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 This article is a revised and expanded version of a paper entitled “Entwicklung eines Recyclingverfahrens zur
Minimierung und Verwertung von Riickstinden aus der Gipsgewinnung und-aufbereitung”, which was
presented at “Berliner Konferenz fiir mineralische Nebenprodukte und Abfalle”, Berlin, on 26 April 2022.

Abstract: Due to changes in the German government’s energy concept, the amount of
gypsum produced in flue gas desulfurisation plants (FGD gypsum) will fall from 5 million
tons per year to 1 million tons or less by 2038 at the latest. As of 2016, FGD gypsum
accounts for 55% of German gypsum mix. The resulting raw material gap must be closed
through innovative recycling concepts, such as the processing of existing mine dumps.
The process development aims to achieve a calcium sulfate dihydrate content of 85%
and a reduction in the stockpile volume by 50%. The main components of the stockpiles
are calcium sulfate in the form of gypsum stone as well as clay minerals and organic
matter. Successful laboratory tests were transferred to a pilot scale jigging machine with
dewatering screening. The process water is circulated throughout the entire process. The
gypsum content in the heavy fraction is 76% when measured with ICP OES and 87% when
measured via thermogravimetric methods. Furthermore, pilot-scale dry screening on the
stockpile took place, and up to 1500 tons of material could be processed. Due to fluctuating
weather conditions, the screening quality was subject to significant variations. Under
optimal conditions, up to 60% of the feed could be recovered as gypsum stone; however,
the screening process was nearly impossible during rain; therefore, a process combination
of screening and a downstream jigging machine is recommended.

Keywords: gypsum; jigging machine; stockpile; tailings recycling; process development;
pilot scale

1. Introduction

Adopting the German government’s energy concept, planned in 2010 and submitted
in 2020, laid the foundation for a shift in German energy policy [1,2]. As part of the energy
concept, the German government plans to phase out coal by 2038 at the latest, with the aim
of bringing this forward to 2030 [3]. The planned phase-out of coal-fired power generation
will largely eliminate the supply of gypsum from flue gas desulfurisation plants (FGD
gypsum) in its current form [4,5]. It is expected that the amount of FGD gypsum currently
produced will decline from around 5 million tons to 1 million tons or less by 2038 at the
latest [2,4,6,7].

Gypsum, known as calcium sulfate dihydrate, can occur naturally or be produced
through industrial processes [3,8,9]. Gypsum is mainly produced by the chemical reaction
of sulfur dioxide (SO;) with limestone (calcium carbonate, CaCQOj3) in a process known
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as flue gas desulphurization. This reaction takes place in FGD plants installed in coal-
fired power plants. In this process, the sulfur dioxide released during the combustion
of coal is treated with limestone, resulting in the formation of gypsum (calcium sulfate
dihydrate, Ca[SO4]-2H;0) [10,11]. There are also natural deposits of gypsum formed
by geological processes over millions of years. These natural gypsum deposits are often
found in the form of gypsum stone or anhydrite (Ca[SO4]), whereby anhydrite is formed
when water is extracted from gypsum [12,13]. With its physical properties, such as a
density of 2.3 to 2.8 g/ cm® and hardness on a Mohs scale of 2 [10,14], it is considered
an important material for modern and flexible construction solutions for walls, ceilings,
and floors in residential and commercial buildings. By separating load-bearing, durable
shell construction from contemporary interior finishing, gypsum allows for individual
adaptation and design of the existing building fabric [8,15]. Despite being widely used in
the construction industry, gypsum is also used in agriculture, the pharmaceutical sector,
and for arts and decoration [10]. Further applications for gypsum are in the food industry
as E 516 [16], animal beddings [16], and environmental applications such as wastewater
treatment [11].

From 2004 to 2016, Germany extracted approximately 560 million tons of non-energy,
mineral primary raw materials (excluding natural gypsum and anhydrite) annually. Addi-
tionally, around 102 million tons of primary raw materials were substituted by secondary
raw materials in 2016. The extraction volume of natural gypsum and anhydrite amounted
to 4.7 million tons in 2016 [6,13]. The Harz Region is one of the most significant regions
for gypsum extraction. The Harz Region achieved a total revenue of nearly 340.7 million €
in 2020, with 1057 employees directly involved in the industry [9]. Furthermore, flue gas
desulfurisation plants produced about 6.5 million tons of FGD gypsum.

With the current gypsum mix in Germany consisting of about 45% natural gypsum,
55% FGD gypsum, and less than 5% recycled gypsum (RC gypsum), the resulting FGD
gypsum significantly contributes to conserving natural gypsum deposits and preserving
valuable ecosystems [6,7,17].

Considering the positive economic situation for the construction industry in recent
years, it can be assumed that, compared with 2016, between 70% and 100% more natu-
ral gypsum and anhydrite will need to be mined or extracted through RC gypsum by
2035 [6,13]. This corresponds to about 3.6 to 4.5 million tons per year. Of the 214.6 million
tons of mineral construction waste generated in 2016, only 0.3% (0.6 million tons) consisted
of gypsum-based construction waste suitable for RC gypsum [7,18]. Since only 5% of this
could be recycled, the loss of significant amounts of FGD gypsum cannot be covered by RC
gypsum alone [6,7].

The disposal of products containing gypsum also poses a general problem when it
comes to increasing recyclate quotas. In Germany, this takes place under the waste code
numbers (AVV) 170801 (gypsum-based building materials contaminated with hazardous
substances) and 170802 (gypsum-based building materials, with the exception of those
under 170801) [4,5]. These enable the sorted collection of waste containing gypsum in the
building materials sector; however, the composition and recyclability of waste containing
gypsum varies greatly [19]. The introduction of additional AVV numbers for gypsum could
help to increase the recycling rate and optimize waste management [12]. This would be
both ecologically and economically beneficial [4,12].

The main contaminants in gypsum-containing waste can vary depending on the source
and type; however, the most common are mineral impurities such as aerated concrete and
screed [20], metallic impurities such as nails and screws [20], organic components such
as paper, cardboard, and plastics and insulating materials [20] as well as general foreign



Recycling 2025, 10, 12

30f17

matter from other construction waste [12]. To achieve recyclability, the gypsum industry
strives for an impurity content of less than 5% [20].

Current research approaches to increase recycling rates often focus on the recycling
of gypsum plasterboard [14,21], recycling with subsequent use of the RC gypsum as
construction material in general [22], in specific concrete mixes as a cement substitute [16]
or as a bloating component in lightweight aggregates [23,24]. In addition, several LCAs are
comparing FGD gypsum projects [25,26] to optimize the temperature range and calcination
times in the thermal part of the recycling process [27] and natural gypsum as well as projects
on closing material cycles [11,28] and reducing the environmental impact of landfilling [16].
Stockpile recycling mainly focuses on phosphogypsum [29,30]. Primary gypsum mining
in the Harz Region usually comes with compact and homogeneous rock deposits. There
is barely any research about recycling stockpiles of non-homogenous primary gypsum
deposits [31,32].

This research aims to characterize the processing residues generated by the industrial
partners, optimize the current processing methods, and develop a new pilot process to make
the stockpiles reusable in production. The outcomes of this research could also be applied
to other tailings piles in the region. By implementing appropriate crushing, classification,
and both dry and wet sorting steps, a process is developed to separate mineral impurities
from the gypsum rock, increase the recyclable fraction to achieve a gypsum content of 85%,
and reduce the stockpile volume by 50%. In this context, “gypsum content” and “calcium
sulfate dihydrate content” are used interchangeably.

2. Results

The experimental plan includes preliminary screenings, laboratory tests, and pilot
plant tests. The required reduction in volume of the existing stockpiles by 50% compared
with the total mass relinquished is expressed through the mass recovery (Ryn). Parts
of the results have already been presented at the “Berliner Konferenz fiir mineralische
Nebenprodukte und Abfalle” [33]; further results were added for this article.

2.1. Preliminary Observations

Initial preliminary tests revealed that, regarding lab-scale screening, the stockpile
material was nearly impossible to screen in its muddy state without sufficient process
water, as the screen bottoms tended to be clogged. Adding water allowed clean gypsum
stones to be obtained for analysis in the screening tower.

A linear vibrating screen with a 4 mm wire mesh and a drum screen with a 10 mm
square mesh were used. In both screening tests, clay and loam adhesions remained on
the gypsum stone, while organic matter contained in the material was discharged with
the gypsum stone into the coarse material fraction. Loose clay and loam agglomerations
are not adequately broken down by the spraying and mechanical stress of the screening
machines. They are also discharged with the gypsum stone; therefore, wet screening on
continuously operating machines is not successful.

Preliminary tests in batch laboratory drum mills (with a drum volume of approxi-
mately 4 L) were also unsuccessful, both with completely dried and wet material. Due to
prior drying, the previously moist agglomerations on the gypsum stone solidified. The
comminution energy introduced by autogenous grinding could not break apart the ag-
glomerates. Repeating the test with moist material and additional washing water, in this
case using the grinding drum as a lautering drum, was also insufficient in terms of results,
even though compared with wet sieving, the free agglomerates and adhesions were better
moistened and wetted.
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2.2. Laboratory Scale Trials
2.2.1. Impact Mill

Impact mills are suitable devices for the fine comminution of particles ranging from
0.05 mm to 10 mm. They are particularly effective for brittle and hard materials, such as
combining gypsum stone and clay agglomerations, where pressure and impact stress are
efficient comminution methods [34]. The impact mill used in this study is a rotor impact
mill featuring a grinding chamber designed as an annular space, a rotor circumference of
0.27 m, fixed impact bars, and two spring-mounted impact plates arranged in series. Rotor
impact mills typically operate at high speeds, with rotor circumferential speeds between
100 and 150 m/s [35,36]; however, since the goal of the process is not to finely grind the
feed material but merely to break off the agglomerations, peripheral speeds of 6 m/s to
18 m/s are used.

After the impact stress, gypsum stone separation occurs with a sieve cut of 1 mm,
which could also be realized at a pilot plant scale. The mass recovery of the fraction
greater than 1 mm peaked at a circumferential speed of 6 m/s and decreased with further
increases in speed due to the higher energy input. Increasing the peripheral speed raised
the proportion of gypsum particles found in the fines and increased gypsum loss due to
dust formation. Analysis of the fraction greater than 1 mm reveals that circumferential
speed does not significantly influence the gypsum content, which remained around 78%;
however, the increased fine content resulted in a slight rise in gypsum content in the fraction
less than 1 mm as circumferential speeds increased. A circumferential speed of 14 m/s was
selected for subsequent tests, balancing mass output and gypsum content.

The complete drying of the stockpile material required significant energy, depending
on the weather conditions; therefore, additional tests were conducted to observe how
the material behaves at varying residual moisture levels. For comparison, a completely
dried sample and samples with graded moisture contents up to approximately 5% were
examined. To prevent post-drying during testing and analysis, the samples were crushed
immediately at circumferential speeds of 14 m/s after removal from the dryer and were
sieved directly afterward. As the residual moisture content increased, the gypsum content
in the fraction greater than 1 mm noticeably decreased, while the gypsum content in the
fraction less than 1 mm increased slightly. Residual moisture caused re-agglomeration of
the gypsum stones post-crushing, resulting in an inaccurate screen cut and a decline in
gypsum content in the fraction greater than 1 mm. As a result, while the selected screen cut
allowed for a target mass recovery of 50%, the required quality standards were not met.

2.2.2. Jigging Machine

In the jigging process, fluid flows in pulses through the feed material placed on a
jigging material carrier. During this process, the material is lifted by the upward flow
and then settles back onto the carrier. This sedimentation leads to density-dependent
rearrangement, enabling the separation of particles. As is typical in density-based processes,
sorting by density can be influenced by classification effects [37,38].

A piston jigging machine with a continuously adjustable, sieve-like material carrier
(0.8 mm mesh size) is preferred for laboratory tests. To ensure a harmonious jigging
process, both the stroke height and the number of strokes must be coordinated to guarantee
sufficient movement, even for coarse grain sizes [39,40]. The flow rate of the process water
is kept constant throughout the jigging process.

The process duration varies in subsequent trials. The gypsum stone that remained as
jigging material is free of clay residues after visual evaluation and appeared clean, as shown
in Figure 1. With the previously established separation limit of 1 mm, the mass recovery
in the jigging material fraction > 1 mm does not exceed 52%, regardless of the duration.
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With longer process durations, the proportion of the fraction <1 mm in the jigging material
decreased slightly. The gypsum contents, with a maximum of 79%, are also below the
process target of 85% and are similar to the samples obtained from the impact mill.

Figure 1. Jig screen plate with load, after 10 min process time.

2.2.3. Outcomes of the Laboratory Trials

Corresponding sieve content analyses can be derived from data generated in the
laboratory analyses. For comparison, the sieve residue of each fraction, starting from
the coarsest grain, is considered the discharged fraction and is evaluated in terms of its
gypsum content (Figure 2). The larger fractions are always included in subsequent analyses
of smaller grain sizes. While this method does not yet provide information about the
mass recovery, it enables comparing the grain size-dependent gypsum content across the
individual test series with the corresponding sieve sections.
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Figure 2. Comparison of gypsum contents from particle size analyses after impact crushing and
jigging process.

The deviations in the valuable material content become evident when plotting the
gypsum contents from the tests conducted with the impact mill and the jigging machine
against grain size. For illustration, only the completely dried and undried samples are
shown for the tests with moisture gradients in Figure 2.

To facilitate evaluation, the samples produced by impact crushing can be categorized
into two ranges: larger and smaller than 1 mm. With completely dried material, the gypsum
content of the samples crushed in the impact mill remained approximately consistent with
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the gypsum content of the washed fractions from the jigging machine up to about 4 mm;
however, in the fractions smaller than 4 mm, the proportion of remaining impurities—such
as clay, loam, and organic matter—increased sharply, resulting in a decrease in recoverable
gypsum content. In the previously defined second part of the screen cut (<1 mm), the
gypsum content dropped to values between 65% and 70%, which corresponds to the
gypsum content in the feed.

As the moisture levels increased, the gypsum contents of the fractions produced
via the impact mill declined significantly. The gypsum contents of the completely dried
samples outperformed those of the samples with residual moisture across all fractions. In
the fractions greater than 10 mm and between 4 mm and 10 mm, the difference in valuable
material content was primarily attributable to the qualities of the gypsum stone present.
In contrast, moisture-related re-agglomerations caused by the contained clay dominated
the fraction sizes smaller than 4 mm. The screening of the moist material below 0.4 mm is
unfeasible, even with the use of screening assistants.

The rinsing water in the jigging machine suspends and subsequently discharges the
existing agglomerates and impurities, resulting in a clean gypsum stone on the jigging tray.
The organic matter present in the feed material is also suspended and carried away with
the process water. Initially, the gypsum stone content of the fractions obtained from the
jigging machine decreased uniformly by about five percentage points. After reaching the
1 mm mark, the content dropped only slightly, even with the addition of fractions smaller
than 1 mm.

The process target of 85% gypsum stone content was not achieved with any investi-
gated processes. The samples with residual moisture consistently fell below the results
obtained with completely dried material. Based on the visual assessment of the results, it
can be inferred that the decreasing gypsum stone contents in the jigging material, after re-
moving impurities, solely depend on the quality of the contained stone itself. Consequently,
the jigging process was selected for further upscaling to the pilot plant scale.

2.3. Pilot Scale Investigations

Although the target of the process was not reached completely, due to the positive
results obtained in the laboratory tests, sorting stockpile material using jigging machines
was pursued as the most promising method, and it was transferred to the pilot plant scale
(see Figure 3). As the jigging process is quite complex and the legal requirements are higher,
a dry screening process with a semi-mobile screening machine was tested on the stockpile.

light fraction
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) Jigging Machi ) B N
Material lggﬁ m:: " -1 agitated tank & — - floculant !
. . )
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Figure 3. Process flow diagram of the pilot scale test.
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2.3.1. Pilot Scale Jigging Machine

A vibrating jigging machine of the type SK 03-20 (see Figure 4) from SIEBTECHNIK
GmbH was used for up-scaling tests. The available jigging surface measures 0.69 m?, with
a bed width of 300 mm and a bed length of 2300 mm. The polyurethane jigging bed used
is slightly inclined, and features elongated holes along its entire length. Based on the
laboratory tests, the required process water supply was determined as at least 60 m> /h.

Figure 4. Oscillating jig type SK 03-20; feeding (A) with jig bed (B), conveying direction and discharge
for light (C) and heavy material (D).

The parameters for stroke height and number of strokes were adjusted to 70 mm and
70 strokes per minute. Since it is impossible to supply fresh water in the required quantities,
the process water is circulated, dissimilar to the laboratory scale tests in which a continuous
flow of fresh water is used. Not circulating this amount of water is neither available nor
sustainable for a pilot scale.

The process water from the heavy and light material discharges was combined in a
storage tank. A centrifugal pump that was connected to the storage tank fed the process
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water back to the jigging machine at a maximum rate of 75 m3/h. Three IBC containers
were connected in series on the light material side to protect the pump from excessive solid
loads via an overflow and worked as sedimentation ponds. The first two IBCs primarily
served as tanks to sediment solids discharged with the process water, while the third IBC
worked as a buffer tank for feeding the process water back to the main storage tank with
submersible sludge pumps.

The heavy material discharged at the front end was fed with the remaining process
water to a downstream dewatering screen (PU fabric Lg = 0.5 mm) (Figure 5). No additional
rinsing water was added for subsequent cleaning. While the process water was collected
and returned to the process water circuit, the heavy material x > 0.5 mm could be separated
without large amounts of residual water. Any particles < 0.5 mm in the heavy fraction were
separated in a collection tray and reunited with the remaining heavy fraction after the end
of the experiments.

Figure 5. Material discharge after dewatering screening.

The material is fed manually after start-up and regulation of the water circuit. The fed
masses were logged, and the process water was sampled regularly for its solids content.

Approximately 700 kg of moist stockpile material were weighed for the pilot plant
test described. After creating a stable water circuit and stable strokes, the material was
continuously fed into the jigging machine. The gypsum stone discharged via the machine
sump was included in the light material; however, since the corresponding discharges had
to be removed from the process after a short time, the volume flow that the sump pump
could convey is not considered further in the balance. With a test duration of 37 min and
a constant opening of the heavy material barrier, a mass flow of just under 1 Mg/h of
earth-moist stockpile material was achieved. The solids content pumped in the process
water at the end of the test was 32 g/L.

In subsequent tests, the mass flow in the feed was increased to 3 Mg/h of ground-
moist material. In follow-up tests, a successful reduction in the size of the jig carrier from
1.6 mm PU mesh via 1.2 mm steel mesh down to 0.8 mm PU mesh was also carried out.
After finishing the experiment, about 360 kg of rock (dry mass) could be recovered as heavy
material. To protect the plant, particularly large lumps of rock 200 mm or more were picked
by hand parallel to the material feed. This fraction accounted for 19 kg of dry matter at the
end of the trial. The 360 kg of heavy material recovered corresponds to a mass recovery of
approximately 57%. The successful implementation thus met the process target of at least
50% mass output. About 40% of the feed material < 0.5 mm was spread with the process
water and dewatering screening in the light material.
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2.3.2. Screening Machine

As mentioned above, the jigging process is quite complex and comes with high legal
requirements regarding water use and process water treatment. As the pilot plant tests
confirmed, a protective screening of at least 200 mm mesh should be installed before the
jigging process. This improvement was implemented by using a mobile screening machine
of KLEEMANN (see Figure 6). In addition, it is investigated whether the fractions obtained
during dry weather seasons can already be utilized without a jigging process.

Sy

Figure 6. Pilot plant for stockpile screening during operation.

During the installation of the screen, it became apparent, as shown in the lab tests
before, that the weather and the stockpile quality strongly influenced the results of the
protective screening. The fluctuations in quality were also evident in the gypsum content
of the heavy material from the pilot plant tests on the jigging machine.

Rigid, hexagonally perforated screen panels were used in the upper deck, while a
self-cleaning square mesh was employed in the lower deck. The tests indicated that the
organic material tended to tilt upwards when it hit the screen and slipped through the
meshes. Sliding and equalizing mats were installed in the upper quarter to counteract this.
Sliding over the mats caused the organic materials to realign horizontally on the screen
deck. Consequently, a significant portion of the organic matter, including roots and woody
plants, was separated in the upper deck, alleviating the burden of organic impurities on
subsequent processes (see Figure 7).

Figure 7. From left to right: Sieving without homogenizing mats, sieving with homogenizing mats,
organics in the sieved oversized grain, organics as clamp grain in the upper deck.

By positioning the screen on top of the stockpile, the intermediate fraction could be
discharged over the edge of the pile. When the material was sufficiently dry, the rolling
on the edge of the stockpile facilitated the shearing and breaking of clay adhesions on the
gypsum stone—resulting in rather clean gypsum rocks. This effect did not occur in the lab
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tests due to the sheer size of the stockpile; however, it is important to emphasize that this
effect depended highly on the weather conditions and required extended dry phases with
strong sunlight. In contrast, rolling over the clay-containing discharge edge with moist
material could lead to agglomeration, similar to the principle of a pelletizing plate.

This was reflected in the results (Table 1): when the material was completely dry,
between 30% and 60% of the gypsum could be recovered by screening, depending on the
stockpile quality. In rainy conditions or with wet material, this percentage dropped to be-
tween 20% and 50%. During rain, the clay content of the material made it almost impossible
to screen, so only 20% was recovered in the stone fraction and 80% in the overburden.

Table 1. Output of pilot scale screening on site.

Material Moisture Content Rm Gypsum Rock Rm Overburden
rock-rich sun-dried 60% 40%
clay-rich sun-dried 30% 70%
current process residues sun-dried 30% 70%
rock-rich earth-moist 50% 50%
clay-rich earth—moist 20% 80%

3. Materials and Methods

For process delimitation and potential assessment, the stockpile material and the
stockpile body are first characterized, and suitable analytical methods are selected and
presented below.

3.1. Stockpile and Material Characterization

The stockpile bodies are first inspected with the industrial partner CASEA to character-
ize the existing stockpiles. This inspection reveals that the existing stockpile is divided into
two bodies. In the left picture of Figure 8, the old stockpile in the top left corner (framed in
red) can be seen; birch, pine, and spruce started growing on top, contaminating the material
with organic matter, Figure 8—top right. Right next to the old stockpile in the top center
of Figure 8—left, the second, younger stockpile can be seen. The younger stockpile is still
actively used and devoid of vegetation. In the following analysis, only the older stockpile
body no longer in use will be considered.

Figure 8. (Left): mining and production site—stockpile highlighted in red box, (top right): on top of
the stockpile, (bottom right): the result of the protective screening of the stockpile material, gypsum
stone 200 x 200 x 200 mm.
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The stockpile has been in operation since 1950; at its widest point, the cone measures
around 250 m and now has an estimated total tonnage of 1 million tonnes of material.
Depending on the weather and rock quality, the screen cut in the associated production
plant nowadays varies between 40 mm and 100 mm and is stored in the younger stockpile.
Over the years, many optimizations have been made to the existing production line. Precise
information on this is not available. It can, therefore, only be assumed that the material
deposited on the analyzed stockpile is, on average, coarser-grained than that deposited on
the newer stockpile.

Sampling is conducted throughout the entire body of the stockpile and is focused
near the surface. The earth-moist samples are processed to remove particles larger than
32 mm using a protective sieve. The fraction above 32 mm can be considered pure gypsum
in terms of primary particle size Figure 8—bottom right. The fractions below 32 mm are
then divided to the analysis size using a riffle divider and wet sieved to obtain the particle
size distribution shown in Figure 9. The R 5 sieve series, according to Renard was used
for sieving; this is a simplification of the R 20 sieve series [34-36]. The mesh sizes used are
1.0 mm, 1.6 mm, 2.5 mm, 4 mm, 6.3 mm, and 10 mm. The series values can be multiplied
by powers of ten as required.
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Figure 9. Particle size distribution of stockpile material after protective screening with 32 mm.
(left) wet screening of particles below 32 mm, (right) Laser diffraction of particles below 100 um.

The entire grain band exhibits significant fluctuations. The largest grains are rock
lumps with edge lengths of up to 200 x 200 x 200 mm. The fraction produced by protective
screening is not included in the following analysis as the particles are too large for lab-scale
analyses and consist mostly of pure gypsum rock.

The particle size analysis of the tailings by screening (Nexopart, EML 200, Gersthofen,
Germany) and laser diffraction (Sympatec, HELOS KR/QUIXEL, Clausthal-Zellerfeld,
Germany), as shown in Figure 9, reveals two main fractions. The gypsum fraction, with
grain sizes greater than 0.5 mm, dominates, accounting for 60% to 70% of the total sample.
The remaining 30% to 40% is attributable to the clay fraction, which has grain sizes less than
0.5 mm containing mostly clay, gypsum sand from crushing and fine fillers. About 80% of
the stockpile material is larger than 10 mm. The average grain size, which corresponds to
50% of the material, is 2 mm. The grain size class with the smallest proportion of particles,
Xmin, 18 between 0.4 and 0.6 mm.

The objective of the process is to reduce the volume of the stockpile by 50%, which
would correspond to a screen cut of 2 mm. In the fractions greater than 0.63 mm, the
dihydrate contents, determined by crystal water analysis, range from 84% to 87%, aligning
with the 85% gypsum content process target; however, in the fractions smaller than 0.63 mm,
the dihydrate contents drop to about 66%, and the clay particles increase. Larger woody
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organic fractions and leaf residues can be separated during protective screening, while the
remaining organic residue is distributed across all fractions.

X-ray diffraction measurements using powder with a PANalytical X'Pert-PRO diffrac-
tometer equipped with a Co X-Ray tube (Malvern Panalytical, Malvern, UK) can identify
calcite and quartz as accompanying minerals in the fraction greater than 10 mm. In the
fraction smaller than 1 mm, calcite, quartz, illite, and rutile are accompanying minerals.
The fraction less than 0.1 mm also contains microcline, clinochlore, magnesiohornblende,
sanidine, muscovite, and other potassium compounds that cannot be clearly identified.
The dominant mineral phases, gypsum, and anhydrite, are found in all fractions.

3.2. Characterization Methods

There are numerous methods for determining calcium sulfate dihydrate. One widely
used industrial method is determining gypsum content through the mass loss of expelled
water of crystallization. Another option is measuring the total sulfur content of the
sample using optical emission spectroscopy, followed by extrapolation to the calcium
sulfate content.

3.2.1. Chemical Calcium Sulfate Determination

One possibility for analyzing the gypsum content is the determination of the sulfur
content by optical emission spectroscopy with inductively coupled plasma (hereafter
referred to as ICP-OES). For this purpose, the sample is ground to an analytical fineness of
less than 0.1 mm, digested with aqua regia, and the total sulfur content is determined. The
calcium sulfate content of the sample can be calculated from the sulfur content; however,
the calcium sulfate content alone does not allow a statement on the hydration phases.

It is known that the site does not consist only of calcium sulfate dihydrate; therefore,
it is assumed that 85% of the calculated calcium sulfate represents natural gypsum. The
remaining 15% is accounted for by anhydrite and intermediate rock. This proportion is
considered a factor in the evaluation when calculating the dihydrate content.

3.2.2. Thermal Calcium Sulfate Determination

Another method for determining the dihydrate content is via crystal water determina-
tion (CWD), a simplified form of thermogravimetry widely used in industry; therefore, the
sample to be analyzed is ground to less than 0.5 mm and initially heated to 40 °C to remove
the free moisture. The sample is then heated to 360 °C, where the water of crystallization
contained in it is expelled, and the resulting loss of mass is calculated by the integrated
load cell. If this mass loss corresponds to the water of crystallization expelled from calcium
sulfate dihydrate, the sample’s calcium sulfate dihydrate content can be calculated.

4. Discussion

Within the scope of this study, the gypsum content was determined solely by ICP-
OES during preliminary and laboratory tests. Both analytical methods were used for
comparative purposes to characterize the stockpile material and evaluate the pilot plant
test. The total contents of calcium sulfate dihydrate determined by ICP-OES varied between
60% and 80%, depending on the sample. In contrast, repeating measurements via CWD led
to total contents between 70% and 90% calcium sulfate dihydrate. The gypsum contents
measured in the stockpile characterization using CWD were, on average, found to be about
5% to 10% higher.

However, it is important to note that due to the presence of the clay and the organic
material, the indicated mass loss may be higher than the actual expelled crystal water
content. Control measurements with pure calcium sulfate dihydrate showed a deviation
of 2% compared with the defined initial content. When extrapolating to calcium sulfate
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dihydrate, the error increased to an average of 5.5%. In samples standardized to 100%
calcium sulfate dihydrate, concentrations of only 94.5% were determined. Nevertheless,
CWD is the more common method in the industry. The process of analyzing is much
simpler, cheaper, and faster.

Compared with the jigging machine and impact mill, lautering drums were also
excluded in terms of the long process time in the drum. At least for the laboratory tests,
the organic matter remained in the material, and additional dewatering screening was
required. Finally, the disaggregation of the completely dried material through impact stress
and the combination of washing and jigging processes in a laboratory jigging machine was
examined in the context of the preliminary tests.

The principle of selective comminution of clay agglomerates and subsequent separa-
tion from the gypsum carrier rock has proven effective; however, it has been observed that
comminution using an impact mill lacks sufficient selectivity, resulting in the concomitant
comminution of significant amounts of gypsum rock. Consequently, the ‘chipping off” of
the clay-containing deposits was only partially effective, as in some instances, the agglomer-
ates of gypsum and clay were completely comminuted, resulting in an increased proportion
of fines being produced. Notably, in fractions smaller than 4 mm, there was a substantial
increase in the content of clay particles; however, as soon as residual moisture was present
in the material, the results rapidly deteriorated to gypsum contents of only 65%.

The quality of the material extracted from the jig also decreased the finer the screen
cut was selected; however, as the clay fraction was gently washed out of the rock by the
process water, the gypsum content stabilized between 75% and 80%. With the impact mill,
the quality deteriorated continuously as the screen cut became finer.

The mass output of the pilot scale jig confirmed the results of the stockpile characteriza-
tion shown in Figure 9, with a distribution of 60% gypsum rock and 40% clay fraction after
dewatering. The gypsum content in the heavy fraction was 76% and 87% when measured
by ICP-OES and CWD, respectively. The recovery rate of gypsum in the heavy fraction
compared with the source material was approximately 60%.

By transferring the test to the pilot plant scale, the results of the characterization and
laboratory tests were verified. In particular, recirculating the process water was challenging
due to the small amount of water in the storage tank and the large amount of process water
required for the task. As this was not the focus of the work, the process water treatment
and recovery of solids from the process water is not described in this study.

Under favorable weather conditions, the screening machine yields results comparable
to those of the jig, achieving an extraction rate of approximately 60% gypsum rock; how-
ever, in poorer-quality material or adverse weather conditions, the efficiency of gypsum
extraction dropped significantly to around 30%. These findings indicate that the standalone
use of the screening machine is only practical during optimal weather. Alternative or
supplementary processing methods should be considered to maintain extraction efficiency
and material recovery in less favorable conditions.

Although linking experimental results to the existing literature is critical, this study
employed the machines in a novel and unconventional manner that has not been previously
published. As a result, a comparison with existing studies is not possible /reasonable. The
methodological innovation of this study highlights a gap in the literature. It underscores
the need for further investigations to establish comparable datasets and validate these
findings in similar experimental contexts.

5. Conclusions and Outlook

The tests have demonstrated that it is possible to process residues from primary
gypsum extraction contaminated with clay using appropriate process combinations and
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successfully transferring results from the laboratory to the pilot scale. The analysis of
gypsum content—via sulfur content measurement using ICP-OES or thermogravimetric
determination of crystal water—provided comparable results only to a limited extent.
Further investigations are necessary to ascertain which method is more reliable. Thermo-
gravimetric determination is preferable for practical applications because of its simplicity
compared with the more complicated ICP-OES procedure. A potential solution, albeit very
complex for continuous industrial processing, could involve combining both methods with
quantitative X-ray diffraction (XRD) measurements.

The experiments revealed that even a residual moisture content of 2% in dry processing
can lead to quality losses. Drying or storing the material in weather-protected storage
areas requires significant energy, space, and time. By integrating dry screening, washing,
and jigging processes, it is possible to process tailing material in a manner that is largely
independent of weather conditions and gentle on the material, except during frost periods.
The transfer of tests and parameters from the laboratory scale to the pilot plant scale has
been conducted successfully.

It has been observed that short and fast strokes gain better results than long, slow
strokes with more dwell times. By adapting the stroke frequency, further improvements can
be achieved in the pilot plant. Dissimilar to classical jigging processes, there is no density
separation in the actual sense when separating a light fraction. Instead, the movement of
the process water and the material in the jigging bed creates gentle stress, leading to the
disaggregation and dispersion of adhering clay particles. Dry deagglomeration through
crushing tends to distribute organic matter—such as roots and leaves—across all fractions.
In the jigging process, the organic matter is discharged with the clay fraction via process
water into the light fraction, resulting in gypsum stone extracted in the heavy fraction being
free of organic impurities.

Manual feeding and picking currently limit the mass throughput for pilot scale testing;
however, the mass flow can easily be increased with appropriate conveying technology
and protective screening. Additional rinsing water can be introduced after cleaning the
dewatering screen to enhance the quality. To prevent clogging of the nozzles, either process
water should be treated before recirculation or fresh water should be used.

Future process investigations should explore options for dewatering the light fraction
and treating process water. Coarser components of the light fraction can be effectively
separated through sedimentation without flocculation agents; therefore, the addition of
flocculation agents may become unnecessary. Residues of fine-grained gypsum stone,
organic matter, and clay in the light fraction can be utilized for the renaturation of the
quarry. The results indicate that a stable process water cycle can be established even with
relatively small amounts of fresh water, allowing the process to operate over extended
periods with larger feed material quantities without excessive water consumption.

Parallel to the development of the jigging concept, screening tests conducted on the
tailings stockpile have demonstrated considerable success. Throughout the test series
carried out in the spring and summer of 2023 and 2024, more than 1500 tons of tailings
material were processed through screening. The resulting oversize fraction is currently
incorporated into the primary gypsum production process, provided that the material
quality meets the required standards, dependent on dry and sunny weather conditions.
The medium-sized fraction is supplied to a cement manufacturer as a cement regulator,
while the undersized fraction remains on-site for cultivation measures. A combined process
is planned to facilitate the direct utilization of dry-weather fractions and the extended
processing of rainy-weather fractions through semi-mobile jigging machines provided by
SIEBTECHNIK. While the current concept shows promise, further optimization is necessary
to enhance its efficiency and applicability. The approach is transferable to other mines and



Recycling 2025, 10, 12 15 of 17

quarries in the region that share geologically similar characteristics. However, additional
testing is required to evaluate its effectiveness across a broader range of regional mining
stockpiles, potentially extending its applicability to more diverse geological conditions.

The research demonstrated that processing gypsum tailings with clay contaminations
using a jigging machine is a viable and effective method. However, the results highlight
that a protective screening is necessary. However, the results were satisfactory when the
stockpiled material was processed with the tested screening machine under ideal conditions.
The impact mill proved to be somewhat effective in removing adherent clay particles. Still,
its suitability for this purpose remains limited as it also comminutes the target material and
proved too susceptible to residual moisture in the material.

The implementation of the proposed recycling concept for the stockpile has the po-
tential to make a substantial contribution to regional gypsum recycling efforts and the
conservation of natural resources. This is particularly relevant for the Southern Harz
region and the associated landscape conservation area 'Karstlandschaft Stidharz,” which
encompasses one of Germany’s most valuable gypsum deposits. The area has become a
focal point of tension between environmental protection and the need to secure regional
raw material supplies [41], and recycling existing stockpiles is emerging as a key strategy.
This is because it supports conservation efforts, contributes to the local raw material supply
chain, and helps secure valuable employment opportunities in the region.
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