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Abstract—Adsorption is considered efficient for removing metal ions dissolved in aquatic environments. For the suc-
cessful performance of adsorption processes, the development of adsorbents possessing high adsorption capacity is
essential. Herein, we report the enzymatic synthesis of composites consisting of m-phenylenediamine polymer
(pmPDA) and graphene oxide (GO) by laccase and the adsorption properties of these composites for Pb™", a represen-
tative toxic metal ion. Especially, the composite synthesized with initial 1:1 mass ratio of m-phenylenediamine mono-
mer and GO was found to have the largest adsorption capacity for Pb**. The Langmuir isotherm for the adsorption of
Pb* by GO, pmPDA, and this composite, respectively, revealed that the maximum adsorption capacity, ., of this
composite was the highest (2,164 pmol/g) being almost four times higher than that for pmPDA (564.7 pmol/g). The
Qumax for GO was 984.3 nmol/g being about two times higher than for pmPDA but less than a half of q,,, for this com-
posite. The composite was estimated to contain 56.1 wt% of pmPDA as examined by thermogravimetric analysis. This
study demonstrates that the combination of the high surface area of GO and the functionality of pmPDA can signifi-

cantly enhance the adsorption capacity for Pb*".
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INTRODUCTION

Modern chemical industries are highly dependent on metals and
trace elements as catalysts; thus, they are known to create waste
effluents containing numerous pollutants, including organic, inor-
ganic, and organometallic chemical waste [1]. Particularly, the pres-
ence of heavy metal ions in water resources becomes a serious
concern as heavy metals are hard to process, thus resulting in bio-
accumulation and further affecting the biological and ecological
food chain. Heavy metals like Cr, Cd, As, Ni, Hg and Pb are well-
known to cause several deformities to human health and are also
potent carcinogens [2]. To date, several treatment methods have
been tried and tested for the efficient removal of lethal pollutants
from the wastewater effluents including membrane filtration, chemi-
cal precipitation, ion exchange, coagulation-flocculation, adsorp-
tion, and electrochemical treatments [3-7]. Most of these technologies,
however, suffer from major limitations such as extreme running
cost, insignificant efficiency at usual discharge stages, and produc-
tion of residual toxic sludge along with secondary wastes [8,9].
Among these techniques, the adsorption method is considered
simple, cost-effective, and flexible to adapt to various operational
environments [4]. Hence, the adsorption methods of heavy met-
als have been actively investigated using several adsorbent materi-
als, such as activated carbons, polymers, and bio-sorbents [10-12].

"To whom correspondence should be addressed.

E-mail: kgryu@ulsan.ac.kr

*Co-first authors

Copyright by The Korean Institute of Chemical Engineers.

3048

Recently, polymers containing aromatic amines and diamines
have emerged as effective carriers for the adsorptive removal of con-
taminants, as these polymers hold numerous amine functional groups
and exhibit great thermal stability [13]. Specifically, phenylenedi-
amine polymers were found to be one of the most successful ad-
sorbents against various heavy metal ions such as Pb*, Ag', and
Cr*" [10,14,15]. Meanwhile, carbon-based materials, such as carbon
nanotubes, graphene and their derivatives, are popular choices for
adsorptive research due to the advantages they hold including high
electrical conductivities, exceptional mechanical strength, decent
chemical stability, and large surface area [16]. Among these mate-
rials, graphene oxide (GO) is the most favorable carbon nanoma-
terial that has numerous oxygen-containing functional groups, for
example, carbonyl, hydroxyl, carboxyl groups [17]. Thus, GO has
been extensively utilized to make stable multifunctional compos-
ites for various applications in the areas of electronics, supercapaci-
tors, chemical sensors, biosensors etc [18-21]. Interestingly, polymers’
high thermal stability, metal ions affinity, and ease of synthesizing
flexibility go perfectly well with the high surface areas and oxygen
functional groups of GO.

Generally, polymers and their carbon nanomaterial-based com-
posites have been synthesized via harsh chemical oxidation reac-
tions. These chemical procedures are mostly driven by strong oxi-
dants in extremely acidic conditions, therefore, not considered eco-
friendly [10]. Unlike the chemical polymerization process, the enzy-
matic approach performs reactions under mild conditions without
using harmful oxidants, extreme temperature, or generating second-
ary lethal by-products. Furthermore, the nano-scale structures of
carbon nanotubes and graphene were found to remain intact under
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enzymatic reaction conditions [22]. Thus, enzymatic reaction sys-
tems have been considered a replacement for the traditional chemi-
cal methods to create eco-friendly synthetic processes. Specifically,
peroxidases and oxidases which are capable to oxidize various sub-
stituted phenols and aromatic amines have attracted much atten-
tion to replace the corresponding chemical processes [23-25]. As
we reported earlier, laccase and horseradish peroxidase have great
potential to catalyze the synthesis of multi-walled carbon nanotubes-
polypyrrole (MWCNTs-PPy) [22,26] and graphene oxide-polypyr-
role (GO-PPy) composites via simple enzymatic catalysis [27].

In our previous report, we successfully synthesized m-phenyl-
enediamine polymer (pmPDA) by utilizing laccase isolated from
Trametes versicolor as a catalyst in a moderate aqueous condition
[28]. In this paper, we report the synthesis of various GO-pmPDA
composites by laccase and their adsorptive properties for highly
toxic metal ion, Pb** in water. We also demonstrate that for a com-
posite possessing the advantages of pmPDA for abundant func-
tionality and GO for high surface area, the adsorptive capacity for
Pb* can be enhanced markedly.

EXPERIMENTAL

1. Materials

Laccase (Sigma 53739) produced from Trametes versicolor, which
was found to be a single enzyme (molecular weight 66 kDa) [26],
m-phenylenediamine, and Pb(NO,), were purchased from Sigma-
Aldrich and used without further purification. GO was synthesized
starting from expanded graphite using the modified Hummers
method [29].
2. The Enzymatic Synthesis of GO-pmPDA Composites

The laccase-catalyzed enzymatic synthesis of pmPDA and GO-
pmPDA composites were performed in aqueous solutions as pre-
viously described [28,30]. In detail, a 30 mL buffer (10 mM citrate
phosphate buffer, pH 3) was aerated before the reaction. Then 200
mg GO and 10 mg of laccase were added into the buffer. Next,
different amounts of m-phenylenediamine monomer (50, 100,
200, 300, and 400 mg, respectively) were added to the buffer solu-
tion to initiate the simultaneous polymerization of the m-phenyl-
enediamine monomer and the synthesis of the composites. To
synthesize pmPDA alone, 200 mg m-phenylenediamine and 10 mg
laccase were mixed in 30 mL of the same buffer in the absence of
GO. After the agitation of the reaction solutions for 24 h at 25°C,
the reaction solutions were filtered on a nylon membrane (0.2 um).
The filtered out precipitant was washed with distilled water, then
with methanol. The washed pmPDA and GO-pmPDA compos-
ites were dried under vacuum. The various GO-pmPDA compos-
ites produced were named GO-P50, GO-P100, GO-P200, GO-
P300, and GO-P400 to indicate the different initial amounts of -
phenylenediamine used (50, 100, 200, 300, and 400 mg, respec-
tively). The precise production yields of the final dried composites
were difficult to measure due to the adhesion of the composites on
the filtering equipment and the filtering membrane. However, the
approximate yields of the dried pmPDA and GO-pmPDA com-
posites were in the range of 50-90%.

The surface morphological properties of GO-pmPDA compos-
ites were investigated by scanning electron microscopy (SEM) (Supra

40, Carl Zeiss, Swiss). The polymer content and thermal stability
of composites were analyzed using thermogravimetric analysis
(TGA) on TGA Q50 from 25 °C to 800 °C under N, at a heating
rate of 10 °C/min as previously described [28].

3. Adsorption Experiment of Pb*"

Batch-type adsorption experiments were performed as described
below. All the experiments were carried out by taking 5 mg of GO,
pmPDA, or a GO-pmPDA composite as an adsorbent in centri-
fuge tubes containing 10 mL adsorption solution. The adsorption
solutions were sonicated for 30 min to avoid aggregation of the
adsorbent particles before adding Pb** ions. In our previous report,
we observed the importance of pH for the adsorption of Pb** ions
by pmPDA; the adsorption capacity was maximum in distilled water
and decreased as the solution became more acidic [30]. Therefore,
the adsorption process was performed in distilled water with gen-
tle shaking for 12h at 25 °C. Later, the adsorption solutions were
centrifuged to separate the adsorbent. The concentration of dis-
solved Pb* ions in the supernatant was then estimated using an
atomic absorption spectrophotometer (Shimadzu AA-7000). Con-
trol experiments were also performed in the absence of absorbents
but with each concentration of dissolved Pb** ions. And then, full
recovery of the initial amounts of Pb* ions was affirmed for the
control experiments. The existence of adsorbed Pb** ions on the
GO-pmPDA composites after the adsorption experiments was veri-
fied by scanning electron microscopy-energy dispersive spectrum
(SEM-EDS) analysis (JSM-7600F field emission scanning electron
microscope, JEOL, Japan).

The adsorbed amount of Pb* ions was estimated from the dif-
ference in the dissolved metal ion concentration between the ini-
tial and final adsorption solutions as Eq. (1):

4=(C~O) VM (1)

where q (umol/g) is the adsorbed amount of metal ions, M (g) is
the mass of the used adsorbent, V (L) the volume of the metal ion
solution and C; and C are the concentrations (Lumol/L) of the metal
ions in the initial solution before adding the adsorbent and in the
final solution after the adsorption, respectively.

4. The Estimation of pmPDA Contents in the GO-pmPDA
Composites Using TGA

The content of pmPDA in the GO-pmPDA composites was esti-
mated by using the two-temperature method proposed by Nabine-
jad et al. [31]. The detailed steps for the estimation are described
below.

The total mass of a GO-pmPDA composite is the sum of the
individual masses of pmPDA and GO contained in the compos-
ite as in Eq. (2). Thereby, the mass percentage of pmPDA (P,) can
be expressed by Eq. (3).

m,=m,+my, @
P,=100 m,/m, &)

In the above equations, m, is the initial mass of the GO-pmPDA
composite and m, and m,, are the initial masses of pmPDA and
GO contained in the composite, respectively, before thermal deg-
radation.

At a high temperature T,
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my=P,, m,/100+P,, m,,/100 4)

where my is the decreased mass of the composite and P, and Py,
are the percentage mass decreases of pmPDA and GO at T, respec-
tively.

At another higher temperature T,

m,=P,, m,/100+P,,, m,,/100 (5)

where m, is the mass residue of the composite, and P,, and P,,, are
the mass percentage residues of pmPDA and GO at T, respectively.
From Eq. (4),

ng: 100 de/ Pdgo_ Pdp mP/ Pdgo (6)

Substituting Eq. (6) into Eq. (5) for my,

. )
where

=100 P,,/(Py, P4~ P, Py) ®
and

=100 P,,/(P,, PPy, Pyy) ©
Finally,

P,=100 m,/m.=100 (& my+Am,)/m=c Ps+SP, (10)

where, P, and P, are the percentage mass decrease at T, and the
percentage mass residue at T, of the composite, respectively. Note
that o and Svalues in Eq. (10) can be calculated from the thermal
degradation properties of GO and pmPDA separately according
to Egs. (8) and (9).

RESULTS AND DISCUSSION

1. The Morphological Studies

We investigated the surface morphology of GO, pmPDA, and
GO-pmPDA composites by using scanning electron microscopy
(SEM) and the results are shown in Fig. 1. At low magnification
(x1,000) SEM image of GO (Fig. 1(a)), thin GO flakes that are well
separated individually can be observed. At higher magnification
(x10,000) SEM image of GO, GO shows a thin smooth lamellar
structure with a few folds. Whereas, Fig. 1(c) shows that pmPDA
synthesized by laccase has the shape of agglomerated globular par-
ticles with diameters less than 1 pm as also previously observed
[28]. Fig. 1(d) to Fig. 1(h) for the GO-pmPDA composites indi-
cate that the surface of GO sheets is covered with pmPDA parti-
cles at different proportions. The contacting interface between GO
and pmPDA seems very weak and can be distinguished easily. Inter-
estingly; as the pmPDA content increased from GO-P50 to GO-
P400, more pmPDA particles took the available surface of GO to a
larger extent. Notably, pmPDA globules on GO surfaces for GO-

DS V0T

Fig. 1. SEM images of GO (a), (b), pmPDA (c), and GO-pmPDA composites; GO-P50, GO-P100, GO-P200, GO-P300, and GO-P400 (d)-(h).
Magnifications are 1k (a) and 10k (b) for GO, 15 k for pmPDA (c), and 30 k for GO-pmPDA composites (d)-(h). Scale bars are 50 m
for GO (a), 1 um for GO (b) and pmPDA (c), and 100 nm for GO-pmPDA composites (d)-(h).
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Fig. 2. TGA and DTG (Difference Thermogravimetry) plots of GO (left) and pmPDA (right).
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Fig. 3. TGA thermograms of GO, pmPDA, and GO-pmPDA com-
posites.

P400 composite (Fig. 1(h)) had the largest sizes among the GO-
pmPDA composites possibly due to the initiation and growth of
the polymer on the GO surfaces in the presence of abundant mPDA
monomers. However, Fig. 1(c) shows that pmPDA particles syn-
thesized in the absence of GO had smaller and rather uniform sizes,
presumably because of the countless simultaneous initiation of the
polymerization catalyzed by laccase dissolved in the solution.
2. Thermogravimetric Analysis and the Estimation of the Con-
tents of GO-pmPDA Composites

The thermal stability of various composites was analyzed by TGA
and compared with a pure form of GO and pmPDA as shown in
Fig. 2 and Fig. 3. The thermal stability of GO is much weaker than
the pmPDA. Fig. 3 shows TGA curves for the GO-pmPDA com-
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Table 1. Parameter values of TGA data for GO and pmPDA
Sample GO pmPDA
Percent decrease at T; (400 °C) P4, =50.07 P4;,=20.99
Percentage residue at T, (650 °C) P, =41.90 P,,=66.43
a=—1.7125
B=2.0465

posites also from 0 to 800 °C. At high temperatures, pmPDA has
the highest mass residue, whereas GO has the lowest. As a result, the
addition of a greater amount of pmPDA to the composites tended
to increase the mass residue of the GO-pmPDA composite, which
moved closer to the mass residue of pmPDA.

For the estimation of the polymer content in the GO-pmPDA
composites, as proposed by Nabinejad et al. [31], T, was determined
as the temperature (400 °C) below which most thermal degrada-
tion occurred for GO and pmPDA, as shown in the DTG diagrams
of GO and pmPDA (Fig. 3). T, was selected as the temperature
(650 °C) where most composites exhibited the thermal degrada-
tion of the similar constant slopes (Fig. 3).

The measured parameters of thermal degradation and the cal-
culated values of orand Sfrom Egs. (8) and (9) for GO and pmPDA
are listed in Table 1. The estimated content of pmPDA in the GO-
pmPDA composites calculated from Eq. (10) is presented in Table
2 with the values of T, and T, being 400 °C and 650 °C, respec-
tively. GO-P50 exhibited the lowest mass percentage of pmPDA of
30.8 wt%, whereas GO-P400 was estimated to have the highest mass
percentage of pmPDA of 72.9 wt%. GO-P200 showed a moderate
mass percentage of pmPDA of 56.1 wt%.

3. Preliminary Adsorption Studies

We performed the initial experiment to assess and compare the

adsorption capability of GO, pmPDA, and various GO-pmPDA

Table 2. The pmPDA contents in the various composites estimated from TGA

Sample GO-P50 GO-P100 GO-P200 GO-P300 GO-P400
Percent decrease (P,,) at T, (400 °C) 414 39.5 324 30.0 29.9
Percentage residue (P,) at T, (650 °C) 49.7 51.7 54.6 59.4 60.6
wt% of pmPDA 30.8 382 56.1 70.2 729
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Fig, 4. The Pb** adsorption capacity (filled bar) and BET surface area
(blank bar) of GO, pmPDA, and GO-pmPDA composites.
Data are the averages of triplicate measurements. Adsorption
mixtures containing 5 mg of each adsorbent and 150 mg/L
of Pb(NQ,), in 10 mL distilled water were shaken for 12 h at
25°C.

composites for the adsorption of Pb** ions with the initial Pb(NO;),
concentration of 150 mg/L and the results are presented in Fig. 4.
The pmPDA was found to have the lowest adsorption capacity of
295 umol/g, whereas the GO-P200 composite exhibited the high-
est adsorption capability of 825 umol/g. The adsorption capacity
of pure GO was 669 umol/g, twice that of pmPDA.

To gain more information regarding surface structural proper-
ties associated with the adsorption capability of the adsorbents, GO,
pmPDA, GO-pmPDA composites were analyzed for the Brunauer-
Emmett-Teller (BET) surface areas. As also shown in Fig. 4, The
BET surface area of the pmPDA was 27.62 m’/g compared to the

1 2 3 4 5 6 7
Full Scale 47028 cts Cursor: 0.000 ke!

largest surface area of 58.24 m*/g for GO. As the content of pmPDA
increased in the composites, the surface area continued to decrease
and dropped significantly for GO-P300 (26.15 m’/g) and GO-P400
(20.59 m*/g), which were estimated to contain more than 70 wt%
of pmPDA. GO-P200, which showed the highest adsorption capac-
ity and estimated to possess 56.1 wt% of pmPDA, had its surface
area of 35.75 m’/g. The lower surface area of GO-P400 than pmPDA
alone may be attributed to the partly decreased available surface
area of the large polymer globules attached on the surface of GO
(Fig. 1(h)).

The surface area of absorbents is generally considered an im-
portant factor to determine the adsorption capability of the mate-
rials. In Fig. 4, however, it is obvious that the adsorption capacities
of the adsorbents are not in direct proportion to their surface areas.
The GO and pmPDA contain oxygen and amine groups, respec-
tively, which can bind positive metal ions through electrostatic attrac-
tive forces. Therefore, it can be presumed that the optimum com-
bination of the high surface area of GO and the functionalities of
GO and pmPDA became the important factor to enable the high-
est adsorption capability of GO-P200.

The inclusion of Pb** ions in the GO-pmPDA composites after
the adsorption experiments was directly verified by SEM-EDS anal-
ysis of GO-P200 composites as shown in Fig. 5. The SEM-EDS
analysis of the GO-P200 composites before the adsorption shows
no peaks for Pb* ions. After the adsorption, however, SEM-EDS
for the composites clearly shows peaks for Pb** ions near 2-3 keV.
These results prove that Pb** ions are adsorbed on the GO-P200
composites even after the removal of weakly bound Pb** ions by
washing the composites with distilled water following the filtration
of the adsorption solution.

1 2 3 4 5 6 7

Full Scale 47028 cts Cursor: 0.000

Fig. 5. SEM-EDS analysis (magnification of 15k) of the GO-P200 composites before (a) and after (b) the Pb** adsorption. After the adsorp-
tion experiments with 150 mg/L of Pb(NO;),, the GO-P200 composites were filtered on a nylon membrane (0.2 um) then washed with
distilled water. The composites were then dried under vacuum for the SEM-EDS analysis.
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Fig. 6. Adsorption isotherms for Pb* on GO and the enzymatically
synthesized pmPDA and GO-P200 composite, respectively.
The solid lines were drawn using the Langmuir isotherm
equation with optimum parameter values being estimated
by the linear regression analysis of the experimental data.

Since our research objective was to synthesize and find the GO-
pmPDA composites possessing high adsorption capacity for Pb™,
we, therefore, selected GO, pmPDA, and GO-P200 to continue ad-
sorption isotherm experiments to access and compare their adsorp-
tion properties and potential in more detail.

4. Adsorption Isotherms Studies

The adsorption isotherm experiments for GO, pmPDA and GO-
P200 composite were carried out in distilled water containing vary-
ing concentrations of lead ions. The experimental data presented
in Fig. 6 follow saturation isotherms at higher concentrations of
Pb*.

The Langmuir adsorption isotherm typically describes the rela-
tion between q, and C, as

4=4ua;C/ (14K, C,) (11

where C, (umol/L) is the Pb** concentration in solution and q,
(umol/g) is the specific Pb* adsorption capacity of adsorbents at
equilibrium. The two parameters of Langmuir adsorption isotherm,
K; (L/umol) and q,,,, (nmol/g), represent the Langmuir equilib-
rium constant and the maximum adsorption capacity of adsorbents,
respectively. Table 3 lists the values of the estimated Langmuir iso-
therm parameters for GO, pmPDA, and GO-P200 composite from
the linear regression analysis using the data in Fig. 6.

For the three adsorbents, K; value was the smallest for pmPDA

Table 3. Langmuir isotherm parameters calculated by linear regres-

sion analysis
Dax 3 2
Adsorbents K; (L/umolx107)  R” value
pumol/g  mg/g
pmPDA 564.7 117.0 2.332 0.9855
GO 984.3 203.9 8.024 0.9949
GO-P200 2164 448.5 4219 0.9952

(2.332x10°° L/pmol) and the largest for GO (8.024x10™ L/umol).
GO-P200 has a K; value of 4.219x10° L/umol which is smaller
than that of GO but almost twice that of pmPDA. The Langmuir
constant, K;, represents the interaction strength between the adsor-
bent and the adsorbate. The higher K value indicates that there
exist stronger interactions between adsorbent and adsorbate while
the lower K; value implies weaker interactions [32]. It is well estab-
lished that metal ions could be strongly bound to electron-rich func-
tional groups like amino or hydroxyl groups by forming chelation
or coordinate bonds. Both nitrogen and oxygen groups are known
to have high affinity towards Pb* ions [33,34]. The amine group from
a polymer such as NH, or NH contributes generally to selective
adsorption of metal ions onto carbon-based materials, which are
usually synergistic with the oxygen holding functional groups [35].
On the other hand, oxygen-based functional groups are so far the
most important when it comes to influencing surface interaction,
hydrophobicity, catalytic and electrical properties of carbon [35].
According to the larger K; values for GO and GO-P200 compos-
ite than for pmPDA, we presume that the adsorption strength for
Pb*" of the oxygen-based functional groups in GO seems a little
higher compared to the amine-based functional groups of pmPDA.
GO is supposed to provide the oxygen-based functional groups of
higher affinity for Pb** along with a higher surface area. Thus,
even a small proportion of GO is known to enhance lead removal
in several folds [36], which dlarifies the significance of GO for the
preparation of various composites.

The maximum adsorption capacity (q,,,,) was 564.7, 984.3 and
2,164 (umol/g) for pmPDA, GO and GO-P200, respectively. The
Quax Value for pmPDA was close to what we obtained previously
[30]. Notably, GO-P200 expressed about four-times higher q,,.
value than pmPDA, indicating the significance of a unique com-
posite combination of pmPDA and GO. In fact, the g, value for
GO-P200 was higher than most of the previously reported q,,,,,
values for other adsorbents [37-39]. One exceptional case was for
the metal-organic framework in an applied magnetic field for which
Qax Value of 492.4 mg/g was reported [40]. However, note that
GO-P200, which was synthesized by simple enzymatic catalysis of
laccase in our study, reached the remarkable q,,, value of 448.5
mg/g in a traditional uncomplicated manner without the help of
an external force field.

CONCLUSIONS

We have promisingly demonstrated the application of polymeric
composites as excellent adsorbent for the removal of Pb* ions
from the aqueous waste effluents. Both pmPDA and GO-pmPDA
composites were successfully synthesized by laccase-catalyzed enzy-
matic reaction in a benign condition. A unique combination pro-
portion of GO and pmPDA was found out to be effective in ad-
sorbing Pb*" ions. The adsorption isotherms of GO, pmPDA and
the combination of GO and pmPDA composite were performed
and successfully expressed by the Langmuir adsorption isotherm
model. The GO-P200 composite, for which a 1:1 mass ratio of
GO and pmPDA monomer was used for the synthesis, exhibited a
maximum adsorption capacity of ~2,164 pmol/g. The estimated
content of composite was 56.1 wt% of pmPDA being estimated by
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the thermogravimetric analysis (TGA). The synergistic effect of
the high surface area of GO and functionality of both GO and
pmPDA proved to improve the adsorption capacity of the com-
posites for one of the most toxic heavy metal ions, Pb™, to a great
extent. The composites showed unique and attractive characteris-
tics needed for the remediation of Pb** ions, thus showing great
promise in the field of wastewater treatment.
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