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ABSTRACT

Adsorption experiments were carried out using waste Mexerica mandarin “Citrus nobilis”
peel as a new biosorbent to adsorb Cu(II), Cd(II), and Pb(II) ions from aqueous solutions at
room temperature. To achieve the best adsorption conditions, the influences of pH and con-
tact time were investigated. The isotherms of adsorption were fitted to the Langmuir and
Freundlich equations. Based on the experimental data the adsorption order was Pb(II)>Cd(II)
>Cu(II) (in mgg�1) on the new biosorbent. This quick adsorption process reached the equi-
librium before 20min, with maximum adsorptions at pH 5.0. Kinetic studies were carried
out using the pseudo-first-order and pseudo-second-order models. Thermodynamic aspects
of the adsorption process were investigated. The new biosorbent was used in columns for
the removal of Cu, Cd, and Pb ions of the samples of industrial effluent and its efficiency
and regeneration potential were studied.
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1. Introduction

Heavy metal wastewater exists in many industries,
such as mineral processing, metal plating, tanneries,
electronic, and chemical plants. The disposal of haz-
ardous wastewater is a significant industrial problem.
Heavy metals like Cu, Cd, and Pb are toxic and
nonbiodegradable, hence, posing a serious threat to
environment and public health [1]. Many methods,
such as chemical precipitation [2], membrane process
[3], ion exchange [4], and adsorption onto activated
carbon [5], have been used to remove heavy metal
ions from various aqueous solutions. However, these

techniques generally need a long detention time,
making their implementation difficult, particularly
when the metals are dissolved in large volumes of
water. Another relevant factor in these treatments is
the generation of solid residues that need to be stored
and disposed of, causing another serious problem [6].
Furthermore, there is the issue about the high cost of
these processes to the industry.

Recently, the search for low-cost adsorbents that
possess metal-binding capacities has intensified.
Materials locally available in large quantities such as
natural materials, agricultural wastes or industry
byproducts can be utilized as low-cost adsorbents.
Some of the reported biosorbents include crab shell,
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wheat straw, rice straw, grape bagasse, mango peel,
orange waste, and so on [1]. In Brazil, due to the large
agricultural production, several agroindustrial by-
products and residues are generated, such as Mexerica
mandarin “Citrus nobilis” peel, lemon peel, orange
peel, cashew, green coconut, sawdust, algae, and com-
post. However, the disposal of these residues has
become an environmental problem.

Biosorption is known to occur through the interac-
tion of metal ions with the functional groups present in
biopolymers. Groups such as amide, hydroxyl,
carboxylate, sulfonate, phosphate, and amino, present
on biosorbents, have been reported to be responsible
for adsorption. Carboxyl groups are generally the most
abundant functional groups present in biomass. The
accessibility of biosorbents as well as chemical/physi-
cal modifications performed on them also play impor-
tant roles in enhancing the metal-ion sorption capacity.
A variety of mechanisms such as complexation, coordi-
nation, chelation, ion adsorption or exchange, and
microprecipitation have been proposed [7–13].

The utilization of Mexerica mandarin “Citrus nobi-
lis” peel as a biosorbent is considered economically
viable to industries that need to treat effluents con-
taining heavy metals because large amounts of this
material are discharged from juice, jellies, jams,
sweets, and candies industries in Brazil.

In this paper, the Mexerica mandarin “Citrus
nobilis” peel was studied for the first time as a new bio-
sorbent for Cu, Cd, and Pb ions removal from aqueous
solutions. This biomass is produced on a large scale in
Brazil and has no previous adsorption studies in the
literature. Its feasibility for heavy metals removal was
assessed by studying the effect of pH, contact time, ini-
tial concentration and temperature on the adsorption
process. In addition, in order to evaluate its practicabil-
ity for heavy metals removal by “Citrus nobilis” peel,
column study was also carried out using various real
samples of battery industry effluents.

2. Material and methods

2.1. Materials

Analytical grade chemical reagents were used
throughout the experiment. The stock solution of metal
ions was prepared in 20 g L�1 concentration using Cu
(NO3)2.3H2O, Cd(NO3)2.4H2O, and Pb(NO3)2, which
were purchased from VETEC (Brazil) then diluted to
appropriate concentrations. HCl and NaOH were pur-
chased from SYNTH (Brazil). The water used was
Milli-Qplus quality with resistivity of 18M/cm. Mexeri-
ca mandarin “Citrus nobilis” peels used in this study
were collected from a candies factory and a fruit juice
store in Londrina city, Brazil.

2.2. Biosorbent

The Mexerica mandarin “Citrus nobilis” peels were
washed with water to remove dirt, then oven dried at
about 60oC for 24 h. Mexerica mandarin peels were
then milled and sieved to obtain smaller particles of
diameter between 0.25 and 0.15mm. This material
was denominated as Mexerica mandarin flour (MMF).

About 100 g of MMF was taken in a beaker
together with 250mL 0.1mol L�1 HCl and stirred for
10min at room temperature. After being filtered, this
material was washed with water until its pH was neu-
tral. The filter residue was dried in an oven at 60oC
for 24 h. This material was denominated as Mexerica
mandarin flour treated (MMFT).

2.3. Scanning electron microscopy (SEM)

The Scanning electron microscopy (SEM) images
were obtained by the dispersion of the sample on
double-faced conducting tape fixed on a graphite sup-
port. The sample was covered with a conductive film
of gold. The electronic microscope used was a JEOL
JSM T-300.

2.4. FTIR spectroscopy

Spectra of the MMF and MMFT were recorded
with a Shimadzu FTIR 8300 spectrophotometer using
KBr disks.

2.5. Biosorption experiments

Biosorption experiments were conducted at 25oC
by agitating 50mg of biosorbent with 250mL of metal
ion solution of desired concentration in a stoppered
flask using a shaking thermostat machine at a speed of
120 rpm for 1 h except for the contact time experi-
ments. The effect of the solution pH on the equilibrium
biosorption of metal ions was investigated under simi-
lar experimental conditions between pH 1.0 and 5.5.
In the kinetic experiments, 1.0� 10�3 mol L�1Cu(II),
Cd(II), and Pb(II) ion solutions were used. The sorp-
tion time varied between 0 and 180min. In the iso-
therm experiments, 50mg of biosorbent was added in
250mL of Cu(II), Cd(II), and Pb(II) ions solutions at
various concentrations (5.0� 10�5–1.0� 10�1mol L�1).
Once the preset contact time (1 h) was reached, the
supernatant solutions were withdrawn and analyzed
for the residual metal ion concentration by using an E-
Thermo Jarrell Ash ICAP 61 inductively coupled
plasma (ICP-AES) spectrometer. The amount
biosorbed (qe) was calculated using the following
equation:
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qe ¼ ðqi � qsÞ=m ð1Þ

where qi and qs are the initial and the amount (mg) of
the metal ion which remained in solution after
adsorption procedure, respectively, and m is the mass
(g) of the solid in each flask. All the biosorption
experiments were conducted in triplicate, and the
mean values were reported.

2.6. Determination of the point of zero charge

The point of zero charge (PZC) for the MMFT was
determined by the processes described previously in
the literature for organic materials [14–16].

3. Results and discussion

3.1. Biosorbent

In preliminary tests of metal ion adsorption, it was
observed that MMF has low adsorption capacity. This
can be explained by the chemical composition of
Mexerica mandarin peel [17] shown in Table 1. There
is a large amount of inorganic ions in the peel that are
probably blocking the active sites of the biomass. In
order to increase the adsorption capacity, the material
was treated with HCl solution to removal a portion of
the metal ions present and to promote the protonation
of the active sites of the MMF.

3.2. Surface morphology

The SEM images of MMF and MMFT are shown
in Fig. 1. The image of MMF (Fig. 1(A)) shows a
smooth surface with several layers adhered. The

image of MMFT (Fig. 1(B)) shows a surface with
numerous cavities formed by the removal of metal
ions from the active sites (carboxylic groups mostly)
of the biomass. The cavities can also be formed by the
removal of soluble organic species (small ester or
organic acid, lignin, carbohydrates, and amino acids
mostly), since it is observed a decrease of 45% of the
initial mass of MMF after the acid treatment.

3.3. FTIR analysis

Fig. 2 shows the infrared spectra of MMF (curve
A) and MMFT (curve B). FTIR analysis is used to
identify some characteristic functional groups. Fig. 2
(curve A––MMF) shows the broad and intense absorp-
tion band at 3,420 cm�1 corresponding to O–H stretch-
ing vibrations of cellulose, pectin, adsorbed water,

Table 1
Chemical composition of the Mexerica mandarin “Citrus
nobilis” peels

Parameter Amount in peel (in 100 g)

Moisture (g) 49.10

Ash (g) 1.75

Fat (g) 0.64

Protein (g) 2.49

Fibers (g) 10.38

Carbohydrates (g) 35.64

Ca (mg) 478.98

Fe (mg) 4.77

Na (mg) 77.76

Mg (mg) 159.59

Zn (mg) 2.83

Cu (mg) 0.58

K (mg) 598.36
Fig. 1. SEM images of MMF (A) and MMFT (B).
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and lignin. The bands observed at 2,920 and
2,865 cm�1 can be attributed to the C–H stretching
vibrations of methyl, methylene, and methoxy groups.
The band observed at 1,745 cm�1 is the stretching
vibration of the C=O bond due to ionic carboxyl
groups (COO�). After acid treatment in MMF (curve
B), the band in 1,745 cm�1 observed was shifted to
1,738 cm�1 in MMFT. This confirms that ionic carboxyl
groups were converted into nonionic carboxyl groups
(COOH). The bands in the range 1,300–1,000 cm�1

(present in MMF and MMFT) can be assigned to
the C–O stretching vibration of carboxylic acids and
alcohols.

3.4. Effects of pH on metal biosorption

It is well known that pH could affect the proton-
ation of the functional groups on the biomass as well
as the metal chemistry. Fig. 3 shows the behavior of
Cu(II), Cd(II), and Pb(II) on MMFT as function of pH
of the solution. The minimum values of biosorption
are at pH 2.0 and increase as the pH increases from 2
to 5.0. The minimum biosorption at low pH 2.0 may
be due to the high concentration and high mobility of
H+ ions, so the hydrogen ions are preferentially
adsorbed in relation to the metal ions. At higher pH
values, the lower number of H+ results in greater
metal ions biosorption. The weakly acidic carboxyl
groups (R–COOH) are regarded as the main ligands
involved in the metal uptake by MMFT. Because the
pKa value of R–COOH is in the range of 3.5–5.5 [18],
more carboxyl groups will be deprotonated at pH
over this range, and thus resulting in more negative
binding sites. Consequently, the attraction of

positively charged metal ions would be enhanced. In
this case, the measured PZC to MMFT biosorbent was
4.9. This fact confirms the behavior shown in Fig. 3,
where the maximum biosorption occurs at pH 5.0. At
higher pH values (greater than 5.5), the metallic ions
(Cu, Cd, and Pb) could be suffering hydrolysis, form-
ing Cu(OH)+, Cd(OH)+, and Pb(OH)+ species, which
promotes a reduction of the biosorption capacity, due
to the diminution of the formal charge of the metallic
ion [19].

3.5. Biosorption kinetics

Fig. 4 shows the kinetics of the biosorption of
1.0� 10�3mol L�1 Cu(II), Cd(II), and Pb(II) ions at
25oC by MMFT. The kinetic curve for heavy metal
ions shows that the amount of biosorption sharply
increases with increasing contact time in the initial
stage (0–10min), and reaches the equilibrium value
quickly at 20min. A further increase in contact time
had a negligible effect on the amount of biosorption.
According to these results, the contact time was fixed
at 1 h for the rest of the batch experiments to make
sure that the equilibrium was reached.

In order to evaluate the kinetic mechanism that
controls the biosorption process, the pseudo-first-order
and pseudo-second-order models were applied for the
biosorption of metal ions on the biosorbent.

Biosorption kinetics data of metal ions were ana-
lyzed using the Lagergren pseudo-first-order rate
equation [20]:

log ðqe � qtÞ ¼ log qe � ðk1=2:303Þt ð2Þ

Fig. 2. FTIR spectra of MMF (A) and MMFT (B).

Fig. 3. The effect of pH on biosorption of Cu(II)(j), Cd(II)
(�), and Pb(II)(N) ions on MMFT.
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where qe and qt are the amounts of metal ions
adsorbed (mg g�1) at equilibrium and at time t (min),
respectively, and k1 is the rate constant of pseudo-
first-order biosorption (min�1). Values of qe and k1
were calculated from the slope and intercept of plot of
log(qe�qt) vs. t (Figure not shown). In fact, it is
required that calculated equilibrium adsorption capac-
ity values, qe(cal.), should be in accordance with the
experimental qe(exp.) values [21]. Although the correla-
tion coefficient values (R2) are very high, the experi-
mental qe values do not agree with the calculated
ones, obtained from the linear plots (Table 2). This
suggests that the biosorption of Cu(II), Cd(II), and
Pb(II) ions does not follow pseudo-first-order kinetics.

The biosorption kinetic data can also be described
by pseudo-second-order equation [22]:

t=qt ¼ 1=k2q
2
e þ t=qe ð3Þ

where k2 is the pseudo-second-order rate constant (g
mg�1 min�1). The equilibrium constants of pseudo-
second-order model, k2 and qe can be obtained by
plotting t/qt vs. t (Figure not shown). This model is
more likely to predict the kinetic behavior of adsorp-
tion of metal ions on MMFT. It was found that the cal-
culated qe values agree well with experimental qe
values (Table 2). This suggests that the pseudo-sec-
ond-order kinetic model, based on the assumption
that the rate-limiting step may be the chemical sorp-
tion involving valance forces through sharing or
exchange of electrons between heavy metal ions and
the adsorbent, provides the best correlation data for
the heavy metal ions. Similar phenomena have been
observed in the adsorption of phosphate and thiocya-
nate on ZnCl2-activated coir pith carbon [23,24].

3.6. Biosorption isotherms

Biosorption isotherms describe how the adsorbate
interacts with biosorbents and how equilibrium is
established between adsorbed metal ions on the bio-
sorbent and the residual metal ions in the solution
during the surface biosorption. The most common
types of models describing this type of system are the
Langmuir and Freundlich isotherms.

The Langmuir isotherm is based on the assump-
tion that the maximum sorption corresponds to the
saturated monolayer of adsorbate molecule on the bio-
sorbent surface, that the energy of sorption is constant
and that there is no transmigration of adsorbate in the
plane of the surface. While the Freundlich isotherm
supposes a heterogeneous surface with a nonuniform
distribution of heat of biosorption over the surface
and a multilayer biosorption can be expressed. The
Langmuir isotherms can be expressed as [25]:

Ce=qe ¼ 1=ðbQmÞ þ Ce=Qm ð4Þ

Fig. 4. Biosorption kinetics of Cu(II)(j), Cd(II)(�), and
Pb(II)(N) ions on MMFT.

Table 2
Kinetic parameters for biosorption of Cu(II), Cd(II), and Pb(II) ions on MMFT

Metal ions qe(exp.)(mg g�1) Pseudo-first-order Pseudo-second-order

qe(calc.)(mg g�1) k1(min�1) R2 qe(cal.)(mg g�1) k2(g mg�1 min�1) R2

Cu(II) 22.35 ± 0.35 20.90 ± 0.18 0.3835 ± 0.0004 0.9909 22.50 ± 0.22 0.0758 ± 0.0003 0.9997

Cd(II) 126.58 ± 1.25 102.74 ± 0,85 0.3569 ± 0.0006 0.9634 126.55 ± 1.07 0.0124 ± 0.0002 0.9998

Pb(II) 212.85 ± 1.85 111.55 ± 1.04 0.2879 ± 0.0004 0.9695 212.67 ± 1.32 0.0116 ± 0.0001 0.9996
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where Ce (mg L�1) is the concentration of the metal
ions solution at equilibrium, Qm is the maximum
adsorbed capacity and represents a practical limiting
adsorption capacity when the sorbent surface is fully
covered with monolayer adsorbate molecules, and b is
Langmuir constant. The Qm value can be obtained
from the slope (1/Qm) of the linear plot of Ce/qe
vs. Ce.

The Langmuir equation is also used to obtain RL,
the dimensionless equilibrium parameter or the sepa-
ration factor [26,27] from the expression:

RL ¼ 1=ð1þ bCoÞ ð5Þ

where Co is the initial concentration of the adsorptive.
For favorable adsorption, 0 <RL < 1; while RL > 1,
RL = 1 and RL = 0, respectively, describe unfavorable,
linear, and irreversible adsorption [28–30].

The Freundlich equation can be expressed as [31]:

log qe ¼ logKF þ ð1=nÞ logCe ð6Þ

where KF and 1/n are Freundlich isotherm constants
related to biosorption capacity and intensity of bio-
sorption, respectively. If Eq. (6) applies a plot of log qe
vs. log Ce will give a straight line of slope 1/n and
intercept KF.

Fig. 5 presents the experimental biosorption iso-
therms of Cu(II), Cd(II), and Pb(II) ions on MMFT at
25oC. It could be seen that qe increased initially with
an increase in Ce until equilibrium was reached, after
which qe remained constant with further increase in
Ce. The Langmuir and Freundlich biosorption con-
stants are listed in Table 3.

As can be seen in Table 3, the Langmuir isotherm
gave better fits than the Freundlich isotherm, which
illustrated that the biosorption on the surface MMFT
was a monolayer biosorption. According to the
Langmuir equation, the maximum uptake capacities
for Cu(II), Cd(II), and Pb(II) ions were 131.5, 322.6,
and 398.4mgg�1, respectively, much higher than some
other biosorbents reported in the literature (Table 4).

3.7. Effects of temperature

The variation of sorption with temperature was
studied from 15 to 45oC for each toxic metal ion under
the optimized conditions selected and the data is
shown in Fig. 6. The thermodynamic parameters for
the adsorption process, DH, DS, and DG, were evalu-
ated using the equation [19]:

lnKd ¼ DS=R� DH=RT ð7Þ
where Kd, known as the distribution coefficient of the
adsorbate, is equal to (qe/Ce), R is the gas constant,
and T is the temperature in Kelvin (K). The plot ln Kd

vs. 1/T is linear with the slope and the intercept giv-
ing values of DH and DS, respectively. These values
could be used to compute DG from the Gibbs relation,

DG ¼ DH � TDS ð8Þ

Fig. 5. Biosorption isotherms of Cu(II)(j), Cd(II)(�), and Pb
(II)(N) ions on MMFT.

Table 3
Parameters of the Langmuir and Freundlich equations for biosorption of Cu(II), Cd(II), and Pb(II) ions on MMFT

Ions Langmuir model Freundlich model

Qm (mg g�1) b� 103(L mg�1) RL R2 KF n R2

Cu2+ 131.5 ± 1.2 2.1 ± 0.1 0.076 ± 0.003 0.9999 0.308 ± 0.005 1.704 ± 0.012 0.9811

Cd2+ 322.6 ± 3.5 4.2 ± 0.2 0.002 ± 0.0001 0.9997 0.180 ± 0.002 1.236 ± 0.006 0.9766

Pb2+ 398.4 ± 3.1 30.3 ± 0.4 0.002 ± 0.0001 0.9993 0.075 ± 0.001 1.113 ± 0.005 0.9894
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at constant temperature. All these relations are valid
when the entropy change remains constant in the tem-
perature range.

From the thermodynamic point of view, the data
in Table 5 and of Fig. 6 show that the adsorption pro-
cess of the metals ions on MMFT was exothermic and

that the positive entropy indicates an increase in dis-
organization in solid–liquid interface, suggesting that
the process is not driven by the enthalpy but by
entropy [37–42].

3.8. Application of the biosorbent studied for wastewater
treatment

The 10 real samples of wastewater of seven battery
industries in Londrina city––Brazil were analyzed
with an E-Thermo Jarrell Ash ICAP 61 inductively
coupled plasma (ICP-AES) spectrometer. Before treat-
ment in columns, the samples were filtered and pH of
solutions was adjusted to 5.0. The results before and
after treatment are given in Table 6. The Cinitial value
represents the concentration of the metals in the
wastewater and Cfinal the concentration of metals in
the wastewater after treatment in column. It is seen
that the biosorbent displays high removal efficiency
towards Cu, Cd, and Pb.

3.9. Elution and regeneration

A column with a bed depth of 20 and 0.8 cm
was selected for this study. The real sample inside
the column (0.5 g) was pumped at a flow rate of
8.5mLmin�1. Desorption was carried out by 0.1mol
L�1 HCl solution through the bed in the downward
direction at a flow rate of 6.5mLmin�1. The regenera-
tions were carried out in the counter-current mode,
that is, in the downflow mode. Counter-current opera-
tion generally reduces regeneration cost and regener-
ant volume and increases effluent quality [43]. Elution
efficiency (%) was calculated by dividing the total
adsorption capacity in the second run by the total

Table 5
Thermodynamic adsorption

Ion DG(kJ mol�1) DH
(kJ mol�1)

DS(J mol�1 K�1) R2

Cu(II) �8.9 ± 0.1 �27.9 ± 0.2 29.8 0.9799

Cd(II) �11.9 ± 0.2 �15.7 ± 0.3 40.2 0.9684

Pb(II) �11.7 ± 0.2 �17.1 ± 0.3 39.3 0.9762

Fig. 6. The effect of temperature on biosorption of Cu(II)
(j), Cd(II)(�), and Pb(II)(N) ions on MMFT.

Table 4
Biosorption capacities of various biosorbents

Biosorbents Qm (mg g�1) References

Cu(II) Cd(II) Pb(II)

Rice husk 10.9 16.7 58.1 [29]

Lemon peel 70.92 54.64 37.87 [30]

Active carbon 138.80 – 109.30 [30]

Orange peel 63.29 41.84 27.10 [31]

Banana peel 52.36 34.13 25.91 [31]

Acacia leucocephala

Bark powder 147.1 166.7 185.2 [32]

Gymmogongrus torulosus 51.4 74.2 140.9 [33]

Fucus vesiculosus 41.0 52.0 90.0 [34]

Modified sugarcane bagasse 69.4 106.4 222.2 [35]

Modified pine bark 11.3 5.7 6.7 [36]

Mexerica mandarin Citrus nobilis 131.5 322.6 398.4 This study
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adsorption capacity in the first run. The regenerated
biosorbent showed uptake capacity comparable to the
fresh one over 120 cycles with standard deviation of
± 2.5%.

4. Conclusions

The Mexerica mandarin “Citrus nobilis” peel
(MMFT) is an attractive biosorbent for Cu(II), Cd(II),
and Pb(II) removal from aqueous solutions in a very
rapid adsorption process. The maximum adsorption
capacities vary with pH values, being higher at pH
5.0, which was experimentally fixed at 25 ± 1oC for
all adsorptions, and the values obtained were 131.5,
322.6, and 398.4mgg�1 for Cu(II), Cd(II), and Pb(II),
respectively, using batch adsorption system.

The Mexerica mandarin (MMFT) demonstrates a
great ability for extracting metal ions from industrial
effluent contaminated with Cu(II), Cd(II), and Pb(II)
solutions. Use of biosorbent in columns for the
removal of heavy metals demonstrated high efficiency
for industrial effluents contaminated with Cu, Cd, and
Pb. The adsorbed Cu(II), Cd(II), and Pb(II) ions can be
recovered using 0.1mol L�1 solutions and the biosor-
bent MMFT can be regenerated and reused making
the biosorption process more economical.

From the thermodynamic point of view, the
adsorption process of poisonous metals ions on
Mexerica mandarin (MMFT) was exothermic and the
positive entropy indicates an increase in disorganiza-
tion in solid–liquid interface, suggesting that the
process is not driven by the enthalpy but by entropy.

Table 6
ICP-AES results of wastewater real samples before and after treatment with the biosorbent

Sample Ion Cinitial(mg L�1) Cfinal(mg L�1) Adsorption amount (mg g�1) Removal ratio (%)

1 Cu(II) 2.36 ± 0.02 nd⁄ 2.36 100.0

Cd(II) 10.21 ± 0.02 nd 10.21 100.0

Pb(II) 17.27 ± 0.03 nd 17.27 100.0

2 Cu(II) 22.72 ± 0.04 0.01 ± 0.01 22.71 99.9

Cd(II) 55.38 ± 0.05 nd 55.38 100.0

Pb(II) 45.23 ± 0.05 nd 45.23 100.0

3 Cu(II) 25.85 ± 0.02 nd 25.85 100.0

Cd(II) 32.84 ± 0.03 nd 32.84 100.0

Pb(II) 77.63 ± 0.07 0.01 ± 0.01 77.62 99.9

4 Cu(II) 41.76 ± 0.06 nd 41.76 100.0

Cd(II) 56.94 ± 0.05 0.02 ± 0.01 56.92 99.9

Pb(II) 63.21 ± 0.05 0.03 ± 0.01 63.18 99.9

5 Cu(II) 5.78 ± 0.02 nd 5.78 100.0

Cd(II) 9.23 ± 0.02 nd 9.23 100.0

Pb(II) 6.13 ± 0.02 nd 6.13 100.0

6 Cu(II) 27.21 ± 0.02 nd 27.21 100.0

Cd(II) 6.32 ± 0.01 nd 6.32 100.0

Pb(II) 4.52 ± 0.01 nd 4.52 100.0

7 Cu(II) 3.21 ± 0.01 nd 3.21 100.0

Cd(II) 5.63 ± 0.02 nd 5.63 100.0

Pb(II) 3.54 ± 0.02 nd 3.54 100.0

8 Cu(II) 57.95 ± 0.06 0.07 ± 0.01 57.88 99.9

Cd(II) 32.27 ± 0.05 0.02 ± 0.01 32.25 99.9

Pb(II) 12.36 ± 0.03 nd 12.36 100.0

9 Cu(II) 4.22 ± 0.01 nd 4.22 100.0

Cd(II) 3.12 ± 0.01 nd 3.12 100.0

Pb(II) 2.75 ± 0.01 nd 2.75 100.0

10 Cu(II) 36.55 ± 0.02 0.04 ± 0.01 36.51 99.9

Cd(II) 48.16 ± 0.02 0.01 ± 0.01 48.15 99.9

Pb(II) 27.36 ± 0.03 nd 27.36 100.0

⁄nd=not detected after three repetitions.
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List of symbols

b — Langmuir constant

Ce — equilibrium metal ions concentration
ppm (mg L�1)

Co — initial metal ions concentration ppm
(mg L�1)

DG — Gibbs free energy change (kJ mol�1)

DH — enthalpy change (kJ mol�1)

DS — entropy change (J k�1 mol�1)

k1 — pseudo-first-order rate constant
(min�1)

k2 — pseudo-second-order rate constant
(mg g�1 min�1)

KF — Freundlich adsorption constant (mg
g�1)

Kd — distribution coefficient of the
adsorbate

MMF — Mexerica mandarin flour

MMFT — Mexerica mandarin flour treated

m — amount of adsorbent added in g

n — Freundlich constant

PZC — point of zero charge

Qm — equilibrium adsorption capacity using
model

qe — amount of adsorbed per g of
adsorbent at equilibrium, (mg g�1)

qi — initial amount of the metal ion (mg)

qs — amount of the metal ion remained in
solution (mg)

qt — amount of the metal ions adsorbed at
equilibrium at time t

R2 — linear regression coefficient

t — time (min)

T — temperature (K)
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