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Abstract: Educational and research laboratories often produce relatively small amounts of highly
diverse organic wastes. Treating waste can contribute significantly to the cost of running laboratories.
This study introduced a simple and economical waste management system such that readily available
used chromatography-grade inorganic materials, such as silica and alumina (basic and acidic), are
utilized to treat remnant dye solutions and solution wastes from educational and small research labo-
ratories. To recycle the adsorbents, they were heated to 600 ◦C, where the adsorbates were combusted.
The results showed that acidic alumina is an effective adsorbent material for azo dyes and anionic
dyes/stains, as well as textile dyes, with a 98 to 100% removal efficiency. Furthermore, alumina and
silica possess excellent regeneration properties, where the dye removal efficiency of the materials was
retained after regeneration at 600 ◦C. The adsorption properties of the materials were compared with
those of aliginite and activated biomass from coffee grounds. Kinetic and thermodynamic studies of
the sorption processes on the different materials were carried out. Overall, the inorganic materials
used were efficient at removing contaminating remnant organic dyes stemming from educational
and small research laboratories.

Keywords: remnant dyes; silica; acidic alumina; adsorption; regeneration; kinetics; thermodynamics

1. Introduction

Waste from educational and small research laboratories is of great concern, especially
when such waste is toxic and when there are not enough resources to treat the waste
appropriately [1,2]. While the number of chemical wastes generated by such laborato-
ries is usually much smaller in comparison to chemical wastes generated in industrial
processes, the waste can be quite diverse, sometimes numbering in the hundreds of
different compounds per year. The wastes can incorporate both inorganic and organic
compounds. Inorganic materials are often employed as stationary phases in the column
chromatographic separations of reaction mixtures in organic synthetic chemistry. These
are frequently declared as waste after use and not recycled. In most countries, materi-
als that have chemical substances adsorbed must be managed as hazardous chemical
waste. In terms of both financial and environmental costs, both the waste disposal of
such inorganic materials and the purchase of new materials are costly. In this case, the
best option is to recycle or reuse the waste products generated [3], reducing the waste
that needs to be disposed of [1,4]. Organic dyes are a class of substances that are found
regularly as wastes from educational and small research laboratories, where they are used
in staining processes and as indicators. Most times, remnant dye solutions end up in
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the sink and often directly enter the municipal sewage system. The municipal wastew-
ater treatment does not always lead to the complete degradation of dye wastes and the
possible presence of these colored organic pollutants in the effluents from wastewater
treatment systems poses a threat to the aquatic environment and is harmful to humans as
well [5]. For small educational and research laboratories, and especially for those with a
small budget, it is pertinent to consider simple waste management schemes that address
the reduction of waste. For the removal of dyes from wastewater, a variety of treatment
methods were used, including filtration, reverse osmosis, oxidation methods, and adsorp-
tion [6–16]. However, most of these approaches necessitate large amounts of reagents and
consume an appreciable amount of energy, in addition to producing a large amount of
secondary waste [17,18]. Most of these approaches are not suitable for small and educa-
tional research laboratories with a small budget. Among the mentioned approaches, the
adsorption of dyes on inexpensive and reliable solid supports was proposed as an easy
and cost-effective method for their removal from wastewater [19–22]. Many adsorbents,
including carbon-containing adsorbents, such as biowaste-derived materials [23], were
used in practice for such purposes. Following waste adsorption, either the carbon-based
adsorbents must be considered hazardous wastes themselves and disposed of in a landfill
or the adsorbed chemical content must be desorbed in a separate process. This, in turn,
results in agreeably smaller volumes of secondary waste. The use of inorganic-based
adsorbents has the advantage that, in principle, they can be recycled thermally [3,14].
In addition, many inorganic sorbents possess high surface areas. Inorganic materials
that offer themselves as adsorbents include silicon- and aluminum-based materials, such
as silica and alumina, especially when they are already present in educational/small
research laboratories, for instance, as stationary phases in the column chromatographic
separation of organic reaction mixtures. Silica gel, with a large surface area and a large
pore volume, is known to be a good adsorbent for dyes [14]. Aluminum oxide is another
low-cost adsorbent with a high decontamination efficiency [6,12,24,25]. Another material
that could potentially offer itself as adsorbent is alginite, which is a natural complex soil
aggregate consisting of biomass fossil, clay, and calcium carbonate. Alginite is mined
in a number of countries and was reported to be a good adsorbent of heavy metals in
wastewater [26]. Recently, alginite was discovered to be an effective de-emulsifier of
oil–water emulsions [27].

While most studies focus on the use of synthesized inorganic materials or surface-
modified adsorbent materials, to the best of our knowledge, there has been no study on
the use of chromatography grade inorganic materials that accumulate in the laboratory
as wastes, e.g., from chromatographic separations. Therefore, here, we investigated dif-
ferent alumina and silica gel materials, pristine and used, as adsorbents for aqueous dye
solutions, aqueous dye mixtures, and aqueous dye remnants as components of typical
aqueous laboratory wastes. Two other solid sorbent materials were studied in com-
parison, namely, aliginite as an organic–inorganic hybrid material and coffee grounds,
which were activated with aqueous phosphoric acid as an example of a biowaste-derived,
mostly organic material.

The study included 18 organic dyes/stains commonly used in experimental and educa-
tional laboratories, in addition to two commercially used reactive textile dyes. The effects of
the operating parameters, such as initial concentration of dyes, contact time, pH, and sorbent
dosage, were explored. To understand the adsorption process, the kinetic and thermodynamic
parameters were examined. All sorbent materials were recycled thermally at 600 ◦C, where
the reuse of the materials in the adsorption processes was studied. Overall, the investiga-
tion constituted the development of a simple, cost-effective treatment scheme for wastes
from educational and small research laboratories. The study is seen as a continuation of the
investigation by Wahshi et al. (2018 and 2019) of our group [3,14].
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2. Materials and Methods
2.1. Materials

Silica gel (60–120 mesh, BDH, named coarse silica throughout the text), silica gel
(230–400 mesh, Sigma Aldrich, Steinheim, Germany), alumina (aluminum oxide active,
acidic, Brockmann grade 1, BDH; alumina oxide active, basic, Brockmann grade 1, BDH),
and alginite (Terra Natural Resources GmbH, Bonn, Germany) were used as purchased.
Silica gel (230–400 mesh, Sigma-Aldrich, named used silica gel throughout the text) was
used for chromatography to separate organic reaction mixtures, especially from Wittig-
olefination reactions and Appel-type reactions, and recycled thermally before utilizing it
as an adsorbent material [14]. Table 1 contains the list of dyes/stains used in this study,
many of which are commonly utilized in research and educational laboratories. In addition,
there are two Novacron® reactive textile dyes. All the compounds were used without
further purification.

Table 1. Properties of the selected dyes/stains.

Organic Compound λmax
(nm) Type

Nitrazine yellow 460 Azo dye

Malachite green oxalate 620 Cationic triphenylmethane dye

Fast green 625 Cationic dye

Methylene blue 665 Cationic dye

Novacron® yellow 415 Reactive textile dye

Novacron® cherry red 530 Reactive textile dye

Phenol red 430 Anionic dye

Neutral red 520 Cationic dye

Rose bengal 550 Anionic dye

Crystal violet 590 Cationic dye

Methyl green 635 Cationic triphenylmethane dye

Alizarin red 510 Anionic dye

Toluidine blue O 635 Basic cationic dye

Chromotrope FB 510 Azo dye

Bromophenol blue 590 Triphenylmethane dye

Methylsulphonazo iii 580 Azo dye

Methyl violet 585 Triphenylmethane dye

2.2. Stock Solutions

Aqueous stock solutions (50 ppm) of each dye were prepared, where different con-
centrations of the dyes (45 ppm, 40 ppm, 30 ppm, 20 ppm, 10 ppm, 8 ppm, 6 ppm, 5 ppm,
4 ppm, 3 ppm, 2 ppm, and 1 ppm) were made via appropriate dilution of the stock solution.
The 50 ppm of phenol solution was also prepared by diluting 100 ppm of the stock solution.

2.3. Preparation of Activated Carbon from Coffee Grounds (ACCG)

Coffee grounds were initially dried for 7 h to remove the moisture. Then, 100 g of the
dried coffee ground were mixed at a ratio of 1 to 3 with a 10 M aq. solution of phosphoric
acid. Then, the mixture was stirred for 24 h at room temperature and subsequently filtered
through a glass filter. Adequate distilled water was used to wash the coffee grounds to
remove the remaining acid. After being washed, the leftover activated carbon was dried in
an oven for 48 h at 37 ◦C to yield 74.25 g of product.
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2.4. Measurement and Characterization of the Adsorbent Materials

Fourier transform infrared (FT-IR) spectroscopy was used to identify the functional
surface groups of the adsorbent materials before adsorption and after recycling. Infrared
spectra of the sorbent materials as KBr pellets were taken with a PerkinElmer Spectrum 2
and a Thermo Nicolet Nexus 670 FT-IR spectrometer. The crystal structure of the adsorbent
material was investigated using a SHIMADZU Lab X-XRD-6100 Powder X-ray diffractome-
ter unit. The XRD unit was operated at 30 kV with a current intensity of 30 mA. The XRD
profiles were recorded over a 2θ range of 20◦ to 80◦ with a step size of 0.02◦/min using
Cu Kα radiation (1.541 Å) at room temperature. The XRD profile was matched against
the International Center for Diffraction Data (ICDD) PDF-2 database. Microstructural
features of the samples before adsorption and after regeneration were studied with a JEOL
JSM-6010LA scanning electron microscope (SEM, Akishima, Tokyo, Japan). The sample
was placed on a brass stub with the help of a double-sided adhesive carbon tape and
sputtered with gold up to a 15 nm thickness using a Cressington 108 auto sputter coater
and the thickness controller MTM-20. Fields of the sample were inspected under a high
vacuum (ULVAC KIKO lnc., Model: G-100DB, Miyazaki, Japan) and micrographs of the
sample were recorded using InTouchScope JSM-6010 Version 2 software. The elemental
composition analysis and mapping were carried out with a JEOL-SEM equipped with an
energy dispersive X-ray detector (EDS). BET surface analysis was carried out by measuring
the N2 adsorption–desorption isotherms using a Micromeritics Tristar II Plus at 77 K with
liquid N2 after degassing at 350 ◦C for 3 h under vacuum.

2.5. Adsorption Experiments

Optimal adsorption conditions for each dye on different adsorbent materials were
investigated through a series of batch adsorption experiments, where the effect of the initial
dye concentration, contact time, solution pH, and temperature was investigated. Here,
0.5 g of adsorbent was used in all adsorption experiments. The mixture was stirred for
a maximum time of 30 min with a WiseStir 20MHD magnetic stirrer. At time intervals
of 5 min, a sample was collected and centrifuged (Beckman model TJ-6, at 2000 rpm for
5 min). The supernatant was filtered. UV-VIS spectroscopy (Cary 50 spectrophotometer)
was used to determine the residual dye concentration, utilizing the value of absorbance of
the solution at λmax of the individual dye, as listed in Table 1. Each adsorption experiment
process was repeated 3 to 4 times to ascertain the data obtained and the repeatability of our
experimental process. The dye adsorption capacity (qe) of the sorbent materials and the
percentage removal of the dyes were determined using Equations (1) and (2), respectively:

Qe =
(

Co − Ce
W

)
V (1)

% Removal =
Co − Ce

Co
× 100 (2)

where Qe is the amount of dye adsorbed at equilibrium (mg/g), co and ce are the ini-
tial and final dye concentrations (mg/L), V (L) is the sample volume, and W (g) is the
adsorbent mass.

2.6. Selective Adsorption of Dyes from Mixed-Dye Solutions

Here, two solutions of mixed dyes were prepared. The first mixture of dyes (solution
A) contained 10 mL (50 ppm) each of methysulphonazo III, chromotrope FB, Rose Bengal,
Fast green, bromophenol purple, Reactive Novacron® yellow, Reactive Novacron® cherry
red, and phenol red. The second mixture (solution B) contained 25 mL (50 ppm) of methyl
green and 25 mL (50 ppm) of chromotrope FB. Acidic alumina (0.8 g) was used in the
adsorption study of the first mixture, while 0.5 g of acidic alumina and 0.5 g of used silica
gel were used separately for the adsorption study of the second dye mixture.
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2.7. Adsorption Kinetics Studies

Adsorption kinetics data are very important for understanding adsorption rates and
adsorption mechanisms, as well as estimating the rate-controlling step [28]. Adsorption
kinetic models express a statistical correlation between the absorbate adsorbed and adsorp-
tion time. In this study, the kinetic data of dyes were fit to three different kinetic models:
pseudo-first-order, pseudo-second-order, and intra-particle diffusion models. The best-fit
model was determined by conducting linear regression analysis on the linear form of the ki-
netic equations. The analysis of the adsorption data allowed for the models to be evaluated.
Below is a summary of the chosen models describing the adsorption kinetic data.

2.7.1. Pseudo-First-Order Kinetic Model

The pseudo-first-order model assumes that the rate at which a solute is adsorbed over
time is proportional to the difference between the saturation concentration and the amount
adsorbed [29]. This model is expressed by the following equation:

log(Qe − Qt) = log Qe −
K1

2.303
t (3)

2.7.2. Pseudo-Second-Order Kinetic Model

The pseudo-second-order kinetic model considers a rate-limiting stage, which states
that chemical adsorption involves sharing or exchanging electrons [30]. The model is
expressed by the following equation:

t
Qt

=
1

k2Qe2 +
1

Qe
t (4)

where Qe and Qt (mg/g) are the quantities of adsorbed molecules at equilibrium and at
time t, k1 is the pseudo-first-order rate constant (min−1), and k2 is the pseudo-second-order
rate constant (g/mg·min).

2.7.3. Intra-Particle Diffusion Model

The intra-particle diffusion model explains the diffusion mechanism during the ad-
sorption process. This model is used for the determination of the rate-controlling step for
an adsorption process [28]. The model is expressed using Equation (5), shown below:

Qt = kpt1/2 + C (5)

where Qt is the adsorption capacity a time t (mg/g) and kp is the intra-particle diffusion
rate constant (mg/g·min1/2). C is the intercept of the plot of Qt vs. t1/2. A higher C value
corresponds to a greater impact on the limiting boundary layer. The value of R2 is used
to determine whether the adsorption process is controlled by an intra-particle diffusion
process or not.

2.8. Thermodynamic Studies

Thermodynamic parameters give full details on the energetic changes associated
with adsorption. Therefore, these parameters must be accurately evaluated. The study of
thermodynamic parameters provides insights into the adsorption behavior of the adsorbate
toward adsorbent materials. The important thermodynamic parameters, such as the
standard Gibbs free energy (∆G), standard entropy change (∆S), and the standard enthalpy
change (∆H), are calculated using the following Equations (6) and (7).

∆G = ∆H − T∆S (6)

lnKL = −∆H
RT

+
∆S
R

(7)
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R is the universal gas constant (8.314 J/mol·K), T is the temperature in kelvins (K)
and KL is derived from the value of qe/Ce. ∆H and ∆S are calculated from the slope and
intercept values of the plot of lnKL vs. 1/T (plot not shown).

2.9. Desorption and Regeneration of Sorbent Materials

In this study, the adsorption of all dyes and the regeneration of the dye-loaded sorbent
materials were performed five times to assess the sorbent’s reusability. The loaded sorbent
was filtered and transferred into a crucible. The crucible was then heated in a Carbolite
electric oven (ELF 11-6) at 600 ◦C for 2 h, whereby the adsorbed dye was combusted, and
we were left with pure sorbent material. The regenerated sorbent material was used for
another adsorption study. This process was repeated five times.

3. Results
3.1. General Experimental Overview

The successful treatment of wastewater containing organic dye remnants was dis-
covered to follow specific patterns. A clear solution could be obtained from an aqueous
solution of 200 mL (50 ppm) of methyl violet when used silica gel (2.5 g) was added,
and the subsequent mixture was stirred for 5 min at room temperature, during which
time, all the dye was adsorbed (Figure 1A). A large amount of dye solution could be
treated in a similar pattern using the same ratio of adsorbent to the volume of the dye
solution to be treated. To treat 1000 mL of an azo dye or anionic dye solution, 10 g of
acidic alumina was required, while for a similar quantity of a cationic dye, 10 g of used
silica gel was required.
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Figure 1. (A) Process of the adsorption of methyl violet from an aqueous solution on used silica gel,
recycling of the silica gel, and reuse of the sorbent material. (B) Selective adsorption of a dye mixture
containing 8 dyes (designated as solution A in the text).

3.2. Characterization of the Adsorbent Materials
3.2.1. X-ray Diffraction

The X-ray diffraction pattern (XRD) of acidic alumina and basic alumina before the
first adsorption and after five-time regeneration is given in Figure 2. It was discovered that
all peaks found in the pure acidic alumina were retained after the five-time adsorption–
desorption process. Furthermore, the XRD patterns of pristine basic alumina and basic
alumina after five-time regeneration corresponded to each other. This shows that the
sorbent materials showed no structural changes when heated to 600 ◦C. The broad peaks at
2-theta = 32.6◦, 36.9◦, 45.6◦, and 67.1◦ were matched to single-phase aluminum oxide, XRD
pattern JCPDS file no. 00-047-1770, and to that of acidic alumina [24].
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3.2.2. SEM Characterization of Adsorbent Material

The microgram images of all the adsorbent materials used in this study are shown in
Figure 3. In general, the microimages of the sorbent materials before the first adsorption
and after the five-time regeneration were used to investigate whether there were no
changes in the sorbent materials that could affect their adsorption capacity after thermal
treatment. In the SEM image of alginite before adsorption (Figure 3i), it appeared
that the alginite was porous with a rough surface and included an agglomeration of
smaller particles. However, for the recycled alginite (Figure 3ii), the surface morphology
changed significantly with the first regeneration. This change in surface morphology
can be viewed in Figure 3i,ii. The surfaces of both the acidic and basic alumina before
the first adsorption and after the five-time regeneration (Figure 3iii–vi) were rough and
no appreciable change in the morphology was noted. This could explain why there were
little or no differences in the adsorption capacity of the pristine and the recycled acidic
and basic alumina materials used. The surfaces of the used silica before adsorption
(Figure 3vii) and after five-time regeneration (Figure 3viii), the surfaces of pristine coarse
silica (Figure 3ix), and the one-time regenerated coarse silica (S1(x)) were all smooth.
The surfaces of the activated coffee grounds before the first adsorption process were
rough and showed flaky protuberances.
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All the analyzed adsorbent materials displayed irregular shapes with edges that could
be attributed to inorganic particles that are insoluble in water and have thermal or heat
stability up to 100 ◦C in the case of activated coffee grounds and possibly alginite, and up
to 600 ◦C for alumina (acidic and basic) and used silica.
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Figure 3. SEM images of (i) pure alginite (1000× magnification), (ii) one-time recycled alginite
(1000× magnification), (iii) pure acidic alumina (1000× magnification), (iv) five-time recycled acidic
alumina (1000× magnification), (v) pure basic alumina (1000× magnification), (vi) five-time re-
cycled basic alumina (1000× magnification), (vii) used silica (1000× magnification), (viii) first-
time recycled used silica (1000× magnification), (ix) coarse silica (60–120 mesh) before adsorption
(1000× magnification), (x) coarse silica after the first recycling (1000× magnification), and (xi) ACCG
(1000× magnification).
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3.2.3. FT-IR Characterization of the Adsorbent Materials

To further understand the specific nature of the interactions between the adsorbent
and the adsorbate, FT-IR spectra of the sorbents were analyzed. The FT-IR spectra obtained
for the different adsorbent materials used for this study are shown in Figure 4. In the FT-IR
spectra for pure alginite and recycled alginite Figure 4i, the infrared region of interest in
this study were 876 cm−1 (pure alginite) and 868 cm−1 (recycled alginite), which were
assigned to the out-of-plane bending of the C-H aromatic ring; 1025 cm−1 (both pure
and recycled alginite) was attributed to the Si-O-Si stretching vibration; 1455 cm−1 (pure
alginite) and 1442 cm−1 (recycled alginite) were attributed to the stretching vibration
of the C=O conjugated system due to the carbonate content; 1640 (pure alginite) and
1636 cm−1 (recycled alginite) corresponded to physisorbed water molecules; 2521 cm−1

(pure alginite) and 2513 cm−1 (recycled alginite) were attributed to the dolomite content
(high Mg-content calcite); and 2800–3000 cm−1 (i.e., 2521 cm−1 and 2842 cm−1 for pure
alginite and 2513 cm−1 and 2843 cm−1 for recycled alginite) were attributed to the aliphatic
CHx stretching region [31]. Some of the inband peaks within the fingerprint region of
700–800 cm−1 found in the pure alginite disappear after the first-time thermal regeneration,
as shown in Figure 4i.
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Figure 4. FT-IR spectra of (i) alginite before adsorption and after the first-time regeneration at 600 ◦C.
(ii) Alumina (acidic and basic). (iii) Coarse and used silica gel. (iv) Activated coffee grounds (ACCG).

In the FT-IR spectral data for acidic alumina and basic alumina before the adsorption
study Figure 4ii, the broad band at 3457 cm−1 for acidic alumina and 3475 cm−1 for basic
alumina showed the characteristics of -OH stretching vibrations that were bonded to Al3+,
indicating possibilities of an interaction of an adsorbate with the alumina as adsorbent.
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Moreover, the bands at 1636 cm−1, seen in the FT-IR spectra of both acidic alumina and
basic alumina, corresponded to physisorbed water molecules. The bands at 1087 cm−1

(acidic alumina) and 1153 cm−1 (basic alumina) were attributed to the Al-O vibration [32],
while the bands at 937 cm−1 (acidic alumina) and 909 cm−1 (basic alumina) were assigned
to the bending vibration of the Al-O bond [33].

In the FT-IR spectra for coarse silica and used silica (Figure 4iii), the broad peak at
3466 cm−1 (coarse silica) and 3475 cm−1 (used silica) were attributed to the stretching
vibration of Si-OH groups overlapping the -OH groups of physisorbed water molecules.
The peaks at 1640 cm−1 (coarse silica) and 1636 (used silica) were both assigned to the
bending vibration of the water molecule. The peaks at 1087 cm−1 (coarse silica) and
1092 cm−1 (used silica) were attributed to the stretching vibration mode of Si-O-Si [34–37].

In the FT-IR spectra for activated coffee grounds (Figure 4iv), the peaks between
713 cm−1 and 812 cm−1 could be attributed to N-H, O-H, and C-H bending vibrations.
The peak at 1026 cm−1 was attributed to a C-O stretching vibration, for instance, within
polysaccharides. The peaks between 1378 cm−1 and 1458 cm−1 could be attributed to
C-O-H and NH bending vibrations, as well as to CH2 and CH3 deformation vibrations. The
band at 1645 cm−1 was attributed to the -OH stretching vibration of the adsorbed water
molecule, while the 1748 peak was attributed to the -C=O stretching vibration of esters
and potentially carboxylic acids and keto compounds. The peak at 2853 was attributed
to the CH stretching vibrations in, for instance, cellulose or aromatic methoxy groups or
methylene groups. The broad band centered around 3452 cm−1 was attributed to the -OH
stretching vibration of a possible combination of alcohol, phenol, and carboxylic acid OH
groups, as well as of water molecules adsorbed on the surface of the activated coffee ground
material [38,39].

The EDX elemental analysis data of the adsorbent material is attached in Supplemen-
tary Figure S1. The result shows that the dye molecules were completely burnt off during
the thermal regeneration. There were little or no significant differences in the percentage
by weight or atom of the elements present in the adsorbent material before adsorption and
after five-time regeneration. For the alginite, the loss of carbon as a result of combustion
correlates to the percentage mass gain of the non-volatile elements, such as the Al, Si, and
Fe present in the material.

BET analyses were performed for the used silica gel, acidic alumina, and basic alumina.
These three adsorbents were selected based on their regeneration efficiency. The surface
area, pore size, and pore volume of the materials are listed in Table 2. The BET surface area
of used silica gel increased by about 5%, that of acidic alumina decreased by 3.8% and that
of basic alumina decreased by 4.9% after five-time regeneration. However, considering
the number of times the sorbent materials were recycled, one can say that there were no
significant differences between the values of the BET surface areas of the pure materials and
the materials after five-time regeneration. The N2 adsorption–desorption isotherm linear
plot and surface area vs. pore width plot of all the samples before and after adsorption are
attached in Supplementary Figure S2.

Table 2. BET surface area analysis of different adsorbent materials.

Adsorbent

Before Adsorption After Five-Time Regeneration

Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(Å)

Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(Å)

Acidic alumina 109.97 0.23 84.63 105.84 0.24 90.03

Basic alumina 109.73 0.22 80.40 104.33 0.22 85.79

Used silica gel 286.28 0.61 85.40 302.01 0.65 85.62
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3.3. Adsorption Studies

Adsorption studies on different adsorbent materials were conducted with the organic
water-soluble dyes listed in Table 1 above. The adsorption capacity of dyes on acidic
alumina was large for azo dyes, reactive textile dyes, and anionic dyes. The adsorption
capacity of used silica gel was also large for cationic, anionic, and triphenylmethane dyes,
while that of ACCG was smaller, e.g., when compared with that of used silica gel toward
cationic dyes. The charge on the dye was assumed to be the influencing factor for the
adsorption capacity. The adsorption behavior of the individual dye could be related to the
type of substituent attached to the chromophore, which modified the adsorption properties.
We could relate the good adsorption of sulphonate substituted dyes on acidic alumina to
the interaction of the alumina -OH groups with the sulphonate group. On the other hand,
silica gel, alginite, and ACCG adsorbed dyes with an amino group through electrostatic
attraction. The variation in the adsorption capacity of a specific type of dye on acidic
alumina, basic alumina, used silica, coarse silica, alginate, and ACCG might have been
due to competition between the functional group retaining fractions of dye molecules and
the free active site of a specific sorbent that attracts it, causing it to revert into a solution
or by the desorption of molecules due to an increase in inter-particle collisions [40]. On
the other hand, the no to little adsorption rate displayed by some adsorbent material for a
particular dye molecule may be due to the difficulty encountered by a specific dye molecule
in reaching active sites of the adsorbent material when such material is present in excess.
The percentage removal of each dye on different sorbent materials is shown in Table 3.

Table 3. Percentage removal of dyes on different adsorbent materials.

Dyes Removed Basic Alumina Acidic
Alumina

Used Silica Gel
230–400

Silica Gel
60–120 Alginite Activated

Coffee

Alizarine red S 81.7% 99.9% (-) (-) 55.5% 94.9%

Bromocresol purple (-) 100% (-) (-) (-) (-)

Bromophenol blue (-) 97.1% (-) (-) (-) (-)

Chromotrope TB (-) 99.9% (-) (-) (-)

Crystal violet (-) (-) 99.9% (–+) 99.9% 90.1%

Fast green (-) 99.2% 91.2% (-) (-) (-)

Malachite green oxalate (-) (-) 98.9% 88.4% 98.8% 66.9%

Methylene blue (-) (-) 99.8% 99.0% 99.8% 92.1%

Methyl green (-) (-) 98.9% 95.8% 98.7% 73.3%

Methyl violet (+–) (-) 100% 96.9% 100% 99.1%

Methylsulphonazo III (-) 99.8% (-) (-) (-) (-)

Neutral red (-) (-) 96.2% 86% 94.6% 88.6%

Nitrazene yellow (-) 98.1% (-) (-) (-)

Novacron® cherry red (-) 99.7% (-) (-) (-) (-)

Novacron® yellow (-) 97.5% (-) (-) (-) (-)

Phenol red (-) 94% 36.2% (-) (-) (-)

Rose bengal (-) 97.9% (-) (-) (-) (-)

Toluidine blue (-) (-) 100% 100% 100% 99.6%

(-): did not adsorb at all, (+–): did not adsorb well, (–+): negligible adsorption.

3.4. Optimization Studies of Organic Pollutant Removal Using Adsorbent Material
3.4.1. Effect of Contact Time and Initial Concentration

After 30 min of contact time, the equilibrium removal was achieved for most of the
dyes treated. Adsorption increased with an increase in adsorption time for all the dyes
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used. The rate of adsorption observed for coarse silica was initially small; however, with an
adsorption time of 30 min to 1 h, a significant amount of the individual dyes was adsorbed.
The effect of the initial concentration of all dyes used in the study was also studied from
15 ppm to 50 ppm on the different adsorbent materials. The adsorption capacity of the
respective dye was found to depend on the initial concentration of the dye sample.

3.4.2. Effect of pH on the Adsorption of Dyes

An important parameter that influences the uptake of dyes by the adsorbent is pH.
The effect of pH was illustrated with the reactive textile dye Novacron® yellow. Novacron®

yellow was selected because it is a reactive textile dye that is frequently used. In typical
wastewater, the pH of a solution is known to affect the selective adsorption of a dye on an
adsorbent. Here, the removal of Novacron yellow® with an initial concentration of 20 ppm
was carried out with the addition of 5 g of acidic alumina, where the percentage removal
of the dye reached 93.12% at the acidic pH of 2.21. At pH 6.49, the percentage removal
decreased to 88.44%, and at the basic pH of 11.78, the percentage removal of Novacron®

yellow was only 17.19%. Therefore, acidic pH was most efficient for the removal of this
particular dye with acidic alumina.

3.4.3. Effect of Sorbent Dosage on the Adsorption of Dyes

The effect of the sorbent dosage was tested with the adsorption of all dyes on all
different adsorbent materials used in this study. It was confirmed that as the adsorbent
dosage increased, the needed adsorption time decreased. The increase in removal rate
could be related to an increase in available surface area and unoccupied binding sites on
the sorbent added to the solution [41].

3.4.4. Effect of Temperature on the Adsorption of Dyes

An important factor in the adsorption process is temperature. Here, the effect of
temperature was illustrated on the adsorption of neutral red dye on coarse silica. For this
study, the dye neutral red was selected because it is among the most common dyes used
for staining purposes in educational and research laboratories. Coarse silica takes longer
to adsorb dye molecules and it has a relatively low adsorption capacity. For the other
silica and alumina sorbent materials used in this study, it will be difficult to ascertain the
behavior of the adsorption of dyes within a very short adsorption time of 5 min. As shown
in Figure 5, the largest adsorption capacity of coarse silica and the highest percentage
removal of neutral red were found to be at 35 ◦C (308 K). As the temperature increased
from 283 K to 308 K the percentage removal of the neutral red dye increased. These findings
could be related to the increase in collision efficiency between the auxochrome group
(N+(CH3)2) of the neutral red and the coarse silica as the adsorbent. Additionally, the
higher temperature tends to enhance the deprotonation of the adsorption functional group
leading to more adsorption sites for the binding of the N+(CH3)2 [42].

3.5. Thermodynamic Analysis

Adsorption thermodynamic analysis can help to further explain the mechanisms
involved in the adsorption of the sorbate on the sorbent material. The plot of lnKL vs.
1/T (plot not shown) gives the data listed in Table 4. Based on the same reason indicated
for the effect of temperature on the adsorption of dyes, again, neutral red dye as the
adsorbate and coarse silica as the adsorbent were used for this study. As listed in Table 4,
the negative value of ∆G at all temperatures indicated that the adsorption process was
spontaneous. The results obtained in this study are similar to that of the thermodynamic
study of neutral red on a zirconium metal–organic framework [43] and the adsorption
of neutral red onto halloysite nanotubes [15]. The absolute value of ∆G increased as the
temperature increased. This suggested that the degree of spontaneity increased as the
temperature increased. The value of ∆H at the temperature range was positive. This
implied that the reaction between the neutral red dye and the surface of the adsorbent was
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endothermic. As the temperature rose, the result corresponded to an increase in adsorption
capacity. Adsorption is often an exothermic reaction. However, the solvation ability of the
auxochrome group (N+(CH3)2) of neutral red in water explains the reaction’s endothermic
character. Because the adsorption processes occur in an aqueous environment comprising
both dyes, as well as water molecules, it is necessary to desorb the water molecule to adsorb
the dye. However, because water molecules have a lower molar volume than dye molecules,
a significant number of water molecules are desorbed from the sorbent surface for every
sorbate molecule that is adsorbed, for which energy is needed. As a result, the entire
chemical process becomes endothermic. Furthermore, there is an increase in randomness
at the liquid–solid interface during the fixation of the adsorbate at the active site of the
adsorbent as water molecules are released into the bulk solution. As a result, a positive
value of ∆S (46.127 J/mol·K) was noted. Thus, the adsorption of neutral red was not an
enthalpy-driven process but rather an entropy-driven one. Our findings are supported by
the results from other researchers, as similar spontaneous adsorption processes, seen as the
result of a negative value of ∆G, were noted to have a positive change in enthalpy ∆H and
a positive change in entropy ∆S [15,43].
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Table 4. Thermodynamic parameters for the neutral red adsorption on coarse silica gel.

T (K) KL ∆G (KJ/mol) ∆H (KJ/mol) ∆S (J/mol·K) R (Square)

283 0.534 −13.039

14.428 46.127 0.9651
288 0.659 −13.270

301 0.794 −13.869

308 0.914 −14.192

3.6. Activation Energy Studies

From the kinetic studies within the chosen temperature range for the adsorption of
neutral red on coarse silica, the activation energy was derived from the Arrhenius plot of
lnkd against 1/T using the linear form of Equation (8), below:
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lnkd =
−Ea

RT
+ ln A (8)

where k is the reaction rate constant at a given temperature, Ea is the activation energy
(KJ/mol), T is the temperature in kelvins, and A is the Arrhenius constant in J/mol·K. From
the plot of lnkd against 1/T (temperatures: 288, 301, and 308 K), the value of Ea was derived
from the slope of the plots (plot not shown). Although the R2 (0.9123) value obtained from
the plot of lnkd against 1/T (temperatures: 288, 301, and 308 K) was a little bit low, it can be
ascertained that the value for Ea was less than 40 KJ/mol (36.4 KJ/mol). Physisorption is
said to take place with an activation energy of less than 40 KJ/mol [44]. Therefore, the data
taken within the chosen temperature range suggests that the adsorption of neutral red dye
on coarse silica occurred through physisorption

3.7. Adsorption Kinetics

The dyes’ adsorption behavior was investigated further to determine the adsorption
kinetics with the most suitable model. Experimental data obtained from the adsorption
studies were fitted to pseudo-first-order and pseudo-second-order kinetics using the model
equations shown in (3) and (4).

The value of k1, k2, Qe (calculated), and the correlation coefficients were all obtained
from the plot of log(Qe–Qt) vs. t and t/Qt vs. t for pseudo-first-order and pseudo-second-
order kinetics, respectively. As highlighted in Table 5, for each model, all Qe’s calculated
for the adsorption of the evaluated dyes to different sorbents were compared with the
experimentally derives values for Qe. Additionally, R2 values of 0.99 and above for the
adsorption of a specific dye on a particular adsorbent were used to determine their good
fit for pseudo-first-order or pseudo-second-order kinetics. The R2 values obtained from
the fitting of the adsorption of the dyes on the used adsorbents to pseudo-first-order
kinetic model were within the range of 0.75–0.9212, which was significantly less than
0.99. Thus, the pseudo-first-order kinetic model was considered not to be a good fit for
the adsorption studies carried out. On the other hand, as highlighted in Table 5, when
using the pseudo-second-order kinetic model, the values of all the Qe’s calculated for the
adsorption of the dyes on the types of adsorbent used agree well with the experimental
values of Qe. Additionally, the R2 values of all dyes were within the range of 0.9996–1,
which is greater than 0.99. This result suggested that the pseudo-second-order kinetic
model was a good fit for all the experimental data. Our conclusion is supported by the
finding of other researchers, where the adsorption of dyes on different sorbents fits well
with pseudo-second-order kinetics with R2 values within the range of 0.999–1 [13,43–46].

3.8. Intra-Particle Diffusion Model

To identify the diffusion mechanism during the adsorption process, the intra-particle
diffusion model (Equation (5)) was used to compute the experimental data. The adsorption
of a solute from a solution by porous adsorbents can be divided into three stages. The
exterior surface adsorption, also known as immediate adsorption, is the initial stage. This
is followed by a progressive adsorption stage, where intra-particle diffusion is rate-limiting.
Lastly, intra-particle diffusion begins to slow down due to the relatively low adsorbate
concentrations remaining in the solutions [47]. The adsorption rate is controlled by one
or more of these three stages. Based on the R-square value, the intra-particle diffusion
behavior of most of the dyes was studied. Dye molecules with R-square values greater than
90% were assumed to be controlled by external mass factors and intra-particle diffusion
(Table 5).
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Table 5. Kinetic parameters for the adsorption isotherm of dyes for various sorbents.

Dyes Types of Sorbent Pseudo-First-Order Parameters Pseudo-Second-Order Parameters Intra-Particle Diffusion

Qe exp (mg/g) Qe cal (mg/g) K1 (min1) R2 Qe exp (mg/g) Qe cal (mg/g) K1 (min1) R2 Kp (mg/gmin1/2) R2

Malachite green oxalate Used silica 4.949 0.060 0.119 0.676 4.949 4.960 3.175 1 0.004 0.516

Alginte 4.940 0.246 0.139 0.975 4.940 4.965 1.200 1 0.089 0.922

ACCG 3.440 3.415 0.092 0.996 3.344 5.068 0.012 0.992 0.162 0.937

Coarse silica 4.418 5.103 0.206 0.883 4.418 4.842 0.073 0.995 0.008 0.926

Nitrazine yellow Acidic Alumina 4.904 0.128 0.082 0.980 4.904 4.923 0.705 1 0.007 0.997

Novacron Cherry red Acidic Alumina 4.486 0.095 0.128 0.970 4.486 4.498 2.823 1 0.000 0.946

Novacron yellow Acidic Alumina 4.874 0.496 0.198 0.895 4.874 4.930 0.688 0.999 0.019 0.519

Methysulphon azo iii Acidic Alumina 4.990 0.034 0.125 0.996 4.990 4.997 7.024 1 0.002 0.988

Bromophenol blue Acidic Alumina 4.990 0.005 0.081 1 4.990 4.856 28.263 1 0.000 0.964

Fast green
Acidic Alumina 4.959 0.004 0.138 1 4.959 4.960 67.737 1 0.000 0.890

Used silica 4.560 4.273 0.113 0.923 4.560 5.552 0.025 0.980 0.158 0.976

Methyl green Used silica 4.949 0.186 0.157 0.603 4.949 4.960 2.002 1 0.003 0.891

Alginite 4.936 0.096 0.084 0.933 4.936 4.948 1.963 1 0.004 0.926

ACCG 3.667 1.392 0.014 0.720 3.667 2.770 0.320 0.993 0.109 0.664

Coarse silica 4.791 4.587 0.108 0.881 4.791 6.293 0.016 0.980 0.197 0.905

Neutral red

Used silica 4.810 1.319 0.189 0.936 4.81 4.930 0.285 0.999 0.033 0.796

Coarse silica 4.300 3.819 0.096 0.954 4.30 4.332 0.782 0.999 0.011 0.956

Alginite 4.730 0.118 0.051 0.75 4.73 4.759 1.137 1 0.008 0.856

ACCG 4.43 2.328 0.068 0.885 4.43 4.482 0.3659 0.999 0.023 0.874
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3.9. Selective Adsorption of Dye Mixture

The selective adsorption of dyes on acidic alumina and used silica adsorbent mate-
rial was studied. Used silica and acidic alumina were selected based on their outstand-
ing removal efficiency and short adsorption time. We initiated our study using a mix-
ture of the following dyes: fast green, bromocresol purple, phenol red, chromotrope FB,
methysulphonazo iii, and Rose Bengal, as well as the two textile dyes (referred to as solu-
tion A) and a mixture of methyl green and chromotrope FB, hereby referred to as solution
B. As shown in Figure 1B, all the dyes in solution A were completely adsorbed on acidic
alumina. The inset of Figure 1B shows that before adsorption, the initial solution A had a
dark blue color, and after the 30 min adsorption process, it became colorless. This indicated
that acidic alumina had a good selectivity toward anionic dyes, azo dyes, and reactive
textile dyes and could remove these classes of dyes effectively with a very high adsorption
capacity. To further confirm that a particular type of adsorbent had selective adsorption
capability for a specific classification of dyes, used silica and acidic alumina were used
separately for removing the dyes in solution B, where acidic alumina selectively adsorbed
the dye chromotrope FB from the mixture of methyl green and chromotrope FB, leaving
behind the non-adsorbed cationic dye. The absorbance in the UV-VIS spectrum was used to
identify the type of dye removed and the concentration of the residual dye solution. Based
on the UV-VIS spectral data obtained after the treatment, no absorbance was observed at
λ = 510 nm, identified as the maximum absorbance wavelength of chromotrope FB (azo
dye), while there was still absorbance at the wavelength λ = 635 nm, identified for the dye
methyl green (cationic dye). Likewise, used silica gel selectively adsorbed methyl green,
leaving behind chromotrope FB (azo dye). This was also confirmed through UV-VIS spec-
trometric measurements. Aside from the UV-VIS spectra before and after the adsorption
process, the initial colors of the dyes before mixing could be identified optically after the
selective adsorption process. To determine the effect of other contaminating pollutants
on the adsorption efficiency, 5 g of used silica gel was added to an aqueous mixture of
50 ppm of methylene blue dye and 50 ppm phenol. The resulting mixture was stirred
for 30 min. This led to 100% removal of the dye component, leaving behind 37.5 ppm
of phenol, as confirmed by the UV-VIS spectral data. No absorbance was found at the
maximum absorbance wavelength of methylene blue. A separate plot of the concentration
of phenol and that of methylene blue in solution as a function of adsorption time on used
silica showed that only 25% of phenol was removed, while 100% of the methylene blue
was removed. This shows that the presence of other contaminants, such as phenol, did not
affect the absorption of the dye.

3.10. Regeneration of the Adsorbents

The regeneration of the adsorbent material was attempted through thermolysis. Silica
gel and alumina were recycled at 600 ◦C, where the recycled adsorbent showed qualitatively
the same behavior as the unused sorbent material, as illustrated in Figure 6. There was
a little mass loss of the inorganic materials (used silica and alumina) in the cycle of dye
adsorption–sorbent filtration–sorbent recycling. This mass loss of sorbent was accounted
for when the ash of the filter paper that was used in the filtration process of the sorbent
was analyzed after the transfer of the sorbent to the crucible for combustion. It was found
that any mass loss was unrecovered solid from the filter paper that remained after the
transfer of the dye-loaded sorbent to the crucible for thermal treatment. An attempt at the
thermal regeneration of alginite showed that the organic carbon content of the material
was either volatilized or combusted together with the dye molecules. This led to an
increase in the percentage by mass of nonvolatile elements of the material, such as calcium
(carbonate) and iron-containing mineral constituents. The changes observed in the attempt
of a regeneration of the alginite at 600 ◦C are shown in the EDX analysis of the recycled
alginite (Supplementary Figure S1J). Furthermore, the FT-IR spectra of recycled alginite at
600 ◦C (Figure 4i), where it is known that any dye adsorbed had already been combusted,
and pristine alginite differed. Some of the inband peaks within the fingerprint region of
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700–800 cm−1 found in the pure alginite disappeared as a result of the heating process after
the first-time thermal regeneration, as shown in Figure 4i. This shows that alginite can be
recycled only to some extent at 600 ◦C. This result was supported by the SEM image of
pure alginite and the SEM image after the first-time regeneration of alginite. The surface
morphology of the alginite was changed after the thermal treatment, as can be seen from
the differences in the images of pure and regenerated alginite, shown in Figure 3i,ii. At
600 ◦C, the organic content of ACCG was completely burnt off and thermal regeneration of
ACCG was not possible.
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Figure 6. Effect of the number of regeneration cycles on the percentage removal of dyes (NYAA:
Novacron Yellow on acidic alumina; NCRAA: Novacron cherry red on acidic alumina; ARBA: Alizarin
red on basic alumina; MGUS: methyl green on used silica).

4. Conclusions

In this study, acidic alumina was discovered to be an excellent recyclable adsorbent
for reactive textile dyes, azo dyes, and anionic dyes, while silica gel was discovered to be
an excellent sorbent for cationic dyes. ACCG was shown to have a selective adsorption
capacity toward cationic dyes (basic and triphenylmethane), with that for basic dyes being
slightly higher than that for triphenylmethanes. For all of the sorbent materials used in
this study, almost all dyes were adsorbed within 5 min. The adsorption processes could
best be fit to pseudo-second-order kinetics. Adsorption mechanisms were discovered to
be controlled by both the external mass transfer and intra-particle diffusion. In particular,
silica (230–400 mesh) and acidic alumina displayed excellent efficiency in the treatment
of dye-containing wastewater. Silica gel and alumina could be recycled thermally, where
the recycled materials showed virtually the same adsorption capacities toward dyes as
the pristine sorbent materials. As much of the silica gel used in the adsorption processes
was recycled waste silica gel stemming from chromatographic separations, the currently
described process is a further example of using wastes (silica gel) to treat other wastes
(dye-loaded wastewater). Overall, this study provided potent evidence for the effectiveness
of chromatography-graded inorganic materials at removing dye contamination from water.
Moreover, this process could be scaled up to treat larger waste flows.



Separations 2022, 9, 144 19 of 21

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations9060144/s1. Figure S1: EDS elemental analysis of (A) silica
60–120 mesh, (B) silica 60–120 mesh, (C) used silica before adsorption, (D) five-time recycled used
silica, (E) pure acidic alumina, (F) five-time regenerated acidic alumina, (G) pure basic alumina,
(H) five-time regenerated basic alumina, (I) pure alginite, and (J) first-time regenerated pure alginate.
Figure S2: The N2 adsorption–desorption isotherm linear plot and surface area vs. pore width plot
for (1A) the pristine acidic alumina sample before adsorption, (1B) acidic alumina after five-time
regeneration, (2A) acidic alumina before adsorption, (2B) basic alumina after regeneration, (3A) used
silica gel before adsorption, and (3B) used silica gel after regeneration.
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