute sulfuric acid at a pH value of 2,
with the liquid/solid (L/S) mass ratio of 10:1 for 1 h, to recovery Cr(Ill) and V(V) impurities
and accompany with a certain amount of Fe and Mg removed. Followed by the leached slag
was treated through water wash, and then the washed sample was leached using 30 % sulfuric
acid with the pulp ratio (S/L) of 1:5 for 6 h. Finally, the intermediate product was dried and then
calcined under different conditions, and the subsequent characterizations of microcrystalline
phase change of titanium slag were determined.
2.4 Thermodynamic calculation

Fig. 2 illustrated the relationship between the standard Gibbs free energy (AG®) with
temperature for the sodium carbonate decomposition reactions probably occurred during the
roasting process. Wherein the thermodynamics data was measured by FactSage and HSC
thermodynamic software, between the temperature range of 300 K - 1400 K and at 1 atm
standard state.

From the raw material analysis as shown in Table 1 and Fig. 1, it can be summarized that
Panzhihua titanium slag had complicated compositions and structure, therefore the Gibbs free

energy formations of the Na,CO3 decomposition reaction with titanium slag were calculated,



according to the thermodynamic characteristics of MgTi20s, FeTi2Os, Al2TiOs, MgTiOs,
FeTiOs and TiO2 phases, as detailed in reaction [1] to [7]. The Gibbs energy (AG®) plotted in
Fig. 2 indicated that the reactions of sodium carbonate with titanium slag were feasible at
temperatures higher than 1167.6 K, where the AG® values of reactions were negative.
Furthermore, some silicate minerals in titanium slags also reacted with Na>CO3 at
temperatures exceeding 1106.8 K, such as M2SiO4, Fe>SiOas, Al>SiOs phases, as detailed in

reaction [8] to [10]. The all involved reactions were presented as follows:

MgTi20s(s) + 2Na2COs(s) = 2NazTiOs(s) + MgO(s) + 2C0x(g) [1]
FeTi,0s(s) + 2NazCOs(s) = 2NazTiOs(s) + FeO(s) + 2C0x(g) 2]
Al,TiOs(s) + 2NaCOs(s) = NaTiOs(s) + 2NaAlO(s) + 2C0Oa(g) [3]
MgTiOs(s) + Na2COs(s) = NazTiOs(s) + MgO(s) + CO2(g) [4]
FeTiOs(s) + Na2COs(s) = NazTiOs(s) + 2CO2(g) 5]

TiOa(s) + 2Na2COs(s) = NazTiOs(s) + CO2(g) 6]

Fe203(s) + Na2COs(s) = NazFe204(s) + CO2(9) [7]
Mg2SiO4(s) + NazCOs(s) = NazSiOs(s) + 2MgO(s) + CO2(g) 8]
Fe2Si0a(s) + NaxCOs(s) = NazSiOs(s) + 2FeO(s) + CO2(g) [9]
Al,SiOs(s) + 2Na;COs(s) = NazSiOs(s) + 2NaAlOa(s) + 2COx(g) [10]

3. Results and discussion
3.1 Proposed simultaneous recovery and preparation process
During the whole process, sodium roasting step renders an important influence on the

removal of hazardous impurities and the upgrade of rutile TiO>. Fang et al. and Liu et al.



proposed sodium slat roasting process to extract chromium (Cr) and vanadium (V) strongly
embedded in vanadium slag, wherein chromium and vanadium was converted to

water-soluble Na,CrO4 and NaszVOg4 in short reaction time, then the reaction slurry was

leached by dilute sulfuric acid, followed by the separation of chromium (Cr) and vanadium (V)
was achieved by cooling and evaporation crystallization (Fang et al., 2012; Liu et al., 2013).
Therefore, based on the above studies, the combined process for recovering chromium (Cr)
and vanadium (V) and simultaneously upgrading rutile TiO> from titanium slag was proposed,
as summarized in Fig. 3.

Firstly, raw titanium slag was subjected to roasting, where titanium in slag was
converted to titanates. Meanwhile, chromium (Cr) and vanadium (V) was converted to soluble
substances. Followed by the roasted slag was leached at 323.15 K using dilute sulfuric acid at
a pH value of 2 and a liquid/solid (L/S) mass ratio of 10:1 for 1 h. After filtration, in the one
hand, chromium (Cr) and vanadium (V) impurities in the leaching solution could be extracted
by chemical methods, including solvent extraction, ion exchange or neutralization process; in
the other hand, the residue was subjected to be leached using 30 % sulfuric acid with the pulp
ratio (S/L) of 1:5 for 6 h. Wherein the titanium in roasted slag existed in the form of titanates,
which could be dissolved in dilute sulphuric acid; meanwhile, other impurities such as Fe, Mg
and Ca can also be dissolved in the acid condition. With the decrease of the sulphuric acid
concentration, the titanium hydrolyzed from solution as anatase TiO», and the impurities still
dissolved in solution. Furthermore, sulphuric acid can be recycled from the hydrolysis
solution through a regeneration process. The impurities such as Fe, Mg and Ca can be

separated by chemical precipitation, ion exchange method or adsorption method. After
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leaching-hydrolysis-filtration treatment, the residue was through calcination treatment to
obtain the final product, referring to rutile TiOx.
3.2 Quality index analysis
To explore the optimal reaction conditions for removing hazardous Cr(III) and V (V)
impurities and simultaneously preparing high-grade rutile TiO., influence of experimental
parameters on the quality index of rutile TiO2 and the removal degree of Cr(III) and V(V)
impurities was systematically explored, including Na2COz/slag mass ratio, roasting
temperature and roasting time, and the results were presented in Fig. 4. Wherein the reaction
process of Cr(III) and (V) were defined as the following equations,
Cr203(s)+ Na2CO3(s) = 2Na2Cr204(s) + CO2(Q) [11]
V20s(s) + Na2CO3(s) = NaVOs(s) + CO2(g) [12]
3.2.1 Effects of the Na>COs/slag mass ratio
Effects of Na2COz/slag mass ratio were plotted in Fig. 4(a). As observed from Fig. 4(a),
the improvement of Na,COs/slag mass ratio contributed to the upgrade of rutile TiO2and
reducing the vanadium and chromium contents in the roasted materials. Wherein as
Na>COs/slag mass ratio increased from 0.25 to 0.75, vanadium content sharply decreased
from 2.32 % to 0.16 %. Additionally, for chromium content, it decreased from 0.83 % to 0.12 %
with Na>COs/slag mass ratio increased to 0.55; higher than 0.55, the change of chromium
content was slight, with 0.11% at the Na.COs/slag mass ratio increased to 0.75, showing an
overall downward trend. From the above analysis, increasing Na,CO3 addition rendered a
significant decrease of vanadium and chromium content; and based on the above results

obtained from Fig. 4, it can be highlighted that sodium carbonate decomposition treatment
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showed an effective and efficient effect to the recovery of V and Cr from titanium slag.
Moreover, the TiO, grade increased from 70.12% to 81.92 % with Na,COz/slag mass ratio
increasing from 0.25 to 0.65, indicating that increasing Na,CO3 addition contributed to the
upgraded transformation of Panzhihua titanium slag.
3.2.2 Effects of roasting temperature

Effects of roasting temperature were illustrated in Fig. 4(b). As seen from Fig. 4(b), the
effects of roasting temperature were almost the same as that of Na,COz/slag mass ratio. With
roasting temperature increasing from 973.15 K to 1223.15 K, vanadium and chromium
contents decreased from 0.32 % and 0.31 % to 0.03 % and 0.02 %, respectively, indicating
that the increase of roasting temperature was beneficial to the removal of vanadium and
chromium impurities. Moreover, it was observed that at temperature lower than 1173.15 K,
the effects of roasting temperature on vanadium and chromium contents were significant;
while temperature higher than 1173.15 K, the decrease of vanadium and chromium contents
was obviously slight, which the change was ascribed to the limiting extent of titanium
slag-sodium carbonate reaction occurred at temperatures lower than 1073.15 K, wherein
presence of MgTi.Os in the roasted sample hampered the removal of impurities during the
subsequent leaching process. For TiO. grade, as shown in Fig. 4(b), the TiO> grade increased
with the improvement of roasting temperature, with a maximum grade of 85.56 % at
temperature improved to 1173.15 K; at temperatures exceeding 1173.15 K, the TiO2 grade
decreased marginally, which the decrease of the TiO> grade can be attributed to that the partial
melting at high temperature caused a decrease in the material porosity, thereby affecting the

leaching efficiency. The values change of vanadium and chromium contents and TiO> grade

12



with temperature suggested the optimum roasting temperature was reasonably considered to
be 1173.15 K.
3.2.3 Effects of roasting time

Effects of roasting time were illustrated in Fig. 4(c). Observed from Fig. 4(c), the
influence trend of roasting time was the same as that of Na,COs/slag mass ratio and roasting
temperature. As roasting time improved from 30 min to 120 min, vanadium and chromium
contents decreased from 0.13 % and 0.11 % to 0.04 % and 0.03 %, respectively; while higher
than 120 min, the decrease of vanadium and chromium contents was slight, with 0.036% and
0.038% at 150 min and 0.041% and 0.03% at 180 min, respectively. Therefore, the optimal
roasting time could be concluded at 120 min, for the removal of vanadium and chromium
contents in the roasted materials. In addition, as illustrated in Fig. 4(c), TiO2 grade increased
from 83.2 % to 85.56 % with roasting time increased to 120 min; while at a higher roasting
time, TiO2 grade decreased marginally, suggesting the optimum roasting time could be
considered to be 120 min. The decrease of TiO> grade can be attributed to the increase of
roasting time caused the formation of more refractories, which are less porous, further to
hamper the leaching process and render the decrease of TiO> grade.
3.2.4 Chemical compositions analysis

Experiments were repeated under the optimized conditions, and the chemical
compositions of the roasted slag and the final product were determined to analysis the merits
of the proposed process, and the analytical results were presented in Table 2 and Table 3,
respectively.

Table 2 displayed the chemical compositions of the roasted slag, with comparing the

13



chemical compositions of raw titanium slag (Table 1). Compared with Table 1 and Table 2, it
can be concluded that after the sodium carbonate decomposition process, the composition
contents of roasted slag slightly decreased. For the final product, as displayed in Table 3, the
TiO> grade was 85.56 %, and the mineral contents decreased significantly compared with raw
titanium slag and the roasted slag, including Mg, Al and Fe. Moreover, the contents of
hazardous Cr203 and V20s impurities decreased sharply, declaring the highly efficient
removal of Cr203 and V.Os impurities from titanium slag.

Jarish proposed a process of recovery V and Cr and preparation synthetic TiO> by soda
ash roasting-H>SO4 leaching process, wherein V and Cr were recovered through wet milling
and filtration after roasting, with a two-step H2SO4 leaching process to remove impurities
(Jarish, 1997). However, in the present work, only one-step acid leaching procedure was
utilized, which was more economical and cost-efficient. Based on the above analysis, it could
be concluded that during the upgrading process of rutile TiO2, some elements were recovered
and the sulfuric acid was recycled. Meanwhile, the residue generated from the leaching step
contained trace amounts of hazardous elements such as Cr and V, while the hazardous
elements were removed and the residue can safely dump in landfills after this proposed
process. Moreover, the cost produced by this process will be reduced by recycling sulfuric
acid. Thus, the proposed process was feasible with a good prospect for practical application.
3.3 Phase composition analysis

Effects of experimental parameters on the phase composition change of the roasted slag
and the final product were comparatively investigated by XRD, including Na2COz/slag mass

ratio, roasting temperature and roasting time, and the results were plotted in Fig. 5.
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3.3.1 Effects of the Na2COs/slag mass ratio

Fig. 5(a) and Fig. 5(b) illustrated the effects of Na,COas/slag mass ratio on the roasted
slag and the final product, respectively, assessed with mass ratios ranging from 0.2 to 0.65 and
roasted at 1123.15 K for 2 h.

For the roasted slag, it can be observed from Fig. 5(a) that with Na2COz/slag mass ratio
fixed at 0.2, the major phases were MgTi2Os and rutile TiO2, accompanied with diffraction
peak of the titanates. The phase composition could be attributed to that the insufficient
amount of Na,COs limited the reaction extent of raw material with sodium carbonate, further
to hamper the transformation of titanates. As Na,COa/slag mass ratio increased, the titanates
were the main phases in the roasted slag, while the peaks of MgTi2Os and rutile TiO> phases
became weak. As Na>COs/slag mass ratio increased to 0.6, the intensity of the titanates phase
became stronger, and the peaks of MgTi>Os and rutile TiO; disappeared, evidencing the
completion of sodium carbonate decomposition reaction. For the final product, as observed
from Fig. 5(b), the peak intensities of rutile TiO> phase increased distinctly with Na,COs/slag
mass ratio, while the tiny diffraction peak of MgTi>Os was observed at lower Na>COs/slag
mass ratio, and disappeared at Na>COa/slag mass ratio of 0.6. Therefore, the rutile TiO2 with
good crystalline rutile could be prepared at Na,COs/slag mass ratio of 0.6.

3.3.2 Effects of roasting temperature

Fig. 5(c) and Fig. 5(d) presented effects of roasting temperature on the roasted slag and
final product, respectively, covering a temperature range of 1023.15 K-1223.15 K and at a
Na>COa/slag mass ratio of 0.65, roasted with a duration time of 2 h.

Observed from Fig. 5(c), the major phases of the roasted slag were MgTi>Os and Na2COs,

15



accompanied with the presence of rutile and titanates at 1123.15 K. The low presence of rutile
and titanates was attributed to the reaction extent of raw material with sodium carbonate was
low at low temperature, hence rendering the transformation of titanates incomplete., which
the result was consistent with the Gibbs analysis. With the increase in temperature, the main
phase of the roasted slag was transformed into titanates and the peaks of rutile disappeared,
indicating the reaction extent of titanium slag-sodium carbonate improved at temperatures
higher than 1123.15 K. As seen from Fig. 5(d), the peak intensities of rutile TiO. phase
increased distinctly with roasting temperature continuously improved t01173.15 K; while
higher than 1173.15 K, the peak intensities of rutile TiO» phase decreased marginally.

3.3.3 Effects of roasting time

Fig. 5(e) and (f) displayed effects of roasting time on the roasted slag and the final
product, respectively, covering a roasting time regime from 30 min to 180 min, and assessed
at a Na,COs/slag mass ratio of 0.65 and roasted at a roasting temperature of 1173.15 K.

From Fig. 5(e), the major phases of the roasted slag were titanates at roasting time of 30
min. Notably, the titanates phase had insignificant change with roasting time increased from
30 min to 150 min, just with the phenomenon occurred that the intensities of phases obviously
increased with roasting time, indicating that roasting time rendered an insignificant effect on
the sodium carbonate decomposition reaction. From Fig. 5(f), for the final product, the results
indicated that the peak intensities of rutile TiO2 phase distinctly improved with roasting time,
while decreased marginally in the time interval from 120 min to 150 min. Meanwhile, the
transformation of titanium slag to rutile TiO2 could be confirmed to attain the maximum value

with 120 min of roasting time treatment.
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3.4 Microstructure characterization

Effects of calcination duration and calcination temperature on the micro-morphological
characteristics of the final product were analyzed by SEM, and the results were illustrated in
Fig. 6.

Fig. 6(a)-(c) illustrated the effects of calcination duration at a calcination temperature of
1123.15 K, with calcination durations of 30 min, 90 min and 150 min. From Fig. 6(a), it can
be seen that at a calcination duration of 30 min, the sample was heterogeneous with consisting
of small irregular particles. With the increase in roasting time, the diameter of particles did not
increase apparently, indicating that the influence of roasting time on the morphology change
of rutile TiO2 was insignificant. In addition, Fig. 6(d)-(f) displayed the influence of calcination
temperature with a calcination duration of 120 min, with calcination temperature covering
1233.15 K, 1273.15 K, and 1323.15 K. It was observed that with calcination temperature
increased from 1233.15 K to 1273.15 K, the particles coarsen and numerous short rod-like
particles appeared. At a roasting temperature of 1323.15 K, some particles were fused, which
was ascribed to the sintering of adjacent particles. Therefore, it can be concluded that
calcination temperature presented a positive effect on the microstructure morphology change
of rutile TiO2. Moreover, it can be observed from Fig. 6(d)-(f) that the crystal of rutile TiO>
presented the anisotropy with a preferential growth, imposing a short rod-like shape. With the
comparison between the influence of calcination duration and calcination temperature on the
micro-morphological characteristics of the final product, it can be concluded that calcination
temperature was the main physical parameter driving such anisotropy in the short rod-like

shape (Sathyaseelan et al., 2016).
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3.5 Phase composition and morphology change analysis

During the proposed process, raw titanium slag was roasted with Na>COsz additive;
followed by the roasted slag was washed with water and then hydrolyzed with 30 % boiling
sulfuric acid; finally, the final product, the rutile TiO2 was produced by calcining the leaching
residue. The product produced from different reaction stages corresponded to different phase
composition and morphology. Therefore, to determine effects of different process on the
phase composition and morphology change of the product at different stages during the
roasting-leaching process were investigated by XRD, Raman spectroscopy, and SEM-EDAX
characterization, respectively, and the results were presented in Fig. 7, Fig. 8 and Fig. 9,
respectively.
3.5.1 XRD characterization

Fig. 7(a) displayed the XRD patterns of titanium slag at different reaction stages. For the
raw titanium slag, it was observed that MxTisxOs (0<x<2) phase was the major phase. After
the soda ash roasting treatment, Na-Mg-Ti-O phase in the roasted slag was detected with clear
formation, attributed to the presence of Na,COs additive, with the other peaks corresponded
to Na2TigO13 phase. This result was slightly different from Lasheen’s report (Lasheen et al.,
2008), which applied the same method to treat titanium slag. The difference of results
obtained by the same method can be attributed to the difference of two feedstocks and the
complexity of Panzhihua titanium slag as well; additionally, the insufficient addition of
sodium carbonate may contribute to limiting the extent of reaction. Moreover, by comparing
the raw slag and the calcined slag, the strong preferential orientation of (110) and (101) planes

of the calcined slags were detected, wherein the strongest peaks of rutile TiO2 phase (JCPD
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card NO.21-1276) occurred at 26=27.44°and 26=36.07°, the third strongest peak was
appeared at 20=54.32°, which belonged to the orientation (211) peak, indicating that rutile
TiO2 with high crystallinity was produced.
3.5.2 Raman spectroscopy characterization

Fig. 7(b) illustrated the Raman spectra of titanium slag at different reaction stages. For
the raw titanium slag, as shown in Fig. 7(b), the Raman modes appeared at 170.2 cm™, 430.5
cm™, and 616.4 cm™. Wherein the Oscillating vibration of O-Ti-O bond of TizOs caused the
Raman modes at 170.2 cm™ (Chen et al., 2014a); the twisting vibration of O-Ti-O of the rutile
TiO2 caused the characteristic Raman band of rutile TiO, detected at 430.5 cm™ (Chen et al.,
2013Db); in addition, the symmetric stretching vibrations of anatase TiO, caused the Raman
band observed at 616.4 cm™ (Chen et al., 2014a). For the acid leached slag, as illustrated in
Fig. 7(b), the four bands of the anatase TiO crystalline phase were observed to appear at
156.7 cm™, 398.4 cm™, 508.2 cm™, and 618.1 cm™?, corresponding to the Raman active modes
including Eq (156.7, 616.4), B14 (398.4) and A14(508.2) (Guéguin et al., 2007). Based on the
above results, it could be concluded that the phases formed in the roasting step were dissolved
by sulphate acid, representing that the anatase TiO> was the precipitate from hydrolyzing the
titanium. Furthermore, the impurities associated with the roasted product were transformed
into soluble substances, including Fe, Mg, Ca, and Al, etc. Similarly, as observed from Fig.
7(b), for the slag calcined at 1223.15 K for 60 min, the calcined sample had two strong peaks
at 442.3 cm* and 609.7 cm™, and the three peaks with moderate intensity were observed at
141.5 cm™, 237.8 cm™ and 785.3 cm™, respectively, which belonged to rutile TiO2 Raman

active modes (Wu et al., 2012; Xiao et al., 2007; You et al., 2004), indicating the formation of
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rutile TiO2. The results proved that the anatase TiO> was transformed into rutile TiO: at
1223.15 K, representing by the characteristic Raman peaks of anatase TiO> disappeared.
Moreover, the Raman spectroscopy results were consistent with the results of XRD analysis.
3.5.3 SEM-EDAX characterization

Scanning electron microscope (SEM) and EDAX attached to SEM were utilized to
determine the microstructures of titanium slag before and after the proposed process treatment,
and the rustles were presented in Fig. 8 and Fig. 9, respectively.

Fig. 8 illustrated the microstructure morphology of the raw titanium slag and the final
product. As observed from Fig. 8(a)-(b), the surfaces of the raw titanium slag were smooth
without visible pits or cracks. As observed from Fig. 8(c)-(d), compared with the morphology
of the final product, referring to the calcined slag, the rutile TiO> crystals were formed on the
surface of the calcined slag. Moreover, rutile TiO with the rod-like structure was
characterized by accompanied with the relatively loose morphology. The morphology
transformation of raw titanium slag as massive grains to the rod-like structure was attributed
to the formation of rutile TiOo.

Fig. 9 showed the EDAX spectra and SEM image of the final product. EDAX analysis
indicated that the sample consisted of Ti-oxide and a phase mainly composed by Si and S
element, additionally accompanying with a minor amount of Fe and Mg elements; however,
these phases without detected by XRD, which could be attributed to that these phases were
nanocrystalline substances or the too-low concentrations of those phases. The results
indicated that impurities in the final product had been mostly removed by the distilled water

and sulphuric acid leaching, and the results were consistent with Table 3.
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Additionally, Cr.O3 and V20s material have been reported to be widely applied in the
engineering of various smart and multifunctional nanomaterials and devices (Kana, et al.,
2010; Khamlich, et al., 2011a; Khamlich, et al., 2011b; Simo, et al., 2014; Sone, et al., 2012).
In the presented work, the Cr.O3 and V20s as hazardous impurities was efficiently removed
and recovered from ilmenite slag via sodium carbonate decomposition process,
simultaneously producing high-quality rutile TiO, greatly achieving the value-added effect
and clean utilization of titanium slag. To further improve upon the quality indexes of rutile
TiOz and the removal degree of Cr.O3 and V20s impurities in titanium slag, a study on the

optimization of parameters in acid leaching experiment was currently being conducted.

4. Conclusions

In the work, simultaneously recovering hazardous Cr(IIl) and (V) impurities and
producing high-grade rutile TiO, from titanium slag was attempted using sodium carbonate
roasting. The roasting conditions for formation sodium titanates were optimized with Na2CO3
to slag mass ratio of 0.65:1 at 1173.15 K for 120 min. Vanadium and chromium can be
efficiently recovered by leaching the roasted slag with dilute sulfuric acid, with the contents
decreased to 0.03 % and 0.04 %, respectively; meanwhile, rutile TiO2 was successfully
synthesized by the leaching residue calcined at 1323.15 K with duration of 120 min, with a
high grade of 85.56%. XRF and EDAX results indicated that Cr(Ill) and (V) impurities and
Mg, Al and Fe oxides were removed by this proposed method, highlighting it is an effective
way of removing hazardous metals from titanium slag. Moreover, XRD results confirmed the

transformation of titanium slag into rutile TiO2, with high crystallinity, which was consistent
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with SEM results and Raman spectroscopy analysis, with the peaks of rutile TiO2 phase
characterized at 175.3 cm™, 237.5 cm™, 442.3 cm™, 609.7 cm™ and 785.3 cm™. The work
confirms effective removal of Cr(Ill) and V(V) and preparation of high-grade rutile TiO2 by
using sodium carbonate decomposition, furthermore demanding further studies to explore the

economic feasibility for commercial adoption.
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Table captions

Table 1 Chemical compositions of Panzhihua titanium slag
Table 2 Chemical compositions of the roasted slag

Table 3 Chemical compositions of the final product

Figure captions

Fig. 1 XRD pattern of Panzhihua titanium slag

Fig. 2 Dependency of AG® on temperatures for sodium carbonate decomposition reactions of
titanium slag

Fig. 3 Proposed processes for recovering vanadium (V) and chromium (Cr) and
simultaneously preparing rutile TiO-

Fig. 4 Effects of experimental parameters on TiO> grade and vanadium (V) and chromium (Cr)
contents in the roasted materials, (a) Na2COs/slag mass ratio; (b) roasting temperature; (c)
roasting time

Fig. 5 XRD patterns of the roasted slag and the final product at different conditions, (a) the
roasted slag with Na,COa/slag mass ratio; (b) the final product with Na>COaz/slag mass ratio;
(c) the roasted slag with roasting temperature; (d) the final product with roasting temperature;
(e) the roasted slag with roasting time; (f) the final product with roasting time

Fig. 6 SEM patterns of the final product under different calcination conditions
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Fig. 7 XRD patterns and Raman spectra of samples at different stages, (a) XRD patterns; (b)
Raman spectra

Fig. 8 SEM images of raw titanium slag and the final product, (a) raw titanium slag, 3000x; (b)
raw titanium slag, 6000x%; (c) the final product, 8000x; (d) the final product, 16000x

Fig. 9 EDAX spectra and (a) SEM image of the final product, (b) district 1; (c) district 2; (d)

spot 3

Table 1 Chemical compositions of Panzhihua titanium slag

Composition TiO; Fe203 Al20s  MgO SiO; CaO  Cr03 V205

Mass/W%  71.82 8.92 3.69 7.32 263 1.78 0.86 2.64

Table 2 Chemical compositions of the roasted slag

Composition TiO: Fe203 A0  MgO SiO; CaO Cr03 V205

Mass/W%  69.72 7.13 2.54 5.64 1.28 1.15 0.73 2.32
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Table 3 Chemical compositions of the final product

Composition TiO; Fe203 AlOs MgO SiO; CaO Cr03  V20s

Mass/W%  85.56 1.76 0.10 0.42 251 1772 0.03 0.04

400 | 1 _
1-MgTi,0s
1 2-FeTi,Og
300 f
— 2
@
O 1 1
> 200}
.g )
g 1
100 2
1 21
ok Wwwu ww
1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1

0 20 30 40 50 60 70 80 90
2-Theta(deg)

Fig. 1 XRD pattern of Panzhihua titanium slag.
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Fig. 2 Dependency of AG® on temperatures for sodium carbonate decomposition reactions of

titanium slag. R* represents the reaction as listed.
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Fig. 3 Proposed processes for recovering vanadium (V) and chromium (Cr) and

simultaneously preparing rutile TiOo.
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Fig. 4 Effects of experimental parameters on TiO, grade and vanadium (V) and chromium (Cr)
contents in the roasted materials, (a) Na2COz/slag mass ratio; (b) roasting temperature; ()

roasting time.
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Fig. 5 XRD patterns of the roasted slag and the final product at different conditions, (a) the

roasted slag with Na,COa/slag mass ratio; (b) the final product with Na>COaz/slag mass ratio;

(c) the roasted slag with roasting temperature; (d) the final product with roasting temperature;

(e) the roasted slag with roasting time; () the final product with roasting time.
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Fig. 6 SEM patterns of the final product under different calcination conditions, (a) 30 min; (b)

90 min; (c) 150 min; (d) 1233.15 K; (e) 1273.15 K; (f) 1323.15 K.
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Fig. 7 XRD patterns and Raman spectra of samples at different stages, (a) XRD patterns; (b)

Raman spectra
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Fig. 8 SEM images of raw titanium slag and the final product, (a) raw titanium slag, 3000x;

(b) raw titanium slag, 6000x; (c) the final product, 8000x%; (d) the final product, 16000x%.
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Fig. 9 EDAX spectra and (a) SEM image of the final product, (b) district 1; (c) district 2; (d)

spot 3.
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