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Abstract: In the present study, batch mode adsorption was carried out to investigate the adsorption
capacity of dried bael flowers (Aegle marmelos) for the adsorptive removal of Cu(ll) ions from aqueous
solutions by varying agitation time, initial metal concentration, the dose of adsorbent, temperature, and
initial pH of the Cu(ll) ion solution. The percentage removal of 98.7% was observed at 50 ppm initial
metal ion concentration, 0.5 g/100.00 cm?® adsorbent dosage, within the contact time of 120 minutes at
30 °C in the pH range of 4 — 7. The sorption processes of Cu(ll) ions was best described by pseudo-
second-order kinetics. Langmuir isotherm had a good fit with the experimental data with 0.97 of
correlation coefficient (R?), and the maximum adsorption capacity obtained was 23.14 mg g™ at 30 °C.
The results obtained from sorption thermodynamic studies suggested that the adsorption process is
exothermic and spontaneous. SEM analysis showed tubular voids on the adsorbent. FTIR studies
indicated the presence of functional groups like hydroxyl, —C-O, —C=0, and amide groups in the
adsorbent, which can probably involve in metal ion adsorption. Therefore, dried bael flowers can be
considered an effective low-cost adsorbent for treating Cu(ll) ions.
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1. Introduction

Water pollution has become a severe and considerable problem throughout the world,
mainly because the percentage of consumable freshwater is limited. Contamination of water
by toxic heavy metals related to industrial wastewater discharge has become a considerable
environmental problem worldwide. Those are irreplaceable from industries due to their high
value [1].

Copper is an essential trace metal for living beings as it is required as a catalyst for
many enzymes [2]. Yet, high levels of copper can be extremely toxic and can lead to serious
health problems. Copper tends to accumulate in the liver upon excessive ingestion and cause
kidney problems, anemia, and gastrointestinal problems [3]. Electroplating industries,
petroleum refining, mining, brass manufacture, and Cu-based agriculture are a few examples
of the industries that use copper [3]. The permissible limit of copper for industrial effluents
discharge into the water bodies is 0.25 mg/L, according to the U.S. Environmental Protection
Agency Standards [4]. However, pollution of natural water bodies due to copper contamination
has been reported from several countries such as Bangladesh [5] and Turkey [6], emphasizing
the importance of investigating the cost-effective methods to remove these contaminants from
aqueous solutions.
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Many modern, cost-effective methods are being experimented with throughout the
world for heavy metal removal, including electro spark method [7], electrocoagulation [8],
coagulation-flocculation [9], Photocatalysis [10], ion exchange [11], and membrane filtration
[12]. Compared with other methods, the adsorption process has gained more interest as a more
promising, long-term method. It seems to be a more effective and economical approach for
heavy metal removal due to its less capital cost, minimal use of chemicals, and easy operation
[13].

Various adsorbents have been researched for their potential for the adsorptive removal
of heavy metals, including groundnut shell [14], organic waste [15], Clearing nut seed powder
[16], residue powder of Padina gymnospora [17], Pistachio shell [18], Soya Bean [19], and
Persimmon leaf [20]. However, no reported studies are based on bael flowers used as an
alternative adsorbent for heavy metal removal.

Bael (Aegle marmelos) is a medium-sized, armed, deciduous tree that belongs to the
Rutaceae family [21]. Bael tree is mostly used in Ayurvedic medicine. Hot water extract of
dried bael flower can treat dysentery, diarrhea, and vomiting [22]. Residue remains after
extracting hot water extract of bael flowers is not used for any purpose, but disposed of as
waste. Herein, we explore the potential of bael flowers (Aegle marmelos) as a novel adsorbent
to remove the Cu(ll) ions from aqueous solutions. Operating parameters effect for the
adsorption process such as solution pH, initial metal concentration, agitation time, adsorbent
dosage, and temperature were investigated regarding the removal of Cu(ll) ions, which is
present toxic contaminant in many industrial effluents.

2. Materials and Methods
2.1. Preparation of the adsorbent.

Bael (Aegle marmelos) flowers collected from the local market were washed with tap
water to remove dust particles and impurities. Flowers were dried under sunlight and ground
to reduce the particle size and sieved to obtain a 250-500 um uniform sample. Ground bael
flowers were washed with deionized water to remove surface impurities and then washed with
hot deionized water (70 °C) to remove soluble colored components. The sample was dried at
70 °C for 3 hours in an oven and stored in sealed plastic bags. The obtained dried bael flowers
(DBF) were used as the adsorbent throughout the adsorption experiment.

2.2. Characterization of dried bael flowers.

FTIR analysis was performed with a Thermo Fisher SCIENTIFIC NICOLET iS10 IR
spectrometer with a spectral range 4000-400 cm™ to identify the functional groups present on
DBF examine the changes before and after the adsorption process.

To analyze the surface morphology of the adsorbent SEM analysis was carried out with
SU6600 microscope with an acceleration voltage of 15.0 kV.

2.3. Preparation of the adsorbate.

Stock solutions of 1000 ppm Cu(ll) were prepared in 1000 cm?® volumetric flasks by
dissolving 3.8547 g of Cu(NOs)2.3H20 (Breckland Scientific Suppliers) using distilled water.
Test solutions were prepared by diluting the stock solutions. 0.1M NaOH and 0.1M HNOs3
solutions were used to adjust the test metal ion solutions' pH.
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2.4. Batch adsorption studies.

Batch adsorption studies were done to investigate the effects of factors on the
adsorption process (contact time, initial metal concentration, adsorbent dosage, temperature,
and pH). To perform the batch adsorption, the adsorbent's known weight in a volume of 100.00
cm? of the adsorbate of the desired concentration was agitated in 250 cm? stoppered conical
flasks in a thermostated shaker at a speed of 200 strokes per minute. After pre-determined
contact time, 10.00 cm? volume was pipetted out from each solution and centrifuged at 3000
rpm for 10 minutes. The supernatant was filtered using No.41 Whatman ashless filter paper.
The filtrate was analyzed for residual adsorbate concentrations using the Air-acetylene flame
of the atomic absorption spectrometer (Thermo scientific iCE 3000 series AAS equipped with
robust flame, sample introduction system). Studies were done under ambient pH value except
when investigating the effect of pH of the solution on metal ion adsorption by DBF. Each
experiment was done triplicate.

Equation 1 was used to present the results as the removal efficiency or percentage removal:

% removal = [ x 100 1)

Where, Co is the initial adsorbate concentration in the solution, and C: is the adsorbate
concentration at time t in mg dm,
Equation 2 was used to calculate the number of metal ions adsorbed by DBF.

Co—Ce)V
q =[] 2)
Where, q is the adsorption capacity (mg g1), Ce is the equilibrium concentration of the metal
ions (mg dm™), V is the metal ion volume in the solution in dm?, and W is the mass of adsorbent

(9).

3. Results and Discussion

3.1. Characterization.
3.1.1. SEM analysis.

SEM micrographs were used to study the morphology of DBF, as shown in Figure 1. It
indicates an uneven and irregular surface with tunnels like structures on it, enhancing the
surface area and adsorption capacity of the adsorbent.

3.1.2. FTIR analysis of adsorbent.

FTIR analysis is a simple and easy method to determine the functional groups present
in the DBF surface, identify the contribution of those functional groups in metal ion binding
and the mechanisms involved in the adsorption process. FTIR spectrum recorded for native
(pure) adsorbent is given in Figure 2. A comparison between the obtained FTIR spectrums
before and after Cu(ll) ions adsorption on to the adsorbent is given in Figure 3.

Absorption bands consisted of spectra are assigned based on structural properties and
chemical components in plant cell walls and cuticles. A broad and strong absorption band gave
between 3200-3600 cm™ indicates the presence of exchangeable protons, which can be
attributed to the stretching vibrations of —OH functional groups. The absorption band within
the range 2900-2850 cm™ can be assigned to C-H stretching vibrations by alkyl groups.
Absorbance facilitated by carbonyl functional stretching of carboxylic, aldehyde, or ester
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linkages (-C=0) gives at around 1730 cm™. The absorption band positioned around 1610 cm™
can represent the characteristic amide frequencies. N-H bending vibration associated with
amide groups is represented by the absorption band around 1515 cm™. The Weak absorption
bands observed in the 1421-1373 cm™ range are characteristics of CH2 and CHz deformations.
The absorption peak at 1243 cm™ represents C-N stretching vibrations. A prominent peak at
1023 cm™ indicates the stretching vibrations of —-C-O-C and —OCHz groups in DBF.

Figure 1. SEM images of untreated dried bael flowers.

According to Figure 3, a reduction in peak broadening and intensity can be observed in
the peak around 3280 cm™ indicating the concentration lowering in —OH groups after Cu(ll)
ions adsorption. A similar phenomenon can be seen with the peaks relating to —-C-O, —-C=0,
and amide functional groups. Based on the results, it can be suggested that -OH, —C-O, —-C=0,
and amide groups on the adsorbent may be attributed to metal ion binding [23].
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Figure 2. FTIR spectrum of untreated dried bael flowers at 30°C.
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Figure 3. FTIR spectrum of (a) untreated dried bael flowers (b) Cu(ll) adsorbed bael flowers at 30°C.
3.2. Effect of contact time and adsorption kinetic studies.

Solutions obtained after agitating for specific periods with the adsorbent were analyzed
for residual metal concentrations, as shown in Figure 4. As can be seen, the rate of Cu(ll)
adsorption initially shows an increasing trend with increasing contact time till the adsorption
process reaches a state where the adsorbed metal ions come to a dynamic equilibrium with the
number of metal ions desorbed from the adsorbent. The sharp increase in percentage removal
within the first few minutes indicates that initially, plenty of readily accessible sites are
available for the metal ions on the DBF surface [24].
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Figure 4. Effect of contact time on adsorption of Cu(ll) ions onto dried bael flowers at various initial Cu (1)
concentrations, 30 °C, adsorbent dosage 0.500 g/100 ml, and particle size 250-500 pum.

It gradually decreased and reached equilibrium as most of the surface adsorption sites
become occupied by metal ions. Amarasinghe and Williams also suggested a similar behavior
for the removal of Cu(ll) and Pb(Il) by tea waste [25]. The system seems to reach an
equilibrium around 120 minutes, which shows high efficiency in practical applications.

Kinetic models are important to explain the adsorption process's controlling
mechanisms. They are useful to describe the target sorbate uptake rate[26]. The pseudo-second-
order kinetic model was fitted with the experimental data giving squared correlation coefficient
(R?) values almost equal to unity. The calculated experimental ge (equilibrium adsorption
capacity) values were much closer to theoretical ge values as shown in Table 1. This model,
which is explained by Equation 3, is based on the assumption that the rate-limiting step is
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chemisorption[27]. The kinetic data for the Cu(ll) ions adsorption on to DBF is illustrated in
Figure 5.

Experimental data were also fitted to the pseudo-first-order model, intraparticle
diffusion model, and liquid film diffusion model given by Equation 4, Equation 5, and Equation
6, respectively. The kinetic parameters obtained from these models are given in Table 1.
According to the results, these kinetic models showed a poor-fitting to Cu(ll) ions adsorption

on to DBF.
t_ 1 + 1 t 3)
9 k292 q.
log( ) =1 k t 4
08(qe — qr) =108qe — 5213 (4)
g = kigt 2+ C (5)

Where, k2 (g mg? mint) and ki (min?) are the rate constants for pseudo-second-order
adsorption and pseudo-first-order adsorption respectively, gt (mg g) is the adsorbed solute
amount at time t, ge (Mg g*) denotes the maximum adsorption capacity, and t (min) is the time.
kia (mg g™t min"¥?) is the intraparticle diffusion rate constant, and C (mg g) is the intercept,

which indicates the boundary layer thickness. F (qi/ge) is the fraction of solute adsorbed, kid
(min) is the rate constant of the film diffusion adsorption.
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Figure 5. Pseudo-second-order plot for Cu(ll) adsorption by dried bael flowers at 30 °C, dosage 0.500 g/100 ml,
and particle size 250-500 pum.

Table 1. Kinetic parameters of Cu(ll) ions adsorption on to dried bael flowers at 30°C.

Conc. Pseudo-first- order Pseudo-second-order Intraparticle diffusion | Liquid film diffusion Experim-
(ppm) K1 Qe R? K2 Qe R? kia (Mg g R2 ki R2 ental ge
(min) | (mgg™) (gmg™ | (mgg™) min?) (min™) (mg g?)
mint)
25 0.02 0.05 0.875 1.77 4.82 0.998 0.01 0.760 0.01 0.875 4.82
50 - - - -0.07 8.32 0.999 -0.03 0.165 - - 8.38
75 0.01 2.03 0.774 0.04 16.42 0.999 0.26 0.699 0.01 0.774 16.41
100 0.02 6.47 0.867 0.01 19.49 0.999 0.75 0.747 0.02 0.867 19.04

3.3. Effect of initial metal ion concentration and isothermal adsorption studies.

Figure 6 illustrates the influence of initial metal ion concentration on metal ion removal.
According to the results, the percentage removal of Cu(ll) ions seems to reach a maximum
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level (98.7%) when the initial metal concentration is around 50 ppm. Further enhancement in
initial metal ion concentration caused a reduction in percentage removal values due to the
saturation of binding sites on the adsorbent [28]. At lower initial metal ion concentrations, the
concentration gradient between the solid and liquid phases is very low. Due to that reason, the
generated driving force is not very strong; thus, the percentage removal values are
comparatively low at lower initial metal ion concentrations [17].

To study the mechanism of Cu(ll) ions uptake into the DBF, batch adsorption tests on
isotherms were conducted at 30 °C. Experimental data were fitted to the Langmuir, Freundlich,
and Dubinin-Radushkevich (D-R) models represented by Equations 7, 8, and 9, respectively.
The obtained results are summarized in Table 2.

C, 1 C,

T ™)

de dm dm

qe = K Ce'/" (8)

Ing, =Ing,;, — ,382 €))
1

e =RTIn (1 + C_> (10)

e

Where, Ce (mg dm™) is the equilibrium adsorbate concentration, ge (mg g?) is the amount of
Cu(ll) ions adsorbed per unit mass of DBF at equilibrium, gm (mg g?) is the maximum
adsorption capacity regarding a monolayer coverage on DBF Surface and b is the Langmuir
constant, 1/n and K are Freundlich adsorption isotherm constants, # (mol? J2) are the activity
coefficient constant related to the mean free energy of adsorption, T (K) is the absolute
temperature at equilibrium, £ is the D-R constant and R (J K** mol?) is the universal gas
constant.
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Figure 6. Effect of initial concentration on adsorption of Cu(ll) ions onto dried bael flowers at 30°C, adsorbent
dosage 0.500 g/100 ml, and particle size 250-500 pum for 120 minutes contact time.

Table 2. Parameters obtained from Langmuir, Freundlich, and D-R isotherms at 30 °C.

Langmuir isotherm Freundlich isotherm D-R isotherm
b Qm 2 2 am 2
(dm*mg) (mg g) R « tn R (mg g) (mol? J?) R
0.69 23.14 0.974 8.53 0.45 0.857 18.82 0.16 0.911

According to Table 2, the Langmuir isotherm model fitted well with the experimental

data compared to the other models (R? = 0.974), as shown in figure 7. The calculated maximum
https://biointerfaceresearch.com/ 11897
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adsorption capacity value was 23.14 mg g*. This indicates that the Cu(lI1) ions adsorption onto
the DBF surface can be explained by the Langmuir isotherm model assumptions, which are,
Cu(Il) ions from a monolayer on the surface of DBF, adsorbent possesses active sites that are
energetically equivalent and no interactions between adsorbed Cu(ll) ions [29].

The adsorption behavior of metal ions onto DBF was further assessed by the separation
factor, predicting whether a sorption system is favorable or unfavorable in a batch adsorption
process. This dimensionless constant is given by Equation 11.

1

R =170, an

Where C, (mg dm) is the initial metal ion concentration. R values indicate whether the shape
of the isotherm process is irreversible (R.=0), linear (R.=1), favorable (0<R.<1), or
unfavorable (R.>1). The calculated R. values corresponding to this adsorption process are
given in Table 3. As seen in Table 3, all calculated Rc values lie within 0 and 1, which indicates
the adsorption of Cu(ll) ions onto DBF is favorable. Low RL values obtained at higher Cu(ll)
concentrations indicate that adsorbate-adsorbent interactions become stronger at higher
concentrations[30].
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Figure 7. Langmuir isotherm plot for Cu(ll) adsorption by dried bael flowers at 30°C.

Table 3. R, values were obtained for Cu(ll) adsorption at 30 °C for various initial concentrations.
Concentration (ppm) | 25 | 50 | 75 | 100
Ru values | 0055 | 0.028 | 0.019 | 0014

Comparison between the present study and the reported literature for Cu (Il) ions
adsorption is summarized in Table 4.

Table 4. Performance comparison of adsorbents for Cu(ll) ion removal.

Adsorbent Adsorption capacity (mg/g) Reference
Raw wall nut shell modified by non-thermal plasma 39.4 [31]
Persimmon leaf bio-waste 19.42 [20]
Chemically modified marine algae 13.996 [32]
Alkali-treated coconut coir 7.86 [33]
Bottom ash of expired drugs incineration 13.335 [34]
Activated carbon prepared from olive branches 43.10 [35]
Sesame seed cake powder 4.24 [36]
Marine red algae biomass 47.62 [37]
Dried bael flowers 23.14 This study

According to the data summarized in Table 4, DBF possesses a reasonable capacity to
adsorb Cu(ll) ions from aqueous solutions. Therefore, DBF can be explored as a novel low-

cost adsorbent for wastewater treatment in future applications.
https://biointerfaceresearch.com/ 11898
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3.4. Effect of temperature and adsorption thermodynamic studies.

The effect of temperature on the Cu(ll) ions adsorption process was investigated in the
20 °C - 60 °C temperature range (Figure 8). At 120 minutes of contact time, the percentage
removal of Cu(ll) decreases from 98.8% to 95% when temperature increase from 20 °C to 60
°C suggesting the adsorption process is exothermic[38]. An increase in temperature probably
weakens the adsorptive forces between the metal ions and active sites on DBF. The metal ions
desorb back to the solution resulting in low metal adsorption. This indicates that the
physisorption mechanism takes place during the adsorption process.
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Figure 8. Effect of temperature on percentage removal of Cu(ll) ions by dried bael flowers at 50 ppm initial Cu
(11) concentration, 30 °C, 0.500 g/100 ml adsorbent dosage and particle size 250-500 pum.

The equilibrium constants and Gibbs free energy changes for the Cu(ll) ions adsorption

on to DBF were calculated using Equation 12 and Equation 13, respectively[39].
Cs
K, = Fl (12)

AG® = —RTInkK, (13)
Where Ko is the equilibrium constant of the adsorption process at a certain temperature. Cs (mg
dm=) and Ci (mg dm=3) are the solid phase concentration and liquid phase concentration of
adsorbate at equilibrium. The obtained results are summarized in Table 5.

The negative AG values confirm that the adsorption of Cu(ll) ions on the DBF surface
is spontaneous. When the temperature increases from 20 °C to 60 °C, the negativity of AG
values decreases. A decrease in AG values with increasing temperature implies that the
adsorption process's spontaneity decreases with increasing temperature, resulting in the
weakening of bonds formed between the active sites and metal ions.

The enthalpy and entropy changes for the adsorption process were calculated by fitting
the obtained data into Equation 14, as shown in Figure 9. The results are given in Table 5.

The positive slope obtained from the VVan Hoff plot and the negative AH value confirm
that the adsorption process is exothermic in nature. The negative AS value indicates the
decrease in the randomness of metal ions at the solid-liquid interface of the adsorbent. These
findings are in agreement with some previous studies[40, 41].

AS AH
2303R  2.303RT
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Figure 9. The plot of log Ko versus 1/T for estimating thermodynamic parameters for the Cu(l1) adsorption

process.

Table 5. Thermodynamic parameters for Cu(ll) ions adsorption on to Dried bael flowers.

Temperature (K) Equilibrium constant (Ko) AG (kJ mol?) AH (kI mol) | AS(kJ molt K?
293 101.82 -11.26
303 73.32 -10.82 -35.18 -0.081
313 36.25 -90.34
333 19.16 -8.18

3.5. Effect of pH of the solution.

The pH optimization study was done for Cu(ll) ions adsorption on the DBF within 2
- 8 pH ranges. As seen in Figure 10, Cu(ll) ions removal showed a positive correlation with
the medium's pH increment. It became constant around pH 4 — 7, resulting in approximately

98% removal.

pH is critically linked with the degree of ionization and the charge on the adsorbent
surface. The functional groups on the adsorbent surface, responsible for metal binding, get
protonated at low pH values [42]. Furthermore, at lower pH, H* ions compete with metal ions
for the adsorbent's active sites. The gradual increase in Cu(ll) ions percentage adsorption with
pH increment possibly can be related to the de-protonation of the binding sites making them
available for metal ion binding while reducing the competition between adsorbate (Cu (I1) ions)

and protons.
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Figure 10. Effect of pH on percentage removal of Cu(ll) ions by DBF at 50 ppm initial concentrations, 30 °C,
adsorbent dosage 0.500 g/100 ml, and particle size 250-500 um for 120 minutes contact time.
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3.6. Effect of adsorbent dosage.

The effect of biomass dosage on metal adsorption is shown in Figure 11. The
percentage removal of metal ions increased with the adsorbent dosage. Above 0.5 g/100 ml
dosages, the percentage of removal increment was low. When increasing the adsorbent dosage,
more adsorption sites are available for the metal ion binding. The percentage of removal values
tend to increase[43]. The binding sites remain unsaturated at higher adsorption dosages (above
0.5 g/100 ml) due to overlapping and aggregation [44].
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Figure 11. Effect of adsorbent dosage on percentage removal of Cu(ll) ions by dried bael flowers at 50 ppm
initial concentration,100 ml, 30 °C, and particle size 250-500 um for 120 minutes contact time.

4. Conclusions

Dried Beal flowers were found to be a promising low-cost alternative adsorbent for the
adsorptive removal of Cu(ll) ions from agueous solutions. The SEM studies indicated that
adsorbent has an uneven and irregular surface structure with tubular pores. FTIR analysis
indicated the possession of various functional groups such as hydroxyl, C-O, -C=0, and amide
groups, which might be participated in metal removal. The adsorption process was dependent
upon the tested operating parameters: pH of the medium, contact time, initial metal ion
concentration, adsorbent dosage, and temperature. The maximum percentage removal of 98.7%
was observed at 50 ppm initial metal ion concentration, 120 minutes contact time, 0.5 g
adsorbent dosage in 100 ml Cu(ll) ion solution, 30 °C temperature, and pH of 7. Langmuir
isotherm model and the pseudo-second-order kinetic model fitted well with the experimental
data. The obtained maximum adsorption capacity is 23.14 mg g*. Calculated thermodynamic
parameters (AG, AH, AS) suggest the adsorption process of Cu(ll) is spontaneous and
exothermic. Both physisorption and chemisorption processes seem to take place during the
adsorption process. Therefore dried bael flowers can be applied as an effective and economical
natural adsorbent to treat wastewater containing Cu(ll) ions.
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