Indirects CaS carbonation

Chapter 5.  Production of high-purity CaCQG; via an indirect calcium
sulphide carbonation process

Indirect mineral carbonation involves two separsiteps, in which the reactive component (basic
metal, for example calcium or magnesium ions)rist fieached out from the mineral or waste matrix
by a leaching medium, followed by carbonation iseparate step (Teir et al. 2005). If calcium could
be selectively extracted from the waste matrixmaocarbonation, a pure, high-value marketable PCC
can be produced (Said et al. 2013; Eloneva eD892 u et al. 2009; Teir et al. 2007).

The advantage of this approach over the direct@pu€aS carbonation process (Chapter 4) is that
each individual step can be optimized separatetgrporating further steps if needed. In additibe,
adoption of this dual approach (i.e. direstindirect) provided further insight into the coridits at
which CaCQ of different grades can be produced.

Two process configurations for the production ajbhpurity CaCQ from CaS via indirect mineral
carbonation were studied at ambient temperaturepeggbure. First, C{yas was used to induce CaS
dissolution and generated a Ca-rich solution, whils second configuration made use g&Hgas. In
the second step of the process, the particulage-a-rich solution was used to produce CaGD
high purity. Only the effect of gas flow-rate arfietmode of mixing, mechanical agitation and
ultrasound irradiation, on the reaction kineticsev@vestigated, along with their effects on thestal

structure and polymorphs of the carbonate prodoatsed.
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Indirects CaS carbonation

5.1 Ouitline of the indirect CaS carbonation process

An outline of the indirect CaS carbonation prodesfiustrated schematically in Figure 5.1 (theaare
highlighted in red represent the focus of this ¢bgp Waste gypsum (Ca%@H,O) was first
thermally reduced to calcium sulphide (CaS) (Mbletlal. 2009; Ruto et al. 2011). The CaS solid
sample formed was subjected to aqueous dissolwarbpnation and stripping in a two-step process.
Either CQ gas (Figure 5.1 a) or,8 gas (Figure 5.1 b) was used to induce CaS dissolu

In the carbonation process where fas was used for the dissolution of CaS partidhes,initial
carbonation reaction was interrupted as soon asdisBlution was completed in order to remove
solid residues and produce a particulate-free,i€asolution. The latter was subsequently used to
produce CaC®of a high level of purity. The processes of Cassalution and k5 stripping/calcium

carbonation were separated by a filtration step.

In the second carbonation processS lgas was used for the dissolution of solid Ca8agbes. HS gas
dissolves in water to produce aqueouS Mhich reacts with the CasS to form a highly sauBh(HS)
solution (Eq. (5.1).

CaS (s) + HO (I) + H,S (agq)— Ca(HS) +H,0 (I); AHysc =-44.8 kd (5.1)

Upon complete dissolution of CaS, the solid residas removed by filtration and the particulate-free

Ca-rich solution was contacted with gaseous ©@(roduce high-purity CaGO

84



Indirects CaS carbonation

Gypsum
(CaS0,42H,0) b)

Gypsum a)
(CaS0,42H,0)
Thermal ™ Thermal
reduction | —1——3] CaSslurry reduction ——1—=3 CaSslurry
H |
. |

NE

SRR CO, -t

lw

I
I
|
|
r--»| Cas dissolution | | CaS dissolution [«----[HzS }---;
I .
| | H
3 |
I
i Filtration Filtration
i ¢, Low-grade Resid
! 4 CaCO;, esidue
! :
! ;
I
|
|

|
| | - | :
oo Filtration ; Sulphur - Filtration j Sulphur

j production ; production

High-grade High-grade i
CaCO; J CaCO;

I
I
| H
| .
I .
| H
I .
I .
| H
| .
3 Calcium | ________ THS FolomM Calcium | _________ :
carbonation ? 1CO | i carbonation H‘QS
/ ! !
H | I
I
I

Il

Figure 5.1  Suggested processes for the productibigb-grade CaC&from waste gypsumia
indirect CaS carbonation using a) £gas or b) HS gas for CaS dissolution: 1) CaS
solids; 2) CasS slurry; 3) Ca(HSjolution (before filtration); 4) Ca(HS$olution
(filtered); 5) Secondary product or waste streanC&CQ slurry; 7) high-grade CaGO
product.

5.2 Materials and Methods

Feedstock

The CaS used as the raw material was a calcineiprpdoduced from waste gypsum generated at an
acid mine water neutralisation plant (Materials avdthods, p. 33). The degree of purity of the
calcine sample, expressed as % CaS, was deterimneday diffraction and a wet analytical method
(Appendix A.2.1.).
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Indirects CaS carbonation

Experimental procedure

The dissolution reactions were performed in eithasr 3-litre Perspex stirred tank, batch reactors
using the experimental set-up described in Chepig@p. 34-36 of this document). For conventional
mixing with the CSTR reactor, a mechanical overhstider (RW 20 Digital, from IKR-Werke
GmbH & Co. KG, Germany; Appendix A.1.3) and a Roshturbine impeller (manufactured by
Manten Engineering, South Africa) were used. Caalion reactions were performed in either a
1-litre CSTR reactor equipped with an overheadestiior 1-litre glass beakers (Pyrex Brand talhfpr
187 x 89 mm) using either mechanical agitation (metig stirrer with a PTFE-coated magnetic stirrer
bar at 730 mifl; RCT basic IKAMAG® safety control, IKA Works In&ermany; Appendix A.1.4)
or ultrasound irradiation (Hielscher UP400S ultrasoprocessor, Hielscher Ultrasonics GmbH,

Germany; Appendix A.1.5) for mixing.

Depending on the experimental matrix, the requinedunt of calcine was dispersed in distilled water
to obtain a pre-determined slurry concentrationeAB0 min of continuous mixing, G@as or HS

gas was introduced at a constant flow-rate intosthey via a sparger to induce CaS conversion and
dissolution. The pH, electrical conductivity andnfeerature of the suspension in the reactor were
logged at 5 second intervals to monitor the reactimfile and kinetics. Filtered samples of the CaS
suspension were collected from the reactor at aegotervals. The filtrates were analysed for their

calcium contents.

* For the CQ dissolution experiments, as soon as the electtmadluctivity of the suspension,
which was used as an indirect indicator of the eatr@ation of solubilized anions and cations,
reached the maximum value, the reaction was stoppeshutting off the C@®gas flow. The
conductivity of the solution was measured at 5isggvals, using the multi-parameter logging
unit with a display unit. The suspension was imiaietly removed from the reactor and the
solids removed by vacuum filtration using Whatmam W filter paper. The solid was washed
twice with distilled water and dried at 60°C for laast 24 hours. The filtrate, Ca(HS)
solution, was reacted with GOThe effect of various CHlow-rates on the reaction kinetics
and the characteristics of the final product wakestigated.

e For the HS dissolution experiments, the same experimentagolure was followed, except
that the reaction was terminated by shutting off tgS gas flow when the pH and electrical
conductivity remained unchanged for 10 to 15 mipokl completion, the suspension was
removed by vacuum filtration (Whatman No. 1 filgaper), washed twice with distilled water
and dried at 60°C for at least 24 hours. The fid#tr@Ca(HS) solution) was transferred into a
1-litre glass beaker for further reaction with £®he effect of stirring mode (mechanical
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agitation versusultrasound irradiation) and GOlow-rate on the reaction kinetics and the

characteristics of the final products were studied.

Since ultrasound is deemed to promote the pretiitaf different CaC@polymorphs (Santos et al.
2012), the effect of stirring mode was investigatéde Ca(HS) carbonation reactions were done
using either mechanical agitation (magnetic siin@r ultrasound irradiation, for mixing. For the
ultrasound irradiation studies, a Hielscher UP4@lt&sonic processor, which operates at 24 kHz
frequency and delivers 400 W gross power, was uBee.probe used was an H3 standard sonotrode
horn, which had a tip diameter of 3 mm, maximal biuge of 210 pmand an acoustic power density
of 460 W/cni. The adjustable amplitude and pulse were maindaiie100%. The horn was
immersed in the centre of the reaction solutiom atepth of 10 mm below the liquid surface. The
temperature of the reaction mixture was monitodedged at 5 second intervals) throughout the
experimental runs but was not externally controlked maintain a constant temperature since
temperature control was not included in the inig&perimental matrix (follow-up study). The total
amount of energy (E) delivered to a suspensioroniyt depends on the applied power (P) but also on

the total amount of time (t) that the suspensios subjected to the ultrasonic treatment.

E=Pxt (5.3)

While sonication power and time describe the amofi@nergy delivered to the suspension, samples
of different volumes particle concentrations caspand differently to the same amount of delivered

energy. The effective delivered power is calculatsing the following equation:

P=dT/dtxMx G (5.4)

Where P is the delivered power (W), T and t arepemature (Kelvin) and time (seconds),
respectively, gthe specific heat of the liquid (J/g.K) and M thass of the liquid (g). [X]

After 10 min of continuous mixing (mechanical atjaga or ultrasound irradiation) of the filtrate fro
the CaS dissolution step, @@as was introduced at a constant flow-rate vigarger in order to
precipitate high-grade CaG0n the calcium carbonation step. The pH, eledtrazanductivity and
temperature of the suspension in the reactor vogigeld at 5 second intervals to monitor the reaction

progress.
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Sub-samples (20 £h of the Ca-rich solution were also collected frtra reactor at regular intervals
and filtered using 0.45um PALL acrodisc PSF GxF/GidBmbranes (Microsep (Pty) Ltd, South
Africa). The filtrates (undiluted, acidified samp)ewere analysed for their calcium contents by an
accredited laboratory. The reaction was terminatkdn the pH and electrical conductivity remained
unchanged for 10 to 15 min, indicating the completof the reaction. Immediately upon completion
of the experimental run, the final suspension veasaved from the reactor by vacuum filtration using
0.45um Millipore HA membranes (Microsep (Pty) L8huth Africa) and washed twice with distilled
water. The filter cakes consisting of high-grad€€Oawere dried at 60°C for 24 h.

The flow-chart for the experimental procedure faSQlissolution and calcium carbonation is given in

Figure 5.2.
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Figure 5.2  Flow-chart of the experimental procedarehe production of high-purity CaG&rom
CasS.

Analytical

The pH, temperature and electrical conductivityttté suspension contained in the reactors were
recorded over time throughout the dissolution/pirig/carbonation process using a Hanna HI 2829
multi-parameter logger set at 5 second measuremenvals. The concentration of calcium ions in

solution was determined by inductively coupled plagnass spectrometry (ICP-MS) at an accredited

laboratory (Consulting and Analytical Services, RIPretoria, South Africa).
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The solid samples were characterised by XRD, ATRRFand SEM. The particle size analysis,
specific surface area, pore volume, and bulk demditthe solid samples were determined (detailed

methods or techniques are described in Chaptgn.3@42 of this document)).

5.3 Results and Discussion

The CaS content/purity of the calcine feed matesias shown to be 81.7 £ 0.83 % (as CaS) (Wet
analytical method; Appendix A.2.1). The bulk midegical composition of the untreated calcine
sample was determined by XRD. The relative phaseuats (mass%) were estimated using the
Rietveld method and the main mineral present in ghmple was found to be calcium sulphide
(CaS; 83.0 %), also called oldhamite, which conéidnthe efficiency of the thermal reduction process
of the waste gypsum. Less abundant mineral phashsded hydroxyapatite (8.17 mass%), quartz
(4.32 mass%), anhydrite (4.19 mass%), and limel (th&ss%). Error defined as 3 standard deviations
are given in Table 5.1. The XRD diffractogram arieMSimages of the calcine feed material are

reported in the Supplementary Information S5.1,1{2g-125.

Table 5.1  Mineral composition of the calcine feed materiadisluring the indirect CaS
carbonation process

Name Formula Mass (mass%) Error (mass%)
Anhydrite CaSQ@ 4.19 0.69
Lime CaO 0.31 0.11
Hydroxyapatite Case(POy)(H-0), 8.17 0.54
Oldhamite CaS 83.01 0.90
Quartz SiQ 4.32 0.51

The calcine sample was subjected to aqueous

(indirect) process.

90

digsglicarbonation and stripping in a two-step




Indirects CaS carbonation

5.3.1 Indirect CaS carbonation using C@gas for CaS dissolution

A simplified schematic diagram, including the cheahireactions, of the indirect CaS carbonation
process using CQOgas for CaS dissolution is shown in Figure 5.3d8hon the carbonate content, a
carbonate material is generally classified as loadg CaC@ if the carbonate content is less than
90 mass% CaCg{and as high-grade CaG®it is greater than 99 mass% as Ca@Oates 1998).

| Aqueous stream |
H,S
i . . ) H,S stripping/ 4 )
vy CaS dissolution Separation Calcium carbonation Separation
. CaS + Hzo + C02 — Ca(HS)2 + C02 — | e
CaS solids > CaCO; | + Ca(HS), CaCO; | + H,S 1
A A
CO, Low-grade CaCO; CO, High-grade CaCO;

Figure 5.3  Indirect CaS carbonation processeth®production of two different grades of CaCO
using CQ gas for CaS dissolution

The experimental conditions, mineral compositiord &daCQ yields are shown in Table 5.2.
Although high-grade CaC{> 99 mass% as CaGproducts could be produced in the second step of
the process, the percentage yield of these produmts very low, and varied between 12 and 23 %.
The majority of the Ca-ions from the CaS feed nialt@recipitated as CaGan the first step together
with solid impurities to produce high yields of lexalue, low-grade CaCQOproducts (< 90 mass%
as CaC@. Approximately 0.98 kg low-grade Cag@nd 0.14 kg high-grade Cag@ere produced

for every 1 kg CaS processed.

Completion of the CaS dissolution reaction was navad via the electrical conductivity of the

suspension and as soon as it had reached a maximalum, the reaction was stopped. The big
variation in the percentage yield of the high-gradi@CQ can be ascribed to the difficulty in

determining the exact end point of the CaS dissmigtep.
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Table 5.2

Mineral composition of the products gatest in the indirect CaS carbonation process
route when C@gas was used for CaS dissolution

Cas dissolution step
Sample ID M33 M35 M53 M81 M84
CaS slurry % 4 4 4 5 5
Volume m 700 700 700 3000 3000
Experimental Calcine mass g 28.0 28.0 28.0 150.0 15010
conditions Calcium mmolL 450 450 450 560 560
Initial pH 12.1 12.4 11.8 11.8 11.7
Gas flow-rate i;ﬁ; min/kg 40.0 15.7 50.0 2.9 12.7
Stirring min* 1050 1045 1000 580 580
Low-grade CaCO;
Calcite % 71.66 87.38 74.8 87.44 46.49
Vaterite % 15.67 2.06 13.97 0.85 31.32
. Fluorite % 1.81 1.66 1.19 1.86 1.45
('\:"O'nmeprslsition Quartz % 1.19 1.19 0.98 1.69 2.25
Apatite % 6.28 5.4 5.45 6.38 6.65
Anhydrite % 2.23 1.98 1.95 9.27 11.85
Oldhamite % 1.16 0.34 1.66 1.51 -
Actual yield g 27.64 22.61 27.17 127.8B 137.33
H,S stripping step/calcium carbonation
Number M34 M36 M54 M82 M85
Initial pH 9.1 8.5 8.1 10.2 10.5
Experimental | Initial Ca mmolL 55 69 55 130 106
conditions Volume nt 700 700 700 3000 3000
Gas flow-rate £ CGO,/min 1.12 0.50 1.90 0.44 1.90
Stirring min* 1050 1040 1000 580 580
High-grade CaCG;
_ Calcite % 99.47 99.49 98.60 99.41 100.0
<'\:Aommepr§|sition Quartz % 053 051 0.49 0.50 -
Sulphur % - - 0.90 0.10 -
Theoretical yield g 31.658 31.658 31.704 169.598 9.388
Actual yield g 3.810 4.830 3.835 38.988 31.817
Percentage yield % 12.03 15.26 12.10 22.99 18.76
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The low-grade CaC{product generated in the first step of the prowess greyish-white in colour
(Figure 5.4 (a)) whilst the high-grade Caf3&as a pure white product (Figure 5.4 (b)). Differes in

the particle size analysis were also noted. Theensizk represents the particle size most commonly
found in the particle size distribution and was2B4um for the low-grade CaG@nd 32.0 um for the
high-grade CaC® The D10, D50 and D90 parameters refer to the tativa size distributions which
describes how many percentages of the particléiseirsample are below a certain size. For the low-
grade CaCg) the D10, D50 and D90 values were 6.1 um, 15.3amcth41.7 um and for the high-
grade CaCg) 23.3 um, 32.3 um and 46.1 um, respectively. Tigh-grade CaC@are generally of

larger size and with a narrow particle size disttitlm compared to the low-grade Cagjioduct.

Figure 5.4  Photographs of a) low-grade Ca@ad b) high-grade CaG@roduced in the first and
second steps, respectively, of the indirect cartimmg@rocess using GQ@as for CaS
dissolution

XRD, FTIR spectroscopy and SEM were employed talystiine crystal structure/s or polymorph
phase/s of the high-grade Cagfarticles. Figure 5.5 shows the XRD diffractionttpan of the
high-grade CaC®particles and were revealed to be 99.5 mass%teadrid 0.5 mass% quartz.
Chakraborty et al. (1996) reported that the typergétalline form is dependent on the supersatunati
level and ionic ratio of [C4)/[COs>] in solution. The fundamental experimental comigi for
obtaining rhombohedral calcite consist of relatview-concentration of both G& and C4&' ions.
Since most of the calcium ions precipitated inftrst step, as low-grade CaGnly diluted calcium
containing solutions (< 130 mméJ/Table 5.2) were available for the carbonatiorctiea in the
second step. As a result, only calcite crystalsewilermed in the second step of the indirect CaS
carbonation process when €@as was used for CaS dissolution.
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Figure 5.5 XRD diffraction pattern and mineral compositiontleé high-grade CaC{produced in
the second step of the indirect CaS carbonatioogssousing Cg&gas for CaS
dissolution. (Ca-rich solution containing 55 mnfias Ca; initial pH: 9.05; stirring rate:
1050 mirt; gas flow-rate: 1.12 CO,/min; 1¢ CSTR reactor)

The FTIR spectrum (Figure 5.6) of the products ads@ the characteristic transmittance peaks of
calcite, which are the in-plane band and the cat@lband at 713 ¢hand 873 cr, respectively, and
the anti-symmetry stretch at around 1400*crtMenahem & Mastai 2008; Xu et al. 2011). The
presence of the calcite phase alone was confirmetebidentification of the characteristig band of
calcite at 713 cthand the absence of the characteristiband of vaterite at 745 ¢in
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Figure 5.6  FT-IR transmission spectrum of the tpghity CaCQ formed in the second step of the
process. (Ca-rich solution containing 55 mmiché Ca; initial pH: 9.05; stirring rate:
1050 mirt; gas flow-rate: 1.12 CO,/min; 1¢ CSTR reactor)
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The morphology of the high-grade Cag£i® illustrated in Figure 5.7. A precipitate wa®guced of
spherical micron-sized, interpenetrated rhomboHexiiges of calcite (Ma & Feng 2011) with smooth
surfaces. Laser scattering particle size distrdvutinalysis is presented in Figure 5.8, confirntimg

micron-sized particle size (geometric mean siz8%3%.1.59 um).

Figure 5.7  SEM images of the high-purity Ca@®oduced by the indirect carbonation process
using CQ gas for CaS dissolution. (Ca-rich solution coritajrb5 mmol £ as Ca,;
initial pH: 9.05; stirring rate: 1050 mingas flow-rate: 1.12 CO/min; 1t CSTR

reactor)
2¢ 7 Mediansize : 32.9072 (um)
f g Mean size : 33.9293 (um)
20+ . s Std dev. : 9.6682 (um)
Geo. mean size : 31.8501 (um)
Geo.stddev. : 1.5979 (um)
Mode size 1 32.2744 (um)

Diameter on cumulative %
: (1) 10.00 %: 23.7054 (um)
: (2) 30.00 %: 28.9827 (um)
: (3) 40.00 %: 30.9981 (um)
: (4) 50.00 %: 32.9072 (um)
: (5) 60.00 %: 35.0233 (um)
: (6) 70.00 %: 37.4705 (um)
: (7) 80.00 %: 40.6299 (um)
: (8) 90.00 %: 45.7198 (um)
: (9) 95.00 %: 50.9034 (um)

10

%)
......k....
UnderSize(%)

e e aaaay PR
0.010 0.100

Figure 5.8  Laser scattering particle size distidyutinalysis of the high-purity CaG@roduced
during the carbonation step. (Ca-rich solution agmihg 55 mmoll as Ca; initial pH:
9.05; stirring rate: 1050 nim gas flow-rate: 1.12 CO,/min; 16 CSTR reactor)
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The effect of the COgas flow-rate on the surface characteristics o€Gacrystals was also
investigated. Table 5.3 shows the measured sudiaee and density and Figure 5.9 provides details
on the morphology and surface area of the prodmaiduced at two different Gyas flow-rates.
Although the two products generated at different @&s flow-rates exhibited an identical density of
2.72 glcm, which is characteristic of calcite (Plummer & Baberg 1982), distinct appearances of the
crystal surface were evident (Figure 5.9). At thedr CQ flow of 0.44¢ CO,/min, the surfaces of the
calcite particles produced were mostly observetleasg rough and imperfect (Figure 5.9 (a)), with
measured surface areas of 1.95 + O.GRgm At the higher C@®flow-rate of 1.90¢ CG,/min, the
surfaces of the calcite particles were generallpathrer with sharper edges (Figure 5.9 (b)) and the

measured surface area was also lower at 1.19 /@1

Table 5.3 Effect of C&flow-rate on the surface area and density of th€Q products. (Initial

pH: 10.5; stirring rate: 580 mifn 3¢ CSTR reactor)

CO, flow-rate | Ca-rich solution BET surface Density
(¢/min) (mmol/t as Ca) ar;—: a (g/cm?) Sample 1D
(m“g)
0.44 130 1.95 +0.02 2.72 £0.004 m82
1.90 106 1.19+£0.01 2.72 £0.003 M85

Figure 5.9

Scanning electron micrographs (1000(gniiication) of CaC@crystals produced at

CO; flow-rates of a) 0.44/min and b) 1.9@/min respectively. (Initial pH: 10.5;
stirring rate: 580 mif; 3¢ CSTR reactor)
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The high-grade CaC{produced in the second step of the indirect catiom process, using G@Qas

for dissolution, were interpenetrated rhombohedtdles of calcite. The particles produced at higher
CO, flow-rates showed crystals with smoother surfasbsrper edges but lower total surface area
compared to products generated at lowep @@v-rates. SEM micrographs at lower magnificaipn
of the high-grade CaGproduced at 0.44 and 1.90CO,/min, are available in the Supplementary
Information S5.2, p. 121.

5.3.2 Indirect CaS carbonation using S gas for CaS dissolution

A simplified schematic diagram, including the cheahireactions, of the indirect CaS carbonation

process, using $$ gas for CaS dissolution, is shown in Figure 5.10.

I Aqueous stream I

H,S
. . . H,S stripping / .
vy CaS dissolution | Separation Calcium carbonation Separation
. CaS + HZO + st — Ca(HS)z + C02 + Hzo .............
CaS solids > H,0 + Ca(HS), — CaCO; | + 2H,S 1
A
Residue CO, High-grade CaCO;

Figure 5.10 Indirect CaS carbonation processhiemproduction of high-grade Cag@sing HS
gas for CaS dissolution

CaS dissolution using H,S gas

The effect of the b6 gas flow-rate on the CaS dissolution reaction wesstigated by monitoring
the profile of several parameters over time: the(plgure 5.11 (a)), change in reactor temperature
(Figure 5.11 (b)), and change in solubilised caticoncentration (Figure 5.11 (c)) at three différen
H.S gas flow-rates (0.68, 1.26, and 1{89,S/min). Although these results showed that an asmen
the HS gas flow-rate accelerated the overall reactiehsfrortened the CaS dissolution time, the mole
ratio of H,S to C&" needed for complete dissolution of CaS was cohsit®.68 (Figure 5.12).
Complete dissolution was indicated by the levellifigof the drop in pH.
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Figure 5.11 Effect of the 4$ gas flow-rate on the a) pH, b) change in readgamperature and
¢) change in soluble calcium concentration of th& @issolution reaction with time.
(CaS slurry containing 22.5 § &s Ca; initial pH: ~11.9; stirring rate: 700 M)n
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Figure 5.12 Effect of k& gas flow-rate on the mole ratio of$Hto calcium required for complete
Cas dissolution (Ca-rich solution containing 22/6as Ca; initial pH: ~11.9; stirring

rate: 700 mift)

A summary of the calculated rate constants at ftifferent H,S gas flow-rates is presented in
Table 5.4. At an b6 flow-rate of 0.68/min, the CaS dissolution rate was 16.92 mmok/@ah and
the reaction was complete within about 33 min. AtHaS flow-rate of 1.2&/min, the rate constant
was 31.92 mmol Cé&/min and the reaction was complete within aboutni® and at an 8 flow-rate

of 1.89t/min, the rate increased to 44.46 mmol &ain and the reaction reached completion within

about 13 min The calculated rate constants conéirfaster CaS dissolution times taking place with

increased kb flow-rates.
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Table 5.4 Reaction kinetics of the CaS dissoluteaction using k6 gas (CasS slurry containing
2259t as Ca)

Initial reaction conditions Reaction kinetics .
Reaction
HzS ﬂOW Soluble Mixing Rate constant | Standard i
(¢/min) calcium pH rate (mmol/t/min as | deviation R? (min)
(mmol/t) (min™) Ca) (#)
0.68 11 11.78 700 16.92 0.48 0.99715 33
1.26 4 11.97 700 31.92 1.14 0.9975 18
1.89 20 11.84 700 44.46 2.8 0.9921 13

The residue generated in the first step of theréatlicarbonation process, usingSHgas for CaS
dissolution, was dark grey in colour (Figure 5.I3)e experimental conditions, particle analysis and
actual yields of the residues generated from CaSotiition using k5 gas at various flow-rates are
shown in Table 5.5 and detailed particle size ihstions in Figures 5.14.

Figure 5.13 Photograph of residue generated ifir$testep of the indirect carbonation process
using HS gas for CaS dissolution.

The dissolution of CaS (as a 5% slurry) using ldas, generated a residue in the first step that w
dark grey in colour and a ‘Ca-rich’ filtrate contaig 560 mmolf as Ca. In comparison, when €O
gas was used for CaS dissolution, a low-grade Ga@3 formed in the first step that was lighter in

colour (greyish-white) and a ‘Ca-rich’ filtrate daiming 106 mmolk as Ca.
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Table 5.5 Actual yields and particle size analgéithe residues produced at the end of Step 1 as a
result of CaS dissolution using$lgas

CasS dissolution using HS gas : Residue generation

Sample ID M92 M93 M91

CasS slurry % 5 5 5

Calcine mass g 150.0 150.0 150/0
Experimental 1y e nt 3000 | 3000 | 3000
conditions

Initial pH 11.78 11.97 11.84

Gas flow-rate | £ H,S/min 0.96 1.26 1.89

Stirring min* 700 700 700

median size, D50 1217 14.30 11.64

(Lm)
Particle size analysis mode size (um) 10.85 12.42 12.31
D10 (um) 5.10 6.30 5.30
D90 (um) 107.1 64.4 34.1
Actual yield g 64.38 67.28 62.47

While the reaction was more rapid with increasg8 flbw-rates (Table 5.4), the particle size analyse
of the residues formed were not very differentemis of their median and mode sizes (Table 5.5 and
Supplementary Information S3, p. 122). The mediaea, lso known as D50, is the particle size in
microns where 50% of the population lies above lagldw this value. The mode size represents the

particle size most commonly found in the partigie glistribution (Figure 5.14).
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Figure 5.14 Particle size frequency distributionhaf residues generated at variou$S How-rates

The D10, D50 and D90 parameters refer to the cuiwalaize distributions which describes how
many percentages of the particles in the sampléemv a certain size (Table 5.5). For the residue
generated at 0.96 H,S/min, the D10 was 5.1 um, the D50, 12.2 uym andD®@, 107.1 um which
meant that 10% of the particles were below 5.1 f0% below 12.2 um (i.e., the median diameter)
and 90% of the particles were below 107.1 um. beirg the HS flow-rate had a significant
influence on the D90 value (Table 5.5). AfSHflow-rates of 0.36, 1.26 and 1.8%,S/min, 90% of
the particles were below 107.1 um, 64.4 um and @Mlrespectively, suggesting a higher tendency

towards particle aggregation at lowesSHlow-rates.

A somewhat higher percentage of residue was gestkeratthe process, approximately 0.43 kg for
every 1.0 kg CaS processed. The anhydrite, quadhgdroxyapatite present in the CaS feed material
were probably components of the residue, althobghwas not studied further. Full characterization
of the residue in terms of the mineral and elemeammposition is required. Unless specific uses can
be identified for this residue, it will be classifi as an industrial solid waste and would requezisl

attention for its disposal and management.
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Carbonation of Ca(HS), solution for CaCO; production

Polymorphic transition of vaterite to calcite

CaCQ exists as three anhydrous crystalline polymormadcite, aragonite, vaterite), two hydrated
metastable forms (monohydrocalcite and calciumaraate hexahydrate), and an unstable amorphous
calcium carbonate (ACC) phase. Hydrated and amorpliams are generally unstable and show a
tendency toward transformation into one of the tefjise polymorphs unless it is stabilized by
specific additives (Bots et al. 2012; Meldrum 2003)

The Ca-rich filtrate (462 mmdl/as Ca and pH 9.74) generated by CaS dissolutiardéb CasS slurry
using HS gas, was subjected to gaseous, @0Oa flow-rate of 1.12/min to produce high-purity
CaCQ. Figure 5.15 shows the reaction dynamics (expressedchanges in solution pH and
conductivity with time). When adding G@ime = 0 min), the pH dropped sharply from 9.@47t90
within a short period of time (~ 2 min), after whii continued decreasing more gradually down to
approximately 6.47 after 33 min, before stabilizatgabout 6.2. The solution conductivity decreased
at a constant rate from 47.9 mS/cm down to 3.18cmSluring the first 33 min of reaction time
before stabilising at 1.88 mS/cm. The carbonat@attion was complete in approximately 33 min (as

indicated by the levelling off of the drop in thiel pnd solution conductivity).
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Figure 5.15 pH and solution conductivity profileg &nd delta temperature (b) profiles with time
during the carbonation of Ca(Holution. (Initial Ca: 462 mmok/as Ca; initial pH:
9.74; stirring rate: 700 mih gas flow-rate: 1.12 CO,/min)

The mineral composition, particle size analysis amatphology of the solids at completion of the
carbonation reaction are given in Table 5.6 andiféig 5.16.

103



Indirects CaS carbonation

Table 5.6 Experimental conditions and semi-quantgaXRD analysis (mass%) and particle size
analysis of the high-grade Cagg@roduct.

Ca(HS), carbonation : production of high-grade CaCQ
Sample ID M69
Volume m 3000
Initial pH 9.74
Experimental— .
xP I Initial calcium mmol{ 462
conditions
Initial temperature °C 19.34
Gas flow-rate £ CO/min 1.12
Stirring min* 700
Calcite mass% 97.28
Mineral
! . Quartz mass% 0.53
compoasition
Sulphur mass% 2.18
Mode size 245
(Lm)
Particle size analysis D10 (um) 13.2
D50 (um) 24.6
D90 (um) 42.1
Actual yield g 70.6

Figure 5.16 depicts the SEM micrographs of thedsalecovered at various time intervals during the
carbonation of a Ca(HSyolution for the production of CaGOSEM images of the solids formed
revealed the presence of both vaterite and cdEitrires 5.16 (a)-(c)). After 10 min of reactiomé
(Figure 5.16 (a)), vaterite particles of variousysts and sizes were observed together with some
single, rhombohedral calcite particles. By the tithe reaction had progressed for 20 min, only
spherical vaterite aggregates with no irregulapsblawvere visible together with some larger calcite
interpenetrated rhombi (Figure 5.16 (b)). At 30 ntire proportion of vaterite had decreased and only
individual nanoparticulate subunits of vateritestays were present with even bigger calcite pagicl
(Figure 5.16 (c)). Calcite was the major crystalphase present in the second half of the carlmmati
experiment (Figur®.16 (d) to (f), time 40 to 60 min).
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b) t=20 min.

¢) t = 30 min.

Figure 5.16 Scanning electron micrographs (200Gagmiication) of the solid phase recorded after
a) 10 min, b) 20 min, ¢) 30 min, d) 40 min, e) 5 nand f) 60 min of reaction time.
(Initial Ca: 462 mmol{ as Ca; initial pH: 9.74; stirring rate: 700 fjrgas flow-rate:
1.12¢ CO,/min)

During the carbonation reaction, the proportionvaferite progressively decreased as the calcite
crystals formed on the surfaces of the vateriteregages (Figure 5.17 (a)-(c)). This suggested that
vaterite particles slowly dissolved to release icaficnear their surfaces, which rapidly carbonated i

solution and re-precipitated on the surfaces ofvidwerite particles. The casts, visible on thelfina
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calcite end product were most probably the reduth@ calcite forming and growing on the surface of
the initial vaterite particles.

a) 2.06 KX

Vaterite cast
on calcite crystal

Figure 5.17 Scanning electron micrographs showdalgjte crystals attached and grown on the
surface of vaterite which led to the productiortaltite crystals with vaterite casts
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In the spontaneous precipitation of CaC@CC is known to occur first and because it ishhig
unstable (K, 10°%°at 25°C), it transforms almost immediately into ktore of calcite and vaterite
from an early stage (Rodriguez-Blanco et al. 20¥Bterite is also in an intermediate and unstable
phase of CaCgO(Pouget et al. 2010; Plummer & Busenberg 1982)thadigher solubility of vaterite
(Ksp 107%F at 25°C) compared to that of calcites{K0****at 25°C) in neutral to weak basic pH
solutions resulted in the gradual transformationaiérite into calcite (Rodriguez-Blanco et al. 2D1
This transformation process has been explained byrmber of research groups by the two-step
recrystallization processes, namely, the dissalubb an unstable polymorph and the growth of a
stable polymorph (Gopi et al. 2013; Sarkar & Mahep2012; Wang et al. 2009; Nissenbaum et al.
2008). The transformation of vaterite into cal@atdy depends only on the supersaturation and not pH

or temperatures in the range of 25 to 45°C (SpaAes)

Effect of process parameters on the reaction kisethd CaC@particle characteristics

The effect of the stirring mode (mechanical agiatvs ultrasound irradiation without mechanical

stirring) at various C@gas flow-rates on Ca(HSgarbonation was also investigated.

The application of ultrasound during crystallizati@and precipitation processes is receiving incregasi
attention and ultrasound has been seen to prorheterecipitation of different CaGQolymorphs.
The application of ultrasound to chemical reactiansl the mechanism causing the sonochemical
effects in liquids is the phenomenonawoustic cavitatior(Suslick et al. 1999). Ultrasonic irradiation
is considered to lead to two types of prominenect: 1) physical effects due to physical mixing
(macrostreaming), and ii) chemical effects, due davitation leading to radical formation
(microstreaming). The cavitation caused by ultrasactivation has both physical and chemical

effects.

Ultrasonic energy consists of mechanical vibrationsurring above the upper frequency limit of

human audibility, generally accepted to be abouki29. The use of ultrasound in chemical processes
consists in applying sound waves in the range efl06 kHz (Lugue de Castro & Priego-Capote

2007). Power is delivered to a solution by induciagitation, that is, the formation of small caesdti

or micro-bubbles that grow and collapse rapidlye Tollapsing micro-bubbles produce high local

temperatures and pressures and high shear forgsliciSet al. 1999).
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The application of power ultrasound to crystallizisystems appears to offer significant potential fo
modifying and improving both chemical processes pmdiucts (Parvizian et al. 2011). It is generally
accepted that the ultrasonic field influences thestallization process by enhancing the primary
nucleation and preventing agglomeration. Sonocheyniias previously been applied to the

precipitation of calcium carbonate (Mihai et al02)Mateescu et al. 2007).

Comparisons between the reaction rates (Figure @))8 reaction times (Figure 5.18 (b)) and the
calculated reaction rate (mmbolhin as CaJTable 5.7) at various GQ@as flow-rates under mechanical
agitation and ultrasound irradiation, are preseniecteasing the COflow-rate from 0.36 to 0.90 to

1.62 ¢/min causes the reaction time to decrease froma23% to 15 min, respectively, under

mechanical agitation.

Similarly, the reaction times under ultrasounddraéion and identical COflow-rates decreased from
26 to 19 to 16 min. However, at identical C@ow-rates, the rate constant for the Ca(HS)
carbonation reactions under mechanical agitatiah witrasound irradiation were found to be very
similar. At 0.36¢ CO,/min, the rate was 22.4 under mechanical agitatma, 21.5 mmol/min (as
Ca) under ultrasound irradiation, at 0.90CO.,/min, 29.0 and 29.8 mmdlmin (as Ca) and at
1.62¢0 CO/min, 37.9 and 35.7 mmdlmin (as Ca), respectively. The application of agound

therefore did not enhance the overall rate of gaetion.

The results of this study were not in agreemenih Wit results of Nishida (2004) who reported that
ultrasound irradiation accelerated the precipitatite of CaC@and attributed it to enhanced mixing,
especially macrostreaming. Although the same typelwasonic probe and parameters (tip size,
reactor volume) were used in the two different stsidNishida et al. (2004) used a calcium solution
containing 1.2 mmol/ (as Ca) wheras a Ca-rich solution containing 5@@oift (as Ca) was used in
this study. The reason for this difference in tkeported results of the two studies could also be
ascribed to the different reaction systems useplidiliquid (Nishida 2004)\versusour liquid-gas
system. In the liquid-liquid method, a solution ning 2.4 mmoll of calcium chloride and a
second solution containing 6.4 mniogodium bicarbonate of which the pH was adjuste@ 1o were
mixed. The ultrasonic irradiation was started pfgtr the preparation of the reaction solution (ia
2004) and the temperature was kept constant ‘&.30 the liquid-gas reation, ultrasoun irradiation
was applied for 10 min on the Ca(H8)trate before C@gas was introduced and the temperature was

not controlled.
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In this study, as well as the study of Nishida @Q0nechanical mixing and ultrasound irradiation
were used seperately. The combination of mechaniddhg and ultrasound irradiation could have

yielded a different outcome if they had been usegther. This was not investigated further in this

study.
a) Reaction rate b) Reaction time
Mechanical Ultrasound # Mechanical Ultrasound
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Figure 5.18 Comparison of the a) rate constantsdlfirmin as Ca) and b) reaction times of the
Ca(HS) carbonation reaction at various £l@w-rates under mechanical agitation and
ultrasound irradiation (Ultrasonic intensity: 4606n; horn tip diameter: 3 mm; horn
immersion depth: 10 mm)

Table 5.7 Reaction kinetics of the Ca(K&rbonation reaction at various Cl@w-rates under
mechanical agitation (730 nithand ultrasound irradiation (Ultrasonic intensig0
W/cn?; horn tip diameter: 3 mm; horn immersion depthnir)

Initial reaction conditions Reaction rates .

. CO, Reaction
Stirring - Soluble —_ Rate constant| Standard e
mode (Umin) | calcium pH ( °C§J. (mmol/¢/min | deviation R? (min)

(mmol/t) as Ca) (€3]
0.36 530 10.08 19.34 22.42 0.54 0.9155 25
Mechanical
L ! 0.90 571 9.93 20.03 29.01 0.32 0.98p4 19
agitation
1.62 563 8.59 20.62 37.91 0.42 0.98B9 15
0.36 577 9.54 20.13 21.47 0.25 0.98B2 26
Ult d
~rasoun 0.90 579 971| 19.77 29.84 028| 0.99pa 19
irradiation
1.62 574 8.91 20.47 35.73 0.25 0.99565 16
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The carbonation reaction or Cagfrecipitation step was also monitored by measutfirggsolution
conductivity, pH and temperature changes with tah@mbient temperature and under atmospheric
pressure (all values logged at 5 second interviaiglire 5.19 (a) shows the results obtained abuari
CO, flow-rates under mechanical agitation. The findimgported in Figure 5.19 (b) were obtained
under ultrasound irradiation without mechanicatisiy.

The high electrical conductivity values (> 55 mS/dfigures 5.19 (a i) and (b i)) of the solutioreaft
10 min of mixing prior to the addition of GGtime = 0 min) confirmed the high solubility ofeh
Ca(HS) solution. Immediately upon addition of G@he pH dropped sharply from about 8.0 within
the first two minutes of the reaction (Supplemgntirformation S5.4.2, p. 128), after which it
continued decreasing more gradually down to apprately 6.4 (Figures 5.20 (a ii) and (b ii)). The
gradual drop in solution pH exhibited two differestbpes and the pH profiles were similar for both
the mechanically agitated and ultrasound irradia¢ggerimental runs at the various £Qas
flow-rates (Figures 5.19 (a ii) and (b ii)).

Similar profiles for the solution conductivitiestéady decrease from about 55 mS/cm down to
3 mS/cm) were also observed for the two types affmgi(Figures 5.19 (a i) and (b i)). The decrease i
the electrical conductivity was ascribed to therdase of soluble ionic species in solution, nartiety

removal of soluble calcium due to Cagy@ecipitation and sulphur due te$lgas stripping.

Although similar profiles for solution conductivignd pH were observed, a major difference in the
temperature profiles between mechanically agitated were noted (initially slight increase followed
by a gradual decrease) and ultrasound irradiatontinuous rise) (Figures 5.19 (a iii) and (b iijn
inevitable consequence of using an ultrasonic hera rise in temperature of the bulk solution.
Ultrasound irradiation causes mechanical vibragbthe liquid, and when passing through the liquid
medium, it produces heat by means of cavitatiorblauibmplosion. It was noted that with ultrasound
irradiation (Figure 5.19 (b iii)), the final tem@ure of the solutions were generally higher angl th
may have played a role in the nature of the pretgs obtained from the reactions, although it was
previously demonstrated that this heat surplusndidaffect the reaction kinetics of the carbonation

process.
The results (Table 5.7 and Figure 5.20) showedtti®increase in C{Qlow-rates under the two types

of mixing accelerated the calcium carbonation rieactNeither of the modes of mixing showed

positive effects on the reaction kinetics of th¢H3), carbonation reaction.
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a i) Mechanical agitation b i) Ultrasound irradiation
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Figure 5.19 Effect of the COlow-rate combined with mechanical agitation (euttrasound
irradiation (b) on the (i) solution conductivityi) (oH and (iii) temperature with time
(Ultrasonic intensity: 460 W/cthorn tip diameter: 3 mm; horn immersion depth:

10 mm)
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CaCO; characteristics

XRD, FTIR and SEM were employed to study the effgc€O, flow-rates and the effect of mixing
mode on the crystal structure and polymorphs ofhiigh-grade CaCQparticles produced. In this
study only the calcite and vaterite polymorphs wlerened. The formation of aragonite is generally
associated with higher temperatures (> 50°C) aedgure (Liu et al. 2010) and all the experiments

during this study were executed at ambient tempe¥atnd pressure.

The experimental conditions and mineral composs#ti@i the CaCe@ products generated under
mechanical agitation and ultrasound irradiationaatous CQ gas flow-rates are shown in Table 5.8.
On the basis of their carbonate content (> 99 mass%aCGg), the pure white products synthesised
via the carbonation of Ca(HS¥yolutions (Figure 5.20) were classified as highdgr CaC@ as

previously suggested by Oates (1998). The smalluainof quartz present in the high-grade CaCO
products is most probably microcrystalline quarzried over from the starting material which had

passed through the filter during the solids recpetep.
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Table 5.8 Experimental conditions and semi-quaintgaXRD analysis (mass%) of the high-grade
CaCQ products generated at various Gow-rates under mechanical agitation and
ultrasound irradiation

Ca(HS), carbonation : production of high-grade CaCQ
Mixing mode Mechanical agitation Ultrasound irraatia
Sample ID M103 M101 M95 M10d M102 M99
Volume m 750 750 750 750 750 750
Experimental| Initial pH 10.1 9.9 8.6 9.5 9.7 8.9
conditions | njtial calcium mmolt 530 571 | 563 | 577 579 574
Initial temperature °C 19.34 20.08 20.62 20.13 19.Y 20.47
Gas flow-rate £ CO/min 0.36 0.90 1.62 0.36 0.90 1.62
Stirring min* 730 730 730 - - -
Calcite mass% 99.22 78.16 7112 79.05 23.02 14.04
zﬂnme;s;tion Vaterite mass% 005| 2141 2836 206 7662 8453
Quartz mass% 0.44 0.36 0.4y 0.33 0.36 0.44
'(\Cfr’:)e SiZe | 368 | 243 | 245| 142| 163 141
Particle size analysis D10 (um) 18.4 115 125 9.0 9.4 8.0
D50 (um) 36.0 24.4 25.3 17.1 16.8 139
D90 (um) 61.7 53.8 50.1 161.0 32.0 27)6
Actual yield g 234 22.5 22.8 23.71 22.5 227

Figure 5.20 Photograph of the pure, white higldgr&aCQ product produced in the indirect CaS
carbonation process
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Although the CaC@content of the high-grade Cagf@roducts generated under varying conditions of
CO, rate and mixing (see ‘actual yield’ in Table 589 not show significant variations in the total
CaCQ content. The distribution ratio of polymorphs (st to vaterite) was greatly influenced by the

CO, flow-rate as well as the mode of mixing.

Chakraborty et al. (1996) reported that the typeCafCQ crystalline form is dependent on the
supersaturation level and ionic ratio of fACO4*] in solution. When Ca-rich filtrates containing
560 mmolt (as Ca) were used for the carbonation reactiomtunds of calcite and vaterite were
formed. In comparison, when more dilute Ca-soltign 130 mmol as Ca) were used, only calcite

crystals were formed.

The variation in the proportions of calcite to viteis further illustrated in Figures 5.21 (a) gbjl

a) Mechanical agitation b) Ultrasound irradiation
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Figure 5.21 Variation of the CaG@olymorph composition produced at different Glow-rates
under a) mechanical agitation and b) ultrasouradiiation (Ultrasonic intensity:
460 W/cn3; horn tip diameter: 3 mm; horn immersion depthni®)

The increase in C{flow-rates led to a decrease in the calcite teni& ratio, regardless of the mode
of mixing used. However, for every G@ow-rate tested, much higher proportions of \itdewere
produced when ultrasound irradiation was appliednéarly pure calcite product (99.95 %) was
obtained at low C® flow-rate (0.36¢/min) under mechanical agitation while a vaterideite
composite rich in vaterite (85.9 %) was producedchigh CQ flow-rate (1.62¢/min) and with

ultrasound irradiation.
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The structure of the high-grade Ca{@roducts was further investigated by FTIR. Theedént
crystal forms of CaC®show different bands in FTIR spectra, due to tifier@nce in carbonate,
deformation mode (out-of-plane deformation) andoaatev, band (in-plane deformation) (Xyla &
Koutsoukos 1989). The characteristic transmittapeaks centred around 74§(and 873¢,) cm®
correspond to the vibration modes of £0n vaterite. For calcitey, shifts to 713 cn), and thev,

position is similar with that of vaterite (Socra@301).

Infrared spectra of high-grade Cag@ystals produced at different @@ow-rates under mechanical
agitation are presented in Figure 5.22. As showrFigure 5.22 (a), at a low GOflow-rate
(0.36¢/min) a single calcite phase was confirmed by thes@nce of the characteristie band at
873 cm' and v, band at 713 cih Increases in the GOflow-rate from 0.36 to 0.90¢/min
(Figure 5.23 (b)) and to 1.6Zmin (Figure 5.23 (c)) resulted in the appeararfca wew peak located
at 745 crit, which is the fingerprint, deformation band of C§ in the vaterite form, indicating the
presence of the vaterite phase. The charactetiatismittance peaks of calcite (713 9rand vaterite
(745 cm?) substantiated the formation of a mixture of del@nd vaterite crystals at higher £O
flow-rates. It was also noted that the intensittfghe peaks corresponding to calcite and vaterite
became weaker and stronger, respectively, withanigQ flow-rates, confirming the lower ratios of

calcite to vaterite with increased ¢flbw-rates.

Mechanical agitation

——0.36 /min. ———0.90 ¢/min.

1.62 ¢/min.

Transmittance

2050 1800 1550 1300 1050 800 550
Wavenumber (cm 1)

Figure 5.22 FTIR transmission spectra of Cg€@stals produced under mechanical agitation at
CO, flow-rates of a) 0.3@/min, b) 0.90¢/min and c) 1.62/min (Ca-rich solution
containing ~560 mmoal/as Ca)
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Infrared spectra of high-grade Cag@ystals produced at different g@ow-rates under ultrasound
irradiation are presented in Figure 5.23. The aharitic transmittance peaks of calcite (713%m
and vaterite (745 cm), evident from Figure 5.23 (d)-(f) confirmed theegence of mixtures of
calcite/vaterite crystals under ultrasound irrddiat Similar to the carbonation results under
mechanical agitation, the intensities of the peaksesponding to calcite and vaterite also became
weaker and stronger, respectively, with increas@d flow-rates, confirming lower ratios of calcite to
vaterite formation at higher G@low-rates. The XRD results were therefore conéidhiy FTIR under

all experimental conditions tested.

Ultrasound irradiation
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Figure 5.23 FTIR transmission spectra of CaCQstals produced under ultrasound irradiation at
CO,; flow-rates of a) 0.36/min, b) 0.90t/min and c) 1.62/min (Ca-rich solution
containing ~560 mmol/as Ca). (Ultrasonic intensity: 460 W/grhorn tip diameter:

3 mm; horn immersion depth: 10 mm)

The higher ratios of vaterite to calcite formed @ndltrasound irradiation compared to mechanical
agitation at identical CP flow-rates were also confirmed by FTIR data. Thearacteristic
transmittance peak of calcite (713 Hmand the absence of the characteristic transroitaeak of
vaterite (745 cri) in Figure 2.24 (a i), confirmed the single cacjthase formed at the low €O
flow-rate of 0.36¢/min under mechanical agitation. Under ultrasounddiation and the same GO
flow-rate (Figure 5.24 (a ii)), the transmissionake at 713 cf and 745 cil substantiated the
formation of a mixture of calcite and vaterite ¢ays. Mixtures of calcite and vaterite were fornatd
higher CQ flow-rates (Figure 5.24 (b) and (c)). It was notiddt the intensities of the peaks

corresponding to vaterite were stronger and thosecélcite, weaker under ultrasound irradiation
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compared to mechanical agitation, indicating thengttion of higher ratios of vaterite to calcite end

ultrasound irradiation.

a) CO, flow-rate : 0.36 €/min

Ultrasound irradiation

Mechanical agitation

b) CO, flow-rate : 0.90 €/min

Ultrasound irradiation

Mechanical agitation

c) CO, flow-rate : 1.62 &/min

Ultrasound irradiation

Mechanical agitation

745

745 745

713
713 713

Transmittance
Transmittance
Transmittance

950 850 750 650 550 950 850 750 650 550 950 850 750 650 550

Wavenumber (cm -1) Wavenumber (cm 1) Wavenumber (cm -1)

Figure 5.24 FTIR transmission spectra of CaCQstals produced at G@low-rates of
a) 0.36t/min, b) 0.90¢/min and c) 1.62/min under mechanical agitation and
ultrasound irradiation (Ca-rich solution containiis60 mmolf as Ca) (Ultrasonic
intensity: 460 W/crfy horn tip diameter: 3 mm; horn immersion depthnir)

Calcite usually crystallises as mono-crystellimell-faceted particles (Beck & Andreassen 2010).
Vaterite particles, on the other hand, are usyatlly-crystalline, exhibit a spherical shape, anel ar
built up by smaller crystallites (Ibrahim et al.1Z). The SEM images (1000 x magnifications) of the
CaCQ products generated are presented in Figure 5)28)(Gdmages at lower magnification are
available in Supplementary Information S5.5, p@-130). Two co-occurring CaG@hases (calcite
and vaterite) can clearly be distinguished by tlebgracteristic morphologies in Figure 5.25, which
further supported the XRD and FTIR data. Calcites wacognised as the rhombohedral particles
(Gehrke et al. 2005) and vaterite as the sphecrgatallites.

The CaCQ produced under mechanical agitation (Figure 5.@p(d)) is well formed and the

rhombohedral calcite crystals are clearly visiblée vaterite crystals produced under ultrasound

irradiation are shown in Figure 5.25 (d)-(e).
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a) Mechanical agitation b) Mechanical agitation ¢) Mechanical agitation

d) Ultrasound irradiation e) Ultrasound irradiation f) Ultrasound irradiation
Gas flow rate: 0.36 £ CO,/min. Gas flow rate: 0.90 £ CO,/min. Gas flow rate: 1.62 £ CO,/min.

Figure 5.25 Scanning electron micrographs (100Gagmification) of CaC@crystals produced
under mechanical agitation at flow-rates of a) 0.36/min, b) 0.90¢/min and
¢) 1.62¢/min and ultrasound irradiation at g@ow-rates of d) 0.3@&/min,
e) 0.90¢/min and f) 1.62/min. (Ultrasonic intensity: 460 W/cinhorn tip diameter:
3 mm; horn immersion depth: 10 mm)

The results of this study differed from the resoliNishida (2004) who reported that the morphology
of the precipitated CaGxrystals, formed in their study, was unaffectedulisasound irradiation. It
should be noted that in their study they used atetll Ca solution (1.2 mmdVy in a liquid-liquid
reaction system whereas this study applied a liga&l carbonation process to a concentrated Ca
solution (560 mmol/) which most probably accounted for the differenaeserved.

The CaCQ products were further characterised in terms eif thpecific surface area and density. The
physical properties of the products generated fidrdnt CQ flow-rates under mechanical agitation
and ultrasound irradiation are listed in Table SBe distribution ratio of polymorphs (calcite to
vaterite) had a major effect on the specific swgfacea and density of the products. The increase in
CO, flow-rates led to a decrease in the calcite t@nta ratio and an increase in the specific surface
area of the particles. The measured specific seirf@ea of the nearly pure calcite product (99.95 %)
obtained at a low CCflow-rate (0.36(/min) under mechanical agitation, was 0.28gwith a density

of 2.71 g/lcm. The specific surface area of the vaterite-calciinposite produced at a high €O
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flow-rate (1.62¢/min) under ultrasound irradiation with a 85.90 &terite content was much higher at
4.12 nflg. The density of this product, 2.62 gfcrwvas lower than the typical density for calcite
(2.72 g/cm) but higher than the typical density of vater2es¢ g/cri) (Plummer & Busenberg 1982).

Table 5.9 Physical properties of the high-grade @a@oducts produced at various £0
flow-rates under mechanical agitation and ultrasawadiation. (Ca-rich solution
containing ~560 mmol/as Ca)

Mixing mode CO, flow- CaCao; polymorphs BET surface Density
rate ((/min) | Calcite (%) | Vaterite (%) | area (nf/g) (g/cn)
0.36 99.95 0.05 0.26 £0.01q 2.71 +0.004
Mechanical agitation 0.90 78.50 21.50 1.47 £0.011 2.71 +£0.003
1.62 71.49 28.51 2.22+0.011 2.70+£0.002
0.36 79.33 20.67 2.01+0.014 2.71 £0.004
l.JItrafso_Lmd 0.90 23.10 76.90 4.12 £0.006 2.62 +0.002
irradiation
1.62 14.10 85.90 4.33+£0.007 2.62 +0.003

5.3.3 Comparison of the indirect CaS carbonatioprocess routes using C@and
H,S gas for CaS dissolution

Two process configurations for the production ajhhpurity CaCQ@ from CaS via indirect mineral
carbonation were studied at ambient temperaturgesgbsure. First, CQyas was used to induce CaS
dissolution and generated a Ca-rich solution, whils second configuration made use g&Hgas. In
the second step of both the process routes, thiewate-free, Ca-rich solution was used to produce
CaCQ of high purity. A summary of the characteristidstloe solid products produced is given in
Table 5.10.
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Table 5.10  Comparison of the all solids charadiesroduced via an indirect CaS carbonation
process routes using G@nd HS gas for CaS dissolution.
CO,-gas route H,S-gas route
Solid Low-grade | High-grade Residue High-grade
CaCQ CaCQ CaCQ
Reaction Cas Ca(HS) Cas Ca(HS)
dissolution | carbonation| dissolution carbonation
Reactor CSTR CSTR CSTR CSTR Glass beaker Glass beaker
configuration
Mode of Overhead Overhead Overhead | Overhead| Magnetic Ultrasonic
mixing stirrer stirrer stirrer stirrer stirrer irradiation
Actual mass
(g/100g 90.6+7.6 18.3+5.3 43.1 £ 1.6 46.1 £ 1|6 45@% 459+13
calcine)
cacq 86.3+4.8 99.4+05 - 99.5+0.03 99.4+0.2 99.5+0.04
(mass%)
Colour Greyish- Pure white Dark grey| Pure white  Pure white Puraevh
white
Mineral phase - Calcite Various Calcite Mixture of Mixture of
(Polymorph) structures calcite and calcite and
vaterite vaterite
Eﬁ;’) Mean size ] 31.85+1.50| 153+3.0| 225+2D 254+17 2250
'BET surface ] 1.19t0 1.95 - ; 0.2600.22| 2.01t04.33
area (M/g)
Density (g/rm) - 2.72 +0.004 - - 2.71+ 0.04 2.62 +0.003

1 Depends on the G@low rate during the carbonation reaction

5.4

Conclusion

The indirect calcium sulphide carbonation procedsh two different process configurations, was

studied. First, C@gas was used for CaS dissolution in the first stefhe process and the results

showed that calcium carbonation and the subsegrenipitation of CaC@took place concurrently

with the CaS dissolution step, which resulted ia firmation of a low-grade CaG@roduct. After

filtration of the leaching solutions, CaG®Of a higher level of purity (> 99% as Cag@as produced.

The high-grade CaCg{onsisted of a single calcite phase (regardlessiroing rate or C@flow-rate)

and the morphology showed characteristic interpatest rhombohedral cubes of calcite. The particles

produced at higher GQlow-rates showed crystals with smoother surfasearper edges and lower

total surface area compared to products produckdvet CQ flow-rates.
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In another process configurationy31gas was used to induce CaS dissolution and @ueegiow in
calcium) was generated in the first step and a-pigiity CaCQ (> 99% as Cacg) in the second step.
The process parameter studied in the CaS dissolgtiep was b6 gas flow-rate. In the calcium
carbonation reaction, the parameters werg f-rate and mode of mixing i.e. mechanical aigta

versusultrasound irradiation.

Increasing the b6 flow-rate succeeded in increasing the kineticghef CaS dissolution and was

shown to have little influence on the mineral cosipon of the residues generated.

Increasing the C&flow-rate during the second step of the proceseased the kinetics of the Cag£O
precipitation/HS stripping reactions under both mechanical agita@nd ultrasound irradiation.
However, the nature of the Cag@roducts in terms of the Cag@olymorph ratios (vaterite to
calcite) was affected. Mixtures of calcite and vétewere produced and while the reaction was more
rapid with higher flow-rates, the ratio of vaterite calcite was also higher. Also, under ultrasound
irradiation the amount of vaterite formed was highad therefore also the polymorph ratios of
CaCQ, compared to mechanical agitation. The higher rdt@® of vaterite in the vaterite-calcite
composite samples, the higher the measured spetcifface area and the lower the density of the

product.

High-purity CaCQ, for possible application in various industrieasteen successfully producéd

the indirect CaS carbonation process.
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Supplementary Information to Chapter 5: The indirect CaS carbonation process.

S5.1. Calcine feed material

X-ray diffraction (XRD) results
The samples were prepared for XRD analysis usibgck loading preparation method. The samples

were analysed with a PANalytical X'Pert Pro powdéfractometer with X'Celerator detector and
variable divergence- and fixed receiving slits wih filtered Co-K radiation. The phases were
identified using X'Pert Highscore plus software. eThelative phase amounts (mass%) were
determined using the Rietveld method.
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Figure S5.1.1 XRD diffractogram of the calcine feed material usddring the indirect CaS
carbonation process

125



Indirects CaS carbonation

WO= 6mm Mag= 100X Signal A = SE2 EHT 5,500 kv

Figure S5.1.2 SEM micrographs of calcine feed material contairihmge different structures: b) Flat
particles; c) particles with holes and d) agglortesa
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S5.2.  Effect of CQ flow-rate on the surface characteristics of the Igh-grade CaCQ

Figure S5.2.1SEM micrographs of the high-purity Cag@roduced in the indirect carbonation
process using C{yas for CaS dissolution. (Ca-rich solution contagr22.5 g £ as Ca,;
initial pH: 10.5; stirring rate: 580 mi) gas flow-rate: 0.44 CO,/min; 3t CSTR
reactor)

Figure S5.2. SEM micrographs of the high-purity Ca@roduced in the indirect carbonation
process using C{yas for CaS dissolution. (Ca-rich solution contagr22.5 g as Ca,;
initial pH: 10.5; stirring rate: 580 miin gas flow-rate: 1.90 CO/min; 3¢ CSTR
reactor)
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S5.3. PSA of the residue produced at variousJ3 gas flow-rates
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Figure S5.3 Laser scattering particle size distidimuanalysis of the residues generated at various
H,S gas flow-rates: a) 0.98min, b) 1.26¢/min and c) 1.82/min in the CaS
dissolution step. (CaS slurry containing 22.8 g9 Ca; initial pH: 11.8;
stirring rate: 700 mit)
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S5.4  Ca(HS) carbonation reaction (following CaS dissolution uisig H>.S(g))

S5.4.1 Laser scattering particle size distribution analyss of the high-purity CaCO;

= T Mediansize 1 246566 (um)
; Mean size : 26.3781 (um)
Std dev. : 12.5098 (um)
10- Geo. mean size : 22.5827 (um)
q g Geo. std dev. : 2.0106 (um)
g .0 3 Mode size 1 24,5196 (um)
- : g Diameter on cumulative %
: : (1) 10.00%: 13.1604 (um)
. - (2) 30.00%: 19.6548 (um)
: : (3) 40.00%: 22.1347 (um)
o | sesty ot : (4) 50.00%: 24.6566 (um)
1000 3000

: (5) 60.00%: 27.4192 (um)
: (6) 70.00%: 30.6381 (um)
: (7) 80.00%: 34.8770 (um)
: (8) 90.00%: 42.1084 (um)
: (9) 95.00%: 49.3418 (um)

Figure S5.4.1 Laser scattering particle sizeidistion analysis of the high-purity CaGO
produced during the carbonation step. (Ca-richtgwi containing 462 mmdl/as
Ca; initial pH: 9.47; stirring rate: 700 min gas flow-rate: 1.12 CO,/min;
1¢ CSTR reactor)

S5.4.2 Initial pH drop upon CO; addition to Ca(HS), solution

a) Mechanical agitation b) Ultrasound irradiation
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Figure S5.4.2 Initial drop in pH upon the addition of G@asto the Ca(HS)solution with time
under a) mechanical agitation and b) ultrasouradiiation (Ca-rich solution
containing 560 mmot/as Ca)
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S5.5  SEM micrographs at low magnification of CaC@products produced at various
CO, flow-rates under mechanical agitation and ultrasoad irradiation.

S5.5.1 SEM micrographs at low magnification of CaCQ products produced at various CQ
flow-rates under mechanical agitation
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Figure S5.5.1 Scanning electron micrographs of Ga®ytals produced under mechanical
agitation at CQflow-rates of a) 0.3@/min, b) 0.90¢/min and c¢) 1.62/min
(Ca-rich solution containing 560 mmbls Ca; stirring; 730 mih)
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S5.5.2 SEM micrographs at low magnification of CaCQ products produced at various CQ
flow-rates under ultrasound irradiation

Figure S5.5.2 Scanning electron micrographs of @alystals produced under and ultrasound
irradiation at CQ flow-rates of d) 0.3&/min, €) 0.90¢/min and f) 1.62¢/min
(Ca-rich solution containing 560 mmblas Ca)
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S5.6  Particle size analysis of CaC{products produced at various CQ flow-rates
under mechanical agitation and ultrasound irradiation.

S5.6.1 Particle size analysiof CaCO; products produced at various CQ flow-rates under
mechanical agitation
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Figure S5.6.1 Scanning electron micrographs of Ga@@stals produced under mechanical

agitation at CQ flow-rates of a) 0.3&/min, b) 0.90¢/min and c¢) 1.62(/min
(Ca-rich solution containing 560 mmbl4s Ca; stirring; 730 mih
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S5.6.2 Particle size analysiof CaCO; products produced at various CQ flow-rates under
ultrasound irradiation
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Figure S5.6.2
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Scanning electron micrographs of @a€ystals produced under and ultrasound

irradiation at CQ flow-rates of d) 0.3&/min, e) 0.90¢/min and f) 1.62¢/min
(Ca-rich solution containing 560 mmblas Ca)
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