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The water-processable biochar (BC) based on pitch pine was prepared by dispersing these grinded
micropowders into carboxymethyl cellulose (CMC) mixed aqueous dispersion for electrochemical
sensing of cadmium ion (Cd®") in real samples. Biochars was obtained by pyrolyzing the pitch pine
under oxygen-limited conditions at 600 °C. Montmorillonite (MMT) was employed for enhancing
surface area, adsorption capacity, ion-exchange ability and dispersive stability. Carboxymethyl
cellulose was selected for enhancing water-dispersive ability, film-forming ability, adhesive ability.
BC-CMC-MMT composites displayed synergistically enhanced ability like surface area, adsorption
capacity and stripping response towards Cd®*, which was employed as cost-effective electrode
modified material for voltammetric determination of Cd®* in linear range of 2.0 x 10% — 8 x 10° M
with limit of detection of 6.7 nM, remarkable selectivity, and good practicability. Satisfactory sensing
performance indicated that low-cost water-processable BC has practical values and serves as sensing
material for electrochemically determining heavy metal ions in real samples.
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1. INTRODUCTION

Biochars (BCs), carbon-rich solid materials, are generally produced by pyrolyzing biomass like
plants or animals in the absence of oxygen at temperatures between 300 and 700 °C. BCs are highly
stable, they are very difficult to be degraded in the environment and can be stored in soil for hundreds
of years without degradation. BCs has proved agronomically and environmentally advantageous in
some situations, which have recently attracted significant attention as promising candidates to reduce
ecological health risks of heavy metals, agrichemicals and other toxic pollutants by remedying soil
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pollution remediation, increase crop yields by improving soil fertility, and ease greenhouse effect by
mitigating the climate crisis. The wide availability of raw materials and broad prospects for industrial
applications of BCs has becoming research hotspot in agriculture, climate, environment, and other
related fields. More recently, a large amount of reviews have been published for the theory,
production, properties, characterization and application of BCs [1-10].

In recent three years, BCs have been being employed as energy materials and sensing materials
for application in fuel cells [11-17], sensors [18-21], batteries [22-25], supercapacitors [26-35], and
others [10]. Moreover, properties of BCs for the electrochemical application in different fields were
also reported [36, 37]. However, the as-obtained BCs are generally solids with diverse shapes and
inherently insoluble and infusible, thus the characterization and processability of biochars were
hampered by their insolubility and infusibility, which limited their potential application in different
fields, especially electrode modified materials for electrochemical application. It is worth noting that
only materials that are able to combine superior properties with processability have the chance to be
considered for the mass production of various devices and materials. Thus water-processable BCs have
more practical value and commercial prospect for the academic and industrial application.

In our previous work, carboxymethyl cellulose (CMC) was selected to not only disperse both
carbon nanotubes and montmorillonite (MMT) [38], but also built a synergistically enhanced ability
such as surface area, adsorption capacity and stripping response, especially electrochemical sensing
performance [38-40]. In this work, the pitch pine (Pinus rigida Miller var. serotina (Michx.) Loud.ex
Hoopes) was using for the preparation of BC, and then BC was dispersed in water system in
combination with both CMC and MMT. Finally, the water-dispersible BC based on pitch pine
containing MMT was employed as electrode modified material for voltammetric determination of Cd**
in real samples.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

BC based on pitch pine was purchased from experimental base in Jiangxi Agriculture
Univirsity, CMC was bought from Tokyo Chemical Industry. MMT and CdCl, were obtained from
J&K Co., Ltd. CH3COONa, CH3COONa and CH3;COOH were obtained from Tianjin Yongda
Chemical Reagent Co., Ltd. 0.1 M Acetate buffer solution (ABS) with different pH was prepared using
0.1 M CH3COOH and 0.1 M CH3COONa. Cd(Il) aqueous solutions were prepared from chlorate salts
of metal. The rice was obtained from the experimental field in Jiangxi Agricultural University. All
reagents were analytical grade without further purification. All solutions were prepared by doubly
distilled water.

2.2 Apparatus

Square Wave Stripping Voltammetry (SWSV) were performed using CHI660E electrochemical
cell workstation (Chenhua Instrument Company, Shanghai, China) with a standard three-electrode
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system including glassy carbon electrode (GCE, diameter of 3 mm), platinum wire (Pt, ®=1 mm) and
saturated calomel electrode (SCE). The GCE or modified GCE served as a working electrode, the Pt
wire was used as a counter electrode and SCE acted as a reference electrode. The pH was measured
using a CT-6023 portable pH meter (Shanghai Jingmi Instrument, China). Scanning electron
microscopy (SEM) was used by a JSM-6701F microscope (JEOL Ltd., Japan). FTIR spectra were
recorded on fourier transform infrared spectrometer.

2.3 Preparation of biochar

The yields of BCs decreased when the temperature increased from 350 to 700 °C, but BCs kept
a more stable form of carbon with high resistance to heat with the increases of pyrolysis temperature,
and the pyrolytic volatiles like low molecular weight organics and gases were generally degraded at a
lower pyrolysis temperature [41]. Thus BC based on pitch pine was prepared at 600 °C using a muffle
furnace. The pitch pine was cut into pieces and air-dried by an electric thermostatic drier. And then fast
pyrolysis of the raw material was performed for 2 h using a sealed iron pot under oxygen-limited
conditions. The prepared BC were rapidly moved to a room temperature zone with a nitrogen
atmosphere and allowed to cool. The BC powders based on pitch pine was obtained by grinding for 30
min using a mortar, and collected after being passed through a 88 um mesh screen.

2.4 Dispersion of biochar

The 4 mg mL™* MMT was obtained by sonication in CMC aqueous solution with different
concentrations. 2 mg mL ™! CMC aqueous solution was selected as the optimal concentration of CMC.
Subsequently, both MMT and BC were mixed manually in a mortar and pestle for at least 30 min for
the homogenization. Then 4 mg mL™* MMT-BC was dispersed by sonication in 2 mg mL™* CMC.
After optimizing, the stable aqueous dispersion of CMC-MMT-BC was obtained (CMC and BC as
well as MMT were 2 mg mL ™}, 4 mg mL™ and 4 mg mL™%, respectively).

2.5 Preparation of modified electrode

Prior to modifying the electrode, the GCE was carefully polished on chamois leather containing
0.05 pum alumina slurry and rinsed thoroughly with the doubly distilled water between each polishing
step, then sonicated with the doubly distilled water, ethanol, and doubly distilled water for 5 min,
respectively, and dried in air afterwards. The CMC-MMT-BC/GCE was prepared by drop-coating 5
uL CMC-MMT-BC aqueous dispersion on the surface of bare GCE and dried in infrared lamp.

2.6 Experimental measurements

The 5 mL Cd** standard solution containing 0.1 M ABS (pH 5.0) was added into the cell using
the pipette. The MMT-CMC-BC/GCE immersed into a stirring ABS containing Cd** was placed for 60
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s. The Cd*" was detected by square wave anodic stripping voltammetry (SWASV) unde r optimized
conditions. Cadmium was deposited at -1.2 V for 150s by the reduction. The anodic stripping
(oxidation of cadmium to cadmium ions) of electrodeposited cadmium was carried out in -1.1 —-0.5 V,
their frequency and amplitude are 15 Hz and 25 mV, respectively. The content of Cd®* in real sample
has been detected under the same experimental conditions. All experiments are of five replicate.

3. RESULTS AND DISCUSSION

3.1. MMT-CMC-BC aqueous dispersion

BC powders based on pitch pine hardly dissolve in water. So a dispersant that can make BCs
for dispersion in water is a very necessary. The CMC was selected as a dispersant for the dispersion of
BC micropowders based on pitch pine. In addition, the MMT could also disperse well after sonication
using CMC, and the formed mixed dispersed solution was more stable than the single dispersed
solution [38]. As can be seen form Figure 1. The pure BC (Figure 1A) and MMT-CMC-BC (Figure
1B) seem to be dispersed in water during ultrasonic oscillations, but the pure BC quickly detached
from the water after ultrasonic oscillations, and formed precipitates on the bottom surfaces (Figure
1C). The CMC-BC could form aqueous dispersion after ultrasonic oscillations, and the precipitates
gradually appeared with the passage of time. Interestingly, the aqueous dispersion of MMT-CMC-BC
(Figure 1D) is more stable than the aqueous dispersion of CMC-BC. Although the aqueous dispersion
of MMT-CMC-BC also formed precipitates on the bottom surfaces with the passage of time, MMT-
CMC-BC could easily form homogeneous and stable aqueous-dispersion again after small vibration or
mechanical stirring.

a b

Figure 1. The photographs of BC (a) and MMT-CMC-BC (b) in water after ultrasonic oscillations, and
the fresh prepared samples (A) and the sample after 5 days of stationary cultivation (B).

3.2 Surface morphology of MMT-CMC-BC film

Surface morphologies of various coatings were investigated by SEM in Figure 2.The original
CMC was a compact, smooth, regular and homogeneous structure (Figure 2A), while the pristine
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MMT was a flaky texture reflecting its layered structure (Figure 2B). The MMT-BC-CMC film was an
uneven-layered structure, and formed dense and intimate film with bright flaky aggregates (Figure 2C
and D). Therefore, both CMC and BC were coated in the interlamellar surface of MMT, forming
mostly flat and aggregated morphology. In addition, the rough and layered structure of MMT-CMC-
BC suggested that MMT-CMC-BC composite seem to have a large specific surface area [38].

9. 00pm

Figure 2. SEM images of CMC film (A, magnification, 10,000x), MMT film (B, magnification,
10,000%), and MMT-CMC-BC film (C, magnification, 2,000, and D, magnification, 20,000x)

3.3 FT-IR analysis

FT-IR spectra of BC were presented in Figure 3. The bands at 3781 cm™ and 3426 were
assigned to the O—H stretching in —OH groups of BC, and peak at 2936 cm™ was assigned to the C—H
stretching vibrations. Strong adsorption bands appeared at around 1620 and 1526 cm™ due to amide
and methyl functional groups. Weak peaks at 1402 and 1328 cm™ suggested that the formation of C—O
stretching and OH deformation of carboxylate and phenolic groups. The peaks in the range of 900 —
700 cm™ were derived from aliphatic CH deformation. These are in accordance with literature on BCs
in previous reports [42-44]. They confirmed the presence of several oxygen functional groups such as
carboxylic, hydroxyl, phenolic, and carbonyl in BCs. In addition, the strong absorption bands at 3422
and 1626 cm™* were characteristic of the stretching and deformation vibration of the interlayer water of
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MMT, Si-O stretching vibration, Al-O stretching and Si-O bending vibration resulted from strong
absorption bands at 1044, 540, and 444 cm™* respectively[38].
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Figure 3. FT-IR spectra of BC and BC-CMC-MMT

3.4 Optimum of experimental parameters

Metal ions were generally detected by anodic stripping voltammetry that are preconcentrated
on the surface of working electrode during a deposition step and then oxidized at the electrode during
the stripping step. SWASV was used to optimize the parametric condition of BC composite electrode
for the SWASV detection of Cd*".

3.4.1 Effect of different modified electrodes

The original properties of materials can be greatly improved by the synergistic effect of
composite materials, Figure 4 illustrates electrochemical behaviors of Cd** in ABS (pH=5.0) at bare
GCE (a), MMT-CMC/GCE (b), BC-CMC /GCE (c), MMT-CMC-BC /GCE (d). It was quite easy to
find that both MMT-CMC/GCE (b) and BC-CMC/GCE appeared a stronger stripping peak due to
superior adsorption capacity, large specific surface area, and good exchange capacity. In comparison
with all other electrodes, the MMT-CMC-BC /GCE demonstrated the highest peak height indicating a
significant enhanced synergistic effect of different components.



Int. J. Electrochem. Sci., Vol. 11, 2016 1047

I/ pA

-1.00 -095 -0.90 -0.85 -0.80 -0.75

E/V (vs. SCE)
Figure 4. Electrochemical behaviors of Cd** in ABS at bare GCE (a), MMT-CMC/GCE (b), BC-

CMC/GCE (c), and MMT-CMC-BC/GCE (d).

3.4.2 Effect of different composite ratios

Different ratios of both MMT and BC dispersed by CMC were obtained to study the influence
of their different ratios on the change of sensing performance for the SWASV detection of Cd*".
Clearly, the peak current first increased, and then decreased with the increasing ratios of both MMT
and BC (Figure 5), this is because that the larger amounts of MMT or BC at the surface of electrode
resulted in the decrease of the electroconductibility, the proper proportion both MMT and BC
enhanced the stripping signals, and peak currents remarkably increasing. Ratios with1:1of both MMT
and BC achieved maximum response of the peak current, which was used for following experiments.

4
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Figure 5. The effect of different ratios of both MMT and BC dispersed by CMC on sensing
performance for the SWASV detection of Cd?*. Different ratios of MMT and BC is 10:0 (a),
7:3 (b), 5:5 (c), 3:7 (d) and 0:10 (e).
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3.3 .2 Effect of treatment methods

Functional groups of BC may change in strong acid or strong alkali medium, which may result
in the change of sensing performance for the SWASV detection of Cd**. BC was soaked in 1M nitric
acid or sodium hydroxide for 24 h, then different BCs treated with nitric acid or sodium hydroxide
were washed repeatedly with double deionized water to remove residual nitric acid or sodium
hydroxide, and dispersed and prepared modified electrodes using methods mentioned-above. Finally,
Effect of treatment methods on the SWASV detection of Cd** was studied. Clearly, different BCs via
the treatment of nitric acid or sodium hydroxide were worse for the detection of Cd? while BC without
the treatment displayed higher peak current response was than other two (Figure 6).

4

-0.98 -0.91 -0.84 -0.77 -0.70
E/V (vs. SCE)
Figure 6. Effect of treatment methods on sensing performance for the SWASV detection of Cd**. Bare

GCE (a), MMT-CMC-BC treated with nitric acid/GCE (b), MMT-CMC-BC treated with
sodium hydroxide /GCE (c), MMT-CMC-BC/GCE (d).

3.3.3. Effect of pH

The pH is an critical controlling parameter for evaluating the performance of sensing electrode.
0.1 M ABS with different pH from 3.0 to 8.0 was studied using SWASV in 100 nM Cd**. It was found
that the current responses were increased in pH ranges from 3.0 to 5.0, and decreased from 5.0 to 8.0
(Figure 7). Thus a pH of 5.0 was selected for subsequent experiments.
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Figure 7. Effect of pH using SWASV in ABS containing 100 nM Cd**,

3.3 .4 Effect of deposition potentials

Deposition potentials are very important to achieve the best sensitivity in stripping analysis.
Thus the effect of deposition potentials on peak currents after 150s accumulation was studied in the
potential range from -1.0 to -1.7 V in 0.1 M ABS (pH=5.0). The increment of stripping peak currents
for Cd** increased when deposition potentials shifted from -1.0 to - 1.2 V, and peak currents for Cd**
reached a maximum at - 1.2 VV(Figure 8), which was used for the following experiments.

sob—
30 \'\ s \

-1.65 -1.50 -1.35 -1.20 -1.05
E/V

Figure 8. The effect of deposition potentials using SWASV in ABS containing 100 nM Cd**.

3.3 .5 Effect of deposition time

Different deposition time was tested using SWASV in ABS containing of 100 nM Cd**. The
electrical properties of the films change with deposition time. Figure 9 shows the change of peak
current with deposition time. The peak currents increased with the increase of deposition time (less
than 160 s). The peak currents reached a plateau value when the deposition time is more than 160 s
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suggesting that the electrode is saturated by Cd** when the deposition time is beyond 160 s. Namely,
the deposition time of 160 s was selected.

48} —

—"
4.2 F /

3.6

I/ uA

3.0

2.4} /

7

18 o 1 3 L [ L L
0 50 100 150 200 250 300

T / s Deposion

Figure 9. The effect of deposition time using SWASV in 0.1 M ABS (pH=5.0) containing of 100 nM
Cd(1).

3.4. Linear range

After optimization of different parameters, additions of Cd?* using optimized conditions were
investigated. A series of voltammograms in ABS containing Cd®* with different concentrations on
MMT-CMC-BC/GCE after preconcentration for 150 s are shown in Figure 10. The peak height versus
added concentration of Cd®* was found to produce linear ranges. The regression equation is y = 1.38x
+ 1.63 with a correlation coefficient of 0.9992. The fabricated sensor displayed good linear range from
2x10® to 2x107, indicating that the proposed method could be used for the trace detection of Cd*".
The fabricated sensor had lower detection limit toward Cd®* than most recently reported
electrochemical methods for detection of those metal ions (Table 1).

30

24}
y=1.38x+1.63
R?=0.9993
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Figure 10. The stripping voltammograms of MMT-CMC-BC/GCE for Cd?* detection in 0.1 M ABS
(A), and plots of SWASV peak currents vs. corresponding Cd** concentrations (B).
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Table 1. A comparison of the analytical performance of modified electrodes based on different
materials for the electrochemical determination of Cd**

Materials pH Buffer solusion  Linear rang LOD Ref
CPEM (BC) 70 0.1MPBS 25-500 pM 0.69 nM [18]
Sn/NA/MWCPE 4.0 0.11 M ABS 8.90-711.68 nM 1.16 nM [45]
BDD/GCE 467 0.1M ABS 0.18-2.17 uM 8.90 nM [46]
MWCNT/P1,5-DAN 4.5 0.1 M ABS 0.035-1.33 uM 28.47 nM [47]
PDA@Fe;0,/mGCE 50 01MABS 20-590 nM 920 nM [48]
Au-Ph-AuNP 7.0 0.1 M ABS 0.1-100 nM 0.1nM [49]
NanoBIiE/GCE 4.5 0.1 M ABS 44.64-535.71 nM 3.57 nM [50]
L/MWCNTSs/CPE 3.0 B-R buffer 1.78-205.36 nM 0.72 nM [51]
NH,-MCM-41/GCE 4.1 0.2 M ABS 0.45-4.02 uM 8.93nM [52]
MMT-CMC-BC/GCE 50 01MABS 0.02-20 uM 6.7 nM This work

3.5. Stability of MMT-CMC-BC/GCE

The stability of the modified electrodes is very important. The stability of the MMT-CMC-
BC/GCE was obtained by keeping the electrode immersed in ABS for ten days (Figure 11). The
response of peak currents displayed a satisfactory stability during these days (4.713+£0.0653mA) with
relative standard deviation (RSD) of 1.637% under these conditions.

I/ pA

-0.98 -0.91 -0.84 -0.77 -0.70
E/V (vs. SCE)

Figure 11. The sensing stability of MMT-CMC-BC/GCE for ten days.

3.6. Interferences

The interference of other metal ions (Pb®*, Cu?®*, Hg®*, zn®*, AI** and Fe®*) on the
determination of Cd** was investigated (Table 2). It was found that high concentration Pb?*, Cu®,
Hg?*, Zn*, Fe**and AI** caused hardly any changes of voltammetric signals for Cd?*. In addition,
many other substances did not cause any observable response due to relatively far away from the
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potential of Cd®*, even no electrochemical activity, the tolerance limits was estimated to less than 3%
of the error, indicating a good selectivity of the proposed sensor.

Table 2. Effect of other metal ions on peak currents on the detection of Cd**

Interferences ions Concenstration (mg/L) Signal change(%)
Pb** 2 +2.1
cu® 2 +1.0
Hg** 2 +0.6
zZn* 2 -0.4
Fe®* 2 +1.2
Al 2 -0.7

3.7. Practical application

The MMT-CMC-BC/GCE was used for determining Cd** in rice. The results were listed in
Table 3, clearly, the recoveries of the determining Cd** in rice sample using MMT-CMC-BC/GCE in
the range of 97.0-101.8%. This result indicated that the determination of Cd** content in real samples
was feasible and applicable, suggesting the MMT-CMC-BC/GCE has practical significance and can
determine the content of Cd** in real samples.

Table 3. The detection and recoveries of Cd** in rice sample using MMT-CMC-BC/GCE

Sample Spiked (M) Found (M) Recovery (%)
Rice 2x10” 2.04x107 101.8
5x10° 4.93x10°° 98.6

4. CONCLUSIONS

The pitch pine BC was prepared by pyrolyzing under oxygen-limited conditions at 600 °C. The
obtained pitch pine BC was grinded, and then these micropowders were dispersed in CMC mixed
aqueous solution. MMT enhanced the stability of BC aqueous dispersion. BC-CMC-MMT composite
materials with enhancing surface area and adsorption capacity displayed synergistically enhanced
ability for the electrochemical detection of Cd®" in real samples. BC-CMC-MMT was served as cost-
effective electrode modified materials for sensing Cd?* in linear range of 2.0 x 10® — 8 x 10° M with
limit of detection of 6.7 nM, remarkable selectivity, and good practicability. Satisfactory sensing
performance indicated that low-cost water-processable BC has practical values and employed for
application in electrochemical sensing fields.
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