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Abstract

This study investigates the removal of Congo Red dye from aqueous solution
using functionalized generation 3.0 and 5.0 polyamidoamine dendrimer-silica
gel composite (G-3PS, G-5PS). Fourier Transform-Infra Red spectroscopy,
Brunauer Emmett and Teller, Thermo Gravimetric Analysis, pH at point of ze-
ro charge, and scanning electron microscopy measurements have been applied
to characterize the synthetic nanohybrid composite, these techniques revealed
the successful functionalization of both dendrimer molecules and subsequent
immobilization onto silica gel. The implications of varying adsorption para-
meters such as contact time, initial concentration of adsorbate, temperature
and pH on both composites were studied. Experimental data obtained from
batch adsorption processes were fitted into two equilibrium isotherms (Lang-
muir and Freundlich) and 3 kinetic models (Pseudo-First-Order, Pseudo-Se-
cond-Order, Intra Particle Diffusion). Adsorption mechanism was mainly go-
verned by film diffusion due to electrostatic interactions between the functio-
nalized dendrimer surface and Congo Red molecules. Thermodynamic para-
meters illustrate that the adsorption is endothermic and spontaneous. Find-
ings suggest the Nanocomposites (G-3PS and G-5PS) are good adsorbents for
the removal of Congo Red dye from aqueous solutions.

Keywords

Dendrimer, Langmuir, Freundlich, Adsorption Mechanism, Intra Particle
Diffusion, Nano-Composites

1. Introduction

Studies have shown that there are more than 100,000 commercially available
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dyes in circulation and more than 7x10° tonnes per year are produced an-
nually [1] [2]. Industrial effluents containing dyes are very tricky to treat because
they are recalcitrant organic molecules that are resistant to aerobic digestion but
stable to light. Synthetic dyes cannot be efficiently cleaned from industrial efflu-
ents by traditional methods because of their complex structure and synthetic
origin [3]. Congo Red (CR) (sodium salt of benzidinediazobis-1-naphthylamine-
4-sulfonic acid) is a benzidine-based azo dye. It was the first synthetic dye pro-
duced that was capable of dyeing cotton easily; Congo Red is very sensitive to
acids, its colour changes from red to blue in the presence of inorganic acids [4].
Congo Red is synthesized by coupling tetrazotized Benzidine with two molecules
of Naphtionic acid [5]. It mainly occurs in the effluents discharged from textile,
paper, printing, and leather industries. About 15% of Congo Red ends up in
wastewaters and thus there are many processes to remove Congo Red molecules
from colored effluents and the treatment methods can be divided into three cat-
egories namely; physical methods such as adsorption, chemical methods such as
ozonation, electrochemical process and biodegradation [6]. Congo Red dye was
chosen for this study because of its complex chemical structure, high solubility
in aqueous solution and persistence when discharged into the natural environ-
ment. Congo Red is usually metabolized to benzidine, and is known to have tox-
ic, mutagenic, carcinogenic and teratogenic properties [7].

Although secondary pollution challenges have been identified as common dis-
advantages of most conventional dye sequestration techniques, the use of hybrid
adsorbent composites having multiple functions (enzyme degradation, good ad-
sorption properties look promising) [1] [2] [8]. The practice of utilizing material
composites for enhanced adsorption of dyes from aqueous solution is well-re-
ported in literature [8] [9].

In this study Generation-3 and Generation-5 Polyamidoamine dendrimers
were functionalized with Succinic anhydride and subsequently immobilized on
silica gel using a linker, (3-aminopropyl) triethoxysilane (APTES) to produce
two composites (G-3PS and G-5PS) that were further characterized to reveal
their physicochemical properties. Scientific reports have it that specifically de-
signed properties can be integrated into silica backbone [10] [11] as such there is
a growing interest in the chemistry of amalgamating active moieties onto silica
in order to achieve desired structural and functional characteristics. The focal
point of this study is to experiment uptake of Congo Red dye by the prepared
adsorbents in aqueous solutions under optimized reaction conditions of contact

time, pH, initial concentration and temperature.

2. Materials and Method
2.1. Synthesis of Adsorbents (G-3PS and G-5PS)

The listed analytical grade chemicals were used throughout the study; Genera-
tion-3 and Generation-5 Polyamidoamine (PAMAM) dendrimers with ethylene-
diamine core, succinic anhydride, (3-aminopropyl) triethoxysilane (APTES), si-

lica gel (particle size-240-425 mesh, pore size-15 nm), pH-7, pore volume (1.15
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cm’/g) were obtained from Sigma Aldrich. Congo Red powder and N-(3-dime-
thylaminopropyl- N-ethylcarbodiimide hydrochloride and were obtained from
Merck and Thermo fisher scientific respectively.

The linker, 3-aminopropyltriethoxysilane (APTES) was implanted on the sili-
ca gel using similar methods previously illustrated by Acres et al [12]. Silica gel
(30 g) was at first activated by oven drying at 130°C for 2 h. Then twenty gram
of the activated silica gel was refluxed at 115°C for 6 h within a binary mixture
made up of 10% APTES in 100 mL anhydrous toluene. The product obtained af-
ter reflux is the amino-propyl-functionalized silica. This product (amino-propyl-
functionalized silica) was separated from the solution by centrifugation at 4000
rpm for 10 min. The amino functionalized silica was washed with water and
ethanol (alternatively) to remove any remaining preparation reagents. The fi-
nishing wash was with ethanol followed by oven drying at 105°C for 1 h. The
amino-propyl-functionalized silica was labeled SG-APTES, and stored in a clean
bottle for later use.

PAMAM dendrimers with Succinic acid terminals were prepared by adopting
a method previously used by Shi et al [13]. This was done in order to synthesize
PAMAM functionalized silica (G-3PS and G-5PS) by means of a condensation
reaction between the Succinic terminal and the amine terminal of the SG-APTES.
The Succinic acid terminated PAMAM dendrimers were prepared by dissolving
approximately 3.7 mL of G-3 or G-5 PAMAM dendrimers and 3.1 g Succinic
anhydride in separate 50 mL volumes of dimethyl sulfoxide (DMSO). Both solu-
tions were then refluxed at 80°C for 12 h and later dialyzed with deionized water
over 3 d (the deionized water was replaced every 6 h). The Succinic acid termi-
nated G-3 or G-5 PAMAM dendrimers were withdrawn from the dialysis system
and stored for further use.

l:Dendrimer’with’ amine surface groups

[Dendrimer-NH,] + DMSO

¥
!
Succinic anhydride in DMSO
¢
Succinamic acid terminated
dendrimer + excess reagent and
solvent (dialyze against water )
¢
Dendrimer with Succinamic acid
surface groups [Dendrimer-
NH(COCH,CH,COOH) ]
v

Dissolve APTES-Silica gel + Dendrimer
with Succinamic acid surface groups
in methanol and coupling agent.

APTES/ Silica gel-functionalized
dendrimer slurry, centrifugation.

APTES/Silica gel-functionalized
dendrimer composite Gn Pamam-SGA,
where n =generation of dendrimer.

Figure 1. Generic schematics for the synthesis of G-3PS and G-5PS.
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A method previously employed by Jiang et al [14] was utilized in the experi-
mental procedure used to affix the SG-APTES to the succinic acid terminated
generations-3 and 5 PAMAM dendrimers. The SLC-APTES (20 g) and succinic
acid terminated PAMAM dendrimers (20 mL) were mixed in a 250 mL round
bottom flask containing 75 mL methanol. The coupling agent N-(3-dimethyla-
minopropyl)- NV -ethylcarbodiimide hydrochloride (EDC) (=5 mg) was added to
the flask and the entire mixture was refluxed at 90°C for 12 h. The product was
separated from the solution by centrifugation at 4000 rpm for 10 min. It was
washed thrice with ethanol and dried at 110°C for 1 h. The final products are the
G-3 PAMAM functionalized silica (G-3PS) and G-5 PAMAM functionalized si-
lica (G-5PS) (see Figure 1).

2.2. Characterization of the Adsorbents

The G-3PS, G-5PS and some pristine silica gel were characterized using fourier
transform infrared (FTIR) spectrometer (Spectrum Two, Perkin Elmer Instru-
ments, USA). Micromeritics TRISTAR II 3020 analyzer (Micromeritics Instru-
ment Corporation, USA) was used to detect surface area and porosity, Ther-
mo-gravimetric analyzer (Perkin-Elmer TGA 4000, Perkin Elmer Instruments,
USA) was used for the Thermo-gravimetric analysis (TGA) in order to deter-
mine the stability of adsorbents, and the scanning electron microscope (SEM)

(Zeiss Auriga Field Emission) was used to determine the surface morphology.

2.3. Batch Adsorption Study and Data Management

Congo Red powder was used to prepare the adsorbate stock solution (1000
mg/L) in this study, while working solutions were subsequently prepared from
the stock by serial dilution. Batch adsorption studies were carried out with Con-
go Red as adsorbate on the G-3PS and G-5PS adsorbents to determine the effects
of time, pH, concentration and temperature, as well as adsorbent’s reusability.
The experimental times range from 10 - 60 min, pH from 5 - 9, concentration
from 10 - 22 mg/L and temperature from 25 - 45°C. Except otherwise stated, the
equilibrium time used for the study was 40 min (with the exception of effect of
time), 20 mg of G-3PS or G-5PS and 20 mL volume 20 mg/L (except for effect of
concentration) of Congo Red solution. The experiments were carried out in rep-
licate.

For a typical batch experiment, the adsorption was done by adding 20 mg of
G-3PS or G-5PS into 20 mL Congo Red solution of specified concentration in
plastic centrifuge containers.

The G-3PS /G-5PS and 20 mL Congo Red solution mixtures were placed in an
orbital shaker at 200 rpm until equilibrium was attained. The solutions pH was
adjusted by either 0.1 M HCI or NaOH when necessary. At equilibrium the plas-
tic centrifuge bottles were withdrawn, followed by centrifugation at 4000 rpm for
10 min. The amount of adsorbate (Congo Red) remaining in solution were de-
= 665 nm).

Reusability was carried out using 20 mg of the previously used G-3PS/G-5PS.

termined with a Jenway 6,300 spectrophotometer ( 4,

ax
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The amount of Congo Red adsorbed on G-3PS/G-5PS was desorbed by shaking
in 20 mL of desorption solvents (0.1 CH,COOH, 1 M NaOH and Ultra pure wa-
ter) at 200 rpm for 40 min and then the desorbed Congo Red analyzed as de-
scribed above. The G-3PS/G-5PS sample was washed twice with deionized water

before being reused. The reuse was carried out twice more.

2.4. Data Management

The amounts of Congo Red adsorbed on G-3PS/G-5PS were calculated using the

equation:
qez(CO_Ce)V/m (1)

where (C,)) and (C)) are initial and final concentrations (mg/L), g., V and m are
the Congo Red amount of adsorbed (mg/g), Congo Red solution volume (mL)
and G-3PS/G-5PS mass (g), respectively.

Three kinetics isotherm models [Lagergren [15] Pseudo-First Order (PFO)
(Eq. 2), Pseudo-Second Order (PSO) (Eq. 3) [16] [17] kinetics models, and the
weber-morris [18] intraparticle diffusion (IPD) (Eq. 4)] were used in describing
the effect of time data.

q, =49, (l—e’k" )k, (2)
2kt
q, — qe 2 (3)
1+q,k,t
q. = kIPDtl/z +C (4)

The symbols g, and ¢, are the amounts of Congo Red adsorbed (mg/g) on
the G-3PS/G-5PS at equilibrium and time ¢ respectively; and &, (/min), &,
(g/g/min) and kpp (g/gmin'?) are the rate constants of the PFO, PSO and IPD,
respectively; while C (mg/g) is the amount of Congo red adsorbed on the G-
3PS/G-5PS surfaces.

Two adsorption isotherm models [the Langmuir [19] (Eq. 5) and Freundlich
[20] (Eq. 6)] have been employed to describe the equilibrium data.

¢.__1 .G )
qe quL qm
1
logg, =logK, +;10g C, (6)

Where;
C, = concentration of adsorbate at equilibrium (mgg™);
K, = Langmuir constant related to adsorption capacity (mgg™).
The essential characteristics of the Langmuir isotherm can be expressed by a
dimensionless constant called the separation factor R, [21].
1

S =— 7
714K, C, @

Where K, = Langmuir constant (mgg");
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C, = Initial concentration of adsorbate (mgg™).
S,
Linear when §, =1

values indicate the adsorption to be unfavourable when §, >1.

Favourable when 0< S, <land irreversible when S; =0

The parameters K; and n representthe Freundlich model capacity factor and
the isotherm linearity parameter, respectively.

Thermodynamic [enthalpy change-A/A° (Eq. 7), entropy change-AS® (Eq. 7)
and Gibbs free energy-A G (Eq. 8)] parameters were also estimated.

Lnk, = AS”  AH )
RT
AG’ = —RTLnK, (8)

The hopping number describes the number of hopping done by the adsorbate
molecule while finding a vacant site on the adsorbent surface during sorption
processes [22]. The expression relating the hopping number (n) to the surface
coverage (6) is given as:

1

}’l:m (9)

3. Results and Discussion

3.1. Physical and Chemical Characterizations

The generic schematic synthesis of the Generation-3/Generation-5 PAMAM
functionalized silica (G-3PS/G-5PS) adsorbents is shown in Figure 1. In order to
prepare these adsorbents, the pristine silica gel (SG) and PAMAM dendrimers
were pretreated independently before both were compacted to obtain the final
adsorbent. Basically, the APTES was implanted on silica via surface hydroxyl
groups resulting in the amino (-NH,) functionalized silica (SG-APTES). After
that the G-3/G-5 PAMAM dendrimers were functionalized with succinic anhy-
dride to obtain the carboxylic acid (-COOH) terminated G-3/G-5 PAMAM
dendrimers. Finally, the -NH, group of the SG-APTES and the —-COOH group
of the succinic acid terminated G-3/G-5 PAMAM dendrimers were combined
via an N-(3-dimethylaminopropyl)- NV -ethylcarbodiimide hydrochloride (EDC)
aided coupling reaction ensuing in the G-3/G-5 PAMAM functionalized silica
(G-3PS/G-5PS) [23]. Confirmation of the successful synthesis of G-3PS/G-5PS is
shown in Table 1 and Figure 2. The pH at point of zero charge (pHpzc) values
were observed to be low at 3.1 and 2.9 for G-3PS and G-5PS respectively. Con-

sequently, adsorbent surfaces become predominantly negative above these pH

Table 1. Physicochemical parameters of the synthesized adsorbents.

Adsorbent pHpzc BET surface area (m*/g) Pore size (cm?/g)
G-3PS 3.1 16.9 0.073
G-5PS 2.9 4.7 0.026
DOI: 10.4236/0jpc.2024.141001 6 Open Journal of Physical Chemistry
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Figure 2. (a) FTIR spectra of SG, G-3PS and G-5PS; TGA and DTA spectra of (b)
SG, (c) G-3PS (Insert: G-5PS); (d) comparison of TGA spectra for SG, G-3PS and
G-5PS; SEM micrograph of typical G-3PS adsorbent [25].
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Figure 3. (a) G-3SP-N, adsorption-desorption isotherm; (b) G-5SP-N, adsorption-
desorption isotherm.

values. The N,-adsorption/desorption isotherm (Figure 3) were the classical type
IV isotherm, an indication that the G-3PS and G-5PS were mesoporous; the BET
surface area were <16.9 m*/g with a relatively large pore width of >17.4. The large
pore widths may create more space for large contaminant molecules to be se-
questrated from solution via pore filling mechanisms [24]. The FTIR spectra of
the pure silica (SG), G-3PS and G-5PS adsorbents are shown in Figure 2(a). The
typical stretching peaks of the silanol Si-O-Si group were obvious at around 1060
cm™ and 800 cm™ [25], while the evident peak associated with the newly incor-
porated amide group was observed for the G-3PS and G-5PS at 1630 cm™".

The TGA spectra are shown in Figure 2(b)-(d). The spectra showed two ma-
jor thermal transitions for the pure SG, G-3PS and G-5PS adsorbents as temper-
ature was raised from 40 to 900°C. The first was observed below 150°C for both
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materials (Figure 2(b)-(c)) and this was attributed to loss of water molecules
that were physically adsorbed within the interlayer of the backbone silica ma-
terial [24], resulting in about 3.6, 4 and 4% weight losses, respectively. The next
thermal transition was observed at 665 °C for SG with a weight loss of 3.5%
(Figure 2(d)), while it was observed at a lower temperature (=560°C) for G-3PS
and G-5PS with weight losses of = 4.5% each. The higher weight losses exhibited
by G-3PS and G-5PS at lower temperatures were a confirmation of the presence
of newly incorporated APTES and PAMAM dendrimer groups which were easily
broken down when compared to the backbone silica material. Accordingly, the
weight losses at this second thermal transition were attributed to the endother-
mic decompositions of surface hydroxyl groups on the pure SG, G-3PS and
G-5PS as well as the APTES and PAMAM groups.

3.2. Rate and Kinetics of G-3SP and G-5SP Congo Red Adsorption

The outcome of Congo Red adsorption trend on the G-3SP and G-5SP as time
varied are shown in Figure 4. From this, it was observed that adsorption rates
were very fast at the beginning of the experiment to the initial 30 min when the
adsorption-desorption rates became stable and equilibria were achieved in both
cases. The initial quick adsorption rate was attributed to adsorption on the ab-
undant vacant surface adsorption sites and filling of the pore spaces by Congo
Red molecules in solution. After this point, no more significant Congo Red ad-

sorption was possible because accessible adsorption sites have been occupied

(a) G-3PS

120.00 -

100.00 -

80.00 -

% Ads 60.00 -
40.00

20.00 -

0.00

(b) G-5PS

120.00 +
100.00 -
80.00 -
% Ads 60.00 -
40.00 -

20.00 4

0.00

0 2 4 6 8 10 12

pH

Figure 4. Effect of pH on the uptake of Congo Red.
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Table 2. Kinetic model parameters for Congo Red adsorption.

Kinetic model Parameter G-3PS G-5PS
q. (mg/g) 1.05 1.06
"PFO k, (/min) 0.39 0.22
7 0.412 0.411
q. (mg/g) 18.726 18.730
PSO k, (g/mg/min) 0.0135 0.0106
r 0.999 0.999
C(mg/g) 18.065 18.194
) k; (g/gmin"2) 0.0843 0.0663
IPD
7 0.7327 0.7548
"PPA from IPD % 34 3.1
"PSA from IPD % 96.6 96.9
Experimental g, mg/g 18.78 18.78

* Pseudo-first order (PFO) model; *Pseudo-second order (PSO) model; *Intra-particle
diffusion (IPD) model; *PPA = Predicted pore adsorption from IPD; PSA = Predicted
surface adsorption from IPD.

therefore, equilibrium is believed to have been attained. From these experiments,
the time for equilibrium attainment is 30 minutes for G-3PS and 20 minutes
G-5PS. Additionally, the time data from these particular experiments were fitted
to three adsorption kinetic models; the pseudo-first and second order and the
intra-particle kinetic models (results are shown in Table 2).

The evaluation of the effect of time on Congo Red adsorption data was carried
outby comparing the pseudo-first order and pseudo-second order kinetic models
(figures not shown) to the experimental data by using their correlation coefficients
() and the equilibrium adsorption (g,) values. It was observed that the 7 value fit-
ting of the pseudo-second order kinetic model was better correlated and predicted
the experimental ¢, value. Thus, the experimental data fitted the pseudo-second
order kinetic model better then the pseudo-first order kinetic model, and may give
insight into the adsorption process. This fitting suggests the possible occurrence of
chemisorption between Congo Red and the adsorbents (G-3PS/G-5PS). As such
the mechanism was mainly electrostatic interactions between the Congo Red mo-
lecules and the active functional groups on the G-3PS and G-5PS composites [26]
[27]. The intra-particle diffusion kinetic model parameter C (mg/g) provided val-
uable insights to a better understanding of the surface and pore adsorption of
Congo Red dye on the adsorbents. For a C'value that is equal to the g, value, it im-
plied the adsorption was basically a surface phenomenon; but for lower C value,
the remaining was attributed to pore adsorption or filling [26]. Consequently, the
C value in Table 2 implied approximately 90% pore filling and 10% surface ad-

sorption. The implication of both surface and pore adsorption of Congo Red on

DOI: 10.4236/0jpc.2024.141001

9 Open Journal of Physical Chemistry


https://doi.org/10.4236/ojpc.2024.141001

A. Ebelegi et al.

the adsorbents (G-3SP and G-5SP) from the intra-particle diffusion kinetic model
is that the adsorption mechanism may not simply be electrostatic as suggested by
the pseudo-second order kinetic model. If this is the case, then the adsorption iso-

therm model would give further insights on the process.

3.3. Effect of pH on Congo Red Adsorption on G-3PS and G-5PS

The pH of an aqueous solution is a crucial factor in the adsorption of anionic
dyes because it has a direct influence on the ionization process of dye molecules
as well as the surface binding sites of the adsorbent [27]. Research reports have it
that pH affects the charge density surrounding the adsorbent as well as the ad-
sorbate; and this eventually controls the degree of adsorption [28]. Thus, the
Congo Red adsorption trend on G-3PS and G-5PS as pH varied from 5 - 9 was
examined and results showed in Figure 4(a) and Figure 4(b) respectively. It was
observed that Congo Red removal efficiency decreased from approximately 90.9%
to 54.6% with increase in pH of the aqueous solution from pH = 5 through pH =
9. These trends can be explained in terms of the G-3PS and G-5PS pH values at
point of zero charge (pHpzc) which were observed to be 3.1 and 2.9. Below the
pHpzc, the adsorbent surfaces are blocked by protonation making them un-
charged thus, Congo Red removal are mainly possible via pore filling with very
small electrostatic attraction; this is the reason for the high adsorption values
which corroborates with projection of the intra particle diffusion kinetic model.
Congo Red being an acidic dye dissociates to produce negatively charged sul-
fonic groups (R-SO;7) in an acidic medium and the adsorbents being positively
charged at the surface at low pH necessitates electrostatic interactions between
them (adsorbents) and sulfonic groups (R-SO;7). However, with increasing pH,
these surface adsorption sites become progressively deprotonated due to the
presence of negatively charged hydroxyl groups (OH") that compete with sul-
fonic groups (R-SO;") for available adsorption sites. This leads to marginal up-
take of Congo Red molecules (Figure 4(a) and Figure 4(b)). Similar results have
been reported in literature [29] [30] [31] from the experimental result, optimum
adsorption was observed at ph = 5 for both G-3PS and G-5PS.

3.4. Adsorption Trends at Varying Time, Adsorbate Concentration
and Temperature

Initial Congo Red concentration provides the necessary driving force to sur-
mount the resistance to mass transfer of dye molecules between the bulk adsor-
bate solution and adsorbent surface [27]. Figure 5 correlates the percentage up-
take of Congo Red by both adsorbents with time, with G-3SP recording 99.03 %
adsorption and G-5PS 99.2% adsorption after 30 minutes in both cases. Results
of the effect of varying Congo Red concentrations on G-3PS and G-5PS adsorp-
tion are depicted as the adsorption trend plots in Figure 6(a)-(b). The trends
showed increases in Congo Red adsorption by G-3PS and G-5PS as concentra-
tion increased from 10 through 22 mg/L. These trends were also observed for the
various temperatures investigated: 25, 35 and 45 °C (Figure 6(a)-(b)). This trend
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Figure 5. Correlation of adsorbate removal efficiency and time.
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Figure 6. Correlation of adsorbate removal efficiency with various initial concen-
tration (C,) at different operation temperatures.

may be attributed to the driving force of concentration gradient which affects
the behaviour of adsorbate molecules between the external surfaces of the G-3PS
and G-5PS and within their internal pores [32] [33]. At equilibrium for a partic-
ular aqueous concentration when the movement of adsorbate molecules between
adsorbent surfaces (G-3PS/G-5PS) and pores are equal, movement of Congo Red
molecules across both boundaries will be notably impermissible. However, in-
creasing the aqueous concentration of the adsorbate re-ignited the migration
across both boundaries resulting in the observed higher uptake of adsorbate

molecules [34].

Table 3. Adsorption isotherm models parameters for Congo Red.

Adsorption isotherm model Parameter G-3PS G-5PS
q. (mg/g) 14.86 16.04
Langmuir B 20.25 22.58
r 0.998 0.994
Sy 0.0024 0.0023
n 0.331 0.639
Freundlich k& 5.23 1.07
r 0.999 0.997
Experimental g, (mg/g) 18.78 18.78
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In order to give a better description of the adsorption mechanism involved,
the equilibrium Congo Red adsorption data on G-3PS and G-5PS at 45°C (313
K) were fitted to two adsorption isotherm models: the Langmuir and Freun-
dlich models. Comparison of model parameters in Table 3 showed that the
experimental data fitted the Freundlich adsorption isotherm model better than
the Langmuir model. The Freundlich model had a correlation coefficient ()
closer to unity (0.999) than the Langmuir (0.998) for G-3PS. Similarly for G-5PS
Freundlich showed a slightly higher correlation (0.997) Langmuir (0.994). The
Langmuir adsorption isotherm relatively predicted the maximum adsorption
capacity (gq,) values for G-3PS and G-5PS as 14.82 mg/g and 16.04 mg/g respec-
tively, these values were close to the experimental g, values for both adsorbents.
The correlation of the experimental data to the Freundlich adsorption isotherm
model suggests that the adsorption of Congo Red on G-3PS and G-5PS might
have occurred on heterogeneous surfaces and there were multilayer of Congo
Red formed on surfaces of unequal energy at equilibrium [17] [35]. This is in
contrast to the Langmuir model which assumes that the adsorption of Congo
Red occurred on surfaces of equal energy with formation of monolayer of Congo
Red on these surfaces at equilibrium.

However, the relatively high 7 values of the Langmuir isotherm may be ex-
plained thus when adsorption occurs in dissimilar sites having approximately
equal affinity, they each obey the Langmuir adsorption isotherm model [36].
The combination of these individual Langmuir isotherms results in close ap-
proximation to the Freundlich adsorption isotherm model. Also, a critical look
at the Freundlich 2 values in Table 3 show that these small values which were
less than unity (0.331 and 0.639 for G-PS3 and G-5PS, respectively) is a clear in-
dication that the adsorption processes tended towards non-linearity (i.e. more
toward the Freundlich than the Langmuir adsorption isotherm). The 2 values
could be considered as an indicator of surface site energy distribution [17]; thus
these 11 values suggest adsorption on heterogeneous adsorption sites with slightly
unequal affinity for the adsorbate molecules.

Increasing the ambient experimental temperature from 298 K, 303 K and 313 K
(Figure 7(a)-(b)) showed that temperature had a helpful effect on the adsorption
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m 293K k 050 m 293K
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| 313K 0.20 - ‘ m 313K
0.10
0.00 -

= 303K

I

10 12ppm 16ppm 18ppm 20ppm 22ppm p?)?ﬂ 12ppm 16ppm 18ppm 20ppm 22ppm
ppm

Concentration Concentration

(a) (b)

Figure 7. A correlation of hopping number with temperature and concentration (a) Congo Red adsorp-

tion on G-3PS;

(b) Congo Red adsorption on G-5PS.
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Table 4. Thermodynamic parameters of the G-3PS and G-5PS adsorbents for Congo Red
adsorption.

Thermodynamic Parameter G-3PS G-5PS
AH kJ mol™ 43.07 43.28

AS kJ mol ™' K™ 140.42 125.86
293K -39.21 —27.66

AG (k] mol™) 303K —40.60 -28.30
313K —41.95 -29.23

of Congo Red molecules on both G-3PS and G-5PS; thus, increasing the temper-
ature, increases Congo Red adsorption. This trend suggests an endothermic process
for Congo Red adsorption on the G-3PS and G-5PS adsorbents. In order to as-
certain the impact of temperature, adsorption processes were evaluated using
thermodynamic parameters (AH, AS and AG) which were calculated from the
experimental equilibrum data obtianed at the various temperatures examined
and the parameters are shown in Table 4. The AG values for all temperatures
studied were negative, and suggested spontaneous and feasible adsorption processes
for Congo Red adsorption on both adsorbents. The value of AH obtained from
the calculation was positive in both cases and this confirmed the assumption that
the adsorption processes were endothermic. For a typical endothermic process,
increase in external energy input would favour the forward process (see Figure
7); thus, the enhanced Congo Red adsorption with increase in solution temper-
ature. The positive value of the AS'is an indication of increased randomness of
Congo Red molecules in solution as the adsorption processes moved towards

equilibrium [25].

3.5. Reusability Study and Comparison with Reported Adsorbents

Desorption studies are very important in two respects; firstly, to understand
the possibility of recovering depleted adsorbent and secondly, to elucidate the
adsorption mechanism [37] [38]. Accordingly, the reusability of the G-3PS and
G-5PS adsorbents were investigated in order to ascertain if their use as adsor-
bent for Congo Red is cost-effective and also to confirm the proposed adsorp-
tion mechanisms. Research reports have it that, if dyes adsorbed on adsorbents
are easily desorbed by water, it can be assumed that the links between dye
molecules and adsorbent surfaces are weak bonds, if they are desorbed by
strong acid or strong base the dye-adsorbent attachment could be due to ion
exchange and if organic acid desorbs the dye then it is presumed that the
dye-adsorbent link is chemisorption [39]. Accordingly, three cycles of desorp-
tion procedures carried out using Acetic acid, Water and Sodium Hydroxide as
eluents on previously used G-3PS and G-5PS adsorbents are depicted in Fig-
ure 8(a)-(b). This result showed a decreasing trend for Congo Red adsorption

in this order.
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Figure 8. Reusability plots for Congo Red adsorption on (a) G-3PS and (b) G-5PS showing two adsorption
cycles for three desorbing solvents.

G-3PS

1* cycle: NaOH (91%) > Acetic acid (90%) > Distilled water (83%)

2" cycle: NaOH (89%) > Acetic acid (86%) > Distilled water (80%)

3" cycle: NaOH (88%) > Acetic acid (79%) > Distilled water (79%)

G-5PS§

1* cycle: NaOH (92%) > Acetic acid (90%) > Distilled water (85%)

2" cycle: NaOH (87%) > Acetic acid (86%) > Distilled water (85%)

3" cycle: NaOH (86%) > Acetic acid (84%) > Distilled water (83%)

This shows NaOH is a more efficient eluents compared to Acetic acid and dis-
tilled water. However, all three eluents achieved high desorption efficiency. Thus,
it is evident that dye-adsorbent links could be predominantly via ion exchange
because partial desorption of dyes with a change in pH is indicative of electros-
tatic interactions [40]. As such chemisorption seems to be one of the primary
mechanisms of adsorption since incomplete desorption of the dye has been ob-
served [41]. The roles of Acetic acid and distilled water as eluents in the desorp-
tion experiments suggests electrostatic linkages (chemisorption) and hydrogen
bonds (physisorption) as part of the dye-adsorbent linkages [37].

The higher adsorption recorded for the first adsorption processes were attri-
buted to the empty adsorption sites available on G-3PS and G-5PS. After the first
adsorption process, desorption of the surface adsorbed Congo Red molecules
were simple because the desorbing reagents could easily access the surface.
However, the Congo Red molecules within the pores or crevices of both adsor-
bents were difficult to access and thus desorption of the adsorbates molecules
from these parts and was unfeasible. This implies that in the subsequent adsorp-
tion cycles, the pores or crevices became inaccessible leading the lowered and
nearly constant adsorption capacity recorded.

The G-3PS and G-5PS adsorption capacity for Congo Red have been com-
pared with some other adsorbents reported in the literature (Table 5). The
comparison showed that both adsorbents performed well when compared with
other reported adsorbents previously used for Congo Red adsorption. The fact
that the adsorption capacity values of both adsorbents were comparable to some
of the best performing adsorbents reported in literature reveals the potential of

these adsorbents for removal of Congo Red from real wastewater.
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Table 5. Comparison of G-3PS and G-5PS Congo Red adsorption capacity with some
adsorbents reported in literature.

Adsorbent qe (mg/g) Reference

G-3PS 14.86 This study

G-5PS 16.04 This study
AC from Coir Pith 6.72 [42]
Datestone AC (C0O2800) 15.23 [43]
Activated Carbon Coffee waste 90.90 [27]
Luffa cylindrica cellulose fibre 17.39 [44]
Anilinepropylsilica xerogel 22.62 [45]
Eucalyptus Wood Sawdust 31.25 [46]
Eichhhonia Charcoal 56.8 [47]
Bottom Ash 142.1 [48]
Magenetite FeO, Core shell NPs 11.22 [49]
Bimetallic Fe-Zn NPs 28.56 [50]
Glutaraldehyde cross-linked magnetite chitosan 101.74 [51]
Microgel based on nano-cellulose polyvinyl amine 869.1 [52]
Malachite-Clay nanocomposite 238.09 [53]
Polyaniline-montmorrillonite composite 25.1 [54]
Magemite nanoparticles 208.33 [55]
Zinc oxide nanorods loaded on activated carbon 142.9 [56]
Cu-NPs 37.5 [57]
Amino-coated Fe,O, nanoparticles 97.3 (58]

4. Conclusions

Generation-3 and 5 polyamidoamine (PAMAM) dendrimers were implanted
on Silica using of a (3-aminopropyl) triethoxysilane (APTES) linkage to obtain
a G3/G5-PAMAM functionalized silica (G-3PS/G-5PS). Both adsorbents (G-
3PS/G-5PS) were characterized and explored for Congo Red removal from aqueous
solution. The characterization results showed the accomplishment of the synthe-
sis owing to the occurrence of FTIR peak associated with amide group, larger
pore sizes in comparison to unmodified silica with slightly lower thermal stabil-
ity due to the presence of the integrated groups.

Further G-3PS and G-5PS showed a fast equilibrium time of 30 and 20 mi-
nutes respectively for Congo Red adsorption, optimum adsorption pH of 5 and
experimental Congo Red adsorption capacity values of 14.86 and 16.04 mg/g,
respectively; performances measured up with adsorbent materials reported in
the literature. Experimental data and calculated thermodynamic variables indi-
cated spontaneous, feasible and endothermic adsorption processes in both cases.
The adsorption isotherm modeling parameters suggested Congo Red removal

mechanism involving dissimilar adsorption happening majorly on adsorbents
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surfaces (=96.75%) and within the pores (=3.25%). The G-3PS and G-5PS exhi-
bited very good reusability even after the three adsorption cycles maintaining
more than 80% of their adsorption capacity values for all three desorption sol-
vents used. NaOH proved to be the most efficient desorption solvent out of the
three solvents used (CH,COOH, H,O and NaOH). Based on the results obtained
it is evident that the Congo Red-Adsorbent link could be predominantly via ion
exchange and physisorption because NaOH (a strong base) gave the best result.
The impact of acetic acid as a desorption solvent points at the role of chemisorp-
tion in the uptake of Congo Red by GG-3PS and G-5SP. Water also gave a good
account on its ability to desorb Congo Red from both adsorbents thus, it is pre-
sumed that some weak bonds (hydrogen bonds) ¢ could be part of the Congo
Red-adsorbent linkages [37] [41]. These facts bring to bear the potentials of both
adsorbents for removal of Congo Red from real wastewater.
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