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Biomass functionalization using a green solvent (ionic liquids-IL) is a new technology for water remedi-
ation. When sorbent materials are functionalized with green solvents or ionic liquids, the load of chem-
ical separation methods is greatly reduced and recovery of ILs is facilitated. The purpose of this study is to
determine the ability of an ionic liquid activated Hazel Sterculia foetida L. (HS) seed-based sorbent to
remove Cr (VI) and Pb (II) from aqueous streams under enhanced ambient conditions. When compared
to the raw HS, the IL functionalization of the adsorbent significantly improved the surface characteristics,
i.e., increased surface area. Subsequently, the adsorption behavior of HS-IL was examined in detail for Cr
(VI) and Pb (II), taking into account the effects of pH (2–10), contact time (0–300 min), speed (100–
500 rpm), starting concentrations (10–100 mg/L), and temperature (303–323 K). Additionally, the
adsorption processes of Cr (VI) and Pb (II) were fully evaluated using the Langmuir, Freundlich, Sips,
and Toth two-and three-parameter models. When HS + IL was compared to HS (qm = 29.2 mg/g for Cr
(VI); qm = 36.4 mg/g for Pb (II), the Langmuir isotherm model predicted a maximum adsorption capacity
of qm = 82.9 mg/g (Cr(VI)); 108.63 mg/g (Pb (II)). Furthermore, kinetic modeling investigations demon-
strated that the adsorption of Cr (VI), Pb (II) was better suited to a pseudo-second order model
(R2 > 0.99). Moreover, the desorbing agents HCl and NaOH recovered the adsorbent (HS, HS-IL) from
Cr (VI) and Pb (II) metal solutions, respectively. Finally, the reusability of the adsorbent (HS-IL) shows
promise for Pb (II) up to six cycles and three Cr (VI) cycles.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Water is a demanding molecule on planet earth and a source of
sustainable life. While water surrounds the majority of the globe,
only about a quarter of it is potable and suitable for human use.
But, the ongoing urbanization, industrialization is further depleting
and straining the water bodies through the discharge of toxic
organic/inorganic effluents. These inorganic contaminants origi-
nate from mining, fertilizer, batteries, pesticides, refineries, tan-
ning, and paper industries release millions of tons of effluents
comprising heavy metal ions (HMI’s) Zn, Pb, Cr, Cd, As, Ni etc.
[1]. These HMI’s enter the food chain through groundwater causes
eutrophication, thereby disturbing human, animal and marine
ecologies. Specifically, Pb, Cr toxic potent metals were inevitable
in ground water and upon exposure at trace minute concentrations
causes kidney, liver and anemic disorder, and at higher concentra-
tions result carcinogenic effects [2]. In flora and fauna these metals
(Cr, Pb) hinder the growth of plants, disrupt the transport and dis-
turb the process for photosynthesis. Cr exists as trivalent and hex-
avalent in aqueous phase, among which Cr (VI) is thermally stable
than Cr (III), and tends to enter the cell wall of human, thus
regarded as human carcinogen [3–5]. Whereas, Pb (II) is known
as neurotoxic element, that highly affects the organ, hematopoietic
system, and normal functioning of the human body.

These concerns lead to several treatment methodologies such
as; co-precipitation, membrane filtration, reverse osmosis, ion-
exchange, solvent extraction, chemical oxidation or reduction,
phytoextraction, coagulation, adsorption, and numerous adsor-
bents namely; activated carbon, biomaterials, clay/layered double
hydroxides, hydrogels, bio chars, zeolites, silica based materials,
and nanocomposites etc. [6]. Among which adsorption, is majorly
opted due to the ease of operation, cost-effectiveness, high
performance, and scalability. Moreover, the viability and fidelity
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of the bio-based materials such as algae, bagasse in adsorption of
metals are extensively revealed through several research studies
[7,8]. Hence, a new natural low-cost abundantly available adsor-
bent material Hazel Sterculia Foetida L., (HS) has been introduced
as an adsorbent in separating Pb, Cr ions from the aqueous solu-
tion. Further, the success of an adsorbent is relied upon the surface
chemistry, and hence much of the research attention in the recent
past is devoted towards the chemical modification of the sorbent
surface.

Through this chemical modification induce additional func-
tional groups such as amine, amides, carboxylate, hydroxyl, phos-
phate ions. These additional functional groups induction will
enhance the surface properties such as porosity, surface roughness
and better adhesion possibility with effective adsorption capacity.
Further, the most common chemical treatments include, CTAB
modification, acid treatment, grafted co-polymerization, calcina-
tion etc. But very few attempts were made to functionalize the nat-
ural adsorbents via green solvents room temperature ionic liquids
(RTIL). As an alternating medium of extraction, ILs have taken on
significant importance due to its intriguing properties, such as
low vapor pressure, non-volatility, flammability, broad electro-
chemical properties and high conductivity of ions. [9]. Moreover,
Imidazolium ILs are most prevalent as surface modifiers as they
promote the electrostatic, ion exchange, p-p interactions between
the sorbate and sorbent. The combination of chelating agents and
extraction, all of which together are reflected as a partition of dif-
ferent stages, is one of recent efforts to separate metals ions from
different matrices via RTIL [10]. Crown ethers N-alkyl aza-18-
crown-6 series, calix [4] arene-bis(tert-octylbenzocrown-6) com-
bined with RTILs to extract Cs+ and Sr2+ from aqueous solutions
[11], RTIL combined bmimPF6-dithizone metal chelator for the
extraction of heavy metals from aqueous solution into bmimPF6
[12] were some examples. In continuation, calix [4] arene-
bearing pyridine with 1-alkyl-3-methylimidazolium PF6 for the
Ag + extraction [13], 8-sulfonamidoquinoline chelating derivatives
with 1-butyl-3-methylimidazolium hexafluorophosphate [14]
[bmim][PF6] for divalent metals, fluorous ionic liquids with macro-
cyclic polyethers [15] were some of the recent explorations.
Another study revealed 1-butyl-3-methylimidazolium bis (trifluo-
romethylsulfonyl) imide combined with N,N-dioctyldiglycolamic
acid (DODGAA) forming a resin to separate lanthanides [16], and
as a surrogate in CO2 separation [17] etc. However, the major dis-
advantage using RTIL is finding suitable chelating compound speci-
fic to the metal ions. These chelating agents binds the metal ions
and transfer their matrices to the IL medium during the complex-
ation stage.

Hence, the present study aims to formulate a new adsorbent
medium Hazel Sterculia Foetida L., (HS) mediated with 1-butyl-3-
methylimidazolium bis (trifluoromethylsulfonyl) imide avoiding
any chelating agents. Furthermore, the newly synthesized HS-IL
adsorbent was tested its applicability in separating Pb and Cr ions
from the aqueous streams and the results were compared to the
raw HS adsorbent. Through this comparison study, one can clearly
elucidate the impact of the IL as a surface modification agent
enhancing the adsorption capability. Finally, till date many IL
based adsorbents were synthesized, but no attempt was made
combining natural seed material (HS) combined with IL which
makes this a new adsorbent variant added to the database.
2. Experimental

2.1. Materials and methods

The raw material HS was obtained from the surroundings of the
National Yunlin University of Science and Technology. Ionic liquid,
2

reagents, and chemicals used in this study were of analytical grade
supplied by Sigma-Aldrich Taiwan require no further purification
process:

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide, methanol, NaOH (�99%), HCl (�37%), NaAlO2, KOH, HNO3

(>99%), CH3OH (99.8%), C2H5OH (�99.5%), Pb(NO3)2 (>99%),
K2Cr2O7 (99.9%), Diphenylcarbazide, H3PO4 (>99%), 1–5,
diphenylthiocarbazone (>98%), CCl4 (>99.5%).

2.2. Preparation of adsorbent

Two adsorbent materials, raw HS, IL functionalized HS, were
considered in the present study to test the adsorption ability of
Pb (II), Cr (VI) from the aqueous solution. To start with, HS and IL
were combined in the ratio of 1:2, and the slurry was agitated in
a magnetic stirrer maintained at 500 rpm for six hours. The resul-
tant slurry was highly viscous, and a known property of IL tends to
retain the liquid phase at ambient room temperature. Further, to
obtain the amorphous IL functionalized, HS seed powder was dis-
persed in organic solvent (methanol) and stirred at 500 rpm for
three h. Finally, the solid form of IL functionalized HS seed powder
was obtained, heated at 40 �C for two days to stabilize the struc-
ture. Then, the synthesized solid form was finely ground to powder
and stored at control temperature conditions to avoid functionality
losses.

2.3. Characterization techniques

2.3.1. Xrd
Bruker Advanced D825A X-ray diffractometer has been used to

record the crystallographic aspect of adsorbents, i.e., raw HS, IL-
functionalized HS. Patterns of 0.02 counts per second were
recorded in the 2h range of 5�–60� with Cu-Ka radiation at 40 kV
and 40 mA.

2.3.1.1. BET measurements. HS-IL adsorbents were examined in a
surface-pore-size analyzer for the textural properties by nitrogen
(N2) adsorption technique (Micrometrics, ASAP 2060). The samples
were degassed at 150 �C overnight (12 h) as standard operating
procedure before the analysis. Further, the specific surface areas
of the adsorbents were evaluated by the standard Brunauer-
Emmet-Teller (BET) method and the pore-related information via
Barrette-Joyner-Halenda (BJH) method.

2.3.1.2. SEM picture modeling. To assess the surface morphology,
the adsorbent samples were coated with gold with the help of a
sputter coater for 150 sec to enhance the conductivity. Later, the
samples were evaluated for the morphological aspects via Ultra-
High-Resolution Thermal Field Emission Scanning Electron Micro-
scope (JEOL, JSM-7610F Plus) under vacuum at 25 kV tungsten
filament.

2.3.1.3. FTIR analysis. FTIR spectra were recorded with Fourier
transform infrared spectroscope (FTIR, PerkinElmer spectrum
One) to reveal the functional group’s presence in the adsorbents.
The functional group detection with the DTGBr detector was done
in 400–4000 cm�1 and KBr split beamer had been scattered in a
200 mg KBr spectroscopic class to record the spectrum before
the dried sample weighing 10 mg.

2.4. Batch adsorption experiments

The batch adsorption studies determined the adsorption behav-
ior of Cr (VI), Pb (II) onto HS, HS-IL. The present batch adsorption
studies were performed in 100 mL Erlenmeyer’s flasks, with fixed
initial metal solution concentrations Cr (VI), Pb (II) of 300 ppm,



Fig. 1. XRD spectra of raw HS, HS-IL.
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and the volume of 30 mL, respectively. Initially, the pH of the metal
solutions was optimized by taking 30 mL of each metal solution
separately and adjusting to optimal pH via adding appropriate
quantities of 0.1 N HCl acidic solution and 0.1 N NaOH alkali solu-
tion in the range of 2–10. Once the pH of the solution was opti-
mized, the point of zero charge tests was performed using the
appropriate addition of 0.1 N HCl acidic solution and 0.1 N NaOH
alkali solution in the range of 2–10.

2.5. Cr (VI) color development method for UV–vis spectrophotometer

The standard method (CR-3500) was used to determine Cr (VI)
in the prepared solution using a UV–vis spectrophotometer, and
the procedure was detailed in our previous studies [2]. Initially,
Diphenylcarbazide dye solution was prepared and tested the
absorbance via UV–vis at a wavelength of 540 nm as a typical pro-
cedure. Further, a calibration curve at kmax = 540 nm was prepared
using serial dilutions from 0.5 to 5 lg/L of different volumes (1, 2,
5, 7, and 10 mL), respectively. Next, the pH of the solutions was
adjusted to 2.0, and then the solution was transferred to a
100 mL volumetric flask. Upon transfer, the solution was added
with already prepared phosphoric acid (H3PO4) dropwise and
2 mL of prepared 1,5-diphenylcarbazide solution. The solution
was further stirred thoroughly for 5 to 10 min till the red-violet
color developed. Finally, transfer the color solution to the quartz
cell with a path length of 1.0 nm and evaluate the absorbance by
UV–vis spectrophotometer (Perkin-Elmer Lambda 850) at the
wavelength of 540 nm.

2.6. Pb (II) color development method for UV–vis spectrophotometer

The change of Pb (II) ion concentration due to adsorption was
determined by UV–vis spectrometer. Dissolve 159.9 mg of Pb
(NO3)2 in de-ionized water to 100 mL of stock solution (1 mg/
mL) for divalent lead. One of the most commonly used photometric
reagents and forms colored water-insoluble complexes with many
metal ions is the 1–5 Diphenylthiocarbazone (dithozone).

Metal-dithizone complexes are water-insoluble, and thus a
prior solvent extraction step into chloroform or carbon tetrachlo-
ride is necessary for their determination. By dissolving the required
amount (0.005 percent) of diphenythiocarbazone in a known vol-
ume of 2-propanol, the standard dithizone solution was prepared.
The 1–5, diphenylthiocarbazone in ammonia in alkaline form has
developed a brick-red-color solution complex. At a wavelength of
530 nm, absorption was measured. The amount of the Cr (VI), Pb
(II) metal ions adsorbed onto the surface of the HS, HS-IL were cal-
culated according to the mass balance of the metal ions concentra-
tion eq. (1), and the percentage of the desorption was calculated by
eq. (2) respectively.

qe ¼
Ci � Ceð ÞV

m
ð1Þ

Desorption %ð Þ ¼ desorption
adsortpion

� 100 ð2Þ
3. Results and discussion

3.1. XRD and SEM analysis

The diffractogram outlines the crystallinity and structures of
samples by way of the XRD method. Additionally, XRD analysis
reveals the orientation of crystals in the samples. The XRD patterns
of the raw HS and HS functionalized ILs are shown in Fig. 1. The
raw HS’s XRD patterns before functionalization indicate the infer-
3

ence peaks at 2h = 26.39�, and 34.50� respectively. As the selected
raw adsorbent (HS) is an organic sample obtained from plant
waste, the major constituents are cellulose, which was confirmed
through the peak of 34.50o [18] regarding the characteristics of
the plane (040). Further 26.39� [19] denotes the existence of the
carbon content with a plane (002) in HS seed powder. Upon func-
tionalization with ionic liquid, there was the peak observed at 2h =
26.34� [20], representing intense crystallization demonstrating the
ion association and coagulation to lead the decrease in conductiv-
ity. Another low intense peak at 34.41� denoting the carbon phase.
This summarizes that the intensity was the main difference
observed with functionalization, which means before IL addition,
the nature of the material was amorphous. In contrast, the IL inten-
sified the structure to become a crystalline structure.

Further, the surface morphology of raw HS and IL functionalized
HS were evaluated with a scanning electron microscope, and the
respective images are presented in Fig. 2. From Fig. 2 (a, b), it is
seen that the particles of HS are randomly distributed, irregular
and heterogeneous with no specific shape reported. However, the
functionalization tends the particles to be intertwined, forming a
cross-linked framework probing dense agglomerates Fig. 2 (c, d)
on HS binder with IL. Furthermore, after adding ionic liquid, the
surface cavities tend to be streamlined by the occupancy of the
ionic liquid on the irregular surfaces of Hazel Sterculia Foetida L.
surface, thereby forming porous, smoother homogeneous cavities.
These structural properties of the adsorbent expedite its interac-
tion with an adsorbate.
3.2. BET analysis

As can be shown in Fig. 3 (a, b), HS and HS-IL showed good N2

adsorption capability. On the other hand, the IL-functionalized HS
used in the N2 adsorption capacity experiment had a greater sur-
face quality than untreated HS. This is due to the increased specific
surface area of HS-IL compared to HS, and the details are presented
in Table. Further, the figure confirms the Type II isotherm suits
both HS and HS-IL adsorbents more appropriately. When adsorp-
tion occurs on nonporous materials with pore dimensions bigger
than micropores, Type II isotherms are more prevalent. For this
case, the knee point of the isotherm, where the relative pressure
changes and where the first adsorbed monolayer is completed, is
usually located around the start of the first adsorbed layer. From
there, more adsorbed layers are formed until the point of satura-
tion, where the number of adsorbed layers is infinite. [21]. More-



Fig. 2. SEM micrographs of (a, b) raw HS; (c, d) IL functionalized HS (HS-IL).

Fig. 3. N2 adsorption–desorption isotherms, BJH pore size distribution (onset) of a) raw HS; b) HS-IL and the corresponding surface areas of both the adsorbents.

Anjani R.K. Gollakota, V. Subbaiah Munagapati, Chi-Min Shu et al. Journal of Molecular Liquids 350 (2022) 118534
over, the Hysteresis defines the divergence between the adsorption
and desorption nature of the system which may not coincide.
Hence, Fig. 3 (a, b-inset) represents such discrepancies of adsorp-
tion and desorption, indicating the H3 hysteresis loop. This H3 hys-
teresis confirms micropores of non-uniform size and is more
commonly found on solids with a very wide distribution of pore
4

sizes. Furthermore, the BET report suggests that the functionaliza-
tion of HS with IL substantially improved the pore characteristics
by three folds from 9.711 m2/g to 30.04 m2/g. Further, the pore vol-
ume of the raw HS is reported to be 0.060 cm3/g has been increased
to 0.19 cm3/g respectively. This enhanced pore volume and the sur-
face area is due to the unobstructed movement of N2 passage
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through the pores enhancing both the surface area and volume for
better entrapment.
3.3. FTIR analysis

Fig. 4 shows the FTIR spectrum of the raw HS, the ionic liquid
functionalized HS (HS-IL), and their respective functional groups.
The information facilitates the analysis of the responsible func-
tional groups tending the sorbate molecule’s adsorption onto the
sorbent surface. It is observed from Fig. 4a that the raw HS, i.e.,
before RTIL functionalization, possess intense peaks in the range
of 1000–3000 cm�1. The peaks at 1010 cm�1, 1206 cm�1 [22], sig-
nifies the stretching and bending vibrations of (C–O), 1360 cm�1

represents bending vibrations of (C–H) [23], 1710 cm�1 identified
as vibrational mode of carboxyl groups [24], 2854 cm�1 indicates
(CH2) vibrations, and 2924 cm�1 denotes the stretching vibration
of alkyl groups (C–H) [25] respectively. After RTIL functionaliza-
tion, significant changes in functional groups of the newly pre-
pared adsorbent (HS-IL) with broad range of new peaks (Fig. 4b).
The figure shows the intense formation of new peaks in the range
of 400–1000 cm�1 and 1000–2000 cm�1. The major identifications
were 485 cm�1 indicating the presence of OH groups, 570 cm�1,
650 cm�1 is the confirmation of pure TFSI IL, 612 bending vibra-
tions of sulfonyl (SO4

2-) groups existing in IL [26], 740 cm�1 attri-
butes alkyl chains [27], 790 cm�1 as C = O bonds. Further, the
peaks at 1053 cm�1, 1132 cm�1 [26], 1182 cm�1, 1348 cm�1

(S = O) [28], 1711 cm�1 were designated as twisting NCH3 [29],
asymmetric stretching of SO4

2, in-plane deformation vibration of
imidazolium ring [30], and the vibrations of ester groups involved
in hydrogen bonding respectively. Finally in the range of 2000–
4000 cm�1 there were two peaks identified at 2928 cm�1 [31],
3160 cm�1 ascribing the asymmetric stretching of C-H bonds and
symmetric stretching of HCCH present in the imidazolium ring
[32], and the presence of amino groups (NH2) from HS seed [33],
respectively. Thus, from this FTIR analysis, it is clear and confirmed
Fig. 4. FT-IR spectrum of raw HS, an

5

that IL is well bound or functionalized onto the surface of the HS,
thereby altering the functional groups followed by the physico-
chemical characteristics of the adsorbent material.
3.4. Effect of pH

The pH is the key aspect that plays a vital part in speciation on
the adsorbent surface of functional groups which define the solu-
bility of sorbate molecules inside an aquatic surface. Further, the
adsorption potential is altered, i.e., enhance or deduced by varying
the ionization state, and hence regarded as the master variable in
any adsorption phenomenon. For instance, Pb in an aqueous med-
ium can exist as either Pb (OH)+, Pb 2+, Pb(OH)2, Pb(OH)-3; Cr as
Cr2O4

2+, HCrO4
- , Cr2O7

2- etc.; all of which are solely relied on the
pH of the solution. In order to analyze the effect of pH, tests with
beginning pH values between acidic and alkaline (0 < pH < 10)
were therefore carried out under optimum parameters (dosage,
temperature, agitation speed, contact time). The solution pH is well
supported by adding 0.1 N HCl in the acidic medium and 0.1 N
NaOH for alkaline solutions. Fig. 5 demonstrates the influence of
solution pH on the adsorption of Cr (VI), Pb (II) onto HS, HS-IL
respectively. From Fig. 5a it is observed that the adsorption
propensity of Cr (VI) towards HS, HS-IL increased until pH = 3
and declined further, increasing pH. Similar behavior was seen by
the Pb (II), i.e., the metal uptake onto HS, HS-IL increased until
pH = 5 (Fig. 5b). In the alkaline medium, adsorption declined very
steeply or attained equilibrium. The maximummetal uptake by the
adsorbent at the optimal pH values reported were 28.7 mg/g,
62.8 mg/g (Cr (VI)), and 33.9 mg/g, 84.7 mg/g for Pb (II) towards
HS, HS-IL. The decreasing sorption with increasing pH is due to;
at pH > 6, hexavalent Cr exists in CrO4

2- containing larger number
of hydronium ions hindering the diffusion of chromate ions, so
the removal decreases [34]. Similarly, the decreasing nature of
adsorption with increasing pH is due to the formation of soluble
hydroxyl complex of Pb (OH)2 [9]. Another reason for lower
d modified HS with ionic liquid.



Fig. 5. Effect of pH on the adsorption capacity of using HS, HS-IL; a) Cr (VI), b) Pb (II).
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adsorption in IL-modified sorbents at low pH might be the proto-
nation of functional groups (NH2, COOH) containing lone pairs.
As the pH increases, the lone pairs of oxygen and nitrogen atoms
in functional groups of adsorbate develop stronger electrostatic
interactions, which result in metal ions adsorption [35]. Thus, the
optimum sorption of ionic liquid-functionalized sorbents of metal
ions Cr (VI), Pb (II) is pH = 3, 5 and the same pH has been retained
throughout the investigation.

Further, the effect of pH, surface charge variations affecting
adsorption process can be assessed by point of zero charge analysis
(pHpzc), the point at which the net charge of sorbent molecule
remains zero. The point of zero charge process was clearly estab-
lished [36] begins by considering 0.01 M NaCl solution, adjusting
pH via 0.1 HCl and 0.1 N NaOHmediums, respectively. The solution
medium was then agitated at 200 rpm (Cr (VI)), 300 rpm (Pb (II))
for a period of 2 h (Cr (VI)), and 3 h (Pb (II)) at 303 K, respectively.
Once the solutions’ pH was stabilized, the final pH (pHf) was noted,
and the gradient of pHi, pHf was plotted against pHi (Fig. 6). The
adsorbent surface was neutral (pHpzc) at the pH inflection point
of value 7.11 (HS) and 7.89 (HS-IL), which is the pH < pHpzc for
the adsorption with Cr (VI) and Pb (II). At solution pH lower than
pHpzc, methylimidazolium ionic liquid rings and protonated sec-
ondary amine groups bore positive charges. These positive and
negative charges result in anionic hexavalent Cr or divalent Pb,
Fig. 6. Effect of pHpzc on the adsorption capacity of using HS, HS-IL.
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which is more or less prepared for adsorption, to electrostati-
cally attract or repel.
3.5. Adsorption mechanism

Fig. 7a represents the interaction of the biomass waste (HS)
with main component cellulose interacting with the ionic liquid
1-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide.
From the FTIR studies, it is evident that HS-IL undergo three major
interactions namely; amination, esterification, sulfation resulting
esters, sulfates, and amine, while carbon groups tend to disappear
after interaction. The observed adsorption mechanism from Fig. 7 b
can be attributed to the electrostatic interaction of positive
charged elements with negative metal ions in the lower pH solu-
tion. For the properties and dynamics of the adsorption phenom-
ena, hydrogen bonding plays a vital role. FT-IR and pH studies
can assign the detailed adsorption phenomenon. The results of
pH illustrate the effect on extraction recovery of Cr (VI), Pb (II) as
it not influences the surface-active centers alone. pH also impacts
the degree of ionization, ionic strength, and solubilization of the
sorbate in aqueous solutions. This means that increasing the ionic
strength increases, the electrostatic interaction between the ILs
and the analytes in solution reduces the extraction recovery. Fur-
thermore, IL-functional HS adsorbent particles might be linked to
Pb (II) extraction, namely: the direct contact of metal ions with
ILs, the interaction between the surface functional groups and
the metal ions could be an ion exchange connection. The functional
ILs comprising the oxygen and nitrogen pairs produce strong elec-
trostatic interactions with sorbate ions that lead to considerable
adsorption of metal ions, Pb (II). In case of Cr (VI), protonation
decreases or deprotonation with the increasing pH resulting liable
to the continuous downfall of electrostatic interactions between
the adsorbate and adsorbent, also the concentration of OH–

increases, thereby competitive adsorption of CrO2
4-. At pH values

around 2, the dominating form of chromium is HCrO4-, which is
populated by a significant number of H+ ions. When pH increases,
Cr2O7

2-, CrO4
2-, HCrO4

- , compete for adsorption sites [37]. In addition,
the solution’s concentration of OH– ions results in chromate and
hydrogen chromate ions having to compete for adsorption, and
an electrostatic repulsion event can occur as a result. The
chemisorption aspect of adsorption arises from electrostatic inter-
actions [38].

Furthermore, the takedowns from FT-IR studies denotes the
interaction between the sorbate and sorbent molecules are due
to the presence of C-H and –OH bonds. The presence of these bonds



Fig. 7. a) interaction of the biomass (HS) with IL (1-Butyl-3 methylimidazolium bis(trifluoromethylsulfonyl)imide); b) Adsorption mechanism of Cr (VI), Pb (II) onto HS-IL.
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will result in the hydrogen bonding between the sorbate and sor-
bent molecules, thereby enhance the adsorption phenomenon.
Moreover, the prevalence of the hydrogen bonding trend in
imidazolium-based ILs is indicated by short anionic C-H distances,
red shifted C-H stretching frequencies and downfield shifted C-H
proton chemical shifts. In addition, the C-H vibrational stretching
vibrations, electronegative N of IL forming H2 with OH– [39] on
HS elucidates the prevalence and strength [32] of the hydrogen
bonding, and also the trend towards immobilization. There may
be two more reasons for adsorption of Cr(VI) metal ions, namely
the occurrence of a 3d empty orbital and the formation of a coor-
dinating link with the compound of an IL oxygen atom lone pair
of electrons to the metal center [40]. Secondly, in the HS-IL struc-
7

ture, –OH groups can make strong hydrogen connections to Cr (VI)
ions compared to those produced by the hydrogen interlinkages
between water and metal ions [41]. For Pb (II), the Pb2+, [Xe]
4f25d106s2 electron configuration includes a 6 s2 electron pair that
can either be stereo chemically active or inert molecule. The
valence shell electron pair repulsion theory (VSEPR) explains that
less significant bonding activity is exhibited by S-orbitals for heav-
ier molecular species, and hence more electron density will be pre-
sent in the space between the atomic nuclei. A mostly spherical
orbital will be the primary home of a set of static electrons i.e., a
pair of lone electrons. Because the p-orbitals are directed in nature,
the location of a lone pair is not important, and the Pb-O bond for-
mation is thus boosted [42]. Hence, the metal cation will bind the



Anjani R.K. Gollakota, V. Subbaiah Munagapati, Chi-Min Shu et al. Journal of Molecular Liquids 350 (2022) 118534
polymer-metal complex and precipitate it from the solution and
can be filtered, separated. The inorganic anions in the IL were
replaced by Cr (VI) and Pb (II) after the adsorption of Cr (VI) and
Pb (II), respectively. The Cr (VI) and Pb (II) present in the aqueous
stream, however, adsorbed to achieve the removal of heavy metal
ions from water [39].

Summarizing, the overall chemistry, mechanism of the adsorp-
tion separating the Cr (VI), Pb (II) using HS-IL involves a complex
phenomenon, however, the selected adsorbent is more selective
in separating Pb (II) than the Cr (VI).

3.6. Influence of adsorbent dosage

The number of active sites on the adsorbate is controlled by the
amount of the adsorbent dosage, and hence a crucial aspect to deal
with especially in adsorption studies. Another significant impor-
tance of the dosage studies is to avoid the excess consumption of
adsorbent, a key factor of process economics. Hence, the effect of
the adsorbent dosage on the adsorption efficiency for Cr (VI), Pb
(II) on HS, and HS-IL was studied at room temperature of 303 K
with different sorbent doses (0.05–0.4 g) in 30 mg/L aqueous solu-
tions maintained at optimal pH values (Fig. 8). In case of the Pb (II),
Cr (VI) treated with HS, the sorption tendency was reported as
31.2 mg/g at 0.4 g, and 26.5 mg/g at 0.1 g respectively. However,
IL functionalized HS reported similar tendency of increasing sorp-
tion with increasing dosage and found optimal as 87.3 mg/g at
0.4 g for Pb (II), and 63.8 mg/g at 0.1 g for Cr (VI) respectively. As
the adsorbent dosage increased, the adsorption became more
prevalent, mostly due to an increase in accessible active sites on
the surface of the adsorbent [43]. Once, attaining the equilibrium
there the sorption process commensurate with the adsorbent
dosage which is likely due to superficial adsorption onto adsorbent
producing a lower solute concentration in the solution [44]. In
addition, the equilibrium is due to the presence of large number
of accessible surface active groups than the adsorbate amount
[45]. In summary, the optimal dosage was fixed as 0.1 g for Cr
(VI) using HS, HS-IL, and it was 0.4 g for Pb (II) dealing with HS,
HS-IL throughout the study.

3.7. Influence of agitation speed

The adsorption phenomenon’s speed of agitation is another
important variable, which has a stronger effect on the solute’s dis-
tribution in the bulk solution. This investigation on the effects of
Fig. 8. Effect of adsorbent dosage on the adsorpti

8

agitation rate on Cr (VI) and Pb (II) Cr (VI) and Pb (II) found that
at 303 K and pH = 3 and pH = 5, respectively, the latter runs at
100–500 rpm and the former runs at 300 rpm for Cr (VI) and HS,
HS-IL (0.1 g) and HS, HS-IL (0.4 g) for Pb (II) for 60 and 120 min,
respectively. From Fig. 9 there observed an increasing adsorption
tendency of Cr (VI), Pb (II) onto HS, HS-IL at lower speeds (100–
300 rpm), and declining or attaining equilibrium at higher agita-
tion speeds (300–500 rpm). Further, the Cr (VI) uptake on HS,
HS-IL at optimal agitation speed of 200 rpm was reported to be
26.6 mg/g and 61.4 mg/g (Fig. 9a). Whereas, the sorption of Pb
(II) onto HS, HS-IL at optimal agitation speed of 300 rpm was
reported as 33.7 mg/g, and 83.7 mg/g respectively (Fig. 9b). The
increasing adsorption at lowers agitation speeds probes sufficient
contact between adsorbate Cr (VI), Pb (II) and adsorbent (HS, HS-
IL). Additionally, the boundary layer around the particles facilitates
the diffusion of the adsorbate to the adsorbent, which boosts the
external film transfer coefficient and hence the removal of adsor-
bate, resulting in a higher percentage of adsorbate extraction
[46]. Beyond the optimal agitation speed the increased turbulence
lowers the boundary layer thickness, adsorbate species experienc-
ing greater centrifugal forces detaches from the sorbent surface
resulting the drop of adsorption capacity [47]. The equilibrium
sorption of adsorbate onto adsorbent is a resultant of insignificant
effect of the agitation speed on the film thickness. Thus, 200 and
300 rpm were chosen as optimal speeds for sorption of Cr (VI),
Pb (II) onto HS, HS-IL and maintained the same throughout the pre-
sent study.

3.8. Effect of contact time on metal ions adsorption

In order to design the mode of adsorption phenomenon, one key
variable has to be accounted for is the contact time of adsorbate
and adsorbent. A series of batch trails were completed to assess
the effect of contact time (0 to 300 min), metal concentration
(50 mg/L Cr (VI) and Pb (II)), dosage (0.1 g Cr (VI) and 0.4 g Pb
(II)), and pH (3 for Cr (VI) and 5 for Pb (II)) and temperature
(303 K) on HS, HS-IL, and agitation speed (200 rpm for Cr (VI)
and 300 rpm for Pb (II)). The effect of contact time on adsorptive
removal of Cr (VI) and Pb (II) from HS, HS-IL is shown in Fig. 10
(a, b). The results showed that Cr (VI) crossed the phase barrier
in less than a half hour; and the same amount of time was needed
for Pb (II) during the initial stages (0–30 min); and (0–45 min) for
Pb (II). This rushing adsorption was due to the diffusion of sorbate
molecules diffusing onto the active vacant pore sites of sorbent
on capacity of Cr (VI), Pb (II) onto HS, HS-IL.



Fig. 9. Effect of agitation speed on the adsorption capacity of using HS, HS-IL; a) Cr (VI), b) Pb (II).

Fig. 10. Effect of reaction time on the adsorption capacity of using HS, HS-IL; a) Cr (VI), b) Pb (II).
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molecule. Increasing the contact time the sorption of Cr (VI) was
gradual in the timeline of (30–60 min); and for Pb (II) it was
(45–120 min). This linear increment is an indication of multilay-
ered lumping, and saturation of vacant sites. Further, increasing
the time beyond 90 min for Cr (VI), and 120 min for Pb (II), there
observed a flat plateau with maximum adsorption of 28.4 mg/g,
64.2 mg/g for Cr (VI); and it was 37.3 mg/g, 87.3 mg/g for Pb (II)
onto the sorbents HS, Hs-IL respectively. The plateau is the resul-
tant of flushing out the sorbate molecules due to the completely
filled sorbent pores. Hence, the optimal contact time was consid-
ered as 60 min, 90 min for the adsorption Cr (VI), and Pb (II) in
the entire study.
3.9. Adsorption isotherms

To make the best use of adsorption systems, the study of
adsorption isotherms is a need. The information they offer is useful
for understanding the dynamic separation of solute from solution
that occurs on the adsorbent under equilibrium conditions.
Adsorption isotherms govern the balance between adsorbate,
adsorbent, and the bulk liquid. To explain the HS, HS-IL, adsorption
capacity, the experimental equilibrium data were evaluated
9

according to the Langmuir, Freundlich, SIPS, and Toth models at
303 K.
4. Langmuir isotherm model

The Langmuir isotherm model is accurate in describing the
monolayer sorption of solute from solution to the identical sites
on the surface of the adsorbent. Further, the model is functional
on the following assumptions; the sorption process is carried out
at specific homogeneous sites upon which the sorbate molecule
is rested on. All the vacant sites are identical and possessing equiv-
alent energy; upon filling the sites presumed that the finite capac-
ity of the adsorbent has reached equilibrium [48]. The
mathematical expression of the Langmuir isotherm model in its
non-linear form is expressed as:

Langmuirisothermmodel : qe ¼
qmKLCe

1þ KLCe
ð3Þ

The equilibrium, and maximum adsorbate liquid-phase concen-
trations (mg/L) of the HS and HS-IL adsorbent and the amount of Cr
(VI) and Pb(II) adsorbed on HS were denoted by the variables qe,
qm, Ce, respectively. KL is Langmuir equilibrium constant (L/mg)
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represents the possibility of adsorption process i.e., KL > 1 unfavor-
able, 0 < KL < 1 favorable. The Langmuir isotherm plot of Cr (VI), Pb
(II) adsorption onto HS, and HS-IL were shown in Fig. 11 (a-d).
Table 1 presents all the key variables that were modeled through
various isotherms the higher degree of linearity was seen as the
regression coefficient of 0.9974, 0.9985 for HS, HS-IL respectively.
Moreover, the experimental values (qe) were in close proximity
with the model values (qm) and reported as 29.2 (mg/g), 36.4
(mg/g) for Cr (VI), PB (II) adsorption on HS, and 82.9 (mg/g),
108.6 (mg/g) for Pb (II) onto HS-IL respectively.

4.1. Freundlich isotherm model

The Freundlich isotherm, as previously stated, accounts for
heterogeneous sorption systems with disparate energy levels for
the multilayer sorption sites [49]. The non-linear form of the Fre-
undlich isotherm equation has the following mathematical
expression:

Freundlichisothermmodel : qe ¼ KfC
1=n
e ð4Þ

The variables qe (mg/g), Ce (mg/L), Kf (L/mg), ‘n’ from the equa-
tion were the equilibrium adsorption capacity, equilibrium con-
centration, Freundlich energy constant, and adsorption intensity
respectively. Among these variable ‘‘n” defines the favorability of
the reaction based on the following condition (1 < n < 10). The
Fig. 11 (a-d) shows how the theoretical Freundlich isotherm model
data compares to the experimental equilibrium data. The numeri-
cal predictions of the adsorption of Cr (VI), Pb (II) on adsorbent
Fig. 11. Non-linear adsorption isotherm model studies with varied metal ion
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products showed considerable variations of regression coefficient
R2 = 0.9554. However, the value of ‘‘n” falls within the feasibility
limit showing positive signs of the adsorption process. In compar-
ison of Langmuir and Freundlich isotherm models for the present
scenario, Langmuir shows better fit compared to Freundlich con-
firming the sorption process if monolayer.

4.2. Toth isotherm model

Toth isotherm is a three-parameter isotherm, using an empiri-
cal modification of the Langmuir isotherm model in order to better
approximate experimental data. The Toth isotherm shares the
same general assumptions as the Freundlich isotherm model,
which applies to heterogeneous adsorption systems that meet
the low- and high-end bounds of adsorbate concentrations. The
model is described as follows:

TothIsothermmodel
qe

qm
¼ KeCe

1þ KLCeð Þn� �1=n ð5Þ

Where KL is the Toth isotherm constant (mg/g) and n is the
Toth adsorption intensity. In case of n = 1, the equation reduces
to the Langmuir model supporting the monolayer adsorption phe-
nomenon or else satisfies the multilayer heterogeneous adsorp-
tion reaction. In the present study of Cr (VI), Pb (II) adsorption
onto HS, HS-IL the value of n is close to 1 with a regression coef-
ficient of 0.9989 (see Fig. 11; Table 1), strongly confirms the
adsorption mechanism is monolayer following the Langmuir iso-
therm model.
s concentration a, b) Cr (VI) using HS, HS-IL; c, d) Pb (II) using HS, HS-IL.



Table 1
Equilibrium modeling data for the removal of Cr (VI), Pb (II) using HS, and HS-IL.

Cr (VI) Pb (II)
Material Isotherm Parameters Value R2 Value R2

HS Langmuir qm (mg/g) 29.241 0.9973 36.382 0.9960
KL (L/mg) 0.1041 0.1649

Freundlich Kf (mg/g) 8.469 0.9783 14.300 0.9694
n 3.774 4.8789

SIPS Ks 2.2805 0.9978 11.426 0.9983
a 0.0812 0.2664
b 1.1406 0.6227

Toth a 27.835 0.9989 44.670 0.9971
b 0.0884 0.5371
n 0.8181 1.9367

HS + IL Langmuir qm (mg/g) 82.889 0.9901 108.631 0.9991
KL (L/mg) 0.0698 0.1044

Freundlich Kf (mg/g) 17.109 0.9791 31.565 0.9772
n 3.0289 3.8017

SIPS Ks 7.1412 0.9903 13.7213 0.9928
a 0.0818 0.1218
b 0.9010 0.9041

Toth a 87.8568 0.9902 113.657 0.9931
b 0.0779 0.1214
n 1.1614 1.1624

Table 2
Summary of the literature pertaining the separation of Cr (VI), Pb (II).

Adsorbent pH Adsorption
capacity (mg/
g)

Reference

Cr (VI)
Graphene oxide-dicationic ionic liquid

composite
3 271.08 [60]

Ionic liquid immobilized cellulose 2 181.81 [61]
Ionic liquid impregnated sulphate-cross

linked chitosan
3 250.90 [62]

Surface functionalized silica
nanoparticles with poly(ionic liquids)

4 205.30 [63]

Ionic liquid grafted polyamide 6 (IL-g-
PA6)

4 68.40 [64]

Hazel Sterculia Foetida L. (HS) 3 29.24 Present
HS-IL 3 82.88
Pb (II)
Alginate/chitosan (ALG/CHT) and

alginate/N,N-dimethyl chitosan (ALG/
DMC) polyelectrolyte complex (PEC)

5 560.20 [65]

Ionic liquid assisted mesoporous silica-
graphene oxide nanocomposite

5 527.00 [66]

Hydrophobic Brønsted acidic amide-type
ionic liquid

5 327.90 [67]

Thiopropyl-containing ionic liquid based
periodic mesoporous organosilica

6 105.26 [68]

N,N-dimethyl chitosan/alginate-based
adsorbents

5 560.20 [65]

Hazel Sterculia Foetida L. (HS) 5 36.38 Present
HS-IL 5 108.63
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4.3. Sips isotherm model

This isothermmodel combines the Langmuir and Freundlich
expressions and is typically used to determine the heterogeneity
of the adsorption system. Further, the Sips isotherm model over-
comes the Freundlich isotherm deficiencies of increased adsorp-
tion with the concentration. Another similarity is Sips resembles
like Freundlich isotherm, but has a finite limit in case of higher
concentrations. The non-linear form of Sips isotherm model equa-
tion is as follows.

SipsIsothermmodelqe ¼
qmKsC

m
e

1þ KsC
m
e

ð6Þ

The equilibrium concertation of adsorbate, maximum adsorp-
tion capacity, equilibrium constant, and Sips exponents were rep-
resented by Ce (mg/L), qm (mg/g), Ks (L/mg), and m respectively.
In the present study of Cr (VI), Pb (II) adsorption onto HS, HS-IL
the value of n is close to 1 with a regression coefficient R2 0.9989
(see Fig. 11; Table 1), strongly confirms the adsorption mechanism
is monolayer following the Langmuir isotherm model.

Summarizing the comparative analysis of experimental adsorp-
tion with the theoretical expressions, the adsorption of the metal
ions Cr (VI), Pb (II) strongly favors the monolayer and homoge-
neous adsorption phenomenon onto HS, HS-IL (Langmuir) having
a better fit, regression coefficients over the other two isotherm
models. Further, a comparative summary of the literature pertain-
ing the separation of Cr (VI), and Pb (II) using various adsorbents
are presented in Table 2.

4.4. Adsorption kinetics

Adsorption mechanism elucidates the reaction pathways, and
the mechanism of solute adsorption onto the solid surface. The
reaction mechanism, rate of reaction and other essential paramet-
ric evaluation is not possible by the solid–liquid equilibrium. Fur-
ther, establishment of equilibrium elucidates the transfer
mechanism of the solute across the boundary among two phases.
However, the transfer of solute depends on the physico-chemical
characteristics of the solid sorbent molecule, and the solution part-
ing coefficient between bulk liquid and solid adsorbent determine
its efficacy. Adsorption kinetic studies help to assess the above pro-
spects in conjunction with the retention time, sorption rate and
potential adsorption rate limiting step. Thus, this study covers
11
three major kinetic models: pseudo-first-order (PFO) [50],
pseudo-second-order (PSO) [51], Elovich models [52] in the formu-
lation of the adsorption mechanism of Cr(VI), Pb (II) in the IL
(BMIM-TFSI) functionalized HS seed powder. The temperature
dependent sorption kinetics were solved by the following non-
linear model equations listed below:

PFOkinetics : qt ¼ qe1 1� exp �k1tð Þð Þ ð7Þ

PSOkinetics : qt ¼
q2
e2k2t

1þ qe2k2t
ð8Þ

Non� linearElovichqt ¼
1
b
lnð1þ abtÞ ð9Þ



Anjani R.K. Gollakota, V. Subbaiah Munagapati, Chi-Min Shu et al. Journal of Molecular Liquids 350 (2022) 118534
The variables qe (mg/g), qt (mg/g) were the adsorptive capaci-
ties of Cr (VI), Pb (II) towards HS, HS-IL at time t, and equilibrium.
k1 (min�1), k2 (g/mg/min) are the PFO, PSO’s rate constants. a (mg/
g/min), b (g/mg) are the rate of adsorption desorption constants
respectively.

Further, the experimental data was fitted to the corresponding
plots of qe vs T for Cr (VI) adsorbed onto HS, HS-IL Fig. 12 (a–f),
Pb (II) onto HS, HS-IL Fig. 12 (g–l) resulted qe,cal, k1,k2, a, band
the detailed summary of the values are shown in Table 3. As shown
in the table the PSO kinetic model provided a good value of
R2 = 0.9985, with qe,cal = 26.0 (mg/g) for HS, 68.2 (mg/g) in case
of HS-IL at 303 K. Similar trends were observed in case of Pb (II)
Fig. 12. Nonlinear kinetic studies on separatin
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favoring PSO with qe,cal = 37.8 (mg/g) for HS, 87.1 (mg/g) in case
of HS-IL at 303 K. These calculated adsorption values were in close
proximity with the actual experimental observations. This trend of
adsorption leaning towards the PSO suggests chemical adsorption
or chemisorption is the rate limiting step. Besides, Elovich kinetic
model confirms the chemisorptive behavior by an assumption of
solid systems were heterogeneous in nature [6]. From Table 3
the increasing values of a, and the decreasing values of b suggest-
ing the exchange or sharing of electrons between sorbate and
sorbent molecules via valence forces, thus confirming the
chemisorption is the rate limiting step [53]. Summarizing the
kinetic studies, the key observations are PSO is a better fit
g (a-f) Cr (VI), (g-l) Pb (II) using HS, HS-IL.



Table 3
Kinetic modeling of data for the separation of Cr (VI), Pb (II) using HS, HS-IL.

Adsorbate T (K) Pseudo-first order kinetic model Pseudo-second order kinetic model Elovich kinetic model

qe, exp (mg/g) qe1, cal (mg/g) k1 (1/min) R2 qe2, cal (mg/g) k2 (g/mg min) R2 a (mg/g/min) b (g/mg) R2

Cr (VI)
HS 303 25.53 23.42 0.1023 0.9827 26.01 0.0063 0.9909 3.38 0.0940 0.3484

313 27.50 25.55 0.0860 0.9815 26.97 0.0067 0.9912 7.60 0.0632 0.9068
323 31.06 29.12 0.1131 0.9883 30.83 0.0059 0.9944 12.91 0.0274 0.9562

HS + IL 303 67.92 64.18 0.7322 0.9737 68.19 0.0015 0.9906 27.29 0.0965 0.9407
313 71.27 65.97 0.0789 0.9856 71.02 0.0017 0.9950 44.61 0.0820 0.9427
323 75.09 69.41 0.0839 0.9802 74.52 0.0016 0.9915 52.64 0.5105 0.9133

Pb (II)
HS 303 37.01 31.97 0.0335 0.9258 37.81 0.0013 0.9952 8.60 0.065 0.9123

313 38.26 33.54 0.0382 0.9414 39.43 0.0049 0.9947 19.02 0.047 0.9472
323 41.54 37.54 0.0453 0.9526 41.54 0.0015 0.9911 25.86 0.024 0.9704

HS + IL 303 91.17 84.64 0.0606 0.9252 92.89 0.0009 0.9918 24.05 0.134 0.9181
313 93.95 86.32 0.0683 0.9105 94.24 0.0010 0.9968 32.17 0.112 0.9062
323 97.86 89.80 0.0719 0.9111 97.61 0.0008 0.9923 47.50 0.095 0.9354
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compared to PFO with better R2 in the both the cases of Cr (VI), Pb
(II) adsorption onto HS, HS-IL. And through Elovich kinetic model,
the chemisorption behavior is the rate limiting step.

4.5. Adsorption thermodynamics

According to the fundamental principles of thermodynamics,
for an isolated system the total energy of the system remains con-
served and the entropy changes for all irreversible reactions are
continuously increasing. Thus, the influence of the reaction tem-
perature is highly important to estimate the adsorption phe-
nomenon. Hence, a series of series were conducted on the
adsorption process of the Cr (VI), Pb (II) onto the surface of HS,
HS-IL adsorbents at variable temperatures of 303–323 K, maintain-
ing the other adsorption variables at optimal conditions. Fig. 13a
describes the increasing tendency of the adsorption capacity with
respect to increase in temperature signifies the increasing temper-
ature chemically changes the adsorbent, adsorption sites and activ-
ity. This means that the spread of sorbate molecules has been
altered by the temperature influence, resulting in an increase in
the mass transfer rate from the volume of the molecules to the
limit layer at the surface of the sorbent molecules [54]. Further-
more, increasing temperature favors intermolecular forces
between the adsorbed and adsorbed molecules, testing for greater
Fig. 13. a) Thermodynamic studies on the adsorption of Cr (VI), Pb (II) metal ions ont
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mobility towards the adsorbing surface. Other temperature related
studies such as evaluating the Gibbs free energy change, enthalpy,
and entropy determines the feasibility, spontaneity, and heat
change for the biosorption process. The mathematic expressions
for these thermodynamic parameters are as follows:

DG0 ¼ �RTlnKc ð10Þ

Kc ¼ CAe

Ce
ð11Þ

DG0 ¼ DH0 � TDS0 ð12Þ

lnKc ¼ �DG0

RT
¼ �DH0

RT
þ DS0

R
ð13Þ

From these expressions, the variables R, T, Kc, CAe, Ce, are known
to be universal gas constant (J/mol K), absolute temperature (K),
distribution coefficient, equilibrium concentrations (mg/L) of Cr
(VI), Pb (II) on sorbent HS, HS-IL respectively. The thermodynamic
parameters DG0, DH0, DS0 were calculated from the plot of ln Kc

and I/T as slope and intercept (Fig. 13b). A detailed summary of
the calculated thermodynamic parameters is presented in Table 4.
From Table, the negative value of the DG0 in the temperature range
o HS, HS-IL, b) Van’t Hoff plot for the adsorption of Cr (VI), Pb (II) onto HS, HS-IL.



Table 4
Thermodynamic assessment on adsorption of Cr (VI), Pb (II) onto HS, HS-IL.

Adsorbate T (K) DGo (kJ/mol) DHo (kJ/mol) DSo (J/mol K)

HS-Cr (VI) 303 �2.7429 11.16 22.14
313 �3.0770
323 �3.4344

HS-IL-Cr (VI) 303 �3.2540 10.07 22.51
313 �3.6183
323 �3.8769

HS-Pb (II) 303 �2.4601 12.64 22.95
313 �2.8020
323 �3.2448

HS-IL-Pb (II) 303 �2.8500 7.37 18.06
313 �3.1463
323 �3.3058

Anjani R.K. Gollakota, V. Subbaiah Munagapati, Chi-Min Shu et al. Journal of Molecular Liquids 350 (2022) 118534
of (303–313 K) tends to increase linearly signifies the spontaneity
of the reaction and adsorption is feasible thermodynamically.
Further, the positive value of enthalpy change DH0 for the above
mentioned temperature range confirms the endothermic nature
of the reaction [55]. The positive value of entropy change DS0

explains that the solid/solution interface randomness is increasing
in the sorption mechanism [56]. Another critical outcome of the
study that can be confirmed through the magnitude of the
enthalpy change is the nature of adsorption i.e., either physiosorp-
tion or chemisorption. In case of physiosorption, the energy
requirements are meagreDH0 < 1 (K cal/mol); and hence the attain-
ment of equilibrium is very rapid and easy. In general, chemisorp-
tion demands higher energies usuallyDH0 > 5 (K cal/mol) [57], and
the attainment of equilibrium is feasible at higher enthalpy values.
4.6. Desorption studies

To scale up the adsorption process and the design parameters, it
is highly important to evaluate the reusability and the regeneration
tendency of the adsorbent materials. Therefore, the regeneration
property of the HS, HS-IL was studied through sorption–desorption
studies. The adsorption tests were performed by considering 30 mL
of 300 ppm Cr (VI), Pb (II) solutions separately, adding 0.1 g, 0.4 g
Fig. 14. Effect of eluents on the desorption of HS, HS-IL from Cr (VI), Pb (II) metal
ion solutions.
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of HS, HS-IL to Cr (VI), and Pb (II) respectively. The solution pH was
maintained optimal (pH = 3, 5 for Cr (VI), PB (II)) at 303 K, under
agitation of 200, 300 rpm respectively for 90 and 180 min. Later
the solution of was dried in a furnace at 333 K for 8 h, sediment
was recovered to perform the desorption studies. Various eluents
were selected comprising acidic (0.1 M HCl, 0.1 M HNO3), alkaline
(0.1 M NaOH, 0.1 M KOH), H2O, and organic solvents (100 % CH3OH,
100% C2H5OH) to test the suitability of the recovery medium. From
Fig. 14 it is evident that the maximum recovery of the sorbent HS,
HS-IL from the metal ion solution Cr (VI), was achieved through
NaOH, and HCl in case of Pb (II), reporting a maximum recovery
of 66.5% (Cr (VI) with HS), 89.2% (Cr (VI) with HS-IL), 69.5% (Pb
(II) with HS), 89.6% ((Pb (II) with HS-IL)) respectively. This shows
that raw HS recovery mostly favors the acidic medium whereas
the IL functionalized HS favors the alkaline medium. The reason
ascribed to the higher recovery in alkaline medium is due to the
interaction among the hydroxyl groups and the adsorbent surface.
Further, the bio sorbent surface acquires negative charge and elec-
trostatic repulsion with metal ions (Cr VI) tends to detach the
adsorbent molecule [58]. On the other hand, ion exchange type
interactions are attributed to the affinity of the acidic medium as
an eluent in cases of Pb (II) instead of to chemical sorption. Fur-
thermore, the hydroxyl and carboxylic groups of the HS rendered
acid solutions easier to desorb and regenerate [59]. Thus, 0.1 M
NaOH is considered as a suitable eluent in recovering HS, HS-IL
from the Cr (VI) solution, 0.1 M HCL showed better desorption of
HS, HS-IL from Pb (II).

4.7. Regeneration studies

The performance of the adsorbent and its reuse is a primitive
indicator in evaluating the viability of the adsorbent for a specific
adsorption process. The more the reusability, the more the com-
mercial importance, and thus it is mandate to evaluate the adsorp-
tion–desorption cycles in the adsorption mechanism. In the
present study, the adsorption–desorption experiments were per-
formed on a successive note using the optimal eluents to recover
HS, HS-IL from Pb (II), and NaOH for Cr (VI) solutions respectively.
Fig. 15 represents the clear picture on the ability of the adsorbent
tested over successive cycles of the adsorption–desorption phe-
nomenon. From the figure it can be seen that the ability of the
adsorbent is limited and effective till two cycles; adsorption
(31.5%–22.5%), desorption (75.9%–51.2%) for HS, adsorption
(64.3%–53.5%), desorption (81.3% �64.1%) for HS-IL in case of Cr
(VI), and declined rapidly thereafter. Whereas, the adsorbent HS
seems promising up to five consecutive cycles of adsorption
(30.4%–13.6%), desorption (81.5%–56.3%), and for HS-IL it was;
adsorption (86.3%–59.7%), desorption (92.3%–66.3%) in case of Pb
(II). In summary, the adsorbent reuse was successful for three



Fig. 15. Reusability studies on the adsorbent HS, HS-IL for the separation of Cr (VI), Pb (II).
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cycles in Cr (VI), whereas it can be used up to six consecutive times
to extract from Pb (II) solutions.

5. Conclusions

The production and characterisation of a HAZEL Sterculia Foe-
tida L. adsorbent material functionalized with 1-butyl-3-
methylimidazolium bis (trifluoromethyl sulfonyl) imide were
described in detail in this paper. the adsorbent was evaluated for
its ability to separate metal ions such as Cr (VI) and Pb (II) from
an aquatic effluent stream. Various isotherm models were tested,
and the results indicate that an adsorption process is sufficient
for removing heavy metals from the environment. Through kinetic
modeling, it was determined that the adsorption phenomena fol-
lowed pseudo-second order kinetics as a result of monolayer
adsorption with chemisorption, as confirmed by the Elovich model.
In terms of thermodynamics, the adsorption phenomenon is
endothermic and impulsive in character. Finally, regeneration tests
were conducted and it was determined that, in comparison to tra-
ditional adsorbents, ionic liquid functionalized sorbents have a
greater capacity for reuse. The adsorption and desorption cycles
demonstrated a six-fold reusability of the same adsorbent, a very
cost-effective property. Finally, the natural biomass waste as syn-
thesized and functionalized with green solvents poses no damage
to the ecology, but rather provides significant benefits by separat-
ing complicated divalent lead and hexavalent chromium from
aqueous steams.
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