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ABSTRACT: Too much Ca2+ in the water would have a bad effect on the papermaking process. Phoenix tree leaves
were modified by NaOH or H3PO4 treatment for Ca2+ adsorption and characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR). The effects of adsorption time, particle
size, and adsorbent dosage on Ca2+ adsorption from wastewater were studied. Moreover, the adsorption kinetics and
thermodynamics of Ca2+ adsorption before and after modification were analyzed. Results showed that the surface of
natural phoenix tree leaves is relatively smooth without obvious porosities prior to modification. After modification,
the surface of the leaves became loose and rough; and concave pores were also found. After NaOH-modification,
functional groups on the surface of the phoenix tree leaves increased, which is conducive to adsorption. The removal
effect of Ca2+ by NaOH-modified leaf adsorbent was better than that by H3PO4. Under optimal conditions, the NaOH-
modified phoenix tree leaves had a removal efficiency of 74.18% for Ca2+ in the wastewater. The adsorption process
was consistent with the pseudo-second-order kinetic reaction and Langmuir isotherm equations.
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INTRODUCTION

Paper industry is one of the industries with high
energy and material consumption and environmen-
tal pollution concern. The pollution problem in
the paper industry is very serious and has attracted
wide attention. At present, emissions of wastewater
in paper industry and COD in various industries
accounted for the dominant position in environ-
mental pollution. A large amount of wastewater
with high concentration of inorganic pollutants is
produced because of extensive water consumption
in the paper industry. Pollutants, especially those
in wastewater, are likely to cause serious damage
to the environment [1]. Metal ions, such as Na+,
Cu2+, Fe3+, Mn2+, Al3+, and Ca2+ can be found
in wastewater in different concentrations; while
some ions, such as Ca2+, combine with CO2–

3 , S2–,
SiO2–

3 , and other anions and form sediments [2].
The Ca2+ in wastewater mainly comes from [3]:
(1) raw materials, including a small amount of
recycled wastepaper; (2) additives containing Ca2+,
such as CaCO3 fillers, which could remain in paper
and water; (3) pollutant accumulation caused by

the increased use of recycled papermaking. The
concentration of Ca2+ in pulping and papermak-
ing wastewater is rather high, about 1000 mg/l.
If not handled properly, the wastewater Ca2+ can
cause not only scaling on production equipment and
pipelines, but also sludge calcification in biological
wastewater treatment reactors [4]. At present, pa-
permaking wastewater treatment processes mainly
include precipitation, advanced oxidation, mem-
brane separation, and adsorption methods. In this
study, modified phoenix tree leaves were used as
Ca2+ adsorbent in papermaking wastewater, an ad-
vantage of regeneration and pollution-free accord
with the general trend of contemporary environ-
mental governance.

Biosorption of toxic contaminants, such as
heavy metals and high level of ions from industrial
and sewage wastewater, using microorganisms and
agricultural wastes has been a method of choice
for environmental cleanup [5]. Agricultural wastes
mainly refer to food crop waste, leaves, and wood
waste, composed of lignin, cellulose, and hemi-
cellulose; which are porous, with a large specific
surface area and a wide range of sources, and water
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insoluble, Phoenix is a widely planted greening tree
species in northern China. It produces a large
number of leaves in winter each year, and the leaves
are basically treated as garbage, contributing to not
only environmental pollution, but also great waste
of resources. Studies have shown that modified
phoenix tree leaves, a type of natural waste, can
be used as a biomass resource to adsorb pollutants
form wastewater due to its rich lignin and cellulose
contents [6], and they have been used as adsorbents
to remove Ca2+ from papermaking wastewater. Us-
ing modified phoenix tree leaves not only saves on
the cost of sewage treatment, which presents great
practical significance to the papermaking industry,
but also recycles common waste in wastewater and
helps control and prevent environmental deteriora-
tion [7]. Moreover, modified phoenix tree leaves
kept in the sewage treatment are in powder form,
which will eventually be transformed into sludge
and discharged, increasing the organic composition
of sludge and facilitating the operation of sludge
composting.

In the present study, the adsorption of Ca2+

in papermaking wastewater by H3PO4- and NaOH-
modified phoenix tree leaves was investigated. The
leaves were subjected to X-ray (XRD), scanning
electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FTIR) before and after mod-
ification. The results of the study provided a scien-
tific basis supporting the use of phoenix tree leaves
for wastewater treatment.

MATERIALS AND METHODS

Materials, chemical reagents, and apparatus

The phoenix tree leaves were collected within the
campus, and wastewater was prepared in the lab-
oratory according to the wastewater indices of a
papermaking wastewater treatment plant. The wa-
ter characteristics are as follows: pH 6.93–7.98,
CODCr 2360–3782 mg/l, Ca2+ concentration 850–
1400 mg/l, and conductivity 2327–3208 µS/cm.
Deionized water was obtained from a Millipore
Alpha Q-Waters purification system (Billerica, MA,
USA). NaOH, H3PO4, HNO3, and CaCl2 were pur-
chased from Shanghai Chemical Pharmaceutical
Company (China).

The apparatus used in this study included a con-
stant temperature shaking bed (HZP-91,Shanghai
Liangyi Scientific Instrument Co., Ltd., China), an X-
ray diffraction analyzer (D8 ADVANCE, Brooke (Bei-
jing) Technology Co., Ltd., Germany), an ICP-AES
workstation (ICAP 6300, Thermo Fisher Technology

Co., Ltd., USA), an environmental scanning electron
microscope (FEI Q45, Tisken Trading (Shanghai)
Co., Ltd., China), and a circulating water multi-
purpose vacuum pump (SHB-3, Zhengzhou Dufu
Instrument Factory, China).

Preparation of phoenix tree leaf powder

The pretreated phoenix tree leaves were baked for
24 h at 60 °C in an oven until a constant weight was
achieved. Thereafter, the leaves were powdered and
sifted through a series of different sizes of sieves:
20–40 mesh, 60–80 mesh, and 100 mesh.

Preparation of modified phoenix tree leaves

Exactly 10 g of each size of phoenix tree leaf pow-
ders was placed in separate 500 ml Erlenmeyer
flasks. Then, 1% (w/w) NaOH or H3PO4 solution
(200 ml) was added to each flask, and the resulting
mixtures were shaken in a constant temperature
oscillator at room temperature for 720 min. After
filtration, the residue was washed to neutral pH and
then baked at 60 °C in an oven to a constant weight.

Characterization

The isoelectric point [8], surface morphology [9],
and functional groups and characteristic peaks of
natural and modified phoenix tree leaves were char-
acterized via isoelectric point measurements [10],
FTIR, SEM, and XRD, respectively.

Effects of size and dose of adsorbents and
incubation time on Ca2+ adsorption

The solution pH of the modified adsorbents, 60–
80 mesh NaOH-modified and 100-mesh H3PO4-
modified (or 20–40, 60–80, and 100 mesh size if
size was varied) applied at a dosage of 12 g/l (or 3–
13 g/l if dose was varied) was adjusted to neutral,
and 50 ml of Ca2+ solution with an initial concen-
tration of 1 g/l was added. The mixtures were
then shaken at 25 °C, 150 rpm for 120 min (or 30–
240 min if time was varied). After that, the mixture
was filtered, and the removal efficiencies of Ca2+

were calculated according to Eq. (1). All analyses
were performed in triplicate and accompanied by
corresponding blank controls.

Ca2+ removal efficiency

The Ca2+ concentration was determined via ICP-
AES [11], and the Ca2+ removal efficiency of the
adsorbent was calculated by the following equa-
tion [12]:

η=
C0− C

C0
×100% (1)
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where η is the Ca2+ removal efficiency; C0 (mg/l)
the initial Ca2+ concentration; and C (mg/l) the
remaining Ca2+ concentration after adsorption.

Adsorption kinetic model

Here the influence of various factors on the ad-
sorption process was studied [13]. The modified
adsorbents (12 g/l) were added to Ca2+ solution
(initial concentration of 1 g/l), and the solution
pH was adjusted to neutral. The mixtures were
then shaken at 150 rpm at 25, 40, or 55 °C for
30, 60, 90, 120, 180, or 240 min. After filtration,
Ca2+ remained in the solution was calculated. The
linear expression of the pseudo-second-order kinetic
equation is according to Eq. (2) [14]:

t
qt
=

1

k2qe
2 +

t
qe

(2)

where qt is the adsorption amount (mg/g) at time
t, qe is the adsorption amount at adsorption equi-
librium (mg/g), and k2 is the pseudo-second-order
adsorption rate constant.

Isothermal adsorption model

The solution pH of the 60–80 mesh NaOH- and
H3PO4-modified adsorbents (at 12 g/l) was adjusted
to neutral, and 100 ml of Ca2+ solution with initial
concentrations of 0.1, 0.3, 0.5, 0.7, 0.9, or 1 g/l
were added. The mixtures were then shaken at
25 °C and 150 rpm for 2 h, and then filtered to
determine the Ca2+ concentrations remaining in the
filtrates.

The Langmuir isotherm [15, 16] is a theoretical
equation commonly used to analyzed solid adsorp-
tion; and the equation assumes that adsorption
occurs on a plane containing the adsorption point
of solids. Each adsorption point can only accommo-
date one molecule; adsorption is reversible, and its
mathematical expression is as follows:

qe =
Q0Ce

(b+ Ce)
(3)

where qe is the adsorption amount (mg/g) at ad-
sorption equilibrium, Q0 is the saturated adsorp-
tion amount (mg/g), which visually characterizes
the adsorption capacity of the adsorbent for the
adsorbate, and b is the equilibrium constant of
adsorption. Note that, at a certain temperature,
Q0 and b are constant for a certain adsorbent and
adsorbate. After the linearization of Eq. (3): 1/qe =
1/Q0 + (b/Q0)(1/Ce), and 1/qe is plotted against
1/Ce to obtain each eigenvalue.

RESULTS AND DISCUSSION

Isoelectric point of the adsorbent

Natural, NaOH-, and H3PO4-modified phoenix tree
leaf adsorbents were determined (Fig. 1). The iso-
electric points of the adsorbent before and after
NaOH modification were 5.6 and 6.1, respectively.
The results indicated that alkali functional groups
on the surface of the adsorbents increased after the
modification [17]. The pH of the external solu-
tion of the NaOH-modified adsorbent was higher
than 6.1, and the negative charge on the adsorbent
surface was favorable for adsorbing cations [18].
For H3PO4-modification, the isoelectric point of the
modified adsorbent was decreased to 5.1, indicating
that the H3PO4-modified adsorbent had fewer alka-
line functional groups and slightly more acid func-
tional groups on its surface compared with those
of the NaOH-modified adsorbents. Thus, cation
adsorption effect of the H3PO4-modified adsorbent
may be weak when the pH of the external solution
is greater than 5.1.

Fourier transformed infrared spectrometric
analysis

FTIR was used to analyze the functional groups of
tree leaf adsorbents (Fig. 2). The strong absorp-
tion peak at 3323.12 cm−1 reflects the associated
alcohol or stretching vibrations peak of −OH in
phenol. The peak at 2922.12 cm−1 is caused by the
asymmetric stretching vibrations of saturated C−H
bonds, and the weak peak at 2849.68 cm−1 is due to
the symmetric stretching vibrations of C−H bonds.
The characteristic absorption peaks of C−−O in the
carboxylic acid and ketone appear at 1727.89 cm−1

and 1673.01 cm−1, respectively. The peak at
1408.84 cm−1 corresponds to the bending vibrations
of O−H, and the peak at 1335.67 cm−1 reflects
the asymmetric bending vibrations of C−H. The
peak at 1300–1100 cm−1 indicates the stretching
vibrations of C−O in carboxylic acid or ethanol. The
peak of 1043.70 cm−1 reflects the C−O stretching
vibrations of alcohol. In summary, a large number of
carboxyl and hydroxyl groups may be found on the
surface of natural phoenix tree leaves. After NaOH
modification, the stretching peak of −OH and the
characteristic absorption peak of C−−O showed a red
shift, and the intensity of the peak was significantly
weakened; these phenomena indicated that some
components were dissolved after modification.
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Fig. 1 Isoelectric points of leaf adsorbents: (A) natural, (B) NaOH-modified, and (C) H3PO4-modified.
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Fig. 2 Diagram of the natural and modified leaf adsor-
bents.

X-ray diffraction analysis

XRD was used to analyze the crystal structures of
the natural and modified leaf adsorbents (Fig. S1).
Although the diffraction peak intensities of the nat-
ural, NaOH-modified, and H3PO4-modified adsor-
bents showed some variations, the positions of three
main peaks and most secondary peaks showed little
difference. A secondary peak at around 15° and
a dominant peak near 21° were observed; these
two peaks are consistent with those in the XRD
diagram of natural cellulose materials [19]. The
secondary peak at around 15° reveals a low-order
polysaccharide structure. The dominant peak near
21° indicates the crystal structure of cellulose. The
peak intensities of the modified adsorbents, which
were between 5° and 80°, were higher than that of
those of the natural adsorbent, thus indicating that
the structure of the phoenix tree leaves evolved in a
regular and orderly manner after modification [20].

Appearance and morphological analysis

The adsorbents’ SEM results are shown in Fig. 3.
It can be seen that the surface of the natural leaf
adsorbent was relatively smooth, and no obvious
porosity could be observed. By comparison, the
surface of the modified leaf adsorbents was loose
and rough; and concave pores were also found.
Compared with that of H3PO4-modified leaves, the
surface of NaOH-modified leaves was looser and
larger; and it also showed a honeycomb shape,
which could expose more adsorption sites and be
conducive to adsorption. Alkali treatment may lead
to internal fractures within the hydrogen bonds of
the adsorbents. OH– groups react violently with the
cellulose and hemicellulose of the leaf powders, and
the original structure is destroyed, thereby forming
a complex layered structure [21]. The chlorophyll
of the leaf surface and some light-molecular weight
compounds are simultaneously removed, and active
groups were exposed, which increases the opportu-
nity of the metal ion actions.

Effects of H3PO4- and NaOH-modified leaf
adsorbents on Ca2+ adsorption

The removal efficiencies of the modified leaf ad-
sorbents were significantly higher than those of
the natural adsorbents. When the same amount
of adsorbent was added to the adsorption process,
the Ca2+ removal efficiency of the NaOH-modified
adsorbent was significantly higher than that of the
H3PO4 modified adsorbent (Fig. 4).

Effects of adsorbent’s particle sizes on Ca2+

adsorption

Fig. 5 shows the Ca2+ removal effects as a function
of adsorbent particle size. When the adsorption time
was 120 min and the applied dosage of adsorbent
was 12 g/l, the Ca2+ removal efficiency of the 60–
80 mesh (optimal size) NaOH-modified adsorbent
was 74.18%, by comparison, the Ca2+ removal ef-
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(a) (b) (c)

Fig. 3 SEM images of (a) natural, (b) H3PO4-modified, and (c) NaOH-modified leaf adsorbents.
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Fig. 4 Ca2+ adsorption effects of natural and modified leaf
adsorbents.
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Fig. 5 Ca2+ removal effects as a function of adsorbent
particle size.

ficiency of the 100-mesh was 65.46%. The perfor-
mance of the adsorbent improved with decreasing
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Fig. 6 Ca2+ removal effects as a function of adsorption
time.

particle size due to the increases in specific surface
area and the enhanced availability of adsorption
sites [22]. However, in case of NaOH-modified
adsorbent, the optimal size was 60–80 mesh. As
a strong base, NaOH could damage the surface of
the smaller particle size (20–40 mesh) resulting in
the reduction of adsorption sites and the decrease
of Ca2+ removal [23]. Moreover, the Ca2+ removal
effect of the NaOH-modified adsorbents was sig-
nificantly better than that of the H3PO4-modified
leaves.

Effects of time on Ca2+ adsorption

Fig. 6 shows the Ca2+ removal effects as a func-
tion of adsorption time. The maximum Ca2+ re-
moval efficiency of the NaOH-modified adsorbent
was 74.18%, and the adsorption equilibrium was
reduced after 90 min. The maximum Ca2+ removal
efficiency of the H3PO4-modified adsorbent was
63.67%, and adsorption equilibrium was reached
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Fig. 7 Ca2+ removal effects as a function of adsorption
dosage.

after 120 min. No Ca2+ adsorption by both adsor-
bents was observed after the adsorption equilibrium
was reached, likely because leaves contain cellulose,
hemicellulose, proteins, amides, and other carbo-
hydrates, with hydroxyl, carboxyl, and other active
groups capable of forming coordination complex
with metal ions [24]. At the initial stage of the
reaction, Ca2+ was rapidly adsorbed. As the reac-
tion time increased, binding sites on the adsorbent
surface and the binding and exchange of ions in
the solution tended to become saturated, and the
adsorption rate gradually slowed down [25]. At ad-
sorption equilibrium, the adsorption rate fluctuated,
and desorption might occur due to excessive shaking
time [26].

Effects of adsorbent dosage on Ca2+ adsorption

The results showed in Fig. 7 indicated that the
same Ca2+ adsorption trend and equilibrium were
achieved by both adsorbents at a dosage of 12 g/l.
In this experiment, incubation time for NaOH-
modified adsorbent was 90 min while that for
H3PO4-modified was 120 min. The Ca2+ removal ef-
ficiency increased significantly at the initial stage of
adsorption but, then. slowed down with increasing
adsorbent dosage. These results indicate that high
Ca2+ adsorption rates occurred at low proportion
of the modified leaf adsorbent. With the same
dosage, the Ca2+ removal efficiency of the NaOH-
modified adsorbents was significantly higher than
that of H3PO4-modified leaves. At the same initial
Ca2+ concentration, Ca2+ adsorption decreased with
increasing dosage of the unit mass of modified leaf
adsorbent because increased amount of available

adsorbent increased the specific surface area and
corresponding adsorption sites, thereby leading to
a decrease in adsorption capacity of the unit mass
[27, 28].

Adsorption and verification experiments of
industrial wastewater

The Ca2+ concentration in the papermaking plant
wastewater was originally 938 mg/l. When the
NaOH-modified leaves (60–80 mesh) were applied
as follows: adsorbent concentration, 12 g/l; temper-
ature, 25 °C; solution pH, 7; and adsorption time,
90 min; the Ca2+ concentration in the wastewater
dropped to 279.5 mg/l, which translates to a re-
moval efficiency of 70.2%.

The results in Table 1 indicated that the ad-
sorbents presented certain removal effects on both
CODCr and Ca2+. However, the adsorption effect did
not reach the maximum, especially for the removal
of Ca2+. It is likely that there are a large number of
other metal ions and organic pollutants in the actual
wastewater, which inevitably affect the adsorption
capacity of the adsorbent and occupy the adsorption
sites. As a result, Ca2+ could not be effectively
adsorbed, and the Ca2+ adsorption effect of the
adsorbent was limited.

Adsorption kinetic model

Adsorption kinetics is an important parameter in
the design of adsorption systems. Fig. S2 shows
the fitting curve of the pseudo-second-order kinetic
equation. The R2 of the linear regression coef-
ficient exceeded 0.98, which means the data fit
the pseudo-second-order adsorption kinetic equa-
tion well. These findings indicate the occurrence
of a chemical action during the absorption process.
Adsorption is a control step during Ca2+ removal by
the modified phoenix tree leaves [29]. The equilib-
rium adsorption amount and the adsorption rate of
the NaOH-modified leaf adsorbent were higher than
those of the H3PO4-modified adsorbent.

Isothermal adsorption model

The results indicated that the adsorption rate first
increased and then stabilized with increasing ini-
tial concentration, and the adsorption capacity of
the system increased gradually. The maximum ad-
sorption rate and adsorption capacity were 74.18%
and 59.87 mg/g, respectively. Fig. S3 shows the
fitting curve of the Langmuir adsorption isotherm.
The R2 values of the NaOH- and H3PO4-modified
adsorbents were 0.8498 and 0.7617, respectively,
indicating a good fit.
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Table 1 Water quality indicators before and after adsorption.

Treatment pH CODCr (mg/l) Ca2+ (mg/l) Conductivity (µS/cm)

Non-treated water 7.56±0.68 2817±75 915.6±40 3215±122
Treated water 7.12±0.52 2103±72 272.9±58 186±93.5
Ca2+ removal efficiency (%) – – 70.2±4.8 –

Index values in the table reflect average values.

CONCLUSION

Comparison and analysis of the XRD, SEM and
FTIR characteristics of the phoenix tree leaves be-
fore and after modification revealed increase in the
negative potentials of the modified leaves and a
larger specific surface area. Moreover, the modified
adsorbents showed a looser and rougher texture,
which is conducive to Ca2+ adsorption from waste-
water. FTIR showed that the functional groups of
the modified leaves could promote adsorption. The
adsorption effects of modified leaves on Ca2+ was
significantly better than that of natural leaves, and
leaf adsorbents modified by NaOH had better effects
on Ca2+ removal than those modified by H3PO4.
Under optimal conditions, the Ca2+ removal effi-
ciency of the NaOH-modified adsorbent (74.18%)
was much higher than that of the H3PO4-modified
(63.67%). Ca2+ adsorption from wastewater by
NaOH-modified leaves is consistent with the Lang-
muir adsorption isotherm and pseudo-second-order
kinetic reaction equations.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasia1513-1874.2021.061.
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Appendix A. Supplementary data
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 Fig. S1 XRD patterns of the natural and the modified phoenix tree leaf adsorbents.
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Fig. S2 Fitting curve of pseudo-second-order kinetic equation of adsorption.
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 Fig. S3 Fitting curve of the Langmuir adsorption isotherm.
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