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Abstract

Gypsum is a naturally occurring crystalline mineral that can also be
generated synthetically. Gypsum dihydrate (CaSO,-2H,0) is most widely
known for its use in wallboard in the construction industry. As residential
and commercial construction waste is produced, wallboard is deposited
along with other materials in construction and demolition (C&D) landfills
where anaerobic (low oxygen) conditions and the presence of sulphate-
reducing bacteria promote the decomposition of wallboard/gypsum into
hydrogen sulphide gas (H,S). Due to local and state regulations on odour
control, these C&D sites are required to routinely monitor their fill for
hydrogen sulphide gas. One method of detection is by surveying the air
around the site using a portable H,S-sensitive gold-film instrument, such
as Arizona Instrument’s Jerome® 605 Hydrogen Sulphide Gas Analyser
(J605°). In this paper, we demonstrate that as gypsum decomposes in the
presence of sulphate-reducing agents, hydrogen sulphide is produced
and gypsum purity degrades. Gypsum purity can be determined from
the amount of chemically bound water that is available within a sample
of gypsum. Measuring this bound moisture via loss-on-drying analysis
(MAX® 5000XL) gives a reliable measurement of gypsum purity and can
offer a way to predict the amount of H,S that will be produced under
anaerobic conditions.

Introduction

Calcium Sulphate (CaSOs4) more commonly known as
gypsum is a naturally occurring white crystalline mineral
that has many different uses and applications. When
water is added to gypsum, the resulting gypsum paste
can be moulded and shaped into various forms and dried
to maintain its shape. The word ‘gypsum’ is derived from
the Greek word for plaster, which is telling of its initial
use as wall plaster during the ancient Greek and Roman
empires.l? In the late 1800’s gypsum paste was moulded
between two sheets of paper board and dried to create
the first functional wallboard.i3! Gypsum in its hydrated
form (CaS04-2H,0) is used in the construction industry for
fire resistance in buildings. Outside of the construction
industry, gypsum is used in the food and fertilizer industry
for calcium and sulphate fortification respectively.

Although gypsum has many applications in various
fields, when it is eventually deemed unusable, it ends up
in a landfill along with other construction debris. These
construction and demolition (C&D) landfills promote a low
oxygen environment (anaerobic) for any product buried
deep within the fil.L¥] When gypsum is buried within the
pile it is metabolised by specialized sulphate-reducing
bacteria via fermentation. Coupled with various carbon
sources found within a C&D landfill (paper, adhesives,
organic debris) the bacteria begin producing hydrogen
sulphide according to the equation below.! For every 4
grams of gypsum that decompose, 1 gram of hydrogen
sulphide is produced.B!

Equation 1

Organic Matter + [SO4)tg) + H2001) = H3S(g) + COs)

Hydrogen sulphide (HS) is a hazardous, colourless gas
notorious for its rotten egg’ odour that is detectable even
at low levels.l6l A number of instruments are available that
measure toxic gas in the part per million (ppm) range, but
there is a need to detect and quantify hydrogen sulphide
in the much lower parts per billion (ppb) concentrations
because the human odour threshold of detection of H,S
is 8 ppb.l”l To control this problem many state and local
regulations limit the amount of detectable H,S in the
environment, especially if a C&D landfill is nearby. The
Jerome® 605 Hydrogen Sulphide Gas Analyser is a portable
gold-film sensing instrument which is used to survey C&D
sites where H;S odours are suspected.
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Although there are various forms of Gypsum (Anhydrous,
Hemihydrate, Dihydrate,) with varying levels of purities,
this paper focuses on pure synthetic gypsum dihydrate
(CaS042H,0). Focusing on pure synthetic gypsum
eliminates extraneous variables that may interfere with the
results of this study. Variables such as glue & paper content,
variable purity samples of gypsum and non-homogenous
sampling could be potential sources of error that could
be analysed in a future study. When discussing the by-
products of gypsum it is important to address the starting
concentration of the sulphate anion available to sulphate-
reducing bacteria, which can be inferred from the purity
value of gypsum.®#! Although there are several wet chemical
methods for determining gypsum quality, one fast and
reliable method utilizes a rapid loss-on-drying instrument.
18] Gypsum dihydrate has two levels of hydration. One level
of hydration is ‘free’” moisture which describes the water
that is adsorbed to the surface of the gypsum sample. This
level of moisture may fluctuate drastically if the sample
is a powder or slurry. This free moisture will evolve at
temperatures between 40 - 80°C.%9 The second level of
hydration is ‘bound’ moisture. This moisture describes the
chemical association of the dihydrate water molecules to
the sulphate anion of the calcium sulphate. This moisture
levelis directly proportional to the concentration of calcium
sulphate and does not fluctuate based on environmental
moisture. This bound water evolves at 240°C and the
resulting percent moisture content can be multiplied by
4.778 to determine the % purity of gypsum.[
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The Computrac® MAX® 5000XL is a rapid loss-on-drying
analyser that is widely used in the gypsum industry to
determine gypsum purity. The MAX® 5000XL is capable of
heating samples to 600°C, and can start testing at room
temperature, making it an ideal candidate for testing
gypsum for free and bound moisture. Additionally, the
analyser provides real time measurements during analysis,
and testing criteria can be optimized. The MAX® 5000XL
also can test for free and bound moisture simultaneously,
and can output the purity of the gypsum following the
test, preventing manual calculation error by technicians
conducting the analysis.

The objective of this research paper is to couple both
methods of analysis to observe the relationship between
the purity of gypsum (calcium sulphate dihydrate) and
hydrogen sulphide concentration as a sample is fermented
by sulphate-reducing agents (e.g. bacteria). The scope of
this research may be beneficial for industrial hygienists
concerned with C&D landfill H,S levels or for incoming
gypsum processing plants who suspect poor quality

gypsum.

Methods/Results
See ‘Appendix A’ for sulphate-reducing culturing methods.
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Measuring Gypsum Purity

The MAX® 5000XL has the ability to perform a slow
temperature ramp allowing for different levels of hydration
to evolve from a sample. The graph shown below is an
example of the pure synthetic gypsum (CaSO4-2H,0) during
a temperature scan to 600°C.[1%

Gypsum Temperature Scan
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The red line demonstrates the rate (%/min) of weight
loss during the temperature scan (10°C/min). From this
temperature scan, it becomes evident that the bulk of
the free moisture evolves at approximately 80°C, while
the bound moisture (which is indicative of the gypsum
purity) evolves at 240°C. The MAX® 5000XL allows the
user to have two separate but linked tests on the same
sample. Therefore, when pure synthetic gypsum was run
in triplicate, an average of 20.84% moisture was detected
from the second bound moisture peak indicating a gypsum
purity of 99.6%. This purity value does not represent a true
composition of gypsum within a landfill.

In order for fermentation to occur, there must also be a
carbon source. Carbon within a C&D landfill usually comes
from paper, adhesives or other organic debris mixed in with
discarded wallboard. To simulate a carbon source found in
a landfill, 10% calcium citrate was added and homogenized
with the 99.6% synthetic gypsum powder (30g calcium
citrate, 270g gypsum) and used as the control stock for
the rest of the experiment. Citrate is commonly used as
a simple carbon source for anaerobic bacteria to utilize
during fermentation.['!
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For the ‘control’, 10 ml of sterile media A was added to
100g of the control gypsum stock (gypsum + citrate) in a
500 ml Erlenmeyer vacuum flask. The head-space of the
vial was displaced with pure nitrogen gas for 10 minutes
then securely capped. This control vessel has all theoretical
components for anaerobic fermentation of gypsum
(sulphate source, carbon source, low oxygen environment)
but is void of any active sulphate-reducing agents. Two
other vessels were generated from the same control stock
but with 10mL of incubated ‘media A’ soil extract.

Figure 2
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These two vessels were labelled ‘O," & ‘N>’ corresponding
to the composition of the head-space above the inoculated
slurry. The ‘O’ vessel contains all components for gypsum
fermentation (including sulphate-reducing agents) but in
atmospheric conditions (oxygen rich). The ‘N’ contains
all components for gypsum fermentation without the
presence of oxygen (nitrogen purge). All experimental
vessels were stored in the incubator at 45°C in-between
testing and re-purged (if necessary) with nitrogen gas as
sample was taken.['2l Out of the ~100g sample from each
vessel, ~7-8g was removed for loss-on-drying analysis on
the MAX® 5000XL and run at 240°C.

Figures 1 & 2 show the percent bound moisture and
percent purity respectively for these variable conditions
at day 1, 5 & 10. It becomes clear that the ‘Pure Gypsum’
(simply powdered gypsum no citrate, no liquid media
A, left in atmospheric conditions) as well as the ‘Control’
remain unchanged after 10 days. The two vessels with
active sulphate-reducing agents decrease in sulphate
purity over time. The ‘Ny" is markedly lower than its oxygen
counterpart in which by day 10 the percent purity drops
from ~101% down to ~82%. All tests were performed in
triplicate. Error bars represent +/- the standard deviation of
each individual data set at each time point.

The results of this loss-on-drying purity assay suggest
that the sulphate-reducing agents present in the soil
extract are decreasing the purity of the gypsum. Moreover,
when anaerobic (N;) conditions are met, a greater rate of
decomposition is observed.

Detecting hydrogen sulphide gas

As the sulphate-reducing bacteria use calcium sulphate in
their metabolic cycle, hydrogen sulphide gas generated as a
by-product.' The Jerome® 605 was utilized to periodically
measure the head-space of each vessel condition (control,
02, and Ny). This experiment was not designed to measure
total HyS produced in each vessel, as the extensive
sampling required to do so would potentially disrupt the
incubation of the sample as well as introduce oxygen from
atmospheric conditions into the vessel.
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On ‘Day 1’ of incubation, 2-hour increment testing was
performed by the same J605 on all three conditions during
a 10-hour period. The J605 was set to ‘auto’ range since the
concentration of hydrogen sulphide was unknown. All data
points were performed in triplicate. Figure 3 presents the
with the error bars +/- one standard deviation of triplicate
testing at each 2-hour time point.

Figure 3

Hydrogen Sulfide Generation - Day 1
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At time point ‘0’ (when the 10 ml of media/soil extract was
added to vessels), ~150 ppb of hydrogen sulphide was
detected for both the O, & N; vessels. This initially elevated
concentration in hydrogen sulphide is most likely derived
from the media A fermentation itself. Media A contains
sulphate ions intended for anaerobic growth in bacteria.
As time proceeds, a tapering effect of the O, vessel is
observed from ~150 ppb to ~48 ppb while an increase
in concentration occurs with N2 vessel (~350 ppb) in the
same 10 hour timespan as compared to the control vessel
maintaining a level of ~3-4 ppb.
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Figure 4 Figure 5
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Figure 4 followed the same process as figure 3 but over
a 5 day period in which sampling occurred once per day.
The N, vessel (anaerobic conditions) increases from ~350
ppb on the first day to ~1600 ppb on the day 5. Further
data was collected at Day 10 not shown on Figure 4 which
indicated a concentration of ~2100 ppb. As time proceeds it
appears that hydrogen sulphide production might plateau
between day 5 and 10. Further investigation is necessary to
elucidate trend.

Chart 4
Day Control Control 02 02 N2 N2
H2S ppb  Purity% H2Sppb Purity% H2Sppb Purity %
1 4.34 100.90 50.31 100.89  344.33 101.05
5 3.39 100.88 15.24 98.66 1598.33 91.95
10 3.1 100.79 13.54 93.81 2132.84 82.47

Chart 4 presents the mean values for hydrogen sulphide gas
sampling and gypsum purity for Day 1, 5, & 10. As hydrogen
sulphide gas emissions increase, gypsum purity values
decrease especially under anaerobic conditions where
sulphate-reducing agents are present. Under anaerobic
conditions the purity value dropped from 101.05% to
82.47%, a nearly 18.6% loss of purity. Coupling the rapid
loss-on-drying analysis from the MAX® 5000XL with the
hydrogen sulphide specific Jerome® 605 demonstrates the
inverse relationship between Gypsum purity and hydrogen
sulphide generation due to anaerobic fermentation.

Figure 5 demonstrates the Total % Moisture at Day 10
(after all other analysis were performed). These samples
were poured out of their corresponding vessels (Control,
02, Ny), and placed into labelled aluminium pans. These
pans were then placed in a forced air oven and dried for
Thr at 80°C. These samples were then cooled at room
temperature in atmospheric conditions and re-pulverized
into a powder and left on the counter top for 48 hours in
ambient conditions. These samples were then subjected to
steadily increasing temperature from 50°C to 300°C with a
temperature rate of 10°C/min. This test shows that even if
the slurry is dried and brought back to normal atmospheric
conditions, the gypsum purity will remain altered after
anaerobic fermentation occurs.

Discussion

Hydrogen sulphide generation due to anaerobic
fermentation of gypsum is a problem in many different
industries. Construction & demolition landfills (C&D) sites
in particular must monitor the hydrogen sulphide emissions
from decaying gypsum-based wallboard. Anaerobic
fermentation occurs when sulphate-reducing bacteria
such as the type shown below (Desulfovibrio vugaris) are
present in a low oxygen environment.
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Assuming these forms of bacteria have a sufficient carbon
source and sulphate source (both found in wallboard),
they will begin to grow and multiply. In the process they
will reduce the sulphates found in gypsum and produce
hydrogen sulphide gas. Hydrogen sulphide gas has
many health risks along with having a corrosive effect on
metals. Monitoring for odour control for nearby residential
areas is strictly governed by state and city regulations.
Understanding the relationship between gypsum purity
and hydrogen sulphide gas is important in predicting
the amount of hydrogen sulphide gas produced from
fermenting gypsum.

Using a rapid loss-on-drying assay can quickly and reliably
produce a measurement of gypsum quality. This occurs
because of the unique chemical association between water
molecules and the sulphates of synthetic gypsum. The
Computrac® MAX® 5000XL is useful in this process because
it provides a pre-linked test that removes adsorbed free
moisture and subsequently tests for the bound moisture at
240°C. Coupling this method of gypsum purity analysis with
the Jerome® 605 hydrogen sulphide gas analyser makes it
possible to track the inverse trend between gypsum and H,S.

The results of this research indicate that if there is a sufficient
amountofsulphate-reducing bacteria presentongypsum, then
there will be a decrease in gypsum purity. This occurs at high
and low oxygen levels; however, it is dramatically increased in
anaerobic environments. Furthermore, as the gypsum purity
diminishes, an increase in concentration of hydrogen sulphide
is observed. This study follows a fermentation process of 10
days; further investigation is warranted to determine the
effects of longer fermentation periods.
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This research was conducted under very strict laboratory
controls (Temperature, oxygen environments, and pure
gypsum). These variables were selected to simulate the
real-world conditions of gypsum in a C&D landfill. Future
studies may include more types of gypsum type (anhydrous
and hemihydrate) as well as including real wallboard and
other construction debris. In this study, fermenting gypsum
was periodically sampled for hydrogen sulphide gas
concentrations. Due to a large volume of head-space in the
vial, it was impractical to quantify the total concentration
of hydrogen sulphide at each time point. Future studies
may include a smaller vessel with less head-space to get
a more accurate quantification of hydrogen sulphide
concentration.
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Appendix A

Culturing Sulphate-Reducing Agents

Before hydrogen sulphide gas could be measured from a
pure source of fermenting gypsum, a sulphate-reducing
agent had to be cultured. In this context an ‘agent’ will
be synonymous with bacteria, even though there was no
direct assay conducted to test for the organismal domain.
The source of the sulphate-reducing agent came from 1
cup of potting soil from an outdoor herb box. Sample was
placed in a 250 ml screw top container and approximately
50 ml of liquid ‘Media A" was added to the potting soil
making sure that there was little to no head-space. The
container was then sealed with a screw top lid and sealed
with a strip of Parafilm®. The container was then placed in
the 45°C incubator overnight.'?l Having a good seal with
no head-space promotes the low oxygen environment that
is required for the sulphate-reducing agents to grow. See
Figure 6 below.

Figure 6
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After the overnight incubation, the lid was removed and
a strong ‘sulphur’ odour was noted. The J605 was set to
‘auto’ and allowed to run above the soil suspension which
yielded a reading of ~90 ppb. Although hydrogen sulphide
by-product was detected (indicating sulphate-reducing
agents), a second culturing technique was utilized to
ensure sulphate-reducing agents were present. Several
Sulphur-Motility (SM) agar slants were aseptically poured
from the Medium A mixed with 0.5% Agar and allowed
to cool.'31 A sterile needle was dipped into the overnight
incubation soil suspension and was stabbed into the agar
slant. These agar slants were then incubated at 45°C for
48 hours.'2 Because there is soluble iron (Il) in the media
(from the ferrous ammonium sulphate) any dissolved
hydrogen sulphide gas produced by an organism at the
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site of the needle inoculation will complex with the iron
and precipitate out as black iron sulphide. The medium
will change from an opaque beige colour to a dark black if
a sulphate-reducing agent (e.g. bacteria) is present in the
media. This media also offers insight on the agent’s level of
motility due to the softness of the agar media. See Figure 7.

Figure7
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Figure 8 is a photograph of the SM agar slants. The vial/agar
slant on the left is the control vial in which a sterile needle
was used (no active organism). The vial/agar slant on the
right is the vial inoculated with the suspected sulphate-
reducing agents from incubated soil suspension. The
vial on the right demonstrates the presence of hydrogen
sulphide production (black precipitate) as well as motility
since the entire agar is black and not just at the sight on
inoculation.

Figure 8
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