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Abstract - The present study aims to investigate the possibility of
recycling phosphogypsum (PG), which is a by-product of the
fertilizer industry, for producing no-cement mortar (NCM). The PG
powder was mixed with ground granulated blast furnace slag
(GGBFS), carbide slag (CS), calcium hydroxide (CH) at different
compositions to prepare the NCM samples for the investigation. A
systematical evaluation about characteristics of the NCM was
reported at both fresh and hardened stages, including flowability,
setting time, unit weight, and compressive strength. Additionally,
microstructural properties of the NCMsamples were examined
using advanced analysis techniques of a scanning electron
microscope (SEM) and X-ray diffraction (XRD). Furthermore, a cost
analysis was also performed to show the capability of the real
application. The test results show great potential for utilizing the
above materials for the production of NCM with properties that
meet the requirements for real practice.

Key words - Phosphogypsum; no-cement mortar; carbide slag;
compressive strength; microstructure

1. Introduction

Phosphogypsum (PG) is a waste material generated by
the phosphate fertilizer industry, which produces millions
of tons annually. Global production of this waste is from
100 to 280 million tons per year [1]. The high level of this
pollutant was found and the huge occupation of stacks
represents an environmental concern. The long-term burial
and storage of the hazard substance expose economic as
well as harmful environmental issues. The unscientific
discharge of PG not only leads to serious environmental
contamination but also occupies considerable land
resource [2]. About 85%waste PG is directly disposed to
the environment without any further treatment, which can
consume considerable land resources and cause serious
environmental problems [3, 4]. Therefore, strong efforts
have been made in the comprehensive utilization of PG,
e.g. using PG as a set retarder in Portland cement [5]. In
addition, Zhou et al. [6] indicated that without adding any
binder such as cement or organics, as high as 75% of waste
PG is facilely prepared into non-fired bricks only with
small quantities of river sand, which is significant to cost-
effectively recycle the waste PG and to solve its
environmental pollution.

This topic has been found necessary to cope with the
above-mentioned problems. Thus, to realize the objectives
of the present works, various parameters from experiments
were investigated to show the potential recycling of waste
PG. The main objective of the present study is to produce
no-cement mortar (NCM) from 100% industrial wastes, in
which using a large quantity of waste PG is in priority.
Turning waste materials into construction material are

Téom tat - Nghién ctu nay nhdm tim hiéu kha ning tai ché
phosphogypsum (PG), mét phé phdm clia nganh céng nghiép phan
bén, trong san xuét virakhéng xi méng (NCM). Bét PG dwoc tron
v6i xi 16 cao nghién min (GGBFS) va xi cac bua (CS) ho&c canxi
hydréxit (CH) véi cac ham lwong khac nhau dé chuén bj mau NCM
duing cho nghién ciru. Mét hé théng danh gia dic tinh ciia NCM da
dwoc béo cao & ca giai doan twoi va déng rén, bao gébm: do chay,
théi gian ninh két, khéi lwgng thé tich va cuwdng dé chiu nén. Ngoai
ra, cac tinh chét vi cu tric cla cac mauNCM da dwoc kiém tra
bang cac ky thuat phan tich tién tién cta kinh hién vi quét dién to
(SEM) va nhiéu xa tia X (XRD). Hon nira, phan tich chi phi ciing
duoc thye hién dé danh gia kha nang tng dung ngoai thuc té. Cac
két qua thwc nghiém cho thdy mét tiém nang Ién trong viéc str dung
cac vat liéu néu trén vao san xuat NCM véi cac tinh chat dap (ing
cac yéu cau cho (ng dung ngoai thuc té.

Twr khéa - Phosphogypsum; viva khong xi mang; xi cac bua; cwong
dod chiu nén; vi cau truc

found to be the most suitable way of consuming a large
number of waste materials, e.g. PG. In this work, PG was
used as raw material for the manufacture of NCM.

Up to now, with the restriction in terms of theoretical
and practical data and not widely applied (only in some
regions and some types of applications), there are few
studies regarding the use of industrial wastes for producing
NCM. Moreover, since the information regarding the use of
blended PG, ground granulated blast furnace slag
(GGBFS), carbide slag (CS), and calcium hydroxide (CH)
is limited in the literature, the present study focuses on the
recycling of these waste materials for manufacturing NCM.
In this research, both fresh and hardened properties of the
NCM were studied in order to evaluate the possible
application of PG for construction products. Moreover, the
advanced analysis techniques of scanning electron
microscope (SEM) and X-ray diffraction (XRD) were
applied to examine the microstructural properties of the
NCM. Furthermore, a cost analysis was also performed in
this investigation.

2. Materials and experimental programs
2.1. Materials

Binder materials used for the preparation of the NCM
samples were PG, GGBFS, CS, and CH. PG is an
industrial waste that is collected from the manufacture of
fertilizer and phosphoric acid production process.
GGBFS is a by-product of iron manufacturing in a blast
furnace. CS, also known as calcium carbide residue, is a
solid waste of the hydrolysis of calcium carbide. It is
commonly generated from the industrial production of


mailto:htphuoc@ctu.edu.vn

ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE BAI HOC BA NANG, VOL. 17, NO. 1.2, 2019 33

ethylene and polyvinyl chloride. As a kind of industrial
wastes, it has no value for recovery and is commonly
landfilled. CH is aninorganic compound, which is
obtained when calcium oxide is mixed with water. Fine
aggregate used was natural crushed sand with density,
water absorption, and fineness modulus of 2650 kg/m?,
1.4%, and 3.0, respectively. It is noted that all of the raw
materials used were in air-dry condition. These materials
were examined of both physical and chemical properties
before being used, with the results shown in Table 1 and
Table 2, respectively. Characteristics of the raw materials
were presented in section 3.1.

Table 1. Physical properties of starting materials

Physical properties PG GGBFS CS CH
Specific gravity 2.56 291 2.58 2.21
Mean particle size 202 784 499 111
(pm)
Spedﬁ(‘ins;/‘lr(‘;a)ce aed| 3539 | 7443 | 1500 | 556.5
Table 2. Chemical composition of starting materials
Chemicg/lvgc());no)position PG | GGBES cs CH
SiO2 254 35.6 5.6 0.9
Al20s3 11.2 11.3 2.8 24
Fe203 9.8 0.5 1.1 0.1
Ca0 457 41.0 86.6 93.6
MgO - 6.5 0.3 -
K20 1.7 0.6 0.2 -
Na20 0.9 0.3 0.6 -
2.2. Mix design and proportions
Two different NCM mixtures with various

compositions of PG, GGBFS, and CS or CH were
prepared for this investigation using the same water-to-
binder (w/b) ratio of 0.34 and aggregate content of 20%
(by total weight of binder). In addition, different dosages
of super plasticizer (SP) were added to the NCM mixtures
in order to achieve the desired workability of the fresh
mortar. The ingredient proportions (by mass) of the NCM
are given in Table 3.

Table 3. Mix proportions for the preparation of NCM samples

) Material proportions (kg/m?)
Mixture
PG |GGBFS| CS | CH |Sand | SP |Water
PCS |528.3 | 528.3 |211.3| - |253.6| 4.1 | 43038
PCH | 574.7 | 574.7 - 114.91252.9| 3.6 | 427.9

2.3. Samples preparation and test methods

A laboratory mixer was used to mix all of the raw
materials homogenously. Right after mixing, the fresh
NCM mixture was checked for slump flow, setting time,
and unit weight following the guidelines of ASTM

C1437[7], ASTM C807[8], and ASTM C138 [9],
respectively. Then, the NCM samples with dimensions of
50x50x50 mm were prepared for the test of compressive
strength. These samples were cured in the lime-saturated
water until the testing ages. The compressive strength test
was performed at the sample ages of 1, 7, 14, and 28 days
in accordance with ASTM C109[10]. The reported result
was the average strength value of three samples from each
mixture. In addition, broken pieces of the samples at 28
days that were taken right after the compression test were
immersed in alcohol to stop hydration and then their
microstructure was examined using SEM and XRD
analysis.

3. Results and discussion
3.1. Characteristics of raw materials

The particle size distribution, SEM images, and XRD
patterns of the starting materials are presented in Figures
1-3, respectively. It can be seen from Table 1 and Figure 1
that the particle size of the PG and CS were significantly
larger than that of the GGBFS and CH particles. Generally,
the smaller the particle size of the materials, the greater the
potential rate of the involvement in the chemical reaction is.
Moreover, it could be observed from the SEM images of the
raw materials (Figure 2) that all of the materials are mostly
comprised of particles with the irregular shape of different
sizes. However, the homogeneous performance will be
improved in a system that incorporated both smaller and
larger particles size.
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Figure 1. Particles size distribution of starting materials

On the other hand, as presented in Table 2, a high
concentration of calcium oxide (CaO) was detected in all of
the binder materials, whereas large percentages of silicon
dioxide (SiOy) and aluminum oxide (Al.O3) were found in
PG and GGBFS. The GGBFS comprises mostly amorphous
Si0;, AlO3, CaO, and MgO. The non-crystalline phases
make GGBFS more active than other materials mentioned
in Figure 3. The PG comprises majorly calcium sulfate
hydrate and gypsum whereas the CS and CH comprise
crystalline phases of ardealite and portlandite. It is well-
known that the crystalline phase generally less involves in
the chemical reaction.
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Figure 2. SEM micrographs of starting materials
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Figure 3. XRD patterns of starting materials
3.2. Properties of fresh mortar mixtures

Properties of fresh NCM mixtures, including slump flow
measurement, unit weight, and setting time are presented
in Table 4. As a result, all of the NCM mixtures exhibited
good performance characteristics in the fresh stage. The
PCH mixture had a slump flow value and setting time of
lower and longer than that of the PCS mixture, respectively.
In general, a common slump flow value of greater than 190
mm, which is acceptable for the high-flowing application,
is suggested. Hwang and Huynh [11] pointed that the
combined effect of both the irregular shape of slag particles
(Figure 2), inhibits the lubricant effect and the very fine
slag particles with a high specific surface area (Table 1),
which absorbs more water on the particle surfaces and in
internal pores, leading to a loss in flowability of the fresh
mortar mixture.

Initial setting time (IS) and final setting time (FS) are
features that are used to evaluate the pozzolan reaction. In
other words, it indicates the chemical reaction rate when
incorporatingdifferent materials into the nocement mixture as
shown in Table 3. Table 4 lists the setting times of two
NCM mixtures. As a result, the IS and FS of both PCS and
PCH mixtures ranged from around 8.55 to 9.35 hours and
15.65 to 16.12 hours, respectively. It can be seen that the
IS of the PCH samples is longer than the PCS samples. The
increased setting time may be due to the impurities in PG,
which retards the setting of the binder [2].

The unit weight of PCH mixture was also higher than
that of the PCS mixture. This is due to the incorporation of
more PG and GGBFS in the mixture (Table 3). The higher
specific gravity values of these materials (Table 1) compared
to the other materials in the mixture contribute to the higher
unit weight value.

Table 4. Properties of fresh mortar mixtures and material cost

Slump | Fresh Initial | Final Cost
Mixture flow uw setting | setting (VND/m?)
(mm) | (kg/m®) | (min) | (min)
PCS 300 1910 513 939 436200
PCH 295 1995 561 967 521400

Note: UW = Unit weight.
3.3. Compressive strength development
The development in the compressive strength of both
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PCS and PCH mixture is presented in Figure 4. There is a
gradual increase in mechanical properties during the curing
time. It can be clearly seen that there is limited early-
strength development because both PCS and PCH reached
under 35% of the compressive strength in 7days. But the
linear enhancement during the time testing provides reliable
evidence to predict growth of strength. The results
indicated that PCH mixture was stronger than PCS mixture
at the same testing condition. It may be understood that the
lower compressive value of the PCS due to its composition.
As can see from Table 3, the higher content of PG and
GGBFS help to improve the compressive strength of
mortar. In the PCH, the smaller mean size particle of PG
and GGBFS plays an important role in filling the void
within the mixture. Additionally, the high content of SiO; in
GGBFS and PG reacted with the appearance of CH in
composition to create C-S-H which is the binder’s
component. Moreover, the very fine particles greatly
contribute to improving the hydration rate, in which PG
and GGBFS may act as an accelerator and develop the
strength of the mortar samples.
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Figure 4. Compressive strength development of
the hardened mortar samples

3.4. Microstructure analysis

The results of the chemical analysis are presented in
Figure 5 (SEM) and Figure 6 (XRD). As can be seen from
Figure 5 that the SEM micrographs displayed the micro-
structural of the hardened mortar samples. The hydration
products and the arrangement of mortar components
formed a denser structure with fewer voids. A smoother
and denser structure of the PCH samples could be clearly
observed in comparison with the PCS samples. In fact,
more voids/ pores and more incomplete reaction particles
were detected from the SEM image of the PCS samples in
comparison with the PCH samples (Figure 5). This
characterization indicates that a homogeneous structure
increases unit weight and greatly contributes to improving the
mechanical strength of mortar samples.

Further, the XRD patterns of the two NCM mixtures in
Figure 6 show the crystalline hydration products. The
function of all materials used in this study acted not only
as the pozzolanic materials but also as the filler. However,
the peaks of calcium sulfate hydrate, portlandite, and
gypsum were obviously detected in Figure 6, showing that

the dissolution of the raw materials in the NCM mixture
was not complete.
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Figure 5. SEM micrographs of the hardened mortar samples
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Figure 6. XRD patterns of the hardened mortar samples
3.5. Cost analyses

Cost is another important consideration besides the
mechanical properties and quality of the mortar. Cost
analysis demonstrated that the utilization of industrial
wastes obtained the request for green construction material
and it is the consideration for a friendly and sustainable
product to the environment. So far, the cost of GGBFS is
much higher than that of PG. Thus, using less GGBFS in
NCM mixtures was found to have cost-effectiveness.The
total material cost for both PCS and PCH was calculated
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with the unit cost for PG, GGBFS, CS, CH, sand, and SP
were 0, 510, 272, 1020, 170, 15300 VND/kg, respectively
and the final values are presented in Table 4.1t is noted that
the cost analysis was calculated based on the unit price of
construction materials announced by the local stores in
Vietnam in 2018 and the labor cost, production cost, and
other costs did not include in this calculation. It can be
found that the saving money was up to 593800 (VND/mq)
when replacing normal cement-based mixture (1030000
VND/m®) with PCS. Thereby, using industrial waste materials
in a positive way is necessary and important.

4, Conclusions

An experimental study was performed to evaluate the
mechanical properties and microstructure of the NCM
using PG-GGBFS-CS-CH blends. Based on the obtained
results, the following conclusions may be drawn;

1. The loss in flowability and the increase in setting time
of the fresh NCM were recorded with the incorporation of
more PG in the mortar mixtures. However, for achieving
acceptable workability, the addition of a sufficient SP
dosage is recommended for these mixtures.

2. The incorporation of the PG in mortar mixture results
in a homogeneous structure, increases unit weightand cost,
and contributes to improving the compressive strength of
the mortar samples.

3. The crystalline hydration products were found from
the XRD patterns of the mortars. In addition, the PCH
mixture showed a denser structure than the PCS mixture.
This finding is in good agreement with the compressive
strength development of the mortar.

4. A full benefit from the utilization of the waste materials

of PG, GGBFS, CS, and CH to produce the NCM in both
environmental and economic aspect was clearly demonstrated
in this study. Especially, it can be indicated that PG could be
potentially a good alternative to cementitious materials.
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