
1. Introduction
Environmental pollution from various gases generat-
ed from various sources is a big burden. Because of
its colorlessness and toxicity, ammonia is one of the
most dangerous gases [1]. It is also used for a variety
of industrial and home purposes, including compound
fertilizer, synthetic fiber, and biofuel. Furthermore, a
large dose of ammonia can have negative conse-
quences on the human body, such as eye discomfort,
sore throat, skin irritation, and respiratory system ir-
ritation [2]. Therefore, this leads scientists to develop
gas capture devices that are cost-effective, biodegrad-
able, high sensitivity, and easy to detect [3]. Different
material systems have been developed for the estima-
tion of ammonia, such as graphene/polyaniline com-
posite, reduced graphene oxide (RGO) [4], and thin
films prepared from copper bromide [5], zinc oxide
[6], and polypyrrole–graphene [7]. Among these

materials systems, aerogel is the most attractive sys-
tem that can be used due to its lightweight and porous
structure. Aerogel is a 3D structure that can be fab-
ricated from different materials; cellulose is a wildly
used material due to its biodegradability, inexpen-
sive, and non-toxic properties [8]. Due to increase
the technological innovations, a variety of solid
wastes has been produced. Among these solid wastes,
millions of tons of paper are produced and used
worldwide [9]. There has been a significant amount
of paper waste (PW) generated as a result of numer-
ous industrial activities, which has caused significant
damage to the environment. So in recent years, there
has been a considerable push to encourage ecologi-
cally friendly garbage management practices [10–12].
This waste consists of cotton or wood pulp com-
posed of 90–99% cellulose fibers [13]. The use of
naturally occurring and environmentally friendly
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polymeric materials, such as cellulose, for producing
composite materials for various purposes is receiv-
ing a lot of interest [14–18]. Cellulose is a major
biopolymer, widespread and affordable on Earth. In
recent years several studies have addressed various
applications of compounds formed on the basis of
cellulose fibers [19, 20]. These materials are prom-
ising in electronics applications such as gas sensors,
bio-sensing, solar cells, optical detection, and power
devices [1, 21–23]. Nanomaterials are considered a
promising material for gas sensing due to their re-
markable properties, large surface area, biodegrad-
ability, and high sensitivity [2]. Graphene oxide (GO)
is a promising material that has a unique structure.
It is composed of a single layer of graphene that has
multi-function groups of carboxyl, hydroxyl, and
epoxy groups. Attributed to its sp2 hybridized and
2D hexagonal structure, GO is widely used as a gas
sensor [24, 25]. Improving the gas sensing perform-
ance of cellulosic materials has been studied through
combinations with several materials such as zinc
oxide (ZnO), titanium dioxide (TiO2), iron (III) oxide
(Fe2O3), oxides of zirconium (ZrO2), copper (Cu2O
and CuO), and graphene oxide (GO) [26–29]. 
In particular, most of the publications are concerned
with the development of graphene-like materials, such
as graphene, graphene oxide, and reduced graphene
oxide, for use in the production of sensors [30, 31].
SnO2 and CuO nanoflower–decorated graphene sen-
sors developed by Zhang et al. [32] had a maximum
response of 4.9 percent to 300 ppm of NH3. Because
of its strong adsorption ability and the ability to en-
hance textural qualities by reducing it, graphite oxide
may be successfully employed for room-temperature
detection of ammonia. However, the data on graphite
oxide’s application as an active material for ammo-
nia gas sensors in its initial non-reduced state is in-
adequately reported, and the research is mainly fo-
cused on graphene oxide sheets or reduced graphene
oxide [33–35]. To our knowledge, there are no pre-
vious studies of the fabrication of cellulose graphene
oxide foam as an ammonia sensor. So, herein, we
present a cheap, simple, eco-friendly and biodegrad-
able, reusable, portable, highly sensitive, and real-time
detection for ammonia gas sensor based on cellu-
lose/GO foam in the presence of ethylenediamine
(EDA) as a crosslinker via the freeze-drying process.
Extracted cellulose, GO, and cellulose/GO foam have
been characterized by FTIR, SEM, XRD, and TGA
instruments. In addition, the gas-sensing properties

were studied by measuring the resistance changes
under exposure to the ammonia gas.

2. Materials and methods
Graphite (G) powder (99.9%) was purchased from
Fisher Scientific (United Kingdom). Potassium per-
manganate (>99%) and hydrogen peroxide (30%)
were bought from Bio Basic Canada Inc. (Canada)
and Carl Roth GmbH (Germany), respectively. Eth-
ylenediamine (EDA), ammonia, and sodium chlorite
were purchased from Loba Chem (India).

2.1. Extraction of cellulose from paper waste
(PW)

The PW biomass was collected from old used books,
notes, and copying papers. Paper pulp was prepared
from PW (100 g) by cutting it into small pieces and
soaking it in hot water. In order to remove hemicel-
lulose, resin, and lignin, we soaked the pulp in sodi-
um hydroxide (20%) for 1 hour at 70 °C before dry-
ing it [13]. Then paper pulp was bleached with sodium
chlorite at 70 °C for 1 h in an acidic medium. The
pure white extracted cellulose was washed and dried
at room temperature for further utilization [36].

2.2. Preparation of GO
GO nanosheet was prepared through the modified
Hummer’s method as described in previous work
[37]. Briefly, 27 ml of sulfuric acid (H2SO4) and
3 ml of phosphoric acid (H3PO4) were mixed and
stirred for several minutes. Then 0.225 g of graphite
powder was added. 1.32 g of potassium permanganate
(KMnO4) was added slowly into the solution. The
mixture was allowed to stir for 6 h until the solution
became dark green. 0.675 ml of hydrogen peroxide
(H2O2) was dropped slowly and stirred for 10 min-
utes to remove the excess KMnO4. After that, 10 ml
of hydrochloric acid (HCl) and 30 ml of deionized
water (DIW) were added. Then, the supernatant was
decanted away and rewashed DIW 3 times. The
black product of GO was dried using the oven at
90°C for 24 h [38].

2.3. Preparation of cellulose/GO foam
In a 250 ml beaker, 1 g of the extracted cellulose was
dispersed in 30 ml DIW. Then 0.1 g GO was soni-
cated for 2 min and added to cellulose solution. Dif-
ferent ratios of ethylenediamine (1.5, and 2.25 mmol)
were added. A homogenous solution is obtained by
homogenizer for 5 min. The precursors are placed
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in a refrigerator at –18 °C for more than 24 h. The
cellulose/GOcryogels are obtained by a freeze-dry-
ing process using an Alpha 1–2 LDPlus, freeze-dryer,
Martin Christ Gefriertrocknungsanlagen GmbH
(Germany) [1, 39].

2.4. Characterizations
FTIR spectra were measured using a Shimadzu
FTIR Spectrophotometer (8007S) (UniCam Ltd.,
UK). The XRD patterns were investigated on a
Diano X-ray diffractometer using CuKα radiation
source energized at 45 kV and an X-ray diffractome-
ter (PW 1930 generator, PW 1820 goniometer,
Philips (The Netherlands)) with CuK radiation
source (λ = 0.15418 nm), at a diffraction angle range
of 2θ from 10 to 70° in reflection mode. The surface
morphology was analyzed using a FEI-Quanta 200
FEG-ESEM (The Netherlands) scanning electron
microscope (SEM), environmental scanning without
coating. With a JEOL JEM-2100, Jeol Ltd. (Japan)
transmission electron microscope (TEM) at
100000× magnification and an acceleration voltage
of 120 kV, the image of the GO was obtained. An
STA6000, Perkin Elmer (USA) TGA was used to
test the thermal stability (10 °C/min). Temperatures
ranged between room temperature and 800°C under
a nitrogen atmosphere.

2.5. Gas sensing measurements
The gas-sensing properties were elucidated by meas-
uring the resistance changes under exposure to the
target gas. For this purpose, 1 cm × 2 cm cryogel-
samples were cut and used for NH3 vapor sensing.
A homemade static gas sensing testing system in-
cluding a pyrex round (of 2 l volume) and areal-time

voltage acquisition platform using a programmable
digital multimeter interfaced with a laptop. The sens-
ing measurements were accomplished according to
Habib et al. [40]. Briefly, 5 V bias voltage was applied
to the sensor circuit using a DC power supply and a
load resistance (RL) was connected with the sensor
to measure the sensor output signal and the resist-
ance of the sensors was measured using the data ob-
tained by the multimeter (Figure 1). The relative hu-
midity (RH) and temperature were ~40%, and ~25°C,
respectively. NH3 was the target gas by injection of
the liquid NH3 (25%) using a pipette (1 ml) on an
evaporator to be converted to vapors [41]. The con-
centrations of NH3 gas were calculated according to
Equation (1):

(1)

where V0 is the volume of the test round (2000 ml),
VNH3 [ml] is the required NH3 volume, and CNH3 is
the concentration [ppm] of the NH3 vapor. The gas
response was calculated using Ra/Rg, where Ra and
Rg are the sensor resistances in the air the target
vapor, respectively. The response time is the time
needed for Rg to be reduced to 90% of its initial value,
while the recovery time is the time needed for the Rg
to reach 90% of its initial value [42, 43].

3. Results and discussion
3.1. GO characterizations
XRD is a useful tool to study the chemical and phys-
ical changes of different compounds. Figure 2a shows
the synthesized GO by modified Hummer’s method
of oxidation. The distinctive peak at 2θ = 26° in the
graphite pattern disappeared, and a new characteristic

V V C10
6

0NH NH3 3
$ $=

-

S. Dacrory et al. – Express Polymer Letters Vol.16, No.8 (2022) 786–797

788

Figure 1. The experimental set-up of the gas sensing system.



peak at 2θ = 10° appears in the GO pattern due to
new groups formation [38]. Two peaks were observed
above 40° due to reflections from the used aluminum
holder [44]. Figure 2b displays TEM of GO where
irregular stacking of smooth surface of graphene
sheets appears with different transparency areas.
That indicates a much thinner sheet of GO [45, 46].
Figure 2c illustrates the FTIR of GO that shows dif-
ferent peaks of oxygen-derived species. The peaks at
3500 cm–1assigned to OH carboxy, at 2900 cm–1 due
to C–H, at 1600, and 700 cm–1 assigned to C=O and
C=C respectively, as well the peak at 1100 cm–1 as-
signed to C–O [47, 48].

3.2. Preparation of cellulose/GO foam
Cellulose has extracted from the waste paper (WP)
with an extraction efficiency of 76%. GO after soni-
cation has been added to the extracted cellulose solu-
tion and cross-linked together by ethylenediamine

(EDA) as in Figure 3a. FTIR analysis is a consider-
able tool used to investigate the chemical structure of
compounds. Figure 3b shows the FTIR spectra of the
extracted cellulose and cellulose/GO foam. FTIR
spectra of cellulose show adsorption bands at 3500,
2900,1629, 1400 and 1040 cm–1 of OH stretching, CH
stretching, absorbed water, crystallinity peak, and
ether linkage C–O–C, respectively [49, 50]. While
FTIR spectra of cellulose/GO foam represent a high
abroad absorption peak of OH stretching and N–H of
cellulose and EDA at 3500 cm–1and, the intensity in-
creased of the peak at 1620 cm–1 attributed to increas-
ing amide group and C=O groups of GO and EDA.
As well as the peak of crystallinity CH2 of cellulose at
1400 cm–1 decreased due to GO incorporation [3, 51].

3.3. Scanning electron microscope (SEM)
The surface morphology of cellulose and cellulose/
GO foam are given in Figures 4a and 4b That
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Figure 2. XRD (a), TEM (b) and (c) FTIR of GO.



demonstrates the surface morphology of cellulose as
a small long fiber. At the same time, cellulose/GO
foam exhibits a foam-like structure. As well, the fibers
are coated with GO with a large pore size. Figure 4c,
4d shows a smooth and homogenous white and black
surface of cellulose and cellulose/GO, respectively.

3.4. X-ray diffraction
An X-ray diffractometer is a useful parameter to de-
termine the crystal structure of as-prepared cellu-
lose/GO foam. Figure 5 displays the XRD pattern of
GO, cellulose, and cellulose/GO. As a result, GO in-
cludes a distinctive peak at 2θ = 10°. This peak com-
pletely disappears in cellulose/GO foam, and it may
be due to the expected interaction between GO func-
tion groups and cellulose groups or due to the low
concentration of GO in the prepared foam [37, 52,
53]. The cellulose pattern exhibits two broad peaks
at 2θ = 15, 23° which are assigned to cellulose I [22,
54]. While in the cellulose/GO pattern, two over-
lapped peaks at2θ = 23° have appeared, and the peak

at 2θ = 15° became small, which confirms the pres-
ence of cellulose II [46].

3.5. Thermogravimetric analysis (TGA)
The TGA thermogravimetric curves were evaluated
and presented in Figure 6a. The thermal decomposi-
tion behavior of cellulose and cellulose/GO compos-
ite in a nitrogen atmosphere over the temperature
range of 25–800 °C was studied. It can be seen from
the graph in Figure 6a, that the decomposition be-
havior of cellulose and cellulose/GO composite is
completely different. The weight loss that occurs in
the first decomposition stage of cellulose takes place
at the temperature of 200–350 °C due to the depoly-
merization with dehydration and the release of volatile
compounds such as carbon dioxide, methanol, and
acetic acid. This behavior is consistent with many
results for cellulosic materials. The final yield was
only 10% at 700°C. The TGA of cellulose/GO com-
posite, the weight-loss begins at 100°C due to water
evaporation from the adsorbed water. The weight
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Figure 3. a) Preparation scheme of cellulose/GO foam and b) FTIR of cellulose and cellulose/GO foam.



yield of the cellulose/GO composite is around 45%
at 700°C. This dramatic increase in the final weight
yield of the composite compared to pure cellulose is
due to the presence of graphene oxide and the cross-
linked with EDA. Figure 6b shows DTG weight loss
occurs through two stages for cellulose and in many
stages for cellulose/GO. So this foam has a kind of
stability due to its structure.

3.6. Sensing properties
Figure 7 shows the response of the prepared cryogels
to different concentration of NH3 at room tempera-
ture. The cellulose/GO cryogels exhibited good sens-
ing characteristics toward NH3 down to 5 ppm con-
centration. The resistance always decreased rapidly
under exposure to NH3 and recovered after expos-
ing the sensor to air, indicating reversible response

S. Dacrory et al. – Express Polymer Letters Vol.16, No.8 (2022) 786–797

791

Figure 4. (a, b) SEM and (c, d) photographs of cellulose and cellulose/GO.



characteristics. This response was higher than that
of pristine cellulose cryogel (1.08, 3.35 and 6.67 and
reached 17.1, 436.34 and 205.2 for cellulose, cellu-
lose/GO with 1.5 mmol ethylenediamine (EDA) and
cellulose/GO with 2.25 mmol EDA at 5 and 100 ppm
of NH3, respectively) due to the presence of GO
which can adsorb gas molecules through the surface
functional groups [25]. Moreover,the response values

show nearly linear relationship with NH3 vapor con-
centrations. Figure 8 represents the response as a
function of time for the cellulose/GO cryogels pre-
pared with addition of 1.5 and 2.25 mmol of EDA.
As the concentration of NH3 was increased, more
molecules were adsorbed and the higher the re-
sponse. On the other hand, the low response at lower
NH3 concentrations is due to the less NH3 molecules
adsorbed. Moreover, the response of the sample pre-
pared with addition of 1.5 mmol EDA as a crosslink-
er exhibited higher response to NH3 than the cellu-
lose without GO and the sample with addition of
2.25 mmol EDA. Decreasing the available function-
al groups of GO may be the reason because ofthe
consumption ofthe GO carboxyl groups by the reac-
tion with EDA [3]. In addition, due to low permeabil-
ity of GO for most gases [55], it is expected to tune
the gas permeation of the cellulose matrix, by increas-
ing the amount of EDA the functional groups on GO
will decreased leading to the residual NH3 vapor may
pass through the porous network structure of the cel-
lulose matrix leading to gas permeate problem.
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Figure 5. XRD of GO, cellulose and cellulose/GO foam.

Figure 6. a) TGA and b) DTG of cellulose and cellulose/GO foam.

Figure 7. Gas response of the cryogels for various NH3 concentrations (a). The error bars denote the standard deviation of
the mean values of the responses obtained from three cryogel sensors (b).
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Figure 8. Gas responses of a) cellulose, b) cellulose/GO (1.5 mmol EDA) and c) cellulose/GO (2.25 mmol EDA) to different
concentrations of NH3.

Figure 9. The dynamic response curve of a) cellulose, b) cellulose/GO (1.5 mmol EDA) and c) cellulose/GO (2.25 mmol
EDA) toward 25 ppm NH3.



Therefore, less crosslinker (EDA) amount make cel-
lulose/GO cryogel exhibits better sensor perform-
ance [56]. Additionally, since the cellulose matrix
has open-porous structure as well as large surface area
and many vapor channels, so that, their swelling and
de-swelling in addition to the adsorption and desorp-
tion of the vapor molecules on the GO are fast and
effective. Therefore, at higher EDA amount (as in cel-
lulose/GO cryogel with 2.25 mmol EDA), the net-
work becomes denser and destroying the conductive
network requires larger swelling which finally lead-
ing to lower response [57].
The response and recovery times of the prepared
cryogels are depicted in Figure 9. The response/re-
covery times were 490 s/620 s and 520 s/615 s for
cryogel with1.5 mmol and 2.25 mmol EDA, respec-
tively. The sample with the addition of 1.5 mmol
EDA, which has the highest response, recorded the
fastest response time. The response time is good, but
the recovery time is longer compared to cellulose
without GO (Figure 9a), since the adsorbed gas mol-
ecules are chemically and physically adsorbed on
GO [25] and must be desorbed entirely from the
inner layers of the sensing material [58].

4. Conclusions
This work demonstrates the possibility of utilizing
cellulose/GO composite cryogels as NH3 vapor sen-
sors. These cryogels exhibit fast response and good
recovery times in addition to high sensitivity. A near-
ly linear response was obtained in a wide range of
NH3 vapor concentrations; therefore, cellulose/GO
cryogels may be used for vapor quantification. The
sensitivity of these composite cryogels was affected
by the amount of EDA, which reduces the capacity
of GO for adsorption of the NH3 vapor. Thus, the re-
sponse of the cellulose/GO prepared with less EDA
was higher than other cryogels. Finally, by combin-
ing the highly open-porous cellulose matrix from
paper wastes with GO, cellulose/GO cryogels may
be utilized as green, inexpensive, and scalable sens-
ing materials.
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