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ABSTRACT

Polymethacrylic acid (PMAA) grafted rice husk (rh) was prepared using graft copolymerization and
applied to the adsorption of several cations in water solution. The grafted copolymer was characterized
in terms of Barrett—-Emmett-Teller specific surface area and Fourier-transform infrared spectroscopy
to measure the specific surface area and functional groups of the rh before and after chemical
modification. A representative polymethacrylic-acid-grafted rice husk (rh-g-PMAA) copolymer was
neutralized to a salt type (rh-g-PMANa) and applied to the adsorption of Pb* , Cu*  NH/-N,
methyl violet, and malachite green. The maximum adsorption capacities of these cations were 332.0,
134.7, 33.67, 360.7, and 232.8 mg/g-adsorbent, respectively. These values are higher than those for
many common binding agents used for the tested cations. The adsorption equilibrium data correlate

more closely with Langmuir isotherms than with Freundlich isotherms, except that for NH,*~N.
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1. Introduction

In the goal of environmental protection, wastewater
treatment is one of the most important topics. Pollutants in
wastewater include cations, anions, and nonionic materials
from the occupied charge point of view. Many methods can
be used to remove those substances, such as precipitation,
oxidation by ozone [1], ion exchange [2], membrane adsor-
bent [3] adsorption, and so on. Adsorption technology is
used extensively for the removal of solutes dissolved in
aqueous solutions. Activated carbon (AC) is the most ver-
satile adsorbent for the removal of pollutants in wastewater
[4,5]. AC can be produced in numerous ways. Recently, AC
has been produced from various waste biomass sources [6,7],

* Corresponding author.

prepared from waste materials using the microwave heating
method [8], and combined with other processes to increase
performance [9,10]. The high cost and energy consumption
of AC production are important challenges for commercial
manufacturers. The preparation of low-cost adsorbents from
waste materials has several advantages, mainly economic
and environmental. A wide variety of low-cost adsorbents
have been prepared from various waste materials, such as
agricultural, industrial, and municipal waste [11-14]. A rel-
atively good adsorption capacity for pollutants is the major
target for new adsorbents.

In the present work, a broad-spectrum adsorbent
of cations is proposed. It is produced from polymeth-
acrylic-acid-modified rice husk (rh-g-PMAA) via graft
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copolymerization using Fenton’s reagent as a redox initiator
[15]. th-g-PMAA with a grafting percentage of 66.7% + 2.0%
was neutralized to a sodium salt type (rh-g-PMANa). Its
preparation was a 1-h reaction at 82°C. Separation of the graft
copolymer product and the reaction solution was only used
to precipitate by gravitation. The adsorbent rh-g-PMANa is
more environmentally friendly than AC. rh-g-PMANa was
used to adsorb several types of cationic pollutant, namely
sz*(aq), Cuz*(aq), NH,-N, malachite green (MG), and methyl
violet (MV) in water solution. Pb* _and Cuz*(aq) are heavy
metals that are toxic to humans and other organisms, and
thus it is extremely important to remove them from waste-
water [16,17]. The presence of a large amount of NH,*-N in
lakes, slow-flowing rivers, and gulfs can cause eutrophica-
tion, which leads to foul odors and low dissolved oxygen
content for aquatic species [18,19]. MV is a triphenylmethane
dye that may cause severe skin, eye, and respiratory tract irri-
tation [20]. It increases the organic content in the wastewater
of textile and printing industries. MG is a cationic dye that
is widely used as a fungicide in the aquaculture industry to
control fish parasites. It has been found to exhibit carcino-
genic, genotoxic, and mutagenic properties [21,22]. Although
the removal of MV and MG by AC is effective and efficient
[23,24], a new adsorbent for these compounds would be
valuable. A short summary of the adsorption results for the
Pb* ., Cu* , NH,-N, MV, and MG is listed in Table 1.

(aqy (aqy

2. Experiments
2.1. Materials

Original rice husk (rh) was obtained from a local rice
mill in southern Taiwan. It was treated with a diluted
NaOH aqueous solution to eliminate trace organic residues

and washed with distilled water to a pH of 7.0. The clean
rh was dried at 50°C in an oven until a constant weight was
achieved. Methacrylic acid, ferrous ammonium sulfate,
hydrogen peroxide, ammonium chloride, copper nitrate,
lead nitrate, MV, MC, and acetone were analytical grade or
better and used without further purification.

2.2. Preparation of adsorbent

A graft copolymer of methacrylic acid and rh (rh-g-
PMAA) was synthesized via graft copolymerization. The
optimal copolymerization conditions, determined using
central composite design, were an Fez*(a) concentration of
0.5x10° M, an H,O, concentration of 0.14M, and a tempera-
ture of 82.0°C. Grafting percentages of the products were
66.7% +2.0% [15].

rh-g-PMAA was added to a conical flask that contained
0.1 M aqueous NaOH. The solution was stirred for 1 h before
being filtered and washed in distilled water until it became a
neutralized filter liquor. It was then dried at 50°C under vac-
uum. The neutralized product was the sodium salt of rh-g-
PMAA (th-g-PMANa).

2.3. Characterization of adsorbent

The specific surface areas of the powder samples
were determined using the Barrett-Emmett-Teller (BET)
approach using a Micromeritics ASAP 2020 appara-
tus. The measurements of BET surface area were made
at 50°C/1 h/15 umHg (Degas 1) and 60°C/2 h (Degas 2).
Fourier-transform infrared (FTIR) analysis of the copoly-
mer samples was performed using a PerkinElmer FT-IR
spectrometer in the wavenumber range of 4,000-400 cm™.

Table 1
The results of various reported studies on the adsorption of Pb* , Cu*_, NH =N, methyl violet, and malachite green by various
adsorbents
Cationic material Adsorbents Monolayer capacity, References
q,,mg/g-adsorbent
sz*m) Iron oxide nanoparticles and A. fabrum strains encapsulated in ~ 197.02 [26]
calcium alginate
Amylopectin-g-poly(acrylamide-co-acrylic acid) 51.8 [27]
Cu* Composite electrospun cellulose acetate/titanium oxide (TiO,) 23 [28]
Bi,Fe,O, nanoplate 42.7 [29]
Polyethylenimine-modified polystyrene/Fe,O,/chitosan 204.6 [30]
magnetic composites
NH,-N Clinoptilolite 10.80 [31]
Biochar produced from oak sawdust 4.13 [32]
Palygorskite nanocomposite 237.6 [33]
Methyl violet Nanostructured carbon covered sand 49.03 [34]
Granulated mesoporous carbon 202.8 [35]
Palygorskite 218.11 [36]
Malachite green Copper oxide nanoparticle-loaded activated carbon 87.719 [37]
Organically modified hydroxyapatite 188.18 [38]
Tetraethylenepentamine functionalized activated carbon 333.3 [39]
Magnetic hydroxyapatite nanopowder 526 [40]
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2.4. Adsorption of cations in aqueous solution

Adsorption experiments were carried out in a 1-L resin
kettle at 37.5°C for 2 h. The agitation rate was controlled to be
around 600 rpm to avoid the liquid film diffusion resistance.
The adsorption solution comprised 0.2 g of rh-g-PMANa
adsorbent sieved from 10 to 40 meshes. The pH values of
adsorption solutions were 4.60 + 0.60 for sz*( Cu2+ ey MV,
and MG and 9.50 + 0.20 for NH,*-N w1thout the use of a
chemical reagent. Each sample (O 2 mL) was taken using a
micropipette at various times to measure the concentration
of cations.

and Cu™,
aq)

2.4.1. Adsorption of Pb* |

The sz*( ion samples, taken at various time, were ana-
lyzed by PerkinElmer AA-200 atomic absorption spectrome-
ter. The adsorption amount (g,) was calculated as:

q.=(C, = C)V/m @™

where g, is the amount (mg/g) of Pb* A lons adsorbed by
rh-g-PMANa adsorbent, C, and C, are the Pp* | . LN concen-
trations (mg/L) in the solutlon mltlally and after adsorption,
respectively, V is the volume (L) of the solution, and m is the
mass (g) of adsorbent used in the experiment.

The adsorption of Cu*_ ions was calculated the same as
that of Pb* | w1th different initial concentrations.

2.4.2. Adsorption of NH,~N, MG, and MV

The absorbance of NH,*-N, MG, and MV samples, taken
at suitable time intervals, was measured using a Spectrumlab
22PC spectrophotometer at A values of 425, 617, and
585 nm, respectively. The adsorption amounts (g,) of NH,*-N,
MG, and MV were calculated using Eq. (1).

3. Results and discussion
3.1. Preparation of the rh-g-PMANa adsorbent

Preparations of rh-g-PMAA copolymer were conducted
as in our previous work [15]. The products were neutralized
to the sodium salt of PMAA-grafted rice husk (rth-g-PMANa),
which was used to adsorb several cations from water solution.

3.2. Characterization of synthetic adsorbent

Fig. 1(a) shows the nitrogen adsorption/desorption iso-
therm and Barrett-Joyner-Halenda (BJH) desorption pore
size distribution curve of pure rh at 50°C. The figure includes
a type IV isotherm with H1 hysteresis, which is characteris-
tic of mesopores with capillary condensation of nitrogen in
the particle matrix. The pore size is broadly distributed in
the range of 2-150 nm. The same results were obtained for
rh-g-PMAA (Fig. 1(b)) and rh-g-PMANa (Fig. 1(c)). The tex-
tural properties of the rh support and its derivative samples
are listed in Table 2. It can be seen that the specific surface
areas (Sy;;) of rh, rh-g-PMAA, and rh-¢g-PMANa are 5.47,
2.23, and 1.81 m? g, respectively. The results indicate that
the total surface areas of rh and its derivatives were very tiny
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Fig. 1. Nitrogen adsorption/desorption isotherms and BJH
desorption pore size distribution of (a) rh, (b) rh-¢-PMAA, and
(c) rh-g-PMANa.

Table 2
Specific surface area and pore properties of rice husk and its
derivatives

Sample Sper Pore volume Pore size
(m*g™) (cm’g™) (nm)

rh 5.47 0.016 13.63

rh-g-PMAA 2.23 0.0058 20.60

rh-¢-PMANa  1.81 0.0047 20.93
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compared with that of AC. The pore volumes and pore sizes
were slightly decreased but not markedly different after the
modification of rh.

FTIR investigations were performed to elucidate the com-
plex interaction between rh and PMAA. Fig. 2(a) shows the
spectrum of rh. The broad band at 3,414 cm™ indicates the
presence of OH groups on the surface molecule of rh. FTIR
analysis of rh-g-PMAA is shown in Fig. 2(b). The peak at
about 1,717 cm™is assigned to the stretching vibration of C=O
from the carboxylic groups in PMAA [25]. The results reveal
that the MAA monomer was grafted onto the main chain of
the rh.

3.3. Adsorption of cations in aqueous solution

rh-g-PMAA with a grafting percentage of 66.7% + 2.0%
was neutralized to rh-g-PMANa and used as an adsorbent of
five types of cation in water solution.

3.3.1. Adsorption of Pb* |

Fig. 3(a) plots the adsorption experiment data and the
Langmuir (LM) and Freundlich (FD) correlations of P 2+(aq).
The LM and FD isotherms and their relationship coefficients,
r, are listed in Table 3. Since the r value of the LM isotherm
(0.9970) is higher than that of the FD isotherm (0.9799), the LM
model fitted the experimental results more closely than did
the FD model. The monolayer adsorption capacity of P! 2*(aq)
calculated from the LM isotherm is 332.0 mg/g-adsorbent.
This result is better than those for Pb2+(aq) adsorbents obtained
from the biosorbent-encapsulated Agrobacterium fabrum and
iron oxide nanoparticles [26], and amylopectin-g-poly(acryl-
amide-co-acrylic acid) [27]. The results reveal that rh-g-PMANa
is a potential adsorbent of Pb*'_ ' for wastewater treatment.

3.3.2. Adsorption ofCuz*(,w

The adsorption results of Cu* -are plotted in Fig. 3(b).
The LM and FD isotherms and relationship coefficients, r, are
listed in Table 3. The r values are 0.9908 and 0.9769 for LM

. (a)
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Fig. 2. FTIR spectra of (a) rh and (b) rh-g-PMAA.
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Table 3
The Langmuir (LM) and Freundlich (FD) isotherms and relationship coefficient, 7, of adsorption experiment
Cations LM isotherm, monolayer adsorption capacity r (LM) FD isotherm r (FD)
Pb* gq,=332.0 x 0.01426C /(1 + 0.01426C) 0.9970 q,=3.949C 1227 0.9799
332.0 mg/g-adsorbent
Cu* q,=134.7 x 0.02371C /(1 + 0.02371C)), 0.9908 q,=3.839C 174 0.9769
134.7 mg/g-adsorbent
NH,-N q,=33.67 x 0.1690C /(1 + 0.1690C), 0.9942 q,=2.471C 125 0.9964
33.67 mg/g-adsorbent
MV g,=360.7 x 0.1616C /(1 + 0.1616C ), 0.9970 q,=9.505C 1730 0.9618
360.7 mg/g-adsorbent
MG q,=232.8 x 0.07115C /(1 +0.07115C), 0.9972 q.=5.119C 125 0.9938

232.8 mg/g-adsorbent

and FD isotherms, respectively. The LM model thus fitted the
experimental results more closely than did the FD model in
the adsorption of Cu* . The calculated adsorption capac-
ity is 134.7 mg/g-adsorbent. This result is better than those
for composite electrospun cellulose acetate/titanium oxide
(TiO,) adsorbent [28] and Bi,Fe,O, nanoplates [29], but lower
than that for modified polystyrene/Fe O,/chitosan magnetic
composites [30]. However, rth-g-PMANa is still an excellent

adsorbent for Cuz*(aq) in water solution.

3.3.3. Adsorption of NH,'-N

Fig. 3(c) plots the adsorption experiment data and the LM
and FD correlations of NH,'-N. The LM and FD isotherms
and their relationship coefficients, r, are listed in Table 3.
The r value of the FD isotherm (0.9964) is higher than that of
the LM isotherm (0.9942), and thus the FD model fitted the
experimental results more closely than did the LM model.
The calculated monolayer adsorption capacity of NH,'-N
is 33.67 mg/g-adsorbent. This value is higher than those for
clinoptilolite [31] and modified biochar [32], but lower than
that for palygorskite nanocomposite [33]. In general, rh-g-
PMANa is a good adsorbent for NH,'-N in water solution.

3.3.4. Adsorption of MV

Fig. 3(d) plots the adsorption experiment data and the
LM and FD correlations of MV. The LM and FD isotherms
and their relationship coefficients, r, are listed in Table 3.
The r values are 0.9970 and 0.9618 for LM and FD isotherms,
respectively. The LM model thus fitted the experimental
results more closely than did the FD model in the adsorption
of MV. The calculated adsorption capacity is 360.7 mg/g-ad-
sorbent. The results reveal that rh-g-PMANa is an excellent
adsorbent for MV in water solution. Its adsorption capacity
is better than those for nanostructured carbon covered [34],
granulated mesoporous carbon [35], and activated palygor-
skite [36]. rh-g-PMANa is a potential adsorbent of MV for
wastewater treatment in the textile and painting industries.

3.3.5. Adsorption of MG

Fig. 3(e) plots the adsorption experiment data and the
LM and FD correlations of MG. The LM and FD isotherms

and their relationship coefficients, r, are listed in Table 3.
The r values are 0.9972 and 0.9938 for LM and FD isotherms,
respectively. The LM model thus fitted the experimental
results more closely than did the FD model in the adsorp-
tion of MG. The calculated monolayer adsorption capacity
was 232.8 mg/g-adsorbent. This result is better than those
for copper oxide nanoparticle-loaded AC [37], and modified
hydroxyapatite [38], but lower than those for tetraethylene-
pentamine-functionalized AC [39] and magnetic hydroxyap-
atite nanopowder [40]. However, rth-g-PMANa is still a good
adsorbent for MG in water solution.

4. Conclusion

A new adsorbent, rh-g¢-PMANa, was prepared via graft
copolymerization using Fenton’s reagent as a redox initiator.
It was shown that rh-g-PMANa can be used to adsorb Pb*

Cuz*(aq), NH,-N, MG, and MV with excellent adsorption
capacity in water solution. rh-g-PMANa is an environmen-
tally friendly adsorbent and has potential applications for

wastewater treatment in many industries.
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Supplementary figures
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Fig. S1. Reaction scheme of the copolymerization of MAA and
rice husk.
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Fig. S2. Solid-state 13C NMR spectra of (a) rice husk, (b) graft
copolymer of PMAA and rice husk, (c) hydrolyzed copolymer,
and (d) hydrolyzed copolymer after adsorption of paraquat [15].



