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ABSTRACT

Mercury is considered as a highly toxic and hazardous pollutant even in trace
concentration. Severe consequence of mercury poisoning was observed as Minamata disease
in Japan in 1956. Amongst the various techniques used for removal of Hg(II) ions from
polluted waters, adsorption demonstrates most promising results. This paper focuses on
adsorption of mercury using citrus fruit peels waste from Phyllanthus emblica (Indian goose-
berry/amla), Citrus sinensis (orange), Mangifera indica (raw mango) and Citrus limetta (sweet
lime). The citrus peels were naturally shade dried, powdered to an average particle diame-
ter of 150–200 μ and used without any chemical modification. The impact of solution pH,
Hg(II) ion concentration and initial Hg(II) concentration was evaluated in batch adsorption
process. The order of Hg(II) adsorption was found to be as: P. emblica > C. sinensis >
C. limetta > M. indica. Langmuir and Freundlich isotherm describes the equilibrium
adsorption condition. The adsorption of Hg(II) followed the pseudo-second-order kinetic
mechanism. The thermodynamic investigation showed that the adsorption is a spontaneous
process.
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1. Introduction

Mercury is well-known for its exceptional high
toxicity from industrial sites to remote corners of the
planet [1]. According to USEPA standards, mercury
content in drinking water should not exceed 2.0 μg/L
[2] and the permitted discharge level of mercury in
waste water is 10.0 μg/L [3]. The guidelines by WHO
and China [4,5] depicts the inorganic mercury content
in drinking water to be 1.0 μg/L. Compared to other
heavy metal ions, mercury is highly neurotoxic even at
low concentrations [6]. It is also known to cause dys-
function of liver, kidney and gastrointestinal tract [7],

narrowing the field of vision and imparting damage to
the hearing and speaking ability. High concentration of
mercury in water results in Minamata disease, a neuro-
logical syndrome first discovered in 1956 in Minamata,
Japan. In extreme cases, it can lead to insanity, paralysis
and coma and can also affect foetus in womb and even
result in death [8–10].

The major sources of mercury pollution are
gaseous emission from fossil fuels, chloro-alkali
production plants, paint industries, pulp and paper
industries, pharmaceutical and cosmetic preparations
[11,12] etc. Mercury finds wide application in metal-
lurgy, mirror coating and dental amalgams and as
coolant and neutron absorber in nuclear power
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plants [13]. Mercury also subsists in medical waste
and is emitted through medical waste incinerators.
The possibility of mercury emissions in the nearby
ecosystems exists even with installation of expensive
cleaners [13]. Past three decades have experienced the
increased emission of mercury from developing
nations, offsetting decreased emission from developed
nations [14]. Various traditional methods such as
chemical precipitation [15], membrane filtration [16],
ion exchange [17], lime softening [18], adsorption on
activated carbon [19–21], chelate precipitation [22],
photo reduction [23,24] etc. have been explored for
removal of mercury from water. However, application
of such processes is often restricted due to technical
and/or economic constraints [25,26] and is limited
only for small scale operations and cannot be
employed for large water bodies such as rivers or
lakes [27]. The use of natural materials like Hoof pow-
der [28], Borassus Flabellifer [29], Lemna powder [5],
rice husk [30], tea leaves, coffee beans [31], onion skin
[32], waste rubber [33], coconut husk [34], fertilizer
waste slurry [35], peanut hull [36], jackfruit peel [37],
coir pith [38], flax shive [39] sago waste [40] etc. for
uptake of mercury have been reported. However, only
few literatures reports are available on the use of
unmodified citrus fruit waste peels from Indian goose-
berry, mango, lime and orange peel for the removal of
Hg from aqueous solutions. These low cost citrus
fruits are an attractive and low-cost option for adsorp-
tion of mercury ions especially in developing coun-
tries like India and Brazil where they are extensively
cultivated and mercury pollution is also high [41,42].

The present study demonstrates laboratory analysis
on removal of Hg(II) ions from aqueous solutions
using the chemically unmodified (raw) peels of citrus
fruits like P. emblica, Citrus sinensis, Citrus limetta and
Mangifera indica as adsorbents. These adsorbents were
used in powder form with an average particle size of
150 μm. The adsorption of Hg(II) ions was tested as a
function of pH, Hg(II) ion concentration, time and
adsorbents used. The equilibrium adsorption iso-
therms, diffusion mechanism and kinetic mechanisms
of Hg(II) adsorption process have also been studied.

2. Materials and methods

Citrus fruit peels were collected from local source,
washed and shade dried at room temperature for
7 days. The peels were not sun-dried since the UV rays
can affect the active functional groups (like esters). The
dried sample were then powdered and sieved below
mesh 100 (Tyler standard) [43]. The average particle
size chosen was 150 μm. These powdered sorbents were
used as such without any further chemical treatment.

Mercury(II) chloride, hydrochloric acid (HCl),
sodium hydroxide (NaOH), potassium iodide (KI),
zinc sulphate (ZnSO4), sodium salt of EDTA, hexa-
mine (Merck), rhodamine B (Lobachemie) and xylenol
orange (Kemphasol) were used as received.

Stock solution of 250 mg/L of HgCl2 was
prepared. All the working solutions were prepared by
diluting the stock solution using deionized water.

2.1. Adsorption studies

Batch adsorption studies were carried out using 1 g
of adsorbent with 50 mL of HgCl2 solution of varying
concentrations (25–100 mg/L) at room temperature.
Filtration was preferred over ultra-sonication since it
loosens the particles adhering to the surfaces and may
disrupt or deactivate the biological material. The adsor-
bents and adsorbates were agitated for predetermined
time intervals on a mechanical shaker at 700 rpm after
which superntant solution was filtered and used for
analysis. The amount of Hg(II) ions in the final 50 mL
volume was determined using Nanodrop UV–Visible
spectrophotometer (NANO DROP, ND-1000) (calibra-
tion plot shown in Fig. 1(a): an average of 3 readings)
[44] and verified periodically by titrimetric analysis.
The titrimetric determination of mercury was carried
out as per the method described in Vogel’s textbook of
Quantitative Inorganic Analysis, Briefly, EDTA titration
of mercury using xylenol orange as indicator, hexamine
was used as a buffer and the colour change was noted
from red to yellow [45].

The amount of Hg(II) ions adsorbed (q) was
calculated as follows [21]:

q ¼ ðCo � CtÞ
w

� V (1)

The adsorption efficiency, Ad% of metal ion was calcu-
lated as [21]:

%Ad ¼ ðCo � CtÞ
Co

� 100 (2)

where Co and Ce are the initial and equilibrium Hg(II)
ion concentration (mg/L), respectively. V is the vol-
ume of the solution (L) and w is the amount of sorbent
used (g).

3. Results and discussion

3.1. Effect of pH

The pH dependent adsorption of Hg(II) ions was
expressed as percentage of Hg(II) ions adsorbed at
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various pH values for assorted sorbents used. The
results are represented in Fig. 1. It can be observed
that adsorption increased with increase in pH, reach-
ing maximum at pH 4. With higher pH values, a
slight decrease in the adsorption was noted with all
sorbents. According to the stability constant calcula-
tions, HgCl2 is the predominant species at pH < 4 is
[11,46] in the presence of Cl− ions, which prevents Hg
(II) to bind onto the sorbent at low pH, since chloride
ions tend to form more stable complexes with Hg(II)
ions such as HgCl2, HgCl�3 , HgCl2�4 [11]. Also, at low
pH the excess H+ ions present in the solution com-
petes with Hg(II) ions for active sites decreasing the
adsorption [12]. It was observed that mercury precipi-
tates at higher pH. Hence pH in the range 1–7 was
tested. Further, addition of citrus powder to the Hg(II)
ions solution was found to lower the pH of the system

which is due to the presence of various acid groups
present in the adsorbent used.

3.2. Adsorption isotherms

Adsorption isotherms are significant to describe
the adsorption mechanism, design the adsorption pro-
cess and test the efficiency of adsorption. The adsorp-
tion isotherm indicates the distribution of adsorbent
between the liquid and the solid phases at equilibrium
state. The isotherms render certain constants whose
value articulates surface properties and affinity of
adsorbent. Several adsorption isotherms are followed
to correlate equilibrium adsorption; well-known iso-
therms are Freundlich, Langmuir, Temkin, Redlich–
Paterson, Dubinin–Rudushkevich and Sips equation
[47]. In this study, the equilibrium experimental data
for adsorbed Hg(II) ions onto P. emblica, C. sinensis,
C. limetta and M. indica fruit peels were analysed
using the Langmuir, Freundlich, Temkin and Dubi-
nin–Rudushkevich models. The isotherm constants for
the four models were obtained by linear regression
methods and are presented in Table 1.

3.2.1. Langmuir isotherm model

The Langmuir model assumes monomolecular
layer adsorption without any interaction between the
adsorbed molecules [48]. It is applicable to homoge-
neous adsorption where the adsorption of each mole-
cule has equal sorption activation energy [49]. The
basic assumption of the Langmuir theory is that the
uptake of metal ions occurs on a homogeneous surface
by monolayer adsorption without any interaction
between the adsorbed ions [50]. The Langmuir model
can be represented as:

qe ¼ qmax � KL � Ce

1þ ðKL � CeÞ (3)

where Ce and qe are the equilibrium concentration
(mg/L) and amount of Hg(II) ions adsorbed (mg/g),
qmax is qe for a complete monolayer (mg/g), KL is a
constant related to the affinity of the binding sites
(L/mg). The linearized form of the Langmuir equation
is:

Ce

qe
¼ 1

qmax � KL
þ Ce

qmax
(4)

The Langmuir constants qmax and KL were obtained
by linear regression method. The essential features of
Langmuir isotherm is expressed in terms of

Fig. 1. (a) Calibration curve for Hg(II) ions detection and
(b) adsorption of Hg(II) at different pH.
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dimensionless constant equilibrium parameter, RL

defined by Hall et al. [51] as:

RL ¼ 1

1þ ðKL � CoÞ (5)

where KL (L/mg) is the Langmuir constant. The
calculated values of the dimensionless factor RL are
included in Table 1. The RL value obtained for all the
adsorbents are in the range 0–1 which indicates favor-
able adsorption. The regression coefficient gives good
fit with the experimental data for all substrates
indicating that equilibrium isotherms can be well
described by the Langmuir model.

3.2.2. Freundlich isotherm model

Freundlich equation states that heat of adsorption
decreases in magnitude with increase in the extent of
adsorption [52]. The Freundlich isotherm assumes that
the adsorption process occurs on heterogeneous
surfaces and adsorption capacity is related to the
concentration of the metal ions at equilibrium. This
isotherm model is defined by the equation [53] below:

qe ¼ KF � Cn
e (6)

where KF and n are the Freundlich constants related
to adsorption capacity and intensity, respectively. The
linearized form of this equation is written as:

ln qe ¼ 1

n
lnCe þ lnKF (7)

Maximum sorption capacity can be calculated from
initial concentration Co and variable weights of

sorbent, thus ln qm is the extrapolated value of ln q for
C = Co [54]. The linear plot of ln qe vs. ln Ce yields
slope of value 1/n and an intercept ln KF [55]. With
Ce = 1, ln KF = ln qe. Favorable adsorption tends to
give Freundlich constant “n” value between 1 and 10.
Larger value of n indicates strong interaction between
adsorbent and adsorbate, while 1/n equal to 1
indicates linear adsorption with identical adsorption
energies for all the sites. It can be observed from
Table 1 that the adsorption of Hg(II) yields positive
value of n which are in the range of 0.3–0.7 indicating
weak interactions between adsorbent and Hg(II) ions.
The high values for the regression coefficients
obtained for all systems indicate that the equilibrium
adsorption isotherm can also be described by the
Freundlich model.

3.2.3. Temkin isotherm model

Temkin isotherm considers that heat of adsorption
decreases linearly with coverage of adsorbate–adsor-
bent interactions [56], adsorption of adsorbate is
uniformly distributed [57] and decrease in the heat of
adsorption is linear rather than logarithmic as implied
in the Freundlich equation. The Temkin isotherm has
been used in the form as follows [58]:

qe ¼ RT

bT
� lnðaT � CeÞ þ RT

bT
� lnCe (8)

where R is gas constant 8.314 × 10−3 kJ mol−1 K−1, T is
absolute temperature K, bT is the Temkin constant
related to the heat of adsorption (kJ mol−1) and aT is
the equilibrium binding constant corresponding to the
maximum binding energy (L/g).

Table 1
Equilibrium isotherm data

Adsorption isotherm Isotherm parameters Phyllanthus emblica Citrus sinensis Citrus limetta Mangifera indica

Freundlich KF 0.42 12.32 4.81 2.81
n 0.3 0.7 0.5 0.5
R2 0.9931 0.9969 0.9936 0.9910

Langmuir qmax 285.71 1012.65 840.33 746.62
KL 14.16 46.63 372.44 45.15
RL × 10−4 7.05 2.14 0.27 2.21
R2 0.9386 0.9021 0.9993 0.8991

Temkin bT× 10−3 2.51 7.12 5.21 5.51
aT 0.1571 0.1367 0.1335 0.1039
bT 934.50 347.83 475.34 449.06
R2 0.9971 0.9961 0.9857 0.9684

Dubinin–Radushkevich qmax 4354.65 1702.37 1472.76 1750.45
K 26.24 43.65 43.03 29.11
R2 0.9782 0.9867 0.9151 0.9492
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The adsorption data analysed according to Eq. (4)
gives linear plots of qe vs. ln Ce. Typical bonding
energy range for ion exchange mechanism is reported
to be in the range of 8–16 kJ mol−1 while physisorp-
tion processes are reported to have adsorption
energies less than −40 kJ mol−1 [58].

The Temkin constants given in Table 1 suggest that
the adsorption involves chemisorption of Hg(II) ions
with a satisfactory linear fit data and R2 value ~0.99
indicating uniform adsorption.

3.2.4. Dubinin–Radushkevich (D–R) isotherm

Dubinin [58] suggested the isotherm to estimate
the mean free energy of adsorption. The linearized
equation is given as:

ln qe ¼ ln qmax � K RT ln 1þ 1

Ce

� �� �2
(9)

where K (mol2 kJ−2) is a constant related to the mean
adsorption energy. The plot of ln qe vs. ln (1 + 1/Ce)

2

yields the constant K and qmax. The adsorption of Hg
(II) ions fits well with the D–R isotherm with
regression coefficient values ~0.97.

The overall results indicate that the Langmuir
isotherm, Freundlich isotherm, Temkin isotherm and
D–R isotherm fit well for all the adsorbent systems as
can be seen from Fig. 2, while the equilibrium adsorp-
tion can be best explained by Langmuir model which
explains that the process of adsorption is physico-
chemical involving the thiamine (–S–H) and carboxyl
(–COOH) groups of the adsorbent systems.

3.4. Kinetic studies

Adsorption kinetics has been thoroughly studied
to investigate the mechanism of adsorption and the
rate determining step. Several kinetic models such as
pseudo-first-order, pseudo-second-order, Elovich and
intraparticle diffusion models have been examined for
defining the rate determining step and mechanism of
adsorption.

Fig. 2. Adsorption isotherm (a) Langmuir, (b) Freundlich, (c) Temkin, (d) D–R.
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3.4.1. Pseudo-second-order

The pseudo-second-order reaction considers that
the rate is directly proportional to the number of
active surface sites present on the adsorbent surface
[59]. The pseudo-second-order equation is given as:

t

qt
¼ 1

k2 � qe
þ t

qe
(10)

where k2 (gmg−1 min−1) is the pseudo-second-order
rate constant. The initial sorption rate:

h ¼ k2 � q2e (11)

The plots of t/qt vs. t for Hg(II) sorption are linear
(Fig. 3) with high correlation coefficients values, R2

(Table 2). This shows that the adsorption of Hg(II) fits
very well with pseudo-second-order kinetic model.

3.4.2. Pseudo-first-order

Lagergren demonstrated that the rate of adsorption
of solute on the adsorbent depends on the adsorption

capacity and follows the pseudo-first-order equation
used to estimate the kad, the mass transfer coefficient.
The pseudo-first-order rate equation is given as [60]:

logðqe � qtÞ ¼ log qe � k1
2:303

� �
� t (12)

where qe and qt are the amounts of adsorbed Hg(II)
ions on the adsorbent at equilibrium and at time t
respectively (mg/g), and k1 is the first-order adsorp-
tion rate constant (min−1). The calculated values of the
pseudo-first-order rate equation are given in Table 2.
The straight line with negative slope (Fig. 4) suggests
the applicability of this kinetic model.

3.4.3. Elovich model

In reactions where adsorption occurs without
desorption of products, adsorption rate decreases with
time due to increased surface coverage. Elovich equa-
tion is considered to be the best models for describing
such “activated” sorption [61]. Elovich equation is
based on the adsorption capacity describing the

Fig. 3. Pseudo second-order kinetics graphs for (a) Phyllanthus emblica, (b)Mangifera indica, (c) Citrus limetta, (d) Citrus sinensis.
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Table 2
Kinetics parameters for pseudo first and pseudo second order models

Adsorbents Con. mg/L

Pseudo second order Pseudo first order

qe k2× 10−6 R2 qe k1 R2

Phyllanthus emblica 100 18.30 689.90 0.9982 24.49 0.0795 0.9945
50 725.21 5.22 0.9975 17.10 0.0692 0.9942
25 312.53 11.14 0.9972 12.25 0.0625 0.9978

Citrus limetta 100 8.52 120.66 0.9972 22.82 0.1648 0.9799
50 636.94 14.46 0.9972 14.99 0.1267 0.9994
25 297.61 31.47 0.9989 10.82 0.1275 0.9987

Mangifera indica 100 7.29 177.78 0.9965 22.19 0.0948 0.9955
50 598.80 7.70 0.9958 15.25 0.0999 0.9912
25 265.95 12.23 0.9812 10.76 0.1241 0.9932

Citrus sinensis 100 8.37 568.84 0.9987 25.25 0.0201 0.9964
50 621.11 35.053 0.9960 16.42 0.0226 0.9969
25 446.42 22.18 0.9974 10.92 0.1704 0.9949

Fig. 4. Pseudo first-order kinetics graphs for (a) Phyllanthus emblica, (b) Mangifera indica, (c) Citrus limetta, (d) Citrus sinensis.
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adsorption on highly heterogeneous adsorbent,
expressed as [62]

qt ¼ 1

r

� �
lnðhrÞ þ 1

r

� �
ln t (13)

Assuming hr � t and qt = 0 at t = 0.
The results indicate good correlation between the

experimental data and theoretical model (Fig. 5) with
R2 value ranging between 0.98 and 0.99 suggesting the
applicability of this model for adsorption of Hg(II) on
all the four sorbents.

3.4.4. Adsorption mechanism

The prediction of rate-limiting step is a significant
factor in adsorption process [63] which is governed by
adsorption mechanism. For a solid–liquid adsorption
process, the solute transfer is usually characterized by
external mass transfer (boundary layer diffusion) or
intraparticle diffusion, or both. According to Weber

and Morris [64], an intraparticle diffusion coefficient
Kint is given by the equation:

qt ¼ Kint � t1=2 (14)

where Kint is the intraparticle diffusion rate constant
(mg g−1 min−1/2). The plot of qt vs. t1/2 at different
initial solution concentrations yields Kint and present
multi-linearity indicating two or more steps occurring
in the adsorption process. The first sharper portion
indicates instantaneous adsorption. The second por-
tion is the gradual adsorption stage with controlled
intraparticle diffusion rate. The third step indicates the
attainment of equilibrium stage where intraparticle
diffusion starts to slow down due to enormously low
concentration of solute in solution. The intraparticle
diffusion rate is obtained from the slope of the gentle-
sloped portion of the graph. The graphs present three
stages of adsorption processes as can be observed
from Fig. 6.

Fig. 5. Elovich model graphs for (a) Phyllanthus emblica, (b) Mangifera indica, (c) Citrus limetta, (d) Citrus sinensis.
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The results suggest that the adsorption of Hg(II)
ions from aqueous solution using the various citrus
fruit waste peels followed the pseudo-first-order
initially and the pseudo-second-order reaction mecha-
nism at later stage.

3.5. Diffusion

During sorption of adsorbate in sphere of radius r,
if the diffusion flux goes from regions of high
concentration to regions of low concentration, with
magnitude proportional to concentration (i.e. if the
diffusion is fickian), the relation between weight
uptake and sorption time is given as [65,66],

Mt

M1
¼ 6

Dt

r2

� �1
2

p
1
2 þ 2

X1
n¼1

ierfc
nrffiffiffiffiffiffi
Dt

p
� �" #

� 3
Dt

r2

ðfor short timesÞ
(15)

Mt

M1
¼ 1� 6

p2

� �X1
n¼1

1

n2
exp �Dn2p2t

r2

� �

ðfor moderate and long timesÞ
(16)

where Mt and M∞ are the weight uptake at time t and
equilibrium, respectively. Eqs. (15) and (16) can be
simplified to:

Mt

M1
¼ 6

D

pr2

� �1
2

t
1
2 ðast � t1Þ (17)

ln 1� Mt

M1

� �
¼ ln

6

p2

� �
þ �Dp2

r2

� �
ðas t\t1Þ (18)

It was found that the process of metal ion sorption
occurs in two stages: first the external mass transport
and second the intraparticle diffusion.

The external mass transport dominates in the early
stage, while the intraparticle diffusion is the long-term

Fig. 6. Intraparticle diffusion model graphs for (a) Phyllanthus emblica, (b) Mangifera indica, (c) Citrus limetta, (d) Citrus
sinensis.
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stage of the experiment. The diffusion constant D1 is
calculated from the slope of straight line (0–30 min
range) from the plot of Mt/M∞ vs. t1/2 using Eq. (17).
The diffusion constant for long time D2 can be calcu-
lated from the slope of the straight line of the plot of
ln (1−Mt/M∞) vs. t, using Eq. (18).

The variation in D1 value with initial metal ions
concentration is shown in Fig. 7(a). The D1 values
increased with increasing initial metal ion concentra-
tion in the concentration range from 25 to100 mg/L.
Higher initial metal ion concentration has a higher
concentration gradient which leads to an increase in
the rate of ion diffusion.

The linear profiles for different solvents used could
be found in the concentration range from 25 to
100 mg/L. The slope of the linear profiles for like
P. emblica, C. sinensis, C. limetta and M. indica were
0.00952, 0.01416, 0.01367, and 0.0079, respectively. The
results indicate the increase in the rate of diffusion in
external mass transport resulting from the increased
initial metal ion concentration. The values of D1 for
Hg(II) ions followed the following order: C. sinensis>
C. limetta > P. emblica > M. indica indicating faster rate
of diffusion for Orange and Indian Gooseberry peels
than other citrus fruits.

The variation in D2 value with change in initial
metal ions concentration is shown in Fig. 7(b). The
results indicated that value of D2 remained constant
with increasing initial Hg(II) ion concentration from 25
to 100 mg/L. The average value of D2 for C. sinensis,
C. limetta, P. emblica and M. indica was found to be
1.658 × 10−7, 1.723 × 10−7, 0.69 × 10−7 and
1.14 × 10−7 m2/s, respectively.

The diffusion must pass through the adsorbed
active sites located on a thin surface layer to reach the
empty active sites located on the deeper layer of the

adsorbent in the long-term stage. Therefore, the rate of
ion diffusion in the intraparticle diffusion process is
controlled by the ion diffusion in the adsorbent. The
amount of adsorbed metal ions, on the active sites
located on the thin surface layer as the initial metal
ion concentration increases in the early stage, which
leads to an increase in the disturbance during the
pass-through for the diffusing ions and a resultant
decrease in the rate of ion diffusion within the adsor-
bent. However, the rate of ion diffusion within the
adsorbent would not vary with increasing initial metal
ions concentration since the adsorbed active sites
located on the thin surface layers were completely
occupied by the metal ions during the early stage. The
presence of capillaries plays an important role in
intraparticle diffusion, as the upper layer get saturated
with metal ions it gives the path for the Hg2+ ions to
diffuse into the particle, hence increasing the rate of
intraparticle diffusion (see Table 3).

3.6. Thermodynamic studies

Thermodynamic considerations are essential to
decide the spontaneity in the adsorption process. The
adsorption of Hg2+ ions on P. emblica, C. sinensis,
C. limetta and M. indica was studied at 298 K. The free
energy for adsorption (ΔGo) was calculated from the
equation [67]:

�G� ¼ �RT � lnKL (19)

where KL is the equilibrium constant obtained from
Langmuir isotherm, R is universal gas constant (8.314
J mol−1 K−1) and T is the absolute temperature (K).
The free energy values obtained for uptake of Hg(II)

Fig. 7. Diffusion parameters for different sorbents (a) D1 and (b) D2.
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ions onto P. emblica, C. sinensis, C. limetta and M. indica
are −6.566, −9.519, −14.667, and −9.439 kJ mol−1,
respectively. The negative value obtained confirms
feasibility, spontaneity and exothermic adsorption.

3.7. Desorption

The adsorbed Hg(II) ions finally precipitated and
settled down along with the substrate particles. Hence,
desorption of Hg(II) was not possible. These precipi-
tated particles could be easily isolated by simple
decantation process.

4. Conclusions

The experimental results obtained in this work
demonstrates the possibility of using citrus fruit waste
peels as a potential adsorbent for removal of Hg(II)
ions from aqueous systems, especially in nations like
India, Brazil and China where they are cultivated and
contributed to a large amount to solid waste. Low cost
citrus peels show an effective adsorption of 80% at
pH 4. Initially, monolayer adsorption dominates the
adsorption process as confirmed from the Langmuir
isotherm followed by multi-layered adsorption
indicted by Freundlich isotherm. The RL values
obtained (0 < RL < 1) indicates favourable adsorption.
But, both Langmuir and Freundlich isotherm models
explains that the process of adsorption is Physico-
chemical. The kinetic data agree very well with the
pseudo-second-order adsorption mechanism and the
rate is diffusion controlled. The intraparticle diffusion
model reveals multistep diffusion process with slow
state diffusion. Diffusion follows the Fick’s law. D1

values for Hg(II) ions following the order Phyllanthus
emblica > C. sinensis > C. limetta > M. indica indicating

faster rate of diffusion for (P. emblica and C. sinensis)
than others. Both Fick’s and intraparticle diffusion are
observed with these citrus peels with capillarity action
playing an important role in slow and controlled
diffusion of Hg(II) ions. Also, the antioxidant proper-
ties of citrus peels especially due to the presence of
ascorbic acid was found to be effective in reducing
and binding the Hg(II) ions on the sorbents as con-
firmed from the XRD data. The interactions of sulphur
groups present in the citrus fruit peels with the Hg(II)
ions enhanced the metal ion adsorption. These interac-
tions are indicated by the formation of silvery-black
precipitate after 4 days of contact time. The thermody-
namic study reveals the spontaneous and exothermic
adsorption. Thus, this technique proves to be highly
cost-effective and eco-friendly since waste fruit peels
are used to remove the toxic heavy metal ions.
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