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Abstract

This study aimed to investigate the efficiency of aerogel adsorbent produced from combining wastepaper and rice husk
to reduce printing pollutants. They were prepared from rice husk residue and three types of wastepaper including two sides-used
paper (2P), color paper, and newspaper. In printing operation, the concentrations of PM2s and TVOC were found at 0.019+0.005
mg/m? and 0.185+0.005 ppm, respectively. Factorial designs by eighteen experiments revealed the use of color and newspaper
wastes resulted higher removal efficiency for PM2s whereas the efficiency for TVOC differed compared with the 2P protocol.
Moreover, applying 2P achieved better values for both emissions and provided the best aerogel obtained from 2P without
pretreatment and proportion between rice husk and wastepaper at 1:1 (52.6 and 56.2% for PM2s and TVOC, respectively). To
determine adsorption behavior at equilibrium, the adsorption isotherms were fitted to the Langmuir equation with an R? value of
0.8201 and 0.9973 for PM2s and TVOC, respectively. The adsorption sites on the aerogel surface were homogeneous in nature
and presented a strong interaction between pollutants and adsorbent fibers. They revealed a maximum capacity for PMzs and

TVOC of 0.0008 mg/g and 0.099 ppm/g, respectively.
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1. Introduction

Presently, humans spend more than 90% of their
daily life indoors resulting in a growing demand for fresh,
healthy, and comfortable indoor environments (Lee & Koo,
2015). By reason of environmental health, the regulations of
Indoor Air Quality (IAQ) have been mentioned in various
modern societies to prevent the occurrence of health illnesses
and uncomfortable daily life activities (United State
Environmental Protection Agency [US.EPA], 1997). They
have become concerning issues to businesses, residents, and
employees. Numerous scientific studies have revealed
synergistic links between exposure to indoor pollutants for
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both solid and gaseous phases and health problems ranging
from simple respiratory symptoms to morbidity and mortality
(Chullasuk, Chapman, & Taneepanichskul, 2016; Gu &
Karrasch, 2020). Printers have been frequently used as
equipment in daily life and much evidence shows the potential
risks as indoor pollutant sources (Shi et al., 2015). He,
Morawska, & Taplin (2007) investigated particle number and
PMzs emissions from printers in an office building and
revealed that they emit particles in an ultrafine range. Not
only PM:s and other particulate matters, printers can also emit
volatile organic compounds (VOC), ozone, ultraviolet light,
and other carbon elements (Kagi, Fujii, Horiba, Namiki, &
Ohtani, 2007; Lee, Dai, Chien, & Hsu, 2006).

Wastepaper products (WP) from printing mistakes,
handouts, presentations, and packaging, make up an estimated
70% of the total waste in offices. WP is rich in cellulose
fibers, which is particularly attractive as feedstock for many



N. Chanthorn et al. / Songklanakarin J. Sci. Technol. 44 (3), 826-835, 2022

purposes due to growing recycling awareness and ready
availability such as in biofuels (Guerfali, Saidi, & Gargouri,
2015; Li et al., 2020) and adsorptive materials productions (Li
et al., 2018b; Lovskaya, Menshutina, Mochalova, & Nosov,
2020; Rinki, Dutta, Hunt, MacQuarrie, & Clark, 2011).
Despite being composed of cellulose, hemicellulose, and
lignin which are the main restricted components for
absorbency (Kumar & Bandyopadhyay, 2006), many related
researchers have proposed using approaches for paper-based
adsorbent materials in terms of aerogels (Bi et al., 2014; Feng,
Nguyen, Fan, & Duong, 2015; Han, Sun, Zheng, Li, & Jin,
2016). The chemical compositions of WP are presented in
Table 1. Adsorbent aerogel is a light, porous material
exhibiting many excellent properties in adsorption efficiency
including transparency, extremely high porosity, large surface
area, and high mechanical strength. One decade ago, aerogel
was developed for heavy metal ion adsorption from
contaminated water, environments, and biological systems
(Nguyen et al., 2019). However, the adsorption capacity is
quite low when directly used as WP aerogel adsorbent. Many
improvement methods have been proposed including
copolymer and homogeneity with high porosity material
methods (Feng et al., 2015; Han et al., 2016). In Thailand,
rice husk (RH) is generated annually as co-products from
paddy fields and rice mills in large quantities. The study of
Neamhom (2019) suggested that RH could help alleviate
pollutants as an adsorptive material for ferrous ion, hardness,
and nuisance. RH is mainly composed of 30.6 to 35.0%
cellulose, 18.3 to 33.0% hemicellulose, 23.0 to 29.9% lignin,
and 9.0 to 19.5% ash contents (Hoyos-Sanchez, Cérdoba-
Pacheco, Rodriguez-Herrera, & Uribe-Kaffure, 2017; Johar,
Ahmad, & Dufresne, 2012). Presently more advantages for
RH-based sorbent material have been discussed. Notably,
expanding applications and techniques have mostly
considered aqueous and some gaseous phases. This work
aimed to investigate the use of various WP materials obtained
from offices to remove emissions in terms of PMzs and
TVOC emitted from printing jobs so as to determine their
adsorption capacity and behaviors. The results would
constitute one method to reduce health risks from indoor air
pollutant exposure emitted by printers.

2. Materials and Methods

2.1 Preparing aerogel adsorbent

WP used in this work consisted of 2-sided used
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paper (2P), color, and newspaper. They were collected from
academic offices and smashed by automatic machine into
small pieces. To remove impurities, they were further
dispersed in a 0.5 M sodium hydroxide (NaOH) solution (1:20
w/v) at room temperature for 4 hours in permanent agitation
on a 200-rpm shaker. Then they were washed with distilled
water (D), soaked in 0.5 M hydrochloric acid (HCI) solution
(1:20 w/v) for 4 hours at a stirring speed of 200 rpm, and dried
at 40 °C for 48 hours (Hoyos-Sanchez et al., 2017; Zhao et al.,
2018). All chemicals were analytical reagent (AR) grade.

RH was collected from local paddy field and
washed thoroughly with purified water several times to
eliminate impurities. It was cleaned by soaking in 0.5 M HCI
solution (1:20 w/v) at room temperature for 4 hours in
permanent agitation on a 200 rpm shaker. Then RH was
washed with distilled water and soaked in a 0.5 M NaOH
solution (1:20 w/v) for 4 hours at the same conditions above
(Kumar & Bandyopadhyay, 2006; Ndazi, Nyahumwa, &
Tesha, 2008). Purified RH was repeatedly washed with
distilled water and dried at 40 °C for 48 hours and sieved
using a 60-mesh screen.

The experimental designs to prepare aerogel
adsorbents are presented in Table 2. For each protocol,
proportions of WP and RH were varied from one to two (4
and 8 grams, respectively). WP and RH were poured in 100
mL of NaOH/urea solution and stirred at 1,000 rpm for 10
minutes at room temperature. Then 100 mL 0.5 Methanol was
added to the mixture and dried at room temperature for 24
hours. A homogenous mixture was obtained and further
washed with DI water to obtain neutral pH. After that, the
mixture was freeze dried to generate aerogel. Aerogel was
obtained after freeze drying for 48 hours (Li et al., 2018a,
2018b).

2.2 Morphology characterizations

Aerogel morphologies were investigated using a
scanning electron microscopy (SEM, FEI- Quanta 250).
Before testing, the aerogel samples were kept dry before
SEM. Then, cross-sections were sputter-coated with a thin
layer of platinum before observing.

2.3 Batch adsorption experiments
Adsorbent aerogel materials were prepared for batch

experiments using a 3x2x3 factorial design method.
Independent variables included three types of WP (2P, color,

Table 1. Chemical characteristics of wastepaper
Percentage (%, w/w)
Wastepaper Reference
Cellulose Hemicellulose Lignin Ash Others
Office paper - - 14 234 - Zhou et al. (2017)
62.0 5.0 1.0 - 30.0 loelovich (2014)
78.6 4.7 1.2 9.0 33 Guerfali et al. (2015)
Newspaper - - 10.3 15.2 - Zhou et al. (2017)
38.0 15.0 21.0 - 19.0 loelovich (2014)
49.3 12.2 19.2 15 49 Guerfali et al. (2015)
Cardboard - - 13.1 12.5 - Zhou et al. (2017)
61.0 12.0 18.0 - 7.0 loelovich (2014)
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Table 2.  Experimental design and their average pore size diameter
Experiment Wastepaper Pretreatment Proportion of rice husk Pore size (um)
E-1 2P P 12P/P:1RH 28.166
E-2 2P P 12P/P:2RH 29.058
E-3 2P P 22P/P:1RH 40.450
E-4 2P NP 12P/NP:1RH 38.080
E-5 2P NP 12P/NP:2RH 30.210
E-6 2P NP 22P/NP:1RH 38.888
E-7 Color P 1 Color/P: 1 RH 42.900
E-8 Color P 1 Color/P : 2 RH 53.250
E-9 Color P 2 Color/P: 1 RH 43.452
E-10 Color NP 1 Color/NP : 1 RH 44916
E-11 Color NP 1 Color/NP : 2 RH 24372
E-12 Color NP 2 Color/NP : 1 RH 26.620
E-13 WNP P 1WNP/P:1RH 42.076
E-14 WNP P 1WNP/P:2RH 35.492
E-15 WNP P 2WNP/P:1RH 31.700
E-16 WNP NP 1 WNP/NP : 1RH 55.340
E-17 WNP NP 1 WNP/NP : 2 RH 43.388
E-18 WNP NP 2 WNP/NP : 1 RH 24.096

Remarks: The “P” is pretreatment process while “NP” is no pretreatment process

and newspaper), two types of pretreatment process (with
pretreatment and without pretreatment), and three proportion
for RH and WP (1:1, 1:2, and 2:1). Gaseous samples were
collected using a study chamber as presented in Figure 1. The
inner volume was about 0.08 m® (59 cm x 33 cm x 40 cm).
This reactor was constructed using cardboard material. During
experiments, the average temperature and humidity were
measured in a range between 25+2 °C and 38 to 40%,
respectively. Each test was performed using a laser printer
(Brother HL-2130 series) with a printing speed of 20
pages/minutes and about 30 pages in a continuous printing
process. The DustTrak 1l Aerosol Monitor (1.52 L/min flow
rate) with PM2s selective cyclone and the MiniRAE 3000 PID
were employed after printing 10 minutes to monitor the real
time mass concentration of PM2s and TVOC, respectively. All
aerogel were performed in the desiccator before assess the
experiment. All experiments were conducted in triplicate.

2.4 Calculations

Removal efficiency (RE) and adsorption capacity
(Qr) for PM25s and TVOC were calculated using Equation (1)
and (2), respectively.

rRe = Xo=%1 100 1)
0
_ (CO_Ce)XVd
Q = e @

Xo represents the mass pollutant concentration
without aerogel adsorbent added and X is the residual mass
pollutant concentration after contact with the aerogel
adsorbent. Q: represents the pollutant concentration adsorbed
onto the surface of aerogel adsorbents (mg/g and ppm/g for
PM2s, and TVOC, respectively), Co is the initial or

background pollutant concentration in the experimental setup
(mg/m3 and ppm for PM25 and TVOC, respectively), Ce is the
mass pollutant concentration at equilibrium (mg/m? and ppm
for PM2s and TVOC, respectively), Va is the volume of
solution (0.08 m®) and My is the amount of adsorbent (1
gram).
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Figure 1. Experimental setup

2.5 Adsorption isotherms

To describe the relationship between the number of
pollutants adsorbed and the remaining pollutant concentration
in the experiments at equilibrium, adsorption isotherm studies
were conducted using the same initial gaseous concentration
in a chamber presented in Figure 1. Amount of aerogel
adsorbent was varied from 2 to 6 grams. Appropriate
adsorbent was tested for its ability to adsorb the pollutant
concentration. Results were plotted in two-parameter sorption
isotherm models, i.e., the Langmuir and Freundlich models.
Langmuir isotherm was used to determine the adsorption
behavior on the surface of the adsorbent on the monolayer and
equivalent sites on the surface while the latter model was
based on multilayer adsorption with a heterogeneous surface
(Freundlich, 1906; Langmuir, 1918). They were expressed
mathematically using Equation (3) and (4), respectively.
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where e is adsorption capacity at equilibrium which
represents the pollutant concentration adsorbed onto the
surface of aerogel adsorbents (mg/g and ppm/g for PM2s, and
TVOC, respectively), Co is the initial or background pollutant
concentration in the experimental setup (mg/g and ppm/g for
PMzs, and TVOC, respectively), gmax is the adsorption
capacity of the adsorbent at equilibrium (mg/g or ppm/g) in
the homogeneous layer, Kv is the Langmuir isotherm constant,
Ce is concentration at equilibrium, Kr is the Freundlich

equilibrium constant, and n is an affinity constant between the
adsorbates and the adsorbents. In the sense of control; n
greater than one implies stronger interaction between an
adsorbent and metallic ion (Bang & Kim, 2017; Nikiforova &
Kozlov, 2016; Porubska, Jomova, & Branisa, 2021).

3. Results and Discussion
3.1 Characterizations of aerogel adsorbent

Microstructures of aerogel adsorbents produced
from wastepaper and rice husk are shown in Figure 2. Each
experiment showed various fiber sheet structures in the lateral
fiber dimension. The dimension network structure presented a
pore size diameter from 24.1 — 55.3 um as detailed in Table 2.

Figure 2. SEM micrographs of aerogel adsorbents
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Figure 2. Continued.

3.2 Emissions concentration from printing jobs

The incomplete toner transfer between the charged
drum and the paper surface is accounted for as the main cause
for particulate emission (Lee, Lam, & Fai, 2001). The study of
Lee and Hsu (2007) conducted at 12 photocopy centers in
Taiwan reported that indoor PMg2s increased during the
operation of photocopy machines about 10 to 83 upg/m?
corresponding to the survey in Germany (Salthammer,
Schripp, Uhde, & Wensing, 2012). In this study,
concentrations of PMzs, measured during operation modes of
laser printers, was found at 0.019+0.005 mg/md. This finding
was lower than the acceptable standard for respirable
particulates by ASHRAE standard 62-2004 and DOSH of 0.15
mg/ms. On the other hand, during the COVID-19 pandemic,
the occurrence of indoor particulate matter in terms of PM2s
may create a potential risk for the transmission of SARS-
CoV-2 in offices and other indoor environments with high
user occupancy (He & Han, 2020). Measurements were also
conducted regarding TVOC while printing resulting in
concentrations of 0.185+0.005 ppm. This value can
comparable to one related work (Damanhuri, Leman,
Abdullah, & Hariri, 2015). The acceptable limit of indoor
TVOC (3 ppm) (Department of Occupational Safety and
Health, DOSH, 2005) was below standard. In contrast, the
study of Afshar-mohajer, Wu, Ladun, & Rajon (2015)
revealed health effects due to exposure to high VOCs included
breathing problems, eye irritation, headache, respiratory
illness and cancer. However, in terms of control and
toxicology, they confirmed negative effects in terms of both
acute and chronic conditions to human health (Thongchom,
On-si, Puongphan, Chumprasittichok, & Neamhom, 2021).

3.3 Aerogel adsorbents and their removal efficiency

Microstructures of aerogel adsorbents produced
from WP and RH showed various pore size diameters as
shown in Table 2. The dimension network structure presented
a pore size diameter from minimum to maximum of 28.2 to

38.9, 24.4 t0 53.3, and 24.1 to 55.3 um for experiments of 2P-
RH, color-RH, and WNP-RH, respectively. The properties of
aerogel pore size diameters are linked to pollutants adsorption
kinetics due to the small micropores creating a higher portion
of adsorbent reactive areas (Suresh et al., 2019; Witoon &
Chareonpanich, 2012). Hence, it could imply that 2P would
create the best action regarding adsorption effects. At the
existing conditions of the experiment, the percentage of
removal efficiency and their adsorption capacity are
interpreted in Table 3. For PMzs, a highest efficiency was
produced with E-8, E-16, and E-17 with final PM2s
concentration less than 0.008 mg/L. The performances of
adsorption capacity ranged from 1.0 to 1.6 ug/g. Among these
values, the means and standard deviations (SD.) were found of
1.2840.15, 1.334+0.12, and 1.42+0.13 ug/g for experimental
preparations of 2P-RH, color-RH, and WNP-RH, respectively.
However, peak TVOC capturing was found in E-9 at 67.0%
and 0.0159 mg/g, followed by E-12, E-11, and E-4, in rank.
The meantSD. (ng/g) of adsorption capacity for 2P-RH,
color-RH, and WNP-RH were calculated to be 8.14+5.28,
8.88+6.90, and 3.21+2.78, respectively.

3.3.1 Reduction potential from 2P-RH

Figure 3(a), the emission of PM2s adsorbed by 2P-
RH (E-1 to E-6) was equivalent to about one half total
reduction and slightly worse in E-6. E-2 and E-3 presenting
the same value of final PM2s concentration of 0.008 mg/I.
Figure 3(b) exhibits the similar tendency by E-4 for final
concentration of TVOC (0.081 ppm). Moreover, E-6
demonstrated a lower finishing concentration, compared with
E-4. In summary, E-4 exhibited superior help in capturing and
reducing both of the emissions from printing jobs.

3.3.2 Reduction potential from color-RH

A decreasing value of emissions was found in a
cluster of color-RH (E-7 to E-12). For PMzs, the slightly
better values of less than 0.008 mg/l were found from E-7,
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Table 3. Removal efficiency and adsorption capacity performances of aerogel adsorbents
Removal efficiency (%) Adsorption capacity (mg/g)
Experiment Description
PM2.5 TVOC PM2.5 TVOC
E-1 2P/P/1:1 52.6 15.1 0.0013 0.0036
E-2 2P/P/1:2 57.9 23.8 0.0014 0.0057
E-3 2P/P/2:1 57.9 26.5 0.0014 0.0063
E-4 2P/NP/1:1 52.6 56.2 0.0013 0.0135
E-5 2P/NP/1:2 52.6 16.8 0.0013 0.0040
E-6 2P/NP/2:1 421 67.0 0.0010 0.0161
E-7 Color/P/1:1 57.9 9.2 0.0014 0.0022
E-8 Color/P/1:2 63.2 211 0.0015 0.0050
E-9 Color/P/2:1 42.6 67.0 0.0013 0.0159
E-10 Color/NP/1:1 57.9 43 0.0014 0.0010
E-11 Color/NP/1:2 47.4 56.8 0.0012 0.0136
E-12 Color/NP/2:1 474 64.9 0.0012 0.0156
E-13 WNP/P/1:1 57.9 2.7 0.0014 0.0006
E-14 WNP/P/1:2 57.9 4.9 0.0014 0.0011
E-15 WNP/P/2:1 47.4 2.7 0.0012 0.0006
E-16 WNP/NP/1:1 63.2 173 0.0016 0.0041
E-17 WNP/NP/1:2 63.2 29.2 0.0015 0.0069
E-18 WNP/NP/2:1 57.9 24.3 0.0014 0.0058
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Figure 3. Emission concentrations after 2P-RH experiments; (a)
PM2.5 and (b) TVOC

E-8, and E-10 as presented in Figure 4. On the other hand,
final TVOC concentration obtained in E-7, E-8, and E-10 was
near the baseline value. However, based on the unsuitable of
adsorption amount, the single use of aerogel adsorbent from
color paper and RH was not suitable for PMzsand TVOC.

3.3.3 Reduction potential from WNP-RH

Similar to the reduction potential from color-RH
aerogel, the final concentration of TVOC in E-13 to E-18

Baseline E-7
(b)

Figure 4. Emission concentrations after color-RH experiments; (a)
PM2.5 and (b) TVOC

was near the existing ones as illustrated in Figure 5.
Differences from TVOC and PMa2s concentration obtained
from this aerogel were comparable to two other aerogels due
to their total half reduction with final value less than 0.008
mg/l except E-15 (0.010 mg/l).

3.4 Adsorption isotherm models

Based on the best adsorption results from related
sections, the fourth experiments (2P/NP/1 2P/NP:1 RH) were



832

0.020
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

{mg/l)

PM2.5 concentration

Basdine E-13

] ) =
— [ ] b - <
E s e ce] I e
= ] Fedd o -
- [0 <] B
e st Rt s
= e I e N et B
£ ot e I el I el
= [ o] Foo £ o]
3 S 0] [ 55
3 [ e LA 25
] e e I e B %%
g olel BTt I tets I ifete
o wtel I atsti I %o I (¥e2s
= 0] Fardd T o
o . Lo o] o]
e B kB RS
[ o] P € 0%
f ooe]  Rose]  fesey] o
e B B B
Baseline E-13 E-14 E-15
(b)

Figure 5. Emission concentrations after WNP-RH experiments; (a)
PM2.5 and (b) TVOC

further used to describe the adsorption behavior and determine
their interactions between pollutants and aerogel adsorbent.
Freundlich and Langmuir isotherm models were used to
explain the performance between the two-parameter sorption
conditions. Figure 6(a) and (c) shows the linear curve for log
ge against log Ce values whereas the plotting of 1/qe versus
1/Ce values is presented in Figures 6(b) and 6(c). The
Freundlich isotherm models offered correlation coefficient
values (R?) of 0.6686 and 0.9770 for PM2s and TVOC,
respectively. However, the coefficient of correlation from the
Langmuir model was found to be 0.8201 and 0.9973 for PM2.s
and TVOC, respectively. The value of R? indicated the
compliance of the experimental data with the isotherm models
(Li et al., 2017). Moreover, the R? value higher than 0.95
indicated that the exponential adsorption data fit well in the
model (Nguyen et al., 2019). Hence, these indicated that the
Langmuir isotherm model was adequate in describing the
relationship between adsorption capacity and their saturated
concentration. Similar to related works on the adsorption of
heavy metal ions using aerogel adsorbent (Li, Jia, Ni, & Li,
2017; Li et al., 2018a), the linearity of Langmuir plots for
both PM2s and TVOC suggested strong bonding involving
chemical forces between aerogel adsorbent and pollutants.
Results also suggested that the mechanism of emissions
uptake was the monolayer homogeneous adsorption process
on the surface of the adsorbent (Saleh & Danmaliki, 2016;
Trakoolsa & Yoochatchaval, 2020). Isotherm parameters and
correlation coefficient from both Langmuir and Freundlich
models are summarized in Table 4. Based on the Langmuir
isotherm, the saturated adsorption capacity of PMa2s and
TVOC were calculated to be 0.8 mg/mg and 9.9 ppm/mg,
respectively.

4. Conclusions

The use of synthesized adsorbent aerogel from WP
and RH may offer several benefits for emission control in
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Figure 6. Adsorption isotherm models, (a) Freundlich-PM2.5; (b)
Langmuir-PM2.5; (c) Freundlich-TVOC; (d) Langmuir-
TVOC

working area environments and reduce the risk of exposure
for indoor air pollutants such as PM2s and TVOC. RH and
three types of office WP including 2-sided used paper; 2P,
color, and newspaper were used as raw materials to produce
aerogel adsorbent by 18 factorial design experiments. In the
experiments, the initial concentrations of PM2s and TVOC
from printing jobs were measured at 0.019+0.005 mg/m? and
0.185+0.005 ppm, respectively. From this finding, all
experiments demonstrated the efficiency in adsorption of
PM2.s with removal percentages of 42.1 to 63.2%. Contrasting
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Table 4.

Isotherm parameters for PM2.5 and TVOC adsorptions on aerogel adsorbents

Estimated isotherm parameters

Isotherm model Emissions
Qmax (Mg, PpPM/g) KL Ke n R?
Freundlich PM2.5 - - 0.0015 -0.16 0.6686
TVOC - - -0.0272 -0.54 0.9770
Langmuir PM2.5 0.0008 -3.34 - - 0.8201
TVOC 0.099 -356.93 - - 0.9973

with the efficiency for PMzs, only some experiments
proposed a reduced value for final TVOC concentration.
Based on these results, only the best fit trial for both PM2s
and TVOC of 2P was further used to determine their
adsorption isotherm. At equilibrium, the sample fitted the
Langmuir model well with correlation coefficient (R?) of
0.8201 and 0.9973 for PM2s and TVOC, respectively. It
implied that the adsorption sites on the surface of the aerogel
adsorbent produced from 2P/NP/1 2P/NP: 1RH conditions
were homogeneous in nature. The optimum adsorption
capacity for PMzs and TVOC was 0.0008 mg/g and 0.099
ppm/g, respectively. Furthermore, these conversions
constituted effective reuse approaches for WP and RH with
low cost, environmental friendliness, and excellence in
adsorption capacity.
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