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ABSTRACT

Three alternatives for the utilisation of the phosphogypsum from the
Lowveld region of South Africa were investigated in this thesis, namely (a)
its suitability for use as building material; (b) its conversion to saleable
ammonium sulphate and precipitated calcium carbonate; and (c) the
reaction mechanism, pathway and kinetics of its thermal reduction with

graphitic carbon to calcium sulphide.

The phosphogypsum contains activity concentrations of naturally
occurring radioactive nuclides of uranium, thorium and their progenies that
are lower than the 500 Bg/kg limit set for regulation in South Africa. The
K-40 activity concentration is below the minimum detectable amount of
100 Bg/kg by gamma spectrometry. The calculated values for Hex, Hin and
l, are: 2.12 + 0.59, 3.44 + 0.64 and 2.65 + 0.76 respectively. The
calculated Ragq is 513 + 76 Bg/kg. The phosphogypsum is suitable for
restricted use in building materials but a final decision for its use should

be taken with the consideration of scenarios of use.

The phosphogypsum was converted to ammonium sulphate and
precipitated calcium carbonate in a Merseburg process that has been
modified by omitting the CO, scrubbing towers. This modification reduced
the heating requirement in the gypsum conversion reactor by 35 °C. The
calcium carbonate precipitated as calcitic, scalenohedral polymorphs with

a mean size of 3.4+ 0.1 ym in diameter.

A kinetic study of the reaction between phosphogypsum and graphitic
carbon was carried out in the range 25 °C to 1200 °C using a TG-DSC
analyser. The results showed that after the dehydration of the
phosphogypsum to anhydrite the anhydrite converts to calcium sulphide
via an intermediate compound, characterised by a mass loss of 11%. The

average activation energy for the reduction of phosphogypsum with



graphite was determined using the Ozawa-Flynn-Wall- (OFW) and
Kissinger-Akahira-Sunose (KAS) methods to be between 330-370 kJ/mol.

The reaction pathway for the thermal reduction of the phosphogypsum
with graphite was studied using in situ Raman spectroscopy. The
dehydration of the phosphogypsum to anhydrite was completed at about
142 °C. The dehydration was followed by the formation of the
intermediate compound at about 900 °C. The intermediate compound,
proposed to be a dehydrated Orschallite-type  compound
(Caz[S04][SOs3]2), converted to CaS at about 1000 °C.
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DEFINITIONS

Absorbed dose: total energy absorbed from ionizing radiation per mass of the
absorber. Gray (Gy) =1 J/kg = 100 rad.

Dose equivalent: measure of the biological health risk, absorbed dose x
Quality factor: Sieverts (Sv) = 100 rem, where the quality factor is used to
modify the absorbed dose by multiplying to obtain a quantity called the
equivalent dose. It is used because some types of radiation, such as a
particles, are more biologically damaging internally than other types such as
the B particles. The factor is determined by the US Nuclear Regulatory
Commission (NRC) and is the same basic quantity as the radiation weighting

factor as defined by the International Commission on Radiological Protection.

Electron capture is one process that unstable atoms can use to become more
stable. During electron capture, an electron in an atom's inner shell is drawn
into the nucleus where it combines with a proton, forming a neutron and a

neutrino. The neutrino is ejected from the atom's nucleus.

Grab samplingis asampling technique which is a single sample or
measurement taken at a specific time or over as short a period, as
feasible. Grab samples provide an immediate sample, and are thus preferred

for some tests.

Radiation exposure: amount of ionizing radiation that produces 2.58
Coulombs per cm? of STP air Roentgen (R)

Radioactivity: a measure of the number of nuclear disintegrations per second:

1 Becquerel (Bq) = 1 disintegration / second; One Curie = 3.7 x 10 Baq.

Xiii



LIST OF SYMBOLS
o- Alpha

B- Beta

vy - Gamma

A~ Activity

I' - Irreducible representation

Xiv



CHAPTER 1
INTRODUCTION

1.1 Phosphoric acid production and phosphogypsum

Phosphate ore is available in abundance on earth and there are over fifty
phosphate processing operations in the world. Ten of these operations
are in Africa and one of these is in the Lowveld region of South Africa as

shown in Figure 1.1.

The wet process of phosphoric acid production involves the digestion of
fluoro-apatite ore (Caio(PO4)sF2) with sulphuric acid (H,SO,) as described
by Equation 1.1 (Al-Jundi et al., 2008; Pereira and Bilal, 2012). The
phosphoric acid production also produces hydrogen fluoride (HF) as a by-
product. Aluminium silicate (Al,SiOs) and caustic soda (NaOH) are added,
followed by a flocculent for the removal of the fluorides in the phosphoric
acid. The settled coagulated solids are removed from phosphoric acid by
filtration.

Equation 1.1 also shows that along with each ton of phosphoric acid
(HsPO,) produced, 1.7 tons of calcium sulphate dihydrate (CaS0O,4.2H,0),
commonly known as gypsum or specifically phosphogypsum, is produced

as a by-product.

Cayo(PO,)s F, +10H,80, + 20H,0 —10CaS0, - ¥) H,0 +6H,PO, + 2HF ...(1.1)

Each year approximately 550 kilotons of phosphogypsum are generated
as a by-product. The phosphogypsum is stored in waste stacks alongside

the phosphoric acid manufacturing facility.
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Figure 1.1: The number of phosphate and phosphoric acid operations that are
active the world (Abouzeid, 2008)

A typical composition of phosphate ores is shown in Table 1.1.
Appreciable amounts of the metal impurities (Si, Al, Fe, Mg, Na, K, Ti, S,
F and CI are expected to be present in both the phosphoric acid and the

phosphogypsum.
Table 1.1: Typical composition of phosphate ores (Gulbrandsen, 1966; Mar and
Okazaki, 2012)
Element oxides Typical XRF results
SIiO; 0.8 - 36.5
Al,O3 1.7-8.2
Fe,O3 0.3-6.4
MgO 0.3-22
CaO 440-71.0
Na,O 02-22
K.O 0.0-1.2
TIiO, 0.0-05
P,0s5 6.1 -33.6
SO; 02-1.1
F 31
Cl 0.0-0.2
organic matter 2:-1
Uranium averages | 0-009




1.2 Environmental concerns related to phosphate operations

The mining and processing of phosphate rock, all over the world, is
usually associated with stockpiles of phosphogypsum and other
phosphate waste. Figure 1.2 shows some examples from (2a) Louisiana —
USA, (2b) Florida — USA, (2c) Dorowa — Zimbabwe and (2d) Phalaborwa
— SA. The excess water from the phosphogypsum stacks in Phalaborwa is
pumped back into the phosphoric acid plant for reuse but there exists a
possibility for some acidic water and sulphate (SO4*) to leach into the
ground water and surrounding aquatic systems. The aerial view of
Phalaborwa in Figure 1.2d shows the natural water stream Ga-Selati
River that runs along the phosphoric acid production complex into the
Oliphants River. The Oliphants River runs through a major nature reserve,
the Kruger National Park, and is a source of drinking water to wildlife in
this reserve. Although sulphates are not toxic in low concentrations, at
very high aqueous concentrations sulphates have been reported to have
adverse health impacts on animals. At a concentration of about 1200 mg/I
in water SO,* causes a significant but clinically mild increase in stool

mass in adult humans (Heizer, 1997).



Figure 1.2: Aerial view of phosphate/phosphoric facilities showing
alongside the stockpiles of phosphogypsum/Phosphate
indicated with red arrows: (2a) Florida, USA; (2b) Louisiana,
USA; (2c) Dorowa, Zimbabwe; (2d) Phalaborwa, South Africa

The concentration of sulphates is restricted to 500 mg/l SO4? in ground
water and 2000 mg/l SO,? in industrial effluents (Wagner and van
Niekerk, 1987). There is agreement in the reports by Loneragan et al.,
(2001) and Cammack et al., (2010) that high levels of sulphate in water
result in reduced water intake by animal feedlots and affect the quality of
their carcasses. However, the concentrations reported by these authors
where the adverse effects were experienced are different. Loneragan et
al., (2001) observed the adverse effect on animals that drank water with
concentrations of SO, > 500 mg/l, where Cammack et al., carried out a

controlled study and reported the concentration of 1200 mg/I.



1.3 Aims of the study

The aim of this study is to investigate ways of utilising the Phalaborwa
phosphogypsum by means of value addition, either by converting it to
materials of industrial, economic or social benefit such as building
materials, ammonium sulphate, and calcium carbonate or by converting it

to elemental sulphur.

1.3.1 Evaluation of Phalaborwa phosphogypsum for use as

building materials

This study evaluates the suitability of the phosphogypsum from
Phalaborwa, South Africa for the manufacturing of building materials such
as bricks, boards etc. with reference to (i) the South African Nuclear
Regulation Act 47 of 1999 of South Africa and its regulations and (ii) the
associated risks of radioactivity as quantified in terms of: radium
equivalent (Raeg), internal and external hazard indices (Hi, and Hex), and
concentration index (I,), and these will be evaluated against the
international guidelines. The outcome of this study is published in the
article: Msila X, Labuschagne F, Barnard W, Billing, DG (2016) Radioactive
nuclides in phosphogypsum from the Lowveld region of South Africa.
South Africa Journal of Science, vol. 112, no. 1, pp 98-102.
http://dx.doi.org/10.17159/sajs.2016/20150102. The article forms the basis
of Chapter 3 of this Thesis.

1.3.2 Conversion of phosphogypsum to ammonium

sulphate and precipitated calcium carbonate

This study evaluates the technical feasibility of converting the Phalaborwa
phosphogypsum (CaS04.2H,0) into ammonium sulphate ((NH4).SO,4) and
precipitated calcium carbonate (CaCQO3) in a Merseburg process that has

been modified by omitting the carbon dioxide (CO;) absorption towers


http://dx.doi.org/10.17159/sajs.2016/20150102

(C16 and C17 in Figure 1.3) and instead forming the ammonium carbonate
((NH4)2COs3) in the gypsum (CaS04.2H,0) convertor.. The outcome of this
study is published in the article: Msila X, Billing D, Barnard W (2016)
Capture and storage of CO, in phosphogypsum — the modified Merseburg
process. Clean Technology and Environment Policy. Published online
26/03/2016, DOI: 10.1007/s10098-016-1157-4. The article forms the basis
of Chapter 4 of this Thesis.
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R-4 Primary reactor 5-12 Bateh ar continueus centrifuge

R-5 Secomdary reactor SC-13 Dryer conveyor

F=6 Calelum carbomste filter O-14 Rotary dryer

T-7 Ammonium carbomate storage tank 5C-15 Product conveyor

5-B Sulfate-ldguor clarifier C-16, C-17 AmAgnium carbonate towers

Figure 1.3: Gypsum - Ammonium Carbonate (Merseburg) process (reproduced
from Alienov, 1998)

1.3.3 Recovery of elemental sulphur from phosphogypsum

The African continent is a major importer of sulphur (Ratlabala, 2003).
Countries like Zambia and the Democratic Republic of Congo (DRC)
import large tonnages of sulphur at a high cost to manufacture sulphuric
acid for the reduction of oxidised ores such as in the production of
phosphoric acid. Over 95% of phosphate production is consumed in
fertilizers (Abouzeid, 2008)




South Africa alone by 2009 had imported 1.5 million tons of sulphur per
year from the Middle East and Canada (Mokaila, 2003). The demand for

sulphur is also expected to increase in line with increased fertiliser usage.

Sulphur is cheap but the costs are inflated by the cost of transportation.
Figure 1.4 shows the average free on board (FOB) prices of sulphur as
delivered to Alberta (Canada), US West Coast, Houston, Nola Flora (New
Orleans) and a spot price in Tampa (Florida). The error bars indicate the
standard deviation between the average prices. The unpredictability of the
increase in the sulphur price such as that experienced in 2008 poses a
serious risk to the production of phosphoric acid and as a result to the
fertilizer industry, the major consumer of phosphoric acid. For this reason
the fertilizer industry has a vested interest in alternative sources of
sulphur. One possible source of sulphur is the sulphate thermal reduction
followed by sulphide stripping and elemental sulphur production through

the PIPco or Iron process.
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Figure 1.4: Averaged and the standard deviation of FOB prices of sulphur to
Alberta, US West Coast, Houston, Nola Flora and Spot TAMPA for the
period January 2003 — July 2013 (Source: InterChem)

This study will focus on probing the reaction mechanism pathway and the

kinetics of the reduction of phosphogypsum to calcium sulphide (CaS)



using graphite. The CaS can be converted to precipitated calcium
carbonate and hydrogen sulphide (H.,S) as shown in Equation 1.3. The
H.S can be converted to elemental sulphur in variety of processes such
as: The traditional Claus process in Equation 1.4; The two step PIPco

process (Ray et al., 1990) as described by Equations 1.5 — 1.6.

CaS(s)+ H,O(1) +CO,(g) > CaCO,(S) + H,S(g) --nvoveiiiiiiee e (1.3)
2H,5(9) +50,(9) = 35(S) +2H,O(1) e, (1.4)
H,S(0)+ 100,(9) > S0,(9) + H,0(8) oo (1.5)
2H,5(9) +S0,(Q) = 2H,O() +35(S) e, (1.6)

The outcome of the study is published in the articles: (a) Msila X, Barnard
W, Billing DG (2015) Raman spectroscopic study of the thermal reduction
of phosphogypsum with a carbonaceous material. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy, pp 317-322, DOI:
10.1016/j.saa.2015.04.017 (b) Msila X, Barnard W, Billing D (2016) TG-
DSC kinetics study of phosphogypsum reduction with graphite. Journal of
thermal analysis and calorimetry. (In review). These two papers form the

basis of Chapter 5 of this Thesis



CHAPTER 2

GENERAL LITERATURE REVIEW

2.1 Radioactive nuclides in phosphogypsum - suitability for

use as building material
2.1.1 Radioactive nuclides and their decay mechanism

An atom is characterised by the positive charge (Ze) in its nucleus and the
atomic mass. The number of protons (Z) in the nucleus is known as the
atomic number and it determines the element’s identity. The nucleus also
contains a varying number of neutrally charged particles called neutrons
(N) with a similar mass to protons. The mass number (A) of an element is
the sum of the number of protons and the number of neutrons (Z+N). An

arbitrary element (X) can therefore be represented as:

A
Z X N
The N is usually omitted in the nomenclature and the oxygen atom is

16
represented as: 80

For elements with less than 20 protons (Z < 20) the number of protons
and neutrons is approximately the same. For Z > 20 the nucleus tends to
be neutron-rich as is shown by the deviation from the line Z=N in Figure
2.1. The energy released by combining the neutrons and the protons to
make the nucleus is called the binding energy. The binding energy

therefore increases more and more at Z > 20. These elements with a



large number of protons will tend to be unstable due to the higher
Coulombic repulsion force between protons caused by high packing
density.

The nuclei with a higher number of protons tend to release energy and
particles (decay) in order to form new nuclides in the energy stable zone
indicated by the black colour in Figure 2.1. The modes of decay are alpha
(a), beta (B) and spontaneous fission. The nuclei with N > 150 tend to
decay by spontaneous fission i.e. splitting of heavy nuclide to two nuclei of
approximately the same mass number (A). The different colours in the
radionuclide charts indicate the different modes of decays.
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Figure 2.1: Chart of radionuclides in a plot of Z
versus N (www.nndc.bnl.gov/chart/)
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The nuclei of N> 83 tend to decay by alpha (a) emission. The alpha
decay mechanism can be expressed as shown in Equation 2.1:

O o 2 oL © SR (2.1)

where Q is the energy released by the decay process, and alpha is a

particle equivalent to a;He nucleus.

Unstable nuclei can also undergo negative beta decay as shown in

Equation 2.2:

IX o AY 4 B HVAHQ, i (2.2)

OR
positive beta decay as in Equation 2.3.

X =AY BT HVHQu (2.3)

where Qg+ and Qg. represent the energy release during the beta (B)

decay, v represents neutrino and v represents antineutrino
OR

electron capture where an electron in an orbital close to the nucleus
reacts with a proton to form a neutron. The alpha, beta and spontaneous
fission mechanism can leave the nucleus excited and the excited nucleus
can release the energy by emitting gamma-ray (y). Figure 2.2 depicts the

mechanism of decay from the parent nucleus /X into different daughter

nuclei.

12
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Figure 2.2: Transition diagram for decay modes of a radioactive nuclide, with
mass number A and atomic number Z (shown are a, B, emissions, EC
denotes electron capture). http://www2.lbl.gov/abc/

Table 2.1 summarises the various decay mechanisms, the forms of
energy, particle or photon released by each mechanism type. The gamma
(y) decay is a massless photon that has the ability to penetrate human
tissue and is classified as indirect ionising radiation. An example is given
in Figure 2.3 where the barium nucleus emits the gamma ray to result in
an energetically stable nucleus. (http://www.epa.gov/radiation .accessed
on 4.12.2015)
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Table 2.1: Summary of the radioactive decay mechanism

Decay Type

Emitted
Particle

AZ

AA

Occurrence

Alpha (a)

4 2+
,He

N>83

Beta (B)

Energetic e”,
Y

+1

m[*Z] > m[*(Z+1)]
+m[.e]

(Parent nucleus)
> (Daughter
nucleus) +
(electron)

Proton
Emission

Energetic e,
Y

m[z] > m[A(Z-1)]
+m[.e’]
(Parent nucleus)
> (Daughter
nucleus) +
(positron)

Electron
capture

m*Z]  +m[.e]
> m[*(Z-1)]
(Parent nucleus)
+ (electron) >
(Daughter
nucleus)

Gamma (y)

Photon

Any excited
nucleus
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Figure 2.3: The mechanism of y radiation, the matter penetration ability by a,
and y radiation.

2.1.2 Measurement of radioactivity

The specific activity (Bg/kg) of the radionuclides is measured with a
gamma-ray spectrometer fitted with a photon counter. The activity per
mass unit for each radionuclide detected is calculated using Equation 2.4.

N ..
A. = E
. (e xtxyy xM,) (2.4)

where Ng; is the Net Peak Area of a peak at energy E,
¢ g Is the detection efficiency at energy E,
tis the counting time,

v4 is the number of gammas per disintegration of this nuclide for a

transition at energy E, and Ms is the mass in kg of the measured sample.
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The standard international units of measure for number of decays per
second or activity is the Becquerel (Bg) named after the discoverer of
radioactivity, Henri Becquerel (Genet, 1995). The alternative units are
Curie after Pierre and Marie Curie (Curie, 1904 and Curie, 1911).

2.1.3 Radioactive nuclides in apatite ore

Worldwide average radionuclide activity concentrations in the earth’s crust
are about: 40 Bg/kg of radium; 40 Bqg/kg of thorium; and 400 Bqg/kg of
potassium (ECRP, 1999). Uranium, thorium and their daughter products
exist in apatite ores of sedimentary origin (El-Taher and Makhluf, 2010;
Pereira and Bilal, 2012) in concentrations above earth crust averages.
The radioactive nuclides in the phosphate process material in the Lowveld

and the results are given in Table 2.2.

Table 2.2: Activity concentrations in the process material of the phosphate plant
in the Lowveld of South Africa (van der Westhuizen, 2004)

Radioactive nuclide | Activity concentration (Bg/kg)
Phosphate rock | Tailings

28y 140 260

*°Ra 140 270

210pp 120 Not reported
282Th 470 310

*®Ra 550 330

28Th 550 350

Uranium, radium and thorium occur in three natural decay series headed
by uranium-238; uranium-235 and thorium-232 (Garcia-Talavera et al.,
2001; van der Westhuizen, 2004). The radionuclides formed from the

16



uranium-238; uranium-235 and thorium-232 decay series. The mode of
decay and their half-lives are shown in Figures 2.4 to 2.6.

17
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Figure 2.4: Natural decay series of Uranium-238 showing the modes of decay (a = alpha; B =beta) and the half-lives of the
daughter nuclides (Coles et al., 1978)
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Figure 2.5: Natural decay series of Uranium-235 showing the modes of decay (a = alpha; B =beta) and the half-lives of the
daughter nuclides (Coles et al., 1978)
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Figure 2.6: Natural decay series of Thorium-232 showing the modes of decay (a = alpha; B =beta) and the half-lives of the
daughter nuclides (Coles et al., 1978).
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The progenies of radionuclides in Figures 2.4-2.6 are therefore also
present in the apatite ore in appreciable concentrations depending on the

age of the ore and their respective half-lives.
2.1.4 Radioactive nuclides in phosphogypsum

Although part of the radionuclides from the ore ends up in the phosphate
fertilisers (Pfister et al.,, 1976), phosphogypsum generated from the
processing of apatite ore contains appreciable activity concentrations of
these radionuclides: uranium-235, uranium-238 and thorium-232 and their
natural decay products (Balakrishnan et al., 2012; Dias et al., 2010).
Radioactive nuclide concentrations and the calculated radium equivalent
values in phosphogypsum from countries other than South Africa are
listed in Table 2.2. The term radium equivalent reported in the right-most
column of Table 2.2 is described and discussed in detail in Chapter 3.

Table 2.3:  “)K, ***Th and ***Ra concentrations in phosphogypsum from countries
other than South Africa

Country | Number  of | K | **Th | **Ra | Rae Reference
samples
(Barkg)
Jordan |15 40 |- 376 - Al-Jundi et
al., 2008
Serbia - 8.7 | 8.7 439 452 Rajkovic and
Toskovic,
2002
Egypt - - - - 439 Hussein,
1994

(- indicates not reported)

When phosphogypsum is considered for use as a building material,

regional regulatory controls of radioactive materials should be taken into
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consideration as a measure of radiation exposure or potential exposure to
inhabitants. In the case of South Africa it must be tested against the
requirements of the South African Nuclear Regulation Act 47 of 1999 of
South Africa and its regulations. There are several other indices that are
internationally recognised for hazard quantification of radioactive nuclides
contained in building materials. Several studies, done in different
countries, show that the building materials such as bricks contain
appreciable concentrations of radioactive nuclides. Some of the findings
are listed in Table 2.3.

Table 2.4: Concentration of Radium-226 [Cgr,], Thorium-232 [Cy,] and Potassium-
40 [C«] and calculated Radium Equivalent [Raeg] in building bricks
from countries other than South Africa

Country Number of | Cra | Cmn | Ck Ra., | Reference

Sample Ba/kg
Norway 6 104 | 62 1058 | 276 Stranden, 1976
Greece 6 49 24 670 135 Papastefanou et al., 1983
Australia 25 41 89 681 220 | Beretka & Mathew,1985
Netherlands | 14 39 41 560 141 | Ackers et al., 1985
Egypt 1 20 14 204 56 El-Thaway & Higgy, 1995
India 1 48 52 381 152 Kumar et al., 1999
Sri Lanka 24 35 72 585 183 | Hewamanna et al., 2001
India - 18 19 238 46 Ravisankar et al., 2011
India - 47 20 349 114 | Viruthagiri et al., 2011

(- indicates not reported)

2.1.5 Impact of radioactive nuclides on human health

Ghissassi et al. (2009) described the health effect of radiation to humans

in the review study in the following manner:
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“‘Alpha (a) particles, consisting of two protons and two neutrons,
are an ionising type of radiation with low capacity to penetrate
living tissue (less than 0.7 mm). Beta () particles are electrons or
positrons that are less ionising, but more penetrating (up to a few

L1

millimetres).....” “..... Epidemiological evidence shows a number of
radionuclides that emit alpha (a) or beta (B) particles increase
cancer risks at several anatomical sites. Radon exposure occurs
mainly through contamination of indoor air by radon released from
soil and building materials. Combined analyses of case-control
studies now estimate that residential exposure to radon gas is the
leading cause of lung cancer after tobacco smoke (8-15%

attributable risk in Europe and North America).”

The presence of Ra-226 in phosphogypsum is of particular importance
since it directly decays to Rn-222. The Rn-222 is a gas with a half-life of

3.8 days. It decays via alpha which gives.

2.1.6 Decay rates equilibria

As the radioactive nuclides decay their concentration decreases at the

rate determined by their decay kinetics and is described by Equation 2.5.

where L is the decay constant of a specific radio nuclide in s™* and N is the
number of the radionuclide atoms. The activity concentration of the

radionuclide N is given by Equation 2.6.
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Activity (A) =—(d %t)= AN e (2.6)

The integral of Equation 2.6 is described by Equation 2.7

And therefore:

NN = A 4 C e (2.8)

The concentration of the daughter radionuclides increases at the same
rate of parent decay. But if the daughter radionuclide is also unstable it
also decays. The state when the rate (£) of parent and daughter
radionuclide decays is the same is referred to as secular equilibrium. The
state of secular equilibrium requires that the parent radionuclides have a
much longer half-life than the daughter radionuclide. The state of secular
equilibrium for arbitrary radioactive nuclides N; and N, can be

represented as in Figure 2.7.

-

Figure 2.7: Depiction of decay rates (A) of arbitrary
parent nuclides N; and daughter nuclide
N, and the state of secular equilibrium



Expressed mathematically, if N; is the concentration of the parent
radioactive nuclides and N is the daughter concentration:

in natural ores are in a state of secular equilibrium the equilibrium can be
disturbed when the ores are mined and processed. The disturbance of
secular equilibrium can result in the partitioning of the parent and/or
daughter radioactive nuclide concentrations into the product(s) or by-

products of the process as reported by Al-Jundi et al., 2008.

2.2 Conversion of phosphogypsum to ammonium

sulphate and precipitated calcium carbonate

2.2.1 Ammonium sulphate and calcium carbonate

applications

The phosphogypsum can be converted to the saleable products:
ammonium sulphate and precipitated calcium carbonate using ammonium
hydroxide. The details of the process of conversion are covered in section
4.1 and the application of ammonium sulphate and calcium carbonate are
covered in sections 4.1.1 to 4.1.3.

25



2.3 Sulphur recovery

2.3.1 Sulphur recovery from gypsum

Sulphur recovery from gypsum proceeds by thermal reduction via the
formation of calcium sulphide, followed by sulphide stripping with carbon
dioxide and finally the production of elemental sulphur in the PIPco or Iron

processes (Nengovhela, 2008).
2.4 Hypothesis formulation

2.4.1 Hypothesis 1

Phosphogypsum from Phalaborwa, South Africa contains low levels of
radioactive nuclides and therefore can be exempted from regulation
control in South Africa. The phosphogypsum also has sufficiently low

levels of radioactive nuclide and is suitable for use in building materials.
2.4.2 Hypothesis 2

Phalaborwa phosphogypsum can be consumed in large quantities by
converting it to high value ammonium sulphate and precipitated calcium

carbonate in a modified Merseburg process.
2.4.3 Hypothesis 3

The reduction of gypsum is preceded by dehydration to a soluble
anhydrite that converts to an intermediate compound before the final
transformation to calcium sulphide. This hypothesis will be tested by
following the reaction pathway from gypsum dehydration to gypsum
reduction using High Temperature X-ray Powder Diffraction,

Thermogravimetric analysis, and in situ Raman spectroscopy.
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2.5 Analytical Techniques used

2.5.1 Raman spectroscopy

25.1.1 Classical theory of Raman spectroscopy

The polarizability, a, represents the ability of an applied electric field, E, to

induce a dipole moment, 4, , in an atom or molecule (Klinowski, 2003 and

Nakamoto, 1978).

From Equation 2.11, the equation for the polarizability of an atom or

molecule can be derived and this is shown in Equation 2.12.

u, = a,E,. cos(2av, t)+ E“”%(%—?j{cos(ht(vm +V) + cos(27t (v, —v))}

..2.12

According to classical theory the first term contains the variablev. , which

In?
is the frequency of the incoming light. This term relates to the outgoing,
scattered photon that has the same frequency as the incoming photon.
This term defines Rayleigh scattering. The second term contains two

cosines. One contains the variablev.

., which relates to an outgoing,
scattered photon that increases in frequency by some amount v, which is
the frequency of the molecular motion. The last cosine term contains the

variablev.

., Which relates to a scattered photon that decreases its
frequency by the same amount, v. These two terms therefore define
stokes and anti-stokes Raman scattering (Ball, 2001; Nakamoto, 1978).

The two terms show that incoming photons will shift their frequencies, up
and down, by amounts equal to certain motions of the molecules. This is

the basis of Raman spectroscopy. This equation also gives a gross
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selection rule for what are called Raman active vibration modes. The

) o ) 0
second term that is multiplying the last two cosine terms. The term [—aaj
r

Is the change in the polarizability with nuclear position. If that derivative
equals zero, the entire second term is zero and there will be no Raman

scattering. Thus, we have as a gross selection rule: A molecular motion
will be Raman-active only if, (g—f}tOthat is unless the polarizability
changes during the vibration.

2.5.2 Inductively Coupled Plasma_Optical Emission Spectrometry

In the Inductively Coupled Plasma_Optical emission spectrometry
(ICP_OES) The analysis are carried out in samples of liquid form. A
sample is nebulized into the core of the inductively coupled argon plasma,
with temperature in excess of 10 000 °C. The elements are atomized
exited at this temperature. As they relax they emit light of characteristic
wavelength. The light is collected and passed through gratings to resolve
it into spectra of its constituents. The light spectrum is amplified into
measurable intensities that are converted to elemental concentration by

comparison with calibration standards.

2.5.3 Gamma and neutron activation spectroscopy

Gamma ray spectrometry is an analytical method that allows the
identification and quantification of gamma emitting isotopes in a variety of
matrices. In one single measurement and with little sample preparation,
gamma ray spectrometry allows for the detections of several gamma
emitting radioactive nuclides in the sample. The measurement gives a
spectrum of lines, the amplitude of which is proportional to the activity of

the radionuclide and its position on the horizontal axis gives an idea on its
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energy. A schematic diagram of a gamma spectrometer is shown in Figure
2.8

radiation shiakding

{e.g. lead)
radicactive
sample
PA J_ dizplay
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I printer
PG || Un
D detector unit

P preamplifier

Amp  spectroscopic amplifier
MCA multichannel analyser
PG pulse generator

u high voltage supply

Figure 2.8: Schematic diagram of a gamma spectrometer (https://tu-dresden.de)

2.5.4 Single particle optical sensor

Particles in gas or liquid suspension flow through a small photozone of
uniform illumination produce by a laser diode. The particle in suspension
is sufficiently dilute when the particles pass one at a time through the
illuminated region. The passage through the sensing zone causes a
detectable pulse, which the magnitude depends on the diameter of the
particle and the principle of detection which could be light scattering or
obscuration. A PSD is constructed one particle at time by comparing the
detected pulse to a standard calibration curve obtained from a set of
uniform particles of known size. Figure 2.9 is the schematic dilution

system.
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Figure 2.9: Schematic diagram of the Auto dilution system of the Nicomp 780
Accusizer system

A few drops of a concentrated liquid suspension or wet powder is
manually introduced into the mixing chamber containing a filtered diluent
such as water. The particles are mixed using a magnetic stirrer. Under a
computer command a filtered diluent flows into the mixing chamber by
means of a variable-speed precision gear pump creating a positive
pressure causing some of the diluted solution to flow through the sensor

region.

The particle concentration, c, in the fluid entering the sensor decreases
exponentially with time, t according to:

C=C P T (2.9)
Where
r =V/F ...................................................................................... (2.10)

Where V is the volume of the mixing chamber and F is the diluent flow

rate.
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CHAPTER 3

RADIOACTIVE NUCLIDES IN THE PHOSPHOGYPSUM
FROM THE LOWVELD REGION OF SOUTH AFRICA -
SUITABILITY FOR USE AS BUILDING MATERIAL

3.1 Introduction
The National Nuclear Regulator Act 47 of 1999 of South Africa seeks:

“To provide for the establishment of a National Nuclear Regulator
in order to regulate nuclear activities, for its objects and functions,
for the manner in which it is to be managed and for its staff
matters; to provide for safety standards and regulatory practices
for protection of persons, property and the environment against

nuclear damage; and to provide for matters connected therewith.”

The Act exempts radioactive material on the basis of exposure or potential
exposure from all or some aspects of regulatory control. The gamma-ray
spectrometry analysis of the phosphogypsum was carried out at the

laboratory at NECSA'’s RadioAnalysis Laboratories.

This chapter will evaluate the radioactivity of the Lowveld
phosphogypsum, its suitability for use as a building material in South
Africa, against the requirements of this Act and also against international
hazard indices for international suitability. The results of the evaluation
were accepted for publication by the South African Journal of Science
(Impact Factor 0.957). The article is in paragraph 3.2. The lead author did
the interpretation of the results and wrote the manuscript for publication.
The second author did the process sampling and arranged for the
analysis to be carried out. The third and fourth authors supervised the

work.
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3.2 Published Research Article: Radioactive nuclides

Radioactive nuclides in the phosphogypsum from the
Lowveld region of South Africa — suitability for use as

building material

Xolani Msila - Sasol Dyno Nobel, 486 Brandbach Road, Ekandustria,
Bronkhorstspruit, 1021, South Africa; xolani.msila@sasol.com, +2713 933
6072, +2782 456 2468 (To whom correspondence should be addressed)

Frans Labuschagne - Sasol Dyno Nobel, 486 Brandbach Road,
Ekandustria, Bronkhorstspruit, 1021, South Africa;
frans.labuschagne@sasol.com , +2713 933 6017

Werner Barnard - Sasol Technology R&D, 1 Klasie Havenga Road,
Sasolburg, 1947, South Africa; werner.barnard@sasol.com, +2716 960
6219

David Gordon Billing - School of Chemistry, University of the
Witwatersrand, Johannesburg, WITS 2050, South Africa;
dave.billing@wits.ac.za, +2711 717 6759

Abstract

In this study, we evaluated the suitability of phosphogypsum from the
Lowveld region of South Africa (LSA), for the manufacturing of building
materials, with reference to (a) the National Nuclear Regulator Act 47 of
1999 of South Africa and (b) the radioactivity associated risks as
guantified in terms of the external and internal hazard indices, the activity
concentration index and the radium equivalent. The distribution of

radioactive nuclides in the LSA phosphogypsum was also examined.
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Analyses of 19 samples of the LSA phosphogypsum show that
phosphogypsum contains lower activity concentrations of naturally
occurring radioactive nuclides of uranium and thorium and their progeny
than the 500 Bg/kg limit set for regulation in South Africa. The potassium-
40 (*°K) activity concentration was below the minimum detectable amount
of 100 Bg/kg. The values obtained for external and internal hazard indices
and the activity concentration index (I,) were: 2.12+0.59, 3.44+0.64 and
2.65+0.76 respectively. The calculated radium equivalent Raeq was
513+76 Bqg/kg. The final decision regarding phosphogypsum’s suitability

for use as a building material should consider scenarios of use
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Anderson-Darling; secular equilibrium
Introduction

A phosphoric acid production facility has been in operation in the Lowveld
region of South Africa (LSA) since the 1960s. The process of producing
phosphoric acid involves the digestion of fluoro-apatite ore (Caio(PO4)sF2)
with sulphuric acid as shown in Equation 3.1. Each year, tons of calcium
sulfate  dihydrate (CaS0,4.2H,O) or gypsum, or specifically
phosphogypsum, is produced as a by-product. The LSA phosphogypsum
is stored in waste stacks alongside the phosphoric acid factory.

Cay,(PO,),F, +10H,50, + 20H,0 —10CaS0,.2H,0 + 6H,PO, + 2HF .....(3.1)

In a country like South Africa, that has a challenge to provide low cost or
affordable housing (Ajayi, 2012), the use of phosphogypsum to
manufacture building material is an attractive option. The manufacturing of
low cost prefabricated building material from gypsum has in the recent

past been demonstrated by Rajkovic and Toskovic (2002). But the
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solubility of uranium, thorium and their daughter products that exist in
apatite ores (Pereira and Bilal, 2012; Garcia et al., 2001), result in these
radioactive nuclides partitioning between the phosphoric acid and the
phosphogypsum (Dias et al., 2010; Al-Jundi et al., 2008), during the
processing of the ore. Rajkovic and Toskovic (2002), Al-Jundi et al. (2008)
and Hussein (1994) studied phosphogypsum from Serbia, Jordan and
Egypt respectively. Hussein did not report on the activity concentrations of
potassium-40 (*°K), thorium-232 (**2Th) and radium-226 (*°Ra) but the
results of radioactive nuclide activities from Serbia and Jordan are given
in Table 3.1.

Table 3.1: Activity concentrations of “°K, ?*Th and #°Ra in phosphogypsum from
countries other than RSA

Country | Samples | “°K | #®*Th | **Ra

(Ba/kg)
Serbia |- 8.7 |87 439
Jordan | 15 40 | - 376
Egypt Not reported

The worldwide average activities of “°Ra, ?**Th and “°K in the earth’s
crust are about: 40; 40 and 400 Bg/kg, respectively (ECRP, 1999).
Humans are therefore exposed to this naturally occurring radioactive
material (NORM). If the material used for the construction of human
dwellings contributes additional radioactivity to the naturally occurring

radioactive material, radiation exposure increases. The presence of these
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radioactive nuclides impurities in the LSA phosphogypsum can limit its

use as building material.

In this study we evaluated the suitability of the LSA phosphogypsum for
the manufacturing of building materials, with reference to (a) the National
Nuclear Regulator Act 47 of 1999 of South Africa and (b) the radioactivity
associated risks as quantified in terms of the external (Hex) and internal
(H)) hazard indices, the activity concentration index (l,) and the radium
equivalent (Raeg). The effect of ore processing on the distribution of the

radioactive nuclides was also examined.
Materials and method

Nineteen representative samples of LSA phosphogypsum were taken

during the production of phosphoric acid for analysis.

Sample preparation

The phosphogypsum was dried overnight in an oven at 80 °C. About
100 g of the dried phosphogypsum was transferred to a stainless grinding
vessel (containing a stainless steel grinding balls and block) with a swing
mill. Milling was performed at 960 rpm for one minute to obtain a fine
powder. The process was repeated until 0.5 kg of homogeneous fine

powder was generated.

Gamma analysis

A standard glass container was filled with phosphogypsum and the mass
recorded. The container was closed with a lid and sealed airtight with the

aid of epoxy resin. The prepared sample was allowed to stand for 3 weeks
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so that radon-222 (and some of its progeny) reached radioactive
equilibrium with radium-226. The y-spectrum was acquired on a high
purity germanium detector calibrated for the standard glass container
geometry. The detector was housed in a lead shield to reduce background
radiation. Gamma spectrum analysis was performed with Genie™ 2000
Model S501 Gamma Analysis software. The weighted average activity of
bismuth-214 and lead-214 was calculated and reported for radium.
Thorium-228 was calculated from lead-212 and thalium-208. Radium-228

was determined from actinium-228. Potassium-40 was measured directly.

Uranium and thorium analysis by neutron activation

analysis

Aliquots of the powder were transferred into irradiation capsules. Uranium
and thorium standards were prepared by transferring known amounts of
these elements from certified reference solutions into capsules and
evaporated to dryness. Samples and standards were sequentially
transferred with a pneumatic system into an in-core position of the
SAFARI-1 reactor and irradiated with neutrons for a fixed time. After
irradiation, the sample was transferred to a detector to measure neutrons

emitted by products formed from fission of uranium-235.

The emission of neutrons between samples and standards was compared
to calculate the uranium concentration in the sample. After a prolonged
period, the irradiated samples and standard were measured on a gamma
detector to determine neptunium-239 and protactinium-231. These
nuclides formed from the neutron activation of uranium-238 and thorium-
232 respectively. By comparing the activities of the nuclides in the
standards and samples, the uranium-238 and thorium-232 sample

activities were calculated.
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For the determination of the presence of discrete radionuclides and
calculations of their activities, the following gamma ray transitions (in keV)
were chosen: “°K (1460.8), 2°®T| (510.8, 583.1 and 860.5), **Pb (238.6
and 300.1), ?*Pb (241.9, 295.2 and 351.9), #*Bi (609.3, 1120.3, 1238.1
and 1764.5) and **®Ac (338.3, 911.1 and 968.9), #*°Np (228.2 and 277.6),
#1pa (300.1 and 302.7), %*°U (185).

The activity of the sample (Bg/kg) is calculated using Equation 3.2:

where N is net counts of the photopeak, T is the live time of
measurements (sec), m is the mass of the sample used (g), ¢ is the
counting efficiency of the specific radioactive nuclide’s energy and P, is

the gamma transition probability through the specific energy.

The error was calculated using the formula in Equation 3.3:

uncertainity :\/Z‘;fi +%Za§i .................................................. (3.3)

where , o , is the individual random error and o ¢ is the individual

systematic error

Radiation indices

From the activity concentrations of the radioactive nuclides, Hex, H;, I, and

Raeq; were calculated using the formulae in Equations 3.4-3.7
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respectively. The formulae and their applications are comprehensively
defined by the European Commission for Radiation Protection (ECRP,
1999).

H, = CR%m + CT%SS + C%lBO ......................................................... (3.4)

H., =CR%85+CT%59+C%810 ........................................................... (3.5)

C./ .C C
1, =00+ 00+ 000 (3.6)
Ra,, = Cy, +1.43C,, +0.077C,

where Cra, Crn and Ck are activities of °Ra, ?*Th and “°K in Bg/kg,

respectively (Mehdizadeh et al., 2011; Radenkovic et al., 2011).
Results and discussion

Radionuclides concentrations in phosphogypsum

The average activity concentrations of the radioactive nuclides: uranium-
238 (?*8U), uranium-235 (**°V), radium-228 (**®Ra), thorium-238 (***Th),
22°Ra, #?Th and “°K in the LSA phosphogypsum are presented in Table
3.2. According to the National Nuclear Regulatory Act, 47 of 1999 of
South Africa, an operation or material is excluded from regulation if

activity concentration of the naturally occurring radioactive nuclides of
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uranium, thorium and their progeny are each below 500 Bg/kg. The limit
for “°K is 10 000 Bg/kg.

Table 3.2: Activity concentrations of the radioactive nuclide the LSA
phosphogypsum
Radioactive 2y |*U | *®Ra | ?*Th |?®°Ra |***Th | K
nuclide Ba/kg
Average 31 1 404 253 109 189 <100
o 20 1 70 160 18 155 -
No. of samples 19

The results confirm that the activity concentrations measured in the 19
LSA phosphogypsum samples are all below the regulation limits set by
the National Nuclear Regulator Act 47 of 1999 of South Africa for 238U,
28, 228Ra, ?*°Ra, ?*Th, and #**Th. The activity concentration of “°K in the
LSA phosphogypsum was determined to be below the minimum
detectable limit of 100 Bg/kg. Numerous studies (Papastafanou et al.,
1983; Beretka and Mathew, 1985; Ackers et al., 1985; El-Thaway and
Higgy, 1985; Kumar et al., 1999; Hewamana, 2001; Ravinsakar et al.,
2011; Viruthagisi and Ponnarisi, 2011; Dhanya et al., 2012) have revealed
that building materials contain appreciable activity concentrations of
radioactive nuclides **Ra, ***Th and “°K. There are limited data available
on the radiological safety of phosphogypsum use as building material
beyond the study by Rajkovic and Toskovic (2002) and therefore to put
the results obtained for LSA phosphogypsum into perspective, some of
the results obtained for bricks from several countries are presented in
Table 3.3.
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Table 3.3: Activity concentrations of °K, ***Th and ?°Ra in building bricks from
other countries

Country Reference Samples ?Ra | #2Th | K
Bg/kg
Greece Papastefanou et al., |6 49 24 670
1983
Australia Beretka and Mathew, | 25 41 89 681
1985
Netherlands | Ackers et al., 1985 14 39 41 560
Egypt El-Thaway and Higgy 1 20 14 204
India Kumar et al., 1999 1 48 52 381
Sri Lanka Hewamana, 2001 24 35 72 585
India Ravinsakar et al., 2011 | Not 18 19 238
reported
India Dhanya et al., 2012 Not 47 20 349
reported

Average activity concentration of *°Ra in the bricks listed in Table 3.3

ranges from 18-104 Bg/kg. This is lower than the average activity

concentration in the LSA phosphogypsum (109 + 18 Bg/kg). Similarly, the

average activity concentration of 2*2Th in the bricks ranges from 14 to 89

Bqg/kg which is lower than the average in the LSA phosphogypsum 2*?Th
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(189 + 155 Bq/kg). The activity concentration of “°K (<100 Bag/kg) is lower
in the LSA phosphogypsum compared to the range of activity
concentrations reported for the bricks (204—-1058 Bqg/kg).

Radiation hazard indices (External, Internal, Activity

concentration and Radium equivalent)

The LSA phosphogypsum is rich in ?Ra compared to the ?*Th and as a
result the activity concentration of the former is used in the place of the
activity of the latter to calculate the hazard indices in Equations 3.4-3.7.
The calculated hazard indices Hey, Hin, I, and the Raeq are plotted in Figure
3.1. The error bars in Figure 3.1 represents the standard deviation of the
results of the 19 LSA phosphogypsum samples. The values obtained for
Hex, Hin and I, were 2.12+0.59, 3.44+0.64 and 2.65+0.76 respectively. The
calculated Ragq is 513+76 Bg/kg.

The Hex and Hi are both above the value of 1 and therefore the
phosphogypsum is flagged against unrestricted use as the building

material.
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Figure 3.1: The calculated Hey, Hin, I, and Ragq in the LSA phosphogypsum- error
lines indicate the standard deviation

The assessment of a material’s suitability for use as a building material
should be based on scenarios where the material is used. The scenarios
for use at different dose criteria are given in Table 3.4 (ECRP, 1999). The
activity concentration index, |,, should be evaluated against these criteria.
If the I, is 1 or less, the material can be used as building material, without
restriction, as far as radioactivity is concerned, whereas if the I, is above 1
and less than or equal to 6, the material should be used superficially.
These activity concentrations are equivalent to radioactivity dose of 1 mSv

year for bulk usage and artificial usage respectively.

Table 3.4: The scenarios of use for building materials

Dose criteria 0.3 mS/year 1 mSv/year
Material used in bulk |1,<0.5 l, <1
amount, e.g. Bricks

Superficial and other | I, <2 l, <6

material with restricted

use: tiles, and boards
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The Raeq as defined in Equation 3.5 is calculated from the activity
concentrations of ?°Ra, ?**Th and “°K. Equation 3.2 is based on the
estimation that 1 Bg/kg of ?*°Ra; 0.7 Bg/kg of 2*Th and 13 Bg/kg of *°K
generate the same vy-rays dose rate (Mehdizadeh et al., 2011; Uosif,
2011; Le Nhu et al., 2011). According to Mondal et al. (2006) and
supported by El-Taher and Makhluf (2010), the I,=1 is equivalent to the
Raeq of 370 Bg/kg. The calculated Raeq of 513476 Bg/kg for LSA
phosphogypsum is consistent with the activity concentration (1<ly<6).

Radioactive nuclides distribution in LSA phosphogypsum

A simplified definition of secular equilibrium is found in Zhang et al., (2010)
Activity of daughter radionuclides build up to that of the parent in about
seven half-lives and thereafter, parent activity (A,) is the same as the
activity of its progeny (1,). It follows therefore that at the state of secular

equilibrium, the ratio of the activity of the parent to that of the daughter is 1

(% =1). This phenomenon is known as secular equilibrium. The
2

secular equilibrium observed in natural ores can be disturbed by mineral
processing. Al-Jundi et al. (2008) showed that concentration of 28U and its
decay products ?*°Pb and #*°Ra originating from apatite ore are partitioned
during processing in such a way that U accumulates in the phosphate
fertilizer while ?®Ra, ?°Ra and #*°Pb accumulate in the phosphogypsum.
This partitioning behavior can be attributed to the very low aqueous
solubility of radium sulfate and lead sulfate relative to that of uranium
sulfate as almost all the *®Ra and ?*°Ra reported by Van der Westhuizen
(2004) as present in the phosphate rock is observed in the LSA
phosphogypsum.

The ratios of activity concentrations in the LSA phosphogypsum for 238U,

233, 232Th and their progeny in the natural decay series are plotted Figure
3.2. Although the linear trend of the ratio of these two radionuclides is

close to unity, there is a poor correlation between their activities as shown
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by the regression coefficient (R of 0.133. The uranium radioactive
nuclide 2%®U is also in disequilibrium with its progeny “°Ra. Similarly,
disequilibrium is also observed between ?*’Th versus *®Ra and *®Ra

versus 2?Th.
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Figure 3.2: The ratio of activity concentrations for *®U, U, ®*Th and their
progenies in the LSA phosphogypsum

In order to assess the randomness versus systematic distribution of the
radioactive nuclides concentration in the phosphogypsum, a test for
normal distribution was performed. The Anderson-Darling statistics have
been shown to give appropriate empirical distribution function statistics for
detecting departure from normality, even with small samples of less than
twenty five (Stephens,1974). For the Gaussian distribution test, the
statistics are based on the squared difference between the normal and the
empirical data. If the calculated p-value is less than a chosen alpha (one
minus the confidence interval), the null hypothesis, that the data come
from that distribution, is rejected. The Anderson-Darling (AD) test was

performed on the radioactive nuclide activity concentration data using the
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statistical software Minitab® 16 statistical software to evaluate the
distribution pattern of the activity concentration in the LSA

phosphogypsum. The results obtained are presented in the probability plot
in Figure 3.3:a—f.
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At 95% confidence level, a p value of less than 0.05 indicates no deviation
from a Gaussian distribution. Contrary to the p value, the smaller the AD
value the closer is the distribution is to Gaussian. This behaviour (normal
distribution) is observed for the activity concentration of the radioactive
nuclides: 28U #°U, ?®Th and #°Th in the LSA phosphogypsum. The
contrary is observed for the ?®Ra and #°Ra activity concentrations. The
calculated p values are 0.318 and 0.434 respectively and the Anderson—
Darling values are 0.406 and 0.350 respectively. This can be attributed to
the low solubility of radium sulfate which results in accumulation in the

phosphogypsum rather than the phosphoric acid.
Conclusion and recommendation

The LSA phosphogypsum contains appreciable amounts of the
radioactive nuclides: #%U; #*°U; ?®Ra; #®Th; ***Ra; %**Th and below-
detectable levels of “°K. The average activities are below the limits set by
the National Nuclear Regulator Act 47 of 1999 of South Africa. The
phosphogypsum is therefore excluded from regulatory control. The
calculated results of hazard indices: Hey, Hin, |, and Raeq indicate that the
LSA phosphogypsum can be utilised as building material if used
superficially or with restriction. A final decision on the usability of the
material can be made when the scenario of use is known and a more
representative sample of the aged bulk material is analysed. The
radioactive nuclides and their progenies are not in secular equilibrium in
the LSA phosphogypsum and the distribution 233U, %**U, #*?Th and ?**Th

deviates from Gaussian.
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CHAPTER 4

CONVERSION OF PHOSPHOGYPSUM INTO AMMONIUM
SULPHATE AND PRECIPITATED CALCIUM CARBONATE
IN A MODIFIED MERSEBURG PROCESS

4.1 Introduction

Waste phosphogypsum and effluent carbon dioxide are available in
abundance but are of low commercial value. With the addition of ammonia
these two low-value materials can be converted using the Merseburg
process to relatively high value products, namely ammonium sulphate and
precipitated calcium carbonate. In the Merseburg process the ammonium
carbonate is formed from the reaction of carbon dioxide and aqueous
ammonium solution in carbon dioxide scrubbing towers. In this study, a
modification of the process by omitting the carbon dioxide scrubbing
towers (C-16 and C-17 in Figure 1.3) and instead forming ammonium
carbonate in the primary gypsum converting reactor (R- 4 in Figure 4.1) is
evaluated.
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BC-1 Gypsum convoyar P-9a, P-5b Evaporator feed pumps E-1B, E-10 Heat exchangers
T-2 Gypsum washing tank CR-10&, CR-10b Vac, evaporator-crystall, P-2la, B-21b Pumps

F-3 Gypsum dewatering filter 5-11 Slurry concentrator

B-4 Primary reactor 5-12 Batech or continuous centrifuge

R-5 Secondary reactor SC-13 Dryer conveyor

Fr& Calelum carbonate §ilter O-14 Rotary dryer

T-7 Ammonium carbonate storage tank SC-15 Product conveyar

5-8 Sulfate-liguor clarifier C-16, C-17 Ammonium cérbonate towers

Figure 4.1: PFD of the Merseburg process with modification/omission highlighted
inred

The omitted process units are highlighted in red in the process flow
diagram in Figure 4.1 and the blue lines indicate the re-routing of the
ammonium hydroxide and carbon dioxide lines. The focus of the study is
on the process parameters such as temperature, pH and reaction kinetics
that may be affected by the modification, as well as the characterisation of

the product ammonium sulphate and precipitated calcium carbonate.

The outcome of this study has been published by the Clean Technology
and Environmental Policy Journal (Impact Factor 1.934). The lead author
designed the experiments, carried out the analysis, interpreted the results
and prepared the manuscript for publication. The second and third authors

supervised the work.
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4.2 Published Research Article: Modified Merseburg process

Capture and storage of CO, into waste phosphogypsum —

the modified Merseburg process

Mr. Xolani Msila - Sasol Dyno Nobel, 486 Brandbach Road, Ekandustria,
Bronkhorstspruit, 1021, South Africa; e-mail: xolani.msila@sasol.com, Tel:
+2713 933 6072, Fax: +27115224186

Prof. David Gordon Billing - School of Chemistry, University of the
Witwatersrand, Johannesburg, WITS 2050, South Africa.

Dr. Werner Barnard - Sasol Technology Research and Development, 1

Klasie Havenga Road, Sasolburg, 1947, South Africa.

Abstract

We evaluated the chemical sequestration of carbon dioxide into the
phosphogypsum from the Lowveld region of South Africa. The
phosphogypsum was converted to saleable ammonium sulphate and
precipitated calcium carbonate in a modified Merseburg process. The heat
from the ammonium carbonate formation exorthemicity increased the
temperature in the gypsum conversion reactor contents by 35 °C,
significantly reducing the heating requirements to achieve the reaction
temperature of 70 °C. The modified process will lower capital layout but no
fundamental energy superiority or inferiority to the original Merseburg
process. The gypsum conversion efficiency of 95% was achieved. The purity
of the ammonium sulphate produced is comparable to the chemical grade,
commercially available in South Africa. The calcium carbonate precipitated
as calcitic, scalenohedral polymorphs with a mean size of 3.4 um in diameter.
The economic feasibility study must be done to determine the cost
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implication of the omission of the carbon dioxide scrubbing towers in the

modified Merseburg process.

Key words: Carbon capture and storage, Merseburg process,

phosphogypsum, ammonium sulphate, precipitated calcium carbonate
4. Introduction
4.1. Background

The global economic development is closely associated with the rise in
the total carbon emissions from fossil fuel consumption. South Africa is
the 13" largest emitter of carbon dioxide (CO,) with the total of 119 mega
metric tons of carbon emission in 2012 (Boden, 2011). During the 2009
Copenhagen climate change negotiations, South Africa voluntarily
announced that it would act to reduce domestic greenhouse gases
emissions by 34 per cent by 2020 and 42 per cent by 2025 from business
subject to the availability of adequate financial, technological and other
support (KPMG, 2010). Carbon capture and storage technologies for the
mitigation of CO, emission into atmosphere are at different levels of
development and application. These technologies include but not limited
to: pre-combustion, post-combustion and oxy-fuel combustion (Kanniche
et al., 2010), chemical looping and oxygen transport membrane, utilisation
of carbon dioxide into Enhanced Oil Recovery in oil extraction processes,
microalgae production (Li et al., 2006), chemicals and fuels production
(Abidin et al., 2011; Mendes et al., 2014).

The global economic development is also driving the increase in the
demand for chemical fertilizers, including the phosphate based fertilizers.
The fertilizer production increased from the annual 3 mega metric tons in
1751 to 9449 mega metric tons in 2011 (Boden et al., 2015). China alone
accounts for 39% consumption in 2015 (HIS, 2016). The phosphoric acid
[HsPO,4] used in the phosphate based fertilizers is produced via the
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digestion of apatite [Caio(PO4)sF2] ore with sulphuric acid [H,SO4]. The
reaction is described by Equation 4.1 (Al-Jundi et al., 2008; Pereira and
Bilal, 2012; Chou et al., 1995; Chou et al., 1996).

Ca,,(PO,),F, +10H,50, + 20H,0 —»10CaS0,.2H,0 + 6H,PO, + 2HF ....(4.1)

Every ton of phosphoric acid produced, generates 1.7 tons of gypsum or
specifically phosphogypsum as a by-product. Approximately 500 kilotons
of phosphogypsum is produced annually from the phosphoric acid

production plant in the Lowveld of South Africa.

4.1.1. Ammonium sulphate and precipitated calcium carbonate

production

There are two known processes of producing ammonium sulphate: (a) the
direct reaction of ammonia, ammonia solution or ammonia containing gas
with sulphuric acid (b) the gypsum process where calcium sulphate is
reacted with ammonium carbonate (Robinson, 1953) solution to form
ammonium sulphate and the precipitated calcium carbonate (PCC). The
later process also known as the Merseburg process was originally
developed in Germany and was used in Austria, India, Pakistan and the
United Kingdom (Alienov, 1998; Kontrec et al., 2011). The Merseburg

process is described by Equation 4.2.

CaS0,.2H,0 + CO, + 2NH, (OH) — CaCO, + (NH,),SO, +3H,0 ......... (4.2)
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Stoichiometrically, for every 1.0 ton of ammonium sulphate produced, 0.9
tons of PCC is also produced and 1.6 tons of gypsum and 0.4 tons CO,
are consumed. South Africa has an opportunity to sequestrate up to 0.2%
of its CO, emission and 100% of its phosphogypsum generation through
the Merseburg. Chou et al., (1995) are the latest to evaluate the
Merseburg process on pilot scale and the concluded that the process is
technically feasible for flue gas desulfurization gypsum. In a follow up
study, Chou et al., (1996) concluded that the Merseburg process was also
economically viable although the crystal size of ammonium sulphate
produced was in the range 1.2 — 3.3 millimetres. They also estimated that
a compaction unit to produce granules of ammonium sulphate as usually
required by the fertilizer industry would make the process uneconomical.
In this study we carried out a bench scale technical feasibility of the
Merseburg process modified by omitting the CO, scrubbing towers in an
attempt to reduce the capital layout. In this modified process the
ammonium carbonate is formed directly in the gypsum conversion reactor.
The modified process products ammonium sulphate and PCC were also
characterized with regards to metal impurities and the crystal morphology,

respectively.

4.1.2. Impurities in ammonium sulphate

The apatite ore is a host to heavy metals impurities such as cadmium
(Cd), lead (Pb), arsenic (As), mercury (Hg) and nickel (Ni) (Dawson et al.,
1996; Mar and Okazaki, 2012; Meck et al., 2011). Phosphogypsum as the
by-product of apatite ore digestion contains some of these impurities
(Rajkovic and Toskovic, 2002). Since ammonium sulphate is used in
fertilizers (Liske et al., 2001; Robinson, 1953) and chemical fertilizers are
known to contribute heavy metals into soils they are applied to (Atafar et
al., 2010; Savci, 2012). High concentration of heavy metals in agricultural
soil results in high concentrations in food grown in such soil (Orisakwe et

al., 2012). For these reasons the fate of the heavy metal impurities during
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the conversion of phosphogypsum to ammonium sulphate must be
understood.

41.3. PCC

PCC is a multi-functional mineral filler extensively used in paper, paint,
plastics, cosmetics, food, rubber, pharmaceutical and textile industries
(Liske et al., 2001; Unkrainczyk et al., 2007). Paper made from PCC as a
filler has better optical qualities as measured by brightness, whiteness,
yellowness and opacity and better physical qualities as measured by
breaking length, tear index and burst index, than that produced with
ground calcium carbonate (GCC) as a filler (Tutus et al., 2013). The
particle size and shape affects both the rheology (Michel-Sanchez 2005)
and the optical properties (Tutus et al., 2013) of PCC-based coating.
Amaya et al., (2011) showed that the particle size and crystal morphology
of pigments used as either filler or in coating can have significant effect on
optical performance of paper. In turn the size and shape of solution grown
crystals is influenced by amongst other parameters: the degree of
supersaturation; concentration and the type of impurities in solution; and
the pH of the solution (Kubota et al. 2000; Loffelmann and Mersmann
2002; Vedantham 2004). The worldwide consumption of PCC has been
reported by de Beers (2014) to be 74 mega tons in 2011.

The crystal morphology of PCC produced from a Merseburg process has
not been reported before. The polymorphs of calcium carbonate are
vaterite, aragonite and calcite (Vedantham 2004). Vaterite is the least
thermodynamically stable form with hexagonal crystals and is rarely seen
in natural occurring minerals (Piskin and Ozdemir 2012). Aragonite is the
metastable form that belongs to orthorhombic-bipyramidal, space group -
Pmcn (de Villiers 1971; Jarosch and Heger 1986; Kostov and Kostov
2006; Skinner et al. 1994). It slowly degrades to calcite. Calcite belongs
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to the trigonal-rhombohedral, space group - R3c (Skinner et al. 1994). It
is the most important of the three polymorphs in industrial applications
(Reksten 1990; Scheetz and White 1977; Smyth 1997). According to
Kontrec et al. (2011) calcite appears in various crystal forms:
scalenohedral, rhrombohedral, spheriohedral etc. but the scalenohedral is

favoured in most industrial applications.

4.2. Experimental

Ammonium hydroxide solution (17%) was prepared by diluting a
commercial 30% solution. The Reactions were carried out at atmospheric
pressure in a bench scale 0.5 liter reactors fitted with a mechanical stirrer
and a thermo-couple, connected to water bath circulation for temperature
control. The variables in the experiments carried out are shown in Table
4.1.

Table 4.1: Experimental conditions and materials for Merseburg process
Run #1 Run #2 Run #3 Run #4
Phosphogypsum 0 0 80 80
(9)
Anhydrite (g) 0 63 0 0
NH,OH 100 g (17%)
CO; flow rate 10 L.min"(Excess)
Temperature No heating 70 °C
Measurements T & pH T, pH, % gypsum
conversion

The measurements in Run #1-3 were taken every 5 minutes for 60
minutes. Run #4 was sampled after 0, 2, 3, 4, 5 and 7 hours. The samples
were filtered through a Whatman filter paper and the solids were washed
with water. The filtrate from the 7 hours reaction was acidified with 0.1N

sulphuric acid to pH 3.0 before the reactor was heated to 95 °C to
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saturate the solution in order to precipitate the ammonium sulphate. The
ammonium sulphate was filtered through the Whatman filter paper. The
solid contents samples and the recovered ammonium sulphate were dried
in an oven at 100 °C. Samples of the solid contents, phosphogypsum
were dissolved using nitric acid and the ammonium sulphate was
dissolved in water. The solutions were analysed by ICP-OES in the

general conditions shown in Table 4.2.

Table 4.2: The main ICP_OES conditions for measurement of metals in

phosphogypsum
Nebulizer Glass concentric
Spray Chamber Glass cyclonic
Nebulizer Gas Flow (dm>.min™) 0.7
Power (W) 1150
Plasma Gas Flow (dm®min™) 12
Auxiliary Gas Flow (dm3.min™) 0.5

Table 4.3: The NICOMP Accusizer 780 settings

Detection method Light extinction

Stirring rate (r.p.m.) 1500

Diluent flow rate (cm®min™) | 60

Calculation range (um) 1.5 -500

60



Table 4.4: Bruker Raman spectrometer settings

Wavelength (nm) | 532

Power (mV) 10

Scan time (s) 15

The PCC was analysed by (a) a NICOMP’s Accusizer 780 (Dynamic Light
Scattering combined with Zeta potential technique) for particle side
distribution under the conditions given in Table 4.3) and (b) a Raman
spectrometer equipped with charge coupled device detector under the
experimental conditions in Table 4.4. (c) SEM (Mag = 5000x, EHT = 3.00
kV and WD 5.5 mm).

4.3. Results and Discussion

The Merseburg has been previously proven to be technically feasible. The
purpose of this study was to evaluate the technical feasibility after the
original process was modified by omitting the CO, scrubber. This section
reports on the effect of the modification on the reactor temperature and
the pH. The process products are characterised against their potential

use.

4.3.1. Temperature in the gypsum conversion reactor

Figure 4.2 shows the average temperature increase (AT) in the reactor
due to the ammonium carbonate formation during the reaction of NH,OH
and CO,. The error bars in Figure 4.2 indicates the standard deviation (o)
of triplicate measurements. This temperature profile is the reflection of the
ammonium carbonate scrubbing tower in the original Merseburg process.

The ammonium carbonate formation is an exothermic reaction, AH = -674
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kJ/mol. The AT for ammonium carbonate formation was compared with
the AT when either gypsum or anhydrite was added during the ammonium
carbonate formation. This temperature profile is the reflection of the
ammonium carbonate in the gypsum convertor in the modified Merseburg
process. AT of approximately 40 °C was observed for the ammonium
carbonate formation reaction and approximately 37 °C for the reaction of

anhydrite.

A reduction of about 38% in AT [(ATa““yd”‘e_ATgypsuyT ] was
anhydrite

observed when anhydrite was replaced with the phosphogypsum. The
lower AT of + 23 °C, observed with gypsum addition can be attributed to
the release of water of crystallisation from the co-occurring gypsum
conversion (Equation 4.2), resulting in more energy dissipation. Although
the modified process may show advantage in terms of capital layout,
based on these results, the modified process has no fundamental energy

conservation advantage or disadvantage over the original process.
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Figure 4.2: Temperature profile of ammonium carbonate formation in the original
Merseburg; modified Merseburg and modified Merseburg and gypsum
replaced with anhydrite

4.3.2. Ammonium sulphate precipitation

The pH in the gypsum conversion reactor was monitored over the 7 hours
of reaction as the solids in the reactor changed from phosphogypsum to
mainly PCC. The results of the average of triplicate pH measurements in
Run #4 are shown in Figure 4.3. The error bars depict a standard
deviation (o) of triplicate measurements. The pH of the mother liquor
dropped from 12 to about 8.
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Figure 4.3: Average pH during modified Merseburg reaction

The conversion of gypsum was calculated to be 95% after 7 hours of
reaction. The optimal design of the gypsum convertor may result in less
ammonia gas loses and more conversion efficiencies such as the 98%
reported by Chou et al (1995). The consumption of all phosphogypsum
waste produced annually in the Lowveld, South Africa would reduce the
CO, emission by 0.2%.

The pH of 8 is not suitable for the precipitation of ammonium sulphate and
therefore after the separation of the PCC the mother liquor was acidified
with a weak H,SO, solution to a pH of 3.5 and the temperature of the

reactor contents was increased to 80 °C.
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4.3.3. Particle size distribution of PCC

The particle size distribution (PSD) in crystal systems is a function of (1)
degree of supersaturation; (2) impurities and (3) retention/crystal growth
time. The crystallisation conditions were not optimised in this study but the
formed crystals diameters are comparable to those reported by Piskin and
Ozdemir (2012). In three experiments carried out the mean particle size of
the crystal formed were found to be with an average diameter of 3.4 um, a
median of 2.7 ym and a mode of 2.3 um. The results are shown in Figure
4.4. The error bars indicate one standard deviation (+1 o) from the

average.
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Figure 4.4: PSD of the Merseburg PCC
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4.3.4. Raman spectroscopic analysis of PCC

There are 5 Raman peaks and 8 IR predicted active vibration modes for
calcite (Mihailova, 2010) as defined by the irreducible representation in

Equation 4.3:

Ly = Ay + 2A0 " +3ATM 4 3A% +4EL +5E .o, (4.3)

There are 30 predicted Raman active modes for aragonite (Mihailova,

2010) as defined by the irreducible representation in Equation 4.4:
T, =9A, +6A; "+ 6B, +8By; +9B5 +5Bj, + 6B +8By, ... (4.4)

The Raman spectrum of the PCC formed in the modified Merseburg

process is shown in Figure 4.5.
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Figure 4.5: Raman spectrum of the modified Merseburg process PCC
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The following Raman active bands are observed: 281 cm™ v4CO3; 713 cm’
! v4CO3; 1086 cm™ v;CO3 and 1473 cm™ v3COs. These Raman active
bands for the stable polymorphs of CaCO3 are reported in literature (Suito
et al. 2001) at: ©290 cm™ or #207 cm™ v4CO3; 714 cm™ and €715 cm™ or
A704 cm™ v4,CO5; 1088 cm™ and ©1092 cm™ v,CO3 and ©1415 cm™ or
21462 cm™ v3CO3 where the superscripts A and C indicate aragonite and
calcite respectively. These results confirm that the CaCO3 produced in the
modified Merseburg process is calcite as clearly distinguished by the

Raman band at 281cm™. A non-fundamental shift is observed at 1751 cm’
1

4.3.5. SEM analysis of PCC

The scanning electron microscopic (SEM) analysis of the PCC produced
in the modified Merseburg process is shown in Figure 4.6. The results
show formation of aggregates of primary rhombohedral crystals. The
results show that the CaCOg precipitated under the current conditions is
the scalenohedral polymorph of calcite, which is the industrially preferred
form. The Merseburg PCC is comparable in crystal morphology to that
produced by precipitation from lime, by Jung et al. (2000).
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Figure 4.6: SEM image of the modified Merseburg PCC

4.3.6. Heavy metal analysis

The concentrations of the heavy metals in the phosphogypsum, the
modified Merseburg process ammonium sulphate and PCC are given in
Table 4.5. Low levels of lead and arsenic are observed in the
phosphogypsum. These heavy metals partition during the Merseburg
process, towards the PCC due to the low water solubility of lead sulphate

and arsenic sulphate.

68



Table 4.5: ICP analysis of the phosphogypsum and the modified Merseburg
process products

Heavy Phosphogypsum Merseburg Merseburg
Metal PCC ammonium
mg/kg
Cd <1 <1 <1
Pb 41 56 10
As 17 21 7
Hg <1 <1 <1
Ni 4 <1 <1

4.4. Conclusions

The omission of the CO, scrubbing towers will reduces the process capital
layout, which in turn may mitigate the additional costs of installing a
compaction unit for the production of granular ammonium sulphate. This
study has demonstrated that 95% conversion efficiency of the
phosphogypsum from the Lowveld of South Africa, is technical feasible in
the modified Merseburg process. The efficiencies may be improved by
minimising the ammonia gas loses in the gypsum conversion reactor. The
ammonium sulphate produced is comparable in metal impurities to the
commercially available grades. The PCC produced is the industrially
preferred calcitic, scalenohedral polymorph with average diameter of 3.4
pm. These are important results in the quest for technologies for carbon

capture and storage in South Africa and the world.
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CHAPTER 5

THERMAL REDUCTION OF PHOSPHOGYPSUM TO
CALCIUM SULPHIDE USING GRAPHITE

5.1 High temperature X-Ray powder diffraction

The reports on the dehydration mechanism of gypsum vary widely
depending on the experimental conditions and the analytical technique
used. A review of these reports is given on Table 5.1. High temperature X-
Ray Diffraction was performed in the temperature range 25 — 650 °C in
order to understand the phase transformation that precedes the thermal
reduction of sulphate in the mixture of phosphogypsum and graphite.

Rietveld refinements were performed using TOPAS academic version 4.1.

Table 5.1: The review of studies on thermal dehydration of CaSO,4.xH,O over the
period 1964 to 2009

Technique Conditions Summary of findings | Reference
Controlled CaS0,4.2H,0 - | McAdie,
water vapour | CaSO4. ¥2 H,O ->v- | 1964
pressure CaSO0,
dehydration

Ea increased linearly

with vapour pressure

X-Ray Dehydration of | CaS04.2H,0 -v- | Molony and
diffraction, gypsum at | CaSOq4 Ridge, 1968
TGA & Optical | 85 °C

microscopy
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Technique Conditions Summary of findings | Reference
Autoclave - Conversion of gypsum | McConnell et
to Hemihydrate is |al., 1987
Linearly dependent on
pressure
Neutron Air or under CaS0,4.2H,0 —>a- | Bushuev et
powder hydrothermal CaS0,. ¥2 H,O > B- | al,, 1983.
diffraction and T<300°C | CaS0O,4. Y2 H,O ->y- | Quoted by
CaSO0Oq Ballirano &
Mellis, 1996
In situ IR & | Dry and CaS0,.2H,0 - | Putnis et al.,
TGA constant gas CaS0O4. %2 H,O —->v- | 1990
flow Ny; CaSO0O, ;Ea (63-
106 °C) = 90.3 kJ/mol
Variable Vacuum 10™ | CaSO4.xH.O (0.46 < | Abriel et al.,
Temperature bar x <0.79) 1990
Neutron
diffraction
Up to 100 °C gypsum | Dos Santo,
to CaSO;. % H,O | 1997.
dominant 1% order. | Quoted by
Above 100 °C | Ballrano &
dominated 2 phase | Mellis, 1996
boundary mechanism
Single crystal | 115 °C — | CaS04.2H,0 - | Sarma et al.,
Raman 147 °C and | CaSO,. Y2 H,O ->vy- | 1998
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Technique Conditions Summary of findings | Reference
spectroscopy %RH ca.60 CaSO0O,
Ea 92.25 kJ/mol
Variable Stagnant  air | CaS04.2H,0 Chang et al.,
Temperature %RH ca. 50 —->CaS0,. %2 H,O —>v- | 1999
Raman CaS0,
25 °C -300°C
Spectroscopy
Hemihydrate
observed from 118 °C
Micro Raman | -264 °C to -100 | CaS04.2H,0 - | Chio et al.,
& FTIR °C; constant N, | CaSO4. %2 H,O ->v- | 2004
flow CaSO0O,
Micro Raman |27 °C —127 °C | CaS04.2H,0->v- Prasad et al.,
& FTIR CaSO, 2005
EDXD Dynamical JMAK model; E; 75 | Carbone et
reduced total | kd/mol al.,2008
pressurel10 CaS0,4.2H,0>y-
bar; 40 — 80 °C | CaSO,

5.1.1 Gypsum dehydration 25-650 °C

The diffractogram of the Phalaborwa phosphogypsum is shown in

Appendix A. It has a monoclinic crystal structure and no other crystalline

impurities detectable by XRD. The instruments set-up details are on

Appendix B. The instrument peak positions were verified with a LABg

standard and diffractogram is shown in Appendix C. Figure 5.1 depicts the
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2-d view of the 33 diffractogram taken during the heating from 25 °C to
650 °C and then cooling to 25 °C. The dotted line indicates approximate
temperatures for the transitions from gypsum to hemihydrate(s) and from
hemihydrate to anhydrite and the dominant phase in each region is
indicated. The shift in peak positions is observed during the heating and
the cooling of the reactant. This behaviour is attributed to crystal lattice

expansion.

B-Anhydrit 650

Gypsum/hemihydrate

25 26 27 28 29 30 31 32 33 34 35 36 37

20

Figure 5.1: Reaction between gypsum and carbonaceous material 25-650 °C under
nitrogen flow

Figure 5.2 shows the plot of the crystal lattice parameters for
phosphogypsum during heating up to 650 °C. The Rietveld refinement of
the data was carried out on TOPAS Academic version 4.1. The data on
the expansion of a, b and c lattice parameters obtained is compared and
shows good agreement to that reported by Ballirano and Melis, (2009) but
consistently lower than that reported by Schofield et al., (1996). Ballirano

and Melis argued that the difference observed between their data and that
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of Schofield et al., (1996) was due to difference in the temperature range
of measurements and possible due to systematic errors in Schofield et al.,

(1996) experiments.
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Figure 5.2: Evolution of lattice parameters and volumes of gypsum with temperature in the 25 — 650 °C range. Reference data of Schofield
et. al., 1996 and Ballirano & Melis, 2009 are reported for comparison
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Both these authors agreed that the expansion of gypsum is anisotropic
along the b-axis and this was attributed to the weakening of the hydrogen
bond (H-----O), acting along the b-axis, linking the adjacent polyhedral
sheets as shown by the 010 plane in Figure 5.3.

Figure 5.3: Ball and stick model of Gypsum showing the water layer in the 010
plane

Ballirano and Melis, 2009 studied the thermal behaviour of y-CaSO,4. They
reported that the thermal expansion is anisotropic along the c-axis. The
transformation from y=> B CaSO, begins at 182 °C and get to completion
at 380 °C. Under the current experimental conditions y-CaSO; is observed
earlier at 117 °C. The y-CaSO4 and 3-CaSO, could be refined together up
to temperatures of 500 °C. The space group P6,22 for y-CaSO, was
proposed by Ballirano et al., 2005 and Ballirano and Melis, 2001 and
confirmed by Christensen et al., 2008, contrary to the C222 previously
proposed by Bezou et al., (1995). Therefore the Rietveld refinements
were carried out in P6,22 space group and the refined lattice parameters
a= 6.9757 A and c = 6.3188 A. Rietveld refinements p-CaSO, were

carried out on space group, orthorhombic pseudo trigonal AMMA resulting
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in the refined lattice parameters: a= 6.997 A, b= 6.99 A and c= 6.24 A
which are similar to those reported in the literature. Similar behaviour to
that reported in Ballirano and Melis, 2009 and Ballirano and Melis, 2007
the thermal expansion of both y-CaSO,4 and B-CaSO, is anisotropic along

the c-axis.

In this chapter we discuss the reaction mechanism and the kinetic of the

reduction of graphite with graphitic carbon.
5.2 Thermogravimetric analysis

The work covers the Thermogravimetric analysis of the reaction between
phosphogypsum and graphite. The experiment was design by the main
author and the analyses were performed by Benni Vilakazi at the thermal
laboratory at NECSA. The lead author carried out the interpretation and
wrote the manuscript for publication. The second and third authors
supervised the work. The article has been re-submitted to the Journal of
Thermal Analysis Calorimetry (Impact Factor 2.042). The referencing style
has been changed from the publication journal in order to maintain

consistency in this Thesis.

5.3 In situ Raman spectroscopy

The work covers the in situ Raman spectroscopic study of the reaction
between phosphogypsum and graphite. The experiment was design by
the lead author and the high temperature analyses were carried out at the
WITS School of Physics, Nano laboratory by the main author under the
guidance of Dr. Rudolf Erasmus. The ambient temperature analyses were
performed by the second author at Sasol Technology (Dr. Werner
Barnard). The main author interpreted the results and wrote the
manuscript for publication. The second and third authors supervised the
work. The outcome of this work is published in the journal: Spectrochimica
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Acta A (Impact factor 2.098). The referencing style has been changed

from the publication journal in order to maintain consistency in this Thesis.

5.4 Research Article: TG kinetics

TG-DSC analysis and kinetics of the reaction between

phosphogypsum and graphite

Xolani Msila - Sasol Dyno Nobel, 486 Brandbach Road, Ekandustria,
Bronkhorstspruit, 1021, South Africa; xolani.msila@sasol.com, +2713 933
6072, +2782 456 2468 (To whom correspondence should be addressed)

Werner Barnard - Sasol Technology R&D, 1 Klasie Havenga Road,
Sasolburg, 1947, South Africa; werner.barnard@sasol.com, +2716 960
6219

David Gordon Billing - School of Chemistry, University of the
Witwatersrand, Johannesburg, WITS 2050, South Africa;
dave.billing@wits.ac.za, +2711 717 6759

Abstract

A kinetic study of the reaction between phosphogypsum and graphitic
carbon was carried out using a TG-DSC analyser. The analyses were
done under a nitrogen flow in the temperature range 25 to 1200 °C. The
results show that: (1) the increase in the nitrogen flow rate drives the
thermal reduction of phosphogypsum forward, (2) after the dehydration of
the phosphogypsum to anhydrite, the thermal reduction to calcium
sulphide proceed via an intermediate compound formation of a mass loss

of around 11%. The activation energy for the reduction of phosphogypsum
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to calcium sulphide was obtained by the OFW and KAS methods to be in
the 330-370 kJ/mol range. The reduction of phosphogypsum to calcium
sulphide is a complex reaction with competing parallel independent

reactions.

Key words: OFW, KAS, apparent activation energy, model-free

methods, phosphogypsum

Introduction

For every ton of phosphoric acid produced from apatite ore, 1.7 tons
phosphogypsum is produced as a by-product (Al-Jundi et al. 2008; Pereira
and Bilal, 2012) as described by Equation 5.1. In turn elemental sulphur
can be recovered from phosphogypsum by thermal reduction process
followed by H,S scrubbing using CO, and a PIPco or Fe process (Maree
et al., 2005; Nengovhela, 2008; Mihara et al., 2008). The deterrent to such
recovery of S is the high reduction temperature and the resultant cost.
Thermal reduction of sulphate has been a subject of many studies, as
reflected in the review by Machel (2001), specifically in relation to oil

exploration.

Ca,,(PO,),F, +10H,S0, +20H,0 —>10CaS0,.2H,0 + 6H,PO, + 2HF (5.1)

CaS0,.2H,0+2C —>CaS+2C0O, +2H,0 .....ccooceiveeeieieeeeeeee, (5.2)

A sulphate ion is a tetrahedron, with S-O bond lengths of 1,47A and O-S-
O bond angle of 109° (Ma et al., 2008; Ellis et al., 2007). This molecular
symmetry results in high activation energy (E,): 234 kJ/mol (Ellis et al.,
2007), 354 or 324 kJ/mol (Goldstein and Aizenshtat, 1994), for the
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thermal sulphate reduction (TSR) by the electron donors such as
hydrocarbons. In laboratory evaluation of the thermal reduction of calcium
sulphates (anhydrite and gypsum) with C;, C, and C3 hydrocarbons, the
Ea of 152.9 kJ/mol, 131.0 kJ/mol and 120.6 kJ/mol were obtained
respectively (Yue et al., 2006); 96.8 kJ/mol using natural gas containing
inclusively C;-Cg hydrocarbons (Ding et al., 2007). The common trend in
these studies were reaction temperature < 200 °C and presence of
moisture. The thermal reduction studies carried out on Flue Gas
Desulphurization (FGD) gypsum using activated carbon by Nengovhela
(2008) at elevated temperature concluded that the reduction proceeds via
complex reaction. Following the Raman spectroscopic study of
phosphogypsum reduction with graphite by Msila et al. (2015) we use the
TG-DSC to evaluate the kinetics parameter (E;) of phosphogypsum
reduction with graphitic carbon Equation 5.2, by following the Ozawa-
Flynn-Wall- (OFW) method (Flynn and Wall, 1966) and Kissinger-Akahira-
Sunose (KAS) methods (Akahira and Sunose, 1971).

Kinetics

Kinetics of solid reactions is based on assumption that they are a function

of temperature and conversion as described by the Equation 5.3.

d“dt:k(l')- (2 ) TR (5.3)

where f(a) is the reaction model (Apaydin-Varol, 2014), k is the reaction

constant and a is the conversion defined by: a = (m, — m%
(mi - mf)

where m;j is the initial mass,

m, is the actual mass at time t and ms is the final mass.
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The Arrhenius equation, Equation 5.4, describes the dependence of the

constant k on temperature as follows:

where, A is the pre-exponential factor, E, is the activation energy, R is the
gas constant with the value 8.314 J.K™mol* and T is the absolute

temperature in K.

Combining Equations 5.3 and 5.4 we get Equation 5.5:

dt

Reaction models can be reduced into 3 major types: accelerating,
decelerating and autocatalytic (Vyazovkin et al., 2011). For accelerating
models, the dependence of the reaction model to the conversion is

expressed in a power model Equation 5.6.

(2 I €23 SRS (5.6)

where n is the reaction order.

If we substitute for f(«)in Equation (5.5) we get Equation 5.7:

-E,
d%t: AL @) 8 R e (5.7)
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For linear heating non-isothermal TGA the heating rate () is expressed

p=91
as: dt and therefore Equation 5.7 for linear heating TGA can be

expressed as Equation 5.8:

For condensed phase kinetics, the model-free Isoconventional methods
represent a simple, way to treat kinetic data and enable process modelling
without insight into the mechanism and use the activation parameters for
temperatures regimes outside those applied in the measurements (Simon,
2004). Two of such model-free methods are known as OFW and KAS
methods. The OFW method is derived from Equation 5.9.

A{ZEa — —
In(ﬂ):ln( Ag(a)j 5.331—1.052E, /RT,. wooovoooooooeooooooesoeoeeeee e 5.9

where g(a) is a constant at a given value of conversion. The subscript a

and i are a value of conversion and heating rate respectively. The plot of

In (B) vs % should yield a straight line with the slope equals —1.052 E%

and the Y-intercept that equalsIn(AaE%g(a))—S.%l. In this study the

kinetic parameter E, for the reduction of phosphogypsum with graphite
obtained from the OFW method will be compared to that obtained by
following the KAS method. The E, in the KAS method is derived from the

slope of the plot of In(%zj VS % _for a given value of conversion (a).
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This plot should yield a straight line with the slope equals — E% and it is

derived from Equation 5.10. The Y intercept equals In(A%g(a)) from

which the pre-exponential factor, A, can be calculated

()M ) T

Experimental

Non-isothermal reaction of phosphogypsum (PG) reduction with graphite
was carried out using the TG-DSC analyser SDT Q600. About 6 mg of

sample was heated under ultrapure nitrogen in the temperature range 25-

1200 °C. The nitrogen flow rates and the heating rates applied at different

molar ratios are summarised on Table 5.2.

Table 5.2: Experimental setting for kinetic studies

PG: C Heat rate (°C/min) | N2 Flow rate (ml/min)
Molar ratio
1:2 20 100
1:3 15 100
1:3 20 100
1:3 25 100
1:3 30 100
1:3 20 75
1:3 20 125
1:3 20 150
1:4 20 100
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Results and discussion

Effect of molar ratio

Figure 5.4 shows the thermograph (TG) for the molar ratios of PG:C ratios
of 1:2, 1:3, and 1:4. The thermal event at 80-150 °C is associated with the
dehydration of gypsum to anhydrite via hemihydrate. The low resolution of
the TG makes the clear distinction of the two dehydration step unclear.
These dehydration steps indicated as (A) on the thermograph are followed
by a gradual mass loss (B) up to the onset temperature of the next
thermal event around 800 °C indicated on the thermograph as (C). The
stoichiometric calculated residual mass reduction of PG with C to calcium
sulphide, based on Equation 5.2 is 34.7%. The molar ratio of C/PG =3
gives a residual mass value 35.7%, the closest to the theoretically
calculated, compared to the 32.3% and 37.5% obtained for the ratios 2

and 4 respectively.
100
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®
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Figure 5.4: Thermographs of phosphogypsum reaction with graphite in molar
ratios (PG:C) of 1:2, 1:3 and 1:4
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Effect of N, gas flow rate

Figure 5.5 shows the TG for the N, flow rates of 75; 100, 125 and 150
ml/min for the C/PG molar ratio of 3. The thermal event associated with
the dehydration of gypsum to anhydrite is observed in similar temperature
range for all the N, flow rates applied. The increase in N, flow rate from
75 to 125 ml/min resulted in no observable effect on the onset
temperature of around 800 °C and the maximum reaction temperature of
around 1090 °C. The N; flow increase to 150 ml/min slowed down the

conversion rate and the overall residual mass at the end of the reaction.

100 -
a0 -
80 A

-=-75m/minTG
70 A — 100 m/min TG
X .

kY -=-125mli/min TG

60 - A\

—150 mli/min TG
50 A
40 -
30

90 140 190 800 900 1000 1100 1200
Temperature/°C

Figure 5.5: TG analysis of the reaction between phosphogypsum and graphite at
molar ratio (1:2) at varying N, flow rates

The residual mass (Mg) is plotted against the N, flow rate in Figure 5.6.
The dependency of the overall conversion of phosphogypsum on the N

flow rate can be described by the logarithmic function y = -0.0135
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x+37.161, where y is the residual mass % and x is the N, flow rate with a
regression coefficient (R?) of 97%. The observed decrease in the residual
mass towards the expected (theoretical) value with the increase in the N,
flow rate suggests the formation of gaseous reaction products whose

removal drives the phosphogypsum reduction reaction forward.

36.5
+ Residual

36.0 - Mass
- ¢ +—Linear
S 3951y =.0.0135x + 37.161 regression
& R2 = 0.9791 line

35.0 1

Theoretical M,
34.5 .
0 100 200

F (ml/min)

Figure 5.6: Dependency of residual mass (Mg) on the N, Flow rate (F)

Based on these results, the reaction conditions for studying the reaction
kinetics were optimised to a molar ratio of PG:C (1:3) and the nitrogen
flow rate of 100 ml/min. This flow rate is in line with that applied for the in

situ Raman spectroscopic study in section 5.5.
Effect of heating rate

The reaction conditions for studying the reaction kinetics were: a molar
ratio of PG:C (1:3) and the nitrogen flow rate of 100 ml/min. Figure 5.7
shows the normalized mass loss in the temperature range 25-1200 °C
under the heating rates 15, 20, 25 and 30 °C/min. The thermal event
below 200 °C, resulting in mass loss of approximately 23% is attributed to

the loss volatiles and the of gypsum crystal water to form hemihydrate
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(Ballirano and Melis, 2009a), then anhydrite (Ballirano and Melis, 2009b)
as described by Equation 5.11.

100% -
80% -
60% -
o 15 deg/min
—20 deg/ min
40% A - -25 deg/min
—30 deg/ min
20% - o
0% : . g : : .
50 150 250 800 1000 1200

Temperature (°C)

Figure 5.7: Normalised mass loss for the reaction between phosphogypsum and
graphite

There is a gradual mass loss between 600 °C and 800 °C that has been
explained by the Ellingham Diagram as the combustion of graphite to a
mixture of carbon monoxide and carbon dioxide (Nengovhela, 2008). This
event is followed by the thermal reduction of anhydrite to calcium sulphide

as described by Equation 5.12.

CaS0,.2H,0(s)—2<>Cas0,.0.5H,0—2 5y —CaSO,(s) + 2H,0(g) (5.11)

CaS0, (s) +4CO(g) —> CaS(S) + 4CO,(T) ..veveererrrerrerrereesrerereeseesseneen. (5.12)
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Figure 5.8 depicts the first derivatives of the thermographs (dTG) of the
mass loss at the heating rates 15, 20, 25 and 30 °C/min. Two events not
evident in Figure 5.7 are indicated with letters A & B in Figure 5.8. The
thermal A is the dehydration of gypsum to hemihydrate as shown in
Equation 5.11 followed by the dehydration to anhydrite. Around 900 °C,
the event B that results in a 11% mass loss and is attributed to the
formation of an intermediate compound before the formation of CaS. This
intermediate has been reported by Msila et al (2015) as a dehydrated

orschallite type compound.

05 -
—-dTG 15
deg/min

deg/min
--dTG 25
deg/min
—dTG 30
deg/min

dTG (% °C)

Temperature (°C)

Figure 5.8. First derivative of the thermographs of phosphogypsum reduction
with graphite at heating rates 15, 20, 25 and 30 °C/min; A indicates the
dehydration of gypsum to hemihydrate and B indicates the formation
of an intermediate compound
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The OFW and KAS plots were constructed according to Equations 5.9
and 5.10 are plotted Figures 5.9 and 5.10 respectively. The linear plots fit
the OFW and the KAS models (R*>0.9) in the conversion range 0-30%

and the conversion range >60%.

3.50 -
W 10.0%
- * |
+200%
4 30.0%
3925 260.0%
’ - -40.0%
50.0%
o % 70.0%
=
- = 80.0%
3.00 4 - * +90.0%
2.75 -
+ O X A -
AR AR Y A Y
(T T O TR | B | " 1 0 1]
coo L 9 o o o o
2.50 E883 & oS : & V4 3 @
0.74 0.79 0.84 0.89 094230 250
1000/T (K1)

Figure 5.9: Plot according to Ozawa-Flynn-Wall method (OFW)
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Figure 5.10:  Plot according to Kissinger-Akahira-Sunose Method (KAS)

From the slopes of the linear curves in Figures 5.9 and 5.10, the apparent
activated energies were calculated as per Equations 5.9 and 5.10. The
calculated apparent activation energies are depicted in Figure 5.11. Three
regions are evident in both the OFW and the KAS plot. Region 1 with the
apparent E,, 47-62 kd/mol is in the conversion region a<20%, is related to
the thermal dehydration of gypsum to anhydrite; regions 2 with apparent
Ea, 190-326 kJ/mol is related to the CO/CO, evolution in the region a=20-
50%; Region 3: a>60% where the apparent E, ranges 330-370 kJ/mol
relates to the reduction of anhydrite. Following Vyazovkin and Lesnikovich
(Vyzovkin and Lesnikovich, 1990) interpretation of the TG curve, the
reduction of gypsum with graphite is a complex reaction composed of a

series of independent parallel reactions.
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Figure 5.11: Activation energies calculated according to the OFW and KAS
methods

Conclusions

The phosphogypsum reduction was preceded by a parallel dehydration to
hemihydrate and anhydrite at temperatures below 200 °C. The TSR was
complete just above 1000 °C, preceded by formation of an intermediate
compound characterized by an 11% mass loss. The increase in the flow
rate of N, is accompanied by the increase in the residual mass towards
the theoretical value. Due to the increase of the calculated activation
energy with the increase in conversion, the phosphogypsum reduction
with graphite is determined to follow a complex mechanism with apparent
activation energy determined by the OFW and KAS methods to be in the
range 330-370 kJ/mol.

96



References

Akahira, T., Sunose, T. (1971) Method of determining activation
deterioration constant of electrical insulating material, Res Report Chiba

Institute of Technology, Sci Technol, vol.16, pp 22-31.

Al-Jundi, J., Al-Ahmad, N., Shehadeh, H., Afaneh, F., Maghrabi M. and
Gerstmann, U. (2008), Investigation on The Activity Concentrations Of
238y 2Ra, *®Ra, *°Pb and “°K In Jordan Phosphogypsum And
Fertilizers. Radiation Protection Dosimetry, vol. 131, no. 4, pp 449-454.

Apaydin-Varol, E. (2014) Pyrolysis kinetics and thermal decomposition
behaviour of polycarbonate — a TGA-FTIR study. Thermal Science, vol.
18, no. 3, pp 833-942.

Ballirano, P. and Melis, E. (2009) Thermal behaviour and kinetics of
dehydration in air of basanite, calcium sulphate hemihydrate
(CasS0,4.0.5H,0), from X-ray Powder diffraction. European Journal of
Mineralogy, vol. 21, pp 985-993.

Ballirano, P. and Melis, E. (2009) Thermal behaviour and kinetics of
gypsum in air of basanite from in situ real-time laboratory parallel-beam X-
ray Powder diffraction. Physics and Chemistry of Minerals, vol. 36, pp 391-
402.

Ding, K., Li, S., Yue, C. and Zhong, N. (2007) Simulation Experiments on
Thermochemical Sulfate Reduction Using Natural Gas. Journal of Fuel

Chemistry and Technology, vol. 35, pp 401-406.

Ellis, G.S., Zhang, T., Ma, Q. and Tang, Y. (2007) Theoretical study on the
reactivity of sulfate species with hydrocarbons: Geochimica et
Cosmochimica Acta, vol. 72, no. 18, pp 4565-4576.

Flynn, J.H., Wall, L.A. (1966) General treatment of the thermogravimetry of
polymers. J Res Nat Bur Standards, Part A, vol. 70, pp 487

97



Goldstein, T.P. and Aizenshtat, Z. (1994). Thermal sulphate reduction: A
review. Journal of Thermal Analysis, vol. 42, pp 241-290.

Ma, Q., Ellis, G.S., Amrani, A., Zhang, T. and Tang, Y. (2008) Theoretical
study on the reactivity of sulfate species with hydrocarbons. Geochimica et
Cosmochimica Acta, pp 4565-4576.

Machel, H.G. (2001) Bacterial and thermochemical sulfate reduction in

diagenetic settings. Sedimentary Geology, vol. 140, pp 143-175.

Maree, J.P., Theron, D., Nengovhela, N.R. and Hlabela, P.S. (2005)
Sulphur from smelter gases and sulphate-rich effluents. Journal of South

African Institute of Mining and Metallurgy, vol. 105, pp 1-4.

Mihara, N., Soya, K., Kuchar, D., Fukuta, T. and Matsuda, H. (2008)
Utilisation of calcium sulfide derived from waste gypsum boards for metal-
containing wastewater treatment. Global NEST Journal, vol. 10, no. 1, pp
101-107.

Msila, X., Barnard, W. and Billing, D.G. (2015) Raman spectroscopic study
of phosphogypsum thermal reduction with the carbonaceous material.
Spectrochimica Acta A, pp 317-322.

Nengovhela, R.N. The recovery of sulphur from waste gypsum, PhD

Theses, University of Pretoria, 2008.

Pereira, F. and Bilal, E. (2012) Phosphoric acid extraction and rare earth
recovery from apatites of the Brazilian phosphatic ore. Romanian Journal
of Mineral Deposits, vol. 85, no. 2, pp 49-52

Simon, P. (2004) Isoconventional methods: fundamental, meaning and

application. Journal of Thermal Analysis, vol. 76, no.1, pp 123-132.

Vyazovkin. S.V. and Lesnikovich, A.L. (1990) An approach to the solution
of the inverse kinetic problem in the case of complex processes. Part 1.
Methods employing a series of thermoanalytical curve. Thermochimica
Acta, vol. 165, pp 273-280.

98



Yue, C., Li, S., Ding, K. and Zhong, N. (2006) Thermodynamics and
kinetics of reactions between C1-C3 hydrocarbons and calcium sulfate in
deep carbonate reservoirs. Geochemical Journal, pp 87-94.

99



5.5 Published Research Article: Raman spectroscopy

Raman spectroscopic study of phosphogypsum thermal

reduction with carbonaceous material

*Xolani Msila', Werner Barnard?, Dave G. Billing®

'Sasol Dyno Nobel, 486 Brandbach Road, Ekandustria, Bronkhorstspruit,

1021. xolani.msila@sasol.com;

’Sasol Technology R&D, 1 Klasie Havenga Road, Sasolburg, 1947.

werner.barnard@sasol.com.

3School of Chemistry, University of the Witwatersrand, Johannesburg,
WITS 2050, South Africa

Abstract

Elemental sulphur (S) can be produced from hydrogen sulphide (H,S) in a
PIPco or Iron process. In turn H,S can be stripped with carbon dioxide
(CO,) from calcium sulphide (CaS) obtained from the thermal reduction of
phosphogypsum with carbon. The reaction pathway for the thermal
reduction of the phosphogypsum with graphite was studied using
Thermogravimetric analysis and in situ Raman spectroscopy. The
dehydration of the phosphogypsum to anhydrite was completed at about
142 °C. The dehydration was followed by the formation of the
intermediate compound at about 860 °C which is characterised by a mass
loss of about 11%. The intermediate compound, identified using in situ
Raman spectroscopy to be a dehydrated Orschallite-type compound
(Caz[S04][SOs3]2), converted to CaS at about 935 °C. The presence of the
metal impurities in the phosphogypsum: Ni**(4 mg.kg™); Co* (2 mg.kg™);
Mn#*(5 mg.kg?); Cu?(14 mg.kg?); Fe?*(200 mg.kg?) and Mg 2*(300
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mg.kg™) showed no influence the onset temperature for the reduction

reaction.

Key Words: Phosphogypsum, in situ Raman spectroscopy, thermal

sulfate reduction.
Introduction

The association of the dissolved sulphate and hydrocarbons is
thermodynamically unstable in virtually all diagenetic environments
(Machel, 2001). Hence redox reaction occurs where sulphates are
reduced by the hydrocarbons either bacterially (bacterial sulphate
reduction- BSR) or inorganically (thermal sulphate reduction — TSR).
Although TSR is thermodynamically possible at temperatures as low as
25 °C; there is evidence that BSR and TSR occur in two mutually
exclusive thermal regimes. BSR predominantly occurs at shallow depth (T
< 100 °C) and TSR in deeper evaporatic or carbonate reservoirs (T >
100 °C) (Machel, 2001). BSR by various electron donors is documented in
the literature by Bijmans, 2008 and Kleikemper, 2003. The electron
donors include hydrogen gas, synthetic gas, methane, methanol, ethanol,
glycerol, acetate, lactate and organic waste (Bijmans, 2008). In addition to
these, other e-donors have been evaluated in the laboratory studies of
reduction of solid calcium sulphates (anhydrite and gypsum): C;-Cj
hydrocarbons (Ellis et al., 2007), CO and coal dust (Nengovhela et al.,
2007) and C;-Cg¢ hydrocarbons (Ding et al., 2007). Yue et al., 2006,
reported methane as the most non-reactive hydrocarbon in the TSR
reaction in the range of hydrocarbons tested. This is in line with the finding
by Machel, 2001. Machel suggested that the order of reactivity in
hydrocarbons is: branched alkanes + n-alkanes > cyclic + mono aromatic
compounds > methane. A common challenge in all the work carried out so
far on TSR has been to reduce the activation energy of the redox

reactions involved.
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There have been many attempts to explain the redox reaction mechanism
involved in the reduction of sulphate. Machel, 2001 singled out
temperature to be the most important factor that governs the redox
reactions involved in the TSR. However, there are other potential factors
that enhance or reduce the rate of TSR in a natural environment such as:
(i) initial total sulphur concentration; (ii) pH; (iii) salts (soaps) of inorganic
acids; (iv) organic acids; (v) metal complexes; (vi) catalytic action of Ni?",
Co?*, Mn?*, Cu®*, Fe®, Ca** and Mg**; (vii) organic compounds such as
phenols, aldehydes aniline, urea, and vanillin; and (viii) clay minerals
particularly montmorillonite; and silica gel. The effect of the many of these
factors is not well understood but it is clear that the increase in
temperature and the initial concentration of H,S enhances the rate of TSR
(Ellis et al., 2007).

Ma et al.,, 2008 in the theoretical study of the mechanism of TSR,
elucidated the catalytic function played by the H,S in reduction of
sulphate. Sulphate anions are symmetric tetrahedrons with S-O bond
lengths of 1,47 A and O-S-O bond angle of 109° (Ma et al., 2008; Ellis et
al., 2007). This makes sulphate extremely unreactive to reduction by
hydrocarbons with the activation energy of 234 - 354 kJ.mol™ (Ellis et al.,
2007; Goldstein and Aizenshtat, 1994) H,S dissociates in water to form
HS  and H'. The acidification of water by the dissociation of H,S
encourages the formation of protonated sulphate (HSO,). The more
acidic the water is the more bisulphate forms. The resulting protonated S-
O bond is longer (weaker); 1,71 A and the resulting molecule is polar with
a total dipolar moment of 3,02 Debye. The presence of H,S therefore
lowers the activation energy for sulphate reduction to 222 kJ.mol™. This
mechanism required H,S to dissociate for the H" to protonate the
sulphate, which in turn has to be in its dissolved anionic form. The
wettability of calcium sulphate therefore becomes an important parameter

to be considered.
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Ellis et al., 2007 carried out experiments that confirmed catalysis of TSR
by H,S. They further suggested that magnesium played a significant role
in a two-stage reduction of sulphate. Therefore they proposed that the
mechanism involved the formation of contact ion-pairs between Mg?* and
S0, ions in solution. The formation of MgSO, contact ion-pairs by Mg**
bidentate coordination changed the symmetry of the SO4* ion from T4 to
C,v. This coordination results in an increased S-O bond length. The longer

S-O bond is weaker and easier to reduce.

Ding et al., 2007 studied the role of labile sulphur compounds in TSR, and
proposed a different mechanism. They proposed that the mechanism
occurs via the formation of sulphur radicals that enhances the formation of
alkene compounds. The alkenes are easier to oxidise than alkanes. Prior
to 1991 it was believed that the oxidation of hydrocarbons under
geological conditions would not proceed unless the lower oxidation state
sulphur, such as H,S, is present (Goldstein and Aizenshtat, 1994). The
geological conditions are characterised by, amongst other factors, the
dissociated SO,* salts in aqueous solution (Ellis et al., 2007; Zhang et al.,
2008; Amrani et al., 2008). The presence of initial low oxidation state
sulphur has been shown to increase the rate of TSR and lower the
activation energy of the S-O bond rupture (Zhang et al., 2008). Amrani et
al., 2008 carried out experiments to understand the role of labile sulphur
compounds in TSR. Their findings disputed the mechanisms via (a) the
thermal release of H,S from the thiols; (b) generation of alkenes by
leaving H,S compounds; and (c) the radical formation followed by chain
reaction of active compounds formation. They instead suggest that the
thiols react directly with the sulphate resulting in the formation of sulphate
ester. The ester formation results in the lower activation energy for the

rupturing of the S-O bond.

But the conditions required for TSR in a geological environment have
been shown not to be essential for the solid/liquid or the solid/gas such as
in the reaction with C1-Cg hydrocarbons (Ding et al., 2007); or with C;-C3
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hydrocarbons under pressure (Yue et al. 2006); and solid-solid reaction
such as coal dust and CO at ambient pressure (Nengovhela, et al., 2007,
Nengovhela et al., 2008). These studies reported no dissociation of
sulphate, acidification or H,S initiation but showed that different carbon
sources required different amount of energy to reduce the sulphate. The
activation energy (E,) for the reactions between solid gypsum and C;-C3
hydrocarbon were 152.9 kJ.mol?, 131.0 kJ.mol* and 120.6 kJ.mol* for
Ci1, C, and Cj3 respectively, whereas the reaction of coal and carbon

monoxide with gypsum the E, was 14340 kJ.mol™ and 28680 kJ.mol™.

It is evident from literature reports that the reaction mechanism of TSR in
agueous solution is not the same as those in solid/solid reaction. The
study by Nengovhela et al., 2008, which focused on the reaction of
gypsum with coal dust and CO, proposed that the mechanism is complex
and it results in the formation of CaS. In this study the authors follow the
reaction mechanism pathway between graphite and phosphogypsum, a
by-product from a phosphoric acid facility in the Lowveld region of South
Africa. Thermogravimetric analysis and in situ Raman spectroscopy will
be used under similar reaction conditions to those previously described by
Mihara et al., (2008) and optimised by Nengovhela, (2008).

Materials and methods

The concentrations of inorganic impurities in phosphogypsum were
determined using an Inductively Coupled Plasma_Optical Emission
Spectroscopy (ICP_OES). A stoichiometric carbon rich mixture of gypsum
and the carbonaceous material (1:3 molar ratio) was prepared by mixing
17.2 g of gypsum with 3.6 g of carbon. The mixture was finely ground with
the mortar and pestle. Thermogravimetric measurements were done using
a TG-DSC analyser SDT Q600 instrument. About 6 mg of sample was
heated from ambient temperature to 1200 °C at 20, 25 and 30 °C.min™,

under constant flow of nitrogen (100 cm®.min™).
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In situ Raman measurements were carried out in a Linkam™ TS 1500
reactor controlled by the TMS 94. A stoichiometrically carbon-rich mixture
of graphite: gypsum (3:1 molar ratio) was reacted up to 1080 °C, under a
100 cm®.min™* continuous nitrogen flow. The mixture was heated up at the
rate of 20 °C.min™ to set temperatures then quenched before Raman
scans were taken on the Bruker Raman spectrometer equipped with
charge-coupled device detector and a green laser (A = 532 nm). Blank
runs for gypsum and the carbonaceous material were also carried out
under the same conditions. The commercial grades of likely products of
gypsum decomposition and gypsum reduction with carbon such as
calcium sulphite in the form of hannebachite (CaSO3),.H,O and calcium

oxide were analysed under ambient conditions.
Results and discussion

Raman characterisation of the reactants: phosphogypsum and

the carbonaceous material - before and after heating

Gypsum crystallises in monoclinic crystal system, space group C2/c (Ray
et al., 2010). Each sulphate is tetrahedrally bonded to the calcium ion
although a distinct distortion of the shape commonly occurs which gives
rise to band splitting in Raman spectroscopy (Sama et al., 1998). Factor
group analysis predicts 72 vibration modes for gypsum belonging to the
irreducible representations: 17A4% +17 A/® + 19B% + 19 B,/® (Sama et
al., 1998 and Berenblut et al., 1973). In this study 8 peaks are observed).
The observed Raman bands are assigned and compared to the published
data in Table 5.3.
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Table 5.3: Band positions (cm™) for phosphogypsum before and after heating to
1080 °C and assignments

This work Sama et al., | Berenblut et | Assignment
1998; al., 1973
Compton,
Before heat  After heat | 2003
415 417 420 416 v2 SO4 B3y
495 500 494 498 v2 SO4 Ag
620 610,630 (d) 623 626 va SO4 Bayg
673 677
1009 1019 1008 1016 v1 SO4 Ag
1139 1114,1130,1162 | 1139(triplet) | 1128 v3 SO4 Byg
; 3264 v2 (H20)
3407 3345 v1 (H20)
3496 3452 vs (H20)

No reaction or breakdown of phosphogypsum was observed when it was
heated under continuous flow of N, up to a temperature of 1080 °C. The
dehydration of phosphogypsum under continuous N flow is characterised
by the shift in the v; SO, shift from 1009 cm-1 to the higher wave
numbers, 1019 cm™. The v; SO, band is resolved into a triplet at 1124 cm’
11130 cm™ and 1162 cm™. Sama, et al., (1998) attributes this behaviour
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to the symmetry changes as the gypsum dehydrates. A large shift of the
S04 modes in gypsum from the free Tq symmetry also corroborates the

distortion. They argued that all internal modes splitting of SO, in gypsum
could be explained using T, - C,> CZ correlations. Furthermore, the

internal modes also showed non-uniform splitting, which was attributed to
the distortion of SO, tetrahedral.

Characterisation of carbonaceous material and its heating

product

The carbon D shift is observed at 1360 cm™, the G shift or Eq of graphite
carbons is observed at 1597 cm™. These observations are in good
agreement with those reported in literature (Nakamizo et al., 1974;
Gonzalez et al., 2003 and Sadesky et al., 2005) for the deformed graphitic
structure and sp® carbon shift. The band at 2914 cm™ are the combination
of the D and the G band (D+G) whereas the band at 3177 cm™ is the G
band overtone (G+G) A broad shoulder around 2700 cm™ is visible. This
can be attributed to the D band overtone (D+D) or 2D.

The Raman spectra of graphite used before and after heating to 1080 °C
under continuous N, flow are shown in Figure 5.12 and Figure 5.13

respectively.
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Figure 5.12: Room temperature Raman spectrum of the carbonaceous materials
before heating
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Figure 5.13: Room temperature Raman spectrum of graphite heated under
continuous N, flow to 1080 °C

The carbonaceous material type used was therefore confirmed to be a
disordered graphitic carbon. After heating to 1080 °C the D and the G
Raman shifts at 1368 cm™ and 1610 cm™ are still weakly visible as shown
in Figure 5.13. Non-fundamental Raman shifts are observed at 438 cm™,
517 cm™ and 631 cm™. These Raman shift are attributed to the presence

of impurities in the carbon analysed. The lower intensities of the D and G

108



bands after heating as well as the frequency change of the G band is an

indication of structural changes in the carbonaceous material.

Reaction between gypsum and the graphitic carbon under

continuous N, flow

Thermogravimetric analysis of phosphogypsum + graphite reaction

mix

Figure 5.14 shows the first derivative of the thermograph of graphite
mixed with phosphogypsum. Five thermal events observed are indicated
as E1, E2...E5. E1 occurs around 80 °C and E2 begins around 142 °C
and it was previously described by Nengovhela (2008) as associated with

the loss of gypsum’s crystal water as described by the Equation 5.13.

CaS042H,0(s) & CaS040.5H,0 > y-CaS0u(s) + 2H,0(Q) ............ (5.13)

These events result in a loss of 16.9% mass, a very close estimation to
the expected 17% if an assumption is made that only the crystal water is
released and no graphite has oxidised up to around 180 °C. The third
thermal event (E3) is gradual mass loss of approximately 2%, between
600 °C — 850 °C. Nengovhela (2008) attributed this event to oxidation of
graphite to carbon dioxide due to presence of trace amounts oxygen,
possibly in the N, gas used. The carbon oxidation reaction is shown in
Equation 5.14.

C(S)FO2(G)DCOR(G) rrvrverereereererereeeeeeeeseseeseeeseseseeeseseeeseseseeeeeesesereeens (5.14)

This oxidation event leaves enough graphite to react with the

phosphogypsum. Nengovhela (2008) described one more event at 900 °C
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-1100 °C, described in the thermograph as (E5). The reaction can be
represented by Equation 5.15.

CaS0y4(s) + 2C(s) 2 CaS(S) + 2 CO2(Q) vevvvrrrrriiieeeeirieiiriiiiieeeeeeeennnnns (5.15)

The formation of calcium sulphide as the end product would result in a
calculated residual percentage of 35%. According to Kato et al., (2012)
there is one more transformation after the calcium sulphide, which is the
formation of calcium oxide (CaO). The CaO formation would lead to a
theoretical residual value of 27%. This value is far from the actual 35%
observed in this study and therefore calcium sulphide is the more likely

product of the reaction under current conditions and not the CaO.

The onset temperature for the formation of calcium sulphide, measured to
be 937 °C, in this study is comparable to that reported by Nengovhela for
FGD gypsum. The catalytic behaviour of Ni**(4 mg.kg™); Co?*(2 mg.kg™);
Mn#*(5 mg.kg?); Cu?*(14 mg.kg?); Fe?*(200 mg.kg?) and Mg 2*(300
mg.kg™) reported by Ellis et al., 2007 to lower the activation energy of
sulphate reduction could not be confirmed at the concentration level of

impurities measured in this study.

The thermal events indicated by E4 around 869 °C in the 1% derivative of
the thermograph have not previously been reported. These thermal
events, which precedes and overlaps with the formation of the calcium
sulphide are characterised by mass loss of approximately 11% and is an

indication of the formation of intermediate compound.
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Figure 5.14: First derivatives of the thermographs of phosphogypsum +
carbonaceous material (1:3 molar ratio)

Elimination of possible dehydration, decomposition and

thermal reduction products

There are several possible transformations when phosphogypsum is
heated from ambient to above 1080 °C. When gypsum is reacted with
different electron donors such as C or CO the products vary depending on
whether the environment in oxidative or inert. The possible reactions are
shown Equation 5.16 - 5.18, CaO is the most likely decomposition product

of anhydrite decomposition:
Decomposition of anhydrite to CaO

CaS04(s) —# »Ca0(s) + SO3(g) (Tian et al., 2008) .................... (5.16)

CaS0y(s) + CO > CaO(s) + SO,(g) + CO, (g) (Mihara et al., 2008)
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3CaS04(s) + CaS > 4Ca0(s) + 4S0,(g) + COx(g) (Mihara et al., 2008)

Tian et al., 2008 reported the activation energy for decomposition of
CaS0, to CaO to be 992 kJ.mol™. They further suggest that although the
decomposition of CaSO4 to CaO occurs around 1227 °C, the activation
energy is greatly reduced in inert conditions and the rate of decomposition

is increased which makes the possibility of CaO formation at 1000 °C

under N, flow a possibility. CaO crystallises in a cubic space group Fd 3
m Although factor group analysis predicts no Raman active bands for
CaO, a weak non-fundamental band was observed at 360 cm™ (Figure
5.15). This band has previously been observed by Chang (1996) at 352
cm™. Other non-fundamental shifts are observed at 650 cm™, 1126 cm™,
1354 cm™, 1544 cm™, 1626 cm™, 1819 cm™ and 2020 cm™ possible due
to structural defects on CaO.
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Figure 5.15: Raman spectrum of CaO
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Raman identification of the intermediate compound

CasS crystallises in the cubic crystal system, space group Pm3m Wyckoff
positions 4a (George et al., 1963). Using the online method of Kroumova
et al., (2003) predicts CaS to have no Raman active and one IR active
vibration modes. In situ analysis of the gypsum and graphite reaction is
expected to be accompanied by the disappearance of anhydrite bands
(Figure 5.16).
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Figure 5.16: Raman spectra of graphite: gypsum reaction at 900 °C- black;
1000 °C - turquoise, 1080 °C (30min)-green & 1080 °C (60min)- red

In the reaction between gypsum and the graphitic carbon Raman bands
at 119 cm™; 132 cm™; 159 cm™; 167 cm™ and 227 cm™ are observed at
temperatures above 900 °C (Figure 5.15). Frost and Keeffe, (2009)
reported bands for hannebachite (CaSOs3),.H,O at 1000 cm™, 969 cm™,
655 cm™ with multiple bands for the v4 (E) mode at 444 cm™, 492 cm™
and 520 cm™. In this study the bands for hannebachite were measured at:
(A1) symmetric stretching mode at 993 cm™ and v4(E) bending modes at
472 cm™ and 442 cm™. Lower wavenumbers bands are observed at 149

cm™ and 218 cm™. These bands are attributed to lower symmetry SO3?
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bending modes. Ross (1972) reported CaS0O3.2H,O to have Raman
active bands at 972 cm™1(A1); 937 cm™5(E); 634 cm™ (A1) and 457
cm™4(E). Frost and Keeffe (2009) explained the difference between the
hannebachite and calcium sulphite, band positions to be due to the SO3*
anion bonding to Ca?* through the sulphur atom as opposed to the oxygen
atom. The low frequency Raman bands at 119 cm™; 132 cm™; 159 cm™;
167 cm™ and 227 cm™ observed in Figure 5.16 cannot be explained by
formation of hannebachite or a CaSO; type of a compound as an
intermediate before the formation of CaS.

The structure of orschallite is shown in Figure 5.17. It shows two distinct
environments for S*® and the S™ where the SO;* appears to be bonded

to the Ca®" ion and SO4* appears in discrete octahedrals.

Figure 5.17: Wire or sticks model of Orschallite (Cas[SO4]2[SO3]2-12HZO) from
Diamond crystal visualisation software [black - O7; green - ca’"; red -
s*; blue - S*]

Frost and Keeffe (2009) further report the observation of Raman bands at
119 cm™, 148 cm™, 173 cm™, 194 cm™ and 264 cm™. These bands are
associated with the lower symmetry SOs* bending modes in orschallite.

These bands observed in the current study can be associated with those
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described for SO3* bending mode in orschallite. It is proposed that the
transformation of CaSO, to CaS goes through a rearrangement to
dehydrated orschallite-type compound. The oxygen is lost in the formation
of CO which is driven off by the N, flow. The proposed reaction pathway is

described by Equation 5.19

3CaS0,2H,0(s) + 6C >3CaS04(s) + 6C(s)>Cas[SO4)[SOs](s) + 4C +
2C0(g) D3CAS(S) + ACO2(Q) -.vrrverrererereereeeeeseeeeseeeeeseeeeeseeeeeeeseens (5.19)

The reaction after the dehydration of gypsum will therefore proceed in at
least two steps as proposed by the balanced equation. The loss of 11%
mass in E4 during the TGA accounts for half of the expected mass loss
from the proposed reaction pathway. This implies that the transformation
to CaS overlaps with the formation of the Cas[SO4][SOs], type compound

and evolution of carbon monoxide.

Conclusions

Gypsum does not decompose under N, or air blanket up to the
temperature of 1080 °C, but dehydrates to anhydrite. When
phosphogypsum is reacted with graphite under N, blanket, it dehydrates
to hemihydrate around 80 °C then to anhydrite at around 142 °C. An
intermediate compound forms around 869 °C. This intermediate
compound is identified by Raman spectroscopy to be a dehydrated
orschallite-type compound, accompanied by the evolution of carbon
monoxide. The orschallite-type compound transforms to CaS. The
transformation to CaS was complete at the temperature of around
1080 °C.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATION

6.1 Suitability of the Lowveld phosphogypsum for use in

building materials

The South African Nuclear Regulator Act 47 of 1999 is intended to control
the use, storage and disposal of radiation sources. The Act exempts from
regulation materials of low exposure or potential exposure. The suitability
of the phosphogypsum from the Lowveld of South Africa for possible use
in building materials was evaluated against the requirements of this Act.

The Lowveld phosphogypsum contains low to appreciable activity
concentrations of the radioactive nuclides: U-238; U-235; Th-232 and their
progenies. The average concentrations of these radioactive nuclides are
below the maximum limit of 500 Bg/kg each, set for regulation by the Act.
The phosphogypsum is therefore exempted from regulation control. The
concentration of K-40, is below the minimum detectable amount, of 100
Bg/kg, by the y-spectrometer used and therefore also well within the 10
000 Bg/kg maximum limit set for building materials by the Act. The
phosphogypsum is therefore suitable for use as building material in South
Africa. Based on the results obtained in this study, the concentration index
(Iy) is in the range 1<I,<6, it is recommended that the phosphogypsum be
utilised for in building materials with restrictions such as in prefabrication
of gypsum boards or be diluted before use. An assessment should be

done for decision making with the consideration of scenario of use.

The U-238; U-235; Th-232 and their progenies are in disequilibria in the
phosphogypsum. The distribution of their concentration showed that
concentration of U-238 and its decay products Pb-210 and Ra-226

originating from the apatite ore are partitioned during processing in such a
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way that U-238 accumulates in the phosphoric acid while Ra-228 and Ra-
226 accumulates in the phosphogypsum. The majority of phosphoric acid
is used in the manufacturing of fertilizers. Therefore the accumulation of
radioactive progenies in phosphoric acid may lead to their accumulation in

food grown where the fertilizer is applied.

The partitioning behaviour can be attributed to the very low aqueous
solubility of radium sulphate and lead sulphate relative to that of uranium
sulphate. The concentrations of the progenies whose sulphate are low in

solubility are also Gaussian distributed in the phosphogypsum.

6.2 Conversion of the Lowveld phosphogypsum to

ammonium sulphate and precipitated calcium carbonate

The production of ammonium sulphate and precipitated calcium carbonate
was carried out in a Merseburg process that had been modified by
forming the ammonium carbonate in the gypsum conversion reactor. The
formation of ammonium carbonate from carbon dioxide and ammonia is
an exothermic reaction, AH = -101 kJ/mol. On average the temperature in
the gypsum conversion reactor increased by a 35 °C during the
ammonium carbonate formation. The addition of carbon dioxide to the
gypsum conversion reactor would result in the reduction of the heating
requirement to reach the reaction temperature of 70 °C.

The optimal reaction time to convert the phosphogypsum and precipitate
the calcium carbonate has previously been determined to be between in
5-7 hours.

The morphology of the precipitated calcium carbonate crystal produced
under the current conditions was determined to be a scalenohedral calcite
polymorph with average diameter of 3.4 + 0.1 ym. This is polymorph of
calcium carbonate that is most preferred by paper industry due to the

superior optical quality achieved when it is used.
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Sulphuric acid addition was necessary to lower the pH. At the end point of
ammonium carbonate formation. The pH of the solution was about 8.5.
Ammonium sulphate precipitation is optimal at pH of about 3.5. Sulphuric
acid was therefore used to lower this pH before concentrating the solution

for the precipitation of ammonium sulphate.

The heavy metal content of the (NH4).SO, is comparable to the

commercially available grades.

The economic feasibility of converting phosphogypsum to precipitated
calcium carbonate and ammonium sulphate is dependent on the proximity
of the available carbon dioxide and ammonia to the phosphogypsum, the

size of the plants as well as the ammonia prices.

6.3 Thermal sulphate reduction of the Lowveld
phosphogypsum using carbonaceous material to calcium

sulphide
6.3.1 Reaction mechanism pathway

6.3.1.1 X-ray powder diffraction

The phosphogypsum dehydrated to hemihydrate then to anhydrite when
heated in the mixture with graphite under nitrogen. Prior to dehydration
the anisotropic lattice expansion along the b-axis of the gypsum crystal is
observed by the change in diffraction peak positions. No further phase
transformation beyond anhydrite formation is observed in the temperature
range 25-650 °C. The anhydrite partially rehydrates to gypsum after
cooling down when the reaction is carried out under air but no rehydration
when the reaction is carried out under continuous nitrogen flow of 100

ml/min.
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6.3.1.2 TG-DSC kinetics

The phosphogypsum reduction was preceded by a parallel dehydration to
hemihydrate at 96 °C and anhydrite at temperatures below 170 °C. A
gradual mass loss is observed from about 650 °C which could be
attributed to partial oxidation of graphite to carbon mono/dioxide. The
thermal sulphate reduction was complete just above 1000 °C, proceeded
by formation of an intermediate compound at about 900 °C, characterised
by a 11% mass loss. The phosphogypsum reduction with graphite follows
a complex mechanism with average activation energy as determined by
the OFW and KAS kinetic methods to be 330-370 kJ/mol.

6.3.1.3 In situ Raman Spectroscopy

The gypsum does not decompose under N, or air blanket up to the
temperature of 1080 °C, but dehydrates to anhydrite. This is characterised
by the shift in the v; SO, vibrational band in the Raman spectrum. When
the gypsum is reacted with graphite under continuous air flow, no reaction
other than the dehydration to anhydrite occurred. When gypsum is
reacted with graphite under N, blanket, it converts to CaS with onset
temperature of the redox reaction around 900 °C. An intermediate,
dehydrated Orschallite-type compound forms accompanied by the
evolution of carbon monoxide. The intermediate transforms to CaS as per

the proposed mechanism is give in Equations 6.1

3CaS0,.2H,0(s) +6C
— 3CaS0, (s) +6C(s) —» Ca,[SO,][SO,](s) + 4C + 2CO,(9)
— 3CaS(s)+4CO0,(g)

The onset temperature for such a transformation has been measured to
be around 900 °C when graphite is used as an electron donor. This onset
temperature was not influenced by the heavy metal impurities present in

phosphogypsum at the present concentration.
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6.4 Recommended future research
6.4.1 Radioactive nuclides in phosphogypsum

The current study was based on samples taken during the production
process. A study on the phosphogypsum dug out samples may reveal the
current concentrations after decades of decay. A modelling study can be
carried out to map activity concentrations in the different areas of the

phosphogypsum dams.

6.4.2 Modified Merseburg process

The technical feasibility of the modified Merseburg process has been
proven in this Thesis. In order to ascertain that the goal of reducing the
capital layout, it is recommended that a comparative Economical

feasibility study be carried out.

6.4.3 Thermal reduction of phosphogypsum

The high temperature requirement for the thermal reduction of
phosphogypsum is the deterrent to sulphur recovery in this manner,
considering the current low price of sulphur. Although sulphur is cheap its
price can be volatile and its transportation and supply can be dependent
on world’s political stability as was seen in 2008. Further investigation of
alternative electron donors that may lower the activation energy for the
reduction reaction would add value to the scientific knowledge base.
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Appendix A: Flynn — Wall — Ozawa method: Data for E, calculation

Heating rate (B8)
Conversion 15 20 25 30 Slope R? Ea
(kJ/mol)
Inp 2.708050201 | 2.995732274 | 3.218875825 | 3.401197382
10.0% 2.51268908 | 2.470905093 | 2.447381302 | 2.430310837 -8.325 0.9891 65.800
15.0% 2.467917078 | 2.418145766 | 2.393317857 | 2.380555622 -7.616 0.9673 60.197
20.0% 2.427950567 | 2.365016673 | 2.338743627 | 2.331382743 -6.550 0.9258 51.771
25.0% 1.449128349 | 1.404967967 | 1.511395925 | 1.430574232 1.038 0.0248 -8.208
30.0% 0.934265107 | 0.9198955 | 0.914411119 | 0.906125408 -25.045 0.9840 | 197.939
35.0% 0.876708486 | 0.862909558 | 0.862024378 | 0.85467894 -31.183 0.9200 | 246.445
40.0% 0.844601728 | 0.833277781 | 0.838166762 | 0.825832026 -31.498 0.6976 | 248.934
45.0% 0.821045026 | 0.81532817 | 0.819443762 | 0.804505229 -30.209 0.5672 | 238.745
50.0% 0.8087932 | 0.803264467 | 0.802767944 | 0.792964816 -41.771 0.8464 | 330.116
55.0% 0.800717443 | 0.795431044 | 0.792374191 | 0.785558296 -46.227 0.9585 | 365.336
60.0% 0.794445239 | 0.789496538 | 0.785416388 | 0.779629832 -47.086 0.9786 | 372.122
65.0% 0.789041788 | 0.784350636 | 0.779702777 | 0.774359411 -47.095 0.9827 | 372.196
70.0% 0.784092335 | 0.779356407 | 0.77468935 | 0.769295863 -46.747 0.9827 | 369.444
75.0% 0.779356407 | 0.774425376 | 0.769965198 | 0.764292265 -46.127 0.9812 | 364.544
80.0% 0.7748154 | 0.769550429 | 0.765421326 | 0.759353335 -45.220 0.9787 | 357.376
85.0% 0.770249869 | 0.764543529 | 0.760560381 | 0.754193315 -43.752 0.9786 | 345.775
90.0% 0.765374459 | 0.759301443 | 0.7552756 | 0.748945859 -42.889 0.9824 | 338.954
95.0% 0.7592265 | 0.752887323 | 0.748407762 | 0.74264411 -42.424 0.9916 | 335.280
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Appendix B: Kissinger — Akahira — Sonuse method: Data for E, calculation
Conversion Heating rate (B) Slope R* Y Ea (kJ.mol™)
15 20 25 30
In (B/Tz) -9.264 -9.010609249 -8.80659754 -8.638274845
10.0% 2.51268908 2.470905093 | 2.447381302 | 2.430310837 -7.517 0.9868 | 9.602 62.497
In (B/Tz) -9.33336533 -9.09820814 -8.897406986 -8.721390089
20.0% 2.427950567 2.365016673 2.338743627 2.331382743 -5.7108 0.9202 5.036 47.480
In (B/Tz) -11.24345044 -10.98676869 -10.77558475 -10.6114683
30.0% 0.934265107 0.9198955 0.914411119 0.906125408 -22.873 0.9821 11.849 190.171
In (B/Tz) -11.44524054 -11.18455473 -10.94971113 -10.79704095
40.0% 0.844601728 | 0.833277781 | 0.838166762 | 0.825832026 -29.104 0.6966 | 14.840 241.968
In (B/Tz) -11.5318844 -11.25792083 -11.03601392 -10.87826603
50.0% 0.8087932 0.803264467 | 0.802767944 | 0.792964816 -39.272 0.8499 | 21.412 326.506
In (B/Tz) -11.5676828 -11.29249794 -11.07971727 -10.91218527
60.0% 0.794445239 | 0.789496538 | 0.785416388 | 0.779629832 -44.544 0.9810 | 24.618 370.343
In (B/Tz) -11.59391734 -11.31835192 -11.10722107 -10.93887247
70.0% 0.784092335 | 0.779356407 0.77468935 0.769295863 -44.172 0.9852 | 23.938 367.245
In (B/Tz) -11.6177213 -11.34367587 -11.13129242 -10.96488934
80.0% 0.7748154 0.769550429 | 0.765421326 | 0.759353335 -42.612 0.9810 | 22.469 354.280
In (B/Tz) -11.64224051 -11.37049113 -11.15797986 -10.99249034
90.0% 0.765374459 0.759301443 0.7552756 0.748945859 -40.248 0.9840 20.451 334.617
In (B/TA2) -11.65837061 -11.38745768 -11.17624936 -11.00938986
95.0% 0.7592265 0.752887323 | 0.748407762 0.74264411 -39.7608 0.9928 | 19.878 330.572
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Appendix C: High temperature X-Ray diffractometer set-up

Measurement Date / TIME ......cooiiiiiiiiiiieeee e 1/13/2013 6:36:05 PM
RAW DALA OFIGIN ...ttt nnennees XRD measurement (*. XRDML)
SCAN AXIS e Gonio

Start POSItION [C2TN.] .o aanns 5.0064

ENd POSItION [C2TH.] ceeiiiiiiiice e 89.9894

StEP SIZE [P 2T N, ] e 0.0170

SCAN SEEP TIME [S] 1o 14.6050

S 0r= 1 TR 1Y/ 01PN Continuous

PSD MOGE ... .ot Scanning

1D =T o 11 0 1 A I o N N 2.12

OFSEE [P2TN.] tvveeeeeeeeeeeeeee ettt ettt et et ettt ettt et ettt et een s 0.0000
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DIVEIgENCE SHE TYPE ettt ennee Automatic

Irradiated Length [MM] ........ee e 5.00
Specimen Length [MM] ..o e 10.00
Measurement Temperature [CCl.... .o 25.00
ANOAE MALEIIAI .....eiiiiiiiiiiiiiiiiiiiiee e Co
QN o= W - U SR 1.78901
K=AIPNAZ2 [A] ..ottt 1.79290
KBEEA [A] ..ottt ettt 1.62083
GV B N Nt - 11 T 0.50000
(CT=T o] = 10 ST 111 T SRR 50 mA, 35 kV
Goniometer RadiUS [MM]. ... e e e 240.00
Dist. Focus-Diverg. SIit [MM].....ooeuiiie e 100.00
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Appendix D: Diffractogram of the Phalaborwa phosphogypsum
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Appendix E: Diffractogram of the LABg standard used for peak position verification of the X-Ray

diffractometer
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Appendix F: Diffractogram of phosphogypsum and graphite reaction mixture at temperature 25-1080

°C under continuous nitrogen flow.
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Appendix G: Gamma-ray spectrum of the grab sample from the pile

256

WFS =256

192+

128

500

143



