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Abstract: In this study, Zinc oxide nanoparticles (ZnO NPs) were green synthesized using
Piper chaudocanum L. (PC) leaf extract by sol-gel method and used as an adsorbent for the
removal of Pb (I1) ions from aqueous solution. The synthesized ZnO NPs were characterized by
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Fourier
transform infrared spectroscopy (FTIR), Ultraviolet - visible spectroscopy (UV-Vis) and Brunauer
- Emmet - Teller (BET). The results revealed high purity and wurtzite hexagonal structure of ZnO
NPs in the size range of 28-37 nm. The morphology of the ZnO NPs varies in different
polycrystalline aggregates depending on the amount of extract used, from nanorods to NPs clusters
with a BET surface area of 8.56 m2g™. Pb (1) ion adsorption was investigated at different pH,
contact time, initial metal ion concentration, adsorbent dose and temperature. ZnO NPs were
synthesized using 30 mL PC leaf extract (ZS30) is the best Pb (Il) absorbent. The adsorption
isotherm was well described by Langmuir (at low concentration of Pb (lI)) and Freundlich
isotherm model (at higher concentration of Pb (Il)). The adsorption process follows
pseudo-second-order reaction kinetic with a high regression coefficient. The calculated
thermodynamic parameters, AG, (between -8.699 and -7.569 kJ/mol at 298 - 316 K),
AH, (-20.085 kJ/mol) showed that the adsorption of Pb (1) on ZS30 surface was feasible,
spontaneous and exothermic, respectively. The first layer absorption is chemisorption while the
next layers are physical adsorption.
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ZnO NPs is one of the most commonly used
metal oxides due to their attractive properties
such as biosafety, bio-compatibility [1], high
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coupling coefficient, broad range of radiation
absorption and high photostability and non-
toxicity. Therefore, ZnO NPs are used as
antimicrobial agents, semiconducting materials,
electronic materials, gas sensors, solar cells,
photocatalyst, and adsorbents. A few reports
showed that ZnO NPs could efficiently absorb
heavy metals [2, 3], pharmaceutical drugs [4],
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dyes [5], phosphate [6],... from aqueous systems.
In which, heavy metal pollution, the consequence
of rapidly developing industrial production
globally, is causing serious consequences for
human health and the sustainable development of
the natural ecological environment.

ZnO NPs were synthesized by a variety of
methods, such as precipitation in water solution
or from microemulsions, hydrothermal, sol-gel,
vapour deposition, mechanochemical processes
and green synthesis with the diversity in shape,
size and spatial structure [7-9]. As green
synthesis is the simplest of all, eco-friendly,
cost-effective, convenient, and least toxic
[10-15], thus it has been of great interest for the
past years. The green synthesis of ZnO NPs has
been reported to use several biomaterials such
as bacteria, fungi, algae, and plants. In addition,
synthesized ZnO NPs by plant extracts have
been reported to have more different shapes and
sizes in comparison to other biomaterials. The
plant extract with phytochemicals such as
phenolic compounds, terpenoids, alkaloids, amino
acids, and glycosides are reported as reducing,
capping and stabilizing agents in the synthesis of
ZnO NPs.

PC is a medicinal plant used in Vietnamese
traditional medicine. It is often used to cure all
kinds of poisons and cure weather diseases. PC
belongs to Piper genus. Piper genus contains a
variety of compounds such as alkaloids,
flavonoids, steroids, terpenoids, and so on [16].
These compounds that could create complex
with metal ions and play a role as reducing
agents. In this study, we used PC leaf extract to
synthesize ZnO NPs without using any chemicals
and evaluated the adsorption activity to Pb (I1) ion
in solution, towards Pb (II) removal from water
and wastewater.

2. Experimental Details
2.1. Materials

Zinc acetate dihydrate (Zn(CHsCOQ),.2H0,
> 99%), 1000 ppm lead standard solution,
sodium hydroxide (NaOH, > 98%) and
hydrochloric acid (HCI, 36.5 - 38%) were
purchased from Merck, Germany. PC leaves
were collected from Son La province. Distilled
water (DW) was used as the solvent.

2.2. Preparation of Aqueous Extracts

PC leaves were washed and dried at 50 °C,
and then grounded into powder. Next, 10 g of
PC leaf powder was ultrasound extracted by
100 mL of distilled water for 1 hour at 60 °C.
The extracts were centrifuged, filtered and then
stored at 4 °C for further experiments.

2.3. Synthesis of ZnO NPs

ZnO NPs was green synthesized by sol-gel
method which only used zinc acetate dihydrate
and extract of PC leaves, without any other
substances. V ml of aqueous extract of PC
leaves (30, 45, 60 mL) was added drop by drop
into zinc acetate solution (3.324 g/50 mL DW)
at 70 °C under vigorously stirring for 60 min.
Then, the solution was heated to 80 °C, keep
stirring until a gel state (viscosity) is formed.
The gel was dried to form xerogel powder at
80 °C by an oven. The xerogel was ground and
calcined to 380 °C for 60 min (heating rate
200 °C/h). The obtained powder (ZS) was
named according to the volume of extract and
designated as ZS30; ZS45; ZS60. The same
procedure was performed by oxalic acid
solution instead of the aqueous extract used to
prepare the ZnO NPs sample as a control.

2.4. Materials Characterization

The synthesized ZnO NPs  were
characterized by X-ray diffractometer (XRD,
Max 18XCE, Japan, using a CuKo source
(A = 0.154056 nm)), field emission scanning
electron microscopy (FESEM, Hitachi S-4800),
Fourier transform infrared spectroscopy (FTIR
Jasco FT/IR 4600), Ultraviolet - visible
spectroscopy (UV-Vis NIRV 770) and
Brunauer - Emmet - Teller (BET, TriStar
3000 V6.07).

2.5. Adsorption Experiments

Adsorption of Pb (II) on ZnO NPs was
studied in the batch mode experiments.
Optimized process parameters for metal
adsorption include pH (2, 4, 5 6, 7, 8),
adsorbent dose (0.05; 0.1; 0.2; 0.5 g/L), metal
ion concentrations (35, 75, 100, 150 ppm),
contact time (to 120 min) and temperature
(25 and 43 °C). To test pH, 0.1 M HCI or
0.1 M NaOH were used to adjust the solution
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pH, 0.0025 g ZnO NPs were added to 25 mL of
75 ppm Pb (11) solution of determined pH, then,
the flasks were shaken at 298 K for 2 h to reach
equilibrium in shaking incubator, the solution
was centrifuged, filtered. To study other factors,
the experimental procedure was similar to m(g)
ZnO NPs added to 150 mL of Pb (II) solution
(with determined pH and concentration), shaken
in shaking incubator and the solution was
withdrawn at defined times
(5, 15, 30, 60, 120 min) to determine the
concentration of Pb (I) in solution by Atomic
Absorption Spectrophotometer (AAS,
Shimadzu 6300, Japan). The Pb (Il) removal
(h, %) and adsorption capacity (g, mg/g) was
calculated by following equations:
h(%)="=x100% (1)
a

Ge =2 xV )

Where C,, Ci, Ce (mg/L, ppm) is the initial
concentration, concentration at t (min) and at
equilibrium of metals in solution, respectively;
ge (mg/g) is the amount of metal ions adsorbed
onto adsorbent at equilibrium, V (L) is the
volume of metal ions solution and m (g) is the
mass of the adsorbent.

3. Results and Discussion

3.1. Characterization of ZnO Nanoparticles

The XRD spectra of prepared ZnO are
shown in Fig. 1. The peaks were seen at around
31.6, 34.4, 36.1, 47.4, 56.5, 62.8, 66.3, 67.8,
69.0, 72.5 and 76.8, which can be assigned to
diffraction from (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and
(202) planes, respectively (PDF code no:
00-036-1451) [17]. No other phases or
compounds than ZnO were observed in the
samples. This revealed that the resultant
nanoparticles were of pure ZnO with a
hexagonal structure. The diffraction peaks of
synthesized ZS become more intensified than
those of synthesizing by oxalic acid. The higher
the wvolume of extract used, the more the
diffraction peaks slightly shift toward the lower
value of 2 theta. The size of ZnO NPs has
been calculated followed Debye-Scherrer
equation [11]:

0.253,
- Groosd (3)
where, 0.89 is Scherrer’s constant, A is the
X-ray wave length equal to 1.54 A, B is the full
width at half maximum and © is half the
diffraction angle ((101) plane).

i |
N

iy A A "
zseo UL

ZS45

Intensity (a.u)

I

I
Il ,
7530 fUU‘\ j / b A

ZnO
| ———
30 40 50 60 70 80

260(degree)

Figure 1. The XRD patterns
of synthesized ZnO NPs.

The average particle size of the sample as
calculated using equation (3) was found to be
32.0; 30.6; 33.5 and 36.0 nm for ZnO, ZS30,
ZS45 and ZS60, respectively. It means that
using 30 mL extract instead of oxalic acid
reduces the particles size but at larger extract
volumes (45, 60 mL), the particle size
increased, possibly due to the excessive amount
of extract, which increased the viscosity of the
solution, reducing the diffusivity of the particles
when they were formed, leading to an increase
in particle size.

The typical FTIR spectrum of synthesized
ZnO NPs is shown in Fig. 2. The FTIR spectra
of all samples showed a broad absorption peak
about 400-600 cm™! which was assigned to the
vibration of the Zn—O bond. In addition, other
absorption bands appeared at 2365, 1580, 1490,
and 1125 cm? characterized by stretching
vibrations of OH group, C=C bond, aromatic
C=C bond, and C-O stretching modes,
respectively. These signals are attributed to the
functional groups present in the ZnO due to
incomplete combustion of oxalic acid or
organic substances in the extract at 380 °C.
However, the signal intensity on the
spectrogram decreases in the order: ZS30 >
ZS45 > ZnO > ZS60, proving that the density
of organic functional group that exists on the
surface of ZS30 is the highest. The broad band
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at 3450 cm?® didn’t appear in the FTIR
spectrum of ZnO NPs synthesized by oxalic
acid. It’s because the surface of ZS is present in
O-H bond that easier absorb moisture than
ZnO. It menas that ZS surface can be more
polarized than ZnO.
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Figure 2. The IR patterns of synthesized ZnO NPs.

UV-Vis spectra were used to evaluate the
optical performance of synthesized ZnO NPs
samples. 0.5 mg ZnO NPs was dissolved in
25 mL of DW by ultrasonic vibration method,
the absorbance of solution was measured. The
results were shown in Fig. 3.

300 400 500 600 700 800
Wave length (nm)

Figure 3. The UV-Vis absorption patterns
of synthesized ZnO NPs.

The ZnO NPs absorption  spectra
demonstrated excitonic absorption edge at around
366 nm but the absorption peaks of ZS samples
are shifted to 377.5 nm with a marked increase in
peak intensity with increasing extract volume.
ZnO synthesized by Azadirachta indica leaf
extract [18] and Solanum nigrum leaf extract [13]
showed the similar to previous results. The
absorbance of ZS is higher than ZnO, increases as
the extract volume increases from 30 to 45 mL
but does not increase if the extract volume

increases from 45 to 60 mL. It is possible that the
extract encapsulating ZnO particles not only
disperses the particles but also increases the
solubility in water and increases the absorption
capacity of ZnO.

The adsorption capacity mainly depends on
the surface morphology of the adsorbent.
Surface properties of ZS30 were investigated
via nitrogen absorption-desorption experiments
(Fig. 4). The isotherm Linear Plot was of type
V, which indicated the meso-porous
characteristics of ZS30 sample [14]. The BET
surface area (m2/g), total pore volume (cm?®g)
and mean pore diameter (nm) were 8.5634,
0.052413 and 31.3164 respectively. This result
is the same as in other studies [19, 20].
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Figure 4. The BET surface area nitrogen
adsorption-desorption isotherms of ZS30.

The morphology of the samples was
assessed by scanning electron microscopy
(SEM, Fig. 5). Fig. 5 a and 5 d are the SEM
images of ZnO NPs (which was synthesized by
oxalic acid), they were hexagonal in shape, the
size was about 30 - 40 nm, and agglomerated
into rod-shaped porous blocks, about 200 nm
wide and from 500 to thousands nm long. The
SEM images of ZS30 are shown in Fig. 5 b and
5 e, they were in nanorod shape, about 30 nm
wide and 100 nm long; they were also
agglomerated into porous triangular tower
blocks, about 150 nm wide and 600 nm long.
And ZS45 SEM images are on Fig. 5¢c and 5f, the
particles return to hexagonal in shape but were not
uniform in size, with particles as small as 40 nm
and those as large as about 90 nm, they were also
agglomerated into porous triangular tower blocks,
same length as ZS30 but the bottom is twice as
wide, rough surface by some scattered particles.
The volume of extract strongly influenced the size

and the shape of particles.
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Figure 5. SEM images of (a), (d) ZnO; (b), (e) ZS30 and (c), (f) ZS45 samples.
3.2. Adsorption Studies

The Pb (1) adsorption capacity of
synthesized ZnO was performed for varying
contact times at pH 6, at concentration 75 ppm
at 30 -C with 0. 1 g/L adsorbent. The results are
shown in Figure 6a. At the initially contact
time, the adsorption rate initially increased
rapidly, and then adsorption equilibrium was
reached after 60 min. The adsorption of ZnO is
slightly lower than ZS sample, as the extract
volume increased, the adsorption decreased. This
result is completely consistent with the results of
FTIR spectrum analysis of synthesized
material: ZS30 is the smallest particle size and the
largest hydrophilicity. So that, the ZS30 will be
used in the following experiments.

The adsorption behavior of Pb (Il) onto
ZS30 has been investigated at different pHs
ranging from 2.0 to 8.0 for initial Pb (Il)
concentration of 75 ppm, concentration of ZS30
was 0.1 g/L, the absorption after 60 min was
shown in Fig. 6b. The adsorption of Pb (II)
increased with increase in the solution pH from
2.0 to 6.0 and the adsorption decreased as pH
keep increasing from 7.0 to 8.0. It is a
commonly known fact that at a lower pH, the
oxide surface will have positive character, less
Pb (Il) could be adsorbed because of

electrostatic repulsion and there exists a
competition between H* ions and Pb (II) ions.
As the pH of solution increases, the surface
protonation decreases and thus adsorbent
surfaces were more negatively charged and the
sorption of Pb (1) ions increased, reached
maximum at pH 6.0. At pH > 6.0, the metal
ions format the soluble hydroxylated complexes
and their competition with the active sites. In
addition, Pb (I1) ions formed metal hydroxide
and precipitate out. And as a consequence, the
adsorption had been decreased. This result is
similar with many previously published results
[2, 3]. Therefore, all adsorption experiments
were carried out at pH 6.

Effect of initial Pb (I1) concentration (35 to
150 ppm) to the adsorption on 0.1 g/L ZS30 at
pH 6, 30 °C, and contact time ranging from 0 to
120 min was shown in Fig. 6c. The effect of
amount of ZS30 on the adsorption of 75 ppm
Pb (1) ions was examined in the range of 0.05
to 0.5 g/L at pH 6, 30 °C, and contact time
ranging from 0 to 120 min was shown in
Fig. 6d. With increase in the amount of ZS30
and decrease in the initial Pb (I1) concentration,
percentage adsorption of Pb (1) ions was found
to increase. This results will be used to
study the adsorption isotherm modeling and
kinetic modeling.
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Figure 6. The adsorption of 75 ppm Pb (I1)
solution on the 0.1 g/L prepared ZnO samples (a)
and on ZS30 at difference pH (b); The adsorption

of difference initial concentration of Pb (I1) solution
on the 0.1 g/L ZS30 (c) and The adsorption
of 75 ppm Pb (I1) solution on the difference ZS30
dose (d) at pH 6, 30 °C.

Adsorption isotherm modeling:

Adsorption data has been subjected to
Langmuir, Freundlich and Temkin models as
they are the most common isotherms describing
solid-liquid adsorption system. These three
models are expressed as follows [5, 15]:

Langmuir isotherm model:

c, 1 c,
Le _ e 4
Qe KL -Gmax  dmax ( )
Freundlich isotherm model:

1
Log(qe) = log(Ke) +—log(Ce) ()
Temkin isotherm model:
ge = BlgK+ + BlgC. (6)

where K (L/mg), Kr (L/mg) and Kt (L/mg)
are the equilibrium adsorption constant for
Langmuir, Freundlich and Temkin isotherm
model, respectively, 1/n implies the degree of
non-linearity between solution concentration and
adsorption in Freundlich equation, B; is related to
the heat of adsorption in Temkin equation. The
fitting plots of these models are shown in Fig. 7.
At the initial concentration of Pb (II) from 35 to
75 ppm, the correlation coefficients of Langmuir
model are higher than those of Freundlich and
Temkin equations; but at Pb (Il) concentration
from 100 to 150 ppm, the correlation coefficients
of Freundlich model are higher than those of
Langmuir and Temkin equations. It indicated that
at low concentration of Pb (ll), the experimental
data agrees well with the Langmuir model
(R? values are 0.98477 for 35 ppm Pb (I1)) and
0.95242 for 75 ppm Pb (Il) solution): the
adsorption has not reached saturation, adsorption
of Pb (I1) ion from liquid solutions on the ZS30
surface is monolayer adsorption; at higher
concentration of Pb (lI), the experimental data are
in good agreement with the Freundlich model
(R? values are 0.98992 for 100 ppm Pb (1)) and 1
for 150 ppm Pb (1) solution), multilayer
adsorption occurred. The multilayer adsorption
process is essentially physical adsorption. Fig. 7 ¢
also shown that, the maximum Pb (1) adsorption
capacity gmax vValues of ZS30 is higher than some
other reports [2, 3, 21, 22].
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Figure 7. Adsorption isotherms for the adsorption
of difference initial concentration of Pb (I1) solution
on 0.1 g/L ZS30 at pH 6, 30 °C.

(@) Langmuir isotherm model; (b) Freundlich
isotherm model; (c) Temkin isotherm model.

Adsorption kinetic modeling:

The kinetics of Pb (Il) adsorption onto
ZS30 NPs was evaluated using three kinetics
models, including pseudo first-order, pseudo-
second-order and intra-particle  diffusion
models; their linear forms are given in equation
(7), (8) and (9), respectively [3, 23]:

Pseudo- first -order kinetic model:

19(Ce-r) = 190e — kot (7)

Pseudo-second-order kinetic model:

t 1 4

9 k292 | 4s ®)
Intra-particle diffusion model:
q, = kgt™*+c (9)

Where ki (min?), k2 (g/mg.mint) and kig
(mg/g.min®%) are the rate constants of the
pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models, respectively;
c is the intercept of the intra-particle diffusion
model, Q. = Quo; The fitted plots of these
adsorption kinetic models are shown in Fig. 8.

3.0 a

A
25
N \ 150 ppm; R? = 0.99498
- y = -0.0145x + 3.0606
2.0 2
100 ppm; R® = 0.9332
-
-

y =-0.0235x + 2.1444

75 ppm; R? = 0.99494
y =-0.0181x + 2.6617

lg(a,a)

1.5

1.0
35 ppm; R = 0.9332
y =-0.0234x + 2.1444

0.5

L L L L L L L L L
o 10 20 30 40 50 60 70 80 90 100

t (min)
0.4 v 150 ppm; y = 0.87501x + 0.01282;
/ R? = 0.96222
100 ppm; y = 0.95144x + 0.01059;
R? = 0.99506
. 03
= e 75 ppm; R® = 0.99888
= y = 0.93826x + 0.01044
=
E o2
=
S
0.1
= 35 ppm; R?=0.99956
y = 0.95592x + 0.01068
0.0 L L L
0.00 0.05 0.10 0.15 0.20
t/q (min.mg™.g)
1400
C =150 ppm; R?=0.70542
1200 |- . y = 14.3646x+207.4991
1000 | 100 ppm; R*=0.85736
y = 44.1219x+291.6796
= .
a 2,
= 800 75 ppm; R*=0.89656
E . Ay = 161.9915x+285.5334
=4
600
400 35 ppm; R?=0.9426
xv/,/lvy =110.1578x+198.6672
200 (v
L L L L L L L
2 4 6 S 10 12 14 16
5 (min®2)

Figure 8. Kinetic models for adsorption
of the different initial concentration of Pb (1)
on 0.1 g/L ZS30-NPs surface at pH 6, 30 °C.
(a) Pseudo-first-order model; (b) Pseudo-second-
order model; (c) Intra-particle diffusion model.
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According to obtained results, the R? values
of pseudo-second-order kinetic equation are the
highest indicated that pseudo-second-order
kinetic equation was well fitted to metal
adsorption experiment. And it can be assumed
that the adsorption system related electron
sharing or electron transfer [5].

Thermodynamic:

Apparent equilibrium constant (distribution
coefficient) (K¢), The enthalpy (AH), entropy
(AS) and the Gibbs free energy of adsorption
(AG) can be determined by the following
equations [5]:

Kc = CealCe (10)
Kerg _ AH (1 1

In L B B {1"._ I':) (11)

AG = -RTInK, = AH - TAS (12)

where R (8.314 J/mol K) is the universal
gas constant, T (Kelvin) is the absolute
temperature, Cea (mg/L) is the concentration of
Pb (II) ion on the adsorbent at equilibrium,
Ce (mg/L) is the equilibrium concentration of
Pb (1) ion on the solution.

Adsorption experiments were conducted at
298 and 316 K to investigate the effect of
temperature, with initial Pb (1) concentration of
75 mg/L, adsorbent dosage of 0.1 g/L, pH 6 and
contact time of 120 min. The results obtained
Kags = 34.953; Kag = 22.028 and are used to
calculate AH, AG, AS by in the following
equations (10), (11) and (12). The negative AG
values (AGze = - 8.699 kJ/mol and AGz;s = -
7.569 kJ/mol) indicate the spontaneous nature
the adsorption of Pb (Il) onto the ZS30
surface and the adsorption is more favorable
at lower temperatures. The positive value of
AH (20.085 kJ/mol) and AS (38.2 J.mol.K?)
reveals the Pb (I) adsorption onto the ZS30 is
endothermic and takes place randomness at the
solid-solution interface. AH is about 20 kJ/mol
also shown that the first layer absorption
dominated by chemisorption [24].

4. Conclusion

ZnO NPs were successfully synthesized by
sol-gel method using PC leaf extract. The
synthesized ZnO NPs have different shapes and
sizes depending on the amount of extract. All
ZS may adsorb Pb (Il) from agueous solution at
pH 6 at room temperature higher than
synthesized ZnO according to the traditional
sol-gel method (using oxalic acid). The removal
efficiency of Pb (Il) from solution increases
with the increase of adsorbent dose and
decreases as the concentration of Pb (1) ion and
temperature increase. The efficiency of
removing Pb (Il) from a 35 ppm solution by
0.1 g/L ZS30 or Pb (1) from a 75 ppm solution
by 0.5 g/L ZS30 after 60 min was about 97%.
The adsorption process of Pb (I1) on the surface
of ZS30 NPs was spontaneous, endothermic,
follows the Langmuir isotherm model at low
concentration of Pb (ll) ion and follows
the Freundlich isotherm model at high
concentration of Pb (Il) ion, and follows the
pseudo-second-order reaction Kinetic. The first
layer absorption is chemisorption the next layers
are physical adsorption.
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