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Abstract. Gypsum-containing wastes are apromising source of raw materials for
the production of gypsum binders. However, they have specific features thatrequire
the development of alternative approaches and technological regimes in order to
ensure the high quality of the final product. The purpose of the article was to study
the influence of moisture content of gypsum-bearing waste and firing temperature
on the specific surface of the gypsum binder, as well as the compressive strength
and average density of gypsum paste based on it. The gypsum-bearing material
was citrogypsum. It is a waste product of the biochemical synthesis of citric
acid. The experiment was carried out using the method of mathematical planning.
Burning of citrogypsum was carried outin a laboratory oven according to a given
temperature regime. Using the statistical computer processing of experimental
data, regression equations were obtained; graphic dependence as nomograms are
constructed; the influence of variable factors on the controlled parameters was
assessed. It has been established that the optimal, from the standpoint of energy
consumption, is the binder burning at a temperature of 150 °C and the lowest
possible raw material moisture content of 5%. Increasing the burning temperature
above 150 °C is not economically workable and adversely affects the compressive
strength of the gypsum stone, as well.

Keywords: Gypsum-bearing waste « Cytrogypsum «Mathematical experiment
planning

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
S. V. Klyuev et al. (eds.), Innovations and Technologies in Construction, Lecture Notes in Civil Engineering 307,
https://doi.org/10.1007/978-3-031-20459-3_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20459-3_19&domain=pdf
http://orcid.org/0000-0003-3013-0829
http://orcid.org/0000-0002-2025-4791
http://orcid.org/0000-0002-8703-6617
http://orcid.org/0000-0002-9380-0968
mailto:alfimovan@mail.ru
https://doi.org/10.1007/978-3-031-20459-3_19

1 Introduction

Gypsum-bearing waste (GBW) from various industrial enterprises such as phospho-
gypsum, FGD gypsum, citrogypsum, etc., is a promising raw material for the produc-
tion of gypsum binders and can be used as an excellent alternative to natural gypsum.
The possibility of obtaining gypsum binders based on GBW has been proven by many
studies conducted throughout the world [1- 7]. However, it should be noted that it is
practically impossible to obtain a high-quality binder based on gypsum-bearing waste
using standard technological approaches. This is due to the specifics and significant
differences between gypsum-bearing waste and natural gypsum. For example, gypsum-
bearing waste is characterized by high humidity, high specific surface area, and a lot
of impurities. All this makes it necessary to develop new technological methods and
make adjustments to existing ones, taking into account the features of the GBW used
[3, 8- 10]. In this connection, the purpose of this article was to study the influence of the
moisture content of gypsum-bearing waste (citrogypsum) and the burning temperature
on the specific surface of the gypsum binder, as well as the compressive strength and
average density of the gypsum paste based on it [11- 15].

2 Materials and Methods

The object of the study was citrogypsum. This is a gypsum-bearing waste, which is a
by-product in the biochemical synthesis of citric acid (Belgorod, Russia) [16].

The experiment was carried out using the method of mathematical planning. The
burning temperature of citrogypsum (150-250 °C, with a variation interval of 50 °C)
and the moisture content of citrogypsum (0-10 wt%, variation interval of 5%) were
chosen as variable parameters (Table 1). Burning of citrogypsum was carried out in a
laboratory oven. The curing time for GBW in the oven at the set temperature (150, 200,
and 250 °C) was 30 min.

Table 1 Conditions for the mathematical planning of the experiment

Input parameter Variability range Unit variation
Origin form Coded form -1 0 1

Burning temperature, °C X1 150 200 250 50

Humidity, % by wt X2 0 5 10 5

Using the experimental design conditions (Table 1), an experiment design matrix
was developed that includes 9 different mixes of citrogypsum-based binder (Table 2).

According to the planning matrix (Table 2), the 9 mixes of citrogypsum-based binder
were molded. The output parameters for determining the effect of variable input param-
eters were the specific surface area (SSA), average density and compressive strength of
the gypsum paste. The compressive strength of the gypsum paste was determined for
sample cubes 3 x 3 x 3 cm in size, molded at an equal “water-hard” ratio (W/S = 0.4).



Table 2 Experiment design matrix

Input parameter

X1 X2
1 150 0
2 150 +1 10
3 150 0 5
4 +1 250 0
5 +1 250 +1 10
6 +1 250 0 5
7 0 200 0
8 0 200 +1 10
9 0 200 0 5

3 Results and Discussions

After statistical computer processing of experimental data, regression equations (Egs. 1-
3) were obtained. Based on the equations, graphical dependencies were plotted that allow
assessing the effect of varying input parameters (Figs. 1, 2 and 3) on controlled output
parameters.
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The nature of the presented graphical dependence as monograms (Fig. 1) showed
that an increase in humidity and burning temperature contributes to an increase in the
specific surface of the citrogypsum-based binder. There is a decrease in the specific
surface area in the entire humidity range for citrogypsum-based binders obtained at a
temperature of 200 °C.

The maximum compressive strength is observed for citrogypsum-based binder mixes
obtained at a burning temperature of 150 °C and humidity up to 5%. A further increase
in temperature leads to a decrease in compressive strength. This is most likely due to
the formation of a larger amount of anhydride, which has a higher porosity and lower
compressive strength vs. calcium sulfate hemihydrate. It should be noted that the gypsum
paste obtained on this mix of citrogypsum-based binder is characterized by the maximum
values of the average density (Fig. 2).



Fig. 1 Dependency of the specific surface area of the gypsum binder on the humidity of the
citrogypsum and the burning temperature

With an increase in the initial humidity above 5%, | also observed a decrease in the
compressive strength of the gypsum paste. This can be explained by an increase in the
porosity of the binder particles due to evaporation and removal of water as steam at high
temperature (Fig. 3).

The minimum values of the average density are typical for samples of citrogypsum-
based binding paste, which has the minimum specific surface area, which is quite natural.

4 Conclusion
Based on the results obtained, the following conclusions are proposed:

« optimal, in terms of energy consumption, is the burning of the binder at a temperature
of 150 °C and the lowest possible raw material moisture content of 5%;



Fig. 2 Dependency of compressive strength of gypsum paste on citrogypsum humidity and
burning temperature

* Increasing the burning temperature above 150 °C is not economically feasible, and
adversely affects the compressive strength of the citrogypsum-based binding paste,
as well.
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Fig. 3 Dependency of average density of gypsum paste on citrogypsum hymidity and burning
temperature

Acknowledgements. The work was realized under support of the State Assignment for the cre-
ation of new laboratories in 2021, including under the guidance of young promising researchers
of the national project “Science and Universities”, research title is “Development of scientific and
technological foundations for the creation of an integrated technology for processing gypsum-
containing waste from various industrial enterprises”; under administrative support of the world-
class scientific and educational center “Innovative Solutions in the Agricultural Sector” (Belgorod).
The work was realized using equipment of High Technology Center at BSTU named after V. G.
Shukhov.

References

1. Rashad, A.M.: Phosphogypsum as a construction material. J. Clean. Prod. 166, 732-743
(2017). https://doi.org/10.1016/j.jclepro.2017.08.049


https://doi.org/10.1016/j.jclepro.2017.08.049

10.

11.

12.

13.

14.

15.

16.

Li, X., Zhang, Q., Ke, B., Wang, X., Li, L., Li, X., Mao, S.: Insight into the effect of maleic
acid on the preparation of a-hemihydrate gypsum from phosphogypsum in Naz SO4 solution.
J. Cryst. Growth 493, 34-40 (2018). https://doi.org/10.1016/j.jcrysgro.2018.04.025

. Li, X., Zhang, Q., Shen, Z., Li, L., Li, X., Ma, S.: L-aspartic acid: a crystal modifier for

preparation of hemihydrate from phosphogypsum in CaClz solution. J. Cryst. Growth 511,
48-55 (2019). https://doi.org/10.1016/j.jcrysgro.2019.01.027

Guan, B., Yang, L., Wu, Z., Shen, Z., Ma, X., Ye, Q.. Preparation of a-calcium sulfate
hemihy-drate from FGD gypsum in K, Mg-containing concentrated CaCl2 solution under
mild conditions. Fuel 88, 1286-1293 (2009). https://doi.org/10.1016/j.fuel.2009.01.004
Alfimova, N.1., Pirieva, S.Y., Titenko, A.A.: Utilization of gypsum-bearing wastes in materials
of the construction industry and other areas. Constr. Mater. Prod. 4(1), 5-17 (2021). https://
doi.org/10.34031/2618-7183-2021-4-1-5-17

Guan, B., Kong, B., Fu, H., Yu, J., Jiang, G., Yang, L.: Pilot scale preparation of a-calcium
sul-fate hemihydrate from FGD gypsum in Ca-K-Mg aqueous solution under atmospheric
pressure. Fuel 98, 48-54 (2012). https://doi.org/10.1016/j.fuel.2012.03.032

. Kozhukhova, N., Kozhukhova, M., Teslya, A., Nikulin, I.: The effect of different modifying

methods on physical, mechanical and thermal performance of cellular geopolymers as thermal
insulation materials for building structures. Buildings 12(2), 241 (2022). https://doi.org/10.
3390/buildings12020241

Moalla, R., Gargouri, M., Khmiri, F., Kamoun, L., Zairi, M.: Phosphogypsum purification
for plaster production: a process optimization using full factorial design. Environ. Eng. Res.
23(1), 36-45 (2018). https://doi.org/10.1016/j.tca.2018.01.011

Alfimova, N.I., Pirieva, S.Y., Elistratkin, M.Y., Kozhuhova, N.I., Titenko, A.A.: Production
methods of binders containing gypsum-bearing wastes: a review. Bull. BSTU named after
V.G. Shukhov. 11, 8-23 (2020). https://doi.org/10.34031/2071-7318-2020-5-11-8-23

Lu, W.,, Ma, B., Su, Y., He, X., Jin, Z., Qi, H.: Preparation of a-hemihydrate gypsum from
phosphogypsum in recycling CaClz solution. Constr. Build. Mater. 214, 399-412 (2019).
https://doi.org/10.1016/j.conbuildmat.2019.04.148

Chernysh, L.I.: Improving the efficiency of building composites obtained using industrial
waste. Ecol. Indus. 4(41), 87-89 (2014)

Petropavlovskaya, V.B., Belov, V.V., Novichenkova, T.B., Buryanov, A.F., Poleonova, Y.Y.,
Petropavlovsky, K.S.: Resource-saving non-fired gypsum composites. Build. Mater. 6, 79-81
(2015)

Alfimova, N.l., Pirieva, S.Y., Elistratkin, M.Y., Nikulin, I.S., Titenko, A.A.: Binders from
gypsum-containing waste and products based on them. IOP Conf. Ser.. Mater. Sci. Eng.
945(1), 012057 (2020). https://doi.org/10.1088/1757-899X/945/1/012057
Petropavlovskaya, V.B., Novichenkova, T.B., Buryanov, A.F.: Improving the technologi-
cal properties of non-fired hyper-pressed gypsum products. Bull. BSTU named after V.G.
Shukhov. 6, 75-78. (2013)

Jin, Z., Ma, B., Su, Y., Lu, W., Qi, H., Hu, P.: Effect of calcium sulphoaluminate cement on
mechanical strength and waterproofproperties of beta-hemihydrate phosphogypsum. Constr.
Build. Mater. 242, 118198 (2020). https://doi.org/10.1016/j.conbuildmat.2020.118198
Pirieva, S., Alfimova, N., Levickaya, K.: Citrogypsum as a raw material for gypsum binder
production. Constr. Unique Build. Struct. 100, 10007 (2022). https://doi.org/10.4123/CUBS.
100.7


https://doi.org/10.1016/j.jcrysgro.2018.04.025
https://doi.org/10.1016/j.jcrysgro.2019.01.027
https://doi.org/10.1016/j.fuel.2009.01.004
https://doi.org/10.34031/2618-7183-2021-4-1-5-17
https://doi.org/10.1016/j.fuel.2012.03.032
https://doi.org/10.3390/buildings12020241
https://doi.org/10.1016/j.tca.2018.01.011
https://doi.org/10.34031/2071-7318-2020-5-11-8-23
https://doi.org/10.1016/j.conbuildmat.2019.04.148
https://doi.org/10.1088/1757-899X/945/1/012057
https://doi.org/10.1016/j.conbuildmat.2020.118198
https://doi.org/10.4123/CUBS.100.7

