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Abstract: The purpose of this study is to study the life cycle assessment of biocementitious materials
production in comparison to traditional cement materials production. The environmental impact
of production processes over the life cycle was evaluated on the basis of global warming and
ozone depletion, human health, land, freshwater, marine ecotoxicity, and natural water system
eutrophication. LCA uses endpoint methods (ECO indicators) and SimaPro 8 software to assess
the health and environmental impact of raw materials used in the production process, including
cement, Ca(NO3)2·4H2O, urea, molasses, and electricity. The results showed that cement materials
made 82.88% of the world’s warming in all raw materials used in production processes, 87.24% of
the world’s health, 89.54% of the deforestation of freshwater, and 30.48% to marine eutrophication.
Ca(NO3)2·4H2O contributes by 58.88% to ozone depletion, 15.37 to human carcinogenic toxicity, 3.19%
to freshwater eutrophication, and 11.76% to marine eutrophication. In contrast, urea contributes
38.15% to marine eutrophication and 5.25% to freshwater eutrophication. Molasses contribute by
13.77% to marine eutrophication. Cement contributes 74.27% to human health damage, 79.36%
to ecosystem damage; Ca(NO3)2·4H2O contributes 13.54% to human health damage and 9.99% to
ecosystem damage; while urea contributes 6.5% to human health damage and 5.91% to ecosystem
damage. Bio-cementitious wastewater should undergo a treatment process to remove urea and
molasses residues, as well as nitrates, before final disposal into the environment.

Keywords: global warming; human health; ecotoxicity; eutrophication; urea; molasses

1. Introduction

Cement is one of the most important and widely used construction materials; how-
ever, it plays a role as a pollutant and unfriendly material. The massive use of cement-
based concrete causes several environmental problems, including carbon dioxide emis-
sions in the manufacturing stage and soil and water source contamination in the disposal
stage. For example, the annual global production of cement-based concrete is estimated at
10 billion cubic meters, and the volume of cement production separately reached 4180 million
tons in 2014, which generates approximately 7% of global carbon dioxide emissions [1–3].
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Such results also generate a variety of wastes accumulation such as cement concrete grind-
ing residues, crushed concrete produced, fine cement, concrete waste, and others, which
many studies have focused on finding environmental solutions to dispose of or recycle.
In Romania, cementitious wastes are disposed of by burying them with other waste, which
often requires large burial grounds and poses a significant environmental risk to air, soil,
and water resources [4]. Moreover, many studies and experiments have attempted to
reduce the environmental hazards of cement by replacing it with other environmentally
friendly materials such as rice husk ash [5,6], fly ash [7], and other materials that have
similar properties to cement. However, these materials have only been used as a partial
replacement of cement [8].

In the same context, the formation of inevitable microcracks as well as porosity inside
concrete matrix are also another challenge for civil engineers. These is because the lifespan
of cement-based structure is reduced owing to penetration of aggressive ions and concrete
microstructure destroying. This fact has also encouraged the civil engineering community
to develop smart bio-concrete, namely self-healing concrete, to fill these microcracks as
well as concrete pores by microbial calcium carbonate in recent years. Indeed, the concept
of self-healing concrete is inspired by the remarkable human wound healing. In particular,
microbial calcium carbonate is precipitated and deposited on the bacterial cells due to the
chemical reactions between developed carbonate ions from metabolic activity and calcium
ions are generated inside the concrete matrix. This microbial calcium carbonate proved its
ability to heal concrete cracks up to 0.4 mm; however, the healing efficiency in the deeper
part of cracks is still limited [9–13]. In addition, this phenomenon, called microbiologically
induced calcite precipitation (MICP), which has been subjected to more developments,
includes the potential to use the microbial enzyme and as a replacement for microbial cells
itself. Mokhtar et al. [14] used B. sphaericus to produce biocementitious mortars; the study
revealed that the compressive strength increased from 40 to 54 MPa compared to 40.5 MPa
in traditional cement. The technoeconomic analysis conducted in the study estimated the
production of biocementitious mortars at US 46.12 per m3 with 45% investment, indicating
economic feasibility. Alshalif et al. [15] revealed that E. faecalis and B. cereus improved the
compressive strength of bioconcrete by 23 and 14.2%, respectively.

From another point of view, life cycle assessment (LCA) is widely used to determine
the environmental impacts of any construction materials. For example, Balasbaneh and
Sher [16] used LCA for different concrete construction techniques including prefabricated
prefinished volumetric construction (PPVC), individual panel system (IPS), and on-site
concrete (OSC) which are used for residential buildings in Malaysia based on human
toxicity (HT), depletion of the ozone layer (OLD), terrestrial ecotoxicity (TE), greenhouse
gas (GHG), and fossil depletion (FD). The study revealed that PPVC was more applicable
among construction techniques with 6% of GHG, 2% of FD, and 6% of OLD less than
OSC. Huntzinger and Eatmon [17] used LCA to assess the environmental impacts of
the production of blended cement (natural pozzolan), traditional Portland cement (TPC),
and cement kiln dust (CKD). The study reported that blended cements were the safest
for the environment; however, CKD recycling was associated with little environmental
savings compared to TPC. Studies on the LCA of the concrete product performance and
their application have been reported in the literature [18]. Thwe et al. [19] evaluated the
LCA of the production of ordinary Portland cement (OPC) and the adverse effects on the
environment. The study confirms the adverse environmental impacts of cement production;
it was observed that calcination contributes 89% to climate change, 95% to acidification,
and 97% to eutrophication. However, the adverse effects of cement manufacturing on
climate change are well known.

To summarize the above, it can be seen that the environmental impacts for the genera-
tion of biocementitious materials have not been evaluated yet. In other words, the involved
parameters of bio-concrete such as bacteria or fungi, urea, nutrition medium, as well as
calcium chloride (CaCl2) or nitrate (CaNO3) are associated with environmental pollution
and should be assessed using LCA. In particular, the environmental pollution is the result
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of the machine washing used in the production of biocementitious materials and the direct
discharge of wastewater into the environment. Wastewater with urea is one of the main
causes of the appearance of eutrophication in fresh and marine water [20], while CaCl2
and CaNO3 are classified as toxic substances [21]. The discharge of nutrients from wastew-
ater generated from biocementitious materials into the natural water system provided
a suitable medium for microbial growth in these waters [22]. As such, LCA is among
the evaluation systems that might provide more detailed information on the effects of
biocementitious materials on health risk, eutrophication in fresh and marine water, as well
as marine ecotoxicity.

The purpose of the present article was to investigate the LCA of biocementitious
material (mortar) production compared to the production of normal cementitious materials.
The environmental impacts (EI) of the production process and management through their
life cycle in terms of human health, terrestrial, fresh and marine ecotoxicity, as well as
eutrophication in the natural water system were evaluated to evaluate its environmen-
tal sustainability. Solutions to overcome the environmental impacts of bio-cementitious
materials were proposed.

2. Materials and Methods
2.1. Experimental Setup

The goal of the present work is to analyze the health and environmental risks asso-
ciated with bio-cementitious materials which are generated by adding bacteria or fungi,
molasses, and urea as well as nitrate during the concrete mixing. The waste generated from
the generation of bio-cementitious materials has an impact on the environment and natural
water sources which receive the wastewater generated from washing equipment’s used in
the cementitious materials. The risk is associated mainly with the biomaterials used, which
might increase the eutrophication in the surface water. The LCA was conducted in line
with ISO 21931-1:2010, which provides a general framework for improving the quality and
comparability of methods of measuring the environmental performance of buildings and
their associated external work. The diagram of the current work is presented in Figure 1a.

2.2. Bibliometric Literature Review Methodology (BLR)

Based on Scopus databases, a library analysis was used as a mechanical approach to
assess current trends in cementitious and bio-cementitious materials research. The analysis
was based on discussion of progress in biocement material research and sections of the
literature requiring further research. VOSviewer (version 1.6.15) is a library analysis tool
that helps visualize library maps. The keywords including (“bio-cementitious materials”
OR “bio-cementitious”), (“bacteria” OR fungi”), (“microbiologically induced calcite pre-
cipitation” OR “bioconcrete”), AND (2010–2019) were separately used between “double
line breaks” on the Scopus searching database for more accuracy. The keywords most
commonly used in publications on bio-cementitious materials have been defined, and a list
of bacteria and fungi used in bio-cementitious material publications has been obtained.

2.3. Bio-Cementitious Materials Production Process

The processes used in the generation of bio-cementitious materials are presented in
Figure 1b, which was designed to produce 33,000 tons per year as described in a previous
study [14]. The production process is started with the preparation of the bacterial or
fungal suspension. The process is conducted using culture broth media such as nutrient
broth or molasses in aerated fermentation tanks. The microbial (bacteria or fungi) biomass
is separated from the culture media by centrifuge or spray drying and then subjected
to freeze-drying for facility handling. The raw materials required for the production
process are prepared separately and subjected to some processes such as sieving of sand,
pretreatment of water, as well as preparation of the desired amounts of chemicals, urea,
and Ca(NO3)2·4H2O and should be dealt with precaution, for example by using gloves
and masks, which are required to avoid the infection of the workers. The mixing of
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the raw materials with cement were conducted for 5 min before their use in the solid
mortar template. The main concerns in the production process are the bio-cementitious
materials, wastes, and wastewater generated by washing of the equipment used in the
production process.

Figure 1. (a) Diagram of current work. (b) Production stages of the bio-cementitious materials.
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2.4. LCA Analysis

LCA was performed using SimaPro 8 (www.pre.nl, accessed on 18 September 2021)
to evaluate the adverse impact of biocementitious materials during all stages of life cycle
production including the extraction of raw materials used in production and the waste
disposed of in the environment. The LCA of the biocementitious materials was compared
with that of the cementitious materials without bacteria and chemical additives. In the
LCA, the inputs and outputs of the production process were evaluated based on the
negative effect of the production of biocementitious materials on terrestrial fresh and marine
ecotoxicity, human health, as well as the eutrophication of surface water which could receive
waste generated from the production process. The LCI database was used for all stages of
production from microbe preparation, cementitious materials, manufacturing, maintenance,
transportation, and end of life, including final disposal of waste into the environment.

2.5. Life Cycle Inventory (LCI) Analysis of Raw Materials and Products

The data used to model the biocementitious materials production process chain,
such as the quantities required for the production process, were taken from our previous
study [14]. The quantities of materials required for the process are 1105.5 tons of nutrient
solution, 3564 tons of bacterial suspension, 47,520 tons of sand, 14,256 tons of cement,
3564 tons of water, 7128 kg of freeze-dried bacterial cells, 356,612.9 kg of urea, 713,225.8 kg
of Ca(NO3)2·4H2O, and 713,225.8 kg of diatomaceous earth which is used to support the
bacterial colonization in biocementitious materials. These chemicals and materials, as well
as energy resources, were used from the inventory list of SimaPro 8. The transport of raw
materials and products, as well as the distances, were estimated based on specific materi-
als suppliers and communication with a local manufacturing company for cementitious
materials. The role of electricity in global warming is generated from the source of energy.
In Malaysia, 46% of the electricity is generated from coal, 39.7% from national gas,
and 13.2% from hydropower [23].

2.6. Life Cycle Impact Assessment (LCIA)

The LCA for biocementitious materials was applied in this study and the inputs from
raw materials, transportation, energy consumption, waste release, and wastewater must
be considered as a benchmark for both types of cementitious materials. The processes
involved are mixing, shaping, and curing process. ReCiPe 2016 is a major improvement
over ReCiPe 2008 and the predecessors CML 2000 and Ecoindicator 99. The methodology is
regularly updated to include new data and new research. The LCA analysis was performed
with the ReCipe 2016 end point E world/2010 (E/A).

3. Results and Discussion
3.1. Bibliometric Analysis of Previous Studies on Cementitious Materials Production

The distribution of cementitious materials production in the world is presented in
Figure 2, which was carried out based on the analysis of 2000 articles from the Scopus
database (Suppl. 1). It was noted that 19.04% of the total production was in China, followed
by 14.9% in India, 7.98% in USA, 6.91% in The Netherlands, 5.37% in Belgium, and 4%
in Malaysia. Analysis of the studies in the literature was downloaded from the Scopus
database (Suppl. 2) using bibliometric analysis and has revealed many microorganisms
that have been used in the production of biocementitious materials (Figure 3). More than
95% of the microorganisms used belong to bacteria and included aerobic and facultative
aerobic bacteria such as Bacillus spp., B. cereus, B. halodurans, B. megaterium, B. pasteurii,
B. pseudofirmus, B. sphaericus, B. subtilis, Pseudomonas aeruginosa, spore-forming bacteria,
Sporosarcina pasteurii, B. tequilensis, and Enterococcus faecalis, while 4.7% of the studies used
fungal species such as Phanerochaete chrysosporium, Rhizopus oryzae, Aspergillus nidulans,
A. oryzae, A. terreus, and Trichoderma reesei [24,25]. Analysis of studies from the Scopus
database revealed that LCA has been used to evaluate cement production, carbon emissions,

www.pre.nl
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carbon footprint, greenhouse gases, and sustainable construction in cement manufacturing
(Figure 4).

Figure 2. Distribution of bio-cementitious materials production in the world based on the data
analysis for 2000 studies from Scopus data base.

Figure 3. Most common bacteria used in the bio-cementitious materials production in the world
based on the data analysis for 275 studies from Scopus data base.
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Figure 4. LCA studies on different types of construction materials based on the data analysis for
studies from Scopus database.

3.2. LCA Characterization

The characterization analysis for 1 kg of cementitious material production is presented
in Figure 5. The figure describes the health risk and environmental impacts associated
with the production of biocementitious materials compared to the traditional cementitious
materials. It was observed that among the raw materials used in the production process,
cement materials contribute by 82.8894% to global warming, 87.2489% to human health
through ozone formation, 71.4572% to fine matter formatter, 87.09% to the effects of terres-
trial ecosystems through ozone formation, 76.7733% to terrestrial acidification, 79.652% to
terrestrial ecotoxicity effects, 70.1364% to marine ecotoxicity, 61.705 to human carcinogenic
toxicity, 61.0239 to land use, 85.9422% to freshwater eutrophication, and 30.4805% to marine
eutrophication. Compared to the traditional production of cementitious materials, it was
observed that among the raw materials used (cement, sand, water), cement materials con-
tribute more than 98% to the parameters that include global warming. The negative effects
of raw cement materials on the environment are associated with the generation of cement in
the manufacture of cement and not with the production of cementitious materials. The role
of cement manufacturing in air pollution and environmental impacts has been reported by
many authors in the literature. Five percent (5%) of global anthropogenic CO2 emissions
have been reported to be generated from the cement industry due to raw materials such as
limestone, clay, calcareous marl, and production stages such as burning (fossil) fuels used
in the production process [26]. The matter of the particles is the most visible pollutants that
are generated from the cement industry. Dust is also generated during the production and
transport of concrete. However, the use of water sprays effectively contributes to emission
reduction [27].
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Figure 5. Health risk and environmental impacts associated with the production of bioce-
mentitious materials compared to the traditional cementitious materials as determined using
ReCiPe 2016 Method, end point (E) V 1.05, world 2010 (E/A); (A) bio-cementitious materials;
(B) cementitious materials.



Sustainability 2022, 14, 1920 9 of 14

The LCA of the other raw materials used in the production of biocementitious materials
revealed that Ca (NO3)2·4H2O contributes by 58.885% to ozone depletion, 6.569% to global
warming, 4.191% to human health through ozone formation, 6.567% to fine matter format-
ter, 4.42% to the effects of terrestrial ecosystems through ozone formation, 9.53% to terres-
trial acidification, 12.102% to terrestrial ecotoxicity effects, 19.348% to marine ecotoxicity,
26.527 to human carcinogenic toxicity, 25.27 in land use, 3.191% in freshwater eutroph-
ication, and 11.768% to marine eutrophication. Urea contributes 38.1538% in marine
eutrophication, 5.9118% in global warming, 6.3191% in ionization radiation, 5.1307% in hu-
man health through ozone formation, 9.5344% in fine particular matter formatter, 5.3107%
in terrestrial ecosystem effects through ozone formation, 7.9307% in terrestrial acidification,
6.5829% in terrestrial ecotoxicity effects, 7.0593% in marine ecotoxicity, 8.1824% in human
carcinogenic toxicity, 6.643 in land use, and 4.2556% in freshwater eutrophication. Molasses
contributes by 13.779% to marine eutrophication, while molasses has no role in the effects
on other parameters. The high concentration of urea discharged from wastewater gener-
ated from the cleaning of equipment used in biocement production is associated with the
occurrence of harmful algae blooms due to eutrophication in the natural water system [28].
Molasses effectively contributes to the diversity of marine life due to the absorption of
oxygen in water by liquid sugar. Molasses also contributes to the appearance of algae
blooms and the growth of pathogenic bacteria [29].

The electricity used in the production of biocementitious materials contributes by
4.6113% to global warming, 2.9895% to ozone radiation, 3.3938% to human health through
ozone formation, 12.3808% to fine matter formatter, 3.3952% to the effects of terrestrial
ecosystems through ozone formation, 5.6533% to terrestrial acidification, 1.593% to ter-
restrial ecotoxicity effects, 3.3748% to marine ecotoxicity, 3.5414% to human carcino-
genic toxicity, 6.384 to land use, 5.5948% to freshwater eutrophication, and 5.827% to
marine eutrophication.

Based on the LCA analysis, it can be indicated that the main risk associated with
the biocementitious materials productions lies in the using of bacteria, molasses, urea,
and nitrate which contribute to the increasing of environmental pollution.

3.3. Damage Assessment of Bio-Cementitious Materials Production

The damage assessment of the human health ecosystem and resources as a result
of the raw materials used in the production of bio-cementitious materials is presented
in Figure 6A,B. The results revealed that cement contributed by 74.9299% in the human
health damage, 79.3672% in ecosystem damage, while contributed by 60.5397% in the
resources (Figure 6A). The Ca(NO3)2·4H2O contributes by 13.5489% in human health dam-
age, 9.9967% in ecosystem damage, and by 20.8058% in resources, while urea contributes
by 6.5126% in human health damage, 5.9169% in ecosystem damage, while contribut-
ing by 9.346% in resources. In contrast, electricity contributes by 4.9842% in human
health damage, 4.6898% in ecosystem damage, while contributing by 9.2556% in resources.
In comparison, damage assessment of the human health ecosystem and resources as a
result of the raw materials used in the production of cementitious materials resulted from
the raw cement materials (Figure 6B). The bio-cementitious materials products have no
effect on the investigated parameters; these findings indicated that the main issues in the
production of bio-cementitious materials lie in the raw materials used, while the product is
safe for handling and use in the construction building.
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Figure 6. Damage assessment for one kg of the cementitious materials production as determined
using ReCiPe 2016 Method, end point (E) V 1.05, world 2010 (E/A); (A) bio-cementitious materials;
(B) cementitious materials.



Sustainability 2022, 14, 1920 11 of 14

The human health damage of cement lies in the effect on the skin, eye contact,
and inhalation. These effects depend on the level and duration of exposure and oc-
cur as a result of the presence of calcium oxide, crystalline silica, and chromium which
have a corrosive effect on the human tissue and lungs and might cause allergic reac-
tions [30]. The energy consumption of concrete production is the biggest environmental
concern, since the process is among the most energy intensive compared to other industries.
The main issue is related to the direct fuel which is used for transportation of raw materials,
mining, and production process of concrete [27]. The urea discharged with wastewater
from bio-cementitious materials production is hydrolyzed to ammonium since urea is a
nonpolar molecule and is not stable in the environment. The ammonia is oxidized to nitrate
and then subjected to chemical reactions under anaerobic conditions to form N2, N2O,
or NOx gases which play an important role in the ozone layer depletion [31].

3.4. Sustainable Solutions

The high amount of clean water used in construction industry has always attracted
the attention of researchers and engineers due to its high quality [32]. Several studies
have been conducted on managing and reusing partially treated wastewater for concrete
cement mixtures, which showed acceptable results compared to clean water [33]. Al-
though many studies have been performed in concrete cement recycling, there is a gap
in finding sustainable techniques or strategies on or off-site to deal with cementitious
mixture tools. To minimize the environmental and real impacts of the production of bio-
cementitious materials, the wastewater generated from the washing of equipment used in
the production process should be subjected to a treatment process to remove the urea and
molasses residues as well as calcium nitrate before the final disposal into the environment.
The wastewater treatment process might include the primary sedimentation in which
bio-cementitious materials are removed and recycled. In the current work, a sustainable
strategy was designed to fill this gap and highlight new sources of various recycled materi-
als and water that can be used in construction and other industries. Figure 7 illustrates an
innovative technique to take advantage of contaminants produced by the equipment of
construction industries that are often not appropriately handled. The technique aims to
treat the wastewater produced from cleaning concrete equipment and reuse it sustainably to
clean the equipment again. The processing produces primary and secondary elements that
are used in various fields. The concrete products removed from equipment represent the
primary materials as they are separated from the water and deposited in the sedimentation
tank depending on their weight and cementitious characteristics that allow them to harden
in the stagnant state (Figure 7).

The separated water is transferred to the filtered water tank through the screen to
remove the small particles, while the precipitated products are collected to be reused in
the construction industry. Fraile-Garcia et al. [34] have confirmed the feasibility of using
cement-concrete wastes as an artificial aggregate and recycled material in fresh concrete.
The separated water usually contains various elements, including calcium nitrate, urea,
molasses, and bacteria, which require an additional process. Therefore, these effluents
should be subjected to phycoremediation with microalgae since the urea is hydrolyzed
into ammonium and ammonia, which is difficult to remove by the traditional primary and
secondary treatment process. The treated effluents generated from the phycoremediation
might be discharged or reused for the washing of the equipment used in the production
process. The microalgae biomass might be separated and then used as an inoculum for
the next phycoremediation process. The microalgae remove heavy metals and residual
contaminants through various mechanisms and pathways, such as the employment of
urease enzymes with nickel catalysis to hydrolyze urea (Figure 8) [35].
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Figure 7. Proposed biocementitious wastewater treatment plant.

Figure 8. Hydrolysis of urea by microorganisms.

The generated algal biomass contains valuable products, including polyunsaturated
fatty acids, lipids, dyes, antioxidants, poisons, and many other products that can be used
to industrialize biofuels, medicine, proteins, fish food, and many other uses [36]. Reverse
osmosis (RO) filter or any nano filter is used after the microalgae tank to remove the
released algae cells or toxic and remaining elements. The filtered water after this stage
will be pumped directly to the recycled wastewater tank to be used later in cleaning the
cementitious equipment. The current technology is distinguished from other technologies
by its flexibility in developing and changing, such as adding a sensor system that simulates
the entire operation and makes the system self-operated, changing the tank to conduct
other purification operations, and changing the locations of tanks to dispense with pumps
and other modifications. Moreover, this technique can be used for various industrial
pretreatment systems to keep up with the global strict environmental laws.

4. Conclusions

LCA of the biocementitious materials using ReCiPe 2016 Method, end point (E) V 1.05,
world 2010 (E/A) was successfully evaluated in terms of the health and environmental risk
associated with the production of bio-cementitious materials. The results revealed that the
bio-cementitious materials production has more environmental impact compared to the
traditional cementitious materials. This is due to the presence of organic materials such as
urea and molasses and inorganic chemicals such as calcium nitrate. The presence of the
bacterial might represent a risk for the worker. However, in most of the studies the bacterial
species used are non-pathogenic. Based on the LCA, the main contribution in global
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warming and human health is the cement materials (82.88% and 87.24% respectively) as
well as 85.94% in freshwater eutrophication, while Ca(NO3)2·4H2O contributes by 58.88%
in the ozone depletion, urea contributes by 38.15% in the marine eutrophication and 5.25%
in the freshwater eutrophication in the eutrophication, and the molasses contributes by
13.77% in the marine eutrophication. The application of a treatment process for the bio-
cementitious wastewater might minimize the environmental impacts. The bio-cementitious
wastes can be reused while the treated effluents can be reused for the washing process.
The treatment process using phycoremediation process will provide less polluted effluents
for safe disposal. Therefore, the present study has highlighted the main issues related
to the bio-cementitious production and suggested a sustainable solution foe minimize
the health and environmental impacts for bio-cementitious. However, the suggested
wastewater treatment plant needs more studies to confirm the applicability to remove
organic pollutants from the bio-cementitious wastewater.
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