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Abstract

Adsorption equilibrium on bioadsorbents was studied, and fitted to Langmuir, Freundlich and Dubinin-Radushkevich isothermal
models, using yam peels (YP) and oil palm wastes (OPW) as bioadsorbents in the removal of hexavalent chromium present
in aqueous solution, in a batch system, evaluating the effect of temperature, adsorbent dose and particle size on the process.
Thermodynamic parameters were estimated by the Van’t Hoff graphical method. It was found that the highest adsorption
capacity was obtained at 0.03 g of adsorbent, 55 ºC and 0.5 mm of particle size. The equilibrium of adsorption on OPW
is described by Langmuir and Freundlich isotherms, while that of YP by Dubinin- Radushkevich’s model, indicating the
adsorption is given by the ion exchange between the active centers and the metallic ion. The thermodynamic study determined
that the elimination of YP is endothermic, irreversible, and not spontaneous and that for OPW it is exothermic, spontaneous at
low temperatures, and irreversible.
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Resumen

El equilibrio de adsorción en bioadsorbentes fue estudiado y ajustado a los modelos de isoterma de Langmuir, Freundlich
y Dubinin-Radushkevich, usando cáscaras de ñame (YP) y residuos de palma de acete (OPW) como bioadsorbentes en la
remoción de cromo hexavalente presente en soluciones acuosas en sistema por lotes, evaluando el efecto de la temperatura,
dosis de adsorbente y tamaño de partı́cula sobre el proceso. Los parámetros termodinámicos fueron estimados mediante el
método gráfico de Van’t Hoff. Se encontró que la máxima capacidad de adsorción se obtuvo al usar 0.03 g de adsorbente,
55 °C y 0.5 mm de tamaño de partı́cula. El equilibrio de adsorción sobre OPW fue descrito por las isotermas de Langmuir y
Freundlich, mientras que sobre YP por el modelo de Dubinin-Radushkevich, indicando que la adsorción se da por intercambio
iónico entre los centros activos y el ion metálico. El estudio termodinámico estimó que la eliminación sobre YP es endotérmico,
irreversible y no espontáneo, y el proceso sobre OPW es exotérmico, espontáneo a baja temperatura e irreversible.
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1 Introduction
The presence of heavy metal ions in wastewater is a serious
problem due to the discharge of contaminated effluents into
the environment [1]. Among the pollutants generally dis-
charged to water bodies are heavy metals; these are found
in the wastewater from industrial processes such as inks,
metallurgy, batteries, oil, mining, tanneries, among others
[2]. Chromium occurs in aqueous systems in the form +3
and +6, being the hexavalent chromium much more toxic
than the trivalent [3]; these ions are widely used in the man-
ufacture of inks, industrial dyes and paint pigments, chrome
plating, aluminum anodizing and other cleanings, coating
and electroplating operations of metals, gold mining, among
others [4].

Several removal methods have been used in the capture of
Hexavalent Chromium due to its toxic health effects [5];
these technologies include filtration, chemical precipitation,
adsorption, electrodeposition, and membrane systems or
even ion exchange processes [6]. Among these methods,
bio-adsorption is one of the most economically favorable
methods, technically easier, with high availability of ad-
sorbents and the possibility of reuse [7]. The removal of
hexavalent chromium has been studied using dead biomasses
of different origin, such as corn residues [8], coffee pulp
[3], kenaf [9], oil palm ash [5], and peels of lime [4], nut
[10], chitosan [11], orange [12] and plantain [13], obtaining
good performance of biomaterials due to the presence of
hydroxyl, carboxyl, amino, and carbonyl functional groups,
due to their lignocellulosic nature [14].

Waste disposal on the northern coast of Colombia represents
a severe problem for the environment and public health be-
cause agriculture has a significant impact on the total volume
of solid waste generation, and dispersed agricultural sources
contribute 84% of the biochemical oxygen demand of sur-
face waters [15, 16]. In the northern region of Colombia,
yam (Dioscorea rotundata) is a medium-grown crop tuber
grown in the northern part of Colombia, where it is widely
used in the common diet of the inhabitants of this area of
the country and is also an export product to the U.S. and
European markets that generates for the country revenues
of more than U.S. $2.5 M annually, with account for 18%
of total production [17]. However, the industrial production
and consumption of white yam generates a large amount of
waste that is improperly disposed of in the environment [18].
Since the white yam is a starch-rich tuber and the peel is
composed of more than 45% elemental carbon, its use as as
an adsorbent material with good physicochemical properties
is possible.

In addition, the African oil palm (Elaeis guineensis) extrac-
tion industry generates large volumes of waste during its
process, including palm fiber and palm kernel shell. Due
to the 60% increase in palm oil production, approximately
500,000 tons of waste are generated each year [19]. Al-
though the palm kernel shell is generally used as fuel for

boilers and composting, the residual fiber is a rejected prod-
uct that is not utilized after being generated. Therefore, the
valorization of waste such as residual fiber is of great im-
portance to mitigate its environmental effects and ensure a
sustainable process. Among the various applications that
could be given to palm residual fiber, its use as an adsorbent
in the treatment of water contaminated with heavy metals
is found, among a wide range of applications, wastewa-
ter treatment seems attractive due to the reported removal
yields for similar waste [20]. The advantage of adsorbents
prepared from waste is that they are low-cost and ideal as
adsorbents due to their properties of high surface area, high
adsorption capacity, mechanical stability, compatibility, easy
accessibility, ease of regeneration, cost-effectiveness, simple
procedures, and high selectivity [21].

Fort he above, in the studies of hexavalent chromium ad-
sorption using bio-adsorbents, several variables have been
evaluated such as adsorbent dose, initial concentration, par-
ticle size, and temperature; which are parameters that in-
fluence the availability of active sites of the adsorbent, the
diffusive and mass transfer phenomena of the pollutant from
the solution to the adsorbent, the exposed surface area and
the mechanisms that dominate the adsorption of the pollu-
tant [22]. In this sense, the determination of the adsorption
isotherm and thermodynamic parameters (change in Gibss
free energy, enthalpy, and entropy), are necessary studies
that help to understand the mechanisms and phases involved
in chromium adsorption [23]. Thus, the objective of this
study was to determine the effect of adsorbent dose, par-
ticle size, and temperature on the adsorption capacity of
Chromium (VI) using yam hulls (YH) and oil palm residues
(OPW) in a batch system. Adsorption equilibrium on bioad-
sorbents was studied and fitted to Langmuir, Freundlich,
and Dubinin-Radushkevich isothermal models. Thermody-
namic parameters were estimated by the Van’t Hoff graphi-
cal method.

2 Methodology
2.1 Materials and reagents
Oil palm waste (OPW) was obtained as a rejection product
of the oil extraction process and yam hulls as a by-product of
post-harvest handling in the department of Bolivar (Colom-
bia). The lignocellulosic material was washed, sun-dried to
a constant mass, subjected to size reduction in a roller mill,
and size classification in a sieve type shaker on stainless
steel meshes. The 100 mg/L chromium solution used in the
adsorption tests was prepared with analytical grade potas-
sium dichromate (K2Cr2O7). To adjust the pH it was used
Hydrochloric Acid (HCl) and sodium hydroxide (NaOH)
0.5 M solutions to adjust to pH 2 [8].

2.2 Adsorption tests
The YH and OPW waste were washed, sun-dried to remove
moisture and reduced in size in a hand-roller mill, and sized
in a vibrating sieve machine using stainless steel meshes.
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The materials were stored in airtight plastic bags to keep
them in good condition. Adsorption experiments were per-
formed in a batch system using an orbital shaker by contact-
ing 100 mL of solution at pH 2, 200 rpm per 24 h, at different
conditions of adsorbent dosage (0.03, 0.15, 0.325, 0.5 and
0.62 g), particle size (0.14, 0.355, 0.5, 1.0 and 1.22 mm) and
temperature (29.8, 40, 55, 70 and 80 °C). The remaining
concentration of hexavalent chromium in the solution was
determined by the standard method 1,5-diphenylcarbazide,
in a Biobase spectrophotometer BK-UV1900. at 540 nm
[24]. The adsorption capacity was determined according
to Equation 1, where qt (mg/g) is the adsorption capacity
of the material, Co and C f (mg/L) is the initial and final
concentration of Chromium, V (L) is the volume of solution
and m (g) is the mass of adsorbent.

qt =
(Co −C f ) ·V

m
. (1)

2.3 Adsorption equilibrium
Adsorption isotherm describes the equilibrium of the mate-
rial’s adsorption on a surface at a constant temperature; it
represents the amount of material bound to the surface as a
function of the material present in the gas phase or dissolu-
tion, as well as for determining the interactions that control
the process [25]. Adsorption experiments were carried out
by varying the concentration of the solution (25, 50, 75, 100,
125, and 150 mg/L), keeping the agitation constant at 200
rpm, at the best conditions found during the adsorption tests.
The experimental data were adjusted to the models of Lang-
muir, Freundlich, and Dubinin-Radushkevich. Freundlich’s
isotherm (Equation 2), assumes the formation of multilayers
during the adsorption process due to the different activation
energies and affinities of the active centers of the adsorbent
[26].

qt = k fC
1/n
e , (2)

Where k f is the Freundlich constant and represents the distri-
bution coefficient (L/g), n represents the adsorption intensity
and indicates the heterogeneity of the active sites, qt is the
amount of metal adsorbed at equilibrium (mg/g), and Ce
is the residual metal concentration in solution (mg/L) [27].
Langmuir’s adsorption isotherm (Equation 3) quantitatively
describes the deposition of ions uniformly on an adsorbing
surface as a function of the concentration of the adsorbed
material in the liquid with which it is in contact [28].

qt = qmax
KC f

1+KC f
, (3)

Where qt is the amount of the adsorbed metal in the bioad-
sorbent (mg/g), C f is the residual metal concentration in
solution (mg/L), qmax is the maximum adsorption of the
Langmuir model (mg/g), and KL is the Langmuir constant

and can be correlated with the variation of the adsorption
area and the porosity of the adsorbent [27].

The Dubinin-Radushkevich isothermal model (Equation 4),
is a semi-empirical equation applied to express the mecha-
nism of adsorption with Gaussian energy distribution on het-
erogeneous surfaces and is only suitable for an intermediate
range of adsorbate concentrations because it exhibits asymp-
totic behavior. It assumes a multilayer character involving
Van Der Waals forces, applicable for physical adsorption pro-
cesses; it is usually applied to differentiate between physical
and chemical adsorption of metal ions [29].

qt = q(D−R)e
−k(D−R)ε

2
(4)

ε = RT · ln
(

1+
1

Ce

)
(5)

E =
1√

2K(D−R)
. (6)

Where ε2 is the Polanyi potential, k(D−R) is the Dubinin-
Radushkevich constant related to adsorption energy (mol2/kJ2),
E is the average adsorption energy per molecule of adsorbate
required to transfer E is the average adsorption energy per
molecule of adsorbate required to transfer one mol of ion
from solution to the adsorbent surface (kJ/mol), R is the gas
constant (8.31 J/mol.K) and T is the absolute temperature.

2.4 Estimation of thermodynamic parameters
The thermodynamic parameters were estimated using the
graphical method based on the Vant’t Hoff equation in or-
der to determine the spontaneity, type of adsorption, and
predict the magnitude of changes on the surface of the ad-
sorbent, respectively [30]. The analysis of these parameters
will make it possible to estimate the feasibility of the ad-
sorption process and the effect of temperature on it [31]. It
was estimated the change in Gibbs’ standard free energy
(∆G°), the standard enthalpy (∆H°), and standard entropy
(∆S°). Adsorption experiments were performed by varying
the temperature from 29.8 to 81°C, considering the con-
ditions established in the design of experiments; then, a
graph Ln(Kc) vs. T−1 was made and the parameters were
calculated using the following equations:

lnKc =
−∆H◦

RT
+

∆S◦

R
(7)

∆G◦ =−RT · lnKc (8)

Kc =
Cac

Cse
(9)

Where R is the constant of the ideal gases (8.31 J/mol.K),
Kc is the constant of balance, Cac is the concentration of the
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adsorbate in the equilibrium contained on the surface of the
adsorbent Cse is the concentration in solution at equilibrium,
T is the absolute temperature. ∆H° and ∆S° are determined
from the slope and the intercept with the y-axis of Arrhenius
graph of lnKc vs T−1, respectively.

3 Results
3.1 FTIR analysis of the bioadsorbents
In order to determine the difference in the functional groups
of the biomass, sawdust and unmodified biochar, a compar-
ison of FTIR spectra was carried out. Figure 1 shows the
differences between the infrared spectra of the bioadsorbents
under study before and after the Cr (VI) adsorption.

Figure 1: FTIR analysis of the adsorbents under study before and
after adsorption of Cr (VI)

For OPW and YP before adsorption an evident stretching be-
tween frequencies of 3500 and 3800 cm−1 corresponds to the
hydroxyl (O-H) functional group [32], while the presence of
primary and secondary amines is indicated by the stretching
of the N-H bond between 3200 and 3450 cm−1 [33]. In ad-
dition, a deformation of the C-H group and carboxylic acid
can be observed between the frequencies of 2700 and 3000
cm−1, as well as the stretching of carbon dioxide O=C=O
close to the band at 2400 cm−1 [34]. Nearly the band be-
tween 1600 and 1650 cm−1, a stretch of the carbonyl group
of pectin, cellulose, and hemicellulose carboxylic acids can
be observed, while between 900 and 1200 cm−1, vibrations
corresponding to the C-O group of alcohols and phenols
are evident [35]. The presence of these multiple adsorp-
tion peaks confirms the heterogeneous nature and structural
complexity of the bioadsorbents under study.

After the C>r (VI) adsorption, changes in the functional
groups of the biomasses can be observed, and the differ-
ence in the vibrations is remarkable. This is attributed to
the incorporation of the metals under study onto the surface
of the biomass, whereby they are joined to different func-
tional groups on it [36]. The change in the intensity of the
bands of the groups OH, CH, CO, NH, and C=C evidences
the union of the ions; active and present functional groups
in the biomass are key to the mechanism of adsorption of

cationic pollutants [23]. Between 900 and 1800 cm−1, the
presence of aromatic rings in the lignin and stretching of
the C-O groups can be observed [10]. The vibrations of the
bands between 700 and 1300 cm−1 present inorganic groups
attributed to the heavy metals on their structure [37].

3.2 Effect of adsorbent dose, particle size, and
temperature

From the hexavalent chromium adsorption tests using YP
and OPW as bioadsorbent, were evaluated the effect of tem-
perature, particle size, and amount of metal adsorbent by
calculating the hexavalent chromium adsorption capacity us-
ing Equation 1. Figure 2 summarizes the effect of the dose
of adsorbent on the adsorption capacity of the metal ion,
finding that at 0.03 g of biomaterial the best performance is
achieved for both biomaterials, reaching 159.77 mg/g when
using YP and 325.88 mg/g with OPW.

Figure 2: Effect of the adsorbent dose on the adsorption capacity
of hexavalent chromium using YP and OPW

There is evidence of a decrease in adsorption capacity as the
number of biomaterial increases, which is due to the diversity
of the biomasses evaluated, so there are a large number of
active adsorption sites available due to the presence of the
hydroxyl, carbonyl, amine and hydrocarbon groups present
in the structure of lignin, hemicellulose, cellulose and pectin
[26]. Due to this presence of active adsorption centers, it
would appear that the greater the amount of adsorbent, the
greater part of these would remain free after the process,
thus decreasing the adsorption capacity [38].

Figure 3 shows the temperature performance for the adsorp-
tion capacity, finding that at 55 °C the best performance
was obtained. This is due to the activation of the active
adsorption centers with the increase in temperature, as well
as the increase in the intraparticle diffusion speed from the
solution to the adsorbent, assuming that the diffusion is an
endothermic process at the initial temperatures evaluated
[33].

The effect of particle size on the adsorption capacity of
hexavalent chromium on YP and OPW is shown in Figure
4; it is evident that the adsorption capacity increases with
particle size in the range of 0.14 mm to 0.5 mm, and then
decreases from 1.0 mm to 1.2 mm. This is explained by
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Figure 3: Effect of temperature over the adsorption capacity of
hexavalent chromium using YP and OPW

the influence of particle size on the surface contact area of
the bioadsorbents, which increases when the particle size is
smaller, and in turn, favors the rate of diffusion increased
by increasing temperature [39]. However, a very small size
would resist diffusive surface phenomena and subsequent
mass transfer through the pores [40].

Figure 4: Effect of particle size on the adsorption capacity of
hexavalent chromium in YP and OPW

3.3 Adsorption isotherm
The effect of the initial concentration on the adsorption ca-
pacity of Cr (VI) was evaluated, for which experiments were
carried out varying the concentration of the contaminant in
intervals of 25 mg/L to 150 mg/L, at pH 2, per 24 h, in order
to understand the driving forces involved in the removal [41].
Figure 5 shows the non-linear fitting of experimental data to
Langmuir, Freundlich, and Dubinin-Radushkevich models;
the fitting parameters are summarized in Table 1.

The results reveal that Dubinin-Radushkevich’s model de-
scribes the equilibrium of hexavalent chromium adsorption
on OPW are Langmuir’s and Freundlich’s models adjust the
isotherm of ion adsorption in the study on OPW, because
it is established that the physical and chemical adsorption
phenomena control the adsorption process, thus the reten-
tion of the contaminant occurs inside and in the internal
pores of the adsorbent [42]. While Dubinin-Radushkevich’s
model adjusts the isotherm on YP, with an average energy
of adsorption of the ions per sorbate (E) of 434.2985 kJ/mol,

which is much higher than 8 kJ/mol, indicating that the
process is mostly controlled by chemical adsorption with
strong interactions between the active sites and the hex-
avalent chromium [43]. Dubinin-Radushkevich’s model
presents a good fit for the equilibrium of chromium ad-
sorption using the two bioadsorbents evaluated because the
calculated maximum adsorption capacity (qDR) values are
the closest to the experimental ones with R2 ≥ 0.9 in both
cases. This means that the bioadsorbents under study present
a heterogeneous structure, which is required for a good fit-
ting by the Dubinin-Radushkevich isotherm, as shown in the
FTIR (Figure 1) and the EDS spectra (Figures 2 and 3) [44].

Table 1: Adjustment parameters of hexavalent chromium adsorp-
tion isotherms on YP and OPW

Model Parameters Biomass
YP OPW

Langmuir
qmax 59.1571 63.8263

b 0.1257 0.1096
R2 0.8909 0.9753

Freundlich

K f 9.9416 8.27004
1/n
n 2.0267 1.6967

R2 0.8007 0.9591
q 43.2756 38.3851

Dubinin- kD−R 2.6509×10−6 1.4509×10−6

Radushkevich E 434.2985 587.0381
R2 0.9054 0.9009

Table 2 presents a comparative of results from previous stud-
ies when using lignocellulosic based adsorbents for remov-
ing Cr (VI). It is observed that, in cases when the evaluated
pH was not acid the adsorption capacity decreases. Thus, be-
cause at low pH the surface of the adsorbents are protonated
and the existing species of chromium are anions, such as
chromates and dichromates, then they can be easily linked
to the adsorbent due to electrostatic forces [24]. Also, it is
noted that in previous studies is used more adsorbent, so
it can be the result of a higher adsorption capacity in the
monolayer, due to the higher availability of active sites.

3.4 Thermodynamic Adsorption Parameters
By calculating the thermodynamic parameters it is possible
to establish the feasibility, the adsorption mechanism, the en-
ergetic character of the process (endothermic or exothermic),
and the spontaneity of the adsorption; this is done by deter-
mining the entropy (∆S°), enthalpy (∆H°) and the change in
Gibss Free Energy (∆G°), respectively. The thermodynamic
parameters of hexavalent chromium adsorption on OPW and
YP are summarized in Table 3. From the positive value of
∆H° when using YP it is established that the processes of
chromium removal are endothermic, consequently, energy
must be supplied to the system to promote the diffusive phe-
nomena in the solution and inside the pores of the adsorbent
[39]; while on OPW the process is exothermic and the lim-
iting step is chemical adsorption [49]. The negative value
of ∆S° shows that on the surface there was a good bond
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Figure 5: Modeling of hexavalent chromium adsorption isotherms over (a) YP and (b) OPW

Table 2: Maximum adsorption capacity comparison of different adsorbent materials

Adsorbent Conditions qmax (mg/g) Reference
Spirulina platensis 60 °C, pH = 1±0.1. 0.2 g of adsorbent, 90 min of contact time 45.5 [45]

Phanera vahlii fruit biomass 29.8 °C, pH = 2, 120 rpm, 0.35 g of adsorbent, 3 h of contact time, 50 mL of volume 159.1 [43]
Ulva prolifera 100 mL of volume, 0.1 g of adsorbent, 30 °C, pH 5, 160 rpm 6.41 [46]
Avocado seed 50 mL of volume, ph = 5, 200 rpm, 25 °C, 1.25 g of adsorbent 5.10 [47]

Biochar of watermelon peel 100 mL of volumen, 200 rpm, 25 °C, 0.1 g of adsorbent, pH=1.49 72.46 [48]
Yam peles pH = 2, 24 h of contact time, 55 !C, 0.03 g of adsorbent, 100 mL of volume, 200 rpm 59.16 Present studyOil palm waste 63.83

between the metal and the biomass, thus obtaining a low
possibility of reversibility, also the probability of some struc-
tural changes due to the formation of bonds with functional
groups at the interface [43], as shown by FTIR (Figure 1)
[8].

Table 3: Thermodynamic parameters for the adsorption of hex-
avalent chromium and nickel (II)

Biomass T (K) ∆G◦ ∆H◦ ∆S◦

(kJ/mol) (kJ/mol*K) (kJ/mol)
OPW 303.15 -13.1779 -7.9993 -0.0698

328.15 -14.9243 - -
353.15 16.6701 - -

YP 303.15 14.1406 4.3693 -0.029
328.15 15.3020
353.15 16.4635

4 Conclusion
From the adsorption experiments, the highest adsorption
capacity is obtained at 0.03 g of adsorbent, 55 ºC and 0.5
mm. The equilibrium of adsorption on OPW is described by
Langmuir and Freundlich models, while YP is described by
Dubinin-Radushkevich model, whose parameters of fitting
suggest that adsorption is given by ion exchange between
the active centers and the metal ion. The thermodynamic
parameters determined that the removal on YP is endother-
mic, irreversible, and non-spontaneous, while for OPW it
is exothermic, spontaneous at low temperatures, and irre-
versible. The rapid removal rate and high adsorption ca-

pacities obtained show that the bioadsorbents evaluated are
effective in the removal of hexavalent chromium present in
aqueous solution.
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Ciencias Económicas, Jurı́dicas Y Adm., vol. 4, no. 6,
pp. 82–96, Jan. 2021, doi: 10.37135/kai.03.06.06.

[17] U. Herrera-Garcı́a, J. Castillo, D. Patiño-Ruiz, R.
Solano, and A. Herrera, “Activated Carbon from
Yam Peels Modified with Fe3O4 for Removal of 2,4-
Dichlorophenoxyacetic Acid in Aqueous Solution,”
Water, vol. 11, no. 11, p. 2342, Nov. 2019, doi:
10.3390/W11112342.

[18] A. M. Martı́nez-Reina, L. Tordecilla-Zumaqué, L.
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