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Abstract

Heavy metal contamination‘can significantly alter both the environmental performance and mechanical stability of
engineered soil systems. Previous<studies have rarely considered the effects of extremely high contaminant
concentrations, which can simulate long-term accumulation over years in real structures containing adsorbent
materials. This study aims toginvestigate the pH-controlled influence of lead nitrate contamination on the adsorption
capacity, consistency limits, and unconfined. compressive strength of sand—bentonite and sand—bentonite—zeolite
mixtures. Bentonite and zeolite were exposed to lead nitrate solutions at pH 3, 4, and 6, representing extremely high
to low contaminant concentrations. Temporal changes in pH and Atterberg limits were evaluated, and lead adsorption
capacity was quantified. Subsequently, unconfined compressive strength tests were conducted on sand mixtures
containing 20% fines (20% bentonite or 10% bentonite + 10% zeolite) after curing periods up to 28 days. The results
show that both adsorbents exhibit mildly alkaline behavior in their natural state but shift toward acidic conditions upon
contamination. Lead exposure reduced the plasticity/of bentonite due to compression of the diffuse double layer,
whereas zeolite exhibited comparatively stable consisteney, reflecting its rigid three-dimensional framework.
Adsorption efficiency decreased with decreasing pH for both materials; however, bentonite consistently outperformed
zeolite, particularly under extreme contamination levels:At low contamination (pH = 6), lead presence enhanced the
compressive strength of both sand-adsorbent systems, whilessevere acidity (pH = 3) resulted in strength degradation,
especially in zeolite-containing mixtures. Overall, sand—bentonite mixtures exhibited higher strength gains than sand—
bentonite-zeolite mixtures, and all specimens showed pronounced time-dependent strength evolution. The findings
highlight the critical role of pH in governing the efficiency of heavy metal adsorption and the mechanical stability of
engineered soil systems under extreme contamination conditions.
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1. Introduction

The introduction of heavy metal contaminants into soils can significantly alter their biological and geotechnical
properties [1-5]. These contaminants may also modify soil pH, a parameter of critical importance from both
environmental and geotechnical perspectives [6-9]. Numerous studies have demonstrated that the adsorption capacity
of fine-grained materials for heavy metals depends on several factors, including soil or adsorbent type, contact time,
fine_particle content, temperature, and ambient pH. Among these factors, pH plays a dominant role, as it directly
governs the mobility of metal ions. Several researchers have reported an increase in adsorption efficiency with
increasing pH [10, 11]. Similarly, adsorption efficiency generally increases with higher clay content [12, 13] and
longer contact.time until equilibrium is reached [14]. Although no universal guideline exists regarding the optimum
adsorbent content, many studies have shown that even small amounts of clayey materials can effectively remove heavy
metals from centaminated environments [13, 15-17]. The optimal temperature for heavy metal adsorption has
generally'been reported'to be close to room temperature [14].

The presence of heavy metal contaminants can alter the geotechnical properties of soils due to adsorption on mineral
surfaces. Karkush and Ali (2019) reported that soil contamination originating from an oil field with copper sulfate
resulted in a reduction in fine particle content, Atterberg limits, permeability, and optimum moisture content, while
the maximum dry density<ncreased. In addition, increasing contaminant concentration led to a decrease in the
unconfined compressive strength .of the soil [1]. Similarly, Zhang et al. (2019) reported that copper chloride
contamination reduced the shear.strength,cohesion, and internal friction angle of kaolinite[18]. With increasing copper
concentration, the liquid limit and plasticity index increased, whereas the plastic limit and effective shear strength
decreased. Resmi and Thampi (2011) showed that increasing lead concentration reduced the Atterberg limits and
unconfined compressive strength, whiledncreasing the compaction coefficient and permeability of contaminated soils
[19]. Li et al. (2015) reported thatn silty clay soils, higher lead concentrations led to reductions in liquid limit,
plasticity index, and optimum moisture content, accompanied by increases in silt content, maximum dry density,
equilibrium time, hydraulic conductivity, and shear strength; these effects were attributed to a reduction in diffuse
double layer thickness [20].

Ouhadi et al. (2017) attributed changes in the plastic limit-and permeability of bentonite contaminated with organic
pollutants and heavy metals such as lead and zinc ta'increased electrolyte concentration and compression of the diffuse
double layer, resulting in increased permeability and«reduced plasticity[4]. Other researchers have also related the
altered behavior of contaminated fine-grained soils to changes in diffuse double layer thickness [21, 22]. Sivapullaiah
(2009) demonstrated that the mechanical and fabric changes of contaminated fine-grained soils can be explained by
diffuse double-layer theory, provided that no severe mineralogical alterations occur [23].

Hassanlourad et al. (2021) reported a reduction in shear strength and internal friction angle and an increase in cohesion
for lead-contaminated sand—kaolinite mixtures, while the strength increase observed in sand—bentonite mixtures was
attributed to the development of a flocculated structure induced by contamination [24]. Hosseinzade et al. (2022)
observed that lead contamination reduced shear strength and elastic imodulus .in soils containing low-plasticity
adsorbents (kaolinite), whereas the same contamination increased these\parameters+in_mixtures containing high-
plasticity adsorbents (bentonite) [16]. In that study, the unconfined compressive strength decreased with increasing
zeolite content and zinc concentration in sand samples containing 15% kaolinite and varying proportions of zeolite
and bentonite. The results showed that at copper nitrate concentrations up to 20,000 ppm, strength increased in
bentonite-containing samples but decreased in zeolite-containing samples.

Gori (1994) reported that the liquid limit of kaolinite is not affected by pore water pH, whereas studies on smectite
have shown that its liquid limit is strongly pH-dependent [7, 25]. Sunil et al. (2006) investigated compacted.soil blocks
at pH values of 5, 7, and 8 and observed that unconfined compressive strength decreased with increasing curing time
up to 90 days [26]. The plastic limit increased at pH values of 5 and 7, but decreased at pH = 8. In another study,
Hassanlourad et al. (2017) reported that the shear strength of sand—bentonite mixtures increased at pH.= 3 but
decreased at pH=1[27]. Similarly, Torabi and Hassanlourad (2019) showed that increasing acidity leads to@ reduction
in the shear strength of clayey soils [28]. Karimdad et al. (2021) proposed an optimal bentonite—zeolite combination
as an effective adsorbent and barrier material for landfill liners [29]. Furthermore, Huang et al. (2022) demonstrated
that acidic conditions in Sichuan soils enhance moisture absorption and promote the self-healing of cracks induced by
wetting [8].



As indicated by the reviewed literature, the geotechnical behavior of fine-grained soils contaminated with heavy
metals is governed by multiple interacting factors, including soil type, type and concentration of contaminants,
ambient pH, contact time, temperature, and environmental conditions. Nevertheless, substantial inconsistencies among
reported results highlight the need for further systematic experimental investigations. Accordingly, the present study
aimsto examine the effects of lead nitrate contamination, as a commonly encountered heavy metal in industrial wastes,
on the geotechnical and environmental properties of bentonite and zeolite as fine-grained adsorbents. In this
framework, the influence of lead nitrate on soil pH, Atterberg limits, and adsorption capacity is evaluated.
Furthermore, the unconfined compressive strength of sand mixtures containing 20% fines (either 20% bentonite or
10% bentonite + 10% zeolite) is assessed under lead nitrate contamination. In this study, the lowest pH values
correspond to extremely high contaminant concentrations, a condition that has received limited attention in previous
research. Investigation under such severe contamination levels not only simulates long-term contaminant
accumulation but also provides insight into the effective adsorption capacity and service life of the adsorbents.
Moreover;, examining seils under extreme chemical conditions enables clearer identification of physicochemical and
geotechnical changes induced by heavy metal contamination.

2. Materials and"Methods

The bentonite used in this.study was pinkish in color and supplied by Poudersazan Company (Qazvin, Iran). The
zeolite, with a pale-yellow appearance; was obtained from Kanipowder Mining Industries (Semnan, Iran). The sand
employed in this research was.a golden-colored sand (Code 101) sourced from the Firuzkuh mine. The physical
appearance of the materials is shown.in Figure 1, and their particle size distributions, determined in accordance with
ASTM D422-63 (2007), are presented'in Figure 2[30].

The material properties, including specific gravity (Gs) measured according to ASTM D854-23[31], Atterberg limits
comprising liquid limit (LL), plastic limit (PL), and plasticity index (PI) determined following ASTM D4318-17[32],
pH measured based on BS 1377-3:2021[33], and soil classification according to the Unified Soil Classification System
(USCS), are summarized in Table 1. Based on thesetresults, the sand was classified as poorly graded sand (SP), the
bentonite as high-plasticity clay (CH), and the zealite‘as low-plasticity silt (ML).




o
igure 1. Physical appearance of the tested soil materials: a) sand, b) bentonite,

and c) zeolite.
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Table 1. Properties of the soil
Material Gs LL PL Pl Soil Classification
Sand 2.69 - - - - SP
Bentonite 2.83 144.9 64.3 80.6 .23 CH
Zeolite 2.45 46.8 38.3 8.5 8.27 L

3. Experimental Procedure

In this study, the effects of different lead nitrate contaminant concentrations on pH, Atterberg limits,
capacity, and unconfined compressive strength (UCS) [34]were investigated. Initially, the pH of u
bentonite and zeolite was measured over 28 days to determine both the natural pH of the adsorbents and the.i
of time on their inherent pH variations. Subsequently, pH measurements were performed on eac

contaminated with a specific concentration of the contaminant over 28 days to evaluate the temporal effec
contamination on pH changes.



To examine the influence of the contaminant and its concentration on the properties of the samples, contaminant
solutions were prepared with pH values of 3, 4, and 6. Each pH value corresponds to a specific contaminant
concentration: pH 6 corresponds to 598 ppm, pH 4 to approximately 127,000 ppm, and pH 3 to approximately 497,000
ppm. Following this, the liquid and plastic limits of uncontaminated and contaminated bentonite and zeolite samples
at the specified concentrations were measured over 28 days to assess the effects of contaminant concentration and
contact time on the Atterberg limits. Atomic absorption spectroscopy (AAS) tests were then conducted on bentonite
and zeolite samples contaminated with all three concentrations.

After evaluating the fine-grained fraction (adsorbents), standard compaction tests were carried out on sand mixtures
containing 20%adsorbent (either 20% bentonite or 10% zeolite + 10% bentonite) in accordance with ASTM D698-
07 to determine the maximum dry density and optimum moisture content for the preparation of samples for UCS
testing. The compaction results are presented in Figure 3. For the sand—bentonite mixture, the maximum dry density
was 17.3' kKN/m3:with.an optimum moisture content of 16%, whereas for the sand—bentonite—zeolite mixture, the
maximum dry density was)16.3 kN/m3 with an optimum moisture content of 16.7%.

Based on the standard compaction test results[35], sand+ 20% adsorbent samples were prepared for unconfined
compressive strength testing and cured for periods ranging from 0 to 28 days. The samples were labeled using two or
three letters representing the soil and adsorbent (B for bentonite, Z for zeolite, S for sand), L for lead nitrate
contaminant, and a number indicating pH. For instance, BL3 denotes bentonite contaminated with lead nitrate at pH
3. To evaluate the repeatability and reliability of the experimental results, selected key laboratory tests were conducted
in a repeated manner under identical experimental conditions. Due to the extensive scope of the experimental program,
it was not feasible to repeat all tests; therefore, representative tests, including Atterberg limit and unconfined
compressive strength (UCS) tests;, were repeated to confirm the reliability of the measurements. As an illustrative
example, the repeatability of the Atterberg limit tests was assessed for a seven-day cured, uncontaminated zeolite
sample. The measured values of the liquid limit (LL) were 45.9% and 44.85%, corresponding to a coefficient of
variation (CV) of approximately 1.6%, while the plastic limit (PL) was 43.8% in both repetitions, resulting in a CV
of 0%. These results demonstrate the high repeatability.and reliability of the experimental procedure.
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Figure 3. Standard compaction curves of the sand—adsorbent mixtures:
4. Results and Discussion
4.1. Effect of Contamination and Contact Time on the pH

The natural pH of bentonite and zeolite was determined following the BS 1377-3 standard. In each test,"30 g of the
adsorbent was mixed with 75 mL of solution (either distilled water or a 20000-ppm lead nitrate solution), and the pH



was measured after 24 hours. Measurements were subsequently repeated on days 1, 7, 14, and 28. The temporal
variations are presented in Figure 4.

Uncontaminated samples exhibited a nearly constant pH over the 28 days. The mean pH of the uncontaminated
bentonite was 8.22, with only a 0.8% difference between the minimum and maximum recorded values. For
uncontaminated zeolite, the mean pH was 8.27, with the same 0.8% variation. These findings indicate a mildly alkaline
nature:and.high chemical stability of both adsorbents when in contact with distilled water.

Exposure tolead nitrate resulted in a significant pH reduction for both adsorbents, indicating acidification. The mean
pH ef bentonite contaminated with lead nitrate was 6.89, while zeolite exhibited a mean pH of 6.46, corresponding to
relative decreases of 16.1% and 21.9%, respectively, compared to their uncontaminated counterparts. Over the 28
days, the pH of the bentonite sample increased by 7.5% relative to day 1, whereas the pH of the zeolite slightly
decreased by 1.5%. These trends suggest that zeolite demonstrates greater pH stability than bentonite during prolonged
exposure to the contaminant.
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Figure 4. Temporal variations of adsorbent pH in contact with distilled‘water and 20000-ppm lead nitrate solution over 28 days.

4.2. Effect of Contamination and Contact Time on the Atterberg Limits

In the Atterberg limits tests, the adsorbents were exposed to lead nitrate solutions with pHvalues of 3, 4, and 6. After
contamination, the samples were stored in sealed containers to maintain moisture and allow for secondary reactions.
The tests were conducted after 24 hours of storage and repeated on days 7, 14, and 28, The variations in liquid limit,
plastic limit, and plasticity index of bentonite and zeolite, both uncontaminated and:contaminated.with lead nitrate at
pH 3, 4, and 6 over 28 days, are summarized in Table 2.

As shown in Table 2, the liquid limit of both uncontaminated adsorbents decreased slightly:over time, with bentonite
exhibiting a larger reduction of approximately 9%, while zeolite showed a minor decrease of about2%. Contamination
with lead nitrate further reduced the liquid limit of all samples. The lowest liquid limit was observed for the BL3
bentonite sample on day 28, which represents a 20% decrease compared to the initial liquid limit of uncontaminated
bentonite and a 7% decrease relative to BL3 on day 1. For zeolite, the reduction in liquid limit over time was modest;
the ZL3 sample on day 28 showed a 4% decrease relative to the initial liquid limit of the uncontaminated sample and
a 5% decrease compared to ZL3 on day 1. The plastic limits of uncontaminated and contaminated bentonite samples
at pH 3 and 4 decreased over time. For zeolite samples, the plastic limit increased for the uncontaminated and
contaminated samples at pH 6, whereas for ZL4 and ZL3 samples, it decreased over the 28 days.



Table 2. Variations in the Atterberg limits of uncontaminated and lead nitrate-contaminated bentonite and zeolite at
different pH values over 28 days.

Adsorbent  LL (%) PL (%) Pl (%) Time(days) Adsorbent  LL (%) PL (%) P1 (%)

144.9 64.3 80.6 1 46.8 38.3 8.5

B+D.W. 137.0 52.3 84.7 14 Z+ D.W. 48.2 41.7 6.6
131.7 49.0 82.7 28 45.9 43.8 2.2

128.2 46.3 81.9 1 47.6 36.5 111

BL6 134.1 50.1 84.0 14 ZL6 45.5 36.1 9.4
128.6 59.5 69.1 28 46.5 44.5 2.0

134.8 69.1 65.7 1 47.5 40.5 7.1

BL4 133.6 66.5 67.2 14 ZL4 46.8 41.4 54
126.3 63.6 62.7 28 44.0 35.7 8.3

124.5 83.5 41.0 1 47.5 37.8 9.7

BL3 122.7 71.2 51.5 14 ZL3 47.1 37.7 9.4
115.2 62.5 52.7 28 44.9 36.5 8.4

The reduction in the liquid and plastic limits of bentonite can be attributed to particle rearrangement and reorganization
of hydrogen bonding, which slightly decreases the soil’s water retention capacity. When bentonite was in contact with
distilled water, a slight increase in the plasticity index was-observed during the first seven days, which is consistent
with the findings of Bharat et al. (2020) [36]. The temporal variations in soil consistency can be interpreted using the
dual-porosity concept, which assumes that soils consist'of two hydraulically connected pore systems: macropores and
micropores, allowing water transfer between them [37]=Micropores play a dominant role in water retention, as the
absorbed water remains strongly bound within these regions.-Under natural conditions, the presence of monovalent
and divalent cations (such as Na* and Ca?") increases the thickness_of the diffuse double layer (DDL) and enhances
interlayer water adsorption, which explains the high Atterberg limits of uncontaminated bentonite.

Upon contamination with multivalent heavy metal cations such as Pb?*'thesedons replace the naturally exchangeable
cations. Due to their higher charge and smaller hydrated radius, Pb** ions intensify interlayer attractive forces, leading
to compression of the diffuse double layer and a reduction in interlayer spacing. €onsequently, the water retention
capacity within micropores decreases. Part of the released water migrates. to.macroperes, which contribute less to
Atterberg limits. Therefore, the overall reduction in water trapped within the clay structure accounts for the observed
decrease in the liquid and plastic limits of lead-contaminated bentonite compared with uncontaminated samples.

In contrast, contaminated zeolite exhibited considerably smaller variations, confirming the structural stability of this
mineral in the presence of heavy metal ions. Overall, lead nitrate contamination had a mare pronounced effect on the
plasticity characteristics of bentonite than zeolite, owing to the expandable layered ‘structure of bentonite. The
relatively minor influence of curing time further suggests that chemical interactions, rather than time-dependent
processes, were the primary drivers of changes in plasticity behavior.

Similar trends have been reported in previous studies. Hassanlourad et al. (2024) observed reductions in_the liquid
limit, plastic limit, and plasticity index of bentonite contaminated with heavy metals such as lead and zing; while these
parameters increased in kaolinite [38]. Nosrati et al. (2021) reported decreases in Atterberg limits of sand—bentonite
mixtures containing zeolite following contamination with lead and zinc nitrates, attributing this behavior to'flocculated
structure formation and DDL compression [39]. Nartowska et al. (2019) documented reductions in liquid limit and



increases in plastic limit for three bentonites contaminated with divalent copper and zinc ions [40], whereas Ray et al.
(2022) reported decreases in the liquid limit of two bentonites exposed to lead, copper, and zinc solutions [41].
Conversely, Bharat et al. (2020) observed an increase in the liquid limit of bentonite during curing with distilled water,
particularly up to the fourth day, which was attributed to the gradual development of the diffuse double layer around
clay particles [36].

Figures'5:and 6 illustrate the temporal variations in the plasticity index of bentonite and zeolite under different levels
of/lead nitrate contamination. As shown in Figure 5, the plasticity index of uncontaminated bentonite (B+DW)
increased slightly from 80.6 on day 1 to 82.7 on day 28, indicating relatively stable behavior with minor fluctuations.
In‘contrast, contaminated samples exhibited more pronounced changes depending on contaminant concentration. A
greater reduction in, plasticity index was observed with decreasing pH (i.e., increasing contaminant concentration).
With ingreasing contact time, the plasticity index of sample BL6 decreased from 81.6 on day 1 to 69.1 on day 28 (a
15.3% reduction). Corresponding values for sample BL4 decreased from 65.7 to 62.7 (a 4.5% reduction), while for
sample BL3, the plasticity:index increased from 41.0 to 52.7 (a 28.5% increase).

Overall, lead contamination leads to a general reduction in the plasticity of bentonite, while the effect of contact time
may either intensify or mitigatethis behavior depending on contaminant concentration (or pH).
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Figure 5. Temporal variations of the plasticity index of uncontaminated and lead nitrate—contaminated bentonite.

According to Figure 6, zeolite samples exhibit substantially lower plasticity.index (P1).values than bentonite samples,
which is consistent with the granular structure of zeolite characterized by a three-dimensional crystalline framework
with interconnected channels [42]. The plasticity index of uncontaminated zeolite (Z+DW) gradually decreased over
the 28-day period from approximately 8.5% to 2.2%, corresponding to a 73% reduction.

For zeolite samples contaminated with lead nitrate, different behaviors were observed. The initial Pl of sample ZL6,
corresponding to the lowest contaminant concentration, was approximately 30%  higher than, that of the
uncontaminated sample. Similarly, the initial Pl of sample ZL3 (the highest contaminant ¢oncentration), was about
14% higher than the corresponding value of the uncontaminated sample, whereas the initial Pl of ZL4 was
approximately 16% lower than that of the uncontaminated sample. Among the three contaminated samples, ZL3
exhibited the smallest temporal variation, and on day 28, the Pl values of both ZL3 and ZL4 were higher than that of
Z+DW.

Overall, considering the relatively narrow range of plasticity index values in zeolite, it can be concluded‘that zeolite
is less sensitive to lead nitrate contamination than bentonite.
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Figure 6. Temporal variations of the plasticity index of uncontaminated and lead nitrate—contaminated zeolite.

Figure 7 illustrates the variation of the plasticity index (PI) of 28-day bentonite and zeolite samples at different pH
levels. In addition, the PI values of uncontaminated samples are plotted using a distinct black marker for comparison.
As shown in the figure, zeolite samples clearly‘exhibit lower P1 values than bentonite samples. With decreasing pH
(i.e., increasing contaminant concentration); the Pl of bentonite samples decreases, whereas an opposite trend is
observed for zeolite, where Pl increases with decreasingpH, indicating a slight increase in plasticity under more acidic
conditions. Overall, these results further confirm_that zeolite exhibits lower sensitivity to lead contamination and

greater behavioral stability compared to bentonite.
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Figure 7. Variations of the plasticity index of the adsorbents as a function of contaminant pH after 28 days of contact.
Note: The black-colored portion of the plot, indicated by a distinct marker, corresponds to the uncontaminated (clean) samples.
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At a pH of approximately 6, the effective concentration of Pb*" ions in the vicinity of clay particles is relatively low.
Partial hydrolysis of these ions occurs, leading to the formation of hydroxyl-containing species with lower charge
density and weaker affinity for clay surfaces. This process promotes the expansion of the diffuse double layer (DDL),



allowing more water to be retained between clay layers and resulting in an increase in the plasticity index (PI). As pH
decreases to around 4, the concentration of Pb** ions increase, providing a sufficient number of divalent cations to
replace naturally occurring monovalent clay cations such as sodium and potassium. Owing to their higher charge and
smaller hydrated radius, these metal ions generate stronger electrostatic attraction between particles, leading to
compression of the diffuse double layer and a consequent reduction in Pl. With a further decrease in pH to
approximately 3, although the contaminant concentration increases, the number of available adsorption sites becomes
limited:-As a result, a portion of the metal ions remains in the pore water without being adsorbed onto clay surfaces.
These free ions exhibit weaker interactions with clay particles and are more easily released upon contact with water.
Their presence in the pore fluid enhances interparticle repulsion and increases void spaces, thereby allowing greater
water uptake and leading to an increase in PIl. Similar behavior was reported by Li et al. [20], who observed that the
swelling potential of clay increased as Pb concentration rose from 1,000 to 10,000 ppm, followed by a sharp decrease
at 20,000/ppm:

In the case of zeolite’samples, the most pronounced behavior is the relative stability of their response to contamination,
increasing contaminant concentration, and contact time.

4.3. Effect of Contaminant pH on the Adsorption Capacity of the Adsorbents

To conduct the adsorption tests, 10.mL of contaminant solution at the selected pH values was added to 1 g of adsorbent
in test tubes. The selected adsorbent mass (1 g) is consistent with values commonly adopted in previous adsorption
studies [for instance: Ouhadi‘et al., 2016], while the solution volume was determined considering the capacity of the
available laboratory equipment..Moreover;the adsorbent mass and solution volume are inherently accounted for in
the equilibrium concentration relationships used to evaluate adsorption capacity; therefore, the selected solid-to-liquid
ratio does not affect the validity of<dhe adsorption analysis. The samples were agitated for four days, with stirring
performed once every 24 hours for a duration.of 2 hours, and following the procedure proposed by Ouhadi and Zarei
[43]. Subsequently, the suspensions were centrifuged at 300 rpm for 15 minutes and filtered through filter paper.
Atomic absorption spectroscopy (AAS) was then performed on the resulting solutions. Figure 8 presents the adsorption
percentages of the adsorbents at different pH levels of the lead nitrate solution.

According to the results, at pH 6, both adsorbents achieved 100% removal of the contaminant. When pH decreased to
4, the adsorption capacity of bentonite decreased to 90%, while that'of zeolite declined to 85%. With a further increase
in contaminant concentration at pH=3, the adsorption capacity of bentonite slightly decreased to 86% and remained
relatively high; however, the adsorption performance of zeolite.deteriorated significantly, with approximately 41% of
the contaminant remaining unabsorbed. Overall, at higher pH/levels; both adsorbents exhibit satisfactory adsorption
performance. In contrast, at pH=3, zeolite shows limited efficiency/ for lead removal, indicating an approach to
saturation under highly acidic conditions.
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Figure 8. Adsorption percentages of the adsorbents at different pH levels of the lead nitrate contaminant.
4.4. Effect of Contamination‘and Contaminant pH on Unconfined Compressive Strength (UCS)

For the UCS tests, sand—adsorbent mixtures were first mixed with the contaminant solution at the optimum moisture
content, dried in an oven, and then remixed with distilled water. The mixtures were subsequently compacted into
cylindrical molds measuring 39 x 75 mmin seven layers at 95% of the maximum dry density. The samples were
wrapped in plastic and stored for curing periods of 0y 7, 14, and 28 days. The proportion of 80% sand to 20% fine
fraction was selected based on previous studies [39, 44-46].

Initially, UCS was determined for sand containing“20%_bentonite, followed by tests on mixtures containing 10%
bentonite and 10% zeolite. Figures 9 and 10 present the variations,in unconfined compressive strength of sand with
20% adsorbent, both uncontaminated and contaminated.with lead/nitrate at different pH levels, over a 28-day curing
period.

As shown in Figure 9, the compressive strength of bentonite-containing samples (both uncontaminated and
contaminated) increases over time. A substantial portion of this increase appears to be independent of contamination
and is likely attributable to the thixotropic behavior of clay soils. TheAJCS of the uncontaminated bentonite sample
on day 28 increased by 93% relative to the uncured sample. For contaminated samples BL6, BL4, and BL3, the
corresponding increases were 100%, 129%, and 246%, respectively. Furthermore, the UCS of BL6 and BL4 exceeded
that of the uncontaminated sample. Comparison of contaminated and uncontaminated.samples on day 28 shows an
increase of 14% and 16% in UCS for BL6 and BL4, respectively, and a slight decrease of approximately 4% for BL3.

These results suggest that lead nitrate contamination enhances the compressive strength of mixtures containing 20%
bentonite, while at the highest contaminant concentration (the lowest studied pH), only aminor reduction in strength
is observed. A similar trend of increased UCS for sand—bentonite mixtures contaminated with lead nitrate up to 20,000
ppm (equivalent to pH = 4.5) has been reported by Hassanlourad et al. (2024) [38]. Another notable observation from
Figure 9 is that while the strength of the uncontaminated sample increases steadily overstime,.the contaminated
samples exhibit a more fluctuating trend.
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Figure 9. Variations in unconfined compressive strength of uncontaminated and lead nitrate—contaminated sand-bentonite
mixtures.

According to Figure 10, in terms of UCS development over time, the higher strength of samples containing bentonite
and zeolite at pH 6 and 4 is consistent with the trends observed in Figure 9. Over the 28-day curing period, samples
SZB+D.W., SZB6, and SZB4 exhibited strength increases of 62%, 76%, and 128%, respectively, compared with their
uncured counterparts. In contrast, the.sample contaminated at pH 3 showed a slight decline in strength over time, with
UCS on day 28 being 19% lower than that of the uncured sample.

Comparison of the curves in Figures 9 and 10 indicates that reducing the bentonite content in the mixture slightly
decreases the overall strength gain over time. The percentage increase in UCS for sand—zeolite—bentonite mixtures is
slightly lower than that of sand-bentonite mixtures, which.can be partly attributed to the reduced contribution of
bentonite and its thixotropic properties. The strength-development of bentonite—zeolite samples over time, in addition
to chemical interactions between the adsorbent and contaminant, may also be influenced by thixotropic-like behavior
in zeolite. These results suggest that the inclusion of zeolite"contributes to greater stability in sample strength, as
evidenced by the smaller variations in UCS for mixtures containing zeolite.
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As shown in Figures 9 and 10, when the contaminant pH decreases to intermediate levels studied (pH = 4), an increase
in UCS is observed; however, at the lowest pH, a reduction in strength occurs not only over time but throughout the
entire testing period compared with other samples. Specifically, comparison of the SZBL3 results in Figure 10 with
the atomic absorption spectroscopy data in Figure 8 indicates the presence of a significant amount of unabsorbed (free)
heavy metal ions in zeolite-containing samples at pH 3.

The observed decrease in strength for SZBL3 can therefore be attributed to the presence of free Pb** ions in the pore
fluid, which surround the more reactive fraction of the sample (fine fraction/adsorbent). At very high contaminant
concentrations, the available adsorption sites in the adsorbents become saturated, leaving a portion of metal ions
unattached in.the pore solution. The like-charged free ions generate local electrostatic repulsion, increasing
interparticle’spacing, which is reflected in the increased liquid limit (Figure 6) and plasticity index (Figure 7).

The increased particlesspacing and reduced interparticle attraction led to a shift from a semi-flocculated arrangement
toward a more dispersed structure. Greater dispersion has two main consequences: fewer effective particle contacts
and weakened stress. transfer, resulting in reduced and less stable strength during curing. This behavior is clearly
observed in the SZBL 3 curve in Figure 10, both relative to other samples and over time.

The results highlight that®while ‘'moderate lead contamination can enhance UCS, long-term accumulation of
contaminants may reduce strength,and.this effect should be considered in the design and performance assessment of
geotechnical structures containing adsorbents.

5. Conclusion

This study investigated the effects of lead nitrate contamination at different pH levels (6, 4, and 3) on the geotechnical
and adsorption behavior of bentonite andszeolite, as well as on the mechanical performance of sand mixtures
containing these adsorbents. The main findings can be.summarized as follows:

v" Both bentonite and zeolite exhibit slightly<alkaline behavior in uncontaminated conditions, with negligible pH
variation over time. Lead nitrate contamination-induces mild acidity, with a greater pH reduction observed at
higher contaminant concentrations, particularly in zeolite.

v’ Lead contamination and decreasing pH reduce the liquidslimit and plasticity index of bentonite, whereas zeolite
shows an increase in these parameters, especially at - moderate contamination levels. This highlights the different
physicochemical responses of the two adsorbents to lead nitrate.

v’ Adsorption tests indicate that both adsorbents achieve high lead‘removal efficiency (>80%) at pH 6 and 4. At pH
3, bentonite maintains high adsorption efficiency, while zeolite performance decreases significantly, indicating
adsorption site saturation at very high contaminant concentrations.

v Unconfined compressive strength results show that contamination‘at pH'6 and 4 enhances the strength of sand-
bentonite and sand—bentonite-zeolite mixtures. In contrast, very high contaminant concentration (pH 3) leads to
reduced strength, which is attributed to adsorption site saturation, increased<free Pb>" ions in pore water, and
expansion of the diffuse double layer.
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