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In the current study, the adsorption capacity of Tella residues (residues of fermented 
alcoholic beverage) for quantitative uptake of Cu(II), Cd(II), Zn(II) and Pb(II) was evaluated. 
Chemical treatment of the local beer residue (LBR) has improved the removal efficiency of 
the adsorbent, which was achieved at pH = 5, 1.0 g adsorbent, 50 mg/L initial concentration, 
180 min contact time and agitation speed of 100 rpm. The adsorption was found to fit the 
Langmuir adsorption isotherm model, and the theoretical equilibrium capacities were well 
fitted with the experimental equilibrium capacities, resulting in chemical adsorption 
(chemisorptions) on the adsorbent surface while the equilibrium kinetics follows the 
pseudo-second-order. The adsorption capacity (Qo) of LBR decreases in the following order: 
Zn(II) > Cu(II) > Pb(II) > Cd(II) as metal concentration ranged from 20-200 mg/L. 
Thermodynamic parameters, including standard free energy (ΔG°), enthalpy (ΔH°) and 
entropy (ΔS°) were calculated to predict the nature of adsorption. The negative values of ΔG° 
and the positive value of ΔH° indicate that the adsorption process was spontaneous and 
endothermic. Adsorption capacities were found to increase when the temperature ranged 
from 25-60 °C. Thus, the findings suggest a promising application of LBR as an alternative 
low-cost novel adsorbent for the removal of toxic heavy metals from wastewater.  
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1. Introduction 
 

Heavy metals are chemical substances that have a specific 
gravity greater than 5 g/cm3 and atomic weights ranging from 
63.5 to 200.6 g/mol [1,2]. The most commonly known heavy 
metal ions include Cu(II), Zn(II), Ni(II), Pb(II), Cd(II), and Hg(II) 
ions, among which, Cd(II), Pb(II), Hg(II), and As(III) have been 
identified as the most dangerous heavy metal ions according to 
the report by the World Health Organization (WHO) [3]. One of 
the common characteristics of heavy metals is their chronic 
toxicity. They are also known to cause environmental threats to 
living organisms and habitats due to their non-biodegradability, 
bioaccumulation, environmental stability, biotoxicity, and 
persistence characteristics. Moreover, they are considered 
subtle and silent killers, which have the great power to affect 
human life at any time [4,5]. The primary causes of heavy metal 
ion pollution are untreated industrial discharges, including 
those from coal-firing power plants, mining, alumina refineries, 
metallurgical industries, heavy chemicals, chlor-alkali indust-
ries, battery industries, dyes and pigments, fertilizers, metal 
smelters, paints and ceramics, tanneries, textiles and other 
similar sources. Additionally, an astonishing 80% of waste-

water worldwide is discharged into the environment without 
undergoing treatment. This risk is most acute in developing 
countries, where a staggering 90% of wastewater is released 
into the environment without proper treatment [6]. In recent 
years, the accelerating pace of global industrialization has also 
resulted in an excessive discharge of harmful metals into the 
environment, which pose significant threats to human health 
and the ecosystem. 

These days, public awareness on the deleterious impact of 
chemical contaminants from various compartments of water 
bodies (i.e., groundwater, rivers, and lakes, etc.), are rapidly 
growing, as the overall effect observed on all living things such 
as humans, animals, plants, and others, since they all consume 
water in one way or the other. The water contaminated by 
heavy metals can also easily contaminate the soil, which in turn 
contaminates the plants [7,8]. In order to effectively mitigate 
and, whenever feasible, eliminate the potential harm caused by 
toxic metals, it is essential to consistently pinpoint probable 
sources and take appropriate measures to minimize or 
eradicate uncontrolled releases. To achieve reliable solutions, it 
requires prior technical planning and development of strategic 
thoughts, which should be sought for the removal of these 
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metals from effluents containing heavy metals before polluting 
environmental waters [9,10].  

In recent years, different countries have made significant 
progress in reducing the discharge of harmful metals into the 
environment. This has been achieved through stricter 
regulations, enhanced cleaning technologies, and changes in 
industrial practices. Despite these advances, there is still a need 
for economical and environmentally friendly strategies to 
remove toxic metals. Different analytical techniques have been 
developed and applied for the quantitative removal of these 
metal ions from wastewater samples, and commonly used 
methods include chemical precipitation [11-13], ion exchange 
[14,15], membrane technology [16-18], activated carbon 
adsorption [19-22], etc. All the methods indicated have their 
own intrinsic advantages and disadvantages. Chemical 
precipitation is inefficient, especially when the concentration of 
the metal ion is below 50 mg/L in the aqueous solution. 
Furthermore, such treatments are known to produce enormous 
amounts of sludge and generate secondary waste that need 
further treatment/purification, which requires high capital and 
operating costs [23]. Other methods, such as membrane 
technology, ion exchange, and activated carbon adsorption, are 
more expensive. Therefore, a newer and more cost-effective 
method with an efficient capacity to remove toxic metals from 
polluted waters should be adapted. Therefore, the utilization of 
biosorbents seems to be a preferable option due to the fact that 
the demerits described in the methods mentioned above could 
be greatly reduced [24,25]. 

Biosorption is an adsorption technique that uses low-cost 
biomass to sequester toxic heavy metals and is specifically 
advantageous for the removal of toxicants from industrial 
effluents. The need for a cost-effective and readily available 
adsorbent has led to the choice of materials derived from 
agricultural and biological sources, as well as industrial waste 
products, as adsorbents to significantly reduce the levels of 
harmful heavy metals in the environment to acceptable limits at 
an economical cost. Agricultural waste, including wheat bran 
[26,27], walnut, hazelnut and almond shell [28,29], rice husk 
[30,31], rice straw [32], barley hull [33], sugarcane bagasse [1] 
sawdust of wood and wheat straw [34,35], and Teff straw [36] 
have been utilized as efficient sorbents for the removal of heavy 
metals from polluted aqueous samples. 

In this study, disposable residues that were settled during 
the 'Tella' fermentation process were utilized as a cost-effective 
biosorbent for the quantitative uptake of metal ions from 
contaminated water samples. Tella is a traditionally fermented 
home-brewed local alcoholic beverage commonly consumed in 
all region of the country, Ethiopia [37]. It is fermented from 
different vernacular grains and is a malt of substrates like 
barley, wheat, maize, millet, sorghum, Teff and several other 
cereals [37,38].  

The preparation and fermentation of the "Tella" drink 
follows a series of steps described in published literature [37-
40]. In the context of its application for this study, at the end of 
fermentation, most of the materials that settle at the bottom of 
the container, mainly the clay pot, are obtained after about 12 
days. The residue settled at the bottom, locally called 'Atela', 
was used as a biosorbent, named in this study as Local Beer 
Residue (LBR) for the uptake of metal ions [40]. The filtrate or 
supernatant, separated from the residue, is normally served to 
consumers.  

To date, there has been no literature report on the removal 
of heavy metal ions by LBR residues from contaminated water 
samples. Hence, in the current study, it is intended to explore 
the adsorption capacity of this residue towards the selected 
metal ions removal; namely, Pb(II), Cd(II), Zn(II) and Cu(II) 
from contaminated aqueous samples.  
 
 

2. Experimental 
 
2.1. Experimental site and equipment 
 

The fermented alcoholic beverage commonly named 'Tella' 
is the generic name for ‘Ethiopian Local Beer’. It was prepared 
and collected from a vendor house in Dire Dawa city; located at 
9°36'N latitude and 41°52'E longitude, and an elevation above 
sea level of 1180 m. It is one of the administrative regions 
located in eastern Ethiopia, close to Haramaya University (HU). 
The preparation of Tella residues, i.e., local beer residue (LBR) 
as potential novel adsorbents, and the batch sorption experi-
ments were performed at the postgraduate research laboratory 
of the Department of Chemistry of the HU. The determination of 
target metal ions concentration was conducted at the HU Soil 
Science Laboratory using Flame Atomic Absorption Spectros-
copy, FAAS (Model210/211 VGP). Functional group identifi-
cation before and after absorption was achieved with the FT-IR 
spectrometric instrument (Shimadzu, 1730, Japan) and was 
carried out at the Analytical Instrumentation Laboratory of the 
Department of Chemistry of Addis Ababa University (AAU). The 
pH of the sample solution was manually adjusted by the pH 
meter (MP 220), mainly for the pH of the working solutions, 
which was achieved using 0.10 M NaOH and 0.10 M HCl 
solutions. A rotary shaker (Orbital Shaker SO1, UK), was used to 
shake the solutions. Ultrapure water was obtained by purifying 
with a 8000 Aquatron water Still double distiller (Bibby 
Scientific, Staffordshire, UK) and a deionizer (EASY Pure LF, 
Dubuque). In this study, a 1.5 mm sieve and a hot air oven 
(Contherm 260 M) were also used. 
 
2.2. Chemicals and reagents 
 

The analyte standards used were of analytical reagent 
grade chemicals including Cd(NO3)2·4H2O, Cu(NO3)2·4H2O, 
Pb(NO3)2, and Zn(NO3)2. All inorganic salts were dissolved in 
deionized water to prepare the corresponding adsorbates, i.e. 
metal-ion solutions. Other common chemical substances such 
as H2SO4 (98%, laboratory reagent, LOBA, India), HNO3 (69%, 
LR, Breckland Scientific Supplies, UK), sodium hydroxide and 
hydrochloric acid, both obtained from Sigma-Aldrich (St. Louis, 
Mo, USA), were used in this study. The pH meter was 
standardized using buffer solutions; with pH values of 4, 7, and 
9. 
 
2.3. Preparation and modification of LBR 
 

The collected adsorbent of local beer residue was washed 
extensively with tap water to remove impurities such as sugars, 
coloring agents, and some organic and inorganic compounds, 
which are soluble impurities attached to the biosorbent surface 
until the washing water appeared clear and thoroughly rinsed 
with double distilled deionized water until constant pH. The 
rinsed residue was then filtered by Whatman Filter Paper No.41 
and allowed to dry, kept in the shade of sunlight for three 
consecutive days. The residue was then kept in an air oven at 
80 °C for 24 h; until constant weight was obtained. The effect of 
chemical pretreatment on the adsorption performance of LBR 
was investigated according to the method described by Kebede 
and coworkers [40]. 

The dried LBR was divided into three portions. The first 
portion of 5 g was left untreated, and then two more portions of 
the same amount were also transferred into 250 mL conical 
flasks each. The second portion was treated with 50 mL of 0.10 
M HNO3, while the third portion was treated with 50 mL of 0.10 
M NaOH solution. Then, both flasks were heated at 50 °C for 4 
h. The mixtures were left overnight and filtered to remove the 
adsorbents. Subsequently, the acid and base-treated LBR was 
washed repeatedly with distilled water and rinsed with double 
distilled deionized water until a constant pH of 7.0±0.2. The 
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contents of the LBR adsorbents were then similarly dried to a 
constant weight and converted into fine powders using an 
electric grinder. The grounded residues were sieved through a 
1.5 mm size mesh and only the separated particles that passed 
through 1.5 mm were used as adsorbent material in this study 
[23-25]. The resulting particles were stored after drying again 
in the oven at 80 °C for 180 min. Finally, the sorbent residues 
were labeled and kept in three separate screw-capped 
polypropylene bottles and stored in a desiccator until use for 
the intended purpose. The dried but untreated LBR adsorbent 
material and chemically treated material were used as 
biosorbent. 
 
2.4. Metal solution preparation 
 

The stock solutions of each metal ion containing 1000 mg/L 
of Cd(II), Cu(II), Pb(II), and Zn(II) were prepared from their 
corresponding salts: Cd(NO3)2·4H2O, Cu(NO3)2, Pb(NO3)2, and 
Zn(NO3)2, respectively, by dissolving appropriate amounts of 
each salt in 1000 mL of distilled deionized water and filling to 
the mark with deionized water [41]. The resulting solutions 
were further serially diluted with distilled deionized water to 
the desired concentrations; as test solutions. The required 
concentration of the working solutions was prepared daily from 
the stock solutions and stored in the refrigerator at 4 °C. 
Calibration curves were plotted using the absorbance versus 
concentration of each metal ion throughout the experimental 
period.  
 
2.5. Metal ion uptake by LBR and FAAS determination 
 

Each metal ion interacted with a total of three residues used 
as adsorbents, i.e. two chemically modified LBR and one 
unmodified LBR, used as low-cost novel biosorbent materials. 
This was achieved by first transferring 2 g residues into three 
250 mL separate conical flasks and allowed to get wet in 100 
mL of double distilled deionized water. The concentrations of 
metal ions before and after adsorption were determined by 
measuring the absorbance of each metal ion using FAAS. The 
following analytical wavelengths were used for the deter-
mination of each metal ion studied: Cadmium 228.8 nm, copper 
327.4 nm, lead 283.3 nm, and zinc 213.9 nm. Double-distilled 
deionized water was used as a standard solution to calibrate the 
instrument, which was checked periodically throughout the 
analysis of each metal ion for instrumental response.  
 
2.6. Batch adsorption experiment 
 

A series of experiments were carried out to optimize and 
evaluate the effects of different experimental conditions such as 
pH (at 2, 3, 4, 5, 7, and 9), adsorbent dose (0.5, 1.0, 1.5, 1.8, 2.0 
and 2.5 g), initial concentrations of metal ions (5, 10, 20, 30, 50, 
80, and 100 mg/L), contact time (30, 45, 60, 120, 180 and 240 
min), and agitating speed (50, 75, 100, 150, and 200 rpm) in 
absorbance measurement using standard solutions prepared 
for each metal ion. The pH was manually adjusted with 0.10 M 
HCl and 0.10 M NaOH solutions and the pH meter was calibrated 
using buffer solutions of pH values; i.e. 4, 7, and 9 throughout 
the experiment. All adsorption experiments were conducted at 
room temperature (25 °C), except where the effect of 
temperature was studied. All adsorption experiments were 
conducted in a single metal system (SMS) throughout the study, 
i.e., all tests were free from the effect of co-ions. The adsorption 
capacity of each metal ion and the adsorption efficiency 
(percent adsorption or removal) of each residue were 
determined as functions of each experimental parameter. For 
each experimental parameter, the adsorption capacity or 
amount of metal adsorbed (qe) and the adsorption efficiency or 
percent removal (%R) were calculated based on the following 
relations (Equations 1 and 2) [32,42]. 

𝑞𝑞𝑒𝑒 =  Co− Ce × V
m

     (1) 
 
%R = Co− Ce

Co
 × 100     (2)  

 
where V represents the volume of the solution, m is the 
adsorbent mass used, Co is the initial concentration, and Ce is the 
adsorbate residual concentration in the solution. 
 
2.7. Adsorption isotherms 
 

The affinity of each metal ion to the freely available sites on 
each type of adsorbent was determined utilizing the adsorption 
isotherms. Both Freundlich and Langmuir models were used to 
describe the experimental results of metal ion adsorption by 
adsorbent material (the residue). The isotherm experiments 
were carried out with all parameters under optimized 
conditions for each heavy metal under study, except the 
temperature which was fixed at 25 °C. The initial concentration 
of each metal ion ranged from 20-200 mg/L. The experiment 
was carried out in a 250 mL conical flask that contained 100 mL 
of different initial concentrations prepared from each metal ion 
solution by residue (LBR). After reaching equilibrium in about 
3 h, all flasks were filtered and the supernatant solutions were 
analyzed by FAAS.  

The Langmuir model assumes monolayer coverage of the 
adsorbent surface and no interaction of the adsorbate in the 
plane of the adsorbent surface. The linear form of the Langmuir 
isotherm is given by Equation 3 [42]. 
 
1
qe

= 1
Qo

+ 1
b×Qo×Ce

     (3) 
 
where, qe is the adsorbed analyte quantity (mg/g), Ce is the 
analyte concentration at equilibrium (mg/L), and Qo and b 
represent the Langmuir constants at the maximum adsorption 
capacity (mg/g) and adsorption energy (mg/L), respectively. 

Other characteristics including the shape of the Langmuir 
isotherm can be described in terms of a dimensionless quantity, 
defined as the separation factor, RL. It also indicates whether 
the adsorption is favorable or not. The numerical values of 
adsorption for the target analytes can be calculated using 
Equation 4 given below [42,43]: 
 
RL =  1

1+KL×Co
     (4) 

 
where KL is the Langmuir constant (L/mg), Co is the initial 
concentration of the adsorbate (mg/L). 

On the other hand, the Freundlich isotherm is given by the 
following relation (Equation 5), which is a numerical 
expression that encompasses the heterogeneity of the surface 
and the exponential distribution of the sites and their energies 
[23]. 
  
qe = KF × Ce1/n     (5) 
 

The Freundlich parameters, KF and n, have to be 
determined in batch experiments using logarithmic regression 
of the data, and the linearized form of the above equation is 
expressed by Equation 6. 
 
log qe = log KF  + 1 n� × log Ce   (6) 
 
2.8. Kinetics studies of adsorption of metals 
 

The kinetic studies of each metal ion by LBR were 
conducted in separate flasks. The adsorption kinetics of each 
metal was determined, where the contact time was varied in the 
range from 60, 90, 120, 180, 240, 360, 480, to 720 min, to 
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estimate the rate determining step and study the appropriate 
kinetic model of each metal to the corresponding adsorbent. All 
experimental parameters, such as pH, adsorbent dose, contact 
time, agitation speed, and initial metal ion concentration, were 
kept at optimized values with a constant temperature of 25 °C. 
The sample solutions of each metal on the corresponding 
adsorbent were immediately filtered, and then the absorbance 
of the supernatant solutions was measured by FAAS. The 
equilibrium concentrations of each metal ion at a specified 
contact time were calculated to evaluate the absorption 
kinetics. To this end, the mechanism of adsorption was 
investigated by applying the pseudo-first and pseudo-second 
kinetic models. 

The pseudo-first-order of solute sorption was evaluated 
using the linear equation of the following form (Equation 7) 
obtained by integrating the rate equation of the pseudo-first-
order kinetics, rearranging for the boundary conditions [32]: 
 
log  (qe − qt) = log  (qe) − k1

2.303
× t   (7) 

 
where qe and qt are the amounts of metal adsorbed (mg/g) on 
the adsorbent at equilibrium and at time (t), respectively, and 
k1 (1/min) is the rate constant for pseudo-first-order 
adsorption. From the linear graph of log (qe–qt) versus time 't', 
the slope and intercept values were determined and used to 
calculate the theoretical or calculated equilibrium adsorption 
capacity (qe) and the pseudo-first-order rate constant (k1) 
values, respectively.  

For the absorption kinetics that follows the pseudo-second-
order mechanism, the integrated basic rate equation for 
boundary conditions was rearranged to a linear relationship 
given in Equation 8 below [36]: 
 
t
qt

 =  1
K2×qe2

 +  1
qe

× t    (8) 
 
where, qe is the amount of metal adsorbed (mg/g) at 
equilibrium, qt is the amount of metal adsorbed (mg/g) at time 
(t), and k2 is the pseudo-second order sorption rate constant 
(g/mg.min). The slope and intercept values of the plot (t/qt) 
versus time 't', were used to determine the pseudo-second-
order theoretical or calculated equilibrium adsorption capacity 
(qe) and its rate constant (k2) values, respectively. 
 
2.9. Thermodynamics studies on adsorption of metals 
 

In order to investigate the effect of temperature under the 
sorption phenomenon, every experiment with each metal ion to 
LBR was carried out in a separate flask. To study this effect, all 
predetermined parameters, such as dosage, pH, contact time, 
concentration and agitation speed, were used in each optimized 
value for each metal and the temperature was established at 25, 
40, 50, and 60 °C as described by Yasemin and Zeki [44]. After 
shaking for approximately 3 h, the sample solutions of each 
metal adsorbed by the corresponding adsorbent were 
immediately filtered. Thereafter, the supernatant solutions of 
each metal were measured by FAAS.  

Thermodynamic parameters including the change in 
standard free energy (∆G°), the change in enthalpy (∆H°) and 
the change in entropy (∆S°) were calculated using the following 
equations. The magnitude of ΔG° (kJ/mol) was calculated using 
Equations 9 and 10. 
 
 ∆𝐺𝐺o = −R × T × ln Kc    (9) 
 
where Kc = Ce (ad) /Ce; and Ce (ad) = C0 − Ce×Ce (ad) represents 
the equilibrium concentration of metal adsorbed on the surface 
of the adsorbents in mg/L and Ce is the corresponding 
equilibrium concentration of the metal in liquid phase in mg/L. 

Kc is a dimensionless equilibrium constant. Vant' Hoff Equation 
10 is a useful expression that links ΔH° and ΔS° with the 
equilibrium constant (Kc) as shown below in Equation 11 
[40,45].  
 
 ∆𝐺𝐺o  =  ∆𝐻𝐻o − T∆𝑆𝑆o                     (10) 
 
ln Kc = ∆𝑆𝑆o

R
 − ∆𝐻𝐻o

R×T
                      (11) 

 
where R is the equilibrium gas constant (R = 8.314 J/mol.K), T 
(K) represents the absolute temperature and Kc (cm3/g) is the 
standard thermodynamic equilibrium constant defined by Ce 
(ad)/Ce. By plotting the graph of ln Kc versus 1/T, the value of 
∆H° and ∆S° is estimated from the slopes and intercept. 
Thermodynamic considerations of the adsorption process are 
necessary to conclude whether the process is spontaneous or 
not. Gibb’s free energy change, ΔG°, is the fundamental criterion 
of spontaneity. Reactions occur spontaneously at a given 
temperature if the value of ΔG° is negative. 
 
3. Results and discussion 
 
3.1. Adsorbent characterization 
 

The level of adsorption of metal ions on the active sites of 
LBR is primarily influenced by the nature of the functional 
groups responsible for effecting the required adsorption. The 
occurrence and position of the functional groups are 
determined by FT-IR spectral analysis, which was carried out in 
the range of 4000 to 400 cm-1 (Figure 1). The FT-IR spectrum of 
the raw LBR compared to that of the metal-loaded LBR 
adsorbent was also studied in this range. 

The broad band observed at 3431 cm-1 revealed the 
presence of the OH and NH groups. The absorption band at 
2921-2850 cm-1 is related to the CH stretching modes of the CH2 
and CH groups. The band at 1740-1610 cm-1 is the stretching 
vibration of COO‾ and C-O, while the 1650-1500 cm-1 band 
interval is the bending vibration of N-H. The absorption band at 
1423-1417 cm-1 is the phenolic O-H and C-O stretching of 
carboxylates. The bands at 1412 and 1032 cm-1 are indicative of 
the bending of CH3 and the stretching vibration of C-N, 
respectively. Absorptions around 1150-1000 cm-1 are caused 
by vibrations of C-O-C and O-H in polysaccharides and 1000-
500 cm-1 band interval may be due to Si-H bend vibration and 
halogenated compounds (C−X) stretching vibration, where 'X' 
represents halogens [42,46]. The FT-IR spectra of LBR exposed 
to metal ions indicated that there were no significant shifts or 
changes in any of the characteristic absorbance bands at 3341, 
2921, and 1036 cm-1. However, the peaks at 1640 and 1463 cm-

1 evolved a band shift in all metals, which implies that these 
groups may be responsible for the affinity of heavy metal 
adsorption. The most effective mode of the adsorption process 
is most likely due to the adsorbent and adsorbate configuration 
[30]. No adsorption peaks evolved or were extinguished by the 
uptake of the metals, indicating that after adsorption of metals, 
no molecular bond of the structure formed or disappeared for 
each metal ion. Adsorption sites or quantity of heavy metals in 
such spectra are not a realistic indicator. However, the 
structural-specific changes in the adsorbents most likely 
indicate the adsorption of the metals. All these observations and 
explanations agree well with the published reports 
[15,17,22,41]. 
 
3.2. Effect of experimental parameters on the adsorption 
process 
 
3.2.1. Effect of chemical treatment on the adsorption of 
heavy metals 
 



258 Kebede et al. / European Journal of Chemistry 15 (3) (2024) 254-265 
 

 
2024 – European Journal of Chemistry – CC BY NC – DOI: 10.5155/eurjchem.15.3.254-265.2539 

 
Table 1. Effect of chemical treatment on LBR for Cd(II), Cu(II), Pb(II), and Zn(II); at the initial metal concentration Co = 30 mg/L; pH = 4; dosage = 1 g for each 
adsorbent; agitation speed = 150 rpm; contact time = 120 min; and temperature = 25 °C for n = 3. 
Adsorbent Percent (%) adsorption or efficiency of adsorbents  

Cd(II) Cu(II) Pb(II) Zn(II) 
Untreated LBR 92.50±0.58 90.27±2.38 95.96±1.85 81.45±2.05 
0.10 M HNO3 treated LBR 96.47±1.37 92.67±0.87 97.33±1.05 82.08±0.89 
0.10 M NaOH treated LBR 95.28±0.96 92.10±1.29 98.20±0.81 81.88±1.52 

 

 
 

Figure 1. FT-IR characterization of LBR adsorbent before (A) and after (B-E) adsorption of Cd(II) (B); Pb(II) (C); Cu(II) (D); and Zn(II) (E). 
 
Chemical treatments are generally expected to improve 

biosorption capacity [35,47]. The effects of chemical treatment 
of the adsorbent (LBR) on the removal efficiency of each metal 
ion are shown in Table 1. It was observed that the removal 
efficiency of the chemically modified LBR adsorbent materials 
showed certain improvements in the adsorption performance 
of each adsorbent for each metal, compared to the unmodified 
one. This could be attributed to pretreatment of the adsorbents, 
which most likely results in unmasking or exposure of the metal 
binding sites or activation of the metal binding groups by 
modifying existing ones and alterations in charge density on the 
surface of the LBR. In this study, the LBR was modified in acidic 
and basic media. 
 
3.2.2. Modification in acidic media (HNO3) 
 

The adsorption efficiency of the metal ions on the acid 
(HNO3) modified LBR showed improved uptake than the 
unmodified one and even better than the base-modified LBR, 
except for Pb(II), as shown in Table 1. This may be due to the 
fact that acids can remove acid-soluble surface impurities, 
rupture of the cell membrane, and the resulting exposure of free 
binding sites or activation of functional groups presented on the 
adsorbent (LBR) [48]. As a result, it could probably increase the 
proportion of active adsorbent surfaces to be charged 
negatively. This could create a good environment to uptake 
extra metal ions than the unmodified one, and thus increase the 
adsorption capacity. A similar trend was also found in the 
literatures; for example, in the work reported by Kebede et al. 
[40], acid modification decreased the organic content of the 
adsorbent and resulted in increased porosity. Similarly, 
promising findings were also reported in which a linear 
relationship between the total negative charge and the amount 
of adsorbed copper ions was observed for twelve types of 
agricultural by-products after modification with citric acid [49]. 
In this latter  work, it was learned that the total negative charges 
of all types of agricultural by-products increased significantly 
[49]. 
 

3.2.3. Modification in basic media (NaOH) 
 

In other series of experiments, NaOH was used for the 
modification of LBR. The adsorption efficiencies of the metal 
ions (Table 1) were increased compared to the unmodified LBR. 
The adsorption efficiency of Pb(II) was exceptionally higher 
both in acid-modified and unmodified LBR. The negatively 
charged hydroxyl ions on the surface of the adsorbent could be 
the cause for the increment of adsorption efficiency compared 
to that of the unmodified LBR. The alkali pretreatment could 
also release polymers such as polysaccharides that have a high 
affinity for certain metal ions. The types of chemicals utilized to 
modify residues determine the efficiency of the LBR adsorbent 
to remove soluble compounds, eliminating the coloration of the 
aqueous solutions and thus increasing the efficiency of metal 
adsorption, as was also reported in the scientific literature 
[1,2,35,50]. Generally, three possible reasons could be stated 
for the increase in the adsorption capacities of metal ions, 
including the surface area, average pore volume, and pore 
diameter after alkaline treatment [40]. The adsorption capacity 
decreased in the order of Pb(II) > Cd(II) > Cu(II) > Zn(II) for LBR 
treated by NaOH. The amount of metal ions bound by the 
adsorption site depends on the level of modification, the nature 
of the metal (such as solubility) and the type of chemical 
substances used for modification [22].  
 
3.2.4. Effect of pH  
 

Metal-ion adsorption by the biosorbents may also be 
governed by the pH of the sample solution. The effects of pH on 
the removal of metal ions by LBR considered in this study are 
shown in Figure 2. The maximum removal of metal ions was 
observed at pH 5, which is 93.90% for Cd(II), 91.39% for Cu(II), 
96.86% for Pb(II) and 83.95% for Zn(II). It was further noted 
from Figure 2 that the amount of each metal adsorbed by LBR 
increased rapidly at lower pH values, especially for Cd(II) and 
Zn(II).  
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Figure 2. Effect of pH on the removal of Cd(II), Cu(II), Pb(II) and Zn(II) by LBR; at the initial concentration of metal ions Co = 30 mg/L, dose = 1 g LBR, agitation 
speed = 150 rpm, contact time = 120 min and temperature at 25 °C. 

 

 
 
Figure 3. Effect of the initial concentrations of metal ions Cd(II), Cu(II), Pb(II), and Zn (II) on the adsorption capacity of LBR; at pH = 5 for all metals, dose = 1 g 
of LBR, agitation speed = 150 rpm, contact time = 120 min and temperature at 25 °C. 

 
The experimental results obtained in this study indicated 

that the adsorption of Cd(II) and Zn(II) is relatively more pH 
dependent than Pb(II) and Zn(II). Furthermore, the adsorption 
capacity of each metal ion also increased with pH and then 
decreased when the pH increased beyond the optimum value. 
This could be attributed to the fact that hydrogen ions 
themselves are strongly competing for the active sites of LBR at 
lower pH values. The pH of the solution influences the specifi-
cation of metal ions and the ionization of surface functional 
groups [47,49]. 

It could further be noted that binding of H+ ions to the 
adsorbents may be occurred, which could be responsible for the 
reduction of the metal ion adsorption [19]. However, the 
percentage of removal in alkaline medium, beyond pH = 7, was 
lowered for each metal, as shown in Figure 2. The reduced 
amount of metal bounded by the alkali medium may probably 
be due to the fact that OH− ions themselves are strongly 
competing for the active sites of LBR. Beyond the optimum pH, 
the concentration of the OH- ions is higher, which could be 
associated with the formation of hydroxy-metal ion complexes 
[2]. The highest percentage of removals reported for similar 
other adsorbents by other workers were between pH = 4 and 6; 

depending on the metal and the nature of the adsorbent used 
[11,31]. For a similar reason, pH = 5 was selected for this study. 
 
3.2.5. Effect of adsorbent dose 
 

The effect of the adsorbent dose was studied and the results 
obtained indicated that the removal efficiency of each metal ion 
increased from 86.93 to 94.44% for Cd(II), 86.92 to 92.06% for 
Cu(II), 85.56 to 97.39% for Pb(II), and 73.33 to 85.95% for 
Zn(II), when the adsorbent dose of LBR increased from 0.5 to 
2.5 g. After the dose of 1 g of LBR, the increase in percent 
adsorption was insignificant for each metal ion. This may be due 
to the additional active sites for metal binding with increased 
doses of LBR. However, there is a fast superficial adsorption 
onto the LBR surface, producing a lower concentration of metal 
solution compared to the concentration of each metal ion 
available at the lower dose of LBR. These results agree with 
other studies reported in the literature [50]. Maximum removal 
was found at 1 g/L of LBR dose for all metals. Thus, 1 g/L of LBR 
was found to be sufficient amount of LBR to maintain the 
equilibrium dose used for all subsequent experiments. 
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Figure 4. Effect of contact time on the removal of Cd(II), Cu(II), Pb(II), and Zn(II) by LBR; at pH = 5 for all metals, initial concentration of each metal ion at Co = 
50 mg/L, dose = 1 g of LBR, agitation speed = 150 rpm, and temperature at 25 °C. 

 
3.2.6. Effect of initial concentration 
 

The effect of initial concentrations of metal ions on the 
adsorption efficiency of LBR, carried out at different initial 
concentrations, ranged from 5-100 mg/L. Figure 3 showed that 
the removal efficiencies of LBR for all analyte metals increased 
rapidly as the initial metal concentration increased from 5 to 10 
mg/L, and then the extent of removal was found to be gradual 
when the initial metal concentrations increased to 50 mg/L. 
However, the removal efficiency of LBR declined when the 
initial metal ions increased further to 100 mg/L. The percen-
tage of metal ion removal decreases as the concentration 
increases, which may be attributed to the limited available sites 
for adsorption. However, the amount of metal ions bound in 
active binding sites depended on the type of metal and the 
concentrations of the metals studied [48,51]. Therefore, 50 
mg/L was chosen as the optimum initial concentration 
throughout this study. 
 
3.2.7. Effect of contact time 
 

To establish the appropriate contact time between the LBR 
and the metal ion solution, the percentage removal, measured 
as a function of time, is given in Figure 4. For a fixed concent-
ration of metals and mass of LBR, the percentage of removal 
was increased with increasing contact time for each metal. The 
results in Figure 4 explained that the percentage of removal of 
each metal was higher at the beginning. In fact, the percentage 
removal of all metals during the first 30 minutes was 86.80, 
85.71, 90.40, and 79.20% for Cd(II), Cu(II), Pb(II) and Zn(II), 
respectively. The adsorption of each metal ion also showed a 
gradual increase for additional 20 min, and the same trend was 
also observed up to 180 min. This may probably be due to the 
saturation of the adsorbent surfaces [52]. However, the 
equilibrium was estimated to be attained around 180 min. 
Therefore, the equilibrium contact time of 180 min was selected 
for all further studies (Figure 4). 

It is known that when the contact time increased, the 
adsorption capacity of each metal increased, which is 
proportional to the increment in percentage removal. Initially, 
there were a large number of active binding sites in LBR and 
consequently a large amount of metal ions were bound rapidly 
onto LBR. Therefore, the increment in percentage removal at 
the lower contact time might be related to the abundance of free 
binding sites available on LBR, which become saturated later. 

The binding site was shortly become limited and the remaining 
vacant sites on the surface are difficult to be available for 
adsorption by metal ions, mainly due to the formation of 
repulsive forces between the metal ions on the adsorbent 
surface and the liquid phase [12,17,34]. 
 
3.2.8. Effect of agitation speed 
 

It is important to determine the optimal speed that could be 
used in wastewater treatment. The graph of the agitation speed 
versus the percent adsorption for each metal is presented in 
Figure 5. The percentage removal of each metal increased from 
92.66 to 97.74% for Cd(II), 93.46 to 96.64% for Cu(II), 94.58 to 
97.87% for Pb(II) and 82.67 to 85.48% for Zn(II) when the 
agitation speed increased from 50 to 100 rpm and then 
decreased slightly with further increase of the speed to 200 
rpm. Similarly, the adsorption capacity of each metal increased 
as the speed increased until the optimum value and then 
decreased when the agitation speed was increased further. This 
may be related to the increase in the agitation speed, the extent 
of mixing of the metal ions in the solution, and the increase in 
the active binding sites on LBR, which may be resulting in an 
increased percentage removal of each metal [24]. When the 
mixture of metal ions and LBR was shaken, the fine particles of 
LBR moved rapidly into the solution of each metal and this 
facilitates the abundance of the metal ions near the surface of 
the active sites. However, when the shaking speed further 
increased to 200 rpm and beyond, the percentage removal of 
each metal was slightly decreased because the high shaking 
speed provided sufficient additional energy to break the newly 
formed weak interactions/bonds between the metal ions and 
the binding sites of the adsorbent surface. As a result, high 
agitation speed may cause adsorbed metal ions to desorb from 
the adsorption sites [53,54]. Therefore, 100 rpm was chosen as 
the optimum in this study and this was in agreement with other 
published reports [25,34,40,46,55]. 
 
3.3. Adsorption isotherm studies 
 

For all metal ions, the plot of straight lines obtained from 
Ce/qe versus Ce (Equation 3) for Langmuir isotherm and log qe 
versus log Ce (Equation 6) for Freundlich adsorption isotherm. 
The isotherm parameters of Langmuir and Freundlich for 
Cd(II), Cu(II), Pb(II), and Zn(II) adsorption, along with the 
corresponding  correlation  coefficients  (R2)  are  presented  in  
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Table 2. Parameters in Langmuir and Freundlich isotherm models; for Cd(II), Cu(II), Pb(II), and Zn(II), adsorption onto LBR. 
Metal ions Adsorption isotherm models 

Langmuir parameters Freundlich parameters 
Qo (mg/g) b (L/mg)  R2 KF (mg/g)  n R2 

Cd(II) 14.925 0.238 0.991 3.508 2.660 0.945 
Cu(II) 17.543 0.145 0.986 2.812 2.075 0.947 
Pb(II) 16.393 0.220 0.993 3.396 2.304 0.952 
Zn(II) 17.857 0.038 0.994 1.038 1.597 0.970 
 

 

 
Figure 5. Effect of the agitation speed on the removal of Cd(II), Cu(II), Pb(II), and Zn(II) by LBR. 

 

 
 

Figure 6. Langmuir adsorption isotherms of Cd(II), Cu(II), Pb(II), and Zn(II) by LBR. 
 
Table 2, which indicates that the adsorption data best fitted the 
Langmuir adsorption isotherm for all metals studied (Figure 6) 
[35,49]. Therefore, homogenous surfaces mainly occur with 
uniform distribution of heat of adsorption over the active 
binding sites of LBR. 

The corresponding values of adsorption capacity (KF) in the 
Freundlich isotherm were 3.51, 2.81, 3.40, and 1.04 mg/g. 
Therefore, the Langmuir adsorption capacity (Qo) values for 
each metal ion were greater than the corresponding Freundlich 
adsorption capacity values. Table 2 also shows that the values 
of Langmuir isotherm adsorption energy (b) were 0.24, 0.15, 
0.22 and 0.04 for Cd(II), Cu(II), Pb(II), and Zn(II), respectively, 
and the corresponding Freundlich constant values related to 
the adsorption intensity (n), were 2.66, 2.08, 2.30, and 1.60 
mg/g. The correlation coefficient (R2) in Langmuir was 

dominantly supporting the suggestion that the equilibrium data 
were best fitted to the Langmuir than Freundlich adsorption 
model [23,51]. 

Therefore, depending on the value of the adsorption energy 
(b) and the general binding energy of the active sites on LBR for 
each metal studied, follow the order of decreasing energy: 
Cd(II) > Pb(II) > Cu(II) > Zn(II), i.e., at the same concentration 
range, Cd(II) has a higher adsorption energy or affinity in the 
active sites of LBR than the rest of the three metals. On the basis 
of the values of the adsorption intensity (n), the metals follow 
the same order as the binding energy, i.e., Cd(II) > Pb(II) > Cu(II) 
> Zn(II). It is also meant that the adsorption efficiency of LBR is 
high enough to remove a high concentration of Cd(II) and low 
enough  to  remove  a  high  concentration  of  Zn(II)  at  the same  
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Table 3. RL values for Cd(II), Cu(II), Pb(II), and Zn(II) adsorption at different initial metal ion concentrations by LBR. 
Co (mg/L) * RL values of metals 

Cd(II) Cu(II) Pb(II) Zn(II) 
20 0.174 0.256 0.185 0.569 
30 0.123 0.186 0.131 0.469 
50 0.078 0.121 0.083 0.346 
80 0.051 0.079 0.054 0.248 
100 0.040 0.064 0.043 0.209 
150 0.027 0.044 0.029 0.150 
200 0.021 0.033 0.022 0.117 
* Co: Initial metal ion concentrations. 
 
Table 4. Pseudo-first-order and pseudo-second-order parameters; by LBR for Cd(II), Cu(II), Pb(II), and Zn(II) adsorption. 
Metal ions Kinetic models 

Pseudo-first order  Pseudo-second- order 
qe (cal) a 
(mg/g) 

qe (exp) b 
(mg/g) 

k1 
1/min 

 R2 qe (cal) a 
(mg/g) 

qe (exp) b 
(mg/g) 

k2 
(g/g. min) 

 R2 

Cd(II) 0.442 4.89 0.007 0.980 4.951 4.89 0.057 0.999 
Cu(II) 0.736 4.82 0.018 0.996 4.901 4.82 0.058 0.999 
Pb(II) 0.058 4.89 0.031 0.943 4.926 4.89 0.106 0.999 
Zn(II) 0.813 4.25 0.021 0.963 4.348 4.25 0.047 0.999 
a qe (cal) − calculated adsorption capacity at equilibrium time. 
b qe (exp) − experimental equilibrium adsorption capacity. 
 

 
 

Figure 7. Pseudo-second-order kinetic models of Cd(II), Cu(II), Pb(II), and Zn(II). 
 
concentration range of the metals applied. Thus, LBR has less 
efficiency to remove a high concentration of Zn(II).  

The essential characteristics in the Langmuir isotherm 
model can be expressed in terms of a dimensionless equilibrium 
parameter (RL) that is used to predict the adsorption behavior 
of the metals at different initial metal concentrations [1]. The 
adsorption data of RL indicate a linear distribution with the 
initial metals' concentration ranging from 20-200 mg/L. As can 
be observed in Table 3, the RL values for all metal concent-
rations are between 0 and 1, indicating that each metal exhibits 
favorable adsorption onto the active sites of LBR. 
 
3.4. Kinetics of metal adsorption 
 

The pseudo-first and pseudo-second order parameters for 
the adsorption of Cd(II), Cu(II), Pb(II), and Zn(II) along with the 
corresponding correlation coefficients (R2) are presented in 
Table 4. The values of the correlation coefficients in the pseudo-
second order kinetics model for each metal ion show the 
preferred results (R2 = 0.999), compared to the correlations 
obtained for the pseudo-first order correlation values. This 
indicates the applicability of the pseudo-second-order kinetics 
model of the adsorption process between metals and 
biosorbent binding sites and these results agree with the 
literature reports for several natural adsorbents and the same 
initial concentration levels [31,54]. The plots of (log (qe–qt) 
versus time (t)) for all metal ions, both for pseudo-first-order 

and pseudo-second-order kinetics were studied and estab-
lished. Based on the experimental results, it was found that 
pseudo-second order exhibited a straight-line curve, Figure 7, 
while pseudo-first order resulted in an unfavorable graphical 
representation. 

The pseudo-second-order model suggests that metal 
sorption is the rate-determining or controlling step in the 
adsorption process [19,21,45,51]. The calculated equilibrium 
adsorption capacity qe (cal) from first-order and second-order 
equations, and the experimental equilibrium adsorption 
capacity, qe (exp) (mg/g) are given in Table 4. As can be seen 
from Table 4, for the first-order, the calculated values for 
equilibrium adsorption capacity did not closely approximate 
the measured values of the experimental equilibrium 
adsorption capacity. This coupled with its lower correlation 
coefficient, may lead to the conclusion that the adsorption 
process of each metal ion was not properly described by the 
first-order kinetics. From the chemical reaction category 
(chemisorptions), the best fit for the data sets of this study is 
achieved by pseudo-second-order type of adsorption process 
[44]. On the other hand, the calculated (qe) from the second-
order kinetics model by LBR for each metal ion is very close to 
the experimentally determined (qe) values. As a result, the 
adsorption of Cd(II), Cu(II), Pb(II), and Zn(II) on the LBR system 
appears to follow and is better described by a pseudo-second 
order kinetic model. 
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Table 5. Thermodynamic parameters for Cd(II), Cu(II), Pb(II), and Zn(II) adsorption at different temperatures by LBR. 
Temperatures (K) Thermodynamic parameters 

ΔGo (kJ/mol) 
Cd(II) Cu(II) Pb(II) Zn(II) 

298 -9.401 -8.292 -9.288 -4.416 
313 -11.019 -9.046 -10.719 -5.040 
323 -12.767 -9.391 -12.945 -5.506 
333 -14.283 -9.820 -14.147 -5.733 
R2 0.979 0.953 0.951 0.962 
ΔHo (kJ/mol) 32.491 4.593 33.630 7.1508 
ΔSo (kJ/mol.K) 0.140 0.043 0.143 0.0389 
 

 
 

Figure 8. Thermodynamics studies of Cd(II), Cu(II), Pb(II), and Zn(II) by LBR; at pH = 5 for all metals; initial metal ions concentration = 50 mg/L; dose = 1 g of 
LBR. 
 
3.5. Thermodynamics studies 
 

The temperature of the adsorption medium could impact 
the energy-dependent mechanism of metal adsorption by the 
adsorbent. The effect of temperature on the adsorption of 
Cd(II), Cu(II), Pb(II) and Zn(II) ions (Figure 8) was studied at 
different temperatures (25, 40, 50, and 60 °C). The adsorption 
percentage and capacity of each metal increased with inc-
reasing temperature. This may be due to increased metal ion 
mobility at higher temperatures. In addition, the swelling effect 
within the internal structure of the adsorbent can create more 
active sites and enhance the adsorption capacity [56]. This 
effect has been observed by other researchers and may be 
attributed to either an increase in active sites available for 
adsorption on the adsorbent or a decrease in boundary layer 
thickness, leading to decreased mass transfer resistance and 
enhanced adsorption capacity [24,57]. 

Thermodynamic parameters (ΔG°, ΔH°, and ΔS°) that were 
required to determine the variables including feasibility and 
spontaneity of the adsorption processes, were calculated to 
evaluate the LBR's adsorption process with the metal ions. The 
plots of ln Kc versus 1/T for each metal ion by LBR are shown in 
Figure 8. Equilibrium data and thermodynamic parameters 
were also determined by plotting ln Kc versus 1/T [10]. The 
values of ΔH° and ΔS° could be calculated from the slopes and 
intercepts of the plot, respectively. All thermodynamic para-
meters are provided in Table 5. 

The negative values of ΔG°, Table 5, indicate that the 
adsorption of metal ions by LBR is spontaneous and becomes 
more spontaneous with increasing temperature. The magni-
tude of ΔG° increases with temperature, indicating that the 
spontaneous adsorption and metal ion capacity of LBR are 
directly related to temperature [50]. On the other hand, positive 
ΔH° values of LBR indicate an endothermic adsorption process, 

confirming a strong interaction between LBR and metal ions. 
For the metal ions to reach the adsorption sites, they must first 
lose their hydration shell, which requires input energy [28]. The 
adsorption capacity of LBR for all metals increases with 
temperature due to the increasing kinetic energy of the sorbent 
particles, which enhances adsorption through increased 
contact or collision frequencies between LBR and metal ions 
[32]. 

Furthermore, Table 5 shows positive ΔS° values, indicating 
increased entropy due to adsorption. This is caused by the 
redistribution of energy between the metals and the adsorbent. 
Before adsorption, the metal ions near the surface of the 
adsorbent may be more ordered than in the adsorbed state, and 
the ratio of free ions to those interacting with the adsorbent will 
be higher before adsorption. Adsorbed water molecules, which 
displace the metals, gain more translational energy than is lost 
by the metal ions, increasing the randomness in the system. As 
adsorption increases, the distribution of rotational and transla-
tional energy among a small number of molecules will increase, 
resulting in a positive ΔS° [23,44]. The effect of temperature on 
the mobility of metal cations was also observed to increase with 
adsorption [29]. The experimental results shown in Table 5 
indicate that Pb(II) has the highest adsorption enthalpy, 
followed by Cd(II), Zn(II), and Cu(II). This may be explained by 
the hydration enthalpy, which reflects the ease of ion 
interaction with the functional groups on LBR. The more the 
cation is hydrated, the stronger is its hydration enthalpy and the 
higher its adsorption affinity [17,31,35]. The hydration 
enthalpies for Pb(II), Cd(II), Cu(II), and Zn(II) were 33.63, 
32.49, 7.15, and 4.59 kJ/mol, respectively, signifying the high 
affinity of Pb(II) for the LBR surface and higher adsorption 
favorability compared to the other three metals [40]. 
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4. Conclusions 
 

In this study, a novel, low-cost, and environmentally 
friendly biosorbent; the local beer residue was studied for the 
removal of heavy metals; namely, Cd(II), Cu(II), Pb(II), and 
Zn(II) from contaminated water samples. The functional groups 
available on the surface of the raw residue (LBR) were 
investigated using FT-IR. The effect of chemical modification 
(mostly acid and base treatments) on LBR was tested. The 
equilibrium studies and batch adsorption parameters test (pH 
effect, adsorbent dose, contact time, agitation speed, and initial 
metal concentration), adsorption isotherms, kinetics and 
thermodynamics studies of the adsorbent (LBR) for each metal 
adsorption were investigated. Optimum values of the 
parameters affecting the adsorption, such as pH, adsorbent 
dose, contact time, agitation speed, and initial metal concent-
ration, were obtained at 5, 1 g, 180 min, 100 rpm, and 50 mg/L, 
respectively.  

The adsorption isotherm study of the metals on the LBR 
adsorbent indicated that the adsorption best fitted the 
Langmuir adsorption isotherm for all metals. The kinetic study 
of the metal adsorption also indicated that the adsorption of 
metals follows the pseudo-second-order model. The negative 
value of ΔG° and positive value of ΔH° in the thermodynamic 
study of the adsorption revealed that the adsorption process is 
spontaneous and endothermic, respectively. Sorption capacity 
and sorption efficiency were strongly dependent on the nature 
of adsorbates (metal) and adsorbent (LBR). The maximum 
adsorption capacity of each metal decreased in the order of 
Pb(II) > Cd(II) > Cu(II) > Zn(II). 

The present study clearly indicated that LBR is an effective 
adsorbent for the removal of Cd(II), Cu(II), Pb(II), and Zn(II) 
from aqueous solutions with the optimized parameters. 
Therefore, the finding of this study suggests that the local beer 
residue can be used as an alternative low-cost novel adsorbent 
for the removal of heavy metals under study from wastewater. 
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