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Abstract

Introduction: the treatment of leachates containing heavy metals, such as copper (Cu) and lead (Pb), is crucial
as their levels often exceed permissible limits established by regulations. This study focuses on evaluating the
efficiency of treating these metals using adsorption with processed coffee pulp.

Objective: the objective of this study is to determine the removal rates and adsorption capacity of copper and
lead in landfill leachates.

Methods: adsorption isotherms were conducted in individual solutions using the Langmuir and Freundlich mo-
dels. A 273 experimental design and response surface analysis were applied to evaluate the variables. Additiona-
lly, thermodynamic parameters were determined to understand the type of adsorption.

Results: the results indicate that the Langmuir model best fits the adsorption of copper and lead. The maximum
adsorption capacities for copper at doses of 1.3 and 5 g of adsorbent material were 0.29, 0.12, and 0.59 mg/g,
while for lead, they were 0.05, 0.02, and 0.02 mg/g. The adsorption rates for copper were 65.3%, 71.0%, and
69.4%, and for lead, they were 30.30%, 13.80%, and 25.40% at the respective doses.

Conclusion: the thermodynamic parameters suggest that the adsorption mechanism is chemical in nature,
supporting the effectiveness of processed coffee pulp as an adsorbent material for the removal of heavy metals
in leachates.
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Resumen

Introduccion: el tratamiento de lixiviados que contienen metales pesados, como el cobre (Cu) y el plomo (Pb), es
fundamental debido a que sus niveles a menudo superan los limites permisibles establecidos por la normatividad.
Este estudio se centra en evaluar la eficiencia del tratamiento de estos metales utilizando sorcion con pulpa de café
procesada.

Objetivo: el objetivo de este estudio es determinar las tasas de remocion y la capacidad de adsorcion del cobre y
plomo en lixiviados de rellenos sanitarios.

Métodos: se realizaron isotermas de adsorcién en soluciones individuales utilizando los modelos de Langmuir y Freu-
ndlich. Se aplic6 un disefio experimental 273 y analisis de superficies de respuesta para evaluar las variables. Ademas,
se determinaron parametros termodindmicos para comprender el tipo de sorcién.

Resultados: |os resultados indican que el modelo de Langmuir se ajusta mejor a la sorcion de cobre y plomo. Las
capacidades de adsorcién maximas para el cobre en dosis de 1,3 y 5 g de material adsorbente fueron de 0.29, 0.12 y
0.59 mg/g, mientras que para el plomo fueron 0.05, 0.02 y 0.02 mg/g. Las tasas de adsorcion para el cobre fueron del
65.3%, 71.0% y 69.4%, y para el plomo del 30.30%, 13.80% y 25.40%, en las respectivas dosis.

Conclusion: Los parametros termodinamicos sugieren que el mecanismo de adsorcion es de tipo quimico, lo que
respalda la efectividad de la pulpa de café procesada como material adsorbente para la remocion de metales pesados
en lixiviados.
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Adsorption isotherms for copper and lead removal from landfill leachate

Why was it conducted?

To explore new adsorbents, such as coffee pulp, that could help remove contaminants from water, such as heavy metals, parti-
cularly in landfill leachates.

What were the most relevant results?

Coffee pulp is a suitable biomass for the removal of heavy metals. However, further research is needed on the characteristics
and properties of coffee pulp and the adsorption process, in order to enable its implementation on a real scale.

What do these results contribute?

They explore new ways to remove contaminants from water compared to conventional techniques. They also seek effective
environmental solutions for managing agro-industrial waste, such as coffee pulp.

Graphical Abstract
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Introduction

Solid waste generation is directly related to the development of human activities,
consumption patterns and purchasing power. At a global level, technological advances,
demographic growth, and the population concentration of large cities have led to an
increase in the consumption of products and, consequently, contributing more rapidly to
the growth of excessive waste production. Solids that are discarded annually, a fact that if

it continues to occur, puts the planet’s stability at risk (1). According to the World Bank, in
2016, 0.74 kg of waste per capita per day was generated; resulting in a total of 2.01 billion
tons. It is projected that by 2050, this will increase to 3.40 billion tons (2). There are different
methods for the disposal, treatment, and elimination of solid waste, such as the use of
landfills or open dumps, incineration, which seeks the chemical reduction of the volume of
waste with energy recovery in the form of heat, and composting for the reuse of organic
waste. organic through biological processes, among others (3). In most countries, including
Colombia, waste is disposed of in controlled landfills or open dumps, which remains one

of the primary forms of final disposal. According to a survey conducted by the World Bank
in 90 countries, the latter method has been widely applied and accepted as the primary
treatment option for municipal waste (4). Final disposal through landfills or open dumps
generates countless environmental problems, with the generation of leachate being one of
the main concerns due to the negative impacts it causes on the environment (5). Leachate

is considered highly polluting effluent due to the complex composition, which includes

a high concentration of organic material (biodegradable and refractory), in which humic
compounds constitute an important group, as well as nitrogenous compounds, heavy metals
and salts. inorganic. Its composition can be highly variable given the different types of waste
that can reach landfills, the quantity, environmental conditions, and age of the landfill (5). It
has been reported that leachates have concentrations of toxic substances, including heavy
metals. Various treatment methods are available for the removal of heavy metals, both
conventional and non-conventional, including precipitation, adsorption, electrocoagulation,
ion exchange, sorption, and bioremediation, among others. For this reason, it is expected

to know the efficiency levels in the treatment of heavy metals such as copper and lead from
leachates since these are found in most cases above the permissible limits established in the
regulations. In this context, sorption was investigated as a non-conventional alternative for
removing these metals. The percentage (%) removal and adsorption capacity (mg/g) were
determined using chemically and thermally modified coffee pulp (a waste generated in the
processing of the grain) as the adsorbent material. These removal rates provide insight into
the efficiency of the process and the feasibility of using processed and transformed waste as
an adsorbent material.

Materials and methods
Selection and preparation of adsorbent material

The coffee pulp was obtained from a coffee farm in the municipality Santa Barbara
(Antioquia, Colombia). It was collected through the wet method, which separates the outer
shell of the bean. The pulp was thoroughly washed with distilled water and dried for 72
hours in a conventional oven. After drying, it was ground and sieved until a particle size of
less than 0.5 mm was achieved. For chemical modification, the coffee pulp was mixed with
phosphoric acid (H3PO4) at 50%, in a ratio of 2:1 W/V, per 48 hours. It was rinsed with plenty
of distilled water to remove the most significance amount of acid, and its pH was adjusted
to a range of 6.5 to 7 with NaOH. 0.1 M. The sample was filtered and placed at 150°C

for 24 hours to remove moisture. Thermal modification or carbonization, after chemical
modification, was carried out in three phases, according to the method proposed by Pap et
al, 2017 (6). In the first phase, the material was placed in crucibles inside a muffle furnace at
a rate of 10°C per minute to 180°C for 35 minutes. In the second phase, the temperature was
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increased to 400°C at a rate of 10°C per minute for 30 minutes. And in the final phase, the temperature
was increased to 400°C at the same rate for 30 minutes. After cooling in a desiccator, the coffee pulp
was stored in airtight bags. This material will hereafter be referred to as MCP (Modified Coffee Pulp).

Leachates Characterization

The leachates were obtained from the Neil Road landfill in Chico, Northern California. The landfill
operates in a mechanized manner, and non-hazardous waste disposed of after source separation

by the community. The analysis of anions and cations was performed by a private laboratory in the
Chico-California, using EPA methods 300.0 and 200.7, respectively. The ionic strength of the leachate
was set at 0.1M with sodium perchlorate. Heavy metals were analyzed in a Thermo Electron S4 AA
spectrophotometer.

Experimental desing
An experimental design central composition was carried out, the factorial part of which corresponds

to a 23design. The tests were carried out in duplicate. The initial concentration that makes up the
experimental region was chosen, taking the actual conditions of the leachates in Colombia as a
reference (7). The contact time was chosen according to previous studies using coffee pulp and values
reported in the literature (8), (9), (10). The adsorbent dose used was 1 g. The tests were conducted
with continuous stirring at 150 rpm in a jar test equipment. The pH was adjusted based on the point
zero charge (PZC), determined using the drift method and potentiometric titrations. The experimental
region is detailed in Table 1.

Table 1. Experimental region for statistical design

Level Star
Factor
Low Central High + -
X, Initial concentration for 1 1.5 2 1.67 2
copper and lead (ppm)
X, Contact Time (h) 6 9 12 1.68 1.6
X; pH 4 5 6 1.7 1.7

To evaluate the response, total heavy metal removal was chosen as the dependent variable:

¥ =C-G Eq. (1)
To find the values that allow obtaining the greatest removal, the response surface method, whose
acronym in English is (RSM), was used, using the R software. Surfaces are built from the fitted models

where s the final heavy metal concentration after running each treatment and Co the initial heavy
metal concentration The response surfaces were analyzed for two scenarios: i) ! = 1, copper solution;

i) I =2 lead solution. The surfaces were constructed from the selection of models, which have the
following form:

Vi=By +81.0 #8, % +B3.X +812.X.X #8230 X #8130 X5 +B11 X #6206 +833 X6 +6123.X, % X6

The final model for each case was selected to include only significant terms, adhering to the principle
of parsimony.
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Adsorption isotherms

The leachates were individually contacted with copper and lead solutions, considering the
concentrations, pH, and optimal contact times obtained through the experimental design
and response surfaces. The doses of Modified Coffee Pulp (MCP) used were 1, 3, and 5
grams. The system was kept under constant agitation at 150 rpm. After the contact time had
elapsed, the equilibrium concentrations (C_, mg/L) and the adsorbed metal amount per mass
of adsorbent (g, mg heavy metal/g adsorbent) were measured. The experimental data were
fitted to mathematical models using non-linear regression, minimizing the sum of squared
errors (SSE) via the Microsoft Excel® Solver tool.

Single-component or individual solutions

The adsorbate loading per mass of adsorbent was quantified using the following equation:

g
G=CG Eq. (3)
Where, C is the initial concentration of the solution (mg/L); C, is the concentration at a time
t after the process has started (mg/L); V: volume of the solution (L); W is the dosage of the
adsorbent (g); q, is the adsorbed mass per mass of the adsorbent (mg/g) at a given time. The
models used in this study were the Langmuir and Freundlich isotherms.

Thermodynamic parameters

Thermodynamic parameters such as Gibbs free energy, enthalpy, and entropy were
determined, and calculated from the temperature based on the tests and standard
conditions (25°C). This information allows us to establish the spontaneity of the process,
the mechanism by which sorption occurs, and whether the process is exothermic or
endothermic. The change in Gibbs free energy was calculated from the Eq. (4).

AG =-RTInkeq Eq. (4)

The enthalpy of formation was calculated from the Van't Hoff equation (Eqg. (5)), using the
constant (K,), and the temperature (T,) at standard conditions (25°C). K, and T, correspond to
the temperature of the tests (23°C).

AH 1 1 Eq.
- - &y _  ___ = - E . 6
Ink, -Ink;, =— =7/ () AG =AH - A5 a. (6)

The enthalpy also determines the type of adsorption (physical or chemical). Physical
adsorption occurs when the enthalpy is less than 40 kJ/mol. When it is greater than 200 kJ/
mol, it is chemical adsorption, that is, here monolayer adsorption occurs, forming strong
bonds at the active sites on the adsorbent surface (11) (12). About OS (Eq. (6)), positive
values, indicate an increase in randomness or disorder at the solid/liquid interface. Negative
values indicate that the interaction between the adsorbent and the metal at the solid/liquid
interface occurs in an orderly manner (13) (14).

Results and discussion

Design of experiments, individual copper solution

The scatter plot (Figure 1) shows that the amount of copper removed does not have exhibit
a clear trend in relation to contact time. About the initial concentration, greater removal is
observed at initial concentrations higher than 1.5 ppm and pH between 3.5 and 4.5.
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Figure 1. Scatter plot for the amount of copper removed in individual solution (Delta.
Cu.single), the initial concentration (Co), the contact time in hours (t.cont), and the pH.

Figure 2 presents the response surface for the removal of individual copper. It shows that the
region with the highest removal corresponds to pH less than 4.5 and initial concentration
between 1 and 1.5 ppm. The plot on the right (contour lines) corroborates the response
surface graph since, in the region where greater removal occurs, it corresponds to an initial
concentration between 1 and 1.5 ppm and pH between 3.5 and 4.5.

Figure 2. Response surface (left) and contour (right) for individual Cu

The data comply with the assumptions of homoscedasticity and normality. The Shapiro-Wilk
test, which test for the normality of the residuals, resulted in a p-value of 0.4738, indicating
sufficient evidence to accept the hypothesis as accurate, for this reason, the assumption of
normality is met. The Breusch-Pagan test defines homoscedasticity in the null hypothesis. A
p-value of 0.1423 indicates that there is evidence to support this hypothesis being true, and
therefore the model exhibits homoscedasticity. In this case, it is observed that the contact
time was not significant, so it is not reported in the final model. The initial concentration, and
pH significantly affected the amount of heavy metal removed (p-values of 0.0022 and 0.0044,
respectively). The estimated coefficients show that an increase in 1 ppm of initial copper
generates an increase of 0.20 ppm in the amount removed, while increasing the pH by 1 unit
produces a decrease of 0.18 ppm in the amount of copper removed. The R? value of 0.7279
indicates that the model is acceptable, as it explains 72.79%. the variability in the data.
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Individual lead solution

Figure 3 shows that lead exhibits high variability in the experimental region. Contact time has
no impact on the response variable (% removal), while the initial concentration and pH do.
The optimal region corresponds to an initial concentration between 1.5 and 2ppm, and a pH
between 3 and 3.5.

Figure 3. Scatter plot for the amount of lead removed in individual solution (Delta,Pb,single),
the initial concentration (Co), the contact time in hours (t,cont) and the pH.

Homoscedasticity and normality are accepted, making the valid model. Since the p-value is
greater than 0.05, the hypotheses of normality and homoscedasticity are not rejected. The

linear model is valid. But the £~ coefficient, whose value is (0.43), shows a lack of adjustment.
Figure 4 show that the amount removed is the only variable correlated with the initial
concentration, and that the amount of metal removed increases as the initial concentration
increases. From this, it is observed that between 1.5 ppm and 2 ppm there is no apparent

significant difference. The model fits moderately whenever * >0.7 (15). It is evident that
between 1.5 ppm and 2 ppm, there is no apparent significant difference.

Figure 4. Box and whisker diagram for lead removal according to initial concentration
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According to the previous analyses, Table 2 shows the variables values that results the
highest removal rate in individual solutions. These values will be used to carry out the

isotherm tests.

Table 2. Levels of selected factors

Contact
time (h)

Solution

Initial Concentration

(ppm or mg/L)

Individual copper 15

40 20

Individual lead 9

1.5

Adsorption isotherms

Adsorption isotherms were conducted in a batch-type system, with the parameter values set
according to Table 2. The isotherms were performed in triplicate, varying the adsorbent dose

at 1, 3, and 5 grams.

Isotherms in individual systems

Table 3, Table 4 and Table 5 present the maximum adsorption capacities, constants, and
errors obtained through the least squares method (SSE) for the Langmuir and Freundlich

models with Pb and Cu.

Table 3. Individual isotherm of Cu and Pb, MCP dose 1g

Copper Lead
Langmuir Freundlich Langmuir Freundlich
K K
s K,  SSE N i SSE s K,  SSE n ' SSE
mg/g mg/g mg/g mg/g
029 027 0.00016 0.71 0.10 0.000079 0.050 0.318 0.0000058 1.14 0.012  0.0000057
Table 4. Individual isotherm of Cu and Pb, MCP dose 3g

Copper Lead
Langmuir Freundlich Langmuir Freundlich

K K
s K., SSE n i SSE s K,  SSE n i SSE
mg/g mg/g mg/g mg/g
0.12 0.202 0.0000063 0.357 0.084 0.00004 0.02 0.103 0.00000031 0.93 0.002 0.00000029
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Table 5. Individual isotherm of Cu and Pb, MCP dose 5¢g

Copper Lead
Langmuir Freundlich Langmuir Freundlich
K K
s K., SSE n ' SSE s K., SSE n i SSE
mg/g mg/g mg/g mg/g
0.059 0.20 0.00001158 0.385 0.031 0.00000106 0.020  0.103 0.00000002 197 0.002 0.00000007

According to the results, the Freundlich model presents the best fit to the experimental data
of Cu for the doses of 1 and 5 g of MCP, while the Langmuir model fits best for the 3-gram
dose, as these models exhibit the lowest error values. However, the maximum adsorption
capacities fitted to the Langmuir model are higher than those of the Freundlich model. For
example, for the isotherm with a dose of 1 g, q__ is 0.289 mg/g with the Langmuir model,
and K_is 0.104 mg/g with the Freudlich model. "For the isotherm with a dose of 39q9,,,1s
0.120 mg/g with the Langmuir model, and for example, for the isotherm with a dose of

19, q,, 1s0.289 mg/g with the Langmuir model and K_ is 0.104 mg/g with the Freudlich
model. The isotherm with a dose of 3g q__ is 0.120 mg/g with the Langmuir model and K.
is 0.084 mg/g with the Freudlich model. For the isotherm with a dose of 5 gs, gmax is 0.059
mg/g with the Langmuir model and K_ is 0.031 mg/g with the Freudlich model. From these
values, it can be concluded that although the error is lower with the Freundlich model, the
adsorption capacity calculated with the Langmuir model has a much higher value, which
represents that there is a greater amount of copper retained on the surface of the pulp
coffee is 0.084 mg/g with the Freudlich model. For the isotherm with a dose of 5 gs, q__ is
0.059 mg/g with the Langmuir model and K_is 0.031 mg/g with the Freudlich model. From
these values, it can be concluded that aIthough the error is lower with the Freundlich model,
the adsorption capacity calculated with the Langmuir model has a much higher value,
which represents that there is a greater amount of copper retained on the surface of the
pulp coffee. About the maximum adsorption capacities (K, y q__) obtained for the different
doses, it can be deduced that the values found for Cu (0.104, 0.120, 0.031 mg/g) are low
compared to others reported in the literature (Table 6), denoting that the surface of the
coffee pulp is easily saturated.

There is little availability of active sites to retain a greater amount of heavy metals.
Regarding the sorption speed or affinity, for doses of 1 and 5, the values n are greater

than zero (0.715 and 0.385, respectively), concluding that the pulp surface has a partial
affinity for Cu. For the 3 g dose, the affinity is related to the Langmuir constant, K_, whose
value is 0.103, indicating that there is also relative affinity for said metal to be retained.

In the case of the individual Pb isotherms, it can be seen that for the doses of 1 and 3g,

the experimental data fit the Freundlich model and for the 5g dose, they fit the Langmuir
model; however, as happened with copper, the maximum adsorption capacities are greater
with the Langmuir model compared to that of Freundlich. The maximum adsorption
capacities (K, ) according to the Freundlich model are 0.012 and 0.002 mg/qg, for doses of

1 and 3 respectively, and 0.002 mg/g for the dose of 5 gs with the Langmuir model (q__).
Like copper, these adsorption capacities are very low compared to other adsorbents derived
from coffee waste (Table 6), indicating that MCP has a high saturation capacity, and there
are few active sites available to capture heavy metals compared to the amount of metal

to be retained, which may explain these low values. In terms of affinity, the values for the

1- and 3-gram doses are greater than 1, indicating that the metal affinity to the coffee pulp
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surface is lower compared to Cu. The same holds for the 3-gram dose, where the affinity
constant is low at 0.103.

Table 6. Maximum adsorption capacities with coffee wastes

Metal Isoterma q..(mg/g) adsorbent Material Source
Pb ] _ 158.70 Coff te drink 16)
angmuir offee waste drin
Cu J 97.10
Cu Freundlich 13.60 Used coffee beans an
, Activated carbon prepared from
Cr (VI) Langmuir 4.27 coffee waste (18)
Ni Langmuir 146.72 ﬁ\ctlvated carbon from coffee (19)
usks
Langmuir 57.14 Coffee husks
Ni (II i 20
(1 Langmuir 5191 Activated carbon prepared from (20
coffee waste
Pb Freundlich 9.18 Coffee husks 21)
. Magnetic nanoparticle with
Pb Langmuir 41.15 coffee residue (22)
Pb Langmuir 285.7 Used coffee grounds (23)
Cu Langmuir 11.60 Used coffee grounds (24)
Cu ] _ 31.20 Coff dd . 25)
angmuir offee and clay waste
Pb J 19.50 Y
Cd Langmuir 15.65 Coffee beans (14)
Pb Langmuir 22.50 Coffee Beans (26)
Pb Langmuir 49.48
- Used coffee grounds (27)
Cu Langmuir 1.95
cd Langmuir 6.73 ﬁzgg’; and degreased coffee 28)
: Activated carbon prepared from
Pb Freundlich 63.30 coffee waste (29)
Pb Freundlich 0.88 Modified plum seeds (6)

Figures 5 and 6 show the fit of the experimental data to the Freundlich and Langmuir
models. Although visually the models do not fit 100% of the data obtained from the tests,
the errors are tolerable, allowing us to infer which model is a better fit. The model that

best fits the experimental data is the Freundlich model; however, the Langmuir model
provided the best results for estimating the maximum adsorption capacity. The Langmuir
model assumes that adsorption occurs on a homogeneous surface of the adsorbent,
meaning that all binding sites are equally interactive, resulting in chemical adsorption. In
contrast, the Freundlich model assumes that the forces at all binding sites on the adsorbent
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are heterogeneous, where the adsorbed molecules interact with each other, pointing to
physical adsorption (30) (6). Based on the assumptions of each model and the maximum
adsorption capacity found, it is concluded that the Langmuir model adequately represents
the adsorption of copper and lead using coffee pulp.
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Figure 5. Cu isotherms with different dosages of adsorbent material (a)1g,(b) 3g,
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Figure 6. Pb isotherms with different dosages of adsorbent material a)1g,(b) 3g, (c)5g

From the study conducted with coffee husks (21), the removal of lead was found to fit
the Freundlich model, with an adsorption capacity of 9.18 mg/g, a value significantly
higher than that observed in the present study. These results suggest that the adsorption
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mechanism is heterogeneous and multilayer, due to the effective distribution of active sites
on the adsorbent’s surface (22). Additionally, it was determined that the Langmuir isotherm
is the model that best fits the adsorption tests for lead in a batch system, indicating that
the process occurs through monolayers and that the energy of each adsorption site is very
similar. In the removal of Pb using coffee waste, a maximum adsorption capacity of 285.71
mg/g at 333 K was achieved, with an excellent fit to the Langmuir model, demonstrating
that the process was homogeneous in nature and involved adsorption in monolayers (23).
These results contradict those obtained with coffee pulp, whose data fit more favorably to
the Freundlich model, revealing a lower adsorption capacity than that found in the afore
mentioned study. In the removal of Cu using used coffee waste, the tests were also adjusted
to the Langmuir model, yielding a maximum adsorption capacity of 11.60 mg/g, indicating
that the sorption occurred on a heterogeneous surface, which became saturated in a
monolayer configuration (24).

The adsorbent composed of coffee waste and clay, used for the removal of various metals,
including lead, copper, cadmium, zinc, and nickel, demonstrated that equilibrium fits the
Langmuir model, with adsorption capacities for copper and lead of 31.2 and 19.5 mg/g,
respectively. In general, the adsorption occurred in the following order: Cd?* > Cu?* > Pb?* >
Zn%* > Ni%*, which is due to the degree of hardness, depending on the charge and radius of
the cations. Softer metals interact more easily with anions, explaining the observed order of
adsorption (25) .When using coffee beans for the removal of Pb from aqueous solutions, an
adsorption capacity of 22.5 mg/g was found at pH 5, with the experimental data fitting the
Langmuir model. These results were attributed to the charging of the coffee beans’ surface,
which enhanced the electrostatic interaction between the beans and the cationic ions of Pb

(26).

The removal of Pb from aqueous solutions was studied using activated carbon derived from
coffee waste. This carbon was modified with zinc chloride to generate acidic conditions

and promote polymerization reactions that lead to the formation of carboxylic groups on
its surface, resulting in an increased surface area. It was confirmed that the modification of
the activated carbon enhanced lead removal. The initial concentration data indicated that
at 10 mg/L, the adsorption capacity is 9.65 mg/g. Furthermore, at 90 mg/L, the adsorption
capacity increases to 62.5 mg/g. This increase in adsorption capacity was attributed to the
driving force provided by mass transfer, with equilibrium being achieved after 2 hours.

The model that best fit the experimental data was the Freundlich model, likely due to the
heterogeneous distribution of active sites on the activated carbon surface. Table 7 shows the
removal percentages of Cu and Pb depending on the dose of coffee pulp used.

Table 7. Removal percentage of Cu and Pb in one-component solutions

Metal Dosage 1g Dosage 3g Dosage 59
Cu 65.30% 71.00% 69.40%
Pb 30.30% 13.80% 25.40%

From Table 7, it can be deduced that the removal in both cases does not exhibit a linear
dependence on the amount of sorbent used; that is, it cannot be stated that a higher dose
of sorbent necessarily leads to a higher metal removal rate. It is also observed that lead
has a significantly lower removal rate than copper. It has been noted that copper can form
complexes with both organic and inorganic ligands present in water. For example, it forms
strong complexes with OH™ and CO32™ ions and weak complexes with CI™ and SO,?” ions.
Copper complexes exhibit high stability with organic matter, binding to the organic ligands
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present, which can affect the complexation of other metals in the solution (31).

Based on the premises presented, as well as the presence of OH~, SO,%7, F~, CI7, and other
ions—characterized not only in the leachate but also on the surface of the coffee pulp—it
can be inferred that the removal rates are higher for Cu compared to Pb. Reference (24)
noted that in the presence of chelating agents such as EDTA (ethylenediaminetetraacetic
acid), Cu forms complexes. However, during adsorption tests, a higher Cu adsorption
capacity was observed in the absence of this chelator (11.6 mg/g) than when it was present
in the solution (10.52 mg/q).

In the research conducted by (27) on the removal of heavy metals, including copper and
lead, it was found that the removal percentage ranged between 75% and 90%, with the
optimal conditions being a pH of 5 and an adsorbent dose of 20 g/L (coffee waste). It was
concluded that at concentrations lower than 10 mg/L, the adsorption rate is constant, but
it increases considerably when the concentration exceeds 100 mg/L. In the study carried
out by (32), which involved batch tests for the treatment of metals such as copper and lead

using spent coffee waste, it was found that the amount removed depends on the dose used.

The higher the amount of adsorbent material, the greater the removal of metals. It was also
found that the fraction of metals removed was reduced at pH levels lower than 4 due to the
competition between metals and H* ions.

In the removal of lead from drinking water using coffee-based adsorbents, the effect of
proteins (such as caffeine, chlorogenic acid, and extracts) present in spent coffee beans
and waste was studied. These components were analyzed in the presence or absence of
the adsorbents, and it was found that they have a direct relationship with the adsorption
rates of lead, as they are responsible for ion exchange with the metal (33). Using defatted
spent coffee beans, a maximum cadmium adsorption capacity of 6.73 mg/g was achieved
through the Langmuir model, with equilibrium reached at a pH range of 7.8 to 8.9. This
study concluded that the adsorbent used is an excellent metal exchanger, as the removal
rate reached 100% (28). Using spent coffee beans, 85% of Cu and 87% of Pb were removed
from aqueous solutions, with contact time and the amount of coffee used identified as the
most important variables to achieve these removal rates. It was also evident that using a
greater amount of adsorbent provided a larger surface area for ion exchange (34). In line
with the previously presented research, and by comparing the removal percentages found,
it was again concluded that the adsorption percentages achieved with coffee pulp are low
compared to other plant-based materials or coffee waste.

One of the reasons for the low adsorption could be the low surface area of the MCP.

This issue may have arisen due to factors such as the presence of ions like phosphate

and sodium, a result of the chemical modification, which possibly caused clogging of the
structure. The thermal activation time was likely insufficient to increase the surface area and
open the pores. As a result, the MCP structure was softened, leading to the loss of aliphatic
chains during the applied pretreatment, leaving only the aromatic chains of the tars, which
came together and formed linear planes (35)(36). The thermal modification of the coffee
pulp must be carried out at high temperatures (>600°C) and in inert atmosphere conditions
through nitrogen or a similar gas since this guarantees that the surface area is increased

of the adsorbent material and that the surface pores are not covered by other compounds
present on it. As in the present study the coffee pulp could not be thermally modified
through an inert atmosphere, but rather through carbonization at temperatures of 600°C
and in the presence of oxygen, the surface area did not undergo substantial changes.

Thermodynamic parameters

The values of the Gibbs free energy, enthalpies and entropies of copper and lead in
individual solutions are presented below (Table 8 and Table 9).

Ingenieria y Competitividad, 2024 vol 26(3) e-20912457 / sept-dic

14/18

doi: 10.25100/iyc.v26i3.12457


https://doi.org/10.1016/j.jhazmat.2007.07.013
https://doi.org/10.1380/ejssnt.2006.504
https://doi.org/10.1080/09593332708618619
https://doi.org/10.1016/j.jcis.2004.08.083
https://doi.org/10.1016/j.biortech.2006.02.040
https://doi.org/10.1080/10807030009380065
https://doi.org/10.1016/j.enconman.2018.04.094
https://doi.org/10.1016/j.biombioe.2017.12.002

Adsorption isotherms for copper and lead removal from landfill leachate

Table 8. Gibbs free energy (AG) and enthalpy (AH) of copper in individual solution

AG° DH® DS°
Dosage C C

McP (g (Mmob)  (mgy VO (mgrg) K INK, Gar Gar G

1 2 0.54 0.03 0.044 2.71 0.99 -2.46 -99829 -33.72
3 2 0.58 0.03 0.014 2.44 0.89 -2.19 -99445 -33.59
5 2 0.61 0.03 0.0083 2.26 0.82 -2.012 -9916.9 -33.50

Tabla 9. Gibbs free energy (AG) and enthalpy (AH) of lead in individual solution

Dosage AG° AH? AS?

mcp G (mg/L) C (mg/L) V() q,(mg/g) K, InK_ — (1J/mol) (kJ/mol) (kJ/mol)
(9)

1 2 1.04 0.03 0.014 044 -0.82 2.00 3895.5 13.15
3 2 1.28 0.03 0.0022 0.17 -176 433 42421 14.32
5 2 1.20 0.03 0.0018 025 -140 342 4106.6 13.86

Regarding the first parameter, copper at all doses reacts spontaneously and is
thermodynamically favorable since the AG values are negative. The enthalpy of the formation
of copper and individual lead determined that the process occurs through chemisorption,
since the values in all doses are greater than 400 kJ/mol (37), indicating a strong bond
between these metals and the pores on the surface of the coffee pulp. In the case of copper,
the process is exothermic because the AH values are negative, and for lead it is endothermic
due to the positive AH values. In the first case, it can be concluded that the process

releases energy. In the event of scaling, the energy required for the process to occur is low,
constituting an efficient and possibly profitable process, as it does not require an additional

energy supply.

In the case of lead, being an endothermic process, an additional energy source is required,
which, could increase cost if implemented on a larger scale. An advantage of energy supply
is that an increase in pore size and widening could be generated, creating more surface area
on the adsorbent, leading to an increase in adsorption rates. Endothermic processes can be
attributed to the increase in the mobility and diffusion of the adsorbate, as a greater number
of molecules can gain enough energy to interact with the active sites on the adsorbent’s

surface (38) (22).

The entropy values for copper are negative, indicating greater disorder at the liquid-solid
interface. This could lead to a lower affinity of the adsorbent for copper, as reflected in the
study, where copper adsorption rates were lower than those for lead. The entropy values for
lead were positive, favoring adsorption, as there was a greater affinity between the coffee
pulp and lead.

When comparing the thermodynamic parameters from this study with others found in
adsorbents of plant origin (Table 10), it becomes evident that it is not possible to generalize
the spontaneity or reaction type of adsorption. Each sorbent and process has its peculiarities
according to its nature, temperature used, treatment applied and types of tests performed;
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However, in some studies with adsorbents derived from coffee, some similarities do appear,
especially in the behavior presented by lead.

Table 10. Thermodynamic parameters of sorbents of plant origin

Adsorbente Metal Adsorption type Spontaneity Reaction type Source
Pepper peel Pb Chemisorption Spontaneous Endothermic (39)
. . Not ;
Peanut shells Cu Chemisorption Spontaneous Endothermic (13)
Ni Physiosorption Spontaneous Exothermic
Sesame stems - - - (40)
Zn Physiosorption Spontaneous Endothermic
. . Not :
Coffee beans Cd Physiosorption Spontaneous Exothermic (14)
Activated carbon . : . Not ,
and coffee husk Ni Physiosorption Spontaneous Endothermic (20)
Magnetic
nanoparticles : . :
from coffee Pb Physiosorption Spontaneous Endothermic (22)
waste
Used coffee Pb Physiosorption Spontaneous Endothermic (23)
residue
Coffeeand clay Pby , . .
waste Cu Physiosorption ---- Exothermic (25)
. . Not :
Coffee beans Cd Physiosorption Spontaneous Exothermic (14)
::’;rjér:mon Pb Chemisorption Spontaneous Endothermic (41)
P. Africana P Chemisorption Spontaneous Endothermic (38)
leaves cd
Tea tree husk ICDZEI Cu Chemisorption Spontaneous Endothermic (42)

For example, in the study of coffee beans (14) were cadmium was removed, adsorption was
physical and the reaction was exothermic and not spontaneous. In the present study with
MCP, adsorption for both metals was chemical, spontaneous and exothermic in the case of
copper, and non-spontaneous and endothermic in the case of lead. In the study (20) with
coffee husks and activated carbon produced from spent coffee, it was concluded that the
mechanism by which adsorption occurs is physical, endothermic and non-spontaneous and
that temperature affects the equilibrium; At higher temperatures, the adsorption capacity
tends to increse and diffusion in the pores of the adsorbents is facilitated. (22) found
negative values of the Gibbs free energy at temperatures between 298 and 318K indicting
that the process is favorable and spontaneous. Concerning the enthalpy and entropy, the
positive values showed that the system is endothermic. These parameters allowed us to
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conclude that an increase in temperature favors the adsorption of Pb with the magnetic
nanoparticle with coffee waste.

In the removal of lead with used coffee waste, it was found that the reaction is spontaneous,
and that the heat of adsorption allowed us to establish that the process is physical and
endothermic (23).

For its part, (25), experimenting with an adsorbent material composed of coffee waste and
clay, determined that the reaction with different heavy metals such as copper and lead is
physical and exothermic since the values of the heat of adsorption are negative. Negative
enthalpy values show that the adsorption of cadmium with coffee beans is exothermic.
Gibbs free energy is positive , meaning the reaction is non-spontaneous. In relation to the
entropy, its negative value indicates that the cadmium in the aqueous phase had a more
chaotic distribution compared to the stability and relatively ordered state achieved on the
surface of the adsorbent (14). Using activated carbon prepared from P. Africana leaves, it was
found that the removal of Pb and Cd is spontaneous and thermodynamically favorable. The
AHe values are in the range of 5-10 kJ mol”indicating a relatively weak binding between the
ions and the adsorbent. The process is endothermic and chemisorption occurs. The positive
values AS indicated an increase in randomness of the solid/liquid interface, showing a good
affinity of the adsorbents for the adsorbed species (38).

Conclusions

However, for batch and column tests, 12 hours for the mixed solution, 9 hours for lead, and
15 hours for copper were determined as the optimal values. Variables such as pH and initial
concentration were adjusted, resulting in different adsorption rates.

In the adsorption isotherms, the Freundlich model provides the best fit for the experimental
data for each metal. However, the maximum adsorption capacities obtained from the
Langmuir model are higher than those from the Freundlich model. It can be concluded that
although the Freundlich model produces lower error, the adsorption capacity calculated

by the Langmuir model is significantly higher, indicating that a greater amount of metal is
retained on the surface of the coffee pulp. Regarding the maximum adsorption capacities

(K. and q ) obtained for the different doses, the values found are low compared to others
reported in the literature, indicating that the surface of the coffee pulp saturates easily. There
are few active sites available to retain larger amounts of heavy metals.

The enthalpy values for copper and lead formation determined that the process occurs
through chemisorption, as the values at all doses are greater than 400 kJ/mol. This indicates
a strong bond between these metals and the pores on the surface of the coffee pulp. In the
case of copper, the process is exothermic because the AH values are negative, whereas for
lead, it is endothermic due to the positive AH values.
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