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Abstract: Activated carbons derived from rice husk pyrolysis (biochar) were prepared by chemical
activation at different biochar/K,CO3 proportions in order to assess its capacity as adsorbent. The
activated material was characterized by X-ray diffraction (DRX), Raman spectroscopy, scanning
electron microscopy (SEM), the Brunauer, Emmet, and Teller (BET) method. The Barret, Joyner, and
Halenda (BJH) method and functional density theory (DFT), presenting interesting texture properties,
such as high surface area (BET 1850 m? g*) and microporosity, which allow its use as a sorbent phase
in solid-phase extraction (SPE) of the main constituents of the aqueous pyrolysis phase. It was
demonstrated that the activated carbon (RH-AC) adsorbs different compounds present in from rice husk
pyrolysis wastewater through quantitative analysis by high-performance liquid chromatography with a
diode-array detector (HPLC-DAD), presenting good linearity (R2 > 0.996) at 280 nm.
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1. Introduction

A growing number of studies have explored methods for transforming agro-industrial
waste into high value-added products [1-8]. Among these waste sources, rice husk (RH) is a
good alternative because it provides large amounts of silica and organic matter [9]. Brazil
produces approximately 10 million tons of rice per year, and the state of Rio Grande do Sul is
the largest domestic producer, accounting for 66% of the national production [10,11]. Among
the by-products, the husk accounts for the largest volume obtained during the rice processing,
and furthermore, it accounts for an average of 25% of the final weight [12,13]. Rice husk
disposal has become a serious environmental problem due to its slow decomposition, high
concentration of organic compounds, and the great amount generated annually [14].

Pyrolysis could be used to reduce this waste and to produce high value-added materials.
This process involves the thermal conversion of biomass using elevated temperatures in inert
atmospheres (usually between 400 and 1000 °C) into gaseous, liquid products (bio-oil and
aqueous phase) and solid products (biochar and ash) [1-8].

The aqueous phase is generated due to the water content of the raw material and
dehydration reactions. In some cases, the aqueous phase is more than 70% of the biomass by
weight [15,16]. The aqueous phase typically consists of polar organic compounds, such as
furaldehydes, phenols, and ketones. As such, additional treatments are required to prevent these
https://biointerfaceresearch.com/ 10265
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complex chemicals from contaminating the environment [17]. The use of SPE for extracting
and isolating organic compounds from aqueous phases plays an important role in the
characterization of these compounds [18].

SPE is widely used in various industries, including environmental, petrochemical,
pharmaceutical, biological, food, and forensic chemistry [19,20]. In order for a bio-char
obtained from the pyrolysis of the rice husk to be considered a solid with adsorbent potential
in SPE, it needs to undergo a chemical activation process, making it highly porous and with
relatively increased surface area [21-26].

Chemical activation processes using NaOH/KOH [27-31], H3PO4 [32], or ZnCl:
[30,33] have been widely used to dehydrate, unblock the pores and obtain an AC with
significant porosity for adsorption. The use of an activating agent more sustainable and easily
removed by water, such as K2COs, has also been extensively exploited for producing a high
surface area AC [21,27,34-42].

Therefore, in view of the excellent results generated in the chemical activation of the
bio-char obtained from the rice husk pyrolysis, an evaluation of its application as an SPE phase
was carried out in order to remove environmentally harmful organic compounds from the bio-
oil aqueous phase. Furthermore, recovery of the aqueous phase aldehyde compounds, which
has a great interest in the industry, has been evaluated by HPLC-DAD [43-49].

2. Materials and Methods
2.1. Samples and standards.

Rice husk was obtained from local industry in the Rio Grande do Sul state (Brazil). All
solvents and reference standards (hydroquinone, 1,2-dihydroxybenzene (catechol), 5-
hydroxymethylfurfural, 1,3-benzenediol (resorcinol), 3-methyl-1,2-cyclopentadione, 4-
hydroxybenzaldehyde, 2-methoxyphenol (guaiacol), 2,6-dimethoxyphenol (syringol), 5-
methyl furfural, phenol, furfural and Homovanillyl alcohol were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and were of high purity grade. Water was purified using a Milli-
Q system (Millipore, Bedford, MA, USA). A methanol grade-HPLC was purchased from Tedia
(Ohio, USA), and the Milli-Q water was generated using a Millipore System (Darmstadt,
Germany) with 18 MQ-cm conductivity.

2.2. Pyrolysis.

Prior to pyrolysis, samples of rice husk were dried in an oven at 60 °C for 1 hour.
Pyrolysis experiments were carried out under a nitrogen atmosphere in a tubular fixed-bed oven
with a quartz reactor, as described by Moraes et al. [3]. Briefly, 6 g of entire dried rice husk
was employed in each pyrolysis run. Several temperatures between 430 °C and 620 °C were
tested in order to obtain a higher amount of solid product. Then, the reactor was heated to the
desired temperature of 480 °C at 100 °C min™* and maintained at this temperature for 15 min
under a constant nitrogen flow of 38.5 mL min™*. At the end of the pyrolysis process, the solid
product was designated as RH-Biochar. The yield calculation was performed using Equation
1. For this calculation, the difference between the empty flask and the flask containing the
biochar was used.

Equation 1:  Yield (%) = Socharwelght(®) o 4

Biomass weight(g)
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Crude bio-oil was separated into an organic phase and an aqueous phase by simple
decantation. The aqueous phase was analyzed by HPLC-DAD. For the HPLC analysis, the
aqueous phase samples were diluted in Milli-Q water 1:40 (v/v) and filtered through a PTFE
membrane of 0.20 UM pore size.

2.3. Chemical activation.

The chemical activation of the rice husk biochar using a K2COs activating agent was
performed in a horizontal oven containing a quartz tube under N2 flow (0.6 L min™). The
temperature was increased (25 °C min) to the activation temperature (800 °C or 900 °C) and
maintained for 2 h. The temperature was set and controlled using a K-type thermocouple and
a digital controller. After cooling under N2 flow, the sample was washed with distilled water
to pH 7 and dried at 100 °C. To prepare the activated carbon, biochar was mixed with K2COs3
at 1:1, 1:2, and 1:3 weight ratios of biochar/K2COs. The activated materials were assigned as
RH-AC/Biochar:K2COs (w/w)/T (°C).

2.4. Characterization of activated carbon.

N2 adsorption-desorption isotherms were obtained at the N2 boiling point temperature
using Tristar Il Kr 3020 Micromeritics equipment. The samples were previously degassed at
120 °C under vacuum for 12 h. Textural parameters were derived from the adsorption data.
The specific surface area was determined by Brunauer, Emmett, and Teller (BET) [50]
multipoint technique. The pore size distribution was obtained using Density Functional Theory
(DFT) and Barret, Joyner, and Halenda (BJH) [50]. The samples were metalized with gold, and
their morphology was evaluated by SEM (Zeiss EVO30) using 20 KV. Structural
characterization was conducted using XRD and Raman spectroscopy. XRD diffractogram was
collected using a GE Seifert Charon XRD, operating at 30 kV and 50 mA using Cr Ko.
Diffratograms were obtained between 35° and 166° with 0,01° step. Raman spectra were
acquired using a Renishaw inVia Spectrometer System, a laser with 532 nm wavelength at 10%
power was focused at the sample through a 20x objective. The integration time was 20 s.
Spectra were collected between 100 cm™ and 3200 cm™ and they were deconvoluted in the
range of 800 cm™* and 2000 cm?, using Lorentzian fit, as indicated by Robertson et al. [51].

2.5. SPE procedures.

The RH-AC/Biochar:K2COs 1:3 (800 °C) activated carbon was packed in an empty
cartridge with a polypropylene frit at the bottom of the cartridge. After adding the activated
carbon, another polypropylene frit was placed on top to compact the particles. Then, the
cartridge was set on an SPE manifold device. The SPE cartridge was conditioned with 5 mL
methanol and 5 mL water. Then, 1 mL of aqueous phase sample (pH 2.5) was percolated
through the cartridge at room temperature under vacuum. The final manometric pressure drop
across the cartridge was less than 0.4 bar. After loading, the cartridge was vacuum dried.
Residual water was collected in a flask for analysis. The targeted analytes retained on the
cartridge were eluted with 5 mL methanol under vacuum. The cartridge was vacuum dried for
2 min. The extract was collected in a 5 mL glass flask and analyzed by HPLC.
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2.6. HPLC-DAD analysis.

All HPLC experiments were carried out using a C18 Phenomenex® column (250 mm
x 4.6 mm, particle size 4 um; Kinetex, USA). HPLC-DAD analysis was performed on a
Shimadzu HPLC system (model 20-AD) consisting of a binary pump equipped with a DGU-
20A degasser, a SIL-20A autosampler, and a CTO-20A column oven. Detection was carried
out using an SPD-M20A diode-array detector, which was operated at 280 nm with a resolution
of 1 nm. The injection volume was 10 pL. The eluents were water (A) and methanol (B). The
mobile phase flow rate was 0.8 mL min, and the column oven temperature was 30 °C. The
following gradient was used for all experiments: 0-5 min at 5% (B); 540 min from 5% to 35%
(B); 35-55 min from 35% to 70% (B); 50-55 min, 70% (B); 55-60 min from 70% to 5% (B).
Data were acquired and processed with Shimadzu LC-solution software version 1.25
(Shimadzu Corporation, Japan).

2.7. Method validation.

A standard solution mix of Hydroquinone, 5-hydroxy-methyl-furfural (HMF),
Guaiacol,  3-methyl-1,2-cyclopentanodione,  2,6-dimethoxyphenol  (syringol),  5-
methylfurfural, Homovanillyl alcohol, 4-Hydroxybenzaldehyde, Furfural and Phenol,
Resorcinol was prepared in methanol. Standard calibration solutions (1-250 mg mL™?) for
assessing linearity were prepared from this stock solution using the mobile phase and injected
into the HPLC system. The peak area versus concentration data was treated using linear least
squares regression. The analytical parameters that were validated were: specificity, precision,
linearity, detection, and quantification limits.

The method specificity was ascertained by analyzing the standard solution mix and
samples. The bands for the standards were confirmed by comparing the retention time values
and spectra of the band with the standard. The peak purity was assessed by comparing the
spectra at three different levels, i.e., at peak start, peak apex, and peak end positions of the
spectrum. For the precision test, the intraday (repeatability) and interday (reproducibility)
variations for the standard solution mix were performed at the midpoint of the standard curve.

The linearity range of each compound was determined by evaluating the regression
curves using a standard external method. The degrees of linearity was expressed by the
determination coefficient (R?) [52]. The limits of quantification and limits of detection were
determined using Equations 2 and 3, respectively:

Equation2: LOQ =100/S
Equation3: LOD =3.34/S

Where, o is the standard deviation of the intercept of the calibration plot, and S is the slope of
the calibration curve [53].

3. Results and Discussion
3.1. Pyrolysis yield.

The vyield of the biochar, according to Equation 1, corresponds to 50.94%. Biochar
showed a considerable yield at this temperature compared to other temperatures tested under
the same pyrolysis conditions as at 480 °C (Table 1).
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Table 1. Biochar performance at different temperatures tested under the same pyrolysis conditions as at 480 °C.

Pyrolysis temperature (°C) Biochar yield (%)
410 43.74
480 50.94
550 39.2
620 35.26

3.2. Characteristics of activated carbon.
3.2.1 BET, BJH, and DFT.

The nitrogen adsorption-desorption isotherms of activated RH-Biochar varying the
amount of activating agent are presented in Figure 1. The profile of isotherm curves is the type
I, characteristic of a microporous material, i.e., pores with diameters lower than 2 nm [50]. The
surface areas and pore volumes are shown in Table 2. As can be seen, the activation with K2COs3
at 800 °C was very effective in improving the textural characteristics of RH-Biochar, regarding
that the increase in the amount of activating agent produces an increase in the surface area, as
well as in the pore volume. The isotherm profile remains the same after calcination at 900° C
(Figure 1e), allied with a decrease in surface area and pore volume (Table 2).
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Figure 1. N, adsorption-desorption isotherms RH-AC sample series calcinated at 800 °C. (a) RH-Biochar
without calcination; (b) RH-AC/1:1; (c) RH-AC/1:2; (d) RH-AC/1:3; (e) RH-AC/1:3 calcinated at 900 °C.

Table 2. Textural data.

Material BET surface area (m?g™?) BJH pore volume (cm3g?)
RH-Biochar 3.8%0.3 0.008 + 0.002
RH-AC/1:1/800 997 £10 0.27 £0.01
RH-AC/1:2/800 1045 + 10 0.48 £ 0.01
RH-AC/1:3/800 1850 + 20 0.79 £0.01
RH-AC/1:3/900 500+ 8 0.27 £0.01

It is important to highlight that the obtained surface area value for RH-AC/1:3/800 was
1850 m?gt. As far as we know, there are no previous reports showing such high surface area
for this kind of material, making this system very suitable and promising to be applied as an
adsorbent for SPE.

3.3. Morphological and structural characterization.

SEM images of biochar were presented in Figure 2; morphology was heterogeneous
with particles ranging a few micrometers to agglomerates higher than 100 um. In Figure 2 can
be observed a detail of one particle, where higher porosity is showed. Some lamellar structure
was also observed in this image. The larger surface porosities were not very deep; however,
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they are formed by several small porous, as could be seen in figures 2 and 3. These microporous
could help in the adsorbing characteristics of this material and corroborates with the BET
results.

XRD spectrum shows no peak in the range evaluated, evidencing the amorphous
characteristic of the biochar. Raman spectra (Figure 4) showed two well-defined broad bands
centered at 1347 cm™ and 1585 cm; these bands are assigned as the D and G bands,
respectively. Typically, the G band is characteristic of the stretching vibration mode of any pair
of sp? sites, whether in C=C chains or aromatic rings. Otherwise, the D band is associated with
the breathing mode of sp? sites in aromatic rings, but not in chains [54].

Itis possible to associate the extension of crystallinity with the integrated intensity ratio
of D and G bands using the following equation proposed by Cancado et al. [55]:

-1
Equation 4: L, = 2.4 x 10710 x % (iﬂ)
G

where, La is the crystallite size in nm, | is the wavelength of the laser source, and Ip and I are
the integrated intensity of D and G Raman bands.

The found crystallite size was 7.5 + 1.7 nm, showing a small number of crystalline
portions in the biochar, in good agreement with DRX results.

&lm Mag= 100KX Signal A = SE1 EHT = 20.00 kv

WD = 8.0mm

Figure 2. Micrography of the activated charcoal of the rice husk obtained by scanning electron microscopy with
a magnification of 1000 x.
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Figure 3. Micrography of thé;ctivated charcoal of rice husk obtained by scanning electron microscopy with a
magnification of 5000x.
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Figure 4. Raman spectrum of activated carbon.

3.3. HPLC-DAD qualitative and quantitative analysis.

Figure 5 (a) shows the HPLC-DAD chromatogram of the aqueous phase (AP) derived
from the rice husk bio-oil (examined at 280 nm, which is suitable for these chemicals). Eleven
major compounds were identified that are listed in Table 3. All identified compounds were
confirmed by comparing their retention time and spectra with standards. These compounds
were then quantified using a standard external method.

@ .
|

o)

(c) 7 E

Figure 5. (a) Chromatogram at 280 nm for the équébus phése,'wifh the aﬁsorption spectrum for resorcinol
presented in the upper right corner; (b) aqueous phase chromatogram after SPE; (c) chromatogram of methanol
extract after compounds removal.

Table 3. Compounds identified in the aqueous phase of rice husk pyrolysis.

Identified Compounds Peak number
Hydroquinone 1
5-hydroxy-methyl-furfural (HMF) 2
Guaiacol 10
3-methyl-1,2-cyclopentadienone 5
2,6-dimethoxyphenol 11
5-methylfurfural 8
Homovanyl alcohol 6
Phenol 9
4-Hydroxybenzaldehyde 7
Furfural 4
Resorcinol 3
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The compounds identified in the rice husk aqueous phase were mainly phenols, furans,
and ketones. The rice husk aqueous phase had a composition similar to those reported by
Tomasini et al. [56] for coconut fibers, sugarcane straw, and sugarcane bagasse. Furaldehydes
and ketones were primarily produced from cellulose and hemicellulose by high-temperature
pyrolysis, while phenols were mainly produced from lignin [57,58].

Table 4 shows the results of the parametric analyses (linearity, precision, LOD, and
LOQ) used in the method validation and the concentration of the identified compounds
(averages of three analyses are presented). The calibration curves showed good linearity, as
indicated by the correlation coefficients (R?) for the range of concentrations studied. The R?
values ranged from 0.996-0.999 for all 11 compounds. The intraday and interday precision tests
(expressed in terms of RSD %) showed values below 6.12% for all compounds. These low
RSD % values suggested that the developed HPLC-DAD method had good precision. The LOD
values ranged from 0.006 for hydroquinone to 0.97 for 5-methylfurfural, whereas the LOQ
values ranged from 0.02 to 2.96 for the same compounds. The method specificity was also
evaluated. The results indicated that the identified peaks were spectrally homogenous, i.e.,
there were no coeluting peaks.

Table 4. Validation of analytical parameters and concentration of the compounds identified.
Interday Intraday

Compounds Vall;iag]telon Correlation LOD LOQ precision | Precision | Concentration

_1 coeficiente | (mg.L?) | (mg.L?) | RSD (%)° | RSD (%)° | (mg.L?") +SD

(mg.L7)*
n=6 n=6

Hydroquinone 10-250 0.998 0.006 0.02 5.32 5.25 480.10 £ 0.02
5-hydroxy-methyl-furfural 1-150 0.999 0.17 0.53 5.39 5.02 1082.92 + 2.73
Guaiacol 1-150 0.999 0.022 0.068 5.17 3.18 1932.46 £ 0.44
3-methyl-1,2-cyclopentadienone 10-250 0.999 0.89 271 5.45 3.24 1360.64 + 0.16
2,6-dimethoxyphenol 1-60 0.998 0.31 0.95 6.10 5.10 338.98+0.14
5-methylfurfural 5-75 0.998 0.97 2.96 4.92 3.56 398.20 £ 0.11
Homovanillyl alcohol 1-100 0.998 0.21 0.65 5.03 3.09 238.26 £ 0.08
Phenol 5-150 0.999 0.23 0.71 5.28 5.07 768.36 +0.10
4-Hydroxybenzaldehyde 1-30 0.998 0.10 0.32 4.60 5.61 214.22 £0.04
Furfural 1-100 0.998 0.19 0.58 0.09 0.44 3520.87 £0.73
Resorcinol 1-250 0.999 0.46 1.39 5.51 3.00 97.42 £0.02
2,6-dimethoxyphenol 1-60 0.998 0.31 0.95 6.10 5.10 338.98 £0.14
5-methylfurfural 5-75 0.998 0.97 2.96 4.92 3.56 398.20 £0.11
Homovanillyl alcohol 1-100 0.998 0.21 0.65 5.03 3.09 238.26 +0.08

a) Calibration curves were done at least six concentration levels.
b) Relative standard deviation of assay realized on the same day of a standard mixture, which was injected six times.
¢) Relative standard deviation of assay realized on three different days of a standard mixture which was injected six times

To the best of our knowledge, no studies quantified the rice husk aqueous phase by
HPLC-DAD. Based on the system validation (precision, linearity, LOD, LOQ, and specificity),
the developed method could be successfully employed for the quantification of aqueous phase
compounds from bio-oils.

Regarding the chemical composition (Table 4), furfural was the major compound (3520
mg mL™1), followed by guaiacol (1932 mg mL™?), 3-methyl-1,2-cyclopentadienone (1360 mg
mL™1) and 5-hydroxy-methyl-furfural (HMF) (1082 mg mL™1). Other identified compounds
were present at concentrations between 97 and 768 mg mLt. Furthermore, higher
concentrations of furaldehydes were observed in the rice husk aqueous phase than in the
organic phase, which had a predominantly phenolic composition, as was reported by Moraes
et al. [59]. These authors described the characterization of the organic phase from the pyrolysis
of rice husk and reported that phenols accounted for more than 37% (area percentage) of the
compounds and aldehydes less than 5%. High value-added chemicals, such as furfural, HMF
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and 5-methylfurfural, with high concentrations in the aqueous phase, could serve as a viable
alternative feedstock if properly isolated. For example, furaldehydes have been used as
lubricants, adhesives, plastics, and nylons, while phenols have been used as disinfectants,
resins, and pesticides [60-62].

3.4. Bio-char applied to SPE to remove compounds of the aqueous phase from bio-oil.

After the HPLC-DAD validation, the SPE extraction recovery was calculated to
evaluate the efficiency of RH-AC/1:3/800 in removing compounds from the aqueous phase.
Figure 5 (b) shows a chromatogram of the aqueous phase sample after the SPE procedure. The
majority of compounds were retained in the bio-char solid phase of the SPE cartridge. After
their retention on the solid phase, the compounds were extracted with methanol. The resultant
chromatogram is shown in Figure 5 (c). Compounds not identified in chromatogram had
concentrations lower than the LOQs or were not detected in the extracts.

The percent recoveries of the compounds were calculated based on their initial
concentrations in the aqueous phase (using calibration curves) and were between 44.43% to
110%. The percent recovery values were close to 100%, indicating that the analytical method
performed well. As can be noted, the efficiency of the RH-AC/1:3/800 stationary phase
significantly differed among various compounds. While some analytes showed excellent
recoveries, other compounds displayed very strong interactions with the stationary phase.
These compounds could not be efficiently extracted. This demonstrated that the activated
carbon RH-AC/1:3/800 was efficient for absorbing different, environmentally harmful
compounds present in wastewater pyrolysis, which would otherwise have to be recovered
before disposal. Adsorption-based technologies, particularly those using activated carbon, have
been widely applied in pollution mitigation, e.g., the decontamination of flue gasses and
wastewater treatment [63-67]. In wastewater treatment, the efficient removal of organic
compounds by activated carbon with K2COs has been demonstrated in a few studies [21-24].

4. Conclusions

Rice husk biomass can be pyrolyzed to obtain good yields of solid product (biochar).
The chemical activation of biochar results in a microporous material with exceptional surface
area (1850 m?g?l). The obtained material was used as an adsorbent to remove the main
constituents of the aqueous pyrolysis phase. To evaluate the procedure performed, an HPLC-
DAD method was developed and validated. The results showed that furfural was the major
compound (3520 mg mL?), followed by guaiacol (1932 mg mL™), 3-methyl-1,2-
cyclopentadienone (1360 mg mL™), and 5-hydroxy-methyl-furfural (HMF) (1082 mg mL™).
The SPE process using the activated biochar showed excellent adsorption for the aqueous phase
compounds of the rice husk pyrolysis.

The present study suggests that rice husk activated carbon has great potential as a low-
cost adsorbent to minimizing the environmental impact caused by organic compounds in the
aqueous pyrolysis phase.
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