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Abstract Biosorption of copper (Cu), zinc (Zn), and lead (Pb) on watermelon rind in a well-
stirred batch system was investigated. pH showed significant influence on the biosorption
process. Optimal pH for Cu, Zn, and Pb biosorption was found to be 5.0, 6.8 and 6.8,
respectively. Watermelon rind was in favor of Pb and it could remove up to 99% Pb between
pH ranges of 5 and 6.8 when Pb concentration is lower than 100 mg/L. The biosorptive
capacity of watermelon on Cu, Zn, and Pb was 6.281, 6.845, and 98.063 mg/g, respectively.
The equilibrium data fitted well to Langmuir adsorption isotherm while pseudo-second-
order kinetic model exhibited more advantages for describing kinetic data than pseudo-first-
order kinetic model. NaOH was found to be a suitable eluent. After desorption in NaOH
solution, the resorption efficiency reached as high as 99% of these three metals either in a
single-component or multi-component system. From the characterization study, ion ex-
change and micro-precipitation were estimated to be the main mechanisms. Due to its high
metal uptake capacity, reusability, and metal recovery, watermelon rind can be considered as
an eco-friendly and economic biosorbent for removing Pb from water and wastewater.

Keywords Watermelon rind - Biosorption - Biosorbent - Heavy metal removal - Model -
Desorption

Introduction

Due to the awareness of the hazard of heavy metals, various metals, such as lead, copper, and
zinc, have been considered as concerning being dangerous ingredients for humankind and
various ecological systems [1-3]. A multitude of processes and methods have been developed
for the treatment and disposal of metal-bearing wastewater so as to curtail heavy metal pollution
issues (e.g., chemical precipitation, ion exchange, membrane separation, adsorption process,
and solvent extraction) [4]. However, all these methods have their respective disadvantages,
such as being relatively expensive, generating large amounts of sludge, and involving either
elaborate and costly equipment or high cost operation and energy requirements [5]. Therefore,
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there is an urgent need for the development of more cost-effective and environmentally friendly
methods [6].

Extensive researches have been carried out in an ongoing effort to develop a better
treatment for water and wastewater containing toxic heavy metals [6-9]. A number of
innovative methods have been used to remove heavy metals, such as biosorption [6],
biosorption onto purified biopolymers [7], adsorptive filtration using coated sands [8], and
biosorption on magnetic iron oxides [9]. Among these methods, biosorption has aroused
most interests as it is a process which employs inexpensive dead biomass to sequester heavy
metals from aqueous solutions, especially useful for the removal of trace amounts of heavy
metals [6]. The major advantages of biosorption include low cost, high efficiency of heavy
metal removal from diluted solutions, cost-effective and simple regeneration of the biosorbent,
the possibility of metal recovery, and having no nutrient requirements [4, 5].

Due to its excellent prospect, numerous materials have been studied for the development
of cheaper and more effective biosorbents [4, 10]. Generally, the first step for developing a
suitable biosorbent is the selection of optimal pretreatment conditions and determination of
optimal physicochemical conditions, especially pH of solution [11]. As another fundamental
step, the investigation of kinetic models and adsorption isotherms can give important
information regarding the uptake mechanism and the possibility of industrial-scale applica-
tion [11]. Besides, it is also necessary to study the desorption process so as to determine the
reusability of these novel biosorbents and the recovery of heavy metals.

Watermelon rind, a common agricultural by-product, is a natural and rich source of the
non-essential amino acid citrulline, containing abundant carboxyl and amino groups, which
has remarkable capability of binding heavy metals from aqueous solutions [12]. Meanwhile,
the study of US Department of Agriculture, Agricultural Research Service [13] indicates that
only half of a watermelon fruit is edible while the other half, consisting of about 35% rind
and 15% peel, goes to waste. Thus, to reduce agro-waste from watermelon and to discover a
new biosorbent, a study on the possible use of watermelon rind as a novel biosorbent for
heavy metal removal was necessary.

This work aims to investigate the biosorption and desorption of Cu, Zn, and Pb in water
using watermelon rind as a novel biosorbent. Adsorption isotherms and kinetic models were
studied to describe the experimental data. Three rounds of biosorption—desorption cycle
were conducted to study metal recovery and biosorbent reusability. These results would
contribute to a better understanding of biosorption performance of watermelon rind.

Experimental

Materials

Watermelon rind was collected from a local market. The collected watermelon rind was
washed with tap water and then rinsed with distilled water. Subsequently, watermelon rind
was cut into small pieces, dried, and grounded into powder before its use in biosorption
experiments. The drying experiments were carried out in a laboratory scale oven. Dried
watermelon rind was stocked in a desiccator at room temperature (20 +1 °C).

Experimental Condition

All the chemicals used in this study were of analytical grade. Stock solutions of metal ions
were prepared in MilliQ water. During the biosorption experiments, stock solutions were
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diluted to the specified concentration. Watermelon rind was contacted with each solution at
pH 6.48 £0.1 (the pH of tap water). The reaction mixture was agitated at 125 rpm on a
shaker. Agitation contact time was kept for 10 h, which was sufficient to reach equilibrium.
All the samples from the experiments were filtered through a 0.45-pm nylon membrane
filter and the filtrate was kept for analysis. Biosorption experiments were conducted in
triplicate and average values were used for discussion. The whole experiment was conducted
at room temperature (20 £1 °C).

Effect of pH

The effect of initial solution pH, ranging from 2 to 7, was determined by agitation of 0.5 g of
watermelon rind and 1 L of metal standard solution at a concentration of 10 mg/L. Before the
experiment, the pH was adjusted by adding 0.1 mol/L NaOH or HNOj; and pH was
measured using a pH meter. The experiment conditions were kept the same during the
biosorption process.

Effect of Co-ions

In order to study the effect of co-ions during the biosorption process, competitive biosorp-
tion of Cu, Zn, and Pb from solutions containing these three metals was investigated. The
solution (1 L) containing 10 mg/L of each metal was contacted with 0.5 g of biosorbents and
the same experiment conditions were used during the biosorption process.

Isotherm Experiments

The equilibrium isotherms were determined by contacting a constant mass 0.5 g of water-
melon rind with 1 L standard solution at a range of different concentrations from 5 to
300 mg/L. A pH value of 6.48 was maintained throughout the experiment by adding
0.1 mol/L NaOH or HNO;. Langmuir and Freundlich adsorption isotherms were used for
estimation and comparison. The experiment conditions were kept the same during the
biosorption process.

Kinetic Studies

A kinetic study with different time intervals (5, 10, 15, 20, 25, 30, 45, and 60 min) having
fixed metal concentration (10 mg/L), biosorbent amount (0.1 g), and biosorbent particle size
(<150 wm) was performed. Also, kinetic infinity biosorption was carried out for 10 h.
Pseudo-first-order kinetic model and pseudo-second-order kinetic model were investigated
to describe the results. The experiment conditions were kept the same during the biosorption
process.

Desorption Studies

To investigate the possibility of repeated use of the biosorbents, desorption experiments
were conducted. After biosorption experiments, the metal-loaded biosorbent was transferred
and agitated with 1 L of various eluant solutions (e.g., distilled water, 0.1 mol/L NaOH, 0.
5 mol/L HNO3;, and 0.5 mol/L HCI) for 10 h. It was again filtered, and then the concen-
trations of metal ions desorbed in the filtrate were determined. The eluted biosorbent was
washed several times with distilled water to remove excess alkali and acid. The biosorbent
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regenerated was then used in the next biosorption process. Three rounds of biosorption—
desorption cycle were conducted and the experiments were operated under the same con-
ditions during the whole process.

Analysis

Zn, Pb, and Cu concentrations were measured using contrAA 300 atomic adsorption
spectrophotometer. Before measurement, the solutions containing metals were appropriately
diluted with deionised water to ensure that the concentrations in the sample were linearly
dependent on the absorbance detected so as to avoid unexpected errors.

Study of Adsorption Isotherms

In this study, both Langmuir [14] and Freundlich [15] adsorption isotherms were used to
describe equilibrium data. The Langmuir equation has the form:

9.KaCe
== 1
In =T K.Co (1)
where ¢.=the amount of metal adsorbed at equilibrium (mg/g), ¢,=the amount of metal per
unit weight of adsorbent to form a complete monolayer on the surface (mg/g), C.=the equilib-
rium concentration (mg/L), and K,=a constant related to the energy of biosorption (L/mg).
Getting the reciprocal of Eq. 1 and moving C. to the left side of the equation, the
parameters (K,, ¢m) of the Langmuir equation can be determined from a linearized form
of Eq. 1:
C 1 C
S= ot )
9e  qeKa  qn

The Freundlich model has the form:

q. = Kp x C}/" (3)

where Kp=Freundlich isotherm capacity constant and 1/n=Freundlich isotherm intensity
constant.

Then, take the logarithm of both sides of Eq. 3; K¢ and n can be determined from a
linearized equation as:

tog(a.) = 22 1 1og (k) (@

Besides the above two normal biosorption isotherms, there is one more isotherm
that is commonly used as Redlich-Peterson isotherm [16], which contains three
constants and involves the features of both the Langmuir and the Freundlich isotherms. It can
be described as:

A x Ce

9e =1 Bce (5)

where A=Redlich-Peterson isotherm constant, B=Redlich-Peterson isotherm constant, and
g=Redlich—Peterson isotherm constant (0<g<1).
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Then, take the natural logarithm of both sides of Eq. 5 and the latter can be transformed to:

Ln(A « j— - 1) — ¢ x Ln(C.) + La(B) (6)
€

Although a linear analysis is not possible for a three-constant isotherm, three isotherm
constants, 4, B, and g, can be evaluated from the pseudo-linear plot using a trial-and-error
optimization method. MATLAB program can be developed to determine the correlation
coefficient 72 for a series of values of A for linear regression of Ln (C,) on Ln [4*x(Cd/q.)—1],
which, subsequently, yields the best value of 4 and a maximum optimized value of 7%. After
that, g and B can also be determined from the linear regression.

Study of Kinetic Models

Two relatively simple rate models known as pseudo-first-order [16, 17] and pseudo-second-
order [18-20] kinetic models were investigated to describe the experimental data. The first
model is also known as the Lagergren equation and takes the form:

94,

o = Kix (e —a) (7)

where g.=the amount of adsorbed metal ions on biosorbent at the equilibrium (mg/g), ¢,=
the amount of adsorbed metal ions on biosorbent at any time ¢ (mg/g), and K;=Lagergren
rate constant of the first-order biosorption (g/mg min).

After integration and applying boundary conditions /=0 to =t and ¢,=0 to ¢,=¢,, the
integrated form of the equation becomes:

log(q. — q,) = log q. — K1t (8)

When the values of log (¢.—¢g,) were linearly correlated with ¢, the plot of log (g.—¢;)
versus ¢ will give a linear relationship from which K; and ¢, can be determined from the
slope and intercept of the graph, respectively.

The second-order kinetic model considered here is given as:

4,

=K% (.~ q) )

where K,=the rate constant of second-order biosorption (g/mg min).
For the boundary conditions, =0 to =t and ¢,=0 to ¢,=¢;, the integrated form of Eq. 9
becomes:

1 1
=—+ Kyt (10)
9e — 4 S

which is the integrated rate law for a pseudo-second-order reaction. Equation 9 also has a
linear form as:

1 1 t
— +— (11)

gt K2¢2 g,

where 4 (mg/g/min) can be regarded as the initial sorption rate as g#/t— 0; hence,

h=K>q? (12)
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Furthermore, Eq. 12 can be written as:
=4 (13)

If the pseudo-second-order kinetics is applicable to the experimental data, the plot of #/g,
versus ¢ of Eq. 13 should give a linear relationship from which ¢., K5, and 4 can be
determined from the slope and intercept of the plot, respectively.

Chi-Square Nonlinear Regression

Chi-square calculations are used to compare observed and expected values [21].
Usually, these calculations are used in the context of categorical outcomes, to compare
observed and expected distribution of subjects among the categories. The use of chi-
square in nonlinear regression is quite different. Regression finds the curve that
minimizes the scatter of points around the curve. Based on the scatter of the data,
the amount of scatter can be compared with the amount that can be observed and
reduce the result to a chi-square value. If this chi-square value is high, then the scatter
around the curve is larger, which means that the data do not fit the model well.
Nonlinear regression minimizes the sum of the squared vertical distances between the
data point and the curve.

To find the best-fit values of the parameters, nonlinear regression minimizes the sum-of-
squares. The value of sum-of-squares can be used to compute x>. This value is computed by
comparing the sum-of-squares with the total variation in Y values. The approach to normal-
izing the sum-of-squares value is to compare the observed scatter of the points around the
curve with the amount of experimental scatter you expect to see based on theory. This can be
done by computing chi-square using this equation:

Z?}[Z - Z?(Ydata_ Ycurve)z/Ycurve (14)
Then, non-linear regression coefficient x> can be obtained.
SEM Characterization of Biosorbent

The biosorbent was characterized with the intent of assessing its various physical properties,
such as surface structure, so that a better explanation of biosorption mechanism could be
provided. In this study, the surface morphology was visualized by using a scanning electron
microscope (SEM). The SEM micrographs for the sample were obtained atx 1,000 orx2,000
magnification.

BET Characterization of Biosorbent

The surface areas of various biosorbents (e.g., raw biosorbent, biosorbent after biosorption
process, and biosorbent after NaOH desorption process) were determined by BET method at
a temperature of 77.30 K of liquid nitrogen. The measurement was carried out with
Autosorp-1-C instrument, Quantachrome, and the measurement method was nitrogen
adsorption and desorption method. The BET surface area, micro-pore area, micro-pore
volume, and mean micro-pore diameter were determined at relative pressure (P/Pg)
equaled to 1.
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Results and Discussion
Effect of pH

Among various influencing factors, the solution pH usually plays a critical role in biosorp-
tion, which can affect the solution chemistry of metals and the activity of the functional
groups of the biosorbents and can even completely alternate the activity of binding sites [22].
Besides, for metals ions, the speciation and biosorption availability can also be strongly
affected by solution pH [22]. Under the condition of higher solution pH, the solubility of
metal complexes decreases sufficiently, which, subsequently, leads to precipitation, compli-
cating the biosorption process to a great extent [22]. In this study, the effect of pH was
studied in the range from 2 to 6.8. As shown in Fig. 1, the maximum uptake of Cu took place
at pH 5. The uptake of Cu increased with increasing solution pH from 2.0 to 5.0 and then
showed a slightly decreasing trend when pH was higher than optimal pH. As can be seen
from the effect of pH, ion exchange can be dominant in the biosorption of metal ions on
watermelon rind; therefore, at lower pH values, the biosorption capacities were low because
of the competition between the large quantities of proton and metal ions for surface active
sites. As the pH increased, the competition became less fierce and removal efficiency then
increased [23]. However, when pH increased over 7, the formation of metal hydroxide
complexes should decrease the concentration of free metal ions; thereby, the biosorption
capacity became difficult to estimate [24]. For the biosorption of Zn and Pb, similar trends
were found and the maximum uptake of Zn and Pb both occurred at pH 6.8. Besides, it was
also found that the uptake of Cu and Zn could be more easily affected by pH alteration than
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Fig. 1 Effect of solution pH on removal efficiency using watermelon rind as a novel biosorbent in single-
metal solution (dosage, 0.5 g; initial metal concentration, 10 mg/L; particle size, <150 pm; contact time 10 h;
125 rpm; 20 °C)
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the uptake of Pb, as the removal efficiency of Pb showed no obvious difference when the pH
changed from 5 to 6.8.

Effect of Co-existence Ions

Competitive biosorption is a common phenomenon examined with various biosorbents for
metal uptake [25]. The distinct characteristics of binding sites and certain functional groups
on biosorbent surfaces result in high selectivity towards metal biosorption [25]. Figure 2
showed the results of competitive biosorption for the multi-metals solution using watermel-
on rind as a novel biosorbent. It was found that watermelon rind selectively absorbed Pb
during the entire biosorption process with limited amount of Cu adsorbed. However, the
uptake of Zn became neglected and the maximal removal efficiency was found to be less
than 10%. The maximum capacity of Pb adsorbed was about ten times higher than that of Zn
adsorbed (Table 1), indicating that watermelon rind was in favor of Pb biosorption. These
results showed that watermelon rind might be considered as a novel candidate for the
separation of Pb from wastewater as it favored to absorb Pb. Besides, from Table 1, it was
also found that the co-existence of these metals reduced the maximum biosorptive capacities
of watermelon rind for all three metals, with the uptake of Zn being inhibited to the greatest
extent.

Adsorption Isotherms

Langmuir, Freundlich, and Redlich—Peterson adsorption isotherms were used to depict
equilibrium data of metals adsorbed onto watermelon rind. Isotherm parameters and corre-
lation coefficient values were derived from the fitting of experimental data and were given in
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Fig. 2 Effect of solution pH on removal efficiency using watermelon rind as a novel biosorbent in multi-
metals solution (dosage, 0.5 g; initial metal concentration, 10 mg/L; particle size, <150 pm; contact time, 10 h;
125 rpm; 20 °C)
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Table 1 Comparison of removal efficiency of three metals in single-metal solution and multi-metals solution
using watermelon rind as a novel biosorbent (pH, 6.48; initial metal concentration, 10 mg/L; particle size,
<150 pm; contact time, 10 h; 125 rpm; 20 °C)

Metal type Maximal removal efficiency (%) Equilibrium time (h)
Cu in single-metal solution 58.4 1

Cu in multi-metals solution 55.6 1-2

Zn in single-metal solution 63.2 1

Zn in multi-metals solution 9.87 12

Pb in single-metal solution 99.9 1

Pb in multi-metals solution 93.1 1

Table 2. The results indicated that equilibrium had been reached within 60 min. Biosorptive
capacities of Cu, Zn, and Pb were determined to be 6.281, 6.845, and 98.063 mg/g,
respectively, in the present experimental conditions. The higher correlation coefficients
showed that Langmuir isotherm was very suitable for describing the biosorption equilibrium
of these three metals on watermelon rind. For Redlich—Peterson adsorption isotherm, since
the MATLAB program was used to derive the isotherm constants by maximizing the linear
correlation coefficient 7, it was unsurprising that in all cases the Redlich—Peterson isotherms
exhibited higher #* values, indicating that it produced a considerably better fit compared to
the preceding two-constant isotherms (Langmuir and Freundlich adsorption isotherms). For
instance, for Cu and Zn biosorption on watermelon rind, Redlich—Peterson isotherm was the
most suitable adsorption isotherm for the data, followed by the Langmuir and then Freund-
lich adsorption isotherm. On the other hand, for Pb biosorption on watermelon rind, the
Redlich—Peterson adsorption isotherm was still the most suitable isotherm, followed by the
Freundlich and then the Langmuir adsorption isotherm.

Kinetic Models

For designing batch biosorption systems, prediction of biosorption rate plays a critical role,
and information on the kinetics of metal uptake is very important for selecting optimum
operating conditions for full-scale batch process and industrial-scale application [26].
Pseudo-first-order kinetic and pseudo-second-order kinetic models were used to fit the
kinetic data of metals sorbed on watermelon rind. A comparison of major parameters
between pseudo-first-order and pseudo-second-order kinetic models is depicted in Table 3.
It was found that the higher proportion of the heavy metal ions had been adsorbed during the
first 10 min of contact. The coefficient of correlation for the second-order kinetic model was

Table 2 Langmuir and Freundlich isotherm constants for the biosorption of three metals using watermelon
rind as a novel biosorbent

Metal ¢, (exp) Langmuir Freundlich Redlich—Peterson

gm (cal) K, ” Kg n 2 g A B ”
Cu 6.252 6.281 0.636 0999  5.735 64.10 0990 0999 1892 3.05 0.9999
Zn 6.812 6.845 0.576 0998  5.149 37.59 0969 0998 12.51 1.86 0.9999
Pb 92.883 98.063 0.112 0.928 39.61 458 0810 0993 5547 0.68 0.9531
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Table 3 Kinetic parameters of the pseudo-first-order and pseudo-second-order kinetic models for biosorption
of three metals using watermelon rind as a novel biosorbent

Metal type Geq (€Xp) Pseudo-first-order kinetics Pseudo-second-order kinetics

K, eq (cal) 2 K, eq (cal) 7
Cu 5.671 0.0132 1.366 0.968 0.161 5.447 0.998
Zn 6.111 0.0118 1.096 0.960 0.202 5.889 0.999
Pb 6.492 0.0025 0.665 0.886 1.181 6.002 0.999

approximately equal to 1 and the estimated values of ¢, also agreed with the experimental
ones. Both facts suggested that the biosorption of these three metals followed the second-
order kinetic model. Based on the results, watermelon rind was found to have a great
potential to become a useful biosorbent for the removal of heavy metals from aqueous
solutions.

Non-linear Regression

The chi-square statistic correlation coefficient x* was obtained and the comparison between
x° and correlation coefficient of linear models 7* is shown in Table 4. Among adsorption
isotherms, in the non-linear analysis, Redlich—Peterson and Freundlich isotherms exhibited
lower x? values and were considered to be a better fit compared with Langmuir adsorption
isotherm. Figure 3 showed the detailed results. Isotherm plots and the experimental data,
Langmuir isotherms, the Freundlich isotherm, and the Redlich—Peterson isotherm were
exhibited, respectively. Therefore, drawing conclusions from the non-linear chi-square
analysis, for Cu and Zn biosorption, Langmuir adsorption isotherm was determined to be
the most suitable one, followed by Redlich—Peterson adsorption isotherm for this sorption

Table 4 Comparison of linear regression correlation coefficients /> and non-linear regression coefficients x*

Model Metal type Isotherm s X2
Equilibrium Cu Langmuir 0.999 0.913
Freundlich 0.972 7.735
Redlich—Peterson 0.9999 1.668
Zn Langmuir 0.999 1.277
Freundlich 0.886 7.679
Redlich—Peterson 0.9999 1.577
Pb Langmuir 0.428 1221
Freundlich 0.810 57.22
Redlich—Peterson 0.9531 27.79
Kinetic Cu Pseudo-first-order 0.968 325.1
Pseudo-second-order 0.998 0.037
Zn Pseudo-first-order 0.960 409.3
Pseudo-second-order 0.999 0.315
Pb Pseudo-first-order 0.886 491.6
Pseudo-second-order 0.999 1.065
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Fig. 3 Comparison of different (a)
adsorption isotherms for biosorp-

tion on watermelon rind: a Cu,

b Zn, ¢ Pb (pH, 6.48; dosage, 6 f
0.5 g; particle size, <150 pum;
contact time, 10 h; 125 rpm;
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system. However, for Pb biosorption on watermelon rind, Redlich—Peterson adsorption
isotherm showed significant advantage. For kinetic study, extremely low x* values were
obtained when fitting the experimental data into pseudo-second-order kinetic model, imply-
ing that pseudo-second-order kinetic model was suitable to describe the obtained data.
Detailed results were introduced in Fig. 4. Based on previous studies, unlike the
linear analysis, different forms of the equation affected x> values less significantly
[18]. Therefore, the non-linear chi-square analysis should be considered as a method to avoid
such errors.

Based on the above results, it could be found that linear regression and the non-linear chi-
square analysis gave different best-fitting isotherm for the given data set, implying that a
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Fig. 4 Comparison of different
kinetic models for biosorption on
watermelon rind: a Cu, b Zn, ¢ Pb
(pH, 6.48; dosage, 0.1 g; initial
metal concentration, 10 mg/L;
particle size, <150 pm; 125 rpm;
20 °C)
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significant difference existed between linear and non-linear isotherms [18]. Compared to the
non-linear chi-square analysis, due to its simplicity, most of the biosorption equilibrium
analysis still mostly relied on linear regression, which might have led to an inaccurate
conclusion. Therefore, to ensure better results, it should be suggested that both linear and
non-linear regression analyses be evaluated so as to describe the obtained data in a more

comprehensive way.
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Desorption Study

Desorption, i.e., to concentrate the solute, is an important part in the entire biosorption
process for metal removal [10]. The efficiency of the regeneration of biosorbent after metal
desorption also plays a vital role in the application of biosorption technology [27]. There-
fore, regeneration of biosorbents becomes significantly necessary. In large-scale applica-
tions, regeneration of the biosorbent brings out various benefits, such as keeping the process
costs down and recovering the metals extracted from the liquid phases [6, 7]. For this reason,
mild and cheap eluants become desirable to achieve non-destructive recovery so as to
regenerate biosorbents for further reuse in multiple cycles.

To attain the above-mentioned objective, appropriate eluants are necessary, which are
closely related with the type of biosorbent and the mechanism of biosorption. At the same
time, an appropriate eluant should met several requirements, such as yielding the metals in a
concentrated form, no physical changes or damage to the biosorbent, and restoring the
biosorbent close to the original condition for effective reuse with undiminished metal uptake
[5]. Besides, being less costly, environmentally friendly, and effective are also important
criteria for choosing suitable eluants [27].

In this study, four ordinary eluants were used for desorption of heavy metal ions (e.g.,
distilled water, 0.1 mol/L NaOH, 0.5 mol/L HON3, and 0.5 mol/L HCI). In order to examine
the reusability of this novel biosorbent, three rounds of biosorption—desorption cycle of Cu,
Zn, and Pb in single-metal solution were conducted. Based on the results (Table 5), distilled
water was found to be non-effective while acid eluants (e.g., HNO3, HCI) showed significant
advantages in metal recovery. Almost 100% of metals ions were recovered. However, after
acid desorption, the biosorptive capacity reduced significantly in the following biosorption
processes. For alkaline eluant (NaOH), it not only recovered most of the adsorbed ions but
also increased the biosorptive capacity. After desorption process in NaOH solution, the
removal efficiency of three metals reached as high as 99% and remained constant for all

Table 5 Desorption and resorption studies of Cu, Zn, and Pb from watermelon rind in single-metal solutions
using various eluants: distilled water, 0.1 mol/L NaOH, 0.5 mol/L HNOs, and 0.5 mol/L HCI (pH, 6.48; initial
metal concentration, 10 mg/L; particle size <150 pum; contact time 10 h; 125 rpm; 20 °C)

Eluant  Metal First cycle Second cycle Third cycle
type
Metal Metal Metal Metal Metal Metal
sorbed Desorbed Resorbed Desorbed Resorbed Desorbed
(mg) (mg) (mg) (mg) (mg) (mg)
Distilled Cu 5.862 0.158 2.859 0.148 1.801 0.158
water 7, 6.111 0.165 4.892 0.168 3.481 0.169
Pb 9.956 0.235 9.289 0.227 9.188 0.222
NaOH Cu 5.862 2.319 9.935 5.827 9.965 5.837
Zn 6.111 2.581 9.942 6.847 9.957 6.792
Pb 9.956 7.148 9.958 7.211 9.999 7.182
HNO; Cu 5.862 5.293 0.482 0.321 0.248 0.137
Zn 6.111 5.892 0.473 0.304 0.222 0.108
Pb 9.956 9.789 0.945 0.742 0.666 0.518
HCI Cu 5.862 4.525 2.524 1.898 1.278 0.998
Zn 6.111 5.292 3.072 2.563 0.892 0.563
Pb 9.956 9.128 2.487 1.952 1.689 1.210
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Table 6 Desorption and resorption studies of Cu, Zn, and Pb from watermelon rind in multi-metals solutions
using various eluants: distilled water, 0.1 mol/L NaOH, 0.5 mol/L HNO;, and 0.5 mol/L HCl (pH, 6.48; initial
metal concentration, 10 mg/L; particle size <150 pum; contact time 10 h; 125 rpm; 20 °C)

Eluant Metal First cycle Second cycle Third cycle
type
Metal Metal Metal Metal Metal Metal
sorbed Desorbed Resorbed Desorbed Resorbed Desorbed
(mg) (mg) (mg) (mg) (mg) (mg)
Distilled  Cu 5.277 0.111 4.114 0.116 3.187 0.115
water Zn 0.987 0.541 0.618 0.329 0.428 0.239
Pb 9.305 0.187 9.208 0.186 9.158 0.185
NaOH Cu 5.277 0.411 9.944 6.608 9.743 6.548
Zn 0.987 0.884 9.752 6.508 9.684 6.444
Pb 9.305 7.064 9.921 7.492 9.948 7.462
HNO; Cu 5.277 4.984 0.489 0.286 0.289 0.111
Zn 0.987 0.956 0.217 0.111 0.117 0.052
Pb 9.305 9.108 0.849 0.697 0.542 0.428
HCI Cu 5.277 4.421 0.589 0.279 0.388 0.154
Zn 0.987 0.649 0.456 0.234 0.218 0.145
Pb 9.305 8.905 2.041 1.723 1.542 1.008

consecutive cycles. These results showed that watermelon rind could be repeatedly used in
biosorption process when alkaline eluants were used.

For comparison and better understanding of desorption characteristics, desorption and re-
biosorption studies of Cu, Zn, and Pb in multi-metals solution were also carried out. As can
be seen from Table 6, the results showed very similar trends as the results obtained in single-
metal solution. Differently from the biosorption process, there was no significant competi-
tion between these three metals during the desorption process. Besides, there was one more
thing to point out. After desorption of NaOH, the removal of heavy metals became complete
for all the three metals in the multi-metals solution even in the third biosorption—desorption

V SpotMagn (Det WD F=——1»20}m pol Magn  Det. WD, f=———— '60ym
40 2000x GSE 126 0.7 Torr 0 1000c GSE105.09 Torr

Fig. 5 Scanning electron micrographs of watermelon rind before and after biosorption process: a before
biosorption, b after biosorption
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Fig. 6 Scanning electron micrograph of watermelon rind after desorption process using various eluants: a
distilled water, b alkali solution, ¢ acid solution

cycle. Therefore, compared to other eluants, NaOH was considered as the most suitable
eluant in either single-component or multi-component solutions.

Characterization of Biosorbent

Scanning electron microscopy was used for characterizing the morphology and structure of
the biosorbent. SEM micrographs of unloaded and loaded biosorbent are shown in Fig. 5.
Three SEM micrographs of watermelon rind after desorption process are shown in Fig. 6.
Over the biosorption period, the morphology of the biosorbent had undergone a remarkable
physical change. Figure 5 represented the integrated and cluster arrangement that occurred
before and after biosorption which clearly showed that metal particles adhere on the surface
of the biosorbent as the pores on the surface area became much less and smaller. Besides, it
was found that after contacting with metal ions, the active surface area increased, which had
been covered by precipitated metal ions. After desorption of distilled water, it was found that
some pores re-occurred on the surface, explaining the phenomenon that the powder can still
absorb some metal ions after desorption process in distilled water. After desorption process
of NaOH solution, more hydroxyl ligands were believed to attach to the surface area, whing
means that more micro-precipitation occurred on the biosorbent surface, and therefore the
removal efficiency had been increased significantly. On the contrary, after desorption
process of acid solution, the biosorptive capacity of watermelon rind became neglected
due to the fact that there was no functional group on the surface area that could exchange
with metal ions in the solution. Based on the above analysis, ion exchange and micro-
precipitation which occurred on the surface area were believed to be the main biosorption
mechanism.

The textural parameters of various biosorbents (raw biosorbent, biosorbent after biosorption
process, and biosorbent after NaOH desorption process) were summarized in Table 7. The BET

Table 7 Pore properties of various biosorbents (e.g., raw biosorbent, biosorbent after sorption process, and
biosorbent after NaOH desorption process)

Property Raw biosorbent Biosorbent after Biosorbent after NaOH
sorption process desorption process

BET surface area (m?/g) 5.97 15.55 82.87

Micro-pore area (m%/g) 14.15 3.87 3.96

Micro-pore volume (cm®/g) 0.01 0.01 0.01

Mean micro-pore diameter (nm) 87.1 87.2 87.0
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surface area of biosorbents after biosorption process (15.55 m?/g) was larger than that of raw
biosorbent (5.97 m*/g). Similar results were found in the biosorbent after desorption process
(82.87 m?/g), the area of which was even larger than the biosorbent after biosorption process.
This result explained well the phenomenon that after NaOH desorption process the biosorptive
capacity of watermelon rind increased significantly. The percentage of micro-pore area for the
biosorbent after biosorption and desorption process was 27.35% and 27.96% of the raw
biosorbent, respectively. From this result, the biosorbent after biosorption process was more
homogenized than that of raw biosorbent, which confirmed the monolayer biosorption formed
for heavy metals onto the surface of watermelon rind.

Conclusions

*  Powdered watermelon rind was demonstrated to be an effective biosorbent in removing
Cu, Zn, and Pb, especially for Pb removal, and had high desorption capacity with NaOH
as eluant.

* After desorption of NaOH, dried watermelon rind remained to demonstrate excellent
biosorptive capacity either in single-metal or multi-metals solution.

*  Metal uptake performance of watermelon rind was strongly affected by pH.

* Langmuir isotherm model was suitable to describe the biosorption process, and bio-
sorption kinetic was found to be the best-fit pseudo-second-order equation.

* Jon exchange and micro-precipitation which occurred on the surface area were estimated
to be the main biosorption mechanisms.
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