Experimental set-up and analytical methods

Chapter 3. Experimental set-up and analytical rathods

In this chapter the feedstock, the experimentalpseind analytical methods used in the study are
described in detail. The design considerationsifermain reactor unit and the experimental setops f
both the direct and indirect mineral carbonatioocpss routes are presented. The methods for wet

analysis and the techniques used for the parti@eacterization are also described.

3.1 Feedstocks

Calcium sulphide (CaS) used in this study as theisgy material was a calcined product produced
from waste gypsum generated at an acid mine watgtradisation plant. Two batches of CaS (May
2011 and April 2012) were prepared by thermal readndn a pilot plant facility (Ruto et al. 2011)
The conversion of the waste gypsum into CaS wa®meed in an electrically heated kiln at 1080°C
with duff coal as the reducing agent. CaS is uhstabambient conditions; it oxidizes in dry airdan
decomposes in moist air. The batch calcined sanwée kept well closed in sealed plastic bags
inside a container filled with nitrogen gas to irestheir stability and avoid spontaneous oxidatmn
CasAQ.

The CaS content of the batch ‘May 2011’ calcineztifenaterial was determined by a wet analytical
method (Appendix A.2.1.). The purity was 50.7 +3rBass% (as CaS). The degree of purity of the
batch ‘April 2012’ calcined sample was initially tdemined by X-ray diffraction and by the wet
analytical method before each experimental run. duréy was 81.7 £ 0.83 mass% (as CaS). The first
batch of calcine (May 2011) was prepared underringatal conditions (gypsum fed directly into the
rotary kiln) and the second batch (April 2012) afteocess optimisation (gypsum was first converted

to bassanite at 200 prior to thermal reduction).
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Gaseous carbon dioxide (100% £@ir Liquide, South Africa) was used i) to indu€aS dissolution
in some of the experiments, ii) to strip hydrogalpbkide gas (E5) from solution and iii) to carbonate

the solubilized calcium derived from CaS dissolutituring all experiments.

Gaseous hydrogen sulphide (100%¥5HPure Gas, South Africa) was used to induce igsolition of
CasS in the two-step, indirect mineral carbonatute in an effort to increase the yield of highityur
CaCQ.

3.2 Experimental setup and equipment

Cas dissolution and the calcium carbonatigB/ltripping reactions were performed in Perspersesti
tank batch reactors. The experimental set-up is/sho Figure 3.1. The reactor (Figure 3.2 (a)) was
equipped with four equally spaced baffles and aggpawith small diameter (< 1mm) openings for the
introduction of the gas. A mechanical overheadestifRW 20 digital from IKA-Werke GmbH & Co.
KG, Germany; Appendix A.1.3) and a Rushton turbimpeller (Figure 3.2 b)) (manufactured by
Manten Engineering, South Africa) were used forimgx A rotameter (Fisher & Porter, different
models for various flow-rates; Appendix A.1.1) wased to control the gas flow-rate. The Rushton
turbine impeller designed for this study had sixtical blades fixed onto a disk. This disk design
ensured that most of the torque of the motor wasighted at the tips of the agitator. All experitsen

were conducted at atmospheric pressure and roopetatare.

The concept for the reactor unit was developeddasgwo main criteria. First, the reactor had ¢o b
suitable for performing precipitation experimentsai controlled and reproducible manner. Second, no
H,S gas was to escape from the reactor. In Figure @fhotograph is shown of the completely

mounted reactor unit and other components.
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Figure 3.1  Schematic diagram of the experimentalipaised for CaS dissolution and calcium
carbonation / 5 stripping: 1) closed stirred tank reactor; 2) iRas turbine; 3)
sparger; 4) overhead stirrer; 5) pH, EC, tempeegpuobe; 6) data logger; 7) gas
cylinder (CQ or CG/N, or H,S); 8) rotameter; 9) §$ scrubber; 10) sampling port

Figure 3.2  Photograph of the a) 3-litre CSTR reaatml b) Rushton turbine
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Figure 3.3  Photograph of the completely assembipdremental set-up

3.3 Experimental procedure for PCC production

The degree of purity of the calcine sample, exgess % CaS, was determined by X-ray diffraction
(XRD). The calcine sample was subjected to aqud@msslution, carbonation and stripping in either a
one-step (direct) or a two-step (indirect) procédse one-step process involved the simultaneous
dissolution and carbonation of CaS in a singletmg&igure 3.4). In the two-step process, eithey C
gas (Figure 3.5) or 1% gas (Figure 3.6) was used to induce CasS dissnlufihe characteristic of the
indirect process was the adoption of two sepam@teaus steps for i) the dissolution of CaS antthé)
carbonation of solubilized calcium. The advantafyéhis approach over the direct process is that eac
individual step can be optimized separately, inooapng further steps if needed. In addition, the
adoption of this dual approach provided insight itiite conditions at which CaGOf different grades

can be produced.
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Figure 3.4  Process flow diagram for the one-stepctiaqueous mineral carbonation process
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Figure 3.5  Process flow diagram for the two-stegjrect mineral carbonation using €@as for

CaS dissolution
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Figure 3.6  Process flow diagram for the two-stagijrect mineral carbonation using¥igas for
Cas dissolution

Throughout the one-step and the two-step processikssamples of the CaS suspensions and the
Ca-rich solutions were collected from the reacttnegular intervals and filtered using 0.45um PALL
acrodisc PSF GxF/GHP membranes (Microsep (Pty) &tith Africa). The filtrates were analysed
for their calcium and sulphide contents. Upon catiph of the experiments, the final suspensions
were removed from the reactor and filtered usirp@m Millipore HA membranes (Microsep (Pty)
Ltd, South Africa); the wet solids retained on fhier (also known as the filter cakes) were drad
60C for 24h and characterized.

3.4 Analytical methods

Suspensions and filtrates analysis

The pH, temperature and electrical conductivityttté suspensions contained in the reactor were
recorded over time throughout the dissolution/pirig/carbonation process using a Hanna HI 9828
multi-parameter logger, a HI 769828/4 probe bodyhwa HI769828-1 pH/ORP sensor and Hi
769828-3 EC sensor (Hanna Instruments, South AfAgpendix A.1.2). Before every experimental
run, pH and conductivity calibrations were perfodnesing certified standard calibration solutions,

supplied by Hanna Instruments SA.
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Total sulphide concentration (sum of dissolvesSHHS and &) of the filtrates was determined
iodometrically, where an excess of added iodine lbeck- titrated with sodium thiosulphate. The
analysis was carried out manually on filtered §oluble sulphide) and unfiltered (for total sulgid
i.e. in both solution and solid phases) samplesrditg to procedures 4506:odometric method
described in Standard Methods (Clesceri et al. 198% sulphide in the solid phase and the sulphide

stripped from solution were calculated by differenc

The concentration of calcium ions in solution wasedmined by direct complexometric titration with
ethylenediamine tetraacetate (EDTA) according & glocedure 3500-Ca/EDTA titrimetric method
(Clesceri et al. 1989) or by ICP-MS at an accredigdoratory (Consulting and Analytical Services,
CSIR, Pretoria, South Africa).

Solids characterization (feedstock and filter cakes

In addition to the chemical composition, the bebawiof particulate materials is often dominated by
the physical properties of the particle. Some efithportant physicochemical properties determined
on selected solid samples during the study inclugetymorphic and morphology analysis, particle
size, specific surface area, pore volume, pore, stdensity and elemental analysis. The
instrumentation/technique and the characterizafiaeility used during the study are listed in
Table 3.1.
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Table 3.1 Analytical techniques used for solidsrabierisation

Instrumentation or technique Particle characteristic Characterization facility

XRD Analytical and

Powder X-ray diffraction (XRD) Crystallinity and [ymorph Consulting cc (Dr S Verryn)

National Centre for
Polymorphic form Nanostructured Materials
(M de Beer, author)

Fourier transform infrared
spectroscopy (FTIR)

National centre for

Scanning electron microscopy Surface analysis d ial
(SEM) (Morphology) nanostructured materials

(S Eggers and C Maepa)
Energy dispersive X-ray National Centre for
spectrometry (EDS) attached to | Elemental analysis Nanostructured Materials (S
SEM Eggers)
Particle size analyser (PSA) Particle size distiilou Consulting and Analytical

Services (C Pretorius)

National Centre for
Nanostructured Materials
(K Selatile)

Specific surface area, pore

Brunauer-Emmett-Teller (BET) volume and pore size

National Centre for
Pycnometer Bulk density Nanostructured Materials
(Y Mngangeni)

Powder X-ray diffraction patterns (XRD) were ob&infrom a PANalytical X'Pert Pro powder
diffractometer using Cu-i radiation with X'Celerator detector. XRD patteria&ken at high angles
(26 = 10 - 90°) were carried out using a step size 020and scan speed of 0.03° per second. The
samples for the feed material and products werpapeel using a back loading preparation method.
The phases were identified using X'Pert Highscaes software and the relative phase amounts
(mass%) were estimated using the Rietveld quainttanalysis, a powerful method for determining

the quantities of crystalline and amorphous comptsi& multiphase mixtures (Hiller 2013).

Attenuated total reflection Fourier transform iméd spectroscopy (ATR-FTIR) was used to measure
the lattice vibrations of the CaG@roducts. The infrared spectra were recorded@hremperature
with a Perkin-Elmer Spectrum 100 Fourier Transfonfnared Spectrometer (FTIR) equipped with a
Perkin-Elmer Precisely Universal Attenuated Totefl&tance (ATR) sampling accessory equipped
with a diamond crystal. The Perkin-Elmer Spectrud® FTIR is an optical system that gives data
collection over the total range of 7800 to 3707cmith a best resolution of 0.5 cmwith a
mid-infrared detector as standard (DTGS, deuterdteglycine sulphate). The instrument was
connected to a PC which utilized Spectrum softwareontrol the instrument and to record the
spectra.

The powdered sample was placed on the crystal afodcea was applied to ensure proper contact

between the sample and the crystal. The spectrdy stas extended over the range 4000-406,cm
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with a resolution of 4 cthand 32 accumulations. The spectra were analysad tiee Spectrum 100

software (Perkin Elmer).

High-vacuum scanning electron micrographs (SEM isagvere collected using a JEOL JSM7500
microscope to obtain information on morphologiesl aize distribution of the solid materials.
Samples were dispersed on carbon tape and spatigretwith a thin, conductive layer of gold using

an Emitech K950X sputter coater. The acceleratmtage was 2.00 kV.

Energy Dispersive X-Ray Analysis (EDX), also reéeirto as EDS, is an x-ray technique used to
identify the elemental composition of materials.eTEDX system used was attached to an SEM
instrument (FIB-SEM, Auriga from Carl Zeiss) whettee imaging capability of the microscope
identified the specimen of interest. EDS makesafste X-ray spectrum emitted by a solid sample
bombarded with a focused beam of electrons to wlatdocalized chemical analysis. X-ray intensities
are measured by counting photons and the prediditainable is limited by statistical error. For praj
elements it is usually not difficult to obtain aepision (defined asc) of better than + 1% (relative),
but the overall analytical accuracy is commonlyreeto 2%, owing to factors such as uncertainties i
the composition of the standards and errors irvéin®us corrections that need to be applied tadhe
data.

The particle size analysis was carried out usinglagiba LA-950 particle size analyser with a
detection range of 0.01 to 3000 um. The Horiba 158-%article size analyser uses the laser
diffraction method to measure size distributiomstte laser diffraction (LD) method, the detection
and analysis of the angular distribution of dispdrBght produced by a laser beam passing through a
dilute dispersion of particles is directly relatectheir size. The Mie scattering theory used adldhe
conversion from the distribution of intensity (dea¢d light energy) to volume measurements to be

carried out.

The most common technique to determine the spestifitace area and pore volume of solid particles
is the Brunauer-Emmett-Teller method (BET). A Tarstl 3020 BET from Micrometrics was
employed to determine the specific surface areddfapore volumes by using nitrogen adsorption at
the liquid nitrogen temperature (-196°C or 77K).eTébsolute pressure measurement range for the
instrument is 0 to 50 mmHg with a resolution witlif05 mm Hg, an accuracy within 0.5% and
linearity within 0.25% of full scale. Surface aremslow as 0.01ffy, total surface area of 0.1mnd a
pore volume from 4 x IDcn?/g can be measured with the standard nitrogenrsy$teor to analysis,
the samples were preconditioned to remove the htymadisorbed to the particle surfaces. This
de-gassing procedure was accomplished by applfavgied temperatures (120°C for 20 hours) to the
samples in conjunction with vacuum in the Microrniesi VacPrep 061 sample preparation device.
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The pore size was estimated by the BJH (Barreyielp Halenda) equation and statistical thickness
(t-plot) equation. The BJH equation is the modifigelvin equation and predicts the pressure at which

the adsorptive spontaneously condenses (and evappitaa cylindrical pore of a given size.

The densities of the samples were measured byianheglas pycnometer (AccuPyc Il 1340) from
Micromeritics at room temperature (24°C). This gheal technique uses a gas displacement method
to measure the volume accurately. Instrument aisafgproducibility is typically within £ 0.01% of
the nominal full-scale cell chamber volume, witlc@@cy within 0.03% of reading, plus 0.03% of
sample capacity. Helium gas was used as the daplent medium for this study. The sample was
sealed in a compartment of known volume, the helga® admitted and then expanded into another
precision internal volume. The measured pressusésd and after expansion were used to compute
the sample volume. This volume was divided into shenple mass to yield the gas displacement

density.

References

Clesceri, L.S., Greenberg, A.E. and Trussel, Rdrls.), 1989Standard Methods for the Examination
of Water and Wastewatet7th Edition. Washington: American Public Healtrs8siation.

Hiller, S, 2013. Accurate quantitative analysisctdy and other minerals in sandstones by XRD:
comparison of a Rietveld and a reference intensitip (RIR) method and the importance of sample
preparationClay Minerals,35(1), 291-302.

Ruto, S., Maree, J.P., Zvinowanda, C.M., Louw, \&nH Kolesnikov, A.V., 2011. Thermal studies on
gypsum in a pilot-scale, rotary killater in the South African Minerals Industry Coefere,15-17
February 2011, The Southern African Institute ofnig and Metallurgy, The Southern African
Institute of Mining and Metallurgy.

42



