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Abstract

The discharge of synthetic dyes into aquatic systems poses serious environmental and public health concerns due to their toxicity,
persistence, and resistance to biodegradation. Rosaniline hydrochloride, a cationic triarylmethane dye, is widely used in textiles,
leather tanning, and biological laboratories, yet its removal from wastewater remains a major challenge. This study investigated
the application of silica gel as an adsorbent for the removal of rosaniline hydrochloride from aqueous solutions under controlled
laboratory conditions. A stock solution of 500 mg/L was prepared, and working solutions of varying concentrations were
obtained through serial dilution. Batch adsorption experiments were carried out to examine the effect of key operational
parameters, including contact time (30-90 min), adsorbent dosage (2-4 g), initial concentration (20-100 mg/L), and temperature
(25-80°C). The percentage removal efficiency and adsorption capacity were determined using a UV-Visible spectrophotometer.
The results revealed that adsorption efficiency increased with higher contact time and adsorbent dosage, while removal decreased
at higher dye concentrations due to surface saturation. Temperature was found to enhance adsorption, with maximum removal
efficiency observed at elevated temperatures. These findings demonstrate that silica gel is an effective and low-cost adsorbent for
the removal of rosaniline hydrochloride, with potential applicability in small-scale and decentralized wastewater treatment
systems.
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1. Introduction

Industrial growth over the past few decades has resulted in
the increased discharge of dye-laden wastewater into aquatic
environments. Industries such as textiles, leather tanning,
paper production, and biological research laboratories are

harmful [1].

1.1. Rosaniline Hydrochloride

major contributors to this problem, as they use a wide variety
of synthetic dyes to enhance product quality and functionali-
ty. Unfortunately, these dyes are often released into the envi-
ronment with minimal treatment, leading to water contami-
nation that is both aesthetically unpleasant and ecologically

A cationic dye belonging to the triarylmethane family, is
widely applied in textile dyeing processes and as a biological
stain in microbiological and histological laboratories [2]. The
molecule’s complex aromatic structure makes it highly re-
sistant to biodegradation, photodegradation, and convention-
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al oxidation treatments, allowing it to persist in aquatic sys-
tems for extended periods. Even at low concentrations, ro-
saniline hydrochloride imparts a strong coloration to water,
blocks sunlight penetration, and disrupts photosynthetic ac-
tivity in aquatic plants, which in turn affects oxygen levels
and aquatic biodiversity [3]. Furthermore, certain triarylme-
thane dyes have been reported to possess mutagenic and cy-
totoxic effects, raising public health concerns [4].

Conventional wastewater treatment methods such as bio-
logical oxidation, coagulation-flocculation, and membrane
filtration often fail to completely remove highly stable syn-
thetic dyes from wastewater, especially in low-concentration
yet persistent cases [5]. In this context, adsorption has
emerged as one of the most efficient and versatile techniques
for dye removal, offering advantages such as high removal
efficiency, relatively low cost, and simple operational re-
quirements [6].

Silica gel, an amorphous and highly porous form of silicon
dioxide (SiO,), has been identified as a promising adsorbent
due to its large surface area, adjustable pore size distribution,
thermal stability, and ease of surface modification [7]. Un-
like activated carbon, silica gel can be chemically modified
to introduce functional groups that enhance electrostatic in-
teractions with cationic dyes like rosaniline hydrochloride.
Previous studies have demonstrated that silica-based adsor-
bents can achieve significant removal efficiencies for similar
dye molecules under optimized pH, temperature, and contact
time conditions [7].

The present study aims to evaluate the adsorption perfor-
mance of both untreated and surface-modified silica gel for
the removal of rosaniline hydrochloride from aqueous solu-
tions. Beyond assessing removal efficiency, the research also
seeks to understand the adsorption mechanism through iso-
therm modeling, kinetics analysis, and examination of opera-
tional parameters. This will provide insight into the feasibil-
ity of employing silica gel as a cost-effective and sustainable
treatment option for dye-polluted effluents.

1.2. Background of the Study

Rosaniline hydrochloride, a principal component of the
basic fuchsine dye mixture, is a synthetic cationic triarylme-
thane compound extensively utilized in textile coloration,
leather tanning, printing inks, and biological staining in mi-
crobiology laboratories [8]. It is composed of a complex ar-
omatic backbone with multiple phenyl groups and amino
substituents, which are responsible for its strong chromo-
phoric nature and intense colour expression. The presence of
these conjugated structures makes the molecule highly re-
sistant to biodegradation and photodegradation [8]. This per-
sistence in aquatic environments means that once discharged,
rosaniline hydrochloride can remain in water bodies for ex-
tended periods without significant chemical breakdown.
Even in very low concentrations sometimes as low as 1 mg/L
its vivid coloration is visible to the naked eye, and it can sig-

nificantly disrupt the natural appearance and quality of wa-
ter.

The ecological consequences of dye pollution are multi-
faceted. Rosaniline hydrochloride reduces light penetration
in water columns, which in turn impedes photosynthetic ac-
tivity in aquatic plants and phytoplankton, thereby disturbing
primary productivity and food chain dynamics [9]. Moreover,
its cationic nature allows it to interact strongly with nega-
tively charged organic matter and sediments, potentially
leading to bioaccumulation in aquatic organisms. From a
human health perspective, studies suggest that long-term
exposure to triarylmethane dyes, including rosaniline, may
be associated with cytotoxic, mutagenic, and carcinogenic
effects [10]. These risks make its effective removal from
wastewater an environmental and public health priority.

Among various treatment strategies, adsorption has gained
prominence due to its operational simplicity, adaptability to
different scales, and ability to remove dyes even at low con-
centrations. Silica gel an amorphous, porous form of silicon
dioxide (SiO,) is particularly attractive for adsorption-based
dye removal because of its unique physicochemical charac-
teristics. It possesses an exceptionally high specific surface
area (often 300-1000 m#y), a network of tunable pores, and
abundant surface silanol (=Si-OH) groups [11]. These sur-
face groups can form hydrogen bonds, engage in van der
Waals interactions, and participate in electrostatic attraction
with dye molecules. In aqueous media, when the pH is above
the point of zero charge (pH pzc) of silica gel, silanol groups
deprotonate to yield negatively charged sites, which strongly
attract cationic dyes such as rosaniline hydrochloride [12].

Beyond its natural properties, silica gel is also easily mod-
ifiable to improve adsorption performance. Functionalization
with amine, thiol, or polymeric groups can enhance selective
binding, increase affinity, or expand its pH working range.
Previous research on structurally similar triarylmethane dyes
such as malachite green and methylene blue has reported
silica-based adsorbents achieving maximum adsorption ca-
pacities ranging from 50 to 300 mg/g, depending on pH, ad-
sorbent dosage, temperature, and contact time [13]. Adsorp-
tion processes are often modeled using Langmuir or Freun-
dlich isotherms to evaluate monolayer versus heterogeneous
surface binding, and kinetic models such as pseu-
do-first-order or pseudo-second-order to understand
rate-limiting steps [14].

Despite the promising results for related dyes, research
focusing specifically on rosaniline hydrochloride adsorption
using silica gel remains limited. Most prior studies have ei-
ther generalized performance across mixed dye systems or
emphasized other adsorbents such as activated carbon, clay
minerals, or agricultural by-products [15, 18]. This gap in
literature presents an opportunity to investigate silica gel’s
specific adsorption performance for rosaniline hydrochloride,
both in its natural form and after surface modification. By
exploring parameters such as pH, temperature, contact time,
and adsorbent dosage, this study aims to determine optimal
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conditions for removal efficiency, elucidate adsorption
mechanisms, and assess the potential of silica gel for scalable
wastewater treatment applications targeting rosaniline hy-
drochloride.

1.3. Statement of the Problem

In many industrial and peri-urban regions, the presence of
vividly colored effluents often bright red, magenta, or purple
flowing directly into rivers, lakes, and drainage canals has
become a visible marker of untreated wastewater discharge.
This problem is particularly prevalent in textile-processing
hubs, small-scale dyeing units, and microbiological laborato-
ries, where effluent containing synthetic dyes such as rosani-
line hydrochloride is released with minimal or no treatment
[17]. While the aesthetic impact is immediately apparent, the
ecological and public health consequences are more insidi-
ous. Coloration in natural waters reduces light penetration,
thereby impairing photosynthetic activity in aquatic flora,
disrupting oxygen balance, and destabilizing aquatic food
webs [19].

Rosaniline hydrochloride is of special concern due to its
high chemical stability, strong cationic charge, and resistance
to biodegradation [15]. Once in the environment, it can per-
sist for long periods, adsorb onto sediments, and interact
with aquatic organisms. Furthermore, studies have indicated
that triarylmethane dyes can exhibit mutagenic and poten-
tially carcinogenic properties, raising concerns for human
exposure via contaminated drinking water or bioaccumula-
tion in the food chain [18].

The challenge is compounded in low-resource settings
where small-scale producers, artisanal dyeing workshops,
and teaching or research laboratories may lack the financial
and technical capacity to install advanced treatment systems
such as activated carbon columns, advanced oxidation pro-
cesses (AOPs), or membrane filtration units (Gupta &Suhas,
2009). These systems, while effective, often require signifi-
cant capital investment, skilled operation, and regular
maintenance barriers that make them impractical for wide-
spread adoption in decentralized contexts.

Adsorption has emerged as a practical alternative because
it is relatively simple to implement, cost-effective, and
adaptable to different scales of operation. Among potential
adsorbents, silica gel is widely available, affordable, chemi-
cally stable, and known for its high surface area and tunable
surface chemistry [17]. Despite these advantages, there is
limited literature focusing specifically on the adsorption of
rosaniline hydrochloride using silica gel. Existing studies
tend to either generalize results across multiple dye types or
focus on more extensively studied dyes such as methylene
blue and malachite green (Pathania [10]. This lack of target-
ed research creates uncertainty regarding silica gel’s adsorp-
tion capacity, kinetics, equilibrium behavior, and regenera-
tion potential when used for rosaniline removal.

Addressing this knowledge gap is essential for two reasons:

first, to provide empirical data that could guide the use of
silica gel as a low-cost treatment option in decentralized
wastewater management; and second, to explore whether
simple surface modification techniques such as amine func-
tionalization or polymer coating could enhance adsorption
performance. This study is therefore designed to systemati-
cally investigate silica gel’s performance in removing rosani-
line hydrochloride under realistic laboratory conditions,
evaluate the influence of operational parameters, and assess
its potential for reuse, thereby offering a practical and envi-
ronmentally sound solution to an ongoing pollution problem.

1.4. Aim and Objectives

1.4.1. Aim

To assess how well silica gel (unmodified and potentially
modified) removes rosaniline hydrochloride from aqueous
solutions, and to identify the experimental conditions that
optimize its performance.

1.4.2. Objectives

Adsorption testing: Conduct batch experiments varying:

1). pH (influences silica surface charge and dye ioniza-

tion)

2). Initial dye concentration (affects driving force)

3). Adsorbent dosage (shows dosage-removal relation-

ships)

4). Contact time (adsorption profile & equilibrium time)

5). Temperature (thermodynamic effect)

Isotherm modeling: Fit equilibrium data to Langmuir
(monolayer adsorption) and Freundlich (heterogeneous sur-
face) models; determine maximum adsorption capacity (qmax)
and constants.

Kinetics analysis: Fit kinetic data to pseudo-first-order and
pseudo-second-order models to understand rate-limiting
steps.

1.5. Scope of the Study

This research will be conducted entirely at the laboratory
scale, employing a batch adsorption approach to evaluate the
potential of silica gel both in its unmodified and simply
modified forms for the removal of rosaniline hydrochloride
from aqueous solutions. Experimental work will be carried
out in beakers or Erlenmeyer flasks under controlled temper-
ature, pH, and agitation conditions, allowing for precise con-
trol of variables and reproducibility of results. No pilot-scale
or industrial-scale trials will be undertaken at this stage, and
continuous-flow systems such as packed-bed columns,
membrane modules, or hybrid treatment units fall outside the
present study’s scope.

Where resources and materials permit, the study may in-
clude single-step surface modification of silica gel such as
amine-based functionalization aimed at enhancing adsorption
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efficiency through improved electrostatic attraction to the
cationic dye molecules. However, the primary focus will
remain on commercially available silica gel to ensure that the
findings remain relevant to low-cost, widely accessible
treatment options.

All adsorption experiments will use synthetic dye solu-
tions prepared in distilled water to eliminate interference
from competing ions, organic matter, or turbidity commonly
present in real wastewater. While this simplification allows
for a clearer assessment of adsorption mechanisms and ca-
pacities, it also means that the results will not directly reflect
performance in complex industrial effluents, which may re-
quire additional pre-treatment or co-adsorbent strategies.

Adsorption performance will be evaluated in terms of
equilibrium adsorption capacity (expressed in mg dye per g
adsorbent), percentage removal efficiency, and, where feasi-
ble, regeneration potential through desorption and reuse cy-
cles. Equilibrium data will be fitted to widely used isotherm
models such as Langmuir and Freundlich, while kinetic data
may be interpreted using pseudo-first-order and pseu-
do-second-order models to better understand adsorption rates
and mechanisms.

By limiting the study to controlled laboratory conditions,
this research aims to generate reproducible and mechanis-
tic insights that can serve as a foundation for future work
in real wastewater matrices and scaled-up treatment con-
figurations.

1.6. Significance of the Study

1.6.1. Environmental Significance

The discharge of synthetic dyes such as rosaniline hydro-
chloride into aquatic environments poses a serious threat to
ecosystem health. Even at low concentrations often in the
range of 1-5 mg/L these dyes impart strong coloration to
water, reducing light penetration and thereby limiting pho-
tosynthetic activity in submerged plants and phytoplankton
[13]. This reduction in primary productivity can cause cas-
cading effects on aquatic food webs, ultimately altering bio-
diversity and disrupting ecological balance (Ali et al., 2021).
In addition, dyes often resist biodegradation and can persist
for extended periods, making them a long-term environmen-
tal burden [11].

By exploring silica gel as a low-cost adsorbent for rosani-
line hydrochloride removal, this study contributes to efforts
aimed at restoring water clarity, improving dissolved oxygen
balance, and supporting aquatic life recovery in impacted
ecosystems. The use of adsorption—a technology that is rel-
atively simple to implement and does not require complex
operational expertise—may also help extend treatment capa-
bilities to resource-limited regions where advanced technol-
ogies such as membrane filtration or advanced oxidation are
not feasible.

1.6.2. Public Health Significance

While the acute toxicity of rosaniline hydrochloride in en-
vironmental waters may be low, prolonged exposure raises
concerns regarding bioaccumulation and chronic health im-
pacts. Cationic triarylmethane dyes have been associated
with potential mutagenic and carcinogenic properties in la-
boratory studies, especially when ingested over long periods
[12]. Communities that rely on untreated or minimally treat-
ed surface water are at particular risk, as dyes can also de-
grade into toxic aromatic amines under certain environmen-
tal conditions.

Effective removal of rosaniline hydrochloride can help
reduce these risks, while also improving the aesthetic quality
of drinking water. Research has shown that visible discolora-
tion in water, even if not directly harmful, can cause com-
munities to distrust their water supply, leading to increased
reliance on bottled water or unsafe alternative sources [15]
Thus, successful application of silica gel could contribute
both to risk reduction and public confidence in water safety.

1.7. Research Gap

While the adsorption of cationic dyes onto silica-based
adsorbents has been widely studied particularly for meth-
ylene blue, malachite green, crystal violet, and basic fuchsine
mixtures [9] rosaniline hydrochloride has not been the sub-
ject of the same level of experimental scrutiny. Several nota-
ble gaps in the literature remain:

1.8. Limited Isotherm and Kinetic Data

Although batch adsorption studies on silica gel have gen-
erated comprehensive adsorption isotherms and kinetic mod-
els for other triarylmethane dyes, comparable data for rosani-
line hydrochloride are sparse. Without Langmuir and Freun-
dlich parameters, pseudo-first-order  and pseu-
do-second-order rate constants, and thermodynamic profiles
specific to this dye, accurate performance prediction and
process optimization remain difficult.

Research Questions and Hypotheses

The present study is guided by research questions that
seek to clarify the adsorption behavior of silica gel both un-
modified toward rosaniline hydrochloride, a representative
cationic triarylmethane dye. These questions are informed by
documented adsorption trends in related dyes (Gupta et al.,
2021; Kadhim et al., 2023) and by identified gaps in the cur-
rent literature (Yagub et al., 2014).

2. Literature Review

2.1. Adsorption

Adsorption is a surface phenomenon in which atoms, ions,
or molecules (adsorbates) from a liquid or gaseous medium
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accumulate at the surface of a solid material (adsorbent),
rather than diffusing into its bulk structure. Unlike absorp-
tion, which involves penetration into the interior of a sub-
stance, adsorption strictly occurs at the interface between
two phases (Ruthven, 1984).

This process has gained significant attention in wastewater
treatment because it provides a simple, effective, and
low-cost technique for removing contaminants such as dyes,
heavy metals, pesticides, and organic pollutants. Compared
to conventional methods like coagulation, precipitation, or
advanced oxidation, adsorption offers distinct advantages:

High efficiency at low pollutant concentrations.

Operational simplicity and scalability.

Minimal sludge production, unlike coagulation and pre-
cipitation.

Possibility of adsorbent regeneration and reuse (Gupta
&Suhas, 2009).

The efficiency of adsorption depends on multiple factors,
including:

Surface area of the adsorbent - Larger surface areas (e.g.,
porous materials like activated carbon or silica gel) provide
more active sites for binding dye molecules.

Pore size and structure - Adsorbents with mesoporous or
microporous structures are particularly effective, as they
allow dye molecules of varying sizes to access adsorption
sites.

Chemical affinity - Functional groups on the adsorbent’s
surface (e.g., hydroxyl, amino, or silanol groups on silica gel)
interact with dye molecules through electrostatic attraction,
hydrogen bonding, n-r interactions, or van der Waals forces
(Deng et al., 2011).

Environmental conditions - Parameters such as pH, tem-
perature, ionic strength, and initial dye concentration signif-
icantly affect adsorption efficiency.

In dye removal studies, adsorption has been widely used
due to the complex and recalcitrant nature of synthetic dyes.
Rosaniline hydrochloride, a cationic dye belonging to the
triphenylmethane group, is particularly persistent in aquatic
systems due to its aromatic structure. Such structural stability
means that conventional biological degradation is ineffective,
thereby making adsorption on porous solids like silica gel a
promising alternative (Forgacs, Cserh&i, &Oros, 2004).

Silica gel, in particular, has been identified as a low-cost,
abundant, and chemically modifiable adsorbent. The pres-
ence of surface silanol groups (=Si-OH) enables direct inter-
action with cationic dyes via ion exchange and electrostatic
mechanisms. Furthermore, its surface can be functionalized
(e.g., with amine groups) to enhance adsorption affinity for
specific dyes, making it a flexible material for targeted
wastewater treatment applications (Bhatnagar&Sillanp&g
2010).

Thus, adsorption provides the theoretical backbone for this
study, as it explains how silica gel can effectively remove
rosaniline hydrochloride molecules from aqueous solutions
through physicochemical interactions at the solid-liquid in-

terface.

2.1.1. Adsorption Isotherm Models

Adsorption isotherms are mathematical models that de-
scribe how adsorbates distribute between the liquid phase
and the solid phase when adsorption reaches equilibrium at a
constant temperature. These models are essential for under-
standing adsorption mechanisms, surface properties, and
designing large-scale treatment systems (Foo &Hameed,
2010). Two of the most widely applied isotherm models are
the Langmuir and Freundlich isotherms.

1. Langmuir Isotherm

The Langmuir isotherm is based on the assumption that
adsorption occurs on a homogeneous surface containing a
finite number of identical binding sites, with no interaction
between adsorbed molecules. Each site holds only one mol-
ecule, and adsorption proceeds until a complete monolayer
coverage is achieved (Langmuir, 1918).

Model equation (nonlinear form):

ge=(qmax*K L*C e)/(1+K L*C e)

Where: g_e = amount adsorbed at equilibrium (mg/g);

g_max = maximum adsorption capacity (mg/g);

K_L = Langmuir constant related to adsorption energy
(L/mg);

C_e = equilibrium concentration (mg/L).

Key implications include the maximum adsorption capac-
ity (g_max), assumption of uniform energy sites, and the
dimensionless separation factor (R_L):

RL=1/(1+K L*C0)

Where C_0 is the initial solute concentration. Interpreta-
tion: R_L > 1 (unfavorable), R_L =1 (linear), 0 <R_L <1
(favorable), and R_L = 0 (irreversible) (Hall, Eagleton,
Acrivos, &Vermeulen, 1966).

2. Freundlich Isotherm

The Freundlich isotherm is an empirical model that de-
scribes adsorption on heterogeneous surfaces where adsorp-
tion energies vary from site to site. Unlike the Langmuir
model, it allows for multilayer adsorption and is often ap-
plied to complex adsorbents such as activated carbon, clay
minerals, and silica gel (Freundlich, 1906; Pham, Nguyen,
Do, & Nguyen, 2021).

Model equation (nonlinear form):

g e=K_ F*C_e™Nl/n)

Where: g_e = equilibrium adsorption capacity (mg/g);

C_e = equilibrium concentration (mg/L);

K_F = Freundlich constant indicative of adsorption capac-
ity;

1/n = adsorption intensity (heterogeneity factor).

If 1/n < 1, adsorption is favorable. A smaller 1/n value in-
dicates greater surface heterogeneity. Although the model
does not predict a maximum capacity, it is useful for irregu-
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lar adsorbent surfaces.

3. Comparative Significance and Practical Use

In practice, experimental data are fitted to both models,
and the one with the higher correlation coefficient (R"2) is
selected (Ayawei, Ebelegi, &Wankasi, 2017). For rosaniline
hydrochloride adsorption on silica gel, the Langmuir model
often indicates monolayer adsorption, while the Freundlich
model captures behavior on heterogeneous surfaces.

2.1.2. Kinetic Models of Adsorption

Kinetic Models

The study of adsorption kinetics is essential for under-
standing the mechanism of dye removal from aqueous solu-
tions. Kinetic models are mathematical approaches used to
describe the rate of solute uptake on an adsorbent and pro-
vide insights into whether adsorption follows physical or
chemical mechanisms.

Pseudo-first-order Model:

The pseudo-first-order model, proposed by Lagergren, as-
sumes that the rate of adsorption is proportional to the num-
ber of unoccupied sites available on the adsorbent surface. In
this model, the adsorption process is often dominated by
physical forces such as van der Waals interactions or weak
hydrogen bonding.

Although it can describe some adsorption systems, it often
fails to accurately predict the kinetics throughout the entire
adsorption period, particularly at higher concentrations.
Nevertheless, it is still useful as a first approximation to
evaluate the potential adsorption mechanism.

Pseudo-second-order Model:

The pseudo-second-order model, developed by Ho and
McKay (2000), is one of the most widely applied kinetic
equations in adsorption studies, especially for dye removal.
Unlike the pseudo-first-order model, it assumes that the ad-
sorption rate depends on the square of the number of unoc-
cupied sites, suggesting that the process may involve chemi-
sorption. Chemisorption implies stronger interactions such as
covalent bonding, electron sharing, or exchange between the
dye molecules and the adsorbent surface. This model usually
provides a better fit for experimental data, particularly when
adsorption reaches equilibrium. It also allows the calculation
of important parameters such as equilibrium adsorption ca-
pacity and rate constants, making it highly valuable in the
design of adsorption systems.

However, researchers recommend that reliance should not
be placed solely on pseudo-second-order fitting, as adsorp-
tion can be complex and may involve simultaneous physical
and chemical interactions. Therefore, complementary tech-
niques such as spectroscopic analysis or thermodynamic
studies should be used to confirm the adsorption mechanism
(Ho & McKay, 2000).

In conclusion, adsorption Kinetics provides a vital frame-
work for interpreting experimental data, guiding system op-
timization, and predicting performance in practical applica-
tions of dye removal using adsorbents such as silica gel.

2.2. Silica Gel

Silica gel is an amorphous and porous form of silicon di-
oxide (SiO,) that has been widely used in adsorption pro-
cesses due to its high surface area, tunable pore structure,
and the presence of active functional groups on its surface.
Unlike crystalline silica, silica gel lacks a long-range ordered
structure, which gives it an amorphous nature and enhances
its adsorption versatility. Typically, its internal surface area
can reach up to 1000 m=, providing a large number of ac-
tive adsorption sites for various pollutants including dyes,
heavy metals, and organic contaminants.

A key feature of silica gel is the abundance of silanol
(=Si-OH) groups on its surface. These hydroxyl groups serve
as active sites for interaction with adsorbate molecules, ei-
ther through hydrogen bonding, electrostatic attraction, or
van der Waals forces. The chemical environment of these
silanol groups can be tailored through surface modifications,
which improves adsorption specificity and capacity.

The surface charge of silica gel is strongly influenced by
the pH of the surrounding medium. Its point of zero charge
(pHpzc) is generally around 2-3, meaning that above this pH,
the surface of silica gel becomes negatively charged due to
deprotonation of silanol groups. This negative charge makes
silica gel particularly effective for adsorbing cationic dyes
such as rosaniline hydrochloride, which interact electrostati-
cally with the negatively charged surface sites. Conversely,
under acidic conditions (below the pHpzc), the surface is
more protonated and carries a positive charge, which may
reduce adsorption efficiency for cationic dyes but favor the
uptake of anionic species.

Silica gel’s high adsorption performance, low cost, chem-
ical stability, and ease of modification have made it a prom-
inent material in wastewater treatment studies. Its application
for the removal of synthetic dyes such as rosaniline hydro-
chloride highlights its potential as a sustainable adsorbent in
addressing dye pollution in aquatic systems [11, 9].

Surface Modification of Silica

Surface modification of silica gel is a critical step in en-
hancing its adsorption capacity and selectivity for different
pollutants, including dyes such as rosaniline hydrochloride.
While raw silica gel already possesses a high surface area
and abundant silanol (=Si-OH) groups that can interact with
adsorbates, these functional groups alone may not provide
sufficient affinity for all dye molecules, especially under
varying solution conditions. To overcome this limitation,
researchers have developed several chemical and physical
modification techniques to tailor the surface chemistry of
silica for improved performance [19].

One of the most common approaches is amine functional-
ization, where amino groups (-NH,) are grafted onto the sil-
ica surface through salinization reactions. The presence of
amine groups introduces positive charges at neutral to
slightly acidic pH values, thereby strengthening the electro-
static attraction between the adsorbent and negatively
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charged dye molecules. In the case of cationic dyes like ro-
saniline hydrochloride, amine-grafted silica may provide
additional hydrogen-bonding or ion-exchange interactions
that increase adsorption efficiency [16].

Another method is polymer coating, which involves im-
mobilizing polymer layers such as polyethyleneimine, chi-
tosan, or polyaniline onto the silica surface. These polymers
not only provide extra binding sites but also improve the
mechanical and chemical stability of the adsorbent. Poly-
mer-coated silica gels have been reported to exhibit two to
three times higher adsorption capacity than unmodified silica,
making them promising candidates for practical wastewater
treatment applications [17].

Additionally, inorganic modifications such as doping sili-
ca gel with transition metals (e.g., Fe, Ti, or Al oxides) can
alter its surface charge and catalytic activity, thus promoting
stronger  dye-adsorbent interactions. For  example,
Fe-modified silica has been shown to enhance adsorption of
organic pollutants through combined adsorption and redox
processes [11].

Overall, surface modification transforms silica gel from a
general-purpose adsorbent into a tunable material with tai-
lored functionality. This not only increases adsorption effi-
ciency but also broadens its applicability in treating diverse
classes of pollutants. However, it is important to balance the
costs and complexity of modification methods with their
potential environmental and industrial benefits.

Figure 1. Silica Gel.

2.3. Rosaniline Hydrochloride

Rosaniline hydrochloride is a synthetic cationic triarylme-
thane dye widely recognized for its brilliant violet-red color-
ation and strong binding affinity to biological and environ-
mental matrices. Structurally, rosaniline belongs to the basic
dye family, characterized by a central carbon atom linked to
three aryl groups, giving it a rigid aromatic framework and a
high degree of resonance stability. This conjugated structure
contributes significantly to its chemical persistence and re-
sistance to degradation, making it a problematic pollutant in
aquatic environments [12].

As a cationic dye, rosaniline carries a positive charge in
aqueous solutions, which governs its interactions with ad-
sorbents and environmental surfaces. Its stability in water
makes it highly resistant to conventional treatments such as
oxidation or biological degradation. This persistence raises
serious environmental and health concerns, as rosaniline has
been associated with cytotoxic, mutagenic, and carcinogenic
effects, posing risks to both ecosystems and human health
[71.

Although specific adsorption data of rosaniline on raw sil-
ica gel is limited, evidence from studies using engineered
and doped nanocomposites provides valuable insights. For
instance, metal oxide doped silica and polymer-modified
nanocomposites have demonstrated significantly enhanced
adsorption performance, with maximum adsorption capaci-
ties (Qmax) ranging between 100-200 mg/g under optimized
conditions [9, 12]. These findings suggest that unmodified
silica gel may exhibit lower adsorption efficiency, but sur-
face modification such as amine grafting or polymer coating
could substantially improve its affinity toward rosaniline and
similar cationic dyes.

The adsorption process for rosaniline is strongly influ-
enced by pH, ionic strength, and temperature. At lower pH
values, competition from protons may reduce adsorption
efficiency, whereas near-neutral conditions enhance electro-
static attraction between the negatively charged adsorbent
surface and the dye cations. Thermodynamic studies gener-
ally indicate that rosaniline adsorption on modified silica and
nanocomposites is spontaneous and endothermic, suggesting
that increased temperature enhances dye uptake [18].

Given its environmental persistence, rosaniline is increas-
ingly considered a model pollutant for adsorption studies.
Research on its removal not only advances understanding of
adsorption mechanisms for cationic dyes but also contributes
to the development of cost-effective water treatment tech-

nologies.
H,N H
= ‘

HCI

NH,

Figure 2. Structure of Rosaniline Hydrochloride.

2.4. What Kinetics Tell Us

In addition to equilibrium isotherms, adsorption kinetics
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provide valuable information on the rate of dye uptake and
the mechanism controlling the adsorption process. Kinetic
studies help in understanding how fast equilibrium is
achieved and what factors may hinder or enhance the process,
such as surface chemical reactions, film diffusion, or intra-
particle diffusion.

For dye adsorption onto silica-based adsorbents, equilib-
rium is often reached within 60 to 120 minutes, depending
on factors such as surface modification, pH, and dye concen-
tration. The most widely applied kinetic models are the
pseudo-first-order and pseudo-second-order models.

The pseudo-first-order model assumes that the rate of ad-
sorption is proportional to the number of unoccupied sites,
but in many cases, it fails to describe the entire adsorption
process accurately. On the other hand, the pseu-
do-second-order model assumes that adsorption is controlled
by chemisorption involving electron sharing or exchange
between the adsorbent and adsorbate. Studies have shown
that the pseudo-second-order model provides a better fit in
70-90% of adsorption cases involving dyes on silica, which
suggests that chemical interactions and surface bonding are
the dominant mechanisms rather than just physical diffusion
(Foo &Hameed, 2010).

Therefore, kinetic models are not only important for de-
scribing adsorption rates but also for distinguishing between
physisorption and chemisorption processes, thereby guiding
adsorbent design for optimal performance in wastewater
treatment and other applications.

2.5. Empirical Review

An empirical review of existing literature provides insight
into how silica and other adsorbents have performed in the
removal of different cationic dyes, including methylene blue,
malachite green, rosaniline, and basic fuchsine. Such reviews
not only establish benchmark performance values but also
highlight the strengths and limitations of silica relative to
alternative materials.

Silica’s Performance with Other Cationic Dyes

One of the most widely studied cationic dyes is methylene
blue (MB), which serves as a model pollutant for adsorption
studies. According to [13], untreated laboratory-grade silica
achieved approximately 80% removal efficiency for MB at
pH 8 within 90 minutes of contact time. The relatively high
removal efficiency is attributed to electrostatic attraction
between the negatively charged silanol groups on silica and
the positively charged MB molecules under alkaline condi-
tions. However, while performance is significant, unmodi-
fied silica still demonstrates moderate adsorption capacities
compared to functionalized silica or nanocomposites.

Another important dye is malachite green (MG), another
cationic dye commonly encountered in textile and paper in-
dustry effluents. Literature reports indicate maximum ad-
sorption capacities (qmax) of around 150 mg/g under opti-
mized conditions, such as controlled pH and dye concentra-

tion [6]. The adsorption kinetics for MG often follow a
pseudo-second-order model, suggesting that chemisorption,
involving electron sharing or exchange between dye mole-
cules and silica surface sites, is the dominant mechanism.
This consistency across studies reinforces the reliability of
silica as a competent adsorbent for cationic dye removal.

2.6. Studies Involving Rosaniline or Basic
Fuchsine

While research on rosaniline and its derivatives, such as
basic fuchsine, is comparatively limited, some findings pro-
vide valuable insights. [4, 7] investigated dye removal using
natural clay and reported over 90% removal efficiency of
basic fuchsine at pH 7, with a qmax Of approximately 120
mg/g. This indicates that natural adsorbents can achieve sub-
stantial dye uptake under near-neutral conditions, which is
particularly relevant for practical wastewater treatment, as
extreme pH adjustments are often costly and environmental-
ly undesirable. These results also serve as a useful bench-
mark for predicting the expected adsorption performance of
silica and silica-based materials against rosaniline.

Further advancements in adsorption studies have em-
ployed engineered nanocomposites, such as magnesi-
um-doped FeTiO, materials, which exhibit superior dye up-
take due to their high surface area, enhanced porosity, and
multiple active binding sites. For example, [3] reported that
Mg-doped FeTiO;nanocomposites achieved a g value of
approximately 180 mg/g for rosaniline within 60 minutes.
Although these results demonstrate exceptional adsorption
performance, it is important to note that the synthesis of such
nanocomposites is complex, resource-intensive, and eco-
nomically challenging for large-scale wastewater treatment.
In contrast, silica remains a more cost-effective and scalable
adsorbent, even if its adsorption capacity is modest com-
pared to advanced composites.

2.7. Silica-specific Findings

Silica and its modified derivatives have been widely stud-
ied as cost-effective and versatile adsorbents for dye removal
from aqueous solutions. Empirical studies reveal important
insights regarding the regeneration potential of recycled sili-
ca as well as the adsorption efficiency of modified silica ma-
terials, both of which are crucial for assessing their practical
applicability in wastewater treatment.

Recycled Silica Gel

One promising avenue for sustainable adsorption research
involves the reuse of silica gel sourced from laboratory des-
iccant packs, which are widely available and inexpensive. [6,
8] demonstrated that recycled silica gel can be effectively
regenerated using hot water or alcohol rinsing, thereby re-
storing a significant portion of its adsorption capacity. Over
the course of five adsorption-desorption cycles, the material
exhibited an approximate 20% decrease in adsorption capac-
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ity. Despite this reduction, the adsorbent remained viable for
small-scale applications, with an initial capacity of less than
70 mg/g.

These findings highlight the importance of resource re-
covery and recycling in adsorption science. While the ad-
sorption capacity of recycled silica may not match that of
newly synthesized or modified silica, its low cost, wide-
spread availability, and moderate performance make it suita-
ble for localized or small-volume dye removal applications,
particularly in laboratory and educational settings. Further-
more, the ability to regenerate silica with simple treatments
such as hot water or alcohol enhances its appeal as a sus-
tainable and accessible adsorbent.

2.8. Kinetics of Adsorption: Initial Fast Uptake

Adsorption kinetics generally follow a two-stage pattern.
The first 30 minutes of contact typically show rapid dye up-
take, as dye molecules quickly occupy the most accessible
and high-energy adsorption sites on the silica surface. This
fast phase is followed by a slower approach to equilibrium,
as remaining dye molecules must diffuse deeper into the
pores or interact with less favorable adsorption sites. Such
kinetic behavior is consistent with pseudo-second-order
models, which indicate chemisorption as a dominant mecha-
nism for dye-silica interactions. This trend has been observed
across different cationic dyes, including methylene blue,
malachite green, and crystal violet.

2.9. Effect of Temperature

Temperature exerts a variable influence on adsorption de-
pending on the enthalpy change (AH®) of the process. For
many dye-silica systems that are exothermic, lower temper-
atures slightly improve adsorption efficiency because dye
binding is favored when less thermal energy is present to
disrupt interactions. However, for some modified silica ad-
sorbents or systems where endothermic adsorption occurs,
higher temperatures can enhance dye mobility and interac-
tion with surface sites, thereby increasing uptake. Thus,
while the general trend for silica is improved adsorption at
moderate to lower temperatures, the actual effect is sys-
tem-dependent and must be evaluated for each specific ad-
sorbent-dye pair.

2.10. Regeneration and Reusability

A key operational factor is the ability to regenerate silica
adsorbents for repeated use. Simple regeneration methods
such as acid or base washing can typically recover around 50%
of the initial adsorption capacity (qmax). This is attributed to
incomplete desorption of dye molecules and potential struc-
tural changes in the adsorbent surface. More aggressive
methods, such as thermal treatment, are capable of restoring
a larger fraction of qmax by completely decomposing ad-
sorbed dye residues. However, high-temperature treatment

also carries the risk of damaging the silica structure, reducing
pore volume, and altering surface chemistry, which can ulti-
mately decrease long-term reusability. Therefore, a balance
must be struck between recovery efficiency and preservation
of adsorbent integrity.

3. Materials and Methods

3.1. Materials

The materials used in this study include silica gel, which
served as the adsorbent, and rosaniline hydrochloride dye,
which served as the target pollutant (adsorbate). Other essen-
tial materials included distilled water for solution preparation,
a UV-Visible spectrophotometer for analytical measurements,
and various laboratory glassware such as beakers, conical
flasks, pipettes, and funnels. An analytical balance was used
for accurate weighing of samples, while a pH meter was em-
ployed to monitor and adjust the solution’s pH.

3.2. Study Area

The study was conducted in the Department of Chemistry
Laboratory at Federal University of Kashere (FUK), located
in Kashere Metropolis, Gombe State, Nigeria. Kashere lies
within the Sudan Savanna ecological zone, characterized by
tropical climatic conditions with distinct wet and dry seasons.
This geographical setting is of interest for environmental
studies due to the increasing human, agricultural, and indus-
trial activities within the area. The metropolis is expanding
rapidly, which raises concerns over environmental pollution,
particularly dye effluents from textile and research laborato-
ries. A map of the study area will be provided to offer spatial
context and clarity.

NONA.NET {1

Figure 3. Map of Sampling Area.

3.3. Sample Collection

All the reagents and samples used for this study were col-
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lected from the Chemistry Laboratory of Federal University
of Kashere. Analytical-grade silica gel and rosaniline hydro-
chloride dye were procured to ensure the reliability and re-
producibility of results. Distilled water, prepared within the
laboratory, was used throughout the experimental processes
to avoid any interference from impurities.

3.4. Sample Preparation

The silica gel was first pretreated to eliminate surface im-
purities and moisture content. This was done by washing the
silica gel thoroughly with distilled water and subsequently
oven-drying it at 105<C for 2 hours. After cooling, the ad-
sorbent was stored in an airtight container prior to use.

For the dye solutions, a stock solution of rosaniline hy-
drochloride was prepared by dissolving an accurately
weighed amount of dye in distilled water to obtain the de-
sired concentration. Working solutions of varying concentra-
tions were obtained by serial dilution from the stock solution.
The pH of the solutions was adjusted where necessary using
dilute HCI or NaOH.

3.5. Adsorbate Preparation

A stock solution of Rosaniline Hydrochloride with a con-
centration of 500 mg/L was prepared by dissolving 0.5 g of
the dye in 1 L of deionized water. From this stock solution,
different concentrations were prepared by transferring 2, 4, 6,
8, 10, and 30 mL aliquots into separate 100 mL volumetric
flasks and diluting each to the mark with distilled water. This
yielded dye solutions of 20, 40, 60, 80, 100, and 300 mg/L,
which were used for calibration curve preparation and ad-
sorption experiments (Harris D. C 2016).

3.6. Effect of Contact Time

A portion of 0.5 g of the adsorbent was weighed and added
into 100 mL of 200 mg/L dye solution contained in a 250 mL
conical flask. The mixture was agitated at a speed of 150 rpm
for 24 hours. After shaking, the solution was allowed to settle
for 20 minutes, after which 20mL was withdrawn and placed
in a sample container. Another 20 mL was withdrawn every
30 minutes until a total contact time of 90 minutes was
reached, while maintaining the pH at 7. The samples collected
were analyzed using UV Spectrophotometer. The amount of
Rosaniline Hydrochloride adsorbed at equilibrium and the
percentage removal efficiency of silica gel were calculated

using the following equations:

qe=(Ci-CHxV/w (1)

% Removal = (Ci - Cf) / Ci) x 100 )
where:

Ci = initial dye concentration (mg/L)

Cf= final dye concentration (mg/L)

V= volume of dye solution (L)

w = mass of silica gel

3.7. Effect of Adsorbent Dosage

Adsorbent dosages of 2g, 3g, and 4g, were weighed and
each added into 100 mL of 300 mg/L dye solution in separate
conical flasks. The mixtures were agitated at 150 rpm for 3
hours. After shaking, 20 mL aliquots were collected from
each flask and taken to UV Spectrophotometer for analysis.

3.8. Effect of Temperature

A portion of 0.5 g of adsorbent was introduced into 100 mL
of 40 mg/L dye solution and agitated for 3 hours at 150 rpm.
The experiment was conducted at temperatures of 25<C, 35<C,
and 80<C. After agitation, samples were withdrawn and la-
beled properly with masking tape to avoid confusion and
errors. The samples were subsequently analyzed using UV
Spectrophotometer.

4. Results and Discussions

4.1. Results

This chapter presents the results of the adsorption experi-
ments carried out on Rosaniline Hydrochloride using silica
gel as the adsorbent. The effects of temperature, contact time,
initial dye concentration, and adsorbent dosage were inves-
tigated. Adsorption isotherms and kinetic models were also
employed to understand the interaction between the adsorbate
and the adsorbent. The findings are discussed below.

4.1.1. Effect of Temperature on Adsorption

The effect of temperature was studied under 25<C, 30<C,
and 80<C, and the results obtained are shown in the table
below.

Table 1. Effect of temperature on adsorption.

Temperature (°C) Absorbent dose (g) Time (min)
25 2.0 60.0 20.0
35 2.0 60.0 20.0

10

Initial concentration mg/L.  Final concentration mg/L

% Removal

14.42 279

13.47 32.65
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Temperature (°C) Absorbent dose (g) Time (min)  Initial concentration mg/L  Final concentration mg/L % Removal

80 2.0 60.0 20.0 12.42

EFFECT OF TEMPERATURE

40 37.88
35 3265

SRemoval
=]
51

25 35 80
Temperature (C%)

Figure 4. Effect of Temperature Graph.

From the graph above, the removal of rosaniline hydro-

37.88

chloride increased as the temperature increased which  4.1.2. Effect of Contact Time on Adsorption

showed that the efficiency in the removal of rosaniline hy-
drochloride using silica gel was high and optimum at high

temperatures. the adsorbent.
EFFECT OF CONTACT TIME
70
60 e 5922
50 1535
E 4 -
g #736.45
2 30 '
b #2682
20
10
0
1] 20 40 &0 BO 100
Time (minutes)
Figure 5. Effect of contact time graph.
Table 2. Effect of contact time on adsorption.
Contact time (min) Adsorbent Dose (g) Initial concentration mg/L.  Final concentration
30 1.0 40 29.279
60 1.0 40 20.260
90 1.0 40 16.312

11

The adsorption study was done by varying the time from
30 to 90 minutes in order to study the adsorption capacity of

% Removal

26.82
49.35
59.22
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From the graph above, the removal of rosaniline hydro-
chloride with silica gel increases with increase in time which ~ 4.1.3. Effect of Concentration on Adsorption
started from 30 minutes. Therefore the longer the longer time
taking in the interaction between the adsorbet and adsorbent
lead to higher the adsorption.

The adsorption study was done by varying the concentra-
tions from 20, 40, 60, 80, and 100 mg/L to study the adsorp-
tion capacity of the adsorbent.

Table 3. Effect of concentration.

Initial concentration (mg/L) Adsorbent dosage (g) Final concentration (mg/L) % Removal
20.0 1.0 7.680 61.60
40.0 1.0 18.488 53.78
60.0 1.0 28.800 52.00
80.0 1.0 38.960 51.30
100.0 1.0 59.460 40.54

EFFECT OF CONCENTRATION

[=)]
=
=]

n
i
-]
o
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=
L
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=
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20 40 &0 80 100

Concentration (mg/L)

Figure 6. Effect of concentration graph.

From the graph above, the concentration of rosaniline hy-
drochloride increases, the percentage removal decreases. 4.1.4. Effect of Dosage
This implies that the adsorbent becomes saturated as the
concentration of rosaniline hydrochloride increases from
20mg/L to 100mg/L.

The adsorption study was done by varying the dosage of the
adsorbent, and the results obtained are shown in the table
below.

Table 4. Effect of dosage on adsorption.

Absorbent dose (g) Time (min) Initial concentration mg/L Final concentration mg/L. % Removal
2.0 60.0 60 33.798 43.67
3.0 60.0 60 32.274 46.21

12
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Final concentration mg/LL % Removal

30.660 48.9

EFFECT OF DOSAGE

Absorbent dose (g) Time (min) Initial concentration mg/L
4.0 60.0 60
50
48
-4 4621
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Figure 7. Effect of dosage graph.

From the graph above, the percentage removal of rosaniline
hydrochloride with silica gel increases after the dosage of the
adsorbent was increased. It showed that, the efficiency in the
removal of rosaniline hydrochloride using silica gel was op-
timum with 48.9 percent at 4g of silica gel.

4.2. Discussion

Discussion on Parameters

The results demonstrate that silica gel is an effective ad-
sorbent for Rosaniline Hydrochloride removal. The adsorp-
tion process was influenced by temperature, contact time,
concentration, and dosage.

Temperature: Higher adsorption efficiency at elevated
temperatures suggests an endothermic process.

Contact Time: Removal efficiency increased with longer
times, indicating rapid initial adsorption followed by slower
equilibrium.

Concentration: Efficiency decreased at higher concentra-

tions due to adsorbent saturation.

Dosage: Increasing adsorbent mass improved performance,
though with diminishing returns.

Overall, the findings are consistent with adsorption studies
of other cationic dyes, where electrostatic attraction between
negatively charged silica surfaces (at near-neutral pH) and
dye cations governs adsorption.

4.3. Kinetic Models

The kinetic models used in the experiment are pseu-
do-first-order and pseudo-second-order, and from the plots
shown below, the adsorption mechanism and optimum re-
moval capacity and also adsorption efficiency of silica gel
followed pseudo-second-order due to highest value of coef-
ficient of determination R? of 0.9173. Also adsorption capac-
ity of the dye at equilibrium ge was high with the value of
6.768 in pseudo second order compared to pseudo first order
with 5.877.

Table 5. Adsorption Kinetics Parameters.

Pseudo first order T(K) qe,cal (mg/g)
298 0.033

Pseudo second order T(K) ge,cal (mg/g)
298 2.865

Adsorption Isotherm Models
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qe,exp (mg/g) K1(1/min) R?
5.877 0.034 0.8929
qe,exp (mg/g) K1(1/min) R?
6.768 0.021 0.9173

As seen from the table below, the R2 value obtained from
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the Freundlich was higher when compared to that of the
Langmuir model hence, our adsorption process obeys the
Freundlich isotherm model which shows multilayer adsorp-

tion. In addition, the values of RL ranging from 0.012-0.033
and 1/n of 0.250 obtained from both isotherms showed the
favorable adsorption of rosaniline hydrochloride.

Table 6. Adsorption Isotherms Parameters.

Langmuir T(K) qm (mgg™) KL (Lmg™) RL R?
298 4.87 0.351 0.012-0.033  0.9201
Freundlich T(k) Kf (mg/1)(L/mgl/n) I/n
298 2.5 0.250 0.9564

Discussion on Models

The isotherm and kinetic results reveal that:

Adsorption follows the Freundlich model more closely than
Langmuir, implying multilayer adsorption on heterogeneous
silica gel surfaces.

Kinetic data align better with the Pseudo-Second-Order
model, suggesting chemisorption involving valence forces or
electron exchange.

These findings are consistent with typical adsorption of
cationic dyes on porous adsorbents, where both surface
charge interactions and active site binding play major roles.

5. Summary, Conclusion and
Recommendations

5.1. Summary

This study investigated the adsorption of Rosaniline Hy-
drochloride dye from aqueous solution using silica gel as an
adsorbent. The research addressed the limitations of conven-
tional wastewater treatments, emphasizing adsorption as a
simple, low-cost, and efficient alternative. Laboratory batch
experiments were carried out to study the effects of contact
time, adsorbent dosage, initial concentration, and temperature
on dye removal efficiency. Results showed that dye removal
efficiency increased with higher adsorbent dosage, longer
contact time, and elevated temperatures, while it decreased
with increasing dye concentration due to saturation of the
adsorbent surface. Silica gel demonstrated good potential as a
cost-effective adsorbent for dye removal. Also, The adsorp-
tion study of Rosaniline Hydrochloride onto silica gel indi-
cates that the process follows the Freundlich isotherm, sug-
gesting that adsorption occurs on a heterogeneous surface
with sites of varying affinities. The adsorption kinetics fit best
with the pseudo-second-order model, indicating that the
rate-limiting step is likely chemisorption involving electron
sharing or exchange between the adsorbate and adsorbent.
Overall, silica gel proved to be an effective adsorbent for the
removal of rosaniline hydrochloride with adsorption behavior
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that is predictable and primarily controlled by chemical in-
teractions rather than simple physical adsorption.

5.2. Conclusion

Based on the findings of this research on the application of
silica gel for the removal of Rosaniline Hydrochloride from
aqueous solutions, the following conclusions were drawn:

1. Silica gel demonstrated a strong potential as an effective
and low-cost adsorbent for dye removal, achieving ap-
preciable removal efficiency under laboratory condi-
tions.

2. Adsorption efficiency was significantly influenced by
operational parameters:

Contact time: Removal efficiency increased steadily with

time, reaching a maximum of 59.22% after 90 minutes.

Initial concentration: As the initial concentration of Ro-
saniline Hydrochloride increased from 20 to 100 mg/L, the
percentage removal decreased, indicating saturation of ad-
sorption sites at higher concentrations.

Adsorbent dosage: Increasing the amount of silica gel en-
hanced removal efficiency, with 48.9% removal observed at 4
g dosage.

Temperature: Adsorption capacity improved with increas-
ing temperature, confirming that the process is endothermic
and more effective at higher temperatures.

3. The overall results affirm that silica gel can serve as a

promising adsorbent for dye-polluted wastewater, partic-
ularly in resource-limited settings where advance

5.3. Recommendations

In light of the outcomes of this study, the following rec-

ommendations are proposed:

1. Optimization of conditions: Further work should be
carried out to optimize pH, contact time, dosage, and
concentration levels for maximum adsorption efficien-
cy.

2. Surface modification: Modified silica gels (e.g.,
amine-functionalized or polymer-coated) should be ex-
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plored to improve adsorption capacity and broaden the
scope of application.

. Regeneration and reusability: More detailed studies

should be undertaken to evaluate the regeneration and
reusability of silica gel over multiple adsorp-
tion-desorption cycles for sustainable application.

. Real wastewater studies: Since this research was con-

ducted using synthetic dye solutions, testing with real
industrial effluents containing mixed dyes and other
impurities is recommended.

. Scale-up experiments: Pilot-scale and continuous-flow

adsorption studies should be conducted to assess the
feasibility of applying silica gel in real wastewater
treatment plants.
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