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Abstract: Batch experiments were conducted to test orange waste (OW), an agricultural solid waste
byproduct from the orange juice manufacturing industry, as adsorbent for binary solutions of Cd2+-
Cr3+ and Zn2+-Cr3+. Fourier transform infrared spectroscopy (FTIR) and the point of zero charge
(pHpzc) were used to identify the functional groups on the OW surface involved in biosorption. The
biosorption equilibrium data for both binary-metal solutions were obtained and fitted to various
isotherm models. The extended Sips and the non-modified Redlich-Peterson isotherm models gave
the best fit for the experimental data. According to the extended Sips model, the maximum biosorption
capacity of OW was 0.573 mmol·g−1 for Cd2+, 0.453 mmol·g−1 for Zn2+, and 1.96 mmol·g−1 for
Cr3+. The sorption capacity dropped to 0.061 mmol·g−1 for Cd2+ and to 0.101 mmol·g1 for Zn2+ in
their binary systems with Cr3+ for the higher initial metal concentrations in the solution. However,
the maximum sorption capacity of chromium was only slightly affected by the presence of Cd2+ or
Zn2+. For both binary systems, the presence of a second metal ion in the solution always conduces
to a reduction in the sorption of the other metal in the solution. The presence of Cr3+ decreased the
sorption of Cd2+ and Zn2+ more than vice versa. Conclusively, effective removal of Cr3+ ions from an
aqueous solution can still be achieved in the presence of Cd2+ or Zn2+.

Keywords: competitive biosorption; heavy metals; binary system; isotherm models; orange waste

1. Introduction

The pollution of water with heavy metals is a problem of global concern. Heavy metals
can have strong toxic effects even when they are present at low concentrations. They can
also accumulate in the food chain and, due to their solubility and their mobility, can cause
serious health and ecological problems [1]. Chromium can cause nausea, diarrhoea, der-
matitis, kidney and liver damage, internal and respiratory problems [2,3]. Zinc may cause
loss of appetite, nausea, irritability and muscle stiffness [4]. Symptoms of cadmium toxicity
include anaemia, hypertension, and renal dysfunction. The kidneys may be considered as
the critical target organ following ingestion [4,5].

Cadmium, zinc, and chromium are widely used in many industrial activities such
as electroplating, leather tanning, nuclear power plants, pigment production, and the
fertilizer and textile industries. Therefore, these metals are usually present in the effluents
of these industries. Cadmium and zinc can exist under one oxidation state. Although
chromium can exist under six oxidation states and the most important ones in water are
trivalent Cr(III) and hexavalent Cr(VI) [6]. Due to the greater toxicity of Cr(VI), the removal
of Cr (VI) from aqueous effluents has been further investigated. However, Cr(III) ions
can easily be oxidized to Cr(VI) in the presence of oxidizing agents and therefore their
removal from aqueous effluents is also highly important [7]. Furthermore, to ensure proper
management of wastewater treatment plants to prevent this compound from reaching the
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aquatic environment, it is necessary to protect the functions performed by the microorgan-
isms present in activated sludge [8]. The European Chemicals Agency (ECHA) has, for
registered substances (REACH), established a parameter called PNECSTP (predicted non
effect concentration for microorganism present in sewage), which can be used as a toxicity
value to assess the risk for microbial activity in wastewater treatment plants. The PNECSTP
value for the compound used to prepare the Cr(III) stock solution is 2.29 mg·L−1.

Current technologies, including ion exchange, precipitation, solvent extraction, and
membrane-based processes, have some limitations in terms of their economic and/or
technical feasibility for the removal of heavy metals from industrial wastewater [9–11].
Therefore, the search for efficient and cost-effective technologies for the removal of heavy
metals from water has led to an increased focus on the use of biological materials as
biosorbents. Biosorption has been recognized as an alternative technology to replace the
above mentioned technologies [10,12,13].

Worldwide, agricultural wastes are mostly disposed of by dumping or incineration,
which contributes negatively to environmental pollution and also neglects the potential of
these wastes [14,15]. Recent studies have proposed agricultural wastes as ideal adsorbents
for the removal of heavy metals from wastewater. Agricultural wastes such as apricot
pits [16], rice straw [17], OW [18], walnut shells [19], cocoa [20], and banana peels [21,22]
have shown promising results for heavy metals biosorption.

Most biosorption research has been focused on the uptake of single metal species from
aqueous effluents and little attention has been paid to the study of simultaneous metal
removal in multi-metal systems [23]. However, under most conditions, aqueous streams
contain several types of metal ions simultaneously [24]. When several metal ions are
present in the water, competition phenomena for the adsorption sites may occur. Therefore,
it is of great importance to understand the behavior of metal ion mixtures, by studying the
effect that the presence of one metal has on the uptake of other metal ions [24,25].

Furthermore, the equilibrium modelling of biosorption in multicomponent systems,
an essential aspect in designing treatment systems, has received inadequate attention [26].
Therefore, it is necessary to examine the process of removing multiple metals from solu-
tions, at least binary ones [27], by obtaining the equilibrium isotherms in multicomponent
systems [28–31].

Cadmium, zinc, and chromium are three widely used metals that often occur simul-
taneously in metal-bearing industrial effluents. In this context, the present work aims to
study the equilibrium isotherm of two binary systems (Cd2+-Cr3+ and Zn2+-Cr3+) using
OW as a biosorbent. Several multicomponent sorption models, commonly used to correlate
multicomponent equilibrium data, were used to describe the experimental data obtained
for the binary systems studied. In addition, Fourier transform infrared spectroscopy (FTIR)
of the biomass, before and after metals sorption, and the determination of the biomass
point of zero charge (pHpzc) were used to identify the functional groups on the OW surface
involved in biosorption.

The research developed in this work can contribute to the achievement of Sustainable
Development Goal (SDG) 6 of the 2030 Agenda for Sustainable Development: “Ensure
availability and sustainable management of water and sanitation for all” [8].

Specifically, it aligns with target 6.3 because it will contribute to improving water
quality by reducing pollution caused by the release of heavy metals into aquatic systems
and increasing water reuse.

At the same time, it will enable the protection and restoration of water-related ecosys-
tems (target 6.6).

2. Materials and Methods
2.1. Adsorbent Preparation

The OW used as an adsorbent was provided by an orange juice company located in
Murcia (Spain). The OW was first cut into small pieces and extensively washed with tap
water to remove adhering dirt and soluble components such as reducing sugars, resins,
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tannins, and coloring agents. The OW was then oven-dried to a constant weight, at
50–60 ◦C. The washed and dried material was crushed and sieved to obtain particles
measuring less than 1.5 mm in size [18,32–34].

2.2. Chemical

Single metal synthetic stock solutions (2000 mg·L−1) of chromium, cadmium, and zinc
were prepared by dissolving the accurately weighed amounts of Cr(NO3)3·9H2O, cadmium
metal, and zinc metal (analytical grade), respectively, in 100 mL of distilled water and
10 mL of concentrated nitric acid and diluted with distilled water to obtain one liter of
each solution. Experimental binary metal solutions were prepared by mixing and diluting,
with distilled water, the appropriate volume of stock solutions to obtain the desired metal
concentrations of each metal in the binary mixture.

All chemicals used were purchased from Panreac and were of analytical reagent grade.

2.3. Adsorbent Characterization

Fourier transform infrared spectroscopy (FTIR) and the point of zero charge (pHpzc)
were determined to characterize the OW used as biosorbent.

FTIR analysis of raw OW and FTIR analysis of OW after metal loading were carried
out to find out which functional groups are responsible for metal ion sorption. FTIR spectra
were obtained using a Fourier transform infrared spectroscope (Model: Perkin Elmer 16F
PC; Perkin Elmer España, S.L., Madrid, Spain) with a KBr salt as the spectroscopic window.
The FTIR optical system has a resolution of 4 cm−1. The instrument is equipped with a
deuterated triglycine sulphate (DTGS) detector. Spectra were collected over the range from
4000 cm−1 to 500 cm−1.

pHpzc was obtained to determine the pH at which the OW, immersed in an electrolyte,
has a net zero electrical charge on its surface [35].

An amount of 50 mL of 0.01 M NaCl solution was placed in different 100 mL Erlen-
meyer flasks and the pH of each solution was adjusted between 1 and 9 by adding the
appropriate amounts of dilute NH4OH or HNO3 solutions. Then, 0.2 g of OW biomass was
added to each Erlenmeyer. After 48 h of stirring at room temperature, the final pH values
were measured. The pHpzc was calculated by plotting the variation in pH values against
the initial pH. The point where the variation in pH is zero corresponds with the pHpzc.

2.4. Biosorption Procedure

Batch uptake studies were performed, at constant room temperature, by contacting
0.2 g of OW (particle size < 1.5 mm) with 50 mL of the binary solutions (Cd2+-Cr3+ or
Zn2+-Cr3+) in 100 mL Erlenmeyer flasks. The initial metal concentrations in the binary
solutions ranged from 0 mmol·L−1 to 5.8 mmol·L−1. The mixture was stirred magnetically
for 3 days. This time is more than sufficient to ensure that equilibrium has been reached.
The pH was continuously adjusted to 4 by using small volumes of dilute NH4OH or HNO3
solutions. After the established contact time, the samples were filtered through glass fiber
prefilters (Millipore AP40; Millipore Iberica SA, Madrid, Spain). The filtrates were analyzed
for residual metal ion concentration by atomic absorption spectrophotometry using an air—
acetylene flame (Perkin Elmer model AA300; PerkinElmer Inc., Waltham, MA, USA). All
experiments were performed in duplicate. The experimental conditions were established
according to results obtained in previous studies carried out to optimize the biosorption of
Cd2+, Zn2+, and Cr3+ by OW in mono-adsorbate systems [18,32,33].

The uptake of each metal in the binary system at equilibrium was calculated using the
general definition:

qe,Me =
C0,Me·V0 − Ce,Me·Ve

m
(1)

where C0,Me and Ce,Me are the metal concentrations in the solution (mmol·L−1) at time 0
and at equilibrium, respectively, V0 and Ve are the solution volumes (L) at time 0 and at
equilibrium, respectively, and m is the mass of the biosorbent used (g).
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The selectivity of OW for Cd2+, Zn2+, and Cr3+ in the binary mixtures was evaluated
in terms of individual biosorption efficiency (Yi, %), relative metal i biosorption (Ri, %) and
relative coverage (θi, %) [36]. These terms are defined as follows:

Yi(%) =
C0,Mei − Ce,Mei

C0,Mei
·100 (2)

Ri(%) =
qe,Mei binary system

qe,Mei monoadsorbate system
·100 (3)

θi(%) =
qe,Mei

∑
j=n
j=1 qe,Mej

·100 (4)

2.5. Adsorption Models

The distribution of the metal ions between the liquid phase and the sorbent, once
at equilibrium, can usually be expressed by a series of isotherms. In the present work,
experimental isotherms were obtained, and several models were used to describe the
experimental equilibrium data (Table 1). These models have previously been used in others
works to describe the equilibrium in multi-adsorbate systems [23,29,37–39].

Table 1. Multi-adsorbate sorption isotherms.

Isotherm Model Parameters

Extended Langmuir isotherm [18,32,33]
qe,Mei =

qmax·bMei·Ce, Mei

1+∑N
j=1 bMej·Ce, Mej qmax: maximum sorption capacity (mmol·g−1)

bMei and bMej affinity constant of the biomass for metals i and j,
respectively (L·mmol−1);
qmax,Mei: maximum sorption capacity for metal i (mmol·g−1);
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qmax,Mei: maximum sorption capacity for metal i (mmol·g−1); bMei
and bMej: affinity constant of the biomass for metals i and j,
respectively (L1/ni·mmol−1/ni); ni and nj: measure of heterogeneity
of binding surface for metals i and j, respectively.

Non-modified Redlich–Peterson isotherm [18,32,33]
qe,Mei =

KRPi·Ce, Mei
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βj

KRPi (L·g−1) and αRPj (Lβj·mmol−βj): R-P equilibrium constants for
metals i and j, respectively;
Bj: R-P isotherm exponent for metal j.

Sheindorf–Rebuhn–Sheintuch (SRS) isotherm [18,32,33]

qe,Mei = KFi·Ce, Mei·
(

N
∑

j=1
αij·Ce, Mej

)( 1
ni )−1

KFi: constant of the Freundlich model (L·g−1); ni: Freundlich constant
related with the intensity of sorption; αij (L·mmol−1): SRS constant
that represents the inhibitory effect of component i on the adsorptive
removal of component j.

qe,Mei: amount of Mei adsorbed at equilibrium (mmol·g−1); Ce,Mei and Ce,Mej: residual concentrations of metal i
and j at equilibrium, respectively (mmol·L−1).

2.6. Statistical Analysis

The experimental data were fitted to the different models using the nonlinear fitting
facilities of the Solver add-in to Microsoft Excel. The validity of the models was evaluated
using the average relative error (ARE, %) function, which measures the relative differences
between the experimental data and those predicted by the models.
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The average relative error was developed by Marquardt [42] with the aim of minimiz-
ing the fractional error distribution over the whole concentration range and is widely used
in the literature [43]. It is given by the expression:

ARE (%) =
100
n

N

∑
i=1

∣∣∣∣∣qe,cal − qe,exp

qe,exp

∣∣∣∣∣ (5)

where qe,exp (mmol·g−1) is the experimental adsorption capacity at equilibrium, qe,cal
(mmol·g−1) is the calculated adsorption capacity at equilibrium.

3. Results and Discussion
3.1. Orange Waste Characterization
3.1.1. FTIR Spectra

Figure 1 shows FTIR spectra of OW samples before and after the biosorption process.
The complex nature of the material can be observed from the high number of adsorption
peaks. As can be seen, the FTIR spectra before and after metal adsorption are very similar.
Only slight shifts in the wavenumber corresponding to some peaks can be observed.
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Figure 1. FTIR spectra of OW: (a) raw OW, (b) OW loaded with cadmium, (c) OW loaded with zinc,
and (d) OW loaded with chromium.

The broad peak at 3422 cm−1 can be attributed to O–H stretching vibrations of free
hydroxyl groups (alcohols and phenols) and bonded OH bands of carboxylic acids present
in the main components of OW (cellulose, pectin, hemicellulose, etc.) [34,35]. In addition,
the amplitude and intensity of this peak may be related to the presence of adsorbed water
molecules from atmospheric moisture [44,45]. To minimize this effect, the analyzed samples
were dried in an oven and stored in a desiccator prior to its use. The peak at 2924 cm−1

was recognized as symmetric or asymmetric –CH stretching of the aliphatic groups, and
the peak at 2853 cm−1 can be associated with symmetric stretching vibration of these
groups [45]. The peak at 1736 cm−1 shows the stretching vibration of the C=O bond due to
non-ionic carboxyl groups, and may be assigned to carboxylic acids or their esters (–COOH,
–COOCH3) [46]. The peak around 1636 cm−1 is due to the C=C stretching that can be
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attributed to the presence of aromatic rings, COO- asymmetric stretching, and the bending
vibration of the interlayer water molecules [45]. These bands can reveal the presence of
pectin, hemicellulose, and lignin in the OW [47].

The peak at 1431 cm−1 can be attributed to the symmetric stretching vibrations of C=O
in ionic carboxylic groups (-COO−) [48] and to HCH and OCH in plane bending vibration
(as in cellulose). The bands observed at 1052 cm−1 can be assigned to the C–O stretching
of alcohols and carboxylic acids [49,50]. The 1000 cm−1–1200 cm−1 finger print region
shows the characteristic cellulose peaks [51,52], indicating cellulose as the main backbone of
the material.

Shifts in the peak positions at 3422 cm−1, 1636 cm−1, and 1430 cm−1 were observed
during metal sorption on OW, suggesting the possible involvement of the cited functional
groups in the heavy metal sorption.

The changes in the intensity of the band at 3422 cm−1 and at 1636 cm−1 would be
due to the different amount of water adsorbed. Cai et al., 2023 [53], who studied the FTIR
spectra of biochar obtained at different pyrolysis temperatures, observed a decrease in the
intensity of the peak at 3425 cm−1 with increasing pyrolysis temperature, indicating the
dehydration of the samples. On the other hand, the shift of this peak (especially in the
sample after chromium sorption, to 3412 cm−1), could be an indication that OH groups
could be involved in metal adsorption.

The largest shift in absorption peaks occurs in the 1636 cm−1 band, which shift to
1644 cm−1/1648 cm−1 after sorption, and the 1430 cm−1 band, which shifts to
1426 cm−1/1420 cm−1. Similar results were obtained by Lasheen et al., 2012 [48], who
pointed out that the shift in the 1636 cm−1 band could be due to a change in the binding
energy of carboxylate groups. Pereira de Carvalho, 2015 [54], studying the adsorption of
methylene blue on banana peel, shows that some bands in the FTIR spectra are shifted
after adsorption. Thus, the band at 1613.6 cm−1 shifted to 1622.9 cm−1, indicating that the
carbonyl group could be involved in the adsorption mechanism.

As has been reported by Ellerbrock and Gerke, 2021 [55], interactions between cations
and organic matter occur mainly through functional groups containing double bonds
between C and O atoms, such as carboxylate anions, carboxylic acids, esters, amides
(proteins), aldehydes, and ketones. These groups are negatively charged (i.e., as carboxylate
anions) or partially negatively charged (i.e., carboxylic acids, esters, amides, aldehydes,
and ketones), which contributes to cation exchange, among other adsorption mechanisms.
The shift of the maximum of the FTIR absorption bands as a result of the interaction
with cations is related to changes in the bond strength within the C=O double bond. In
several studies it was found that the addition of cations shifted the maximum of the COO-
peak towards lower wave numbers, while in others it was found that the COO- peak
shifted upwards.

The results obtained confirmed the involvement of carboxylic acids groups in the
binding of metal ions by OW. Previous studies have also shown the important role played
by carboxylic acid groups in the adsorption of metals on OW [33].

3.1.2. pHpzc Test

The results of the experiments conducted to determine pHpzc are shown in Figure 2.
The pHpzc obtained was ≈5.3, slightly acidic, indicating the acid character of the solid
surface. The pKa value of R–COOH, which seems to be the major OW functional group
involved in heavy metal sorption, is in the range of 3.5–5.5 [46]. At pH values over 5.3,
more functional groups are deprotonated, resulting in more negative binding sites and
greater attraction of positively charged metal ions [56]. The assays were performed at
pH 4, in accordance with the optimal experimental conditions determined in previous
studies [18,32,33]. These results indicate that a mechanism other than electrostatic attraction
must be involved in heavy metal sorption onto OW. Similar results were obtained by
other researchers and other mechanisms have been proposed for heavy metal biosorption:
complexation reaction, ion exchange, and precipitation [35,57–62]. Metal complexes are



Processes 2024, 12, 148 7 of 18

formed by complexation reactions on the adsorbent surface when heavy metal ions interact
with oxygenated functional groups such as carboxyl, hydroxyl, and phenolic groups that
are present on the sorbent surface. In ion exchange, metals in solution displace protons
from oxygen-containing functional groups and other exchangeable cations, such as Na+,
K+, Ca2+ and Mg2+, present on the sorbent surface. Finally, precipitation involves the
formation of mineral precipitates on the surface of the sorbent [63,64].
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Figure 2. Representation for the pHpzc of OW determination (the blue line indicates pHpzc: pH at
which ∆pH = 0).

As shown by FTIR analysis, the surface of OW has oxygenated functional groups
(carboxyl, hydroxyl, phenolic) which are responsible for the removal of metals through
the formation of surface metal complexes and ionic exchange between the metals and
protons from these functional groups. Furthermore, the metals can also be exchanged with
other cations present on the surface of the OW. The concentrations of the main cations on
OW were determined in a previous study [33]. According to these results, OW contains
0.229 mmol Na+·g−1, 0.005 mmol K+·g−1, 0.577 mmol Ca2+·g−1, and 0.122 mmol Mg2+·g−1.
These results suggest that the surface complexation of heavy metals and their ionic
exchange with major cations and with protons may be the main mechanisms of
biosorption [63,65].

3.2. Experimental Sorption Equilibrium Data Analysis for the Cd2+-Cr3+, and Zn2+-Cr3+

Binary Systems

The competitive adsorption isotherms on OW are shown in Figures 3 and 4 for the
binary systems Cd2+-Cr3+ and Zn2+-Cr3+.

The uptake of each one of the metals studied increased with increases in their initial
solution concentration and, although the isotherms slopes decreased at higher solution
concentrations, sorbent saturation is clearly not reached in any case. The presence of co-
ions decreased the sorption capacity and this effect increased with increasing initial co-ion
concentration. The suppressive effect of chromium ions on cadmium and zinc adsorption
was much greater than the effect of cadmium and zinc ions on chromium adsorption.
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Similar results were obtained by Kim, 2003 [66]. This study concluded that Cr+3 and
Pb+2 ions had a strong inhibitory effect on the removal of Cd+2 and that the presence of
Cd+2 had little effect on the removal of both Pb+2 and Cr+3 in binary solutions. Similarly,
Ma and Tobin, 2003 [67], concluded in their study that chromium and copper co-ions caused
large and similar reductions in cadmium uptake while the effect of cadmium on chromium
and copper uptake was smaller.

The selectivity of OW for cadmium, zinc, and chromium in the binary mixtures,
Cd2+-Cr3+ and Zn2+-Cr3+, was evaluated in terms of the metal i relative biosorption, the
individual biosorption efficiency, and the relative coverage. Figures 5–7 show, as an
example, the variation in these parameters with different initial concentrations of Cd2+ and
Cr3+ in the binary system Cd2+-Cr3+. Similar results were obtained for the binary system
Zn2+-Cr3+ (Supplementary Material: Figures S1–S3).
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Figure 6. Dependence of the biosorption efficiency of metal i on the initial concentrations of metals i
and k. (a) Metal i = Cd2+ and metal k = Cr3+, (b) metal i = Cr3+ and metal k = Cd2+.

The values of relative cadmium biosorption appreciably below 100% (Figure 5) indi-
cate that its biosorption has been significantly reduced by the presence of chromium ions
in the solution. The higher the initial chromium concentration, the lower the cadmium
biosorption. When the initial concentration of chromium in the solution was 5.77 mmol·L−1,
the cadmium biosorption capacity was only 19% of its original value without chromium
competition. The relative cadmium biosorption increased when the initial cadmium con-
centration, or the ratio of the cadmium concentration to total metal ions concentration, were
increased. Relative chromium biosorption values close to 100% indicate that chromium
biosorption was not greatly affected by the presence of cadmium ions. It can be noted that,
for the highest initial cadmium concentration tested in the binary solution, the chromium
biosorption capacity remained at 92% of its original capacity without cadmium competition
(Figure 5).
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Similar results were obtained in the Zn2+-Cr3+ binary system. Zinc uptake was
greatly reduced by the presence of chromium (zinc biosorption capacity remained only
24% of its original capacity when the initial concentration of chromium in solution were
5.77 mmol·L−1), while chromium biosorption capacity remained at 89% of its original
capacity for the highest zinc concentration tested in the binary solution.

Values of relative metal biosorption lower than 100%, in both binary systems studied,
clearly confirm the antagonistic effects since competitive adsorption is important. Similar
results have been reported in the literature for the adsorption of mixtures of the studied
heavy metals by different adsorbents [13,24,68–70].

As can be seen in Figure 6, the biosorption efficiency of each metal decreased as
the initial metal concentration increased. The biosorption efficiency was in the order
Y(Cr 3+) > Y(Cd2+) (Figure 6). Similar results were obtained in the Zn2+-Cr3+ binary system;
the biosorption efficiency was in the order of Y(Cr3+) > Y(Zn2+).

For each metal in the binary solution, the relative coverage of a metal (metal i) increases
as its initial concentration increases and as the concentration of the other metal in solution
(metal k) decreases. The relative coverage of cadmium is more influenced by the presence
of chromium than vice versa (Figure 7). The same results were observed for the binary
system Zn2+-Cr3+ (Supplementary Material: Figure S2).

It is not easy to find a standard that allows us to determine how the properties of
the metals affect the biosorption selectivity. The preference of biomass for a specific metal
does not depend only on the chemical and physical properties of the metals. The final
behavior is the result of a combination of the specific surface properties of the biosorbent,
the physicochemical parameters of the solution, and the chemical and physical prop-
erties of the metals. For the biosorption of heavy metals, and taking into account the
metal properties, it can be observed that the affinity of the biomass is higher at higher
ionic charges. Additionally, the adsorption of metal ions on the biosorbent surface is
favored by the reduction in the hydrated ionic radius [71], which facilitates access to
the adsorbent surface active sites and ion exchange with the adsorbent’s exchangeable
cations. The behavior of metal ions tested in this work followed the aforementioned
trend as a function of the ionic radius (Table 2), [72] with adsorption following the order
chromium > zinc > cadmium; charge: Cd2+, Zn2+, Cr(OH)2+ andCr3+. Similar conclusions
have been obtained by other authors [71,73].
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Table 2. Hydrated ionic radii for the heavy metals studied.

Element Cadmium Zinc Chromium

Hydrated ionic radus (Å) 0.96 0.74 0.62

3.3. Modeling of Metal Biosorption from Binary Solutions Using Multicomponent
Adsorption Isotherms

The equilibrium biosorption data of the two binary systems studied were analyzed
using different binary isotherm models [23,28,31,61,67,74–77]: extended Langmuir, non-
modified Langmuir, modified Langmuir, extended Sips, non-modified Redlich–Peterson,
and Sheindorf–Rebuhn–Sheintuch isotherms (Table 1).

The values of uptake and residual solution concentrations of both metals, once equilib-
rium was reached attained, were used to evaluate the parameters of the different isotherms.
The values of these characteristic parameters for each one of the isotherm models listed
in Table 1 were obtained by non-linear regression and are summarized in Table 3. The
average relative errors are also shown, providing a measure of the goodness of fit of
each model.

The obtained average errors of the fitting to the different isotherm models tested varied
between 16.7% and 47%. With the exception of the Sheindorf–Rebuhn–Sheintuch isotherm
model, no great differences were obtained between the fitting of binary experimental data
to the models employed (ARE between 16.7% and 20.3%), although the best description of
the experimental data was provided by the extended Sips isotherm and the non-modified
Redlich–Peterson isotherm. The close relationship between the experimental sorption
capacity data and those data provided by the extended Sips model, for the two binary
systems studied, can be observed in Figure 8.
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Figure 8. Relationship between the experimental sorption capacity data and sorption capacity data
provided by the extended Sips model (a) Cd-Cr system, (b) Zn-Cr system.

Other researchers found the best description of the experimental equilibrium data of
their studies with the extended Sips model [29,78]. This model is suitable for predicting
adsorption on heterogeneous surfaces, thus avoiding the limitation of increasing adsorbate
concentration normally associated with the Freundlich model [79]. Therefore, at low
adsorbate concentrations, this model reduces to the Freundlich model, but at high adsorbate
concentrations, it predicts the Langmuir model (monolayer adsorption).
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Table 3. Characteristic parameters of each one of the studied isotherm models for the biadsorbate
sorption and average relative errors of the fits.

Cd2+-Cr3+

Me1 = Cd2+, Me2 = Cr3+
Zn2+-Cr3+

Me1 = Zn2+, Me2 = Cr3+

Extended Langmuir isotherm

qmax (mmol·g−1) 0.755 0.58
bMe1 (L·mmol−1) 0.698 20.32
bMe2 (L·mmol−1) 9.39 0.733

ARE (%) 19.37 7.79

Non-modified Langmuir isotherm

qmax,Me1 (mmol·g−1) 0.430 0.512
bMe1 (L·mmol−1) 1.47 0.905

qmax,Me2 (mmol·g−1) 0.779 0.775
bMe2 (L·mmol−1) 10.27 8.08

ARE (%) 18.20 19.78

Modified Langmuir isotherm

qmax,Me1 (mmol·g−1) 0.430 0.523
bMe1 (L·mmol−1) 1.31 0.90
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αMe2,Me1 (L·mmol−1) 2.33 2.19

ARE (%) 42.46 40.60

The maximum total metal uptake values, qmax, determined by the extended Langmuir
model were lower than the sum of the individual qmax,Me values obtained by the Langmuir
model for the mono-adsorbate systems [18,32,33]. This finding provides further evidence
that there are numerous active sites through which both metals can be sequestered and for
which they will, to some extent, compete when coexisting in a biadsorbate system. Similar
results were obtained by Albadarin and Mangwandi, 2015 [80], who worked with olive
stone biomass for the simultaneous removal of Alizarin Red S and Methylene Blue dyes.
These conclusions seem to violate the Langmuir isotherm assumptions of a homogeneous
sorbent surface and no preferential biosorption or interaction between sorbates. This fact
can explain the best fitting results obtained with the Redlich-Peterson and extended Sips
isotherms. Both of these models incorporate the isotherm theory of both the Langmuir and
Freundlich models.
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For the two binary systems studied, bCr was higher than bZn and bCd, indicating that
the binding sites of the OW have a higher affinity for chromium than for zinc and cadmium.

Table 4 shows the literature data for binary systems containing at least one of the
metals used in this study, together with the results obtained in this research. As can be
seen, the maximum adsorption capacities obtained in this study are comparable to those
reported in the literature for the adsorption of binary metal mixtures on different adsorbent
materials. Furthermore, other researchers have successfully used the same models used in
this study to represent the equilibria of metal adsorption in binary systems.

Table 4. Data of binary systems referenced in the bibliography with some of the studied metals.

Binary System Adsorbent Maximum Sorption
Capacity Isotherm Model Ref.

Cr3+

Pb2+ Salvinia natans macrophyte 0.331 mmol Cr3+·g−1

0.283 mmol Pb2+.g−1 Uncompetitive Langmuir model [81]

Cr3+

Zn2+ Dealginated seaweed waste 1.385 mmol Cr3+·g−1

0.489 mmol Zn2+.g−1 Langmuir-Freundlich model [38]

Cr3+

Cu2+ Sargassum sp. 1.30 mmol Cr3+·g−1

1.08 mmol Cu2+.g−1 Freundlich isotherm [82]

Cd2+

Ni2+ NaOH-modified lemon peel. 0.430 mmol Cd2+.g−1

0.447 mmol Ni2+.g−1 Langmuir isotherm [13]

Cu2+

Cd2+ Pine bark 0.172 mmol Cu2+.g−1

0.121 mmol Cd2+.g−1 Sips isotherm [78]

Cu2+

Cd2+ Water treatment residuals 1.022 mmol Cu2+.g−1

0.693 mmol Cd2+.g−1 Langmuir isotherm [83]

Cu2+

Zn2+ Water treatment residuals 1.354 mmol Cu2+.g−1

0.288 mmol Cd2+.g−1 Langmuir isotherm [83]

Zn2+

Ni2+ Crab shell biomass 3.07 mmol Zn2+.g−1

3.37 mmol Ni2+.g−1 Externded Sips isotherm [29]

Cr3+

Zn2+ Orange waste 0.787 mmol Cr3+·g−1

0.453 mmol Zn2+.g−1 Extended Sips isotherm This work

Cr3+

Cd2+ Orange waste 1.096 mmol Cr3+·g−1

0.573 mmol Cd2+.g−1 Extended Sips isotherm This work

One of the most common ways of presenting equilibrium data in biadsorbate systems is
through three-dimensional (3D) graphs. These plots are obtained by plotting the adsorption
capacity of one adsorbate or the total adsorption capacity against the concentrations of the
adsorbates in the solution, once equilibrium has been reached. Therefore, for a biadsorbate
system, three plots are obtained, one for the adsorption capacity of each adsorbate and
a third one for the total adsorption capacity. In each plot, the adsorption isotherm is
represented by a surface. Figures 9 and 10 show, for each of the biadsorbate systems, the
experimental equilibrium data (points) together with the adsorption isotherms obtained
with the extended Sips model (surfaces), which is the one that best describes the equilibrium
data. The competition between metals for adsorption sites and the selectivity of the
biosorbent for these metals can be assessed by examining Figures 9 and 10.

The effect of the competitive ion Cd2+ or Zn2+ can be verified by the slope of the
surface observed in the plot of the biosorption capacity of Cr3+ ions versus the concentra-
tion of the binary solution Cd2+-Cr3+ or Zn2+-Cr3+ (Figure 9 or Figure 10). The smooth
slope of the surface with respect to the Cd2+ or Zn2+ axis indicates a small influence of
these ions on the removal of Cr3+ ions. For the two binary systems studied, the plots of
chromium biosorption capacity versus metal concentration in the binary solution show a
sharp slope of the surface towards the axis of the competing ion (Cd2+ or Zn2+). Conse-
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quently, at higher concentrations of Cr3+, the removal efficiency for Cd2+ or Zn2+ ions is
strongly reduced.
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4. Conclusions

This research confirms that OW biomass has the potential to be used as a biosorbent
for heavy metal removal from aqueous bimetallic solutions, which are more representative
of real effluents than mono-adsorbate systems, and underlines the competition between
metals for active sites on the surface of the adsorbent.

FTIR spectra of OW showed the complex nature of the biomass. After metals sorption,
light shifts in the peak positions at 3422 cm−1 (corresponding to hydroxyl groups including
adsorbed moisture), 1636 cm−1 (corresponding to C=C stretching that can be attributed to
the presence of aromatic rings, COO- asymmetric stretching, and the bending vibration of
the interlayer water molecules), and 1431 cm−1 (corresponding to C=O in ionic carboxylic
groups and to HCH and OCH in plane bending vibration (as in cellulose)) were observed.
This pointed out the important role that oxygenated functional groups can play in metal
adsorption onto OW, and it can be hypothesized that the main mechanisms of biosoption
are surface complexation and ionic exchange. Further studies would be necessary to
confirm the adsorption mechanisms involved.
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The pHpzc of the biomass (≈5.3) indicate that other mechanisms different to electro-
static attraction, such as ion exchange, must be involved in the sorption of heavy metals
onto OW.

The biomass showed a higher selectivity for Cr3+ ions than for Cd2+ or Zn2+ ions. In
the presence of Cd2+ or Zn2+ ions in solution, chromium removal was only slightly affected.
Conversely, the presence of Cr3+ ions induced a strong reduction in the removal of Cd2+

or Zn2+.
A series of multicomponent isotherm models were used to correlate the binary equi-

librium data. Both binary systems studied were better represented by the extended Sips
isotherm model. Based on this model, the maximum biosorption capacity of OW in the
binary system was nearly 0.573 mmol·g−1 for Cd2+, 0.453 mmol·g−1 for Zn2+, and up to
1.096 mmol·g−1 for Cr3+.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr12010148/s1, Figure S1: Dependence of the relative
biosorption of metal i on the initial concentrations of metals i and k. (a) Metal i = Zn2+ and metal
k = Cr3+, (b) metal i = Cr3+ and metal k = Zn2+. Figure S2. Dependence of the biosorption efficiency
of metal i on the initial concentrations of metals i and k. (a) Metal i = Zn2+ and metal k = Cr3+,
(b) metal i = Cr3+ and metal k = Zn2+. Figure S3. Dependence of the relative coverage of metal i on
the initial concentrations of metals i and k. (a) Metal i = Zn2+ and metal k = Cr3+, (b) metal i = Cr3+

and metal k = Zn2+.
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