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Abstract:

The kinetics and mechanism of methylene blue and Congo red adsorption by carbonized and chemical activated
Cassia fistula was investigated for various physicochemical parameters in a batch system. The adsorbents were
characterized using Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscope (SEM), and
Energy Dispersive X-Ray (EDX). The results showed that the adsorbents were rich in carbon content and
heterogeneous large surface area for organic dye interaction. To understand the adsorption process, the
equilibrium data was tested using Langmuir, Freundlich, Temkin and Brunauer-Emmett-Teller (BET) adsorption
isotherms. The good physisorption adsorption process is indicated by the Freundlich constant, n>1. Furthermore,
-0.0188, 0.0007, and 0.6990 for methylene blue; -0.0692, 0.0001 and 0.3856 for Congo red were obtained for AG?,
AH? and ASYthermodynamics parameters, respectively. Results from BET study revealed efficient dye adsorption
and chemical activation of the adsorbent with hydrogen peroxide and potassium hydroxide. The regression
coefficient (R?) of carbonized and chemical activated Cassia fistula biomass were: 0.918, 0.742, and 0.878, for
methylene blue; 0.708, 0.666 and 0.527 for Congo red at 60 °C. Results from adsorption studies proved that
chemical-activated adsorbent from Cassia fistula pods is a promising effective and eco-friendly alternative for the
removal of organic dyes from the aqueous system.
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1. Introduction

Numerous chemicals and substances are utilized to improve the quality of human daily life and consumer items
due to advancements in science and technology. On the other hand, abuse and unregulated discharge of such
substances into water bodies, on the other hand, frequently have long-term adverse consequences on aquatic life
and human health. Most industrial pollutants are metal ions or recalcitrant organic chemicals, which persist in
water bodies, aggravates the situation. These pollutants make river water unfit for drinking and recreational
purposes (Schweiter & Noblet, 2018).

Irrigation and food production account for 70% of current global freshwater consumption, according to reports
and statistics from several international organizations, this consumption is expected to rise by 19% (including
rain-fed and irrigated agriculture) over the next 40 years as the world's population grows (UN Water, 2017).
Water stress, in which available freshwater sources fail to satisfy demand due to low quality (a result of water
pollution), is expected to affect two-thirds of the world's population by 2025 if no efforts to reduce water pollution
are taken (UNESCO, 2017). Urbanization is the primary source of water contamination in developed countries.
In developing countries, on the other hand, 70% of garbage is dumped into rivers, lakes, and coastal zones
without being treated, and 90% of wastewater is released into rivers, lakes, and coastal zones (UN Water, 2017;
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UNESCO, 2017). Dye pollution in industrial effluent and agricultural operations is a major concern due to its
toxicity, bioaccumulation, biomagnifications, global range, and environmental persistence (Afonze & Sen, 2018).

When dyes are discharged into waste streams, they are colored and ionized aromatic organic molecules with
complicated persistent molecular structures (Afroze & Sen, 2018). Industries such as textiles (Sokolowska-Gajda
et al. 1996; Carmen & Daniela 2012), paper and pulp manufacturing (Carmen & Daniela, 2012), agriculture (Kross
et al., 1996; Cook & Linden, 1997), food technology (Bhat & Mathur, 1998), light-harvesting arrays (Bensalah et
al., 2009), photo-electrochemical cells (Wrobel et al., 2001), pharmaceutical (Carmen & Daniela 2012), tannery
(Kabdasli et al. 1999; Tiinay et al. 1999), Kraft bleaching industries (Carmen & Daniela, 2012), etc. introduce a
wide variety of organic dyes into the natural water resources or wastewater treatment systems (Afroze et al. 2015).
Textile industries utilize the most water (up to 150 L of water to dye 1 kg of cotton) and are considered high dye
polluters because only 2% of dyes produced are discharged directly into aqueous effluents (Jadhav et al. 2010;
Crini, 2006). According to additional research, roughly 12% of synthetic dyes are wasted during production and
processing operations, with approximately 20% of these dyes ending up in industrial wastewater (Demirbas,
2009).

Bioaccumulation and biomagnification are two major processes that endanger marine ecology and human life.
Bioaccumulation occurs when a chemical's adsorption rate into an organism surpasses its metabolism and
excretion rate (Wong, 2018). Contaminated producers are consumed by predators, increasing chemical
concentrations further down the food chain. The pattern repeatedly continues, with biomagnification occurring
as animals at higher levels in the food chain accumulate more chemicals (Matulik et al., 2017; Zenker et al., 2014).
The compound must be long-lived, mobile, soluble in lipids, and biologically active for bioaccumulation and
biomagnification to occur and induce detrimental effects in animals and humans (Peng et al., 2017). Toxins in a
mother's body canbe passed on to the fetus and babies through breast milk during pregnancy (Polanco Rodriguez
et al., 2017). Such exposure is thought to affect child development (Tatsuta et al., 2017) and may result in
irreversible brain damage, including autism spectrum disorders (Ye et al., 2017).

As a result, if left untreated, this ionic dye (methylene blue) can cause irreversible harm to the natural
environment and human health. These toxic effluents pose a severe threat to the surrounding ecosystem (Afonze
& Sen, 2018). The importance of preserving freshwater ecosystem has led to the development of a variety of
techniques to purify wastewater of pollutants before discharge into rivers, including adsorption (Sohaimi et al.,
2017; Wong et al., 2017), membrane filtration (Dickhout et al., 2017), electrochemical advanced oxidation methods
(Moreira et al., 2017), (coagulation, membrane separation, foam flotation, precipitation, ozonation, ion exchange,
filtration, solvent extraction, electrolysis, and liquid-liquid extraction (Afonze & Sen, 2018).

Activated carbon is the most widely used adsorbent due to its capacity for the adsorption of organic materials.
This adsorbent is difficult to regenerate due to its high cost. In this context, the use of activated and chemically
activated Cassia fistula as adsorbent is of great interest as a result of improved efficiency, easy accessibility and
availability, cost-effectiveness, and waste recycling for sustainable development; thus, providing alternative
effective and efficient adsorbent at low cost and proper waste management of the agricultural wastes. Only a few
studies (Sen et al, 2011; Salleh et al, 2011) have been published on the carbonized and chemically activated Cassia
fistula in the removal of ionic dyes.

Cassia fistula is a tropical deciduous tree that can reach a height of 20 m and a width of 3-5 m when fully grown.
It contains high amount of ionizable groups such as C=0, ~-OH, C-H, C-C, C=C (Imran et al., 2019). It is a member
of the Fabaceae legume family that grows in tropical areas such as India, Sri Lanka, Myanmar, and Nigeria. A
shower of golden-yellow blossoms cascades from the tree's branches. When ripe, the fruits are cylindrical and
highly elongated, turning brown but not splitting. The leaflets of Cassia fistula are paripinnate, oval, large, and
oppositely placed.

This study analyses the mechanism of adsorption and kinetics of methylene blue and Congo red by Cassia fistula,
as well as the various physicochemical factors that influence the rate of adsorption capacity. Methylene blue and
Congo red adsorption have been studied in relation to initial solution pH, initial dye concentration, adsorbent
dose, and temperature.
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2. Materials and Methods

2.1 Adsorbent

Cassia fistula pods (golden shower) were collected from the Botanical Garden, University of Ibadan, washed with
distilled water to remove adhering contaminants from the surface, crushed, and the seed extracted. Then it was
air-dried before being dried in the oven at 105 °C for 60 min. The dried material was pulverized using an S. S.
Pulwariser machine and sieved with a Tyler sieve to discrete sizes of 0.15 — 0.3 mm before being carbonized at
700 °C in an electrical muffle furnace under purified nitrogen (99.99%) flow and labeled unactivated carbonized
Cassia fistula pod (CCF).

2.2 Chemical activation of the adsorbent

The process for chemical activation of the adsorbent with hydrogen peroxide (H20:) was patterned after that
described by Yingwen et al. (2012) and Liu (2019).

Exactly, 100 g of the carbonized Cassia fistula was impregnated with a 1:2 solution of hydrogen peroxide (w/v)
and potassium hydroxide (w/v) separately in a mechanical shaker at room temperature. The samples were then
activated in an electrical muffle furnace for 2 hours at 700 °C under pure nitrogen (99.99%) flow.

The activated samples were then washed with deionized water and 0.1 M hydrochloric acid until the neutral pH
was achieved. The sample was pieces and then dried at 105 °C in an oven for 60 min, cooled in a desiccator, and
collected in an airtight plastic container for analysis and adsorption studies. Chemically activated carbons
produced from H:0: and KOH activation were designated as HACF and PACEF, respectively. The activated
sample was then washed with deionized water and 0.1 M hydrochloric acid until neutral pH was achieved. The
pieces were then dried at 105 °C in an oven for 60 min, cooled in a desiccator, and collected in an airtight plastic
container for characterization analysis and adsorption studies.

The functional group on Cassia fistula biomass powder was determined using the PerkinElmer Spectrum Two,
BX11 spectrometer. A scanning electron microscope—energy dispersive x-ray (Phenom ProX, Netherlands) was
used to determine the surface morphology before adsorption. The surface area was determined using Brunauer-
Emmett-Teller (BET) (Quantachrome NovaWin version 11.03, USA).

2.3 Adsorbate and other Chemicals

All chemicals used were of analytical grade. Methylene blue (MB), the typical basic cationic dye and Congo red
(CR), an anionic dye were selected as the present study’s adsorbate. Methylene blue and Congo red have the
formulae: CisHisCIN3S®3H20 and Cs2H2NsNa206S2, respectively, which were supplied by Sigma-Aldrich Pty.
Ltd., Australia. It was used without further purification. The required amount of MB and CR (1,000 mg) was
dissolved in deionized water and the solution was made up to mark in a 1-litre standard flask. This gives 1,000
mg/1 (1,000 ppm) standard solutions. The pH of the solutions was changed by adding 0.1 M HCl or 0.1 M NaOH
solutions, as necessary. All sample bottles and glassware were cleaned, rinsed with deionized water, and dried
in the oven at 60 °C for 60 min. The visible spectrophotometer 721 (Baoshishan, Japan) was used to determine the
amounts of methylene blue and Congo red dye in the solution. A Jenway 3520 pH meter was used to measure
the pH of the solution. By removing samples at specified time intervals, the concentration of residual dye was
quantified using a uv-visible spectrometer at a maximum wavelength corresponding to the maximum adsorption
for the dye solution (Amax = 663 nm for MB and 497 nm for CR), centrifuged, and the supernatant was analyzed
for residual MB and CR. A calibration curve was plotted between the dye solution's absorbance and concentration
to create an absorbance—concentration profile.

2.4 Batch equilibrium and kinetic studies

Batch experiments using 50 mL of aqueous methylene blue and Congo red solutions of known concentration in
a series of 250 mL conical flasks were used to determine adsorption studies with a known amount of adsorbent
(0.20 g). The mixture was stirred thoroughly at a constant temperature using Labnet Orbit 1900 Digital Shaker at
150 rpm with a required time at 15, 30, 60, 90, 120, 150, 180, and 240 min (300, 303, 313, 318, 323 and 333 K). The
flasks were then removed from the shaker, and the final concentration of dye in the solution was determined
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using a UV-vis spectrophotometer at maximum wavelengths of MB (663 nm) and CR (497 nm) (Baoshishan 721
Visible Spectrophotometer, Japan). The following equation (Equation 1) was used to compute the amount of dye
adsorption at equilibrium Q. (mg/g) (Weber & Morris, 1963).

_ (Co—Ce)V

= (1)

Kinetic experiments used the same technique as equilibrium tests. The dye concentrations in the water samples
were also monitored at pre-determined intervals. At time (t), the amount of adsorption (Q:) in mg/g is calculated
from Equation 2 (Weber & Morris, 1963).

(Co-Ctiv
Q= 2)
Dye removal efficiency, i.e., % of adsorption was calculated as:

(Co—-Ce)

% Adsorption = — X 100 (3)

Where Co represents the initial dye concentration (mL), C: represents the dye concentration at time t, V represents
the volume of solution (L), and m is the mass of C. fistula powder (g). In general, all measurements are consistent
to within +10%.

2.4.1 Effect of dosage

Volume 50 mL of the dyes MB and CR were agitated with different masses (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and
1.0g) of the adsorbents CCF, HACF, and PACEF for 3 hours at 150 rpm. A uv-visible spectrophotometer was then
used to quantify the concentration of unabsorbed dyes at room temperature.

2.4.2 Effect of initial concentration

Mass 0.20 g of CCF, HACF and PACF sample were added to each 50 mL of volume of MB and CR solution. The
initial concentrations of dye solution tested were 20, 30, 40, 50, 60, 70, 80, 90 and 100 ppm (mg/L) and the
experiments varied at 15, 30, 60, 90, 120, 150, 180, and 240 min at room temperature.

2.4.3 Effect of contact time

Mass 0.20 g sample CCF, HACF and PACF were added to each 50 mL volume of MB and CR solution. The
experiments varied at room temperature at 15, 30, 60, 90, 120, 150, 180, and 240 min.

2.4.4 Effect of temperature

At varying initial concentrations, 0.20 g CCF, HACF, and PACF samples were added to each 100 mL of volume
of MB and CR aqueous solution. The experiments were carried out at 300, 303, 313, 318, 323 and 333 K for 210
min.

2.5.5 Effect of solution pH

The solution's pH was investigated at pH 4, 6, 8, 10, and 12; 0.30 g of CCF, HACF, and PACF were added to each
50 mL of MB and CR aqueous solution with an initial concentration of 100 mg/L for a constant adsorption time
of 210 min.

3. Results and Discussion

3.1 Characterization of prepared adsorbents

There are various analytical techniques used to detect the surface area, pore volume, and pore size of adsorbent
material apart from the Brunauer-Emmett-Teller (BET). The Barrett-Joyner-Helenda (BJH) method, which is used

to describe mesopores, Horvath-Kawazoe (HK) method which is generally applied to describe micropores and
Density Functional Theory (DFT). BET is more accurate and reliable for calculating the specific surface area of
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adsorbents as the ISO 9277 standard of calculating surface area of solids is based on this method (Gibson et al.
2020). Table 1 shows the surface area, pore volume and pore size of PACF, HACF and CCF.

Table 1: Comparison of surface area, pore volume, and pore size of PACF, HACF, and CCF using different
methods

Methods Surface area (m?/g)
PACF HACF CCF
Single Point BET 2.498 x 102 2.349 x 102 1.363 x 102
Multiple Point BET 3.525 x 102 4.242 x 102 2.510 x 102
Pore volume (cc/g)
PACF HACF CCF
BJH Pore Volume 2.166 x 10! 2.177 x 101 1.267 x 101
Pore size (nm)
PACF HACF CCF
BJH Pore Diameter 2.132 2.105 2.100

The adsorption capacity of C. fistula biomass is determined by the biomass’s porosity and the chemical reactivity
of the functional groups on the surface. As a result, understanding surface functional groups can provide
information on the biomass's adsorption capacity. Figure 1- 9 shows the FTIR spectra of the adsorbents CCF,
HACEF, and PACF before and after MB and CR adsorption.

The CCF spectra indicate the strong band signal of 3383.55 cm for -OH. The medium adsorption bands of 2924.7
cm® and 2853 cm! are for the -C-H i.e., methyl and methylene. Also, the C=C terminal alkyne (mono substituted)
was indicated by 2116.65 cm™. 1582.24 cm™ and1431.40 cm ! represents the carbonyl group. Lower bands of 874.38
cm, 807.42 cm?, and 746.84 cm! are attributed to the CHadeform (out plane).

In HACF, seven strong signals of the -OH functional group were seen ranging from 3554.7 cm to 3775.72 cm-'.
This includes the -OH signal bond and the —-OH sharp for free and unbounded. The —-CH bands of methyl and
methylene were shifted to 2924.7 cm™ and 2855cm-'as a result of the activation with peroxide. There were also the
disappearance of the C=C band, one of the carbonyl peaks, and two —CHacform bands, shifts of the other carbonyl
group to 1619.36 cm™ and the maintenance of a -CHadeform peak at 874.04 cm™.

PACEF also demonstrated a similar strong -OH functional group for both the single bond and free and unbounded
in the range of 3872.30 cm™ — 3573 cm'. 2311.36 cm! band of C=C was also observed followed by the 1560.15 cm-
1 and 1213.37 cm! for the carbonyl group. The fingerprint region shows shifts in the three bands to 873.61 cm,
813.48, cm! and 755.93 cm! for the CH deform.

Following the adsorption of methylene blue on HACF, a new band for -OH was introduced at 3157.40 cm'; 1579
cm?, 1452.20 cm, 1385.7 cm? and 1023.1 cm? for C=O and C-O respectively. The CHdeform bands were also
presented at 1164 cm, 1117.8 cm?, and 1060.3 cm™. In CCF, there were shifts of an -OH band to 3160.76cm* and
the carbonyl bands to 1579 cm™ and 1427.99 cm™. The disappearance of the -CH of methyl and methylene bands
was also observed. Also, CHactorm bands were introduced at 1163 cm and 1023 cm. Similarly, in PACF, -OH
band shifts were noticed at 3146.03 cm-!, -C=0 at 1564.5 cm! and 1422.6 cm? with an introduction of —CHadeform
band at 1164.12 cm™.

For Congo red, there were also some shiftings, disappearance of peaks, and the appearance of new peaks. The
CCF-dye-laden adsorbent has the -OH peak shifted to 3174.57 cm”, the carbonyl functional group of ether and
carboxylic group shifted to 1579 cm™ and 1433.6 cm?with the introduction of new peaks at1700.3 cm, 1165.43
cm? and 1025.6 cm?. While six peaks indicating -OH disappeared after adsorption in HACF, there was a shift to
3160.88 cm'for —OH, the disappearance of the -CH of the methyl and methylene bands, shifting of the -CO group
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to 1679 cm* alongside the appearance of new carbonyl functional group at 1565 cm, 1431.21 cm, 1162 cm! and
1022.4 cm!. PACF also recorded the disappearance of some —OH bands. Shift to 3854.5 cm™, 3750.6 cm™ and
3020.89 cm™ for the -OH groups and 1693.4 cm™ and 1226.60 cm! for the carbonyl group.

The surface availability of adsorbents for the adsorption of toxins' molecules is determined using scanning
electron microscopy (Adebayo et al., 2020). The surface characteristics of the particles are important in the
attachment of contaminants to the adsorbent's surface. Surface homogeneity and heterogeneity affect the
adsorbent’s ability to remove the target pollutants (Imran at al., 2019). Energy Dispersive X-ray (EDX) analysis
determines the elemental composition of an adsorbent.

Figures 10 — 12 show scanning electron microscopy (SEM) images of the adsorbents before adsorption. The PACF
and HACF (Fig. 11 and 12) have heterogeneous morphologies, sizes, fissures, and roughness on the surface,
which offered a vast surface area for MB and CR interaction and smoothed out when the adsorbents were
connected to the surface. The EDX patterns shown in Figure 13-15 reveal that the biomass is rich in carbon content
at 83.92% by weight. Other elements identified are O and Ca with varying degrees.
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Figure 12: SEM Image of CCF

20



J Mater Environ Sust Res (2022), 2(3): 12-36

®

o

o 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 12 19
63,749 counts in 30 seconds

Figure 13: EDX elemental spectra of PACF (the y-axis represents counts, while the x-axis corresponds to energy

(in KeV))

JI.A
3 4 5 ] 7 k3 9 10 1 12 13 14 15 16 7 18 19

0 1 2
11,204 counts in 30 seconds

Figure 14: EDX elemental spectra of HACF (the y-axis represents counts, while the x-axis corresponds to energy

(in KeV))

®

#

3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 12

o 1 2
56,172 counts in 30 seconds

Figure 15: EDX elemental spectra of CCF (the y-axis represents counts, while the x-axis corresponds to energy

(in KeV))

21



J Mater Environ Sust Res (2022), 2(3): 12-36

The pH of the solution measures the molar concentration of hydrogen ions in a solution. Solution pH <7 is acidic
while solution pH >7 is basic. A change in the solution pH due to changes in adsorbent surface properties and
dye chemistry is a critical parameter for solute adsorption. The pH at which the surface charges and electrical
charge density on a surface are zero is known as the point of zero charges (pzc), and it is widely used to define
the electrokinetic properties of a surface.

It can be deduced from Figure 16 that the surface charge of the adsorbents becomes negatively charged at pH
greater than the pHpz of the adsorbents and positively charged at pH lower than the pHp-c (Srivastava & Sillanpaa,
2017).

In contrast to the adsorbent pH 8.81 and pHphz 8.80 of CCF, a comparison of the pH of the adsorbent pH 8.24 for
PACF and pH 8.42 for HACF indicates considerable surface modification of the adsorbent pHphz. Table 2
summarizes pH and point of zero charge (pHpz) of C. fistula and its modified biomass products.

Table 2. pH and point of zero charge (pHpzc) of the adsorbents

Adsorbents pH PHpzc

Potassium hydroxide Activated Cassia fistula 8.24 9.00
(PACEF)

Hydrogen peroxide Activated Cassia fistula 8.42 8.30
(HACF)

Carbonized Cassia fistula pod (CCF) 8.81 8.80

pH Point of Zero Charge

14

Initial pH

—4—ApHPACF —#—ApHfor HACF —e—ApH for CCF

Figure 16: Plot of final pH against initial pH of pHpzc PACF, HACF and CCF

3.2 Effects of operating parameters
3.2.1 Effect of adsorbent dosage

Adsorbent dosage is a crucial process parameter that describes an adsorbent's ability to absorb a specific amount
of adsorbent under any operating condition (Sari et al., 2007). The effect of adsorbent dosage gives an
understanding of an adsorbent's effectiveness and the capacity of a dye to be adsorbed at a low-cost minimal
dose (Salleh et al., 2011). The maximum removal for Congo red and methylene blue onto PACF, HACF and CCF
was seen at 0.2 g respectively, as shown in Figure 17, after which the removal effectiveness dropped. Due to over-
saturation and high mobility in the sorption medium, the number of binding sites available for CR and MB on
the adsorbent decreases.
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Oladele et al. (2019) studied the influence of adsorbent dose on methylene blue dye removal by C. fistula, finding
that when the adsorbent dose was decreased, the percentage of dye removal increased. According to Yagub et al.
(2014), the amount of adsorbent used in the removal methylene blue pollution by natural and modified low-cost
agricultural by-products increased the amount of methylene blue dye adsorption. Feng et al. (2012) studied the
impacts of adsorbent dose on methylene blue removal by Swede rape straw. They discovered that the percentage
of dye removal increased as the adsorbent dose was reduced.
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Figure 17: The effect of adsorbent (PACF, HACF and CCF) dosage on (A) methylene blue and (B) Congo red (20
ppm) adsorption. (Volume of dye: 50 mL; temperature 27 °C; agitation speed: 150 rpm)

3.2.2 Effect of Contact Time

Methylene blue (MB) adsorption onto CCF, PACF, and HACF needed 240 minutes with continuous agitation for
the adsorbents to remove the highest percentage (83.21%, 83.30% and 4.42% removal) and optimal removal (21.80,
20.81 and 21.04 mg/g) of the dyes from the solution. However, for optimum removal of Congo red (CR) onto CCF
with 69.73% removal (17.43 mg/g), 120 min were needed, whereas for PACF with 69.92% (17.48 mg/g), 30 min
were required. With a 68.52% percent (17.13 mg/g) removal rate, HACF takes 240 min to remove CR from the
solution. The speed of sorption may be attributable to the occupation of high-affinity binding sites. The relative
inaccessibility of the remaining binding sites may be indicated by slow kinetics beyond that time. Figure 18
depicts the adsorption of CR and MB on CCF, PACF, and HACF.

According to numerous experiments, the quantity of dye adsorption qt (mg/g) rises with increasing contact time
at all initial dye concentrations (Foo & Hameed, 2011a; Purkait et al., 2007; Sen et al., 2011). This is due to the fact
that the initial dye concentration works as a driving force in overcoming dye mass transfer barrier between the
aqueous and solid phases.
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Figure 18: The effect of contact time (0.2 g of PACF, HACF and CCF) dosage on (A) methylene blue and (B)
Congo red (20 ppm) adsorption. (Volume of dye: 50 ml; temperature 27 °C; agitation speed: 150 rpm)
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3.2.3 Initial dye concentration

The initial dye concentration has significantly impacts the degree of dye removal. The effect of initial dye
concentration is determined by the instantaneous interaction between dye concentration and accessible sites on
anadsorbent surface. To evaluate the influence of initial dye concentrations, we prepared an adsorbent-adsorbate
solution with a fixed adsorbent dose and varied initial dye concentrations at different time intervals and shake
until equilibrium (Salleh et al., 2011).

Generally, when the initial dye concentration rises, the proportion of dye removed decreases, which could be due
to the adsorption sites” saturation on the adsorbent surface. There will be vacant active sites on the adsorbent
surface at low concentrations. As the initial dye concentration rises, the number of active sites necessary for dye
molecule adsorption rises (Kannan & Sundaram, 2001). Increases in initial dye concentration, on the other hand,
result in an increase in adsorbent capacity, which a stronger driving force could explain for mass transfer at
higher initial dye concentrations (Bulut & Aydn, 2006).

At various initial dye concentrations, the effect of contact duration on Congo red dye adsorption onto C. fistula
adsorbent was examined. The findings are shown in Fig. 19. The amount of dye adsorption rose from 4.66 mg/g
to 19.18 mg/g for PACF, 3.18mg/g to 28.49 mg/g for HACF and 4.19 mg/g to 22.56 mg/g as the initial concentration
of CR dye was increased from 20 ppm to 100 ppm. At all initial dye concentrations of CR, the adsorption capacity
gt (mg/g) of adsorbent increases with increasing contact time, and equilibrium is reached within 240 min.
However, adsorption of MB rose from 4.43 mg/g to 22.20 mg/g for PACF, 4.63 mg/g to 22.46 mg/g for HACF and
4.22 t0 20.69 mg/g for CCF with highest percentage removal of 88.79, 89.83 and 82.77%, respectively.

Increasing the initial dye concentration provides the necessary driving power to overcome the resistance to mass
dye transfer between the aqueous and solid phases explains these observations (Dawood, 2014). When using a
constant dosage of adsorbent, the available adsorption active sites of the adsorbent become saturated at
increasing initial dye concentrations, lowering the dye removal percentage of CR (Shahryari et al., 2010). The
interaction between adsorbent and dye is also improved by increasing the starting concentration. As a result,
increasing the initial dye concentration increases qt (mg/g) adsorption capacity.
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Figure 19: The effect of initial concentration (0.2 g of PACF, HACF and CCF) on (A) methylene blue and (B) Congo
red adsorption
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3.2.4  Effect of pH

Methylene blue (MB) is a cationic dye, strongly acidic at pH 2 and 3.5. Cationic dye adsorptionis favored at pH >
pHpzc. Therefore, pHpzc of the adsorption of MB onto Cassia fistula was at pH 9 (4.65 mg/g) for CCF, pH 10 (4.64
mg/g) for PACF and pH 11 (4.57 mg/g) for HACEF. In another word, pH > pHpzc, a similar observation was
reported by Yagub (2014), and Han et al. (2012).

However, Congo red (CR) is an anionic diazo dye. Anionic dyes are dyes with components that can make the
dye molecule dissociate into negatively charged ions in an aqueous solution. Its color turns dark blue at acidic
pH and red at alkaline pH, although the red color at neutral pH is slightly different from the original red color
(Dawood, 2014). Anionic dye is favored at pH > pHpzc where the surface becomes positively charged (Han et al.,
2012). Maximum adsorption capacity of CR on to Cassia fistula was pH 5 (4.17 mg/g) for CCF, pH 5 (3.01 mg/g)
for PACF and pH 3 (6.82 mg/g) HACEF. This is due to the increase in proton densities and surface area of the
adsorbent. Figure 20 shows the effect of pH variation on the adsorption of methylene blue and Congo red using
the three adsorbents, respectively.
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Figure 20: The Effect of pH (0.2g of PACF, HACF and CCF) Dosage on (A) Methylene blue and (B) Congo red
(20ppm) adsorption.

3.2.5 Effect of temperature and thermodynamic studies

Figure 21 reveals the effect of temperature variation on the adsorption of methylene blue and Congo red,
respectively. Temperature is a crucial parameter for the real application of MB and CR dye adsorption by C.
fistula since some textile dye effluents are produced at quite high temperatures.

Adsorption is an endothermic process if the amount of adsorption increases as the temperature rises. This could
be due to the dye molecules becoming more mobile and the number of active sites for adsorption increasing as
the temperature rises. This impact is mostly determined by the mobility of dye molecules inside each dye. When
the temperature rises, the adsorption capacity decreases, indicating that adsorption is an exothermic process. This
could be caused by increasing temperatures, which reduce the adsorptive forces between dye species and active
sites on the adsorbent surface, lowering adsorption quantity (Salleh et al., 2011).

As shownin Fig. 21, the amount of methylene blue adsorption on CCF, PACF and HACF rose as the temperature
of the solution increased, indicating that the reaction was endothermic. A significant number of molecules may
attain adequate energy to interact with active points on the surface. A similar result was also reported by Oladele
et al. (2019) on the effect of temperature on unmodified and modified C. fistula.

To determine if an adsorption process is favorable or not, a thermodynamic analysis is required. The
thermodynamic parameters free energy change (AG®), enthalpy change (AH®), and entropy change (AS®) all play
a role in determining heat change in the dye and adsorbent adsorption process. The experimental research at
different temperatures 300K, 303K, 308K, 313K, 318K, 323K, and 333K yielded Gibbs free energy change AG°®,
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enthalpy change AH®, and entropy change AS° using Eqs. 4 and 5 (Foo & Hameed, 2012) and the Van't Hoff plot
(Fig. 22). Table 4 contains the list of all thermodynamic parameters.

The value of AG® increases, indicating that as the temperature increases, the adsorption of MB and CR on Cassia
fistula biomass becomes more favorable. The positive value of AH® implies that the sorption process is
endothermic and that the reaction consumes energy. In contrast, positive value of AS® shows that the solid-solute
interface during adsorption is more random.

The adsorption capacities of PACF, HACF and CCF increased with increasing temperature on MB and CR at
different temperatures.

AG=-RTInKu S° )
Inkge = 25 - 422 2 G)

Table 3: Thermodynamic parameters for removal of Congo red and methylene blue at different temperatures

Temperature, Congo red Methylene blue
T (K) AG® AH® AS° R2 AG® AH® AS° R2
(kfmol')  (kJmol')  (kJ'mol?) (kJmol')  (kJmol')  (kJ'mol?)

PACF 300 -0.0490  0.0030 0.7634  0.672  -0.0000 0.0019 20.0566  0.586
303 -0.0545 -0.0245
308 -0.0633 -0.0271
313 -0.0720 -0.0324
318 -0.0862 -0.0370
323 -0.0960 -0.0495
333 -0.1194 -0.0562

HACF 300 -0.0188 0.0007 0.6990  0.699 -0.0692 0.0001 0.3856  0.550
303 -0.0209 -0.0770
308 -0.0243 -0.0892
313 -0.0278 -0.1027
318 -0.0313 -0.1160
323 -0.0348 -0.1291
333 -0.0419 -0.1566

CCF 300 -0.0199 0.0024 3. 834 0.712  -0.0269 0.0005 1.0106  0.647
303 -0.0226 -0.0299
308 -0.0264 -0.0349
313 -0.0303 -0.0399
318 -0.0343 -0.0459
323 -0.0383 -0.0500
333 —0.0483 —0.0605
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Figure 21: The effect of temperature (0.2g of PACF, HACF and CCF) on (A) methylene blue and (B) Congo red

(100ppm) adsorption.
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Figure 22: Van't Hoff plot for adsorption of (A) methylene blue and (B) Congo red on PACF, HACF and CCF

3.3 Adsorption equilibrium isotherms

Equilibrium isotherm experiments are critical for understanding how the MB and CR dye molecules interact with
the C. fistula biomass surface and determining the adsorbent's maximum adsorption capacity. The applicability
of the isotherm equation is assessed using correlation coefficients (R?). The adsorbent could have a monolayer or
multilayer surface. The fitting of isotherm data to various isotherm models is a crucial step in determining which
model is best for design (El-Guendi, 1991). Langmuir, Freundlich, and Temkin isotherms were used to fit the data.
The linear equation that represents the Langmuir isotherm (Langmuir, 1918) is as follows:

_ quLCg
3 1+ KLCe (6)
The linearized form of equation (6) is:
ce_1 Le
q_e B KLge am (7)

Where Ce denotes the equilibrium concentration in mg/L, qe denotes the quantity of adsorbate ion sorbed in
mg/g, and gm denotes the ge for a full monolayer in mg/g. The adsorption energy KL (L/mg) determines the
Langmuir constant. When Ce/qe against Ce is plotted, a straight line appears (Fig. 23). Table 5 lists the Langmuir
constants derived from this isotherm. The separation factor (RL) is a dimensionless parameter that can be
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determined using Equation 8 (Langmuir, 1918) to determine the feasibility of an adsorption system at various
initial dye concentrations:

1
L=
1+(KLCO)

®)

The initial dye concentration is defined as Co (mg/L). The kind of isotherm is determined by the value of Rr, which
might be unfavorable (Rc> 1), linear (Re = 1), favorable (0 <Rt<1), or irreversible (Rt = 0) (Kaur et al, 2013). Values
of Rt for PACF, HACF and CCF were found to be 0.2045, 3.762 x 10 and 0.0164, respectively for methylene blue
and 6.106 x 103 1.00 and 0.0413, respectively for Congo red confirmed that the adsorbent is favorable for
adsorption of MB and CR dye under conditions studied. The correlation coefficients (R?) show that Langmuir
isotherm is not applicable to this adsorption study.

Table 4: Isotherm parameters for MB and CR adsorption

Isotherms  Parameter Adsorbents
s Methylene blue Congo red
PACF HACF CCF PACF HACF CCF
Langmuir gm (mgg) 22.198 22.4586 20.6926 19.1802 17. 8769 22.5600
Kt (L/mg) 0.039 2.648 0.5989 1.6276 -3.219 x 103 -0.2519
R2 0.517 0.798 0.279 0.543 0.008 0.015
Ru 0.2045 3.762 x 10° 0.0164 6.106 x 103 1.00 0.0413
Freundlich Kt (mg/L) 4.4952 0.450 1.6905 3.443 0.3482 1.9719
n 1.497 0.9042 1.225 1.0406 0.9615 1.0406
1/n 0.668 1.106 0.816 0.415 1.040 0.9042
R2 0.918 0.742 0.878 0.708 0.666 0.527
Temkin Kr (mg/L) 3406.13 0.894 0.940 1000.696 1.085 = 1012 1.133 x 102
br 27.714 21.14 26.53 17.56 4.815 55.43
(KJ/mol)
R? 0.645 0.910 0.765 0.536 0.518 0.455

The linearised format of Freundlich isotherm model (Freundlich, 1906):

In ge=—~InCe +In K ©)
Where C. is the equilibrium concentration of dye in solution (mg/L) and qe (mg/g) is the amount of dye adsorbed
at equilibrium time. From the slope and intercept of the linear plot of Inqe against InCe, the system's adsorption
capacity, K, and the heterogeneity factor, 1/n, can be estimated. The other Freundlich constant, n, is a
measurement of the adsorption's divergence from linearity and is used to test adsorption types. If n equals unity
(1), the adsorption should be linear, according to the theory. Furthermore, adsorption is a chemical process when
n is less than one, and a favorable adsorption is a physical process when n is greater than one (1) (Salleh et al.,

2011; Sen et al., 2011; Vimonses et al., 2009).

The plot of In ge against In Ce (Fig. 24) gives straight lines with a slope of 1/n. The adsorption of MB and CR
follows the Freundlich isotherm, as seen in Fig. 5. Freundlich constants (K¢ and n) were determined as a result
and are listed in Table 5. Table 5 further reveals that for MB and CR adsorption on PACF, HACF, and CCF, high
regression values were reached. As a result, the adsorption equilibrium data fits the Freundlich isotherm model
and adsorption process well. The value of 'n' is greater than 1 (near unity), indicating that adsorption is a
favourable physical process.

Temkin isotherm (Temkin and Pyzhev, 1940) is represented by the following Equation 10:
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Qe == (INKiCe) (10)

Equation 7 can be expressed in its linear form as:

qe=BrInKT+BrInCe (11)
Where Br == (12)

Where T (K) is absolute temperature, while R is the universal gas constant (8.314 J/ (molK)). The equilibrium
binding energy and the heat of adsorption were represented by the Temkin constants Kr (L/mg) and Br. The slope
and intercept of the linear equation of the plot where qe against InCe can be used to determine these constants
(Fig. 25). The values of the parameters are given in Table 5.
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Figure 23: Linearized Langmuir adsorption isotherm of (A) MB and (B) CR on PACF, HACF and CCF
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Figure 24: Linearized Freundlich adsorption isotherm of (A) MB and (B) CR on PACF, HACF and CCF
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Figure 25: Linearized Temkin adsorption isotherm of (A) MB and (B) on PACF, HACF and CCF
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3.4 Adsorption kinetics

Kinetic models are determined using chemical reaction or diffusion mass transfer control through adsorption
process controlling mechanisms. To establish the optimal operating conditions for the full-scale batch operation,
the kinetics of dye adsorption onto adsorbent materials are required. The study of adsorption kinetics
demonstrates the solute uptake rate, which determines the adsorbate's residence time at the solution interface.
When building an adsorption system, this rate is critical, and may be estimated via a kinetic study.

The design of an industrial adsorption system relies heavily on the prediction of batch adsorption kinetics. The
physical and chemical features of the adsorbent system and the system circumstances will determine the nature
of the adsorption process.

Lagergren's pseudo-first-order rate expression (Liu et al., 2019) is used to determine the adsorption rate constant:

Ky

log (qe - qt) =log qe — - —t (13)

Where qt and ge are the amounts of adsorbate adsorbed (mg g) at a certain time, t (min), and at equilibrium,
respectively; ki is the pseudo-first-order adsorption rate constant (min') and t is the contact duration (min). In
Table 5, the slope and intercept of a linear plot of log (qe— qt) versus t (Fig. 26) yielded the values of ki and qe,
respectively. The use of the first-order kinetics model is indicated by a straight line of log (qe— qt) versus t. log ge
should be equal to the intercept of the plot of log (qe— qt) against t in a true first-order process. Lagergren pseudo-
first-order model gave a poor linear regression coefficient (R?) of less than 0.624 at various physico-chemical
conditions as shownin Table 5 to evaluate the kinetics of the adsorption of CR and MB on CCF, PACF, and HACF.
The pseudo-second-order model (Ho & McKay, 1999) was used to analyze further the kinetic data, which was

expressed as:

t 1 1t
qt B k2qze + ; (14)

The pseudo-second-order adsorption rate constant k2 (g mg™ min™) is used here. The rate constant kz (g mg™
min'), initial sorption rate h (mg g~' min™'), and qe (mg g) may all be estimated from a plot of t/q: vs. t. For the
applicability of the second-order kinetic, a plot of t/qt vs t should yield a linear relationship.

The initial sorption rate h, at time t—0, is calculated using the constant k2 as presented in Equation 15 (Ho &

McKay, 1999):
h=kz2qe (15)

Thus, the plot of t/qt may be used to calculate the constant rate k», initial adsorption rate h, and predicted ge.
Time t using pseudo-second-order. With an R? > 0.999, the model matches the kinetic data better than pseudo-
first-order kinetic models (Table 5). These findings imply that the pseudo-second-order kinetic model with high
correlation coefficients best describes the adsorption of MB and CR on PACF, HACF, and CCF (Fig. 27).

However, Largitte and Pasquier (2016) described the Elovich model as follows:
q= %In (aBt) (16)

Where a is the Elovich model's initial adsorption rate (mg/g), and 3 is the constant related to surface coverage
and chemisorption activation energy (g/mg). The plot presented in Figure 28 reveals that the adsorbents do not
give good plots when their kinetic data is fitted for practicability.

3.5 Intraparticle diffusion

The Weber & Moris (1963) model was used to study the intraparticle diffusion mechanism. The model is
described in Equation 17.

qt=Kia t05+C (17)

30



J Mater Environ Sust Res (2022), 2(3): 12-36

Where qt is the adsorption capacity at time t, t5 is the half-life in seconds, Kida (mg g min5) is the intraparticle
diffusion rate constant, and C (mg g') is a constant that gives an idea of boundary layer thickness. Plotting qt vs.
0> gives a linear relationship where Kida can be calculated from the slope (Fig. 29). Intraparticle diffusion is the
rate-determining step if the plot passes through the origin. However, the linear plots (Fig. 29) did not pass
through the origin for each concentration. This suggests that intraparticle diffusion was not a rate-controlling
process.

Table 5: Kinetic parameters for the adsorption of methylene blue and Congo red on the adsorbents

Kinetic Parameters Methylene blue Congo Red
ge experimental (mg/g) 20.8142 21.104 20.8047 17.4817 17.1308 17.4337
Pseudo-first-order Kinetic
PACF HACF CCF PACF HACF CCF
ge calculated (mg/g) 8.897x 107 0.0800 1.773x1073 0.3434 0.1877 0.476
ki (min") 0.012 0.009 0.019 0.000 0.000 0.003
R2 0.402 0.624 0.599 0.007 0.283 0.086
Pseudo-second-order Kinetic
e calculated (mg/g) 20.833 0.0475 0.0481 0.0587 0.0584 17.241
h (mg/g/min) 9.5911 -13774.6 -1.602 5,1092.54 1.000 -4.1840
Kz (g/mg/min) 0.4608 -652.7 -0.077 2,922.63 -6818. 8 -0.240
R2 1 0.999 1 1 1 0.999
Elovich Kinetic
B 111.11 500 1000 83.33 1000 9.524
R2 0.468 0.000 0.021 0.028 0.082 0.187
Intra-particle diffusion Kinetic
Kd (g/mg/min) 0.002 0.003 0.000 -0.036 0.000 0.018
C (mg/g) 20.76 20.88 20.79 17.63 17.11 16.98
R2 0.611 0.011 0.033 0.781 0.172 0.128
© PACF m HACF a CCF A ¢ PACF = HACF 4 CCF B
0 ‘ ‘ L ‘ 0 * " ‘ ‘
0 400 = 200 300 0 100 200 300
&2 ° -
o ot
e4 ¢ o
= y = 0.019x - 6.335 %_2 | T
6 - R?=0.599 = y= '3;029550;32'743 = -0.000x - 1673
y =0.012x - 4.722 R2=0.283
R2 = 0.402 y =0.009x - 2.525 y=-0000x - 1.069 4
8 ime (mi R*=0.624 37 Re=0007,. .
Time (min) Time (min)

Figure 26: Pseudo-first-order kinetics for adsorption of (A) MB and (B) CR adsorption onto PACF, HACF and
CCF
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Figure 27: Pseudo-second-order kinetics for adsorption of (A) MB and (B) CR adsorption onto PACF, HACF
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Figure 28: Elovich kinetics for adsorption of (A) MB and (B) adsorption onto PACF, HACF and CCF
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Figure 29: Intra-Particle kinetics for adsorption of (A) MB and (B) CR adsorption onto PACF, HACF and CCF

4. Conclusion
This research examined the effectiveness of biomass of carbonized Cassia fistula (CCF), potassium hydroxide
activated Cassia fistula (PACF), and hydrogen peroxide activated Cassia fistula (HACF) pods for removing
methylene blue (MB) and Congo red (CR) from aqueous solution and the following are the findings:
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i. ~ The amount of methylene blue and Congo red dye uptake on carbonized and chemically activated Cassia
fistula biomass was found to increase with a decrease dosage; increase with increase in solution pH;
increase with the increase in initial dye concentration; increase with the increase in contact time; increase
with the increase in system temperature for PACF, HACF, and CCF.

ii. ~ The kinetic experiments in the batch research showed that dye adsorption was rapid initially, followed
by a slower phase where equilibrium uptake was reached.

iii. =~ Methylene blue and Congo red adsorption followed pseudo-second-order kinetics models, according to
the kinetic studies.

iv.  Within this initial dye concentration range of 100 ppm, the Freundlich equation can describe the
adsorption of methylene blue and Congo red on carbonized and chemically activated Cassia fistula
biomass. PACF's maximum heterogeneous adsorption capacity was 20.81 mg/g at pH 10.0. In contrast,
HACF's maximum heterogeneous adsorption capacity was 21.10 mg/g at pH 11.0 and CCF was 20.80
mg/g at pH 9.0 for methylene blue and 4.17 mg/g at pH 5 for CCF, 3.01 mg/g at pH 5 for PACF and 6.82
mg/g at pH 3 HACF for Congo red at the same experimental conditions.

v.  The Freundlich constant, n, indicates favorable adsorption and a physical process.

vi.  According to the thermodynamic study, the system is spontaneous, endothermic, and physical.

vii.  Overall, these experimental and theoretical results provided new insights into the dye adsorption
mechanism.
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