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Abstract: Fly ash is the main by-product of coal combustion characterized by a large specific sur-
face area. In addition to oxides, it also contains unburned coal and trace elements. This study
aimed to investigate the possibility of using fly ash from pit-coal combustion (CFA) for the treat-
ment of benzene-contaminated soil (S). The CFA was used as a mixture with Portland cement
(PC) (70% PC + 30% CFA). The soil was treated with a PC-CFA mixture in amounts of 40, 60, and
80% of soil mass. During the process, the concentration of benzene was monitored with the flame-
ionization detector. Produced monoliths (S+(PC-CFA)x) were tested for compressive strength and
capillary water absorption. The experiment confirmed that the PC-CFA mixture limited benzene
emission. The highest reduction in benzene concentration (34–39%) was observed for samples
treated with the PC-CFA mixture in an amount of 80% (S+(PC-CFA)80). The average compressive
strength of monoliths S+(PC-CFA)40, S+(PC-CFA)60, and S+(PC-CFA)80 was 0.57, 4.53, and 6.79 MPa,
respectively. The water absorption values were in the range of 15–22% dm.

Keywords: hazardous waste; VOC; physicochemical stabilization; encapsulation; remediation

1. Introduction

Fly ash is a type of waste generated in coal power plants. Currently, about 35% of
global electricity is produced from coal [1]. The largest coal-consuming economies are
China (nearly half of global coal consumption), India, and the United States. Approximately
60% of electricity in China is produced from coal [2]. In addition, in Poland, electricity
production is based on fossil fuels. In 2018, 48% of produced electricity came from hard
coal, 29% from lignite, 13% from renewable sources, and 7% from gas [3,4]. Recently, a
decreasing trend in worldwide coal consumption has been observed (Figure 1). In 2020,
the decrease in coal consumption was 4% [5]. The main reasons for such changes are the
industrial transformation and the COVID-19 pandemic. In 2020, the world energy demand
decreased by 4.5%. In parallel, the CO2 emissions from energy use fell by 6.3% [5]. It is
estimated that in 2021, energy and coal consumption increased by 4.1% and 5% for G20
countries, respectively [6].

The combustion of coal results in large volumes of solid coal combustion products
(CCPs). Shahzad Baig and Yousaf [7] reported that for every 4 tons of burnt coal, 1 ton of
CCPs is produced. The total volume of CCPs generated globally in 2016 was approximately
1122 million tons [8,9]. From 2011 to 2016, the worldwide production of CCPs increased by
44.4% (Table 1).

The main constituent of CCPs is fly ash. Yao et al. [11] reported that coal fly ash
accounts for 5 to 20% of the mass of coal burned. In 2016, in European (EU-15) power
plants, about 40 million tons of CCPs was generated [12]. The fly ash accounted for
63.8 wt.% of CCPs (25.7 million tons) [12]. In 2016, 3.26 million tons of coal fly ash was
produced in Poland. By 2018, its production had decreased to 2.43 million tons [13,14].
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Figure 1. Coal consumption (data source comes from [5]).

Table 1. Production of CCPs by country/region [8–10].

Country/Region
CCPs Production, Mt

2011 2015 2016

Australia 13.1 12.2 12.3
Canada 6.8 6.2 4.8
China 395 565 565

Europe (EU) 52.6 105 140
India 105 240 197
Japan 11.1 12.6 12.3

Middle East and Africa 32.2 33.3 32.2
United States of America 118 117 107.4

Other Asia 16.7 25.3 29.6
Russian Federation 26.6 26.6 21.3

Total 777.1 1143.2 1121.9

In addition to CCPs, coal combustion contributes to the CO2 emissions. The amount of
CO2 released depends on the type of coal burned [15]. In 2020, about 40% of CO2 emissions
(13.98 billion tons) came from coal [16].

The properties of fly ash are closely related to the type of coal burned and the combus-
tion process. Fly ash with pozzolanic properties is produced during the combustion of hard,
bituminous, and sub-bituminous coal. In the case of combustion of lignite with a higher
lime and sulfur content, ash with hydraulic properties is also produced [9,17]. Fly ash is
characterized by a large specific surface area, which ranges from 250 to 500 m2 kg−1 [18–20].
It is mainly composed of SiO2, Al2O3, Fe2O3, and CaO [21]. Fly ash also contains elements
such as As, B, Cd, Co, Cr, Hg, Pb, Se, and organic constituents, e.g., PAHs and PCBs, which
are responsible for its toxicity [18,22–24]. The inappropriate storage and utilization of
fly ash may pose a threat to human health and the environment. Particularly during the
landfilling of fly ash, toxic constituents can be released into the environment as dust or
leachates [11,25–27]. The highest potential to contaminate waterways and soil is coal ash
ponds. These ponds are a type of landfill whose bottom is unlined. As a result, the coal ash
constituents can leach into the ground and water. The mobility of trace metals contained in
fly ash mainly depends on pH. In turn, the pH of the water-fly ash system depends on the
calcium content in fly ash. The alkalinity of fly ash may attenuate the mobility of Cd, Co,
Cu, Hg, Ni, Pb, Sn, and Zn and enhance the mobility of As, B, Cr, Mo, Sb, Se, V, and W [28].

Due to the chemical composition of fly ash, its agriculture use is also limited. The
use of large amounts of fly ash may adversely affect the soil’s biological and chemical
properties [29–31].

Fly ash is a by-product commonly used in the production of building materials.
Moreover, due to its sorption properties, it can be used as a removal material of metals and
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some organic contaminants. A review of the coal fly ash’s properties and use was presented
by Ahmaruzzaman [32] and Yao et al. [11].

For example, the chemical composition of fly ash from coal combustion enables its
use in clinker production. Moreover, its use as a raw material allows the reduction in the
sintering temperature, thus saving energy [33,34]. It is an important application due to
energy costs and CO2 emissions. It is estimated that during the 1 kg of clinker production,
0.9–1 kg of CO2 is emitted [35]. In 2020, cement production was responsible for 4.7% of
global CO2 emissions (1.63 billion tons) [16]. At that time, the global production of cement
reached the level of 4.1 billion tons [36].

In the case of using fly ash in the production of cement, concrete, or low-cement
binders, the pozzolanic properties are of particular importance. In Europe, the require-
ments for fly ash use in cement and concrete were described in the EN 450-1:2012 and
EN 197-1:2011 [37,38] standard. The use of fly ash in concrete has a beneficial effect on its
functional properties [32,39]. The addition of fly ash improves the workability of concrete.
This is due to the spherical shape of its particles, which provides a lubricating effect in the
concrete. The application of fly ash also improves the homogeneity of the concrete [17].
Moreover, fly ash, when used as a pozzolanic admixture, reacts with calcium hydroxide
and forms a product similar in composition and properties to calcium silicate hydrate
(C-S-H) [40,41]. In parallel, it follows a reduction in the pore interconnectivity of con-
crete, thus decreasing its permeability. The pozzolanic reactions are long-term processes;
therefore, concrete containing fly ash may show a lower strength at a curing period of
28 days [39,42]. To improve the early-age strength, the development of fly ash concrete is
possible by using an elevated curing temperature [43,44]. In addition to delaying binding
and slowing down concrete hardening, a lower temperature rise due to less heat of hydra-
tion is observed [39,40]. The data on the fly ash pozzolanic properties and their reactions in
concrete are presented in the ACI Committee report [39].

Another area of engineering application of fly ash is the production of cellular con-
crete [45–47], lightweight aggregates [48,49], ceramic tiles, and bricks [50]. The important
sector that uses fly ash is mining. Fly ash is used for the back-filling of underground mining
voids [51]. It is a typical method of fly ash recovery in Poland [52].

In 2016, in the EU-15 Member States, 31.5 wt.% of the total fly ash generated was
used as a cement raw material (7.0%), as a constituent in blended cement (7.2%), and as an
addition for the production of concrete (17.3%) [12]. Fly ash was also used in concrete blocks,
reclamation, and for the infill of voids, mine shafts, and subsurface mine working [12,53].
In 2016, the EU-15 achieved a 94% utilization rate of fly ash [12]. In Polish power plants
using hard coal, silicate fly ash is usually obtained. This material is a valuable mineral
resource for the building materials industry. In 2018, Poland achieved a 90.4% recovery
rate of coal fly ash [14].

An interesting application of fly ash is its use as an adsorbent. Due to the specific
properties of fly ash (large specific surface area and porosity), they can be used as a sorbent
for selected organic compounds, e.g., VOCs. The European Union Directive 2004/42/CE
defines VOCs as any organic compound having an initial boiling point less than or equal
to 250 ◦C measured at a standard pressure of 101.3 kPa [54]. The United States of Amer-
ica established a definition of VOCs based on photochemical reactivity. In accordance
with the Code of Federal Regulations (40 CFR 51.100.), VOCs means any compound of
carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or
carbonates, and ammonium carbonate, which participates in atmospheric photochemical
reaction [55]. The volatile organic compounds impose serious environmental problems
such as global warming and ozone depletion [56]. One of the important classes of VOCs
is aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes (BTEX).
Due to toxic, mutagenic, or carcinogenic (benzene, ethylbenzene) properties, the BTEX
compounds are recognized as hazardous environmental pollutants [57]. The International
Agency for Research on Cancer (IARC) classified benzene as carcinogenic to humans [58].
Benzene is used in the manufacture of styrene, phenols, cyclohexane, alkylbenzenes, and
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chlorobenzene. These substances may be used for the production of rubber, resins, nylon,
or detergents. Benzene is also a natural constituent of gasoline. According to the Directive
2009/30/EC, its maximum content in petrol is limited to 1% v/v [59,60].

The BTEX compounds are emitted into the environment mainly from the chemical
and petrochemical industry, motor vehicle transport, coal combustion, or painting [61–65].
BTEX compounds may diffuse into air and water. Furthermore, they penetrate the soil and
cause a loss in soil functionality [66]. They can be adsorbed by organic matter occurring in
soil, and also onto soil mineral surfaces.

One of the methods that can be used for the treatment of soil containing inorganic
and organic (e.g., BTEX) contaminants is the technology of chemical solidification. In this
process, the waste is blended with cement, fly ash, or their mixtures. This technique is
widely used for the treatment of waste contaminated with heavy metals [67]. The inorganic
contaminants show compatibility with cement [68]. As a result, the reduction in water
content, increase in strength, and lowered mobility of contaminants are observed. Moreover,
this method is used, e.g., in construction, to stabilize soils [69]. In the case of treating waste
contaminated with organic compounds, the usefulness of this technique may be limited [70].
The organic compounds do not react with cement and fly ash. However, they can affect
the efficiency of the cement and fly ash hydration process [68,71]. As a result, the products
may show lower compressive strength [72,73].

Despite the application of cement and fly ash for utilization waste contaminated with
organic, there is a lack of studies about the treatment of BTEX-contaminated soils, especially
concerning their amount and characteristics of emissions during the treatment process. In
the chemical solidification process, the BTEX contaminants can be physically trapped in a
hardened binder or adsorbed by additional binding mixture constituents, e.g., activated
carbon. For example, Butler et al. [74] demonstrated that the physical encapsulation of
toluene is possible. The entrapped toluene formed vesicular, randomly placed structures in
cement. To improve the BTEX encapsulation process, it is necessary to use the medium that
will adsorb them and reduce their migration. The additives used for this purpose are fly
ash, organoclays, or activated carbon.

The objectives of this study were (1) to investigate the possibility of using fly ash as a
low-cost material for the treatment of benzene-contaminated soil (the fly ash was used as a
mixture with cement); (2) the analysis of the variations in the benzene level emitted during
the process; (3) the evaluation of physical properties of produced monoliths.

2. Materials and Methods
2.1. Reagents for Preparation of Stabilizing Mixtures

The following materials were used in the benzene-contaminated soil stabilization
research described in this paper: Portland cement CEM I 45.5 R and fly ash from coal-
burning. The cement used in the experiment was characterized by strength class 42.5 and
high early strength (CEM I 42.5 R). The material met the requirements of the EN 197-1
standard [38]. A characteristic of PC is the production of a significant amount of heat
during the setting. As a result, it can be used at low ambient temperatures.

The second component of the prepared stabilizing mixture was fly ash obtained from
a Lower Silesian coal-fired power plant. The CFA contained around 53% SiO2, 24% Al2O3,
6.4% Fe2O3, 3.4% CaO, 2.8% MgO, and 0.5% SO3. The important chemical parameter of fly
ash is loss on ignition (LOI). It has to be noted that LOI does not represent the unburned
carbon in ashes, because of the presence of several other compounds that also decompose
on heating. The high content of unburned carbon increases the water demand of the fly
ash. As a result, the products based on fly ash with high unburned coal content show low
strength. The loss on ignition of used CFA was 3.9%.

2.2. Soil

The research was carried out on soil from rural areas in Lower Silesia (Poland). The
basic material properties, such as humidity and organic matter content, were 3.41% (by
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weight) and 1.97% of dry matter, respectively. The particle-size distribution analysis showed
that the soil was noncohesive (Figure 2). The sand fraction content was greater than 90%
(by weight). Sieve analysis also showed the presence of dust particles with grains below
0.063 mm in diameter (ca. 5.3%). The bulk density of soil amounted to 1.21 g mL−1. The
estimated particle diameters D10, D30, and D60 were, respectively, 0.12 mm, 0.30 mm, and
0.57 mm. Based on substitutive diameters, the uniformity coefficient (CU = 4.91) (1) and
coefficient of gradation (CC = 1.34) (2) were calculated.

CU = D60/D10, (1)

CC = D302/(D10·D60), (2)

Figure 2. Grain size distribution curve of used soil.

According to the applied procedure, 200 g samples of raw soil were contaminated with
0.5 mL of benzene and mixed for 2 min using a Heidolph Reax 20/8 shaker. Soil samples
prepared in this way were stored at 7 ◦C for 24 h and then treated with the PC-CFA mixture.

2.3. Methodology of Contaminated Soil Treatment Process

The benzene-spiked soil samples (S) were processed with the PC-CFA mixture. The
content of PC and CFA in the mixture was, respectively, 70% w/w and 30%. In turn, the
dose of the PC-CFA mixture was 40%, 60%, and 80% of the soil mass.

The homogenization of all components (S+PC-CFA) was performed for 5 min in a
Tecnotest B205/X5 mixer. Monoliths with soil were obtained by the further addition of
water for initiation of the cement hydration process. Homogenization of the wet mix also
took 5 min. The obtained cement-soil mixture was molded and hardened for 28 days.

Temperature conditions have a significant influence on the emission of VOCs. For
this reason, the temperature and relative humidity were monitored throughout the process.
The values were, respectively, 20 ± 0.5 ◦C and 25 ± 3% RH. Measurements were made
using the Hanna Instruments HI 9564 Thermohigrometer.

During the process, the concentration of benzene in the reactor was monitored. The
amount of benzene was measured using a Micro FID flame-ionization detector (Photovac).
The gas samples were transported to the detector through PTFE tubing. Moreover, a
dust filter was installed at the inlet to the PTFE tubing. The FID was calibrated against
methane. The benzene concentration was calculated based on reaction coefficients that
may be applied in the situation of a single contaminant in the atmosphere. To evaluate the
repeatability and stability of the process, all samples were tested three times.

The effectiveness of using the PC-CFA mixture as a stabilizing material for benzene-
contaminated soil was assessed based on a comparative analysis of concentrations in the
phase of homogenization of dry components and reference samples (S+0 (x)). In the case of
zero samples, the PC-CFA mixture was not added. Their composition included only 200 g
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of raw soil contaminated with 0.5 mL of benzene. The parameters of homogenization of
the reference samples were the same as those of the samples with the PC-CFA mixture.

2.4. Compressive Strength

One of the parameters tested to determine the effectiveness of the chemical solidifi-
cation process was compressive strength. The prepared soil-cement-ash mixtures were
placed in cylindrical molds and compacted. After 3 days of maturation, samples were
de-molded and cured for another 25 days. The strength tests of the monoliths with benzene-
contaminated soil (with diameter and height = 50 ± 3 mm) were determined after 28 days
of hardening. Each of the prepared soil-cement-ash mixtures was tested three times.

2.5. Capillary Rise Height of Water

Capillary rise height was evaluated during the first phase of determining mass ab-
sorbability. The experiment was carried out to illustrate the behavior of soil-cement-ash
monoliths deposited in landfills (this especially concerns bottom parts of monoliths ex-
posed to long-term contact with eluates). To determine the speed of water imbibition, dried
soil composites were submerged in water to 1

4 of their height. During the test, water was
absorbed mainly through cylindrical surfaces of monoliths. The height of water imbibition
was measured after 15, 30, and 60 min.

2.6. Water Absorption

Mass water absorption is the ratio of the mass of water absorbed through the monolith
to the weight of the dry monolith. The water absorption capacity test of monoliths was
carried out by the procedure described in the PN-B-04101 standard [75]. According to
the test method, samples were stepwise-immersed in water. Such a treatment is to avoid
the entrapment of air inside the monolith. In the first step, dried monoliths were placed
in a vessel and flooded with water to 1

4 of their height. After 2 h, the water level was
increased to 1

2 of their height, and after another 3 h, up to 3
4 . The samples were left in such

an immersion for 19 h, after which they were completely flooded with water. Finally, the
upper surface of the samples was 2 cm below the water level. Such prepared samples were
left for 24 h. Next, samples were taken from the water and weighed (with the accuracy
of ±0.01 g) in 24 h intervals. The weighing was repeated until a constant weight of the
monolith was achieved.

Water absorption (WA) was calculated according to Equation (3):

WA = [(Ww − Wd)/Wd] · 100%, (3)

where: Ww is the mass of the monolith saturated with water and Wd is the mass of a
monolith in the dry state.

3. Results and Discussion
3.1. Efficacy of the Cement-Fly Ash Matrix

Data on the benzene concentration changes in the mixer during the process are pre-
sented graphically in Figure 3.

The FID measurements showed a sudden increase in benzene concentration at the
beginning of the mechanical mixing of components. Concentrations of benzene recorded by
the FID were in the following ranges: (i) <0.1–2596 ppm C6H6 for zero samples, (ii) 1.8–2280
ppm C6H6 for series of samples stabilized with PC-CFA mixture in an amount of 40% of
soil mass, (iii) <0.1–1923 ppm C6H6 for series of samples stabilized with PC-CFA mixture in
an amount of 60% of soil mass, and (iv) 0.3–1486 ppm C6H6 for series of samples stabilized
with PC-CFA mixture in an amount of 80% of soil mass. The highest concentrations
were measured for reference samples (S+0 (x) samples). For all samples, the maximum
concentration of benzene was recorded between the 30th and the 45th seconds of the
process (Figure 3). The research confirmed that the risk of releasing significant amounts of
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gaseous contaminants occurs mainly during the homogenization of dry components (soil
and PC-CFA mixture) [76,77].

The introduction of the PC-CFA mixture caused a decrease in maximum momen-
tary benzene concentration. The level of the decrease was in the range of (i) 12–19%
for S+(PC-CFA)40 samples, (ii) 24–35% for S+(PC-CFA)60 samples, and (iii) 40–46% for
S+(PC-CFA)80 samples (Table 2). Nevertheless, the introduction of fine-grain-size materials
(PC and CFA) did not influence the dynamics of the analyzed solvent release. In each
trial, the emission of 90% of the total quantity of benzene released during the process
occurred between 100 and 150 s of the homogenization phase. The properties of the solvent
and used removal material have a significant influence on gaseous contaminant emission
characteristics [77]. The main mechanisms of the discussed benzene removal technology
are adsorption and physical encapsulation processes. Benzene is a nonpolar compound,
which is slightly soluble in water [78]. In the soil environment, it can be adsorbed on soil
particles or fill soil pores as a gas [79]. One of the factors determining its adsorption in
the liquid–solid interface is soil organic matter content [80]. Lake et al. [81] reported that
benzene interacts with hydrophobic groups of humic acid. The used soil was characterized
by low organic matter content, which could affect the adsorption of benzene. Another
factor that influences the adsorption efficacy is soil particle size. Sun et al. [82] showed that
as the particle size decreases, the adsorption efficiency of benzene increases. It is a result of
the increase in the specific surface area of the soil particles. In comparison to silty soils or
clay soils, sandy soils characterize the lower specific surface area. The sand fraction content
in the used soil was greater than 90% (by weight). Another factor that affected benzene
release is the speed of mixing soil with stabilizing-binding components. The applied rotary
speed was 140 rpm. During the mixing, the particles of contaminated soil violently collide.
As a result, the increase in the processes of desorption and volatilization of vapors collected
in soil pores is observed [82]. Thus, when treating benzene-spiked soil, lowering the mixing
speed of dry components may have a positive impact on the initial volume of gaseous
pollutants released.

Figure 3. Comparison of benzene emissions during the chemical solidification process of soil using
cement-fly ash mixture. Code of the sample: S—soil, PC-CFA—Portland cement-coal fly ash mixture,
40/60/80—PC-CFA mixture dose expressed as a percent of soil mass, (1)/(2)/(3)—sample number.

An important moment of the chemical solidification process is the hydration stage. The
required amount of water depends on the quantity of cement and immobilizing additives,
their properties, as well as the water demand of the processed waste. When treating soil
contaminated with VOCs, limiting their release during the homogenization stage may
result in a higher concentration of pollutants in the process air during the hydration stage.
Donaldson et al. [83] reported that the introduction of water accelerates the removal from
the soil of hydrocarbons found in gasoline. This phenomenon was observed in research of
the neutralization of soils contaminated with ethylbenzene or xylenes [76,77]. Water fills
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the pores of the soil and blocks minerals’ specific surface area. As a result, a lowering in
the adsorption capacity of the organic vapors is observed [84]. In the research, water was
added in the 300th second of the dry components’ mixing. The temporary stabilization
or a slight increase in benzene concentration was observed for samples treated with the
PC-CFA mixture in amounts of 40 and 60% of soil mass (S+(PC-CFA)40 and S+(PC-CFA)60,
respectively) (Figure 3).

Table 2. PC-CFA mixture efficacy.

Series Sample
Maximum Momentary

Concentration, ppm C6H6

Average Concentration, ppm C6H6 Immobilization Efficacy, %

Homogenization
Stage

Hydration
Stage Process Homogenization Stage

(1)

S+0 2463 430 - - -
S+(PC-CFA)40 2154 386 5.20 194 10
S+(PC-CFA)60 1844 309 5.72 156 28
S+(PC-CFA)80 1486 262 3.93 132 39

(2)

S+0 2531 450 - - -
S+(PC-CFA)40 2060 363 5.53 183 19
S+(PC-CFA)60 1923 337 5.61 170 25
S+(PC-CFA)80 1438 289 3.98 145 36

(3)

S+0 2596 397 - - -
S+(PC-CFA)40 2280 364 4.99 183 8.3
S+(PC-CFA)60 1675 308 6.23 156 22
S+(PC-CFA)80 1395 262 4.58 132 34

The continuous measurements showed that the most neuralgic stage of the benzene-
contaminated soil chemical solidification process is the homogenization phase. The average
concentration, as well as the total amount of emitted benzene in the first stage of the process,
was several dozen times higher than in the hydration stage (Table 2). Nevertheless, the
introduction of the PC-CFA mixture lowered the averaged benzene concentration in the
reactor. A decrease in the concentration increased the PC-CFA dose.

The highest reduction in average benzene concentration in the homogenization stage
(in the range 34–39%) was recorded for samples S+(PC-CFA)80. In the case of samples
S+(PC-CFA)60, the benzene immobilization efficacy was in the range of 22–28%. The lowest
effectiveness (from 8 to 19%) was observed for composites S+(PC-CFA)40 (Table 2). The
main factor determining the effectiveness of the analyzed process is the unburned carbon
content (UBC). The UBC mainly depends on fly ash dose. In turn, the carbon content
in fly ash depends on the type of coal and its combustion conditions [85,86] Thus, the
presented results are adequate only for similar process parameters (temperature, humidity,
and soil and fly ash properties). An important element of the used treatment process
is the interaction of cement with fly ash. During the hydration process, cement paste
may physically block the internal fly ash pores [81]. As a result, its adsorption capacity
may be limited. One of the factors that may improve the benzene adsorption may be the
introduction of fly ash before cement addition. As a result, benzene associated with fly ash
can be coated with hydrated cement [81]. In this way, its volatilization can be reduced.

The greatest problem in monitoring benzene emission during the chemical solidifica-
tion process was high concentrations of particulate pollutants in the air inside the reactor.
This was especially true for the stage of homogenizing binding components with soil. In
the case of continuous measurements, mineral particles were eliminated in a filter mounted
before a combustion chamber. Nevertheless, the limitation of process airflow by solid
particles accumulated on the filter and in ducts might affect the quality of continuous mea-
surements in the phase of hydration. In the conference paper [87], the authors compared
the results of continuous measurements of benzene concentration in the reactor and its
mass adsorbed on activated carbon.
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3.2. Compressive Strength

Compressive strength is one of the parameters determining the efficiency of the
chemical solidification process. To be suitable for deposition and transport, monoliths must
be characterized by some minimum value of stress. Knowledge of the stress that does
not change monoliths’ shape and structure enables, among others, the determination of
the maximum thickness of waste in the landfill. Unfortunately, no normative regulations
according to the compressive strength of solidified waste are currently in force in Poland.

The compressive strength tests of solidified benzene-contaminated soil were per-
formed after 28 days of hardening. Measurements were taken in three replications. The
impact of the applied PC-CFA mixture dose on the strength of the monoliths with benzene-
contaminated soil is illustrated in Figure 4.

Figure 4. Dependence of the compressive strength of the monoliths with benzene-contaminated soil
on PC-CFA mixture dose.

The average compressive strength (fc) of monoliths S+(PC-CFA)40, S+(PC-CFA)60, and
S+(PC-CFA)80 was 0.57 MPa, 4.53 MPa, and 6.79 MPa, respectively (with water–binder ratio
0.77, 0.64, and 0.54, respectively). The worst mechanical parameters (avg. fc = 0.57 MPa)
were found in samples solidified with the binding mixture in an amount of 40% of soil
mass. Such a level of compressive strength corresponds to the characteristics of poor
cement-lime mortar. Increasing the stabilizing-binding mixture dose from 40% to 80% of
soil mass resulted in an almost twelvefold increase in strength value. The use of cement-
fly ash mixtures is beneficial from a cost perspective and organic contaminants sorption.
Nevertheless, it is known that cement-fly ash mixtures show a lower early compressive
strength compared to the samples based on cement without fly ash. The fly ash reacts
with cement hydrates (portlandite) and forms extra C-S-H gel that helps to achieve a more
compact structure. Nevertheless, the rate of pozzolanic reaction in 28 days is slow. At
a curing period of 28 days, the cement-fly ash mixtures are characterized by a higher
percentage of voids. The strength is particularly influenced by the presence of voids
bigger than 20 nm [88]. As a result, the strength of monoliths mainly depends on the
amount of introduced cement. In addition, the presence of mineral particles smaller than
0.063 mm may be particularly important. This fraction increases water absorbability and
sticks agglomerate grains, thus diminishing the zone of contact with pure agglomerate. The
impact of introducing soil spiked with benzene should also be considered. Ezeldin et al. [89]
showed that replacing fine aggregate in concrete with benzene-contaminated soils causes
a decrease in mechanical properties of concrete, especially when silty sand was used.
However, the pozzolanic reaction improves to a limited extent the strength of monoliths
based on cement blended with fly ash with an increase in the curing time [90,91].
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3.3. Capillary Rise Height of Water

In addition to a high degree of encapsulation of processed soil and sufficiently high
compressive strength, monoliths must be characterized by low permeability and low liquid
penetration. Both high mass absorbability and capillary pull-up have a destructive effect on
the durability of products of the chemical solidification process. The properties mentioned
are especially essential in the case of depositing solidified waste in landfills (this especially
concerns bottom parts of waste exposed to long-term contact with eluates). In addition,
the low tightness of monoliths may cause the secondary emission of organic pollutants’
built-in matrices of hydraulic binders. Thus, the formation of monoliths characterized by
high tightness is essential.

Soil-cement-ash monoliths elaborated in the experiment were characterized by the
mass ratio of water to PC-CFA mixture from 0.54 for sample S+(PC-CFA)80 to 0.77 for
sample S+(PC-CFA)40. The height of water imbibition was measured after 15, 30, and
60 min of contact with water. Analysis of capillary action after 28 days of maturation
showed that all monoliths were characterized by the high content of capillary pores. In
the case of sample S+(PC-CFA)40, water reached 3.5 cm high in only 60 min (Figure 5).
Increasing the dose of the PC-CFA mixture to 80% of soil mass (S+(PC-CFA)80) resulted in
a reduction in capillary rise height to 1.3 cm (after 60 min of contact with water). Long-term
moistness of the solidified waste with liquids of high salinity may lead to the structural
destruction of cement slurry. The high permeability of prepared monoliths might be a result
of the formation of a higher percentage of voids in mixtures containing fly ash (after 28 days
of maturation) and a poor bonding of benzene-contaminated soil with hydrated cement
paste. Generally, the pore structure of cement paste is closely related to the water–cement
ratio and hydration period [92].

Figure 5. Cumulative height of water absorbed by capillarity of the solidified samples.

3.4. Water Absorption

Data on the water absorption capacity of monoliths with benzene-contaminated soil
are shown in Figure 6. The test showed a decrease in the water absorption capacity of the
samples with an increase in the proportion of the PC-CFA mixture. All the tested specimens
based on the PC-CFA mixture exhibited high water absorption capacities by 15–22% dm.
Samples solidified with the mixture in amounts of 60% and 80% of soil mass (S+(PC-CFA)60
and S+(PC-CFA)80, respectively) were characterized by similar values of water absorption,
at the level of about 15–16% dm (Figure 6).

The highest value was presented by sample S+(PC-CFA)40, which was 22% dm.
Moreover, the monolith S+(PC-CFA)40 was unstable upon water immersion. Degradation
of the sample S+(PC-CFA)40 was observed on the 6th day of its immersion in water. High
water absorption creates a significant risk in the case of exposure to sub-zero temperatures.
An increased volume of water in pores during a phase transition weakens the structure of
monoliths mainly through internal crack growth [93].
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Figure 6. Water absorption capacity of solidified specimens.

4. Conclusions

The evaluated data led to the following conclusions:

• Continuous measurements of benzene concentrations showed that its emission had a very
dynamic course. In all tests, the emission of 98% of the total amount of benzene released
in the chemical solidification process already occurred in the homogenization phase.

• Experiments confirmed the possibility of limited use of the PC-CFA mixture as a
low-cost material to remove benzene. The results showed that the PC-CFA mixture
could limit the volume of benzene released during the process. The introduction of
the cement-ash mixture in an amount of 80% of contaminated soil (by weight) reduced
benzene emission in the first phase of the process by avg. 36%.

• The research did not show any significant influence of the amount of the stabilizing-
binding mixture on emission dynamics of the analyzed solvent.

• The adsorption properties of the fly ash mainly depend on unburned carbon content
(UBC). The UBC depends on the type of coal and its combustion conditions. Thus, the
presented results are adequate only for the used fly ash type and process conditions
(the proven efficiency of the PC-CFA mix applies to the following conditions: humidity
of 25% RH and temperature of 20 ◦C).

• Mechanical tests confirmed a strict relationship between the value of mechanical
compressive strength and the dose of binding materials. The highest strength (more
than 6 MPa) was observed in samples that were treated with the PC-CFA mixture
in an amount of 80% of the mass of processed soil. The possible explanation of low
compressive strength values may be a poor bonding of benzene-contaminated soil
with hydrated cement paste or slow pozzolanic reaction of fly ash.

• The capillary imbibition of water after 28 days of maturation showed that all monoliths
were characterized by the high content of capillary pores.

• The water sorption capacity of the spiked soil sample solidified with the PC-CFA
mixture in an amount of 40% of soil mass was 22% dm. The monolith S+(PC-CFA)40
was unstable, and its degradation was observed on the 6th day of its immersion
in water.

• The increase in the dose of the ash-cement mixture resulted in a reduction in capillary
imbibition of water and its absorption by immersion.

In conclusion, the cement-ash mixture can be considered a cheap and effective material
for the treatment of soils containing low levels of benzene. The analyzed process can
be used in developing countries without infrastructure for hazardous waste treatment.
Nevertheless, due to the parameters that affect the effectiveness of benzene entrapping (e.g.,
temperature conditions, and soil and fly ash properties), the use of the PC-CFA mixture
may be limited.
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