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Abstract: This study presents the development of a novel permeable reactive barrier (PRB) material for lead

removal from contaminated water using nanosilica-coated sand enhanced with cetyltrimethylammonium bromide
(CTAB). The synthesis process involves coating quartz sand with nanosilica particles in the presence of CTAB to
improve the dispersion and binding of the nanoparticles. Continuous fixed-bed column experiments were
conducted for up to 27 days to evaluate the performance of the modified media under different flow rates (5 and
15 milliliters per minute) with an initial lead concentration of 50 milligrams per liter. The breakthrough curves
obtained were analyzed using several empirical models, including Bohart-Adams, Thomas-BDST, Belter-Cussler-
Hu, Clark, and Yan models. The experimental data showed a strong aggreement to the Thomas-BDST and Clark
models, indicating pseudo-second-order kinetics and multilayer adsorption mechanisms. The coated media
demonstrated stable hydraulic conductivity of approximately 2.5 x 107 centimeters per second throughout the
operation, maintaining adequate permeability for continuous flow conditions. The findings suggest that the
CTAB-enhanced nanosilica-coated sand represents a promising, cost-effective, and scalable solution for the in-
situ remediation of lead-contaminated groundwater through PRB technology
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Introduction

Heavy metal contamination, particularly by lead (Pb®"), poses a persistent threat to groundwater quality due to its
high toxicity, bioaccumulative nature, and long-term environmental persistence. Lead exposure is associated with
severe neurological and developmental disorders, making its removal from water sources a pressing global
environmental and public health concern(Salami et al., 2022). Traditional groundwater remediation techniques
such as pump-and-treat systems have demonstrated limited effectiveness in heterogeneous subsurface
environments. These methods often suffer from slow contaminant extraction rates, high operational costs, and
lack of sustainability (Zhao et al., 2022). As a result, in-situ treatment approaches—particularly Permeable
Reactive Barriers (PRBs) have garnered increased interest. PRBs utilize reactive media to passively and
continuously remove contaminants as groundwater flows through the barrier.

Among the reactive media explored for PRBs, modified sands and nanomaterials have attracted considerable
attention due to their high surface area and strong sorption capacities. Nanosilica is a particularly promising
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candidate owing to its abundant silanol groups, chemical stability, and large specific surface area, which facilitate
efficient metal ion adsorption(Nguyen Xuan Huan et al., 2018). However, one of the primary challenges in
applying nanosilica in porous media is particle agglomeration and poor dispersion, which can limit performance.

To overcome these limitations, surfactants such as cetyltrimethylammonium bromide (CTAB) have been
employed to improve the uniformity, adhesion, and stability of nanosilica coatings. Surfactant modification
enhances the contact between nanomaterials and target ions, minimizes aggregation, and improves compatibility
with porous substrates (Wang et al., 2024).

Recent studies have emphasized the potential of nanotechnology-based media for groundwater remediation. For
example, (Liu et al., 2022) provided a comprehensive overview of nanomaterial applications in water
sustainability, while (Deshmukh & Pathan, 2025) highlighted opportunities and challenges in deploying
functionalized nanoparticles in environmental cleanup. Similarly, (Masood & Abd Ali, 2020) demonstrated that
CTAB-modified media significantly improved heavy metal adsorption in simulated PRB conditions.

Building on these foundations, the present study develops a novel PRB material by coating quartz sand with
nanosilica in the presence of CTAB. The objective is to enhance lead removal efficiency under continuous flow
conditions. The coated media are tested using fixed-bed column experiments, and breakthrough behavior is
analyzed using multiple modeling approaches to evaluate the potential of the proposed material for field-scale
groundwater treatment.

Method

Materials

Quartz sand was obtained from the local market, washed with distilled water to remove surface impurities, oven-
dried, and sieved to retain particles within the 0.6—1 mm range. The sand exhibited a porosity of 0.43, specific
gravity of 1.352, hydraulic conductivity of 0.16 cm/s, and a pH of 6.81. Commercial nanosilica powder (SiO2)
was used, with a purity of 99%, average particle size (APS) between 20-30 nm, specific surface area (SSA)
ranging from 180 to 600 m?/g, bulk density below 0.1 g/cm?, and true density of 2.4 g/cm?. Lead nitrate [Pb(NO3):]
supplied by BDH (England) was used to prepare synthetic lead-contaminated water. A stock solution of 1000
mg/L was prepared and diluted to achieve an influent concentration of 50 mg/L for all experiments.

Preparation of Nanosilica-Coated Sand

The coating procedure involved dispersing CTAB (cetyltrimethylammonium bromide) in 50 mL of distilled
water,with CTAB mass equal to half the mass of nanosilica (Fang, G., & Fang, 2012 )followed by pH adjustment
to 10 using HCI. Nanosilica was added at a ratio of 0.5% (w/w) relative to the sand mass, and the mixture was
stirred at 250 rpm for 6 hours to ensure homogeneous dispersion. Afterward, 100 g of dried quartz sand was
introduced into the suspension and stirred for an additional 6 hours. The coated sand was dried in an oven at 105°C
to promote nanoparticle adhesion, rinsed repeatedly with distilled water until the effluent pH stabilized between
7-8, then oven-dried again at 105°C for 24 hours and stored for subsequent use.

Continuous Experiments

Column tests were conducted to evaluate the performance of the coated media under dynamic conditions. The
setup included a PVC column (2.5 cm inner diameter, 50 cm height) packed with the coated sand to a depth of 50
cm. A Submersible pump delivered the influent solution from the bottom to the top at controlled flow rates of 5
mL/min and 15 mL/min. Effluent samples were collected at intervals and filtered prior to lead concentration
analysis using Atomic Absorption Spectroscopy (AAS). The system was operated under laminar flow conditions
(Re < 10) to mimic natural subsurface conditions. Hydraulic conductivity (K) was determined using Darcy’s law:

K =4/, 1)

Where:
. K is the hydraulic conductivity (cm/s),
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. Q is the volumetric flow rate (cm?3/s),
. A is the cross-sectional area of the column (cm?),
. i is the hydraulic gradient (dimensionless).

"

Figure 1. Column setup elements arranged for continuous operation.

Description of Breakthrough Curves Data

The efficacy of the fixed bed column has been forecasted utilising mathematical breakthrough curve models,
which have also been employed to determine kinetic constants and uptake capacities. The breakthrough curves
may be modelled using the subsequent frameworks:

Adams-Bohart Model

Adams and Bohart developed a necessary equation defining the link between Ce/Co and time. The derivation was
predicated on the idea that the concentration of the sorbate and the residual capacity of the sorbent determine the
sorption rate in turn(Radhika et al., 2018). This model is appropriate for characterising the first segment of the
breakthrough curve; so, it suggests that sorption is not immediate and that the sorbate concentration and residual

sorption capacity of the sorbent determine the sorption rate. This model's framework looks like this(Yaqubi et al.,
2021):

e, = 1/1+exp (KN, % — Ke,t) @

Calculated by dividing the flow rate (cm?®/min) by the cross-sectional area of the column, U is the linear velocity
(cm/min), K represents the kinetic constant (L/g.min), No denotes the solute concentration at saturation (mg/L),
Z indicates the bed depth (cm), t marks the elapsed time (min). The constants K and No of the Adams—Bohart
model can be approximated by nonlinear regression.

Thomas-BDST Model

The bed-depth-service-time (BDST) model, sometimes referred to as the Thomas model, assesses the performance
of fixed-bed columns. It forecasts the sorbent's maximal solute absorption and delineates the progression of the

breakthrough curve (de Franco et al., 2017). The model presumes minimal axial dispersion and utilises a Langmuir
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isotherm alongside pseudo-second-order kinetics to characterise sorption (Yaqubi et al., 2021). The Thomas
model provides a precise representation of the entire breakthrough, unlike the Adams—Bohart approach
profile(Nguyen et al., 2015). This document presents a mathematical characterisation of the model.

/e, =1/1 + exp (K;/Q) qM — Krcot) 3)

M is the mass of sorbent in the column (g); Q is the volumetric flow rate (mL/min); q is the maximum sorption
capacity (mg/g) of the solid particles; and Kt marks the Thomas rate constant (mL/mg.min).

Yan Model

The Yan model, or modified dose-response model, was introduced to mitigate the inaccuracies associated with
the Thomas model, especially during extremely short and lengthy operational durations(de Franco et al., 2017).
The Yan model was created since the earlier Thomas model cannot accommodate a fixed effluent sorbate
concentration at time zero, which may restrict the siamulation (Ye et al., 2020). The Yan model can be expressed
using the following formula:

C/C":1_1/1+((0'001*Q*C/QO.M)*t)a @

Belter-Cussler-Hu Model

This model is calibrated using the groundbreaking data gathered by (Chu et al., 2011). The breakthrough results
indicate that this semi-empirical formula outperformed the Bohart-Adams equation; consequently, the
breakthrough curves for fixed beds in the packed column are delineated as follows:

“fe, =1+erf[(t—1t,) eXp(—O'(t/to))/‘/EO-to] ®

where ¢ represents the standard deviation indicating the slope of the breakthrough curve, and to is the duration
(in minutes) that must correspond to 50% of C/Co.

Clark Model

Clark (1987) developed a simulation for breakthrough curves applicable to column adsorption. The Freundlich
isotherm and the mass-transfer concept were employed in this model to illustrate the relationship for the
breakthrough curve as follows (Madan et al., 2019):

([ )= 11+ Ae™ (6)

where n is the exponent of the Freundlich model, and r and A are constants derived from the kinetic equation.

Results and Discussion
Characterization of Coated Sand

The FESEM, FTIR, and XRD results included in this section are derived from a previous, unpublished study
conducted by the authors using the same coated sand material prepared under identical conditions. These figures
are provided here to support the structural and chemical characterization of the nanosilica-coated sand with CTAB
modification.

X-ray diffraction (XRD) analysis was conducted to assess the mineralogical structure of both raw and coated sand.
As shown in Figure 2, the uncoated sand exhibited characteristic peaks corresponding to quartz and minor metal
oxides (e.g., CuO, SiO2), consistent with ICDD standards. Upon coating, additional diffraction peaks appeared at
multiple 20 positions (e.g., 20.9°, 26.7°, 36.6°, etc.), indicating structural modifications and the formation of new
active sites. These changes suggest enhanced surface reactivity, potentially contributing to the improved Pb*
adsorption capacity of the coated material.
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Figure 2. XRD patterns of coated and virgin sand

FTIR spectra Figure 3 for the coated sand, before and after Pb loading, revealed key functional groups involved
in metal binding. A broad O-H stretching peak appeared at ~3438 cm™, indicating surface hydroxyl groups.
Strong Si—O-Si and Si—O vibrations were observed between 800—1137 cm™, confirming the presence of
nanosilica. Peaks near 2925 and 2852 cm™ correspond to C—H stretching, associated with CTAB. Additional
bands around 1600 cm™ were attributed to C=C vibrations, while a C—O band was detected near 1263 cm™!.
Notably, post-adsorption spectra exhibited slight shifts in key peaks and intensity variations, suggesting active
interaction between Pb*" ions and surface groups via ion exchange, hydrogen bonding, and electrostatic forces
(Kalam et al., 2021; Khitous et al., 2016). These spectral changes confirm the functional role of hydroxyl, silicate,
and organic groups in lead removal.

(Sio2-CTAB) coated sand loaded
with Pb

Transmittance%

~———(nanocsilica-CTAB) coated sand

450 950 1450 1950 2450 2950 3450 3950

wavenumber cm!
Figure 3. FTIR spectra before and after Pb adsorption

FESEM images (Figure 4) illustrate morphological differences between raw sand, coated sand, and Pb-loaded
composite. Virgin sand showed a rough, irregular texture, while coating introduced heterogeneous layers that
increased surface roughness and potential active sites. After Pb adsorption, notable morphological changes were
observed, suggesting strong surface interaction. BET analysis confirmed a surface area increase from 3.40 m%/g
(raw) to 4.10 m?/g after coating.

EDS spectra (Figure 5) revealed elemental shifts post-modification. Silicon and carbon content rose from 19.0%
and 7.4% in virgin sand to 40.0% and 13.6%, confirming successful nanosilica/CTAB deposition. After lead
uptake, Pb signals appeared at 39.1%, while oxygen and silica decreased, indicating active ion exchange and
surface complexation.
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I Site 3 (313 331 counts)

Figure 5a. EDS spectrum of virgin sand

I Site 2 (260 814 counts)

Figure 5b. EDS spectrum of coated sand

I Site 7 (1637 359 counts)

FigureSc. EDS spectrum after Pb adsorption

Despite the modest increase in surface area from 2.22 to 3.51 m*g (Figure 6), the coated sand exhibited a
significant enhancement in Pb?" removal. BET analysis confirmed a rise in total pore volume and average pore
diameter, from 0.0083 to 0.0120 cm3/g and from 9.77 to 11.70 nm, respectively. These improvements—though
moderate—suggest better accessibility and dispersion of active sites due to the CTAB—nanosilica coating, which
facilitated stronger metal—surface interactions and more effective ion exchange.
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Figure 6. BET isotherms of virgin and coated sand

Effect of Water Flowrate

The effect of water flow rate on the sorption of Pb ions onto a coated sand barrier was investigated using two flow
rate values: 5 and 15 mL/minute. The plots in Figure 7 were created with Cin at a concentration of 50 mg/L, the
given flow rates, and a height of 50 cm. The increased discharge may be connected with a shorter breakthrough
time and an elevation in the plot's slope. Consequently, the "retention time" is insufficient, resulting in the influent
metal molecules fleeing prior to reaching the equilibrium state.(Ko et al., 2000). Furthermore, increasing flow
velocity may reduce the adhesion between solute and solid particles, resulting in a large decrease in removal
percentage (Kundu & Gupta, 2007). As a result, the solute's retention period in the packed bed was insufficient to
achieve sorption equilibrium at the desired discharge. As a result, the solute will escape the bed before it has a
chance to bind to the coated sand's active sites, resulting in premature occurrence. Changing the flow rate from 5
to 15 mL/min for Pb Cin at a concentration of 50 mg/L will significantly reduce the "breakthrough time" from
186 to 72 hours.

An increase in discharge will speed up the emergence of the chemical front, shorten the "breakthrough time," and
make the "breakthrough curves" steeper, because the chemical will depart the bed before reaching equilibrium. A
significant discharge can potentially desorb many linked molecules from the sorbent surface if the connections
are weak and reversible. As a result, the metal content in the effluent rapidly increases, accelerating the
"breakthrough time," which is facilitated by a low flow rate. The selected flow rates (5 and 15 mL/min) were
chosen to ensure laminar flow conditions (Reynolds number < 10), which better simulate natural groundwater
movement in subsurface environments.
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Figure 7. Breakthrough curves at two flow rates
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Additionally, while the current study did not include pH variation, the influence of pH on the adsorption
performance of the coated media was previously investigated in a separate study using the same CTAB-
nanosilica-modified sand. That work demonstrated optimal lead removal within the pH of 5, which aligns with
typical groundwater conditions (pH 5-8.5). Therefore, this study focused on evaluating dynamic adsorption
behavior under controlled flow conditions.

The increased flow rate may desorb part of the bound solute molecules due to reversible and loose interactions
with the sorbent surface. As a result, the metal concentration in the effluent rapidly increases, resulting in a shorter
breakthrough time for metal removal in the packed bed due to its increased adsorption capacity. The observed
findings are consistent with previous study (Liao et al., 2013; Marzbali & Esmaieli, 2017).

Modelling of Breakthrough Curves

Metal ions breakthrough curves measured along the coated sand bed at different discharges and inlet concentration
(50 mg/l) for depth of 50 cm are formulated by number of familiar models mentioned in the paragraph
“Description of breakthrough curves data”as plotted in Figures 8a and 8b. The models are represented by "Bohart-
Adams, Thomas-BDST, Belter-Cussler-Hu, Yan and Clark" expressions which simulated the trends of curves at
50 cm. The selected models were chosen to represent a broad spectrum of adsorption behaviors, covering kinetic,
mass transfer, and empirical response frameworks commonly applied in fixed-bed systems. While alternative
models like Yoon—Nelson or Wolborska offer value, the five employed here provide sufficient descriptive and
comparative power for the study’s objectives.

The breakthrough curves presented in this study were generated from continuous flow experiments conducted
over 27 days, with samples collected every 6 hours for each flow condition (5 and 15 mL/min). While this provides
detailed temporal resolution, the study did not include replicate runs for each experimental condition. Therefore,
standard deviation and error bars could not be computed for individual time points.

The "solver option in Microsoft Excel 2016 for nonlinear regression" was applied to determine the fit between
these models and experimental measurements. The outputs of the fitting process, summarized in Tables 1 and 2,
revealed a high degree of correlation between experimental and simulated breakthrough curves, particularly for
the Bohart-Adams, Thomas-BDST, Belter-Cussler-Hu, and Clark models (R? > 0.99; SSE < 0.26). This strong fit
indicates a consistent and predictable adsorption process dominated by pseudo-second-order kinetics and film
diffusion control, as inferred from the Thomas and Belter-Cussler-Hu models.

The Clark model, which integrates Freundlich isotherms with mass-transfer resistance, provided the best statistical
match (R? = 0.994 at 5 mL/min), implying that multilayer adsorption and non-uniform energy distribution are
likely mechanisms. Such behavior aligns with previous studies on CTAB-modified surfaces, where surfactant
molecules introduce hydrophobic regions enhancing Pb?* attraction (de Franco et al., 2017; Nguyen et al., 2015).
Furthermore, the slightly reduced fit of the Yan model at both flowrates (R? < 0.93) may stem from its limited
ability to simulate rapid transitions at the breakthrough front, especially under high influent velocities. This
suggests the dominance of surface affinity and pore diffusion rather than abrupt sorption-deactivation dynamics.

Compared to conventional PRB media such as biochar and zeolites, the CTAB—nanosilica-coated sand developed
in this study exhibits enhanced adsorption performance under dynamic flow conditions. Biochar, while cost-
effective and environmentally benign, often suffers from surface heterogeneity and limited breakthrough
resistance in continuous systems, which reduces its overall effectiveness(Siggins, 2025). Zeolites, although widely
used for ion-exchange applications, tend to demonstrate slower adsorption kinetics and lower capacity in column
configurations due to diffusion limitations (Rocha & Zuquette, 2020). The coated sand presented here offers a
balance of surface reactivity and hydraulic conductivity, making it a promising candidate for scalable and efficient
PRB implementations.

Upon examining Figure and 8, it is evident that error bars are not presented. This is because replicate runs were
not performed during the column experiments due to time and material constraints. Consequently, standard
deviations could not be calculated. Future studies are encouraged to incorporate triplicate runs for each
experimental condition to improve statistical reliability and enable error analysis. While the breakthrough model
parameters (KT, n, qo) were derived from column data, their physical relevance is supported by separate batch
adsorption studies conducted by the authors. These experiments, reported in a parallel manuscript under review,
confirmed pseudo-second-order kinetic behavior with strong correlation (R? > 0.99) and equilibrium reached
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within 120 minutes. Thus, the kinetic assumptions of the Thomas and Clark models are consistent with
independent kinetic validation.
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Figure 8a. Breakthrough modeling curve at 5 mL/min flow
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Figure 8b. Breakthrough curve modeling at 15 mL/min flow
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Table 1. The fitting parameters of the selected models applied to lead-ion breakthrough curves measured at a 50
cm depth, with an influent concentration of 50 mg/L and a flow rate of 5 mL/min.

Model Parameter Cin (mg/L) =50
KCo 0.9267
KNoZzZ/U 4.7376
Bohart-Adams R? 09923
SSE 0.1239
KrCo 0.9256
Thomas-BDST KrM/Q 4.7363
R? 0.9921
SSE 0.1245
0.001QC/qo M 7.1389
Yan a 595.9962
R? 0.8957
SSE 3.8025
Iy} 0.385
to 24.9591
Belter-Cussler-Hu R2 09843
SSE 0.2509
A 5.1262
r 0.2214
Clark n 1.2181
R? 0.9946
SSE 0.0801

Table 2. The fitting outputs of the selected models for lead-ion breakthrough curves measured at a 50 cm bed
depth, with an influent concentration of 50 mg/L and a flow rate of 15 mL/min.

Model Parameter Cin (mg/L) =50
KCo 0.3200
KNoZz/U 3.2653
Bohart-Adams R? 0.9937
SSE 0.2589
KrCo 0.3200
KreM/Q 3.2653
R? 0.9924
Thomas-BDST SSE 0.4266
0.001QC/qoM 0.000187
a 780.4153
R? 0.9327
SSE 1.5862
c 0.4342
to 16.0821
Belter-Cussler-Hu R2 0.9919
SSE 0.0760
A 9.5023
r 0.3289
Clark n 1.5113
R? 0.9909
SSE 0.0792

Hydraulic Conductivity

The hydraulic conductivities of the coated sand in the column were evaluated at specific intervals using the
hydraulic gradient and the cumulative volume of processed water. The results indicated that the hydraulic
conductivities were approximately stabilized at 2.55x102 cm/s during the entire duration of the experimental
operation. This behavior may come from the likelihood of no precipitate forming within the packed bed. Thus,
the gaps in the packed bed will retain their accessibility for water movement and, subsequently, the transport of
solute within the bed. While post-adsorption XRD spectra exhibited slight shifts and intensity changes, the
analysis did not conclusively identify crystalline lead compounds (e.g., PbSiOs). Further investigation using
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comparative XRD with ICDD standards or ICP-MS analysis is recommended to determine if precipitation
occurred and assess its potential impact on long-term pore clogging. The suitable conductivities for PRB exceed
2.1x1072 cm/s, as shown in prior research, and this aligns with current data.

Durability and Regeneration Potential of the Coated Barrier

Although the test duration was limited to 27 days, the coated media demonstrated effective lead removal over
extended periods. At the lower flow rate, the material maintained efficiency for nearly 186 hours before nearing
saturation. This suggests a potential column lifetime of up to 7.7 days per 50 cm bed under moderate hydraulic
loads.

Previous studies have shown that materials modified with CTAB exhibit similar exhaustion times due to surface
saturation or gradual loss of active sites(Masood & Abd Ali, 2020). While CTAB enhances adsorption, it may
reduce long-term performance by partially blocking pore spaces. Therefore, future work should evaluate
regeneration through chemical washing (e.g., dilute acid or surfactant solution) and simulate performance under
field conditions using models such as MODFLOW or GMS(Deshmukh, M.; Pathan, 2025; Zhao et al., 2022).

Although this study demonstrated the coated media’s potential for sustained lead removal, no regeneration
experiments were conducted to evaluate reusability. It is strongly recommended that future studies include
desorption tests using mild acids (e.g., HCI) or surfactant rinses to quantify regeneration efficiency across multiple
cycles. Additionally, the structural integrity and adsorption performance of the media post-regeneration should be
assessed to better understand its practical field applicability and determine the economic feasibility of its long-
term use.

Conclusion

This study confirmed the efficacy of a novel reactive medium, comprising sand particles coated with nanosilica
and functionalised with cetyltrimethylammonium bromide (CTAB), for lead extraction from contaminated water
under continuous flow conditions. The synthesis method produced a material with a uniform coating and excellent
hydraulic properties, maintaining a permeability rate of approximately 2.55x1072 cm/s for 27 days. The analysis
of breakthrough curves showed that the speed of the flow had a big effect on how well the lead could be removed.
The medium worked better for longer when the flow rates were slower. The experimental observations were in
close agreement with the Clark and Thomas—BDST models, indicating adsorption behaviour that is consistent
with multilayer formation and pseudo-second-order kinetics. These results show that the composite material that
was made is a good fit for use in permeable reactive barrier (PRB) systems that are meant to reduce heavy metal
pollution.

The results also show how important CTAB is for making particles spread out better, stick together better, and
interact with lead ions on the surface. However, the material's effectiveness may not last as long as it should
because of problems like pore clogging and saturation of active sites. To address these challenges, subsequent
research should examine regeneration techniques utilising mild acid or surfactant rinses, alongside evaluating the
media's efficacy in extensive applications via hydrogeological modelling platforms such as MODFLOW or GMS.

In conclusion, the CTAB-functionalized nanosilica-coated sand medium offers a promising, economical, and
ecologically sound method for in-situ remediation of lead in groundwater, aiding the advancement of sustainable
water purification technologies.

Recommendations

1. Evaluate the feasibility of using the sorbent prepared in this study as a core material for the application
of permeable reactive barrier (PRB) technology at the field scale for the remediation of contaminated
groundwater.

2. Expand the scope of research to include dynamic flow conditions and pH fluctuations ,regeneration for
sorbent, alternative PRB configurations, such as the "funnel and gate" system, to monitor the theoretical
and experimental migration of metal ions in two- and three-dimensional subsurface media.
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