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Abstract Adsorption studies were done on Boston fern

leaves for the effective removal of Cu(II) ions from

aqueous solution. It has been tested for the first time for

heavy metal adsorption from aqueous solution. This

promising material has shown remarkable adsorption

capacity towards Cu(II) ions which confirm its novelty,

ease of availability, non-toxic nature, cheapness, etc., and

give the main innovation to the present study. The adsor-

bent was analyzed by FT-IR, SEM and EDS. The effect of

pH, contact time, initial metal ion concentration and tem-

perature on the adsorption was investigated using batch

process to optimize conditions for maximum adsorption.

The adsorption of Cu(II) was maximum (96 %) at pH 4.

The experimental data were analyzed by Langmuir, Fre-

undlich and Tempkin isotherms. The kinetic studies of

Cu(II)were carried out at room temperature (30 �C) in the

concentration range 10–100 mg L-1. The data obtained

fitted well with the Langmuir isotherm and pseudo-second-

order kinetics model. The maximum adsorption capacity

(qm) obtained from Langmuir adsorption isotherm was

found to be 27.027 mg g-1 at 30 �C. The process was

found to be exothermic and spontaneous in nature. The

breakthrough and exhaustive capacities were found to be

12.5 and 37.5 mg g-1, respectively. Desorption studies

showed that 93.3 % Cu(II) could be desorbed with 0.1 M

HCl by continuous mode.

Keywords Adsorption � Boston fern � Isotherms �
Thermodynamic � Kinetics � Breakthrough capacity

Introduction

Heavy metal presence in the environment has several

adverse health effects on a variety of living organisms.

Ingestion of these metals by humans in excessive amount

can cause accumulative poisoning, cancer, nervous system

damage and ultimately death (Corapcioglu and Huang

1987; Issabeayev et al. 2006). Copper is essential for

human life but excess intake can cause anemia, liver

damage, kidney damage, stomach and intestinal irritation.

The WHO permissible limit of Cu(II) for drinking water is

2 mg L-1 and that for wastewater and industrial effluents

is 3 mg L-1. Several remediation methods like chemical

precipitation, lime coagulation, reverse osmosis, ion

exchange and solvent extraction have been developed and

used but they either are ineffective or expensive (Ahalya

et al. 2003). Heavy metal removal processes should be

simple, effective and inexpensive. Exploration of new and

cheap methods of metal ions removal from industrial

wastewater is gaining continuous research impetus with

adsorption considered to be most economically viable

method.

Metals can be removed from solution only when they

are aptly immobilized, the procedure of metal removal

from aqueous solutions often leading to effectively con-

centrating the metal. Adsorption makes the eventual

recovery of metals easier and economical. A number of

adsorbent materials have been studied for their ability to

remove heavy metals and they have been sourced from

natural materials and biological wastes of industrial pro-

cesses (Igbinosa and Okah 2009). Adsorption in the natural
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or uncontrolled situation typically involves a combination

of active and passive transport mechanisms starting with

the diffusion of the metal ion to the surface of the adsorbent

(Donmez et al. 1999). A number of plant materials or

agricultural residues have been used largely as adsorbents

for the removal of Cu(II) from water and wastewater (Bulut

and Tez 2007). These include peat (Lodenius et al. 1983),

bark (Vanquez et al. 2002), cellulose (Navarro et al. 1996),

lignite (Eligwe et al. 1999), coconut husks (Hasany et al.

2003), rice husk (Khalid et al. 1999), vegetables (Pono-

marev et al. 1997), tea leaves (Kiyohara et al. 2003),

baggase fly ash (Gupta and Ali 2000), peanut hull carbon

(Periasamy and Namasivayam 1996), pine bark (Al-Asheh

et al. 2003), sphagnum moss peat (McKay 2000) etc.

Different aquatic (Donmez et al. 1999; Taghi Ganji et al.

2005; Antunes et al. 2001) and tree ferns (Yuh-shan 2002;

Ho et al. 2002) have also been widely used for removal of

metal ions from aqueous solutions. In the present study, a

new adsorbent Boston fern (BF), Nephrolepis exaltata cv.

Bostoniensis has been used to remove copper from aqueous

solution as an alternative to the conventional treatment

approaches. It is a very popular ornamental plant, often

grown in hanging baskets or similar conditions and more

tolerant to dry conditions and easy to propagate.

Materials and methods

Adsorbent

Boston fern was acquired from Aligarh Muslim University

campus, Aligarh. The leaves of the plant were washed

several times with double distilled water (DDW) to remove

dirt and dust and then air dried. The adsorbent was crushed

and sieved with 50–100 mesh size after drying and sealed

in bottle for further use.

Adsorbent solution

Stock solution of Cu(II) was prepared (1000 mg L-1) by

dissolving 0.95 g of Cu(NO3)2�3H2O (AR grade) in DDW.

Instruments and apparatus

Perkin Elmer 1800 model IR spectrophotometer operating

at a frequency range of 400–4000 cm-1 was used to record

the FT-IR spectra of the adsorbent material using KBr

pellets. GSM 6510LV Scanning electron microscope was

used for scanning electron microscopy and electron

diffraction scattering (SEM/EDS) analysis. The concen-

tration of metal ions in the solution was measured by a

flame atomic absorption spectrophotometer model GBC

902 (Australia). Elico Li 120 pH meter was used to mea-

sure the pH of the solutions.

Adsorption studies

Adsorption studies were carried out using batch process.

0.2 g of adsorbent was put in a conical flask in which

20 mL solution of Cu(II) of desired concentration was

added. The mixture was shaken in a shaker incubator and

then filtered. Atomic absorption spectrophotometer (AAS)

was used to determine the amount of Cu(II) in the filtrate.

The amount of Cu(II) adsorbed was calculated by sub-

tracting the final concentration of Cu(II) from the initial

concentration. The adsorption capacity, qe was obtained

using the Eq. (1):

qe ¼
ðCo � CeÞ � VðLÞ

WðgÞ ð1Þ

Where Co and Ce (mg L-1) are the initial and final

concentrations of metal ions, V (L) is the volume of the

solution taken and W (g) is the weight of adsorbent.

Effect of pH

pH ranging from 1.0 to 10.0 was used to study the effect of

hydrogen ion concentration on the adsorption of Cu(II).

20 mL solution containing 50 mg L-1 Cu(II) was taken in

a series of 250 mL conical flasks. 0.1 M HCl or 0.1 M

NaOH solution was added in each flask to adjust the pH of

the solution. 0.2 g adsorbent was then added in each flask.

The flasks were then shaken in a shaker incubator for 24 h.

The solution was then filtered and filtrate was analyzed for

Cu(II) by AAS. The amount of Cu(II) adsorbed at each pH

value was then calculated as described above. The final pH

(pHf) or equilibrium pH after adsorption of Cu(II) was also

recorded. Same procedure as described above was repeated

to study the effect of electrolyte on the adsorption of Cu(II)

at different pH values by preparing 50 mg L-1 Cu(II)

solution in 0.1 M KNO3. The adsorption process and point

of zero charge are greatly affected in the presence of

electrolyte (Tripathy and Kanungo 2005). The effect of

electrolyte was studied along with pH and for this 0.1 M

KNO3 was used as electrolyte.

Point of zero charge (pHzpc)

Solid addition method was used to determine the zero

surface charge (Elangovan et al. 2008). 16 mL of 0.1 M

KNO3 solution was added to a series of 100 mL conical

flasks. First, pH of the solution in each flask was approx-

imately adjusted from 1 to 10 by either adding 0.1 M HCl

or 0.1 M NaOH. The final volume was then adjusted to
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20 mL by adding 0.1 M KNO3 solution. The solutions

were kept for 3 h and then pH of these solutions was

measured precisely. 0.2 g adsorbent was then added in

each flask and flasks were shaken periodically and kept for

24 h. The final pH (pHf) was then recorded. The difference

in pH, (DpH) = pHi-pHf was plotted against pHi and the

point of intersection with abscissa of the resulting curve,

where DpH = 0, gave the pHzpc.

Effect of time

A series of 250 mL flasks each containing 0.2 g adsorbent

and 20 mL solution of known Cu(II) concentration (10, 30,

50, 70 and 100 mg L-1) were used to carry out contact

time studies. The flasks were shaken in a shaker incubator.

The solutions of the flasks were then filtered at predeter-

mined time intervals (5, 10, 15, 30, 60, 120 min) and the

concentration of the supernatant solution from each flask

was then determined.

Breakthrough capacity

0.2 g of adsorbent was packed in a glass column (0.6 cm

internal diameter) with glass wool support. One liter of

50 mg L-1 initial concentration Cu(II) solution was then

passed through the column at a flow rate of 1 mL min-1.

The effluent was collected in 10 mL fractions (100 mL) in

the beginning and then 50 mL fractions. AAS was used to

determine the amount of Cu(II) in each fraction and

breakthrough curve was obtained by plotting C/Co versus

volume of effluent(mL).

Desorption studies

Any excess of Cu(II) in the exhausted column (after

breakthrough capacity) was removed by washing several

times with DDW. The adsorbed Cu(II) was desorbed by

passing 0.1 M HCl solution through the column with a flow

rate of 1 mL min-1. The effluent was collected in 10 mL

fractions and the amount of Cu(II) in each fraction was

determined.

Results and discussions

Adsorption of heavy metals

The % adsorption of Cu(II), Cr(VI), Pb(II), Cd(II) and

Ni(II) onto Boston fern at pH 6.5 is shown in Fig. 1. The %

adsorption was found in the order of Cu(II)[ Pb(II)[ -

Ni(II)[Cd(II)[Cr(VI). Since Cu(II) showed maximum

adsorption hence it was selected for further studies.

Characterization of adsorbent

Scanning electron microscope (SEM) analysis

Scanning electron microscope (SEM) was used to analyze

the surface of the adsorbent before and after adsorption of

Cu(II). The particles on the surface before adsorption were

found to be uneven, porous, and asymmetric rod like

structures. The irregularities in shapes of the particles

present on the surface of the adsorbent have affinity for

binding internally and thus adsorb more metal ions is the

basic principle of adsorption. After the adsorption of

Cu(II), the vacant sites appeared to be filled showing

adsorption of metal ions on the surface as shown in Fig. 2a,

b. Carbon and oxygen were shown as major constituents in

EDS peaks as indicated by high values of weight %

(Table 1). Appearance of Cu peaks in EDS spectra showed

successful adsorption Fig. 3a, b.

FT-IR analysis

The FT-IR spectra of Boston fern [before and after Cu(II)

adsorption] are shown in Fig. 4a, b, respectively. To

determine the possibility of interactions between the

functional groups present on the surface of adsorbent and

Cu(II) ions, FT-IR analysis was carried out. The spectra

showed ionisable functional groups (carboxylic and

hydroxyl) which interacted with metal ions. The broad

spectral band at 3391.1 cm-1 was assigned to (OH)

vibration of hydrogen-bonded hydroxyl functional groups.

The two intense peaks at 2919.2–2850.2 cm-1 were due to

asymmetric and symmetric stretching (C–H) of aliphatic

compounds. A characteristic peak at 1735.2 cm-1 was

assigned to (C=O) band vibration of carbonyl group and

peak at 1628.1 cm-1 indicates the presence of (C=C)

groups. The peak present at 1244.2 indicate (C=C) aro-

matic bending and peaks at 1059.1 and 1035.1 cm-1 were
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Fig. 1 Percent adsorption of heavy metal ions from aqueous solution

onto BF (conditions; adsorbent = 0.2 g, heavy metal = 50 mg L-1

each, temperature = 30 �C)

Appl Water Sci (2017) 7:2051–2061 2053

123



due to C–C stretching. The broad peaks at 619.2 and 534.2

represented C–H bending. The shifting of peaks from

3391.1 to 3397.2, 1244.2 to 1246.3 and 534.2 to

537.4 cm-1 were due to binding of Cu(II) ions with car-

boxyl and hydroxyl group (Sheng et al. 2004).

Effect of contact time on adsorption of Cu(II)

at different initial concentrations

To overcome all mass transfer resistance of metal ions

between the aqueous and solid phase, the initial metal ion

concentration provides the driving force. The removal of

Cu(II) as a function of contact time was studied at different

concentrations (10, 30, 50, 70 and 100 mg L-1). The contact

time required for Cu(II) solutions with initial concentrations

of 10, 30 and 50 mg L-1 to reach equilibrium was 10 min

(Fig. 5). When initial Cu(II) concentration was increased to

70 and 100 mg L-1, the equilibrium time increased to

30 min. Various adsorbents follow the basic principle of

adsorption that the transfer of metal ions to the surface of the

adsorbent increases with increase in concentration of metal

ions and as the contact time increases it gradually decreases

until it attains equilibrium as the adsorption sites of the

adsorbent earlier free are now occupied. The adsorption

capacity of Cu(II) at equilibrium was found to be 0.96, 2.98,

4.9, 6.83 and 9.84 mg g-1, respectively at 10, 30, 50, 70 and

100 mg L-1 initial Cu(II) concentration. The equilibrium

time of 30 min is reasonable being an economically favor-

able condition for the adsorbent used in this study. Based on

these results, a contact time of 30 min was maintained for all

subsequent batch experiments.

Fig. 2 SEM micrograph of BF a before and b after adsorption of

Cu(II) (magnification: 92500)

Table 1 EDS analysis of BF before and after adsorption of Cu(II)

Elements Before Cu(II) adsorption After Cu(II) adsorption

Weight (%) Atomic (%) Weight (%) Atomic (%)

C 55.80 63.05 51.68 59.71

O 43.10 36.56 45.26 39.26

Si 0.11 0.05 0.62 0.31

Ca 0.99 0.34 1.47 0.51

Cu – – 0.96 0.21

Fig. 3 EDS spectra of BF a before and b after adsorption of Cu(II)
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Effect of pH on adsorption

The effect of pH on the adsorption of Cu(II) is shown in

Fig. 6. The % adsorption was minimum (54 %) at pH 2.

The % adsorption reached maximum (96 %) when initial

pH was increased to 4 and then remained almost con-

stant up to pH 10. The surface charge of the adsorbent

and speciation of Cu(II) is responsible for variation in

the percent adsorption with respect to pH. At low pH

values (1–2) the excess of H? ions competes with Cu2?

ions resulting in least adsorption of Cu(II) and so the

final pH of the solution remained unaffected. However,

when initial pH of the solution was increased to 4, the

% adsorption increased and reached to a maximum

value (96 %) because of less competition between H?

and Cu2? ions and final pH 4 remained almost constant.

However, when pH of the solution was increased to 6,

the % adsorption remained constant but final pH of the

solution was decreased to 5. This is because at this pH,

Cu(II) existed in the form of Cu2? and Cu(OH)? species
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(Zhong et al. 2014). Thus it was observed that adsorp-

tion of Cu(II) occurred in the form of Cu2? and

Cu(OH)? at pH 6 and hence final pH of the solution

was decreased. When pH of the solution was further

increased to 10 the % adsorption of Cu(II) remained

maximum. This might be due to the formation of

Cu(OH)2 which is the dominant species above pH 6.3

and Cu(II) was adsorbed in the form of micro precipi-

tation [Cu(OH)2] on the surface and hence final pH of

the solution further decreased to 5.5. However, the

effect of electrolyte (0.1 M KNO3) was negligible on

the adsorption of Cu(II). The point of zero charge of the

adsorbent was found to be 4 indicating that the surface

of the adsorbent was positive at pH\4, neutral at pH 4

and negative at pH[4 (Fig. 7).

Adsorption isotherm models

The characteristics of the adsorbate and the adsorbent

interactions are essentially understood through adsorption

isotherms. Adsorption isotherms are of utmost importance

so as to determine the design of adsorption systems as they

give the surface characteristics of the adsorbent at micro

level as well as the adsorption characteristics such as

adsorption capacity, adsorption strength and adsorption

state.

Langmuir adsorption isotherm

The equilibrium adsorption isotherms of homogeneous

surfaces are determined by the theoretical Langmuir
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isotherm model. This isotherm model is based on the

assumption that that all sites possess equal affinity for the

adsorbate. The adsorption reaches to its maximum after a

complete monolayer formation of adsorbate molecules

onto the adsorbent surface according to this theory (Mu-

rugesan et al. 2011). Mathematically the linear equation

can be written as follows:

1

qe
¼ 1

qm
� 1

b
� 1

Ce

þ 1

qm
ð2Þ

Where Ce is the equilibrium concentration of adsorbent

(mg L-1), qe is the adsorption capacity (mg L-1), b

(L mg-1) and qm (mg g-1) are Langmuir constants. The

constant b is related to binding energy with a pH dependent

equilibrium constant and qm is maximum adsorption

capacity in an ideal monolayer system. The plots

between 1/qe and 1/Ce gave straight lines, at 30, 40 and

50 �C (Figure not shown). The values of b and qm were

calculated from the slope and intercept (Table 2). The

Langmuir model for this study was concluded to be best at

30 �C with r2 value of 0.97.

Freundlich adsorption isotherm

The Freundlich equation is the empirical aspect for

adsorbent with heterogeneous adsorbing surface and fits

well for the adsorption of single solute within a fixed range

of concentration (Hasan et al. 2008). The mathematical

expression of the model is given as follows:

log qe ¼ log KF þ 1

n
log Ce ð3Þ

where 1/n is a numerical value related to the adsorption

intensity which varies with the heterogeneity, and Kf

indicates the adsorption capacity. The plot of log qe versus

log Ce (Figure not shown) generated straight lines at dif-

ferent temperatures. As observed in Table 2, the value of

n was more than unity which indicated favorable adsorp-

tion of Cu(II), on the surface of the adsorbent. The value of

n for Cu(II) was 1.53 and the r2 value was 0.93 at 30 �C.

Tempkin isotherm model

Tempkin equation explains the factors which are explicitly

responsible for adsorbate-adsorbent interactions. The

Tempkin isotherm model is based on two assumptions,

viz., heat of adsorption would decrease linearly rather than

logarithmic with the coverage, and its derivation is char-

acterized by a uniform distribution of binding energies up

to some maximum binding energy (Dada et al. 2012). The

Tempkin isotherm equation is given as:

qe ¼ B ln A þ B ln Ce ð4Þ

where B = RT/b and A (L mg-1) are Tempkin constants

for the equilibrium binding. The plot of qe versus ln Ce at

30, 40 and 50 �C gave the straight lines (Figure not shown)

and values of A and B were calculated from the intercept

and slope, respectively (Table 2). The regression coeffi-

cient value (r2) for Tempkin isotherm model at 30 �C being

0.99 confirmed better applicability of the equilibrium data

as compared with Freundlich isotherm model at the same

temperature.

Thermodynamics studies

The Van’t Hoff equation,

log Kc ¼ DS�

2:303R
� DH�

2:303RT
ð5Þ

was used to determine the thermodynamics parameters like

standard enthalpy change (DH�) and standard entropy

change (DS�) obtained from the slope and intercept of the

linear plot of log Kc versus 1/T as shown in Fig. 8. 30, 40,

and 50 �C temperature regimes were used for this study.

Equilibrium constant (Kc) was calculated at different

temperatures using following relations

Kc ¼ CAc

Ce

ð6Þ

where CAc and Ce are the equilibrium concentrations of

Cu(II) (mg L-1) on adsorbent and in solution, respectively.

Standard free energy changes (DG�) at different tem-

peratures were calculated from the relation:

DG� ¼ �RT ln Kc ð7Þ

Where R (JK-1mol-1) is the gas constant, T (K) is

absolute temperature and DG� is the standard free energy

change. The values of the parameters for thermodynamic

studies are given in the Table 3. Exothermic nature of

adsorption was shown by the negative value of DH�. The
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free energy change, DG� of the process increased with

increase in temperature which concludes that the

adsorption of Cu(II) was spontaneous and decrease in

temperature favored the process. The negative value of DS�
indicated decrease in entropy which might be due to

decrease in randomness because of the fixation of Cu(II)

ions onto adsorbent surface.

Adsorption kinetics

To carry out the kinetic studies of adsorption of Cu(II) the

initial Cu(II) concentration was varied at constant tem-

perature (30 �C). The data obtained were fitted in pseudo-

first-order, pseudo-second-order and Weber–Morris intra-

particle kinetics models. To confirm the applicability of the

models with the experimental data, the parameters of

kinetic models and regression coefficient values (r2) were

calculated. The results are presented in Table 4. The linear

plots of the kinetic models for the adsorption of Cu(II) ions

are shown in Fig. 9a–b.

Lagargren pseudo-first-order kinetic model

A kinetic model for the adsorption analysis that is preceded

by diffusion through a boundary will most likely follow the

pseudo-first-order equation of Lagargren (Ofomaja et al.

2010);

log ðqe � qtÞ ¼ log qe �
K1

2:303

� �
� t ð8Þ

Where qe is the amount of Cu(II) adsorbed per unit

weight of the adsorbent at equilibrium (mg g-1), qt is the

amount of Cu(II) adsorbed per unit weight of the adsorbent

at any time t. K1 is the pseudo-first-order rate constant.

Linear plots between log (qe–qt) versus t gave the values of

K1 at different Cu(II)concentrations (Fig. 9a).

Pseudo-second-order kinetic model

The adsorption is related to the squared product of the

difference between the number of the equilibrium absorp-

tive sites available on adsorbent and that of the occupied

sites in the pseudo-second-order kinetic model. This model

is expressed as follows (Monier et al. 2010);

t

qt
¼ 1

k2 qe2
þ 1

qe

� �
� t ð9Þ

Where qt (mg g-1) amount of metal ions adsorbed onto

the surface of the adsorbent at time t, K2 is the pseudo-

second-order rate constant (g mg-1 min-1) and qe
(mg g-1) is the amount of Cu(II) adsorbed at

equilibrium. The linear plots of t/qt versus t which is

given in (Fig. 9b) were used to calculate the pseudo-

second-order constants. Table 4 showed that, the values of

theoretical adsorption capacity qe (cal) and experimental

values qe (exp) were very near for pseudo-second-order

kinetics while these values were different for pseudo-first-

order kinetics model. Thus the similar values for qe (cal)

and qe (exp) and higher value of regression coefficient

(r2 = 1) than the pseudo-first-order model (r2 = 0.89)

indicated better applicability of pseudo-second-order

kinetics model.

Table 2 Adsorption isotherm parameters for adsorption of Cu(II) on

BF at 30�, 40� and 50 �C

Isotherm models Parameters Temperature

30 �C 40 �C 50 �C

Langmuir qm (mg g-1) 27.03 27.02 37.04

b (L mg-1) 0.26 0.31 0.09

r2 0.97 0.96 0.93

Freundlich Kf (mg g-1) 5.16 6.53 2.96

n 1.53 3.80 1.04

r2 0.93 0.42 0.88

Tempkin A (L g-1) 4.58 4.86 1.79

B (J mol-1) 3.79 4.21 4.99

r2 0.99 0.95 0.74
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Fig. 8 Van’t Hoff plot

Table 3 Thermodynamic parameters for the adsorption of Cu(II) on

BF at different temperatures

Temperature

(�C)
Kc DH�

(KJ mol-1)

DG�
(KJ mol-1)

DS�
(KJ mol-1 K-1)

30 61.5 -28.43 -10.35 -0.06

40 26.7 -8.53

50 22.8 -8.37
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Table 4 Kinetics parameters for the adsorption of Cu(II) on BF

Kinetic models Parameters Concentration (mg L-1)

10 30 50 70 100

Pseudo-first-order qe (mg g-1) (exp) 0.96 2.99 4.95 6.83 9.89

qe (mg g-1) (cal) 0.06 0.07 0.09 0.12 0.84

K1 (min-1) 0.35 0.22 0.06 0.25 0.11

r2 0.99 0.89 0.91 0.97 0.74

Pseudo-second-order qe (mg g-1) (exp) 0.96 2.99 4.95 6.83 9.89

qe (mg g-1) (cal) 0.97 3.00 4.95 6.89 10

K2 (g mg-1 min-1) 16.39 12.34 10.20 4.22 0.21

r2 1 1 0.99 1 0.99

Intra-particle diffusion Kid (mg g-1 min-1/2) 0.01 0.01 0.001 0.008 0.017

I 0.92 2.93 4.86 6.75 9.42

r2 0.85 0.88 0.93 0.95 0.81
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Fig. 9 a Pseudo-first-order kinetics model for the adsorption of

Cu(II) on BF (conditions; adsorbent = 0.2, pH 4, tempera-

ture = 30 �C), b pseudo-second-order kinetics model for the

adsorption of Cu(II) on BF (conditions; adsorbent = 0.2, pH 4,

temperature = 30 �C), c intra-particle diffusion model (conditions;

adsorbent = 0.2, pH 4, temperature = 30 �C)
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Weber–Morris intra-particle diffusion model

This model can be expressed as;

qe ¼ kid � t1=2 þ I ð10Þ

Where Kid is the intra-particle diffusion rate constant

(mg g-1 min-�) and I (mg g-1) is the constant of intra-

particle diffusion model. The plot of qt versus t1/2 at

different initial Cu(II) concentrations gave the value of Kid

(Fig. 9c). The r2 values obtained for the adsorption of

Cu(II) were not sufficiently high, indicating the intra-

particle diffusion model was not better fitted. The constant

I could be attributed to boundary layer thickness. By

increasing initial Cu(II) concentration, I value was

increased which indicated the enhancement of mass

transfer resistance through the boundary layer (Raji and

Pakizeh 2014). The parameters calculated are given in

Table 4.

Breakthrough studies

The Breakthrough capacity determination is important as it

directly affects the feasibility and economics of the process

(Volesky 2003). It was observed that 50 mL of Cu(II)

solution containing 50 mg L-1 Cu(II) could be passed

through the column without detecting Cu(II) in the effluent.

The breakthrough curve for 50 mg L-1 initial Cu(II) con-

centration and flow rate of 1 mL min-1 with 0.2 g adsor-

bent is shown in Fig. (10). The breakthrough capacity and

exhaustive capacities were found to be 12.5 and

37.5 mg g-1, respectively.

Desorption studies

From the solid waste management point of view, the des-

orption of adsorbed metal and concentrating the metal in

minimum volume is necessary. Thus, to make the process

more economical and feasible desorption studies were

carried out. Desorption studies were done for single metal

system in a continuous flow column (0.6 cm internal

diameter) by using 0.1 M HCl as a desorbing solution. The

adsorption of Cu(II) with 50 mg L-1 initial concentration

in single metal system was 96.2 and 93.33 % of Cu(II) was

desorbed within 40 mL effluent.

Conclusion

Boston fern also called as sword fern is a perennial orna-

mental plant abundantly available in India. It has better

capability and efficacy for the removal of copper from

aqueous medium. The order of adsorption of various heavy

metals on Boston fern was Cu(II)[Pb(II)[Ni(II)[
Cd(II)[Cr(VI). The maximum adsorption occurred at pH

4. The regression coefficient values (r2) suggest that the

equilibrium data fitted well to Langmuir, Freundlich and

Tempkin adsorption isotherms at 30 �C. The adsorption

process was found to be exothermic and spontaneous in

nature. Better applicability of pseudo-second-order rate

equation was confirmed by kinetics model. Breakthrough

capacity showed that 50 mL of Cu(II) solution containing

50 mg L-1 Cu(II) could be passed through the column

without detecting Cu(II) in the effluent. Desorption studies

showed that 93.33 % of Cu(II) could be recovered within

40 mL of the effluent by using 0.1 M HCl solution by

column operation.
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