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Abstract. Copper pollution around the world has caused serious public health problems recently. The heavy metal adsorption
on traditional membranes from wastewater is limited by material properties. Different adsorptive materials are embedded in the
membrane matrix and act as the adsorbent for the heavy metal. The carbonized leaf powder has been proven as an effective
adsorbent material in removing aqueous Cu(ll) because of its relative high specific surface area and inherent beneficial groups
such as amine, carboxyl and phosphate after carbonization process. Factors affecting the adsorption of Cu(Il) include: adsorbent
dosage, initial Cu(ll) concentration, solution pH, temperature and duration. The kinetics data fit well with the pseudo-first order
kinetics and the pseudo-second order kinetics model. The thermodynamic behavior reveals the endothermic and spontaneous
nature of the adsorption. The adsorption isotherm curve fits Sips model well, and the adsorption capacity was determined at
61.77 mg/g. Based on D-R model, the adsorption was predominated by the form of physical adsorption under lower
temperatures, while the increased temperature motivated the form of chemical adsorption such as ion-exchange reaction.
According to the analysis towards the mechanism, the chemical adsorption process occurs mainly among amine, carbonate,
phosphate and copper ions or other surface adsorption. This hypothesis is confirmed by FT-IR test and XRD spectra as well as
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the predicted parameters calculated based on D-R model.
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1. Introduction

The presence of heavy metals in environment during the
last decade aroused more public concern since their
increasing discharge, toxic nature and other adverse effects
to environmental ecosystem (Tang et al. 2015a). Heavy
metals are not biodegradable and tend to accumulate in
biological systems through food chain, and posing health
hazards to human being if their concentrations exceed
allowable limits (Bulgariu et al. 2009, Tang et al. 2016a).
Among all highly toxic heavy metals, copper is a metal of
great concern (Lin et al. 2013). Copper is an essential trace
element for the healthy growth of living creatures, but at a
higher concentration level, it is prone to be toxic. Intake of
copper causes stomach and intestinal distress, kidney
damage, and anemia (Carson et al. 1986). Thus, the Cu in
drinking water is strictly regulated by most of countries, for
example, according to the drinking water standard proposed
by USEPA and Japan Ministry of Health, Labour and
Welfare, the concentration of Cu(ll) should be lower than
1.3 mg/L and 1.0 mg/L (USEPA 2009, Japan 2014).
European Union, WHO and Australia recommend the upper
limit of Cu(ll) in drinking water is 2 mg/L (EU 1998,
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Australia 2011, WHO 2011). Cu(ll) contained wastewater is
commonly produced during electroplating, PCB processing,
mining, metallurgy, and battery manufacture (Gulnaz and
Saygideger 2005). Besides, high concentrations of Cu(ll) in
landfill leachate also can be observed (Fan et al. 2006).

The conventional methods for heavy metal removal
from wastewater include precipitation, ion exchange,
oxidation, adsorption, coagulation, evaporation, redox,
membrane filtration and extraction (Gavrilescu et al. 2009,
Suteu et al. 2009). Membrane separations, as powerful tools
for heavy metal removal, the performance of which is
mainly limited by material properties (Kim and Bruggen
2010, Tang et al. 2015b). As an alternative technology,
adsorption has been proven as an effective, versatile and
simple method, and many polymeric and inorganic
materials have been developed as adsorbents (Gavrilescu
2004, Xiong and Yao 2013, Fang et al. 2017). Recently,
adsorptive membrane, which combines the advantages of
membrane technology and adsorption process, has attracted
a great deal of attention. Different adsorbent materials are
incorporated with a polymeric membrane and act as the
adsorbent for the heavy metals, which commonly known as
hybrid membrane or mixed matrix membrane (Ghaemi et
al. 2015, Zhu et al. 2015, Mukherjee et al. 2016).
Commercial adsorbents are usually expensive, such as
activated carbon. Thus, one intense debate focused on
finding a material which has abundant deposit or relative
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low cost as the adsorbent, and this material should possess
excellent and stable adsorption performance. According to
previous researches, various activated carbon and unburned
carbon were produced from low-cost materials in attempt to
reduce the cost of carbon production, such as peat,
sphagnum moss peat, cashew nut shell and fruit shell
(Bulgariu et al. 2009, Kicsi et al. 2010, Kumar et al. 2014,
Mondal et al. 2014). In this study, application of carbon
made from a lost-cost agricultural waste, senescent leaf
powder, for adsorption behavior towards Cu(ll) was
evaluated. The governing mechanisms are also discussed as
well as several influencing factors including dosage,
temperature, equilibration duration, solution pH, mineral
component etc. Identification of the critical factors
controlling adsorption process is one vitally important
contribution to fully informing the development of effective
strategies to manage waters worldwide.

2. Materials and experimental method

2.1 Preparation of the adsorbent and solutions

The senescent leaves were collected from the Yuquan
campus of Zhejiang University. Most of them were firmiana
simplex leaves. The collected leaves were oven dried at
105°C overnight and then pulverized in a mortar. The
powder was placed on a ceramic plate which was then
transferred into a muffle furnace (15x25x40 cm®). The
temperature was regulated at 250°C, with an increment of
25-30°C/min, and then pertained for 5 h. There was no gas
supply into the oven during the calcination process. The
carbonized product was cooled to room temperature, and
passed 24 mesh screen with diameters 35513 um. This
product was designated as Carbonized Leaf Powder (CLP),
and utilized in following test.

Stock solution was prepared by dissolving CuCl,-2H,0
(ZHENXIN, China) in analytical grade into de-ionized
water to 1 M standard solution, then stored in a refrigerator
around 4°C. Before the test, the 1 M standard solution was
diluted to the target concentrations for use. Conical flasks
and PVC tubes (polyvinylchlorid centrifuge tubes) were
immersed in 0.01 M HNO; solution overnight and then
rinsed three times with de-ionized water.

2.2 Characterization

The specific surface area of CLP was determined by
BET N, adsorption test (Autosorb 1-MP apparatus,
Quantachrome Corporation, USA). The results were
analyzed by using the BET adsorption theory to predict the
specific surface area, volume of micropores and average
pore size etc. FT-IR spectra of CLP and Cu(ll) laden CLP
were recorded using Fourier Transform Infrared
Spectroscopy (Nexus-670, Nicolet, USA) to study the
changes in the functional groups with respect to
investigating the mechanism of Cu(ll) adsorption. The pH
of samples was measured by glass electrode potentiometer
(pH 213, China). XRD spectra of CLP and Cu(ll) laden
CLP were obtained by D/MAX-RA diffractometer (Rigaku
Corporation, Japan).

2.3 Experiment

2.3.1 Effect of adsorbent dosage

The adsorbent dosage (CLP) in the aqueous solution
was increased from 0.5 to 1, 2, 5, 10 and 20 g/L. Three
various initial Cu(ll) concentration (50 mg/L, 100 mg/L and
200 mg/L) was set and transferred into stoppered conical
flasks. After mixing with the adsorbent, the flasks were put
into a thermostated agitator. Then, batch adsorption tests
were conducted under isothermal conditions (25°C) for 24 h
at 180 rpm without regulating the solution pH (THZ-C-1,
BING, China). At the end, the mixture was separated by
centrifuging at 3000 rpm for 5 min (TDZ5-WS, XIANGYI,
China). The supernatant was collected and the equilibrium
Cu(ll) concentration was determined by Atomic Absorption
Spectrophotometer (AAS) (TAS-990, PERSEE, China).

2.3.2 Adsorption kinetics

The adsorbent dosage was fixed 10 g/L and the initial
solute concentrations were ranged from 50, 100 mg/L to
200 mg/L. The solution pH was not adjusted and the
reaction temperature was maintained constant at 25°C. The
test was stopped after specific times that increased from 3 to
6, 9, 12, 15, 20, 40, 80, 120, 180, 240, 300 and 1440
minutes. The mixture was transferred to PVC tubes and
centrifuged at 3000 rpm for 3 min. The Cu(ll) concentration
in the supernatant was determined by AAS.

2.3.3 Adsorption isotherms and thermodynamics

The CLP (10 g/L) was blended with eight sets of copper
chloride solution with increasing initial Cu(ll) concentration
from 25 to 600 mg/L (25, 50, 100, 200, 300, 400, 500 and
600 mg/L) at six sets of increased temperatures separately
from 5 to 55°C with an increment of 10°C. Apart from this,
some samples with other initial Cu(ll) concentration (800
mg/L and 1, 2, and 5 g/L) at 55°C are also tested in order to
obtain more details of adsorption capacity. All samples were
equilibrated for 24 h in the controlled temperature agitator
and the equilibrium Cu(ll) concentrations were measured
by AAS to calculate the amount on the adsorbent. Control
and parallel samples were conducted in all above tests and
the results were averaged.

2.3.4 Effect of pH

The same amount of CLP (400 mg) and Cu(ll) solution
(100 mg/L, 40 mL) were mixed and put into nine pretreated
conical flasks (dosage, 10 g/L). Then pH; the initial
solution pH, of these nine centrifuge tubes was adjusted
ranged from 2.0 £ 0.2 to 10.0 + 0.2 with an increment of 1.0
by adding 0.1 M HCI or NaOH solution. The sample flasks
were then placed into a thermostated agitator (25°C) and
rotated at 180 rpm for 24 h. The pH of solutions was
measured at the end of the test. Afterwards, the solutions
were transferred into PVC tubes for centrifugation at 3000
rpm for 5 min. The supernatants were sampled to determine
the Cu(ll) concentration by AAS.

3. Results and discussion
3.1 Characterization of the adsorbent

Based on the test results, the Specific Surface Area



Heavy metal adsorption of a novel membrane material derived from senescent leaves... 97

(SSA) of CLP was determined at 6.26 m?/g. The micropore
and average pore diameter were determined at 14.0 and
20.0 A, respectively. The total pore volume reached 3.14 x
10 cm*/g. Compared to other reported porous materials
such as activated carbons etc., the SSA of CLP is not
encouraging. However, for CLP, the adsorption to inorganic
toxicant does not depend merely on physical adsorption
occurs at the pore space or surface areas. The reaction
between the surface active sites and the objective heavy
metals could contribute much more adsorption capacity
than the physisorption on pore spaces. The following
investigations confirmed these hypotheses as well as the
effectiveness of the prepared material.

The FT-IR spectra of CLP before and after adsorption
process in the range of 400-4000 cm™ were taken to obtain
information on the adsorption mechanism and presented in
Fig. 1. In general, the relevant functional groups on the
samples could be determined based on the FT-IR adsorption
band listed in Table 1. The weakness of band intensities of
C-H group at 2920 and 2850 cm™ shown in Fig. 1(a) mean
that the C-H group content is very low after activation at
250°C (Zhao et al. 2010, Gao et al. 2013). The natural
macromolecules (i.e., lignin) contained in the CLP, which
remains stable even after mulched for 2 months (Jin et al.
2003), were greatly decomposed in this respect.

Amine groups were found in both samples according to
the characteristic bands at wavenumber 1623, 1319 and 475
cm™ (Jones 1963). Compared with CLP, the band intensity
of N-H in Cu(ll) laden CLP shown in Fig. 1(b) was found
decreased greatly after adsorption (1319 cm™), indicating
the decreased percent of N-H group in the Cu(ll) laden CLP
sample. The band intensity at 1431, 1119 and 875 cm™ were
found slightly decreased after the adsorption, suggesting the
decreased proportion of the carboxyl group which is a
preferential adsorption site for heavy metals (Tang et al.
2012). The weak band at 713 cm™ was relevant either to
hydrogen bonding with vanadyl group (Repelin et al. 1985)
or to carbonate components (Jackson 1997).

In Fig. 1(a), the IR bands at 501 cm™ relevant to
phosphate (Somya et al. 2009) were observed in original
CLP. Although some functions such as Si-O (781 cm™), O-
H (3420 cm™) remain stable according to their band
intensities, some new characteristic bands appeared after
adsorption process (N-Cu at 1360 cm™), as shown in Fig.
1(b). More details will be discussed in adsorption
mechanism in section 4.

Fig. 2 shows XRD spectra of CLP and Cu(ll) laden CLP.
In Fig. 2(a), the patterns at 26=14.9°, 24.5°, 38.1° and
50.1°can be attributed to Whewellite (calcium oxalate
hydrate). The pattern at 260=24.5° was sharp and strong,
indicating that the crystalline of this component was well
formed at 250°C. Characteristic bands at 26=15.23°, 29.4°,
30.88° and 30.1° in spectrum (a) were assigned to sodium
hydrogen phosphate hydrate and calcium hydroxide
phosphate. Calcium phosphate also existed in CLP
according to the related band at 20=40.53°. The results also
can be proved by characteristic band of phosphate observed
in Fig. 1. The characteristic band related to calcite was at
20=31.4°and 35.9°, consisted with the discovery of
carbonate in Fig. 1. Albite was associated with the band at
20=28.3°. Quartz was regarded as abundant component in
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Fig. 2 XRD spectrum of CLP and Cu(ll) laden CLP

Table 1 Band position in the FT-IR spectra

Sample
Assignment References

CLP Cu(ll) laden CLP
475 475 N-H (Jones 1963)

501 P=0 (Somya et al. 2009)
713 713 C=0 (Jackson 1997)
781 781 Si-O
875 875 C=0
1119 1119 Cc=0
1319 1319 N-H

1360 N-Cu (Casabo et al. 1983)
1431 1431 C=0 (Sangi et al. 2008)
1623 1623 N-H
2850 C-H
2920 2920 C-H
3420 3420 OH (Sinitsya et al., 2000)

CLP through the bands at 20=20.8° 26.6°, 39.4° and
59.96°, in agreement with the presence of Si-O band in IR
spectra as shown in Fig. 1 (Tang et al. 2014).

3.2 Adsorption studies

3.2.1 Effect of adsorbent dosage

The effect of adsorbent dosage on Cu(ll) adsorption is
shown in Fig. 3. It is apparent that although the total
adsorption amount (Cu(ll) removal from solution) rose as
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Table 2 Predicted kinetic constants of Cu(ll) adsorption on
CLP

Ci Unit 50 mg/L 100 mg/L 200 mg/L
The pseudo-first order kinetics equation
Q. mglg 4.89 9.94 19.52
Ky min* 0.99 1.12 1.12
R? 0.99 0.99 0.99
The pseudo-second order kinetic equation
ko g/mg-min 0.84 0.77 0.45
Qe mglg 4.94 10.00 19.61
R? 0.99 0.99 0.99
The equation on the intraparticle diffusion model
Kint mg/g-min*/2 0.009 0.007 0.009
(o} 4.78 9.85 19.37
R? 0.55 0.30 0.19

the dosage increased, the unit adsorption amount of the CLP
decreased continually, this phenomenon may be due to the
saturation of the biosorbent surface (Nemes and Bulgariu
2016). But this trend was not linear, as the great decline at
the first stage was interrupted and what followed became
flat gradually at higher dosage. In addition, similar to
Kovalchuk et al. (2001), we find that when initial Cu(ll)
concentration are high (i.e., C;=100 mg/L and C;=200 mg/L)
as well as the low dosage (0.5 g/L), the unit adsorption
amount towards Cu(ll) would be lower, maybe the strong
acidity of the Cu(ll) solution prevent or weaken the
adsorption process, and the effect of pH will be discussed in
section 4.

3.2.2 Adsorption kinetics

The variation of concentration of Cu(ll) with contact
time at different initial Cu(ll) concentrations is shown in
Fig. 4. The contact time for equilibrium was found
increased with increasing initial Cu(ll) concentration. The
equilibration duration is determined to be only about 3 min,
when Ci=50 mg/L, but as initial Cu(ll) concentration
increases, 9 min and 15 min will be required when C; = 100
and 200 mg/L respectively. It is noteworthy to mention that
the duration required to reach equilibrium in this study is far
less than that of other adsorbent in previous study (Tang et
al. 2009).

Fig. 5 plots g of Cu(ll) on CLP as a function of contact
time. From the chart, it is obvious that the unit adsorption
amount of Cu(ll) reaches a relative high value within a
fairly short time (less than 3 min) and then slowly increases
until it reaches a plateau after 40 min. The test data were
further analyzed using three kinetic models as follows
(pseudo-first order kinetics, pseudo-second order kinetics
and intraparticle diffusion model) (Naiya et al. 2009, Anbia
et al. 2015). The pseudo-first order Kinetic equation can be
written as

2.303

where Q. and q are the amount of solute adsorbed per unit
adsorbent at equilibrium and any time, respectively (mg/g),
and k; the pseudo-first order rate constant (min™). The
pseudo-second order kinetic equation is

t 1 1
—= > +—1
q kZQe Qe
where k, is the pseudo-second order rate constant

(g/mg-min). The equation on the intraparticle diffusion
model is

I9(Q,—q)=1g(C,) )

)

q=k, t"*+C @3)

where ki is the relevant rate constant (mg/g-min*?) and C
is the intercept.

Table 2 lists the critical parameters of adsorption
kinetics. From the correlation coefficient values listed in the
table, we could easil;/ judge that both the pseudo-first order
kinetics equation (R“=0.99, 0.99 and 0.99) and the pseudo-
second order kinetic equation (R?*=0.99, 0.99 and 0.99)
could fit the test data well. Besides, there was a slight
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decrease in the rate constant k, from 0.836, 0.767 to 0.445
g/mg-min when increasing the initial Cu(ll) concentration
from 50 to 200 mg/L. This indicated that the solution with
the smallest solute concentration is likely to reach
equilibrium most quickly. This phenomenon is consisting
with our common sense and has been previously observed
for Pb(I1) adsorption on natural Kaolin (Tang et al. 2009).

3.2.3 Adsorption Isotherms

As shown in Fig. 6, the unit adsorption mount of Cu(ll)
shows a gradual ascending trend and eventually achieved a
maximum adsorption amount with increased equilibrium
solute concentrations. Three two-parameter isothermal
models (Langmuir, Freundlich, and D-R models) and two
three-parameter models (Redlich-Peterson and Sips models)
were applied to evaluate the test results in order to poke
more information on adsorption mechanisms. The
Langmuir isotherm can be written as (Faghihian and Rasekh
2014)

1 1 1
=
g Q" bQC,

where C, is the equilibrium concentration of solute solution
(mg/L), Q° the maximum adsorption capacity of the
adsorbent (mg/g), and b (L/mg) the Langmuir constant.

The Freundlich model stipulates that the ratio of solute
adsorbed from the solute concentration is a function of the
equilibrium concentration of solute solution, which can be
expressed as

(4)

q=K.C." (5)

where K is the Freundlich constant (mg/g) indicating the
adsorption capacity and strength of the adsorptive bond, and
n the heterogenity factor.

The D-R model assumes a uniform pore-filling sorption
and can predict the free sorption energy change by which
the sorption type can be judged (Gulnaz and Saygideger
2005, Uslu and Tanyol 2006). The D-R model is written as

Ing=Ing, —ké&* (6)

where ¢, is the maximum adsorption capacity (mol/g), k is
a model constant related to the free sorption energy and ¢ is
the Polanyi potential, which is written as

£=RTIn(l+(1/C,)) @)
The mean free energy of adsorption (E) is
1
E=—r— (8)

The adsorption is basically a surface chemical
adsorption such as ion exchange when |E| is between 8 and
16 kJ/mol. Otherwise, for |E| ranging 1.0 - 8.0 kJ/mol, it
suggested the occurrence of physical adsorption (Helfferich
1962).

The Redlich-Peterson model can be applied either in
homogeneous or heterogeneous systems due to its
versatility, which is expressed as (Redlich and Peterson
1959)

KgeCe

Qe =% 9
* 1+agC’ ©
where Kge (L/g) and agp (L/mg)’ are Redlich-Peterson
model constants and g is the exponent which lies between 0
and 1.

Sips model is a combined form of Langmuir and
Freundlich expressions deduced for predicting the
heterogeneous adsorption systems (Sips 1948). At low

F
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Fig. 6 Isothermal adsorption lines under different
temperatures

Table 3 Predicted constants of isothermal models for Cu(ll)
adsorption

Temperature Unit 278K 288K 298 K 308K 318K 328K

Langmuir model

Q° mgly 3920 5431 6453 6242 6564 66.72
b L/mg 0.02 0.13 0.02 015 017 014
R? 0.85 081 0.91 086 097 097

Freundlich model

Ke mgl/g 3.50 12.39 2.50 1230  13.86 16.75
n 2.46 3.27 1.62 2.52 257 3.82
R? 0.71 0.64 0.77 0.76 0.84 0.84
D-R model
Om mg/g 281.73 391.87 2250.57 709.84 684.12 24253
k mol/k?  0.011 0.007 0.014 0.006  0.006 0.004
E kd/mol -6.71 -8.70 -6.04 -8.91 -9.54  -11.32
R? 0.65 0.68 0.66 0.73 0.87 0.86
Redlich-Peterson model
Krp Lig 0.80 7.16 1.07 9.49 10.89  10.86
arp (L/mg)?  0.020 0.133 0.014 0152 0166 0.183
g 1 1 1 1 1 1
R? 0.85 0.80 0.84 0.86 0.97 0.95
Sips model
s mglg 30.14 4452 48.67 51.94 57.73 6177
Ks (L/mg)™  7.0E-5 7.0E-09 9.0E-5 53E-2 0112 0.101
ms 2.89 12.10 2.86 214 1.46 1.30
R? 0.98 0.96 0.98 0.92 0.99 0.97
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concentrations, it reduces to Freundlich isotherm; while at
high concentrations, it predicts a monolayer adsorption
form of the Langmuir isotherm

_ O KsC
1+ K,C™

where qnsisthe Sips maximum adsorption capacity (mg/g),
Ks is the Sips equilibrium constant (L/mg)™, and ms is the
Sips model exponent.

The results of predicted isothermal constants for the
adsorption of Cu(ll) are gathered in Table 3. It is apparent
that Sips model shows the best-fit to the test data based on
calculated correlation coefficients, most of which in Sips
model are higher than 0.95, which means the parameters
could be measured more accurately through Sips models.
According to Sips model results, the predicted Cu(ll)
adsorption capacities of CLP are found to increase from
30.14 to 61.77 mg/g with increasing temperature from 278
to 328 K, respectively. The Langmuir model also fits the
test data well, in which most correlation coefficients are
higher than 0.85. According to Langmuir model, adsorption
occurs uniformly on the active sites of the adsorbent, and
once adsorbate occupies a site, no further adsorption can
take place at this site (Akar et al. 2005). Similarly, to
Unuabonah (Unuabonah et al. 2007), we found that
adsorption capacity towards Cu(ll) came to the peak point
at the highest temperature condition according to the above
data.

The adsorption capacities estimated by D-R model were
considerably higher than those obtained from Sips and
Langmuir models since the inherent assumption in the D-R
model that all micropores are filled with solute. However,
this ideal state is difficult to realize in practice. According
to the D-R model, the absolute values of most estimated
free adsorption energy had a graduate increase along with
the temperature, less than 8 kJ/mol when temperatures were
relative low and higher than 8 kJ/mol as the temperature
increased. Such a fluctuation of free adsorption energy
indicated that under lower temperatures, the adsorption was
predominated by the form of physical adsorption, while the
increased temperature motivated the form of chemical
adsorption such as ion-exchange reaction.

Qe (10)

3.2.4 Thermodynamics

For the sake of studying the thermodynamic behaviors
of Cu(ll) adsorption, thermodynamic considerations were
evaluated. Thermodynamic parameters such as enthalpy
change (AHP), Gibb’s free energy change (AG®) and entropy
change (AS°) can be estimated with the following Gibb’ s
free energy equations

AG® =-RT InK, (11)

AG® = AH? —TAS° (12)

where R is the ideal gas constant (8.314 J/mol-K), T the
absolute temperature (K), Kp is the distribution coefficient
of the solute between the adsorbent and the solution in
equilibrium g/C, (mL/g). Egs. (11) and (12) can be written
in a linearized form between Kp and 1/T as

10 T T T T T T
¥ = 19,77312 - 3597.76534x y = 25.56431 - 5492,93316x
R=0.72 R =0.80
| 7 y = 24.9832 - 5170.4602x
8 ' v R =085 v
84 o o 4
[}
o + 8
Q |
x y = 28.37994 - 6558.7241x X o
E 64 R=0.76 .
o o
o C =25mg/L
o C =50mglL -
4] & C=100mgL a
v C,=200mg/L

0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1T K
Fig. 7 Fitting test data with Gibb’s free energy equations

Table 4 Thermodynamic parameters for adsorption of Cu(ll)
on CLP

Ci Unit 25 mg/L 50 mg/L 100 mg/L 200 mg/L
Temperature G° G° G° G°
278 K kJ/mol -9.82 -12.90 -14.54 -14.60
288 K kJ/mol -17.62 -18.08 -18.40 -20.06
298 K kJ/mol -11.37 -14.16 -16.08 -16.92
308 K kJ/mol -19.12 -20.52 -22.26 -21.45
318 K kJ/mol -21.19 -23.42 -23.84 -23.19
328K kJ/mol -22.66 -23.31 -24.59 -23.17
AS® Jimol- K 235.95 212.54 207.71 164.39
AH® kJ/mol 54.53 45.67 42.99 29.91
R 0.76 0.80 0.85 0.72
AS® AH°

Values of AH® and AS® can be determined from the slope
and the intercept of the plot between In Ky versus 1/T.

The predicted constants of thermodynamics shown in
Table 4 can be determined through linearization of the test
data as shown in Fig. 7. The calculated Gibb’s free energy
decreased along with an increasing reaction temperature at a
fixed initial solute concentration. Moreover, the Gibb’s free
energy was negative, which suggested that the adsorption
process was spontaneous and could be promoted by the
increasing temperature, which is the reason why adsorption
capacity came to peak point at highest temperature
according to Sips isotherm. With increasing initial Cu(ll)
concentration, the Gibb’s free energy for Cu(Il) adsorption
decreased under constant temperature conditions. The
change of enthalpy was 54.53, 45.67, 42.99, 29.91 kJ/mol
and the change of entropy was 235.95, 212.54, 207.71 and
164.39 J/mol-K when the initial Cu(ll) concentration
increased from 25 to 50, 100 and 200 mg/L respectively,
which implies an endothermic character to the adsorption
process and increasing disorder in the system.

3.2.5 Effect of pH
Fig. 8 plots Cu(ll) adsorption percent on CLP versus the
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initial solution pH (pH;). A sharp pH-adsorption edge could
be observed between pH 2.0 and 5.0, while the percentage
Cu(I) removal boosts from 30.2% to 85.1%, the curve then
plateaus at 87.3% Cu(ll) removal with continuously
increasing pH;. In addition, we could find that most of
copper ions (85.1%) have been removed while the solution
is highly acid (pH=5.08). However, after pH; reached 5,
enhancing the alkalinity of solution would lead no more
Cu(ll) removal, namely, raising the solution pH merely do
not promote the Cu(ll) adsorption. This phenomenon will
be discussed in the next section.

Fig. 9 shows that equilibrium pH (pH¢) values
approximately lie on the diagonal line at pH;<6.07 and
below the diagonal at 6.07<pH;<9.94. It is obvious that the
CLP owns good buffering capability which could resist pH
changes effectively, especially for solution at pH>6.07. This
effect failed in solution at pH<6.07. The changing pattern of
pH. might reflect the inherent mechanism that governing
the adsorption of Cu(ll) on CLP, particularly regarding the
effect of solution pH.

4. Discussions

Fig. 1 shows the FT-IR spectra of CLP before and after
Cu(ll) adsorption. The characteristic IR band could be
assigned to specific functional group as shown in Table 1.
The band at 713, 875, 1119 and 1431 cm™ in the IR

spectrum of CLP was assigned to carbonate component,
corresponding to the calcite content identified by the XRD
spectra (26=28.3° as shown in Fig. 2. With respect to that
calcite had been proved to be a kind of effective adsorbent
to remove heavy metals from solutions (Tang et al. 2010),
the adsorption of Cu(ll) on CLP may be written as

CaCO, +Cu* —CuCO,(s)+Ca* (14

This is a typical ion-exchange adsorption and could be
linked to the results of D-R analysis, which indicates the
presence of chemical adsorption. However, as to CLP, the
intensity of the band relevant to carbonate had no obvious
change after Cu(ll) adsorption, suggesting that the
carbonate contained in CLP was not the dominant
adsorption site for Cu(ll).

The bands at 475, 1319 and 1623 cm™ could be assigned
to the vibration of N-H group. Amine group was reported as
a significant binding site for metal uptake in biosorbents
(Kilic et al. 2008). As an alkaline functional group, amine
could give rise to the solution pH. In this study, the
equilibrium pH of the adsorbent/water slurry (10 g/L) was
higher than 8.60, corresponding to the presence of alkaline
component in CLP. The high affinity of amine towards
Cu(I1) would contribute to the adsorption of Cu(ll) on CLP.
However, the deprotonated amine group would turn to
possess positive charges at pH<2.0. This behavior might
pronouncedly reduce the Cu(ll) adsorption capacity, which
could explain the minor removal percent (24.2%) at
solution pH=1.50 and the sharp pH adsorption edge
between 2.0 - 5.0 observed in Fig. 8 and Fig. 9. Moreover,
Cu(ll) solution presented acidity as a result of the follow
equation

Cu* +H,0 - Cu(OH)" +H" (15)

Cu(OH)* +H,0 —>Cu(OH),(s)+H* (1)

Both of the two equations have been proved by the
existence of Cu(OH), according to XRD as shown in Fig. 2.
The highly acidity of Cu(ll) solution affects the adsorption
character of CLP, maybe it is the reason why unit
adsorption amount at lower Cu(ll) concentration is higher
as mentioned in 3.2.1. Furthermore, the N-H IR intensities
were significantly weaken during the Cu(ll) adsorption
process as shown in Fig. 1. More exactly, the disappearance
of some N-H group indicates the following reaction

S—NH,+Cu®* —S—NHCu* +H" (17)

S—NH,+Cu(OH)" ->S—NHCu(OH)+H" (18)

Egs. (15) and (16) as well as Egs. (17) and (18), would
be regarded as a good explanation why pH always dropped
(pH; > pHe) after Cu(ll) adsorption especially when pH>6.0.
Eq. (18) was also proved by the FT-IR spectra in which the
band related to O-H (3420 cm™) kept stable throughout the
test.

The main minerals in CLP are quartz, whewellite, albite
and phosphate as determined from the characteristic bands
on the XRD spectra (see Fig. 2). New patterns were
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Table 5 Reported adsorption capacity of Cu(ll) on various
adsorbents

Materials Acdas:));gitti;n Reaction time References
Fucus vesiculosus 105.41 mg/g (Mata et al. 2008)
Fucus serratus 101.6 mg/g (Ahmady-Asbchin et al. 2008)
Bacillus subtiis immobilized 100 7 mgig (Wang and Chen 2013)
Candida Tropicalis (yeast) 80 mg/g (Figueroa-Torres et al. 2016)
CLP 61.77 mg/g 5-10 min This study
Rice husk 29 mg/g 120 min (Wong et al. 2003)
Banana pith 13.46 mg/g 20 min (Low et al. 1995)
Sugar beet pulp 28.5 mg/g 60 min (Aksu and Isoglu 2005)
Papaya wood 19.88 mg/g 30 min (Saeed et al. 2005)
Tobacco dust 36 mg/g 90 min (Qi and Aldrich 2008)
Olive stone waste 2.04 mg/g 60 min (Fiol et al. 2006)

observed at 260=16.17°, 22.92° and 42.41° compared with
original CLP, however, the patterns at 26=14.9°, 15.23°,
24.5°, 28.3°, 30.1°, 30.88°, 38.1° and 40.53° disappeared
when the CLP was loaded with Cu(ll). The patterns at
260=16.17° and 22.92° can be attributed to Cus(PO,), and the
patterns at 20=42.41° the patterns can be attributed to
Cu(OH), according to the MDI Jade software.

The presence of phosphate (at 20=15.23°, 29.4°, 30.1°,
30.88° and 40.53° as exhibited in Fig. 2) would contribute
to the adsorption of Cu(ll) in the form as follows

MHPO, +Cu* — CuHPO, (s)+M?*  (19)

Ca,(PO,), +3Cu*" — Cu,(PO,), (s)+3Ca™ (20)

In terms that the component of MHPO, in the adsorbent
was soluble. And the appearance of Cus(POy,), verifies the
existence of Eq. (20). It is noteworthy to mention that if the
cation M was magnesium, the Eq. (19) reaction will become
insignificant with respect to its comparatively low
dissolution coefficients. In addition, whewellite (calcium
oxalate) maybe play an important part in metal adsorption
since the disappearance of related band in XRD spectra (at
20 = 14.9° 24.5° and 38.1°), as suggested previously by
Singer et al. (Singer et al. 2008).

Various biosorbents have been investigated with respect
to Cu(ll) adsorption performance. Table 5 shows the Cu(ll)
adsorption capacities of some recently reported biosorbents.
It is seen that adsorption potential of CLP was lower
compared to other biomass. Nevertheless, for the
industrialization of  wastewater  treatment, the
implementation of biosorption still has some difficulties. It
is mainly due to the relatively weak growth ability of
microorganisms in the natural state and its poor impact
resistance, which limits its wide application in industry.
However, the adsorption potential of CLP was better than
that of many natural/unmodified alternate adsorbents
reported in the literature. As shown in Table 5, the CLP has
a relatively high adsorption capacity towards Cu(ll), and
meanwhile, it has the fastest rate of reaction among the
reported biological materials (e.g., rice husk, banana pith,
sugar beet pulp, papaya wood, tobacco dust and olive stone

waste). As a promising adsorbent material, CLP also
contains excellent adsorption capacity towards most major
heavy metal ions. According to Tang et al. (2016b, 2012,
2010), Firmiana simplex leaves were evaluated for its
adsorption performance towards Ni(ll), Zn(Il) and Cd(ll).
The results presented that the senescent leaf powder appears
prominent in Ni(ll) removal from aqueous solution and the
adsorption capacity of CLP towards Ni(ll), Zn(ll) and
Cd(Il) are determined at 37.62 mg/g, 55.096 mg/g and
117.786 mg/g, respectively. Li et al. (2009) proposed a
simple activation method to mineralize the Firmiana
Simplex leaf into an enhanced adsorbent for Pb(Il) removal
from aqueous solution. It was found that the adsorbent
activated at 200 °C was found most suitable for Pb(Il)
adsorption regarding the high vyield efficiency (36.52%),
high Pb(Il) adsorption capacity (136.7 mg/g by Langmuir
model), high adsorption affinity (H type isotherm) and rapid
adsorption rate (within 20 min by kinetic study). Besides, as
a widely planted tree, the Firmiana Simplex provides a
locally available cheap source of adsorbent. The activation
method provided here proves effective and appears
promising in the heavy metals removal from wastewaters.

5. Conclusions

1) CLP studied in this paper appeared prominent in
Cu(ll) removal from aqueous solution and exhibited
promising potential of application in industry. The
determined adsorption capacity of CLP towards Cu(ll) was
61.77 mg/g. Moreover, this also solved the problem of
senescent leaves waste in future.

2) The required reaction time for equilibrium was about
3 min while initial Cu(ll) concentration was raised from 50
to 200 mg/L, and the kinetics data were well fitted using
pseudo-first order kinetics equation and the pseudo-second
order kinetic equation with high correlation coefficients
close to 1.0.

3) In terms of the correlation coefficients, the Sips
model was the best model, which has correlation
coefficients greater than 0.95; Langmuir model also fit test
data well, which has correlation coefficients greater than
0.85.

4) The fluctuation of free adsorption energy predicted by
D-R model indicated that the adsorption for CLP was
originated from both physical bond and chemical
adsorption. The adsorption of Cu(ll) on CLP could be
viewed as an endothermic and a preferential process with
enthalpy change at around 45 kJ/mol. The negative Gibb’s
free energy changes implied a spontaneous adsorption
procedure.

5) According to the analysis to XRD and FT-IR results,
the chemical adsorption mainly occurred among copper
ions and amine, carbonate, phosphate, which was benefit to
the process. Thereby, CLP is a promising adsorbent
material, which can be developed to prepare the adsorptive
membrane by embedded in the membrane matrix and act as
an adsorbent for the heavy metal.
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