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A B S T R A C T

Pineapple fiber (PF) from agricultural waste was extensively utilized as a low-cost and effective adsorbent for
removals of heavy metal cations in aqueous solution. The effects of alkali treatment and alkali treatment with
polyethyleneimine (PEI) immobilizing on the fiber surface on the adsorption performance were investigated. The
surface characterizations of the alkali treated pineapple fiber (APF) and PEI-immobilized on APF before and after
adsorption were performed by thermogravimetry (TG), optical observation, FTIR and XPS. All adsorption sys-
tems showed exothermic process and the adsorption capacity strongly depended on surface modification, pH and
initial concentration. The maximum adsorption capacities of Cu (273mg/g) and Pb (165mg/g) on APF-PEI were
131% and 53% respectively higher than those on the APF. The adsorption was described by pseudo-second-order
kinetics and fitted well to Langmuir isotherm. Results from regeneration tests showed that the APF-PEI adsorbent
could be potentially reused with maintaining high adsorption efficiency.

1. Introduction

Recently, increasing level of heavy metals in water mainly derived
from mining, industrial wastes and has been concerned for environment
issue in worldwide. The heavy metals are non-biodegradable and can be
accumulated in the important bogy organs such as brain, kidney and
liver, causing various diseases and disorders. For instance, lead causes
toxicity to the reproductive systems, brain damage, liver and kidney
disorders (Sun et al., 2014). Moreover, copper is one of important
elements for human being and widely employed for extensive appli-
cations such as fertilizers, water pipes, pesticides and antifouling paints
(Sun et al., 2016). At high concentration, the copper adversely affects
the health of humans, fauna and flora. Thus, various methods were
employed for the removals of heavy metals from aqueous solution, e.g.,
precipitation, ion exchange, coagulation, electrolytic reduction, se-
paration by membrane and adsorption (Sun et al., 2014; Repo et al.,
2013; Hokkanen et al., 2013). So far, the adsorption has been proved as
one of the technically feasible and efficient method for the pollutant
removals. Various adsorbents have been used for lead and copper re-
moval from aqueous water. However, searching for the cheap and
widely available adsorbent possessing technically flexible and eco-
friendly characteristics has received researcher's interest in recent year
(Ahmad et al., 2017; Suhas et al., 2016).

As known that, cellulose fiber gained from various natural sources
can be employed as low-cost green adsorbents for adsorption of various
materials, e.g., organic substances, metal ions, dyes and so on (Suhas
et al., 2016; Hokkanen et al., 2016). However, their adsorption capa-
cities for heavy metals and other adsorbates can be strongly affected
upon surface modification. The surface modified cellulose directly af-
fects not only its adsorption performance but also the physical stability.
Recently, polyethyleneimine (PEI)-immobilizing on cellulose is one of
the interesting attempts due to the intrinsic amine-rich structure of PEI,
enabling to effectively chelate for various adsorbates. Previous studies
have found that PEI modification of adsorbents, such as bamboo fiber
(Sribenja and Saikrasun, 2015), hydrochar (Shi et al., 2018), carbon
nanotube (Sambaza et al., 2017), magnetic porous powder (Pang et al.,
2011), biomass (Deng and Ting, 2005), cellulose nanocrystal (Liu et al.,
2017), cotton (Janhom et al., 2004), etc., improves the adsorption ef-
ficiency of heavy metals or other adsorbates. However, in aqueous
adsorption system, the leaching of PEI tends to occur during adsorption
process due to the water soluble nature of PEI. Immobilizing of PEI on
cellulose by crosslinking method is one of interesting route to reduce
the leaching phenomena of PEI (O'Connell et al., 2008). However, the
immobilizing process using crosslinking method generally suffers from
extensive PEI crosslinking with the cellulose matrix, resulting in re-
duction of ligand mobility. Therefore, several attempts have been
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employed to covalently bind cellulose-PEI with maintaining high
number of free amine groups of PEI using various chemical modifica-
tion methods (Liu et al., 2017; Zhao et al., 2017; Navarro et al., 1999).
PEI-immobilizing method by forming the carbamate bonds between
amine groups of PEI and hydroxyl groups of cellulose is one of the novel
efficient method and successfully applied for removal of harmful
chromate negative charged ions (Tangtubtim and Saikrasun, 2019).
However, to the author's best knowledge, use of PEI-carbamate linked
cellulose fiber as adsorbent for cation removals has not been reported.
Therefore, additional investigation on adsorption of harmful cations
systems by the modified adsorbent is an interesting and crucial issue.
Better efficiency for removals, not only of heavy metal anions but also
of cations by the PEI-modified adsorbent, compared to the unmodified
adsorbent, is hypothesized.

Recently, the PEI-modified fiber has been found as the effective
bioadsorbent for removal of harmful negative charged ions, such as
chromate anions (Tangtubtim and Saikrasun, 2019). Therefore, it is
interesting to extensively investigate the adsorption of other opposite
charged ions in order to fully explore the adsorption performance of the
adsorbent. In this work, the pineapple fiber provided from agricultural
biomass was modified by alkali solution and alkali solution followed by
PEI-immobilizing method. The alkali treated pineapple fiber (APF) and
the PEI-immobilized APF (APF-PEI) were then utilized as the ad-
sorbents for removals of Cu2+ and Pb2+ ions in aqueous system. The
adsorption capacity of the cations was quantified using flame atomic
absorption spectroscopy. The adsorption behavior of APF and APF-PEI
for removals of Cu2+ and Pb2+ were investigated and compared.

2. Materials and methods

2.1. Materials

The cleaned fresh pineapple leaves were prepared using milling
method. The steps of fiber preparation are schematically shown in
Fig. 1(a). The main composition of the separated pineapple leaf fiber
(PF) consists of cellulose (70.98%), hemicellulose (19.80%) and lignin
(1.98%) whereas the length and diameter range of PF were 6mm and
3–80 μm, respectively (Kengkhetkit and Amornsakchai, 2012). The
chemicals used for surface cleaning, pH adjustment and surface mod-
ification included sodium hydroxide (Carlo Erba Reagents), hydro-
chloric acid (Quality Reagent Chemical), ethanol (Analar Normapur®),
4-nitrophenylchloroformate (Acros Organics), branched PEI (Acros
Organics, Mw~25,000), dichloromethane (DCM, RCI Labscan), and
trimethylamine (Carlo Erba Reagents). Cu(II) and Pb(II) heavy metal
solutions were prepared from CuSO4·5H2O (Ajax Finechem Pty Ltd) and
Pb(NO3)2 (Ajax Finechem Pty Ltd), respectively.

2.2. Surface modification

The preparation procedures of alkali treated pineapple fiber (APF)
and PEI-immobilized APF were employed according to the previous
study (Tangtubtim and Saikrasun, 2019). Briefly, the APF was obtained
by alkali treatment using 5 wt% NaOH solution for 6 h at room tem-
perature. For PEI-immobilizing procedure, the dried APF of 5 g was
immersed in the mixed reagents of trimethylamine (12.5 mL)/DCM
(300mL) in the Erlenmeyer flask with constant stirring for 30min.
After that, 4-nitrophenylchloroformate (2.5 g)/DCM solution was added
to the mixture. After stirring for 30min, APF was separated, washed
with DCM and immersed to PEI solution (25mL of PEI in mixed solvent
of 125mL DCM/5mL trimethylamine) with constant stirring for 12 h.
The fiber was separated, washed with distilled water, ethanol and DCM,
respectively and then air dried at room temperature. The modified fiber
is designated as APF-PEI. A reaction scheme for the PEI-surface mod-
ification is also shown in Fig. 1(a).

2.3. Characterization

The surface images of APF and APF-PEI adsorbents before and after
adsorption was optically examined using digital camera (Canon, EOS-
500D, Tokyo, Japan). FTIR (Spectrum GX-1, Perkin Elmer Co., Ltd., UK)
and X-ray photoelectron spectroscopy (XPS; AXIS ULTRADLD, Kratos
analytical, Manchester, UK) were performed to monitor the changes of
surface properties. Dynamic thermogravimetry (TG) (SDT Q600,
Luken's drive, New Castle, DE) was also employed to investigate the
thermal degradation behavior of APF and APF-PEI.

2.4. Batch adsorption experiments

For each adsorption system, 0.005 g of the adsorbents in 50mL of
Cu(II) or Pb(II) solution were prepared. The adsorption experiments
were carried out in 100mL Erlenmeyer flask under 150 rpm shaking.
The effects of concentrations of the heavy metals, temperatures (30, 40,
and 50 °C and contact times on capacity of the metals adsorbed on the
adsorbents was determined using flame atomic absorption spectroscopy
(Perkin Elmer, USA). All batch experiments were conducted in dupli-
cates and the mean value was reported.

2.5. Regeneration tests

Regeneration tests of the adsorption in the desorption solution
(0.1M HCl) were investigated in order to explore the reusability of
adsorbents. The amount of 0.005 g metals-loaded adsorbents was
soaked in 50mL of desorption solution and continuously shaken at
150 rpm for 2 h at 25 °C. The desorption capacities of the heavy metals
were determined using atomic absorption spectroscopy. After that, the
desorbed adsorbent was separated, washed and dried before reuse. The
regeneration tests were carried out five times.

3. Results and discussion

3.1. Characterizations of the adsorbents

3.1.1. Morphology
The optical images of APF and APF-PEI adsorbents before and after

adsorption are shown in Fig. 1(b)–(g). Before adsorption, the soft
yellow color is observed for both adsorbents (Fig. 1(a) and (b). After Cu-
adsorption, soft yellow-light blue color is observed for APF-Cu
(Fig. 1(d)) whereas high intense of blue color is seen for APF-APEI-Cu
(Fig. 1(e)). In case of Pb-adsorption, the fading of yellow color is clearly
observed for APF-Pb and APF-PEI-Pb (Fig. 1(f) and (g)). The obtained
results roughly indicated that the effective adsorption is clearly found
for APF-PEI-Cu system. Note that, the adsorption capability of Pb (II) on
the fibers could not be assessed from the optical images due to the
colorless of the Pb(II) solution.

3.1.2. Thermal degradation analysis
Thermal degradation behavior revealed by TG and its derivative

(DTG) curves for the adsorbents before and after adsorption are com-
pared in Fig. 2. All samples exhibit a small weight loss in the range of
40–140 °C arising from the evaporation process of moisture. The major
degradation step of all adsorbents appears in the range of 150–400 °C
which involve to normal degradation of cellulose fiber and its covering
materials; the degradation temperatures of hemicellulose, cellulose and
lignin are 150–350 °C, 270–350 °C and 200–450 °C, respectively (Huda
et al., 2007; Abraham et al., 2011). It is seen that APF-PEI adsorbent
seems to exhibit lower thermal stability when compared with APF,
indicating that amine groups of PEI can act as the reactive sites for
thermal degradation. Note that, the char content at 700 °C for APF-PEI
is higher than that of APF about 2–3wt%, contributing from the de-
graded PEI residue (Tangtubtim and Saikrasun, 2019). Moreover, the
further increase in the content of the residue is observed for the metal-
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loaded adsorbents. The TG and DTG evidences also support the suc-
cessful modification of PEI onto the cellulose fiber.

3.1.3. FTIR analysis
The changes in surface properties revealed by FTIR spectra of the

adsorbent prior to and after adsorption are shown in Fig. 3. The spec-
trum bands at> 1800 cm−1 are not shown here since the same char-
acteristic peaks of cellulose fiber corresponding to OeH stretching of
hydroxyl group (~3332 cm−1) and CeH stretching (~2902 cm−1) are
observed for all cellulosic adsorbents (Tangtubtim and Saikrasun,
2019). Thus, the change in FTIR peaks is mainly focused in the range of
600–1800 cm−1. As seen from Fig. 3(a), APF shows the C]O stretching
peak at ~1626 cm−1 assigning to characteristic peak of hemicellulose.
For APF-PEI, NeH bending of primary amines is observed at
~1563 cm−1 (Fig. 3b, see arrow). Unfortunately, the C]O stretching
peak contributed from carbamate linkages, normally appeared at
~1700 cm−1 (Menzel et al., 2017), is not clearly observed. However,
the carbonyl peak of APF-PEI adsorbent is shifted to the new position at
1647 cm−1due to the overlapping of carbonyl-peaks of hemicellulose
and carbamate groups. The shift of C]O stretching peak from
~1626 cm−1 to ~1643 cm−1 are also observed for the metal-loaded
adsorbents, (Fig. 3(c)–(f)). For PEI-modified adsorbents, the absorption
peak of primary amine normally observed at ~1563 cm−1 is not found
after metal-adsorption (Fig. 3(d) and (f)) probably due to the formation
of amine-heavy metal interactions and hence, diminishing the NeH
bending signal of the amine groups. The results indicate the important
role of amine and carbonyl reacting groups for the adsorption process.

3.1.4. XPS analysis
XPS analysis is performed to examine the composition and inter-

action between the heavy metals and the cellulose-based adsorbents.
The survey and high resolution XPS spectra of all adsorbents are shown
in Fig. 4. Generally, the XPS peaks for cellulose-based adsorbents con-
sist mainly of electrons from C 1s (~285 eV) and O 1s (~532 eV) peaks
(Tangtubtim and Saikrasun, 2019). As observed in the case of PEI-
modified adsorbents, the peak corresponding to N 1s is additionally
observed at ~399 eV (atomic concentration of N=3.35–3.57%), due to
the immobilization of amine-rich PEI on the adsorbent surface
(Fig. 4(b) and (d)). After metal-adsorption, APF-Cu and APF-PEI-Cu
show the characteristic peaks of Cu 2p at ~933 eV (0.43–0.68%)
(Fig. 4(a) and (b)) whereas APF-Pb and APF-PEI-Pb show the main
signals at ~137 and ~142 eV (0.43–0.68%) of Pb 4f electrons (Fig. 4(c)
and (d)) (Barsbay et al., 2018). High-resolution XPS spectra for the
metal loaded-adsorbents are compared as shown in Fig. 4(e)–(h). The
signals at ~932.3 (Cu 2p3/2) and ~952.9 (Cu 2p1/2) eV for the APF-Cu
and APF-PEI-Cu clearly identify the Cu(II) adsorbed onto the adsorbents
(Fig. 4(e) and (f)). The Cu 2p3/2 peak at 932.3 eV has been reported to
be typical of Cu2+ (Barsbay et al., 2018; Lamonier et al., 1996). Note
that the signals of both Cu 2p3/2 and Cu 2p1/2 of APF-PEI-Cu are
clearly shifted to higher binding energy indicating the formation of
-NH2Cu(II) complexes. Moreover, the N 1s spectra for APF-PEI-Cu
(Fig. 4(f)) show the signals at 399.9 eV corresponding to -NH2 or/and
-NH-. Moreover, the XPS peak at 401.5 eV involves the protonated
amino (-NH3

+) (Sutirman et al., 2018). The signals of N 1s before ad-
sorption are normally found at ~397 and ~399 eV for amine and

APF-PEI

Pineapple fiber 
(PF)

Fresh pineapple leavesMilling and filtrationDrying, milling and 
sieving

Alkali treatment

Alkali treated pineapple 
fiber (APF)

Fiber preparation steps

Surface modification scheme

0.5 cm 0.5 cm0.5 cm 0.5 cm 0.5 cm 0.5 cm

(b) (c) (d) (e) (f) (g)

(a)

Fig. 1. Preparation and modification of pineapple fiber (a) and optical images of APF (b), APF-PEI (c), APF-Cu (d), APF-PEI-Cu (e), APF-Pb (f) and APF-PEI-Pb (g).
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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protonated amino, respectively. Interestingly, binding energies of N 1s
is found to increase after Cu-adsorption. This change indicates the
formation of APF-PEI-Cu complexes. Meanwhile, lone pair electrons in
N atom were donated to the covalent bond between N and Cu(II).
Consequently, the electron density in N atom decreases, leading to the
higher binding energy values (Liu et al., 2011; Xu et al., 2008). In case
of Pb-adsorption systems (Fig. 4(g) and (h)), two main peaks appeared
at ~137 and ~142 eV belongs to Pb 4f7/2 and Pb 4f5/2, respectively.
These two peaks correspond to divalent states of Pb (Xu et al., 2008).
The signals of -NH2, -NH-, and -NH3

+ for N 1s spectrum of APF-PEI-Pb
are also observed similar to those of APF-PEI-Cu, indicating the forming
structure of the complexes.

3.2. Adsorption studies

3.2.1. Effect of pH and initial concentrations
The effects of solution pH and initial concentrations on adsorption

capability of Cu- and Pb-adsorbed on the adsorbents are shown in
Fig. 5. Clearly for both Cu-and Pb-adsorption systems, the content of
metal-loaded on the adsorbents increases with increasing pH (Fig. 5(Ia)
and (IIa)). Note that, precipitations are observed in CuSO4 and Pb
(NO3)2 solution when the pH was higher than 6.0 due to the presence of
hydroxyl ion concentration. Hence, the formation of the metal hydro-
xide precipitates is observed. Therefore, to avoid the precipitation of
the metal hydroxides, the pH for the solutions of metal ions were

adjusted at pH=5.0 as the optimum pH for both adsorption systems.
Generally, when pH is very low (pH 2–3), the competition of high
number of H+ with metal ions (Cu2+ or Pb2+) for the adsorption site of
–NH2 occur. Therefore, the very low pH is not a suitable condition for
effective adsorption of metal cations. With increasing pH (pH=4–5),
the protonation of H+ on amino groups are gradually decreased
whereas the chelation ability of amino groups with the metal ions is
enhanced, yielding an increase of adsorption performance. For APF
systems, the interactions between heavy metals and the adsorbent
mainly arise from the chelation of hydroxyl groups and metal cations.
In case of APF-PEI, the main interaction arises from electrostatic
binding of uncharged amine groups (–NH2) and metal cations. More-
over, the chelation from the remaining free hydroxyl groups with metal
cations, including the physical adsorption in the porous structure of the
adsorbents is also expected to partly occur.

Fig. 5(Ib) and (IIb) show the effects of initial concentrations (C0) of
metal ions solutions on capacity of adsorption for Cu- and Pb-adsorp-
tion systems. The contents of metals-adsorbed on APF and APF-PEI
adsorbents rapidly increase as C0 increases to 300mg/L. The rapid
adsorption at the initial stage arises from that the large area of un-
occupied active sites of the adsorbents is still remained. At higher C0,
the adsorption capability gradually increases and seems to reach the
equilibrium at C0 > 300mg/L. At equilibrium, the APF-PEI clearly
exhibits higher adsorption capacity of the two metal ions, compared to
APF. Note that, much higher capability of Cu-adsorption is clearly
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observed for APF-PEI whereas the capacity of the two metals adsorbed
on APF is nearly the same. The obtained results indicate that C0 and
PEI-immobilizing on fiber surface are also the important conditions
affecting the adsorption capability.

3.2.2. Effects of contact times and temperatures
Fig. 6(Ia), (IIa), (Ib) and (IIb) show the amount of the heavy metals

adsorbed on APF and APF-PEI adsorbents (qt) as a function of contact
time (t) at 30, 40 and 50 °C. The rapid increase in capacity of the metals
adsorbed onto the adsorbents is observed for all adsorption systems
with increasing contact time to 25min. At higher contact time, the
amount of the metals adsorbed on the adsorbents gradually decreases
and all adsorption systems seem to approach the equilibrium at contact
time of ~1 h. Adsorption at various temperatures shows little effect on
the capacity of Cu(II) adsorbed on APF as seen from the comparable
adsorption capacity with lying in narrow range of 50–60mg/g at
equilibrium (Fig. 6(Ia)). Oppositely, the adsorption behavior of APF-
PEI-Cu system strongly depends on temperatures and shows exothermic
process (Fig. 6(Ib)). Meanwhile, the highest adsorption capability of
APF-PEI is achievable at 30 °C and the adsorption performance pro-
gressively decreases with increasing temperatures. However, APF-PEI
exhibits higher Cu-adsorption performance when compared with APF.
The higher adsorption performance observed for APF-PEI mainly arises

from the increased active sites of the adsorbent surfaces possessing a
large number of reactive amine groups. The similar trends of adsorption
performance for APF and APF-PEI are observed for the Pb-adsorption
(Fig. 6(IIa) and (IIb)). Note that, in case of APF-PEI adsorbent, the ca-
pacity of Pb(II) adsorbed on the adsorbent is lower than those of Cu(II)
one. The obtained results agree well with the adsorption behavior of
IDA-modified cellulose system investigated by Barsbay et al. (2018).
This indicates the better chelation ability of Cu2+ to hydroxyl groups
and/or amine groups, compared to Pb2+ under the given adsorption
conditions.

3.2.3. Regeneration studies
Regeneration tests were carried out to verify the reusability of the

material for practical application in real systems. The desorption of the
heavy metals for the adsorbents with and without PEI-immobilization
with HCl desorption solution was carried out using batch experiments.
The adsorption capacities after consecutive adsorption-desorption five
cycles of regeneration for APF and APF-PEI are shown in Fig. 6(Ic) and
(IIc) for Cu- and Pb-adsorption systems, respectively. It is found that the
adsorption capacity of both metals for APF and APF-PEI progressively
decreases with increasing cycles of reusable test. The decrease in ad-
sorption capacity of the adsorbents with increased reusable times is
normally due to the loss of reactive sites on the adsorbents.
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Interestingly, after reuse five cycles, the capacities of Cu-and Pb-ad-
sorption for APF-PEI decrease from about 250 to 160 and 160 to 80mg/
g, respectively (Fig. 6(Ic) and II(c)). The satisfied reusability with
maintaining relatively high adsorption performance for APF-PEI in-
dicates the effective bioadsorbent of APF-PEI for utilizing in removals of

heavy metal cations and anions or other adsorption systems.

3.2.4. Batch kinetic studies
To study adsorption kinetics, the amount of heavy metals adsorbed

on the adsorbents at any time in a batch system is examined. The simple
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models of pseudo-first-order and pseudo-second-order kinetics are
employed for describing the adsorption behavior. The kinetic equations
are expressed as follows:

− = −q q q k tln ( ) lne t e 1 (1)

= +
t
q k q

t
q

1

t e e2
2 (2)

where qe and qt are the respective amount of the metal adsorbed on the
adsorbents (mg/g) at equilibrium and at time t. k1 and k2 are the
pseudo-first-order (min−1) and pseudo-second-order rate constants (g/
mgmin), respectively. The kinetic parameters can be calculated from
the plots of ln(qe− qt) versus t and t/qt versus t for the pseudo-first-
order and pseudo-second-order kinetics, respectively. The kinetic
parameters obtained from the linear plots for all adsorption systems are
compared in Table 1. Based on the consideration of qe,cal in comparison
with qe,exp and correlation coefficients (R2), all adsorption systems are
likely fitted well with the pseudo-second-order kinetics. This means
that, the overall rate of the adsorption is most likely to be controlled by
chemisorption process and the rate determining mechanism depends on
the diffusion process (Chairat et al., 2005; Fang et al., 2015). Interest-
ingly, k2 of Pb adsorption process is mostly lower than that of Cu ad-
sorption one, indicating the faster adsorption of Cu2+on the adsorbent

surface. Moreover, k2 is slightly lower for APF-PEI than for APF ad-
sorption system. The lower in k2 for APF-PEI may arise from the in-
creased adsorption sites of the adsorbent generated from PEI-mod-
ification. Meanwhile, this change may limit the diffusion ability of
metal ions to the adsorbent surface (Shi et al., 2018; Ma et al., 2014).
Moreover, k2 for all adsorption systems seems to progressive increases
with temperature. Generally, increase in temperature of the adsorption
normally results in an increased mobility of metal ions and hence, rapid
adsorption at the active sites of the adsorbent surface would occur.

3.2.5. Adsorption isotherms
In this work, the simple and widely used adsorption models,

Langmuir and Freundlich isotherms, are employed for understanding
the interactive behavior of the adsorption process at equilibrium.
Langmuir isotherm is based on the main assumptions of homogenous
sites within the adsorbent, no interaction between adsorbed molecules
and monolayer-adsorption formation. The general expression of
Langmuir equation is normally drawn as follows (Langmuir, 1918; Ho
et al., 2002):

=

+

q Q b C
b C1e

L e

e (3)

Eq. (3) can be expressed in the linear form as:
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= +

q Q Q b C
1 1 1

e L L e (4)

where b is Langmuir adsorption constant related to the affinity of biding
sites (L/mg). QL (mg/g) corresponds to maximum monolayer adsorp-
tion capacity and normally used for comparison of adsorption perfor-
mance. Moreover, QL value also indicates a practical limiting adsorp-
tion capacity when the active sites of the adsorbents are fully occupied
by the adsorbates. By plotting of 1/qe versus 1/Ce, both b and QL can be
calculated from the linear relation.

Freundlich isotherm (Tayade and Adivarekar, 2013) is also used for

describing the adsorption behavior of APF and APF-PEI adsorption
systems. The Freundlich equation can be expressed as follows:

=q K Ce f e
n1/ (5)

This isotherm is generally based on the main assumptions of het-
erogeneous surface, a non-uniform distribution of energy and un-
saturation of adsorption sites. Eq. (5) can be expressed in the linear
form as the follows:

= +q K
n

Cln ln 1
e f e (6)
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where Kf is Freundlich constant and n is the factor corresponding to the
heterogeneity. Moreover, n also relates to the capacity and the intensity
of the adsorption. By linearly plotting of ln qe versus Ce, Kf and n values
can be obtained from the intercept and slope, respectively.

The calculated parameters of Langmuir and Freundlich isotherms
for all adsorption systems at 30 °C are compared in Table 2. As con-
sidered from R2, the adsorption behavior for all systems fits well with
Langmuir isotherm (R2 > 0.97). It is seen that QL and b values for APF-
PEI-Cu and APF-PEI-Pb systems are much higher than those for the
corresponding metals-loaded APF ones. Note that, b values for APF-PEI
are clearly higher than those for APF, indicating higher affinity of
binding sites of the APF-PEI adsorbent. Moreover, the magnitudes of
n > 1 from Freundlich data indicate the favorability of adsorption for
all adsorption systems.

Table 3 shows a comparison of maximum adsorption capacity of
APF and APF-PEI with previously-reported cellulosed-based adsorbents
(Sun et al., 2014; Barsbay et al., 2018; Li et al., 2018; Huang et al.,
2018; Gebru and Das, 2017; Jilal et al., 2018; Kenawy et al., 2018),
including another several selected adsorbents (Deng and Ting, 2005;
Sutirman et al., 2018; Pawar et al., 2016). From the adsorption capacity
compared among various adsorbents, it is revealed that the effective
APF-PEI bioadsorbent is a promising candidate for practical applica-
tions. Moreover, the kinetics and isotherms best fitted to each adsorp-
tion system are also compared. It is found that most of the adsorption
processes for the heavy metals adsorbed on the cellulosed-based ad-
sorbents can be described by the pseudo-second-order kinetics and the
adsorption behavior is mostly best fitted to Langmuir isotherm.

4. Conclusion

PEI-immobilized pineapple leaf fiber in comparison with the un-
modified one was utilized as a low-cost, renewable and eco-friendly
adsorbent for removals of Cu2+and Pb2+ ions from aqueous solution.
The adsorption capability of the fiber toward heavy metal cations was
remarkably enhanced after PEI-modification. The proposed mechan-
isms for the adsorption process under low acidic condition of APF ad-
sorbent mainly involve the chelation of hydroxyl groups of cellulose
and metal ions, while the interactions of uncharged amine groups
generated from PEI and metal ions mainly occur for APF-PEI adsorption
process. The heavy metals-adsorption for both APF and APF-PEI

Table 1
Adsorption kinetic parameters for pseudo-first- and pseudo-second-order models for APF-Cu, APF-PEI-Cu, APF-Pb and APF-PEI-Pb adsorption systems.

Adsorption temperature (°C) C0

(mg/L)
qe,exp
(mg/g)

Pseudo-first-order model Pseudo-second-order model

k1
(min−1)

qe,cal
(mg/g)

R2 k2
(g/mgmin)

qe,cal
(mg/g)

R2

APF-Cu
30 100 54.9 0.056 48.8 0.9873 1.75× 10−2 57.1 0.9814
40 100 57.0 0.045 45.2 0.9972 1.94× 10−2 51.6 0.9601
50 100 54.2 0.052 43.2 0.9783 1.97× 10−2 53.5 0.9864

APF-PEI-Cu
30 100 115 0.087 43.7 0.9555 7.26× 10−3 114 0.9986
40 100 88.5 0.099 55.7 0.9359 7.70× 10−3 92.6 0.9901
50 100 78.9 0.042 47.1 0.9915 1.44× 10−2 69.4 0.9918

APF-Pb
30 100 46.8 0.035 25.7 0.9145 3.38× 10−5 38.9 0.9960
40 100 32.9 0.048 26.7 0.9719 3.22× 10−5 31.5 0.9840
50 100 25.2 0.065 16.5 0.9569 7.84× 10−5 25.6 0.9926

APF-PEI-Pb
30 100 93.1 0.043 53.5 0.9275 4.39× 10−6 82.0 0.9965
40 100 52.5 0.056 40.0 0.9602 3.89× 10−5 49.8 0.9864
50 100 43.6 0.057 33.5 0.9592 6.87× 10−5 41.7 0.9857

Table 2
Langmuir and Freundlich isotherm data for APF-Cu, APF-PEI-Cu, ApF-Pb and
APF-PEI-Pb adsorption systems.

Adsorbent Langmuir Freundlich

QL (mg/g) b (mL/mg) R2 Kf (L/g) n (L/mg) R2

APF-Cu 118 1.73 0.9998 0.242 1.16 0.9260
APF-PEI-Cu 273 2.78 0.9825 0.480 1.15 0.9526
APF-Pb 108 1.79 0.9906 0.414 1.16 0.9522
APF-PEI-Pb 165 2.45 0.9752 1.183 1.48 0.9202

Table 3
Comparison of adsorption capability for Cu(II) and Pb(II) removals of the selected cellulose-based and other adsorbents.

Adsorbent qmax of Cu(II) (mg/g) qmax of Pb(II) (mg/g) Kinetics/isotherm models of adsorption Refs.

PEI-nanocellulose aerogels 175 357 Pseudo-2nd-order/Langmuir Li et al., 2018
EGTAD-modified ramie fiber – 274 Pseudo-2nd-order/Langmuir Sun et al., 2014
APF 118 108 Pseudo-2nd-order/Langmuir This work
APF-PEI 273 165 Pseudo-2nd-order/Langmuir This work
IDA-modified cellulose 69.6 52.0 – Barsbay et al., 2018
PEI/ethylenediamine modified cellulose acetate 32.5 32.0 -/Langmuir Huang et al., 2018
Cellulose acetate/TiO2 25.0 23.0 Pseudo-2nd-order/Langmuir Gebru and Das, 2017
hydroxyethyl cellulose (HEC) grafted EDTA 77.1 110 Pseudo-2nd-order/Langmuir Jilal et al., 2018
Guanyl-modified cellulose 82.0 55.0 Pseudo-2nd-order/Langmuir Kenawy et al., 2018

Other adsorbent
PEI-modified biomass 92.4 204 -/Langmuir Deng and Ting, 2005
Modified chitosan beads 150 – Pseudo-2nd-order/Langmuir Sutirman et al., 2018
Activated bentonite 3.78 6.54 Pseudo-2nd-order/Langmuir and Freundlich Pawar et al., 2016
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systems fitted well in the Langmuir isotherm and the adsorption be-
havior could be described by pseudo-second-order kinetics. The ob-
tained results suggested APF-PEI as the effective adsorbent for removals
of heavy metal cations.
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