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Abstract: The present research shows the results obtained from the biosorption process of Pb, using
coffee pulp as a biosorbent in synthetic waters. To do this, the lignin and cellulose content and the
percentage of removal of Pb2+ ions was determined; additionally, the sorption’s optimal variables,
such as the optimum pH, the point of zero charge (pHpzc), the kinetics and the adsorption isotherm,
were determined. A comparison was made with other by-products derived from coffee crops.
According to the results obtained in this research, the cellulose percentage was 29.12 ± 0.22% and
the lignin percentage was 19.25 ± 0.16% in the coffee pulp, the optimum pH was 2.0 units and
the kinetic model, which adjusted to the biosorption’s process, was the pseudo-second order of
Ho and McKay, presenting an isotherm of Langmuir’s model and pHpzc of 3.95 units. Lastly, the
removal of the pollutant was 86.45%, with a capacity of maximum adsorption of 24.10 mg·g−1

obtained with a particle size of 180 µm, time of contact of 105 min and at 100 RPM. Finally, we express
that (a) the coffee pulp can be used as a sustainable alternative for the removal of the pollutant
mentioned in synthetic and/or industrial wastewater matrices, to meet goals 3.9 and 6.9 of the
Sustainable Development Goals of the 2030 agenda, and (b) the novelty of this research is the use
of an agricultural waste of easy acquisition as a sorbent, without chemical modification, since it
presented a high percentage of efficiency in the removal of Pb2+ ions. In turn, the challenge of this
research is implementing this green technology on a pilot, semi-industrial and/or industrial scale in
wastewater treatment systems.

Keywords: biosorption; coffee pulp (CP); lead; sustainability; wastewater

1. Introduction

Currently, heavy metals are considered as priority inorganic environmental pollutants,
and these substances have become one of the most serious environmental problems that
must be mitigated to protect humans and the environment [1]. There is a great need to
reduce the pollutant load generated by these substances in water, soil and air, since they
are not biodegradable and tend to bio-accumulate and bio-magnify in living organisms,
they are highly toxic in cells, and in humans, they can be carcinogenic, mutagenic and
teratogenic. Due to the above, heavy metals are present in the environmental policies
of countries worldwide, with the purpose of improvement and meeting the Sustainable
Development Goals (SDGs). As a contribution to this, Yale and Columbia Universities have
formulated and divulged an Environmental Performance Index (EPI), which considers
heavy metals as a category in its Environmental Health objective [2].

The EPI developed and published every two years by Yale and Columbia Universities—
in collaboration with the World Economic Forum and the support of foundations such as
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McCall MacBain and Mark T. De Angelis—ranks 180 countries, considering 32 indicators
and 11 environmental categories formulated until 2020, regarding two main objectives
that go hand in hand with the SDGs: environmental health (with a weight of 40%) and
ecosystem vitality (with a weight of 60%) [2]. This metric seeks to provide the countries
with information about how close they are to the goals set out in their environmental
policies, with the aim of improving them to become sustainable leaders. High scores, or
close to 100, indicate commitments to protect public health, the preservation of natural
resources and the reduction of the levels of emissions of greenhouse gasses (GHGs) from
the different economic activities, while low values, or close to 0, are indicative of the need
to make sustainability efforts, especially in the cleaning of air quality, the protection of
biota and the reduction of GHGs [2]. EPI 2020 is based on the collection of data on 32 indi-
vidual environmental performance metrics, with 11 problem categories: environmental
health (air quality, sanitation and drinking water, heavy metals, solid waste management),
and ecosystem vitality (biodiversity and habitat, ecosystem services, fisheries, climate
change, pollutant emissions, water resources, agriculture). Likewise, the common scale
assigned corresponds to 0 (indicating the worst performance) and 100 (indicating the best
performance) [2].

In the case of heavy metals, the institutions mentioned previously consider the expo-
sure to lead (Pb)—the metal of this research—in the Environmental Health objective, with a
weight of 2% in the EPI. Wendling et al. [2] clarified that the selection of lead by the Yale and
Columbia Universities team is due to the fact that this metal is the one that has been most
studied by international organizations, such as the World Health Organization (WHO),
and because Pb persists in several places in the world, it has led to a constant reduction in
the pollution generated by it, as well as in the diseases that it produces. According to the
Institute for Health Metrics and Evaluation, in 2015, Pb exposure accounted for nearly 0.5
million deaths and 9.3 million years of life lost (DALY) among adults aged 15 years and
older, with higher incidence in developing regions [3]. It is one of the metals that most
affects the child population and pregnant women [3,4]. At the environmental level, it can
be found in air, dust, soil, water and in plants, due to the use of gasoline and emissions in
industries that use it [3].

Figure 1 shows some countries, located by continent, according to their current posi-
tion in relation to the lead exposure index score.

According to Figure 1, among the leaders in sustainability were countries on the
European continent, such as Finland and Denmark, as opposed to countries on the Asian
and African continents, such as Afghanistan, Sudan and Egypt, which were near the end
of the ranking. Due to this aspect, the EPI requires the collection of data in the areas
of water resources, sustainable agriculture, waste management, threats to biodiversity
and heavy metals—different from lead—that are in the list of the thirteen mentioned by
the WHO [2]. According to the high ratings and the positions assigned by the mentioned
indicator, among the reasons that justify these ratings in countries such as Finland, Germany,
Japan and Sweden, with a score close to or equal to 100, are that they had adequately
managed pollution by this metal, which can be attributed to the progressive elimination of
gasoline with lead since the 1970s, and to the strengthening of public health surveillance
mechanisms, as well as policies for Pb waste incineration facilities in the late 1990s and
the banning of paints containing this pollutant [5,6]. In contrast to the world leaders cited
for this indicator, countries such as Egypt, Nepal, Honduras, India, Sudan, Bangladesh,
Pakistan, Haiti and Afghanistan obtained the lowest ratings, because these countries
are in the process of mitigating the Pb exposure and/or have very weak or even non-
existent chemical safety standards and regulations, as well as detailed risk investigations
or prevention strategies in response to lead poisoning [2].
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It is noted that this highly toxic heavy metal (lead)—with atomic number 82, atomic
density 11.35 g·mL−1, atomic mass 207.2 g·mol−1 and oxidation states 2+ and 4+—is the
only metal that appears in the EPI, as previously mentioned, contemplating the global
epidemiological studies of the Global Burden of Disease Study (GBD) Health Assessment,
since it is considered one of the most important environmental threats to the health of
pregnant women and children [2]. Landrigan et al. [3] claim that the WHO estimated in
2012 that lead was responsible for causing mental retardation of a mild to moderate degree
in 0.6 million children per year, given that they can absorb four to five times more of this
contaminant than adults, since the brain and the nervous system (NS) of children are more
sensitive to the harmful effects of this contaminant [7]. In the case of pregnancy, Pb can
be stored in the maternal bone, where it can mobilize into the bloodstream, transferring
from the mother to the child. In addition, high levels of this metal can cause miscarriages,
premature births and fetal malformations [8].

At the level of affectations in the bone system, Pb interferes with the function of
calcium, hemoglobin synthesis and causes neurological damage, since it can persist for up
to 20 years. Likewise, in the central nervous system (CNS), Pb generates paresthesia effects,
pain and muscle weakness, and affects the kidneys with oliguria and albuminuria [9], while
in the male reproductive system, it affects sperm motility. One of the most well-known
diseases produced by the high concentration of this metal corresponds to plumblism,
saturnism or lead poisoning, which can cause gastrointestinal symptoms, encephalopathy
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and renal failure [10]. Regarding industrial activities and the importance of this metal,
Moreno and Granada [11] state that Pb is used in the manufacture of car batteries, gasoline
additives, wire coating, production of pipes and cisterns, manufacture of pigments for
paints and varnishes, manufacture of crystals, glazing of ceramics, welding of cans and in
cosmetics, toys and antiseptics. On the other hand, the WHO classified Pb as one of the
13 heavy metals of importance for human and environmental health as well as arsenic (As),
cadmium (Cd), cobalt (Co), chromium (Cr ), copper (Cu), mercury (Hg), manganese (Mn),
nickel (Ni), lead (Pb), tin (Sn), selenium (Se), titanium (Ti) and zinc (Zn) [12].

Given these applications, use and discharge of wastewater with this metal, conven-
tional and advanced techniques have been used for the treatment of untreated aqueous
matrices, and among these are the use of chemical precipitation, activated carbon, ul-
trafiltration, microfiltration, cementation and ion exchange, among others [4,13]. How-
ever, although their efficiency is high, these techniques have disadvantages in terms of
maintenance and implementation in wastewater treatment systems (WWTS), as well as
considerable sludge production. Due to this, biosorption methods using agro-industrial
wastes—with and without physical and/or chemical modification—for the treatment of
wastewater that incorporate heavy metals such as those mentioned above, is a field that
has been widely consolidated and investigated, and given their high efficiency, low cost of
implementation and maintenance, these techniques are environmentally friendly and do
not generate sludge [4].

It is also worth highlighting the valorization of coffee crop residues, which have been
used for the production of biofuels (biodiesel, bioethanol, bio-hydrogen and biogas), glyc-
erin, pharmaceutical products, biochar, compost, polymers and bio-active compounds [14].
Additionally, some coffee subprocesses were used for the removal of contaminants in
aqueous matrices, such as Zn, Pb, Cr, Cu, Cr, Cd, dyes and anionic surfactants, among
others [15]. On the other hand, it is important to note that, regarding the concentration of
Pb in river sediments, for the case of Colombia, Espitia [16] conducted a characterization of
heavy metals, Hg, Cd, Pb, Cr, Ni and Fe, in sediments from the water bodies of the Canal
del Dique (artificial arm of the Magdalena River), finding that the concentrations of these
pollutants are within the permitted limits. In the case of lead, in the surface sediments of the
populations studied and the control point, they were not detected by the methodology used
(detection limit = 1 µg·mL−1). Likewise, in Colombia, 10 determinations of heavy metals
were carried out on the Sinú river and for Pb levels ranging between 10.10 and 8.08 µg·kg−1

in rainy and dry weather seasons [17]. In turn, in other countries, lead records have been
found in Arctic Lakes, Canada (10.33 µg·kg−1), Thompson Canyon, USA (38–42 µg·kg−1),
Lake Michigan and some European Rivers (50–712 µg·kg−1). In relation to other world
records, there was a characterization carried out in 22 samples of the sediments of the Olt
River, which is part of the Danube River basin, where based on the Pb analysis, levels
between 1.74 and 49.63 mg·kg−1 were detected [18]. In addition, it is worth mentioning
that the Canadian legislation reports a limit of 35 mg·kg−1 for sediments [19].

Given the panorama presented, in this research, we used the coffee pulp (CP) variety
Castillo—taken from a coffee farm located in the city of Manizales (Colombia)—as a
sustainable alternative in the biosorption of Pb2+ ions from synthetic wastewater. This was
developed in two stages: the first was to perform the quantification of lignin and cellulose;
in the second step, the optimal variables of sorption of the contaminant were identified,
corresponding to contact time (min), the optimum adsorption pH, kinetics and adsorption
isotherms, pHpzc, as well as the elucidation of a possible sorption’s mechanism. Finally,
we made a comparison between residues from coffee crops that have been investigated in
the removal of Pb2+ ions, with and without chemical modification. In view of this type of
research, the challenge is that industries that discharge untreated industrial waters and
incorporate this pollutant use biosorption technology with these types of agro-industrial
wastes to prevent the discharge of Pb2+ ions into water sources and meet the current
environmental regulations. Likewise, implementing this type of method as a pilot project
with those industries that use this substance aims at contributing to environmental policies,
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which in turn are linked to the EPI. Additionally, it aims to comply with goals 3.9 (“reduce
the number of diseases and deaths caused by soil, air and water pollution, by 2030”) [20]
and 6.9 (“reduce untreated water discharges and improve water quality, by 2030”) [21]
proposed in the SDGs of the 2030 agenda. One of the advantages of this research is the use
of an agro-industrial waste to depurate untreated water, so that it is not disposed directly
in soils, avoiding the production and emission of GHGs. In the case of the disadvantages, it
is necessary to carry out studies of desorption, since if this is not done, the material would
remain contaminated by this metal.

It should be mentioned that the desorption process is important since the lignocellu-
losic material used as a sorbent could be reusable and incorporated again into the removal
cycle [22,23]. Additionally, 4% HCl, NaOH 0.1 N, HNO3 0.05–0.3 M [24,25], Ca(NO3)2
10 mM [26], EDTA 0.001–0.1 M and HCl 0.1–1 M [22] have been used to perform Pb
desorption using sorbents such as corn husk, coffee pulp and grape pulp respectively.

2. Materials and Methods
2.1. Collection Site and Physical Treatment of the CP

The coffee pulp (CP), Castillo variety, was collected from the coffee farm “El Bosque”,
Maracas, in the municipality of Manizales (Colombia): 2.0 kg of fresh sample was taken,
which was dried at a temperature of 60 ◦C, and then ground with a Thomas–Wiley mill to
a particle size of 180 µm [27,28].

2.2. Cellulose and Lignin Content in the CP

The ANSI (American National Standards Institute, Washington, DC, USA)/ASTM
(American Society for Testing and Materials, West Conshohocken, PA, USA) techniques
were used for the determination of the lignocellulosic content [29].

2.3. Quantification of Pb(II)

For the determination of the concentration of Pb(II) in synthetic wastewaters (SWWs),
the reference method 3111 B of standard methods was used (Atomic Absorption Spec-
trophotometry (AAS), direct method of air-acetylene flame), with a VARIAN AA 140 kit, for
which Pb(NO3)2 (analytical reagent) was used to perform the calibration curve. Deionized
water was used for the tests and all tests were performed at room temperature.

2.4. Determination of the Optimum pH of Adsorption of Pb(II)

SWWs of 25 mL of Pb(II) with an initial concentration of 100 mg·L−1 were prepared
with 0.500 g of coffee pulp [30,31], and the pH of these were adjusted to 1, 2, 3 and 4 units
with HNO3 1 M in triplicate for each pH. We did not use higher pH values because Pb
precipitated as Pb(OH)2 when alkalinizing [32]. These dissolutions were stirred for 105 min
at 100 RPM and then filtered on Whatman No.1 qualitative filter paper with retention of
11 µm, to determine the final concentration. Subsequently, the free software XLSTAT by
Addinsoft was used for the statistical analysis of the results found in this section.

2.5. Determination of the Adsorption Kinetics for Pb(II)

SWWs of 25 mL of Pb(II) were prepared at a concentration of 100 mg·L−1, adjusted
to the optimum adsorption pH determined in Section 2.4 (pH 2.0), mass of 0.500 g of CP,
stirred at 100 RPM, and then these were left at different contact times (5, 10, 15, 30, 45, 60,
60, 75, 90, 105 and 120 min) and filtered on Whatman No.1 qualitative filter paper with
retention of 11 µm, to finally determine the final concentration.

2.6. Determination of the Adsorption Isotherm for Pb(II)

SWWs of 25 mL of Pb(II) were prepared at different concentrations (20, 50, 100, 150,
250 and 500 mg·L−1), adjusted to the optimum adsorption pH determined in Section 2.4
(pH 2.0), mass of 0.500 g of CP, with a stirring rate of 100 RPM, and these were left at
the optimum adsorption time determined in Section 2.5 (105 min) and then filtered on
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Whatman No.1 qualitative filter paper, with retention of 11 µm, to determine the final
concentration.

2.7. Determination of the Point of Zero Charge (pHpzc) in the CP

For this case, the methodology described by Gómez et al. [29] was used for the
determination of the pHpzc in the CP. From this, an elucidation of the possible adsorption
mechanism that could be occurring in the Pb(II) biosorption process was performed.

Note: The percentage of removal was calculated as:

%Removal =
Initial C − Final C

Initial C
× 100 (1)

3. Results and Discussion

The results obtained for coffee pulp (CP) are presented according to the methodology
described in Sections 2.1–2.7.

3.1. Lignocellulosic Content of the CP

Table 1 presents the results of the content of cellulose and lignin in the CP.

Table 1. Lignin and cellulose content in CP.

Parameter
Value of This

Research
n = 3

Method Used
Bibliographic

Report and
Reference

Interval

Lignin
(%m/m) 19.25 ± 0.16

ANSI/ASTM
D1106-56

[33]

25–26 [34]

5.21–26
23.8–17.4 [35]

5.21 [36]

9.0–22.0 [37]

Cellulose
(%m/m) 29.93 ± 0.21

ANSI/ASTM
D1103-60

[38]

23–24.5 [34]

13–57.9
18–13 [35]

57.9 [36]

16.0–25.88 [37]

Table 1 shows the results obtained in the research on the quantification of lignin and
cellulose in the CP. As it can be seen, the value of cellulose is higher than that of lignin,
and these are within the bibliographic reports presented in the literature. Likewise, this
parameter was performed in order to quantify the presence of lignin and cellulose in CP be-
cause these compounds are located on the outside of the cell wall of these wastes [39] (p. 5).
These compounds have functional groups such as hydroxyl, methoxy and carbonyl [40].
These groups are characterized by interacting with the pollutant, allowing to carry out the
removal of Pb2+ ions in wastewater, under optimal conditions (temperature, particle size,
amount of biomass, pH, pHpzc, agitation time, initial concentration and volume).

Similarly, this is in agreement with Gómez et al. [29], in relation to the elucidation of
the functional groups of coffee pulp using the analytical technique of infrared spectroscopy
and the relationship between acidic and basic groups, where the former prevail over the
latter. It is important to mention that coffee pulp contains a third polysaccharide known
as hemicellulose, and the research carried out by Carvajal and Marulanda [23] reported
a value of 2.3% for this compound. Likewise, McNutt and He [41] exposed a value of
39.10 ± 1.94 g of CP per dry matter. Finally, Cerino-Córdova et al. [15] reported a range of
5–10% for this compound.
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3.2. Determination of Optimum pH of Pb(II) with CP

The removal percentages that we obtained for each pH were: pH 1 (25.85 ± 2.11%),
pH 2 (76.15 ± 2.66%), pH 3 (71.36 ± 1.44%) and pH 4 (54.37 ± 0.90%). The free software
XLSTAT was used to obtain Figure 2 (boxplot). The optimum pH determined was 2.0 units,
obtained with a size of 180 µm, 0.500 g of biomass (CP), room temperature, agitation for
60 min and 100 RPM.

According to Palomino et al. [32] and Stumm and Morgan (1996, cited in Moreno,
2007) [42], with respect to the optimum pH exposed, it should be clarified that the chemical
species of lead found in aqueous solution corresponds to Pb(II) and to a pH higher than
8 units, and based on the Pourbaix diagram, lead precipitates as Pb(OH)2.
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Figure 2. Boxplot of optimum pH for removal of Pb(II) with CP obtained with XLSTAT software.

3.3. Kinetics and Adsorption Isotherm

According to the kinetics models applied to the Pb(II) biosorption process (see Table 2),
the best fit was the pseudo-second order model of Ho and McKay, with an equilibrium time
of 105 min and a removal percentage of 86.45%, under the optimum conditions described
in Section 3.2 (see Figure 3).

Table 2. Kinetic models applied to the biosorption process, parameters and R2.

Order Kinetic Kinetic Parameters R2

0 Time (t) vs. Concentration Pb(II) (C) 0.4725

1 t vs. Ln C 0.6868

2 t vs. 1
C 0.8469

Pseudo-first order t vs. Log (qe – qt) 0.5112

Pseudo-second order t vs. t
qt 0.9997

qe: concentration of Pb(II) in the equilibrium; qt: concentration of Pb(II) in a specific time. The equations that
were applied to the isotherm’s models were taken from Ayawei et al. [43].



Appl. Sci. 2021, 11, 6066 8 of 14

Appl. Sci. 2021, 11, x FOR PEER REVIEW  8 of 14 
 

Table 2. Kinetic models applied to the biosorption process, parameters and R2. 

Order Kinetic  Kinetic Parameters  R2 

0  Time (t) vs. Concentration Pb(II) (C)  0.4725 

1  t vs. Ln C  0.6868 

2  t vs. 
ଵ

஼
  0.8469 

Pseudo‐first order  t vs. Log (qe – qt)  0.5112 

Pseudo‐second order  t vs. 
௧

௤௧
  0.9997 

qe: concentration of Pb(II) in the equilibrium; qt: concentration of Pb(II) in a specific time. The 

equations that were applied to the isotherm’s models were taken from Ayawei et al. [43]. 

 

Figure 3. Adsorption kinetics for Pb(II) with CP. 

Table 3 shows that the isotherm model that best fitted to the sorption of Pb(II) was 

the Langmuir’s model (it was obtained applying 
ௗ௤

ௗ௧
ൌ 𝐾 ሺ𝑞𝑒 െ 𝑞𝑡ሻଶ), allowing to establish 

three hypotheses for the sorption phenomenon according to Cooney (1998) and Do (1998), 

both cited in Moreno [42]: (a) the first one indicates that the sorption of the Pb(II) pollutant 

occurs only on specific active sites—functional groups exposed in Section 3.1—located on 

the CP surface, (b) the second states that each metal adsorbs only on each active site (c) 

and the third assumption suggests that there is no interaction between adjacent adsorbed 

metals on the CP surface. 

Table 3. Isotherm models applied to the biosorption process and R2. 

Isotherms Models  Henry  Freundlich  Langmuir 

R2  0.8288  0.9416  0.9967 

Constant (K)  0.134 L∙g−1  3.683 mg∙L−1  0.030 L∙mg−1 

For the sorption isotherm obtained (see Figure 4) under the conditions described ear‐

lier, the CP presented a capacity of maximum adsorption of 24.10 mg∙g−1 for this metal 

without chemical modification.  In relation  to  this value, we performed a bibliographic 

review to carry out a comparative analysis with wastes derived from crops of coffee (mod‐

ified and not chemically modified) based on the capacity of maximum adsorption for the 

removal of Pb(II). In Tables 4 and 5, the respectively consolidated values are reported. 

Figure 3. Adsorption kinetics for Pb(II) with CP.

Table 3 shows that the isotherm model that best fitted to the sorption of Pb(II) was
the Langmuir’s model (it was obtained applying dq

dt = K (qe − qt)2), allowing to establish
three hypotheses for the sorption phenomenon according to Cooney (1998) and Do (1998),
both cited in Moreno [42]: (a) the first one indicates that the sorption of the Pb(II) pollutant
occurs only on specific active sites—functional groups exposed in Section 3.1—located on
the CP surface, (b) the second states that each metal adsorbs only on each active site (c)
and the third assumption suggests that there is no interaction between adjacent adsorbed
metals on the CP surface.

Table 3. Isotherm models applied to the biosorption process and R2.

Isotherms Models Henry Freundlich Langmuir

R2 0.8288 0.9416 0.9967

Constant (K) 0.134 L·g−1 3.683 mg·L−1 0.030 L·mg−1

For the sorption isotherm obtained (see Figure 4) under the conditions described
earlier, the CP presented a capacity of maximum adsorption of 24.10 mg·g−1 for this metal
without chemical modification. In relation to this value, we performed a bibliographic
review to carry out a comparative analysis with wastes derived from crops of coffee
(modified and not chemically modified) based on the capacity of maximum adsorption for
the removal of Pb(II). In Tables 4 and 5, the respectively consolidated values are reported.

Table 4. Capacity of maximum adsorption in coffee wastes without chemical modification.

Lignocellulosic
Wastes Derived from

Coffee Crops

Biosorption Characteristics

Q max.
Interval ReferencepH

(pH Units)

Capacity of Maximum
Adsorption (Q max.)

(mg·g−1 )

Spent coffee
powder/coffee

grounds

4.5 66.30

49.73–159.50

[44]

3.5 49.73
[45]

3.5 159.50

4.0 158.70 [46]
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Table 4. Cont.

Lignocellulosic
Wastes Derived from

Coffee Crops

Biosorption Characteristics

Q max.
Interval ReferencepH

(pH Units)

Capacity of Maximum
Adsorption (Q max.)

(mg·g−1 )

Coffee waste (instant
coffee beans) 5. 0 9.70 9. 70 [47]

Coffee shell/pulp

5.0 54.05

4.80–230.00

[48]

N/A 37.04 [49]

4.5 4.80 [50]

0.5–9.0 7.20
[31]0.5–9.0 230.00

2.0–9.0 50.80

2.0 24.10 This study

Raw coffee beans

6.0 61.60

22.90–61.60

[51]

5.0 22.90 [52]

3.0–4.0 96% [50]

N/A 87.20

87.02–159.54

[53]

Spent coffee beans
3.0–4.0 87.02

[50]2.0–12.0 93.24

2.0–12.0 159.54

Table 5. Capacity of maximum adsorption of coffee wastes with chemical modification.

Lignocellulosic Waste
Derived from Coffee

Biosorption Characteristics

ReferencepH
(pH units)

Q max.
(mg·g−1)

Chemical
Modification

Spent coffee
powder/coffee grounds

3.5 159.50 Citric acid [45]

4.0 158.70 Citric acid [46]

Coffee shell/pulp 5.0 54.05 Pyrolysis [48]
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Table 4 presents the capacities of maximum adsorption of coffee wastes without
chemical modification, while Table 5 reports this parameter but with chemical modification,
where citric acid and pyrolysis methods were used. For each one, an interval was proposed
which was carried out taking into account the lower value with respect to the upper value
of those reported by the cited references for the same waste, and it was found that the value
of the present research, in relation to the coffee beans, was below the exposed range, unlike
raw coffee beans and coffee husk/pulp, that were in the range of unmodified residues.

Similarly, when carrying out the same comparative analysis, but with chemically
modified coffee residues, the value presented in this study was below the minimum value
of the range. It should be added that the objective of carrying out a chemical modification
of a sorbent is performed in order to increase the active sites (functional groups) on its
surface and thus augment the removal of the contaminant in the aqueous solution and its
capacity of maximum adsorption.

Additionally, Gómez et al. [4] presented some non-conventional technologies used
for the removal of Pb2+ in aqueous matrices in the years 2010–2019, among which the
use of biopolymers, bio-remediation techniques (algae, fungi, yeasts and bacteria) and
agro-industrial wastes were highlighted. Within the aforementioned techniques, the per-
centage of efficiency ranged between 80% and 100% for the removal of this metal ion,
with the exception that agricultural wastes showed a higher efficiency compared to the
others, including guava seeds and melon peels with maximum adsorption capacities of
approximately 96 mg·g−1.

3.4. Determination of Point of Zero Charge (pHpzc) for the CP

From Table 6, it is established that the optimum pH is lower than pHpzc, leading to
the conclusion that the sorbent surface is positively charged. This implies that there are no
electrostatic interactions between the contaminant and the sorbent. To explain this sorption
phenomenon, possibly, the chelation is present between the hydroxyl groups coming from
the lignin and cellulose and the cationic species [54]. Given this, the possible mechanism of
sorption is illustrated in Figure 5.

Table 6. pHpzc for the CP and its relation to the optimum pH.

Optimum pH pHpzc for CP Chemical Species in
Aqueous Dissolution Conclusion

2.0 3.95 Pb2+ [21,30]

pH < pHpzc
The surface of the

biosorbent is
positively charged.
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3.5. Techno-Economics Aspects and Future Research

Regarding the techno-economic aspects [55] of a possible implementation of biosorp-
tion technology using coffee pulp as a sorbent for Pb2+ ions in wastewater at the pilot scale,
Figure 6 shows a proposal for the stages and inputs involved in this process.
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Finally, it is expressed that future research should be related to the desorption pro-
cesses of coffee pulp, without and with physical and chemical modification, used for the
removal of Pb2+ ions, and additionally, in the implementation of the sorbent in industrial
aqueous matrices and the number of reuse cycles and selectivity in synthetic and real
multi-metallic aqueous systems.

4. Conclusions

At the level of adsorption parameters, this research concluded that the optimum pH
for the removal of Pb(II) with coffee pulp was 2.0 units, and the kinetic adsorption model
that adjusted the most was the pseudo-second order model of Ho and McKay, with a
Langmuir isotherm and pHpzc of 3.95 units. The removal of Pb2+ ions with the coffee pulp
was 86.45%, and the capacity of maximum adsorption was 24.10 mg·g−1 using a particle
size of 180 µm, and a contact time of 105 min at 100 RPM at room temperature in synthetic
wastewater.

Finally, we expressed that coffee pulp can be used as a sustainable alternative for the
removal of lead in synthetic and real wastewater, which would contribute to achieving goal
3.9 of Goal 3 “Health and Well-being” and goal 6.9 of Goal 6 “Clean Water and Sanitation”
of the SDGs of the 2030 agenda. Coffee pulp can also be used to remove other inorganic
pollutants that have a high environmental impact on the ecosystem.
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