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a b s t r a c t
The juices and nectars of orange produce large quantities of low-value commercial waste such as 
their peels. These residues have become a major environmental worry due to their high organic 
matter load, having a high fermentability rate, and causing serious economic and environmental 
problems for their disposal. However, these residues retain functional compounds such as vita-
mins C, phenols, and flavonoids which are recognized for their antioxidant, anti-inflammatory and 
anticancer properties. The present study aims to evaluate the Cr(III) adsorption capacity in aque-
ous solutions using treated orange peel (OPT) as adsorbent at 15°C, 30°C and 45°C and different 
ratios (8 to 40 g L–1) of adsorbent-solution. The results show that the adsorption isotherms conform 
to the Sips model having the maximum adsorption capacity of 15.3  mg  g–1 with 95% removal of 
Cr(III). It was observed that the process is endothermic and spontaneous. The adsorption kinet-
ics of Cr(III) follows a pseudo-second-order model. Cr(III) removal using OPT was analyzed with 
the techniques of X-ray diffraction, Fourier-transform infrared spectroscopy, ultraviolet-visible 
and scanning electron microscopy images. The obtained results suggest that it is feasible to take 
advantage of OPT to obtain functional compounds and remove Cr(III) from aqueous solutions.
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1. Introduction

Citrus cultivation in tropical and subtropical regions 
around the world is estimated at more than 100  million 
tons per season [1]. Among the main citrus fruits are 
oranges, tangerines, lemons, limes, grapefruit, etc., with 
orange being the most cultivated and commercialized cit-
rus species in the world. Mexico is the fifth producer of 

orange worldwide [1,2]. Around 40% of the internationally 
produced oranges are used to make different commercial 
products, such as jams or fresh juices [3,4], large amounts 
of waste are generated during the industrialization of the 
orange, it is estimated that these wastes reach up 50% by 
weight concerning the benefited fruit. Orange peels con-
tribute the most to the generation of solid waste [1,3,4]. 
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These residues are characterized by having a high polluting 
power as a result of their high moisture content (around 
80%–90%) and fermentable sugars, low pH (3–4), and high 
content of organic matter (around 95% of total solids), 
causing serious economic and environmental problems for 
disposal [5]. Therefore, the elimination of orange residues, 
mainly fresh skins, has become a major problem for the cit-
rus processing industries, in some cases the direct disposal 
of these wastes results in the contamination of large tracts 
of land, whose high content of residues in putrefaction 
presents a significant risk to local watercourses, affecting 
the natural and beneficial microbial flora of soils as well 
as the uncontrolled production of greenhouse gases [1,5,6]. 
Additionally, several studies have shown that orange peels 
have functional compounds such as fibers, organic acids, 
minerals, essential oils, flavonoids, and pectins [2,3,5,7,8], 
which are found in varying amounts depending on the 
fraction of the shell analyzed (Fig. 1), for example, the 
albedo is rich in cellulose, hemicellulose, pectin and phe-
nolic compounds, while flavonoids, carotenoids and essen-
tial oils are concentrated in the flavedo [9,10]. Functional 
compounds can be used to produce products with added 
value, such as citric acid [8,11], oligosaccharide peptides 
[12], bio-flavorings [13], and bioethanol [14]. Flavonoids 
are widely used compounds in the food and pharmaceu-
tical industries since they have a wide range of biological 
activities, among which are: antioxidant, antimicrobial, 
anti-inflammatory, antiviral, and prevention of coronary 
diseases and neurodegenerative disorders [3,7,15].

The extraction of flavonoids with organic solvents 
has been carried out from various natural sources such 
as wheat leaves, Siberian hawthorn, plants of Mosla 
Chinensis Maxim, Jiangxiangru and Simmondsia Chinensis 
[7,9,16–18], regarding the orange peel flavonoid extraction 
yields are about 5 to 12  g of flavonoids/kg of dry orange 
peel 11.36  ±  0.30  g routine equivalents per kg orange 
peel [2,9,10,19,20]. In the case of the orange peel, there is 
not enough data on the distribution of flavonoids in fla-
vedo and albedo, which can hinder their integration as a 
factor in functional products [9,10,20]. Additionally, the 
extraction of flavonoids from oranges can be relatively sim-
ple, since these compounds are to a greater extent in the 
upper crust of the shell and only a small part in the inner 
part of the shell [3,7,9,19]. On the other hand, the search 
to abate the pollution generated by agro-industry waste 
has led to efforts to reduce and reuse the waste generated 

by it, specifically the husks of some citrus fruits to clean 
effluents containing dyes used in the textile industry and 
metals such as Cu, Mn, Co, etc. [4,21,22] which can cause 
various diseases in the lungs, nervous system and/or can-
cer among others [23,24], orange peel, in particular, has 
been used to remove dyes by obtaining coal from the shell 
[25,26], pesticides, and in the recovery of Mo(VI), among 
other elements [27]. The orange peel is a bioadsorbent with 
high availability, sustainability, renewability, non-toxic, low 
cost and it has been shown in several studies that it can 
have similar adsorption capacity compared to commercial 
adsorbents when its structure is chemically modified with 
organic and inorganic solvents [24,27–29], it has also been 
used for the removal of heavy metals such as Cd, Pb, Ni, 
Zn, Fe, and Cr [30–33] the latter even though it is an essen-
tial bio-element for the correct functioning of the metabo-
lism in living beings, it can cause structural disturbances 
in the erythrocyte membranes or skin allergies when the 
concentration of Cr(III) is greater than 30  ppm, in addi-
tion, if found in rivers or lakes where the environment 
can actuate, it oxidizes to Cr(VI) causing severe damage 
to living things [7,27,34,35]. Industries such as metallurgy, 
electroplating, agrochemicals, leather tannery, among oth-
ers produce large amounts of effluents that contain Cr 
[27,28,34], making bioadsorption treatment essential since 
it has proven to be one of the most efficient alternatives to 
remove heavy metals with Cr [36–39], the orange peel has 
been used with different pretreatments in the removal of 
these ions from aqueous effluents, showing encouraging 
results [39]. Based on this information the objective of this 
work is to evaluate the integral use of the orange peel for 
both obtaining functional compounds and in the adsorp-
tion of Cr(III) from contaminated water, analyzing the pro-
cess at different temperatures and quantity of bioadsorbent.

2. Methods and materials

2.1. Reagents

All the reagents used were of analytical grade. 
The solutions to be evaluated were prepared by dissolv-
ing chromium hydrated sulfate (Cr2(SO4)3·xH2O) in deion-
ized water, provided by Cuero Centro, S.A. de C.V., in 
concentrations of 300 mg L–1.

2.2. Pretreatment of the orange peel

The orange peels were obtained from juice-produc-
ing micro-companies in the city of León, Guanajuato. 
Immediately after being harvested, the husks were rinsed 
with potable water, selecting for experimentation, the husks 
that did not show signs of decomposition as a change of 
coloration and bad smell. Manually, the residual pulp was 
removed from the shells. Afterwards, the husks were pro-
cessed to obtain separately flavedo (F1), albedo (F2) and 
complete shell (F3), then the size of the material of the three 
fractions was manually reduced and dried with the help of 
a convection oven forced at 45°C for 72 h, once the drying 
time was finished, the dehydrated material was ground 
with the help of a ball mill (Gunt Hamburg CE 245), until 
obtaining particles with an average diameter of 250 mm.Fig. 1. Anatomy of the orange [3].
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2.3. Extraction of phenols and total flavonoids

For the extraction of phenolic and flavonoid com-
pounds from the fractions F1, F2 and F3, the non-polar 
compounds were previously removed to avoid interfer-
ence by maceration with hexane (HX) for 24 h. Once the 
maceration time had ended, the fractions were allowed 
to dry at room temperature. Subsequently, the three 
fractions were extracted with methanol (MT) using a 
ratio of 30% (p  V–1) at 35°C for 48  h, then the extracts 
were concentrated with the aid of a rotary evaporator 
(Büchi Labortechnik AG R II-HB) until the evaporation 
of the solvent is complete. The obtained extracts were 
stored for the determination of total phenols and total 
flavonoids in amber bottles at 4°C [40,41].

2.4. Analysis of total phenols

The quantification of total phenolic compounds was 
carried out by the Folin–Ciocalteu method, using the 
external calibration curve of gallic acid in concentrations 
of 0 to 1,000 mg L–1. The absorbance was measured with a 
UV-Vis spectrophotometer (JENWAY 6507) at 760 nm. The 
concentration of total phenolic compounds was expressed 
as equivalent milligrams of gallic acid per gram of dry 
fraction [40,41].

2.5. Analysis of total flavonoids

For the quantification of total flavonoids, a calibration 
curve with serial dilutions of catechin (0.1  mg  mL–1) was 
used as standard. The absorbance of the samples at 510 nm 
was determined with the help of a UV-Vis spectropho-
tometer (JENWAY 6507), ensuring that the measurement 
will be made within a period of time less than 30 min after 
the end of the reaction [9,19,42,43].

2.6. Cr(III) adsorption isotherm

The tests of the adsorption isotherms of Cr(III) were 
carried out by adding a solution of 1  g of sorbent with 
50 mL of Cr(III) to treated orange peel (OPT), in concentra-
tion between 0 to 200 mg L–1 in a shaker (ZHWY-200D) with 
200  rpm agitation at 15°C, 30°C, 45°C for 24  h. After this 
time, an aliquot of sample was taken and then centrifuged 
(HERMLE Z383K) at 4,000  rpm for 10  min. Subsequently, 
the absorbance in the UV-Vis spectrum (JENWAY 6705) 
was measured at 425 nm, and the isotherm models used to 
describe the adsorption of Cr(III) with OPT were generated 
[43] and are shown in Table 1.

The amount of Cr(III) adsorbed in the analyzed 
material (q) [44]:

q
V C C

m
�

�� �0 	 (1)

where C0 is the initial concentration of the chromium 
solution and C is the concentration at time (t) in equilib-
rium (mg L–1), V is the volume of solution (L) and m is the 
mass of OPT (g). In each case, the regression coefficient 
was calculated to evaluate the fit of each model using the 

SigmaPlot® software (Ver. 11) and the separation factor, 
RL, in order to predict the affinity between the adsorbent 
and adsorbate [44]:
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where KL is the constant of the Langmuir model (L  mg–1) 
and C0 is the initial concentration of Cr(III). In order to 
determine the spontaneity of the adsorption process, the 
change in the apparent Gibbs free energy was calculated 
ΔG (kJ mol–1) [45].

∆G RT KL= − ( )ln 55 5. 	 (3)

and

k KL= 55 5. 	 (4)

where R is the ideal gas constant, T is the absolute tem-
perature (K) and KL is the constant of the Langmuir model. 
In addition, to determine the values of the enthalpy and 
entropy of the process:

ln k H
RT

S
R

( ) = − +
∆ ∆ 	 (5)

The values of ΔH and ΔS can be determined with the 
slope and classified according to the origin of the ln(k) 
graph as a function of T–1.

2.7. Batch adsorption kinetics Cr(III)

The kinetics of Cr(III) bioadsorption were carried out 
in batches varying the concentration of OPT, from 8 to 
40  g  L–1, at a speed of 200  rpm and temperatures of 30°C 
and 45°C, taking a sample volume every 90  min for 24  h. 
The samples were analyzed with the help of a UV-Vis spec-
trophotometer (JENWAY 6705). The kinetic models are 
shown in Table 2 [25,44]

Table 1
Adsorption isotherm models [21,43]
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The percentage of removal of Cr(III), %RCr, was calcu-
lated [43].

%R
C C
CCr �
�� �

�0

0

100 	 (6)

In addition to using the coefficient of determination to 
compare the efficiency of the different kinetic and equilib-
rium models, the standard deviation, Δq, was calculated 
by Eq. (7) [43]:

�q

q q
q

N
� �

��

�
�
�

�

�
�
�

�
100

1

2

exp cal

exp 	 (7)

where N is the number of data, qexp and qcal (mg  g–1) are 
the experimental and calculated values of the removed 
colorants, respectively.

2.8. Characterization of OPT before and after bioadsorption

The X-ray diffraction patterns (XRD) were obtained 
in a RIGAKU diffractometer (Ultima IV). The Fourier 
transform infrared analysis of the samples was per-
formed in Perkin Elmer 100 Analyzer spectrophotome-
ter in KBr pellets, using 32 scans and with a resolution 
of 4 cm–1, in a range of 400–4,000 cm–1. The scanning elec-
tron microscopy images and the X-ray energy dispersion 
spectroscopy (SEM-EDS-EDX) were obtained in a JOEL 
spectrometer (6510  pus). The adsorption spectra in the 
UV-Vis region were in a range of 1,100–200 nm.

3. Results and discussion

3.1. Content of phenols and total flavonoids

Table 3 concentrates the values obtained in the deter-
minations of flavonoids and total phenols of the fractions 
analyzed. Regarding the content of total flavonoids in 

the F1 fraction the values obtained in the present study 
were higher than those reported by [45], who quantified 
20.96 mg g–1 flavedo dry base, but lower than those deter-
mined by [10], who reported total flavonoid content of 
29.74  mg hesperidin equivalents per g flavedo dry base. 
In contrast, the content of total flavonoids determined in 
F2 determined in the present work was lower than those 
reported for this same fraction by [10,45] who reported 
contents of 79.11 mg per g dry base albedo and 66.62 mg 
equivalent hesperidin per g dry base albedo, respec-
tively. The reported differences can be attributed not only 
to the different extraction conditions applied by [10,45] 
(MT-DMSO, room temperature for 12  h but also to the 
disparity in the separation of the fractions, since in the 
three cases the separation of the shell in different frac-
tions was done manually. According to the reported data, 
it is observed that high extraction temperatures applied in 
short times promote a greater extraction of flavonoids.

On the other hand, the content of total phenols deter-
mined in the fractions F1 and F2 obtained in the present 
study were superior to those reported by [10] who quan-
tified 19.71 and 20.54  mg equivalents of gallic acid per g 
dry base fraction, which is probably due not only to the 
different extraction conditions used but also to the quanti-
fication methods applied. In contrast, [19] reported content 
of total phenols of 196.2  mg gallic acid equivalents per g 
dry base peel of the same orange variety, four times higher 
than that obtained in the present work and about 10 times 
more than the average value of orange peel obtained by 
[10]. There is high variability in the content of total phenols 
reported for orange peel (0.67–19.62 g/100 g dry base) [9]. 
In the case of F3, 46.2  mg  g–1 of OPT was obtained when 
compared with that reported by [8], the amount of gallic 
acid obtained in this work exceeds 100 times that reported 
by the authors who used ethanol as an extracting solvent, 
this could be due to the variety of the fruit, the different 
state of the ripening stage, and even the region of its cul-
tivation, the latter due to the regulation of gene expres-
sion and interaction with environmental factors, since, as 
it is known, phenolic compounds are secondary metabo-
lites produced by the interaction with environmental fac-
tors such as climate, altitude, nutrition and agricultural  
practices [9].

3.2. Adsorption isotherms of Cr(III) with OPT

Fig. 2 shows the shape of the adsorption isotherms 
generated with the obtained data. The isotherms obtained 
independently of the temperature presented concave shape 

Table 2
Kinetic models of adsorption [25,43,44]

Model Equation

Pseudo-first-order (PFO) q q k t� � �� ��� ��max exp1 1
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Intraparticle diffusion (ID) q k t= id
0 5.

External diffusion (ED) q
C V
m
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�

�
�

0 1 exp exp

Table 3
Content of total phenols and flavonoids in the analyzed fractions

Fraction Total phenols 
(mg AGE g–1)a

Flavonoids 
(mg QE g–1)a

F1 65.90 ± 6.5 27.75 ± 2.3
F2 40.50 ± 4.3 62.00 ± 6.2
F3 52.80 ± 6.0 46.20 ± 4.8

aDry base
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downwards and the parameters obtained in the different 
models of isotherms is shown in Table 4.

According to the coefficient of determination (R2) and 
normalized standard deviation (Δq), Sips (Table 4) was 
the most appropriate model for the description of the 
adsorption of Cr(III) in OPT, which suggests that adsorp-
tion occurs on the surface of the sorbent to reach a limit 
concentration, however, the values of nS  >  1 indicate that 
adsorption is due to the weak interaction (physical adsorp-
tion) between the orange peel and the Cr(III), which is 
reflected in the shape of the isotherm shown in Fig. 2. In 
contrast with the majority of adsorption studies made 
with orange peel, where isotherms of Langmuir or Sips 
type [26,29,43] have been obtained, indicating a favorable 
adsorption, the behavior obtained in the present study 
may be due to the characteristics of the used OPT, since 
the previous maceration with HX and MT eliminates vari-
ous compounds of low polarity as essential oils, tocopher-
ols, ascorbyl palmitate, and various free aglycones, which 
may influence the type of interactions between the surface 
of the OPT and Cr(III). The Freundlich model shows that 
the value of 1/n is between 1–10, which indicates that the 
adsorption process of Cr(III) on OPT is favorable [38].

Some authors have applied different treatments to 
orange peel, such as the use of formaldehyde and a contact 
time of 40 h, obtaining an adsorption capacity of 9.43 mg g–1 
[46], other authors have used differently treated bioadsor-
bents for Cr(III) adsorption with which they obtained an 
adsorption capacity of 41.6  mg  g–1 (EDTA-treated jack-
fruit), ground foxtail (11.7  mg  g–1) and Sargassum filipen-
dula (33.02  mg  g–1) in all these works they found that the 
best-fitting model is the Langmuir model [26,29,47]. Other 
studies have observed that the best fit has been obtained 
with the Freundlich model using hydrotalcite [48] and 
Nannochloris microalgae [49] as adsorbent, obtaining an 
adsorption capacity of 17 and 34.7 mg g–1. Comparing these 
results, we can mention that our adsorption of Cr(III) using 
OPT at 45°C is within the range of the capacity reported in 
the literature, having a removal percentage close to 95%, 
which allows us to consider OPT as a possible adsorbent. 
Table 5 shows the values of the thermodynamic proper-
ties of the adsorption process, which is carried out spon-
taneously (ΔG < 0) and it has an increase in the adsorption 
capacity with the increasing temperature due to the endo-
thermic nature of the process and the positive value of ΔS, 

 
Fig. 2. Different isotherms for the bioadsorption of Cr with OPT: (a) 15°C, (b) 30°C and (c) 45°C.

Table 4
Constant of the isotherm patterns in the adsorption of Cr(III) 
in OPT

Models Parameter (GAC)

15°C 30°C 35°C

Langmuir

KL 0.0054 0.0092 0.0151
qm 7.9540 10.057 13.827
RL 0.481–0.882 0.352–0.813 0.248–0.725
R2 0.6864 0.7452 0.6541
Δq, % 7.6409 1.1563 3.7364

Freundlich

KF 4.413 × 10–6 0.0013 0.0011
n 0.3726 0.5959 0.5570
R2 0.9940 0.9990 0.9856
Δq, % 0.4448 1.3822 0.9211

Temkin

A 2.6566 4.1972 6.7517
B 0.0292 0.0323 0.0313
R2 0.7565 0.8770 0.8556
Δq, % 23.695 22.6319 22.269

Sips

Ks 0.0071 0.0079 0.0076
qm 6.6821 10.051 15.102
nS 5.2222 3.8673 4.6552
R2 0.9961 0.9678 0.9956
Δq, % 0.1096 1.1312 0.3165

Redlich–Peterson

KR 2.9047 8.3759 6.3197
aR 112.75 195.63 92.838
β 1.18 × 10–16 1.18 × 10–17 1.53 × 10–18

R2 0.8409 0.9439 0.9258
Δq, % 9.7053 5.2621 5.0765

Sips: Ks (L  mg–1), qm (mg  g–1), nS (adimensional); Langmuir: KL 
(L mg–1), qm (mg g–1), RL (adimensional); Freundlich: KF [(mg g–1)
(L mg–1)]1/n, n (adimensional).
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confirming that there is higher randomness between the 
OPT surface and the Cr [50].

3.3. Adsorption kinetics of Cr(III) with OPT

Based on the analysis performed at different tempera-
tures and different kinetic models (Table 2) in the removal 
of Cr(III), it is feasible to know the cause that controls the 
process of adsorption which can be internal or external 
mass transfer, and the chemical reaction among others, 
and thus obtain a kinetic expression that allows describ-
ing the removal of Cr(III) from aqueous solutions at 30°C 
and 45°C. The models were applied to the experimen-
tal data, the parameters of the best models are shown in 
Table 6, where it is observed that the pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models presented 
coefficients of determination of 0.99 and the normalized 
standard deviation (Δq) for both temperatures [43,44] the 
best fit was obtained with PFO model, which indicates that 
adsorption is fast under these conditions and that each 
ion of Cr(III) is linked with a OPT adsorption site [43,44]. 
The chemisorption energy of the Cr(III) ions increases as 

the concentration of adsorbent increases, since it directly 
increases the number of sites available for the process as 
the concentration of adsorbent in solution increases, simi-
larly, to less amount of adsorbent, the smaller the number 
of sites available, being necessary greater adsorption energy 
to trap the Cr(III) ions [33]. Additionally, for both tempera-
tures the models proposed to know the influence of the 
intraparticle diffusion and external transport, did not adjust 
appropriately to the experimental data, because it obtained 
a coefficient of determination lower than 0.1 and the nor-
malized standard deviation was too high, which indicates 
that the process does not have mass transfer limitations [43].

On the other hand, the adsorption results of Cr(III) at 
35°C (4.5 to 24.473  mg  g–1) and 45°C (4.99 to 31.33  mg  g–1) 
contrast with the low adsorption levels of Cr(III) in orange 
peel (8–20  mg  g–1) reported by [33,46] using orange peel 
treated with HCl and NaOH (11.67 mg g–1) which could be 
explained based on the different treatments applied to the 
orange peel used, being the process applied in the present 
study very simple compared to those used by these authors. 
The literature has reported the use of various adsorbents 
obtaining different adsorption capacities for Cr(III) such 
as 35.2  mg  g–1 [26] using yucca as adsorbent, 52  mg  g–1 
[51] using gelatin, and 6.58  mg  g–1 [29] using ground fox-
tail as adsorbent. When using microorganisms as adsor-
bents, the adsorption capacity was 6.58  mg  g–1 in the case 
of algae, 37.7  mg  g–1 [49] in the case of Nannochloris, and 
20.28 mg g–1 [47] in the case of Sargassum filipendula. Among 
these authors [30–33,47,51,52], were mentioned that the 
best models describing the adsorption kinetic process is 
that of PFO and PSO. Additionally, it was observed that the 
OPT used in the removal of Cr(III) from aqueous solutions 
presented better removal percentages compared to those 

Table 5
Thermodynamic parameters of the adsorption process with OPT 
as a bioadsorbent

T, °C –ΔG, kJ mol–1 ΔH, kJ mol–1 ΔS, kJ mol–1 K–1

15 23.13
27.95 0.1830 25.68

45 28.28

Table 6
Parameters of the different kinetic models in the adsorption of Cr(III) in OPT

Model Parameter 30°C 45°C

4 g L–1 8 g L–1 12 g L–1 16 g L–1 20 g L–1 4 g L–1 8 g L–1 12 g L–1 16 g L–1 20 g L–1

PFO

qmax 24.473 13.405 8.768 5.9028 4.5027 31.327 13.812 8.961 6.3445 4.9868
1.9199
0.9919
1.2145

k1 1.898 1.3160 1.599 1.0449 0.9865 0.7292 2.1364 5154.2 158.65
R2 0.9990 0.9950 0.996 0.9940 0.9950 0.976 0.9916 0.991 0.9760
Δq, % 1.3421 2.4561 1.7698 4.6843 4.3278 2.0215 1.0534 0.9756 0.8467

PSO

qmax 24.285 13.136 8.9631 6.164 4.8083 34.077 13.7392 8.9699 6.3440 4.9891
k2 2.81 × 10–6 1.48 × 10–6 0.6850 0.4251 0.3954 0.0371 1.2 × 10–7 8.9709 1.04 × 106 5.1228

0.9946
2.6401

R2 0.9996 0.9976 0.9961 0.9859 0.9999 0.9899 0.9959 0.9910 0.9764
Δq, % 0.8578 0.7354 0.5478 0.9762 0.9732 3.8623 1.9710 2.4378 3.8562

Elovich

α 1.915 1.294 4.0534 2.999 2.3982 0.26384 0.2638 2.81 × 106 2.82 × 106 4.5595
4.6729
0.9980
1.7893

β 23.334 11.729 8.2101 5.1001 3.5787 22.511 22.511 9.9609 6.3440
R2 0.9949 0.9930 0.9939 0.9709 0.9910 0.9897 0.9897 0.9910 0.9764
Δq, % 1.0045 2.8621 2.8452 1.9056 3.0231 5.0921 5.0921 2.5213 1.6457

ID
kid 21.034 43.345 48.094 37.092 25.764 11.101 25.345 30.492 9.0824 7.6004

0.0639
61.009

R2 0.0985 0.0965 0.0905 0.0885 0.0801 0.0995 0.0811 0.0785 0.0787
Δq, % 65.342 45.342 85.342 65.342 65.342 35.344 28.142 40.249 35.092

ED
kext 0.0034 0.0014 0.0004 0.0009 0.0134 0.0074 0.0934 0.0544 0.0709 0.0211

0.1085
48.945

R2 0.1059 0.0912 0.1085 0.0985 0.0935 0.0935 0.0995 0.0915 0.0898
Δq, % 55.042 35.421 25.291 45.152 15.029 23.102 25.981 41.099 33.307
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obtained for Cr(III) with other agro-industrial residues 
(between 40% to 80%) such as pineapple, banana, potato, etc. 
[26,30–33,47,52].

3.4. Characterization of OPT

Fig. 3a and b show the XRD patterns of the OPT, before 
and after the adsorption process of the Cr(III) ions, in which 
the characteristic peaks of OPT are observed around 15° 
and 21° in both samples; which indicate that it is a highly 
ordered crystalline cellulose material, it is also possible 
to observe that the OPT material did not have significant 
deterioration either by the treatment with organic solvents 
or in the process of removal of Cr(III) ions, as reported in 
similar studies [43,53]. The presence of Cr(III) ions affects 
the intensity of some peaks present in the OPT at 30.7°, 
36.0°, 38.2°, and 52.6°, which was also reported in stud-
ies carried out using Brushite as an adsorbent [43]. Using 
the Scherrer equation the crystal diameter was obtained 
for OPT (11.32 Å) and OPT-Cr (5.66 Å) observing a slight 
change due to the presence of Cr(III) ions in OPT, this 

same effect is observed with the lattice parameter decreas-
ing from 4.744 Å to 4.65 Å, suggesting that a small Cr por-
tion is introduced into the OPT structure in the process 
of removing the aqueous solution process waters.

On the other hand, Fig. 3c shows the infrared spec-
trum of the OPT before and after the adsorption process 
with Cr(III), where it can be seen that there are still func-
tional groups in OPT interacting which interact with the 
Cr(III) ions [22,54,55]. In the case of OPT and based on the 
vibrations reported in the literature [56], the peak located 
at 3,343 cm–1 is due to the interaction of the OH groups of 
pectinic acid, hemicellulose and water absorbed by the pre-
treated shell. The peak located at 2,927 cm–1 corresponds to 
the stretching vibration of the C–H to CH2– groups while 
the signal at 1,434 cm–1 is due to the symmetric movements 
of stretching COO– and to the bending vibrations of the 
aliphatic groups. The band at 1635  cm–1 is attributed to 
the movement of the aromatic carbonyl and the carboxyl 
groups [22,54,55], while the band observed at 1,277  cm–1 
is attributed to the presence of the stretching of the C–H 
bond of the phenol groups. Around 1,040 cm–1 it is observed 

 
Fig. 3. Characterization of OPT before and after the removal of Cr(III).
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a set of overlapping bands which are due to the presence 
of the vibrations of the C–O bonds of the primary and sec-
ondary hydroxyl and the carboxylic acid [22,53–56].

Once the process of removing Cr(III) from the OPT 
was carried out, significant changes were observed in the 
infrared spectrum of the sample (Fig. 3c). In the zone of the 
O–H vibrations, the formation of two bands is observed, 
at 3,510 and 3,300  cm–1, it is also observed that the band 
and shoulder present at 2,937 and 2,847  cm–1 respectively, 
show a decrease in their intensity concerning the OPT 
before the process of adsorption and desorption of chro-
mium, which is probably due to changes in the properties 
of the methyl groups; additionally, the peaks at 1,756 and 
1,648  cm–1 present an increase in intensity which implies 
that carboxylic acid and carboxyl groups are affected, 
suggesting that these species may be directly related to 
the adsorption of Cr(III) on OPT [22,54,55,56].

Fig. 3d shows the UV-Visible spectrum for OPT doped 
with Cr(III) before adsorption, where it is observed that 
in the charge transfer zone (between 200 to 400  nm) of 
the OPT spectrum suffers an intensity change due to the 
presence of Cr(III) ions. On the other hand, in the spec-
trum of shell doped with Cr(III) a band around 580  nm is 

observed, which is directly related to the presence of Cr(III) 
in OPT, which agrees with what was observed in IR spec-
tra, where some peaks assigned to groups that are on the 
surface of orange peel are affected by the presence of  
Cr(III) [22,54,55].

Fig. 4a and b show the micrographs taken at OPT, 
where several zones derived from the different species 
remaining on the surface of the adsorbent are observed 
as remnants of the pretreatment with applied organic 
solvents. Fig. 4c and d show that the surface does not 
undergo major modifications due to the presence of Cr(III) 
ions, however it is observed that there is formation of “clus-
ters” in the OPT cavities [43,46,57], which are responsible 
for the changes seen in the IR and UV-Vis spectra. The ele-
mental analysis (EDS) of the sample of OPT doped with 
Cr(III), where there were found characteristic elements 
of the groups present on the surface of OPT such as oxy-
gen, carbon, silicon, phosphorus, calcium and others were 
found, the presence of Cr(III) was also detected, which 
confirms the removal of this metal with OPT [43,46,57]. 
Based on these results, we can infer that OPT is a good 
candidate for the creation of biofilters that can be used in 
contaminated effluents for the removal of Cr(III).

Fig. 4. Crystallographic images (a, b) OPT and (c, d) OPT-Cr.
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4. Conclusion

The results obtained show that the treated orange peel 
(OPT) has a high removal of Cr(III) in aqueous solutions 
from a temperature of 15°C, 30°C and 45°C (close to 96%). 
The thermodynamic parameters of the adsorption process 
indicate that it is of endothermic nature and spontaneous, 
whence the adsorption capacity increases with increas-
ing temperature. The removal of ions is carried out on the 
surface in more than one layer reflecting that the process 
is favorable (1/n between 1 and 10). The kinetics of Cr 
removal was observed that the best fit is with the PFO model 
which indicates that each active site on the surface is used 
for the adsorption of the metal ions, moreover the value of 
the adsorption capacity reveals that it has a good adsorp-
tion when compared with other works so it can be consid-
ered that OPT is a candidate to be used in the removal of 
Cr(III) from aqueous solutions. XRD analysis showed that 
changes occur in the lattice parameter of OPT, indicating 
that there is Cr ion cluster within the crystalline structure of 
OPT, this was confirmed by SEM images showing Cr clus-
ters in the surface cavities of the adsorbent and UV-Vis spec-
tra of the samples before and after the process showing the 
presence of Cr(III) surface plasmon on the bioadsorbente. 
The FTIR study performed on the bioadsorbent shows the 
presence of several characteristic functional groups of OPT 
as OH, methyl, carboxyl, aliphatic groups, among others, 
that after adsorption of Cr(III) on the surface undergo 
changes, which leads to the conclusion that there is active 
participation of the OPT surface in the capture of metal ions.
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Symbols

m	 —	 Mass of nDCPD, g
V	 —	 Solution volume, L
C0	 —	 Cr(III) concentration initial, mg L–1

q	 —	� Adsorption capacity of Cr(III) with the solid 
phase, mg g–1

qm	 —	� Maximum adsorption capacity of Cr(III) ions, 
mg g–1

ΔG	 —	 Gibbs free energy, kJ mol–1

ΔH	 —	 Enthalpy, kJ mol–1

ΔS	 —	 Entropy, kJ mol–1 K–1

R	 —	 Ideal gases constant
T	 —	 Absolute temperature, K
KL	 —	 Langmuir model constant, L mg–1

RL	 —	 The regression coefficient, dimensionless
Ks	 —	� Sips constant related to energy adsorption, L mg–1

nS	 —	� Sips model dimensionless parameter, 
dimensionless

KR	 —	 Redlich–Peterson constants, L mg–1

aR	 —	 Redlich–Peterson constants, L mg–1β

β	 —	 Exponent (0 < β < 1), dimensionless
A	 —	 Temkin model constants, L mg–1

B	 —	 Temkin model constants, kJ mol–1

KF	 —	� The Freundlich model constant of related to the 
adsorption capacity [(mg g–1)(L mg–1)]1/n

1/n	 —	� The adsorption reaction energy, dimensionless
k1	 —	 �Kinetic constant de PFO, h–1

k2	 —	 Kinetic constant de PSO, g mg–1 h–1

α	 —	 Initial adsorption rate, mg g–1 h–1

β	 —	� Relationship of the surface area covered and the 
activation energy by chemisorption, g mg–1

qexp	 —	� Experimental value of Cr(III) ions adsorbed in 
equilibrium, mg g–1

qcal	 —	� Calculated value of Cr(III) ions adsorbed in 
equilibrium, mg g–1

N	 —	 Number of data
%RCr	 —	 Cr(III) removal percentage
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