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Abstract: In the present contribution, an environmental-
friendly and cost-effective adsorbent was reported for soil
treatment and desertification control. A novel foam gel ma-
terial was synthesized here by the physical foaming in the
absence of catalyst. By adopting modified microcrystalline
cellulose and chitosan as raw materials and sodium dode-
cyl sulfonate (SDS) as foaming agent, a microcrystalline
cellulose/chitosan blend foam gel was synthesized. It is
expected to replace polymers derived from petroleum for
agricultural applications. In addition, a systematical study
was conducted on the adsorbability, water holding capac-
ity and re-expansion performance of foam gel in deion-
ized water and brine under different SDS concentrations
(29%—5%) as well as adsorption time. To be specific, the ad-
sorption capacity of foam gel was up to 105g/g in distilled
water and 54g/g in brine, indicating a high water absorp-
tion performance. As revealed from the results of Fourier
transform infrared spectroscopy (FTIR) analysis, both the
amino group of chitosan and the aldehyde group modi-
fied by cellulose were involved. According to the results
of Scanning electron microscope (SEM) analysis, the foam
gel was found to exhibit an interconnected pore network
with uniform pore space. As suggested by Bet analysis, the
macroporous structure was formed in the sample, and the
pore size ranged from O to 170nm. The mentioned find-
ings demonstrated that the foam gel material of this study
refers to a potential environmental absorbent to improve
soil and desert environments. It can act as a powerful al-
ternative to conventional petroleum derived polymers.
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1 Introduction

The continuous expansion of soil desertification endan-
gers humans and ecosystems, while resulting in serious en-
vironmental pollution. It has aroused rising attention over
the past few years [1]. Accordingly, environmental-friendly
water absorbents are urgently required.

Chitosan and cellulose pertain to the category of the
most abundant biomass resources worldwide. As poly-
mer biosorbents, the two have received growing atten-
tion for their abundant raw materials [2], variable func-
tional groups, and similarities in chemical structures. Cel-
lulose based biosorbents can be synthesized from cellu-
lose and its derivatives with a range of methods, whereas
they exhibit several defects (e.g., poor film-forming abil-
ity). Among a considerable number of biopolymers, chi-
tosan exhibits high hydrophilicity, antibacterial proper-
ties, biodegradability and biocompatibility. It is synthe-
sized by deacetylation based on chitin. Since the chain
is abundant in hydroxyl and amino groups [3-5], chi-
tosan has received extensive studies in numerous fields
(e.g., biomedicine and water treatment) [6—11]. In addition,
blended polymers exhibit more advantages than single-
component materials and can remedy the defects of single-
component materials. As indicated by existing studies,
MCC/CS blends retain the water absorption of cellulose,
while improving the moisture absorption and antibacterial
properties of chitosan. Recently, MCC/CS based biodegrad-
able absorbent materials have suggested significant envi-
ronmental and economic benefits, and they have become
the research hotspots.

Chemical cross-linking refers to a permanent connec-
tion formed by covalent bonds between polymers, com-
monly improving the mechanical properties of polymers.
Overall, conventional water-absorbing materials are syn-
thesized in the presence of cross-linking agents (e.g.,
acrylic acid, acrylamide, glutaraldehyde, polyethylene gly-
col, potassium persulfate and tripolyphosphoric acid) [12-
15]. Via the chemical cross-linking, permanent connection
can be developed by covalent between polymers, gener-
ally improving the mechanical properties of materials. Fer-
fera Harrar et al. [16] reported a chitosan grafted poly-
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acrylamide and carboxymethylcellulose based water ab-
sorbent material exhibiting high water retention perfor-
mance, which achieved a maximum water absorption of
562g/g, as well as a rather high absorption of 421g/g af-
ter several cycles of expansion. To enhance the strength
of hydrogel more significantly, researchers have conducted
numerous studies on modified chitosan. Wang et al. [17]
synthesized hydrogels by employing trimethyl chitosan
and sodium carboxymethylcellulose as the matrix and
epoxypropyltrimethyl ammonium chloride as the etheri-
fying agent. As revealed from a further characterization,
the tensile strength of product has been significantly en-
hanced.

Chemical modification of cellulose and chitosan (e.g.,
esterification [18], etherification [19], cross-linking and
grafting [20]) significantly improved their water absorp-
tion capacity. Essawy et al. [21] synthesized a soil water-
retaining agent by the graft copolymerization of cellu-
lose/chitosan by applying acrylic acid as the crosslinking
agent. Under the grafting ratio of 86.4%, the maximum wa-
ter absorption was achieved. However, the raw materials
of synthetic polyacrylic acid originate from non-renewable
resources (e.g., petroleum), resulting in the defects of sec-
ondary pollution. Recently, people have generated an in-
creasing interest in producing the water absorbent materi-
als via physical cross-linking due to the relatively simple
production and non-requirement of cross-linking agents.
A variety of physical interactions between molecules have
been studied to inspire the design of novel water absorbent
materials, the formation of 3D composites and ionic in-
teractions, etc. [22-27]. However, the reported cellulose-
based water absorbent materials produced via physical
cross-linking thus far have exhibited poor biodegradabil-
ity and low absorption capacity.

To tackle down the mentioned challenges, a novel
preparation method has been proposed in this study. With
MCC/CS as the carrier, a new foam gel was generated by
adding SDS in the absence of catalysts. The cross-sectional
morphology and swelling behavior of the crosslinked foam
gel were studied by performing a series of experiments. On
that basis, a novel prospect for the preparation of foam gel
with excellent properties was presented.

2 Materials and methods

2.1 Materials

Chitosan (CS, Deacetylation degree 97%) was provided by
Huibaiwei biotechnology Co., Ltd(Henan, china) with an
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average particle size of 4.07um. Microcrystalline cellulose
was offered by Qingjun building materials Co., Ltd (Shan-
dong, China), exhibiting an average particle size of 90um.
Sodium periodate (NalO4), NaCl, anhydrous ethanol, iso-
propyl alcohol, SDS, and chloroacetic acid were all pur-
chased from Jilin Haodi Reagent Distribution Co, Ltd (Jilin,
China). All chemical reagents were of analytical grade, and
all solutions were synthesized with deionized water.

2.2 Preparation of foam gel

The synthesis of DAMCC/CMCS foam gel consisted of the
following three steps (Figure 1). First, MCC (10g) was
added to 500ml deionized water, where 10g NalO, and
10g NaCl were introduced for oxidation. The resulting so-
lution was stirred at ambient temperature (25°C) for 8
h in dark, cleaned by centrifugation and subsequently
dried to obtain modified cellulose (DAMCC). Next, CS (1g)
was dissolved in the mixed solution of NaOH (1g), iso-
propanol (48ml) and water (12ml) for volume expansion.
Then, the upper CS slurry was added to the mixture of
chloroacetic acid (1.5g) and isopropanol (2ml), which was
continuously stirred for 12 h. After being washed and dried,
carboxymethyl chitosan (CMCS) was synthesized. Lastly,
DAMCC, CMCS and SDS were mixed at different ratios and
then stirred at a high speed of 4000 rpm/min for 5 min. The
resultant mixture was heated at 60°C for 1 h and then dried
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Figure 1: (@) MCC oxidized to DAMCC by NaOly; (b) Schiff base reac-
tion between DAMCC and CS; (c) Synthesis of DAMCC/CMCS foam
gel
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in vacuum freeze dryer for 72 h to produce lightweight
porous foam gel. It is noteworthy that water is the only by-
product in the reaction. Moreover, the mentioned reaction
required no expensive catalysts and reaction purification
steps. Thus, the process is considered to be eco-friendly.

2.3 Characterization

2.3.1 Determination of aldehyde group content in
modified cellulose

The hydrochloric acid released from the quantitative reac-
tion of hydroxylamine hydrochloride and aldehyde group
was titrated with NaOH aqueous solution, and the reaction
formula is written as:

-CHO + NH,0H - HCl — CHNOH + HCl+ H,0 (1)

The pH value of the solution was regulated to 5 with
aqueous NaOH. 0.5g of DAMCC (0.5g) was dissolved in
20ml of deionized water, in which 20ml of hydroxylamine
hydrochloride (0.05g/ml) was introduced. The resultant
solution underwent the 5 h stirring at 50°C. Next, the
pH value of above solution was adjusted with 0.1mol/1
NaOH (pH = 5), and the consumed volume of NaOH(aq)
was recorded. Likewise, MCC was titrated. Accordingly, the
aldehyde content (Q) was determined by [28]:

Cix(Vyi -V,
RELIES @
Where Q denotes the aldehyde content of NalO, modified
MCC; C, represents the concentration of standard NaOH
aqueous solution (moL/L); V; and V, are the volume of
standard NaOH solution consumed by DAMCC and MCC,
respectively; M; denotes the quality of DAMCC(g).

Q

2.3.2 Water absorption and water retention test

Water absorption of foam gel was studied at 30°C and
50% relative humidity. The foam gel was first immersed
in deionized water and in brine (0.9wt% NaCl), respec-
tively. Subsequently, both samples were weighed at inter-
vals. The water absorption (W) of foam gel was calculated:

W[ - Wd

= Td (3)

Where W denotes the water absorption rate of foam gel at

time; W, represents the weight of wet material at time t; W,
is the weight of dry material(g).

Moreover, the water-retention property of foam gel

was determined at ambient temperature. The foam gel was

w
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first immersed in deionized water and brine, respectively,
till the swelling equilibrium was reached. Next, the sam-
ples were taken out and placed in a drying box at 40°C
to be ventilated and dried. Afterwards, both samples were
weighted at intervals. The water retention value (WRV) was
calculated by:

M,

=2 0
WRV M, x 100%

(4)

Where WRV denotes the water retention value of samples
at a certain time; M, is the residual water absorption of
samples at that time; M3 represents the saturated water ab-
sorption of samples.

2.3.3 Foam stability test

The mixture was rapidly foamed at 4000rpm/min, and
foam stability (Fr) was determined by:

Fr=R-T (5)

Where F, denotes the bubble height at time when the sam-
ple is bubbling; R¢(ml) is the initial height of foam after
foaming; T(ml) represents the foam height at different time
after foaming.

2.3.4 Swelling properties of foam gel

The re-expansion property of foam gel was determined
by exploiting kinetics. 1g of foam gel was soaked in wa-
ter and then dried at ambient temperature. Subsequently,
the water swelling property of foam gel was calculated by
Formula 3. The mentioned soaking process acted as a re-
expansion cycle, repeated four times.

In addition, the surface morphology of foam gel was
characterized under the scanning electron microscope
(SEM) (FEI Inspect 1450, Germany), exhibiting a high reso-
lution of 3.0 nm under high vacuum as well as at an accel-
erating voltage of 30 KV. Fourier Transform infrared (FTIR)
spectrum was detected to identify the functional groups
of foam gel with the use of Bruker-Tensor 27 IR equipment
(vertex 70, Brooke, Germany). By X-ray diffraction (XRD,
D/max2500/PC, science company, Japan), the crystal struc-
ture of foam gel was analyzed.
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3 Results and discussion

3.1 Analysis of aldehyde group content

After hydroxylamine hydrochloride was introduced to
DAMCC for a certain period, the solution color varied from
white to light yellow. However, after the addition of hy-
droxylamine hydrochloride into to MCC, the color of the
solution remained unchanged as white. It was therefore
demonstrated that hydroxylamine hydrochloride reacted
with aldehyde group in DAMCC. According to Formula 2,
the aldehyde content was (6.4+0.3) mmol/g.

3.2 Water absorption and water retention of
foam gel

3.2.1 Water absorption analysis

As revealed from the orthogonal test analysis, the effect of
different factors on water absorption is: C > A > B. To be
specific, under the DAMCC content of 3%, the CMCS con-
tent takes up 2%, and under the SDS content of 4%, the
water absorption effect is improved. Since the orthogonal
experiments represent only the optimal results for the con-
ditions selected, they are subject to some limitations. By
performing the mentioned orthogonal experiments, the ef-
fect of SDS concentration (2%-5%) on water absorption of
foam gel was studied in depth.

Figure 2 illustrates the effect of different SDS concen-
trations on the deionized water absorption of foam gel.
With the increase in SDS concentration, the deionized wa-
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Figure 2: The deionized water absorption of foam gel at different
SDS concentrations
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ter absorption was improved. At a concentration of 4%,
the deionized water absorption reached its peak. Under
the concentration over 4%, the deionized water absorp-
tion decreased. This result was attributed to the excessive
foaming, thereby resulting in incomplete crosslinking of
foams and gels. The deionized water absorption of foam
gel could reach 70g/g rapidly and continued to increase.
This was because the pore structure of foam gel was open
and water entered rapidly. After 2 days of water absorption,
the deionized water absorption rate of the foam gel could
reach (105+1.7) g/g, and the integrity of its basic morphol-
ogy could be maintained.

Figure 3 illustrates the effect of different SDS concen-
trations on the brine adsorption of foam gel. This figure
indicates that the foam gel could absorb a maximum of
(54+£2.0) g/g of brine, and its adsorption capacity was sig-
nificantly lower than that of deionized water. This finding
resulted from the existence of hydrophilic ion -OH in the
network structure of the foam gel, while the charge shield-
ing effect of cation (Na*) in the brine led to the reduction of
the electrostatic repulsive force of the anion. It caused a de-
crease in osmotic pressure between the foam gel network
and the external solution, thereby resulting in a reduction
in the ability to absorb brine.

Based on mentioned results, the ability of the foam gel
of this study to absorb distilled water remained lower than
that of commercial gels, whereas it is worth noting that its
ability to absorb salt water was comparable to that of com-
mercial gels.
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Figure 3: The brine absorption of foam gel at different SDS concen-
trations
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Table 1: Factors and Levels for Orthogonal Experimental Design

Number  DAMCC (Wt%)A  CMCS (wt%) SDS (wt%)
B C
1 1% 2% 3%
2 2% 3% 4%
3 3% 4% 5%

Table 2: Orthogonal experimental results and range analysis

Number A B C W(g/g)
G-1 1 1 1 74
G-2 1 2 2 53.7
G-3 1 3 3 68.5
G-4 2 1 2 95
G-5 2 2 3 75
G-6 2 3 1 38.3
G-7 3 1 3 50.3
G-8 3 2 1 83.8
G-9 3 3 2 100
K1 65.4 73.1 65.3
K5 69.4 70.8 82.9
Ks 78 68.9 64.6
Rj 12.6 4.2 18.3

3.2.2 Water retention analysis

Figure 4 presents the effect of different SDS concentrations
on the water retention properties of foam gel. As indicated
by the figure, the water retention turned optimal at 4%

SDS. The reduction of water retention over time was decel-
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Figure 4: Water retention properties of foam gel at different SDS
concentrations
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erated. To be specific, the time required for its water reten-
tion to drop to 50% was 168h. The foam gel could relatively
long remain the integrity in water. In agriculture, excessive
of watering will significantly impact soil erosion and com-
paction, thereby destroying the soil aggregate structure,
which hinders the improvement of soil water and fertilizer
retention. The good water retention properties of foam gel
are capable of significantly reducing the frequency of wa-
tering and improve soil water and fertilizer conservation.
In addition, foam gel is expected to become a novel type
of soil amendment.

3.3 Foam stability of foam gel

The foam stability was characterized by height difference
before and after the physical foaming. Figure 5 shows that
under the foaming agent (SDS) concentration of 4%, after
static 190h, the height of the foam gel varied slightly, and
no bleeding phenomenon was identified. This resulted
from the cross-linking effect between the gels, which could
significantly lock the vesicles, leading to high stability and
difficulty in collapse. Moreover, the high compatibility be-
tween cellulose and chitosan can also account for the sig-
nificant foam stability of foam gel.
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Figure 5: Foam stability analysis

3.4 Re-expansion performance of foam gel

Figure 6 presents the rewetting behavior of the foam gel
after 4 swelling cycles in deionized water. It is suggested
that the water absorption of foam gel maintained a high
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level after several sorption-desorption cycles. To be spe-
cific, the water absorption capacity of foam gel decreased
by 5% in the first three cycles. This result was attributed
to the hydrogen bonding between carboxyl group and hy-
droxyl group, thereby reducing its ability to adsorb water.
After the 4th cycle, the re-expansion behavior of foam gel
turned out to be comparable to that of the 3 cycle, and
the water adsorption rate stopped decreasing. Afterwards,
the results indicated that the foam gel exhibited effective
water absorption and re-expansion properties. Such high
reusability of foam gel makes it a good candidate for its
application as water absorbing agent.
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Figure 6: Reflux properties of foam gel

3.5 Morphology of foam gel

Figure 7 illustrates the SEM images of DAMCC/CMCS foam
gel material synthesized at 4% SDS. The sample showed
a large network structure, the pores were interconnected,
and the pore diameter reached 350-450 um. In addition,
flaky walls and ultrathin structure were observed in the
foam gel. The size and shape of pores could be maintained
during the crosslinking, and SDS molecules could be dis-
persed uniformly throughout the hydrogel polymer.

As mentioned above, foam gel exhibits effective wa-
ter absorption performance. This is explained below. First,
foam is evenly distributed inside the gel, allowing it to ab-
sorb water sufficiently. Second, the aldehyde group on the
DAMCC surface reacts with the free amino group on the

CMCS macromolecular chain to generate a Schiff base re-

action, which can immobilize the foam. Thus, the water
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absorption of foam gel is significantly improved by its poly-
mer network structure.

3.6 FTIR analysis

FTIR spectra of DAMCC/CMCS ranging from 4000 to
400cm™! are presented in Figure 8. Compared with MCC,
DAMCC displays characteristic absorption peaks of alde-
hyde group (-CHO) at 1718cm ™! and 885cm™!. The former
pertains to the stretching vibration of free aldehyde group,
and the latter belongs to the vibration of semiacetal. The
aldehyde group synthesized in the reaction rarely existed
as free aldehyde. As indicated from the results, NalO,
destroyed the carbon-carbon bond on the glucose ring
of MCC, and the hydroxyl group was partially oxidized
to aldehyde group, thereby leading to the production of
DAMCC [29]. The absorption peaks of CS at 1653cm ! and
1420cm ™! respectively belong to the asymmetrical tensile
vibration and symmetric tensile vibration of COO-. The ab-
sorption peaks of modified (CMCS) shift. Compared with
DAMC, the corresponding aldehyde group absorption peak
at 1718cm™! is no longer identified in the foam gel spec-
trum. As revealed from the results, Schiff base reaction be-
tween the amino group on surface and the aldehyde group
was generated, which complies with the study by Wei et al.
[30].

3.7 XRD analysis

XRD spectra of DAMCC/CMCS are presented in Figure 9.
There was an obvious crystal zone in MCC at 260 = 15.5°
and 22.7°. When MCC was oxidized, the intensity of its
diffraction peak decreased, and the crystallinity was re-
duced, demonstrating that the oxidation of sodium peri-
odate resulted in more amorphous MCC and destroyed the
crystallized area of MCC [31]. CS refers to a type of semicrys-
talline polysaccharide displaying two major diffraction
peaks at 26 = 10° and 20° [32]. Notably, CMCS completely
altered the typical structure of CS, and a new diffraction
peak was identified at 20 = 32.4° and 45.4°, leading to the
formation of an amorphous material. In the foam gel, as
impacted by the addition of SDS and the Schiff base reac-
tion, the crystal structure of MCC was fully destroyed, and
the crystallinity of CMCS was reduced.
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Figure 7: SEM images of foam gel synthesized at 4% SDS
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Figure 8: FTIR spectra of CS, CMCS, MCC, DAMCC and DAMCC/CMCS
foam gel

3.8 BET analysis

The adsorption desorption isotherm of the absorbent ma-
terial is illustrated in Figure 10. Given the type of the ad-

20

Figure 9: XRD images of CS, CMCS, MCC, DAMCC and DAMCC/CMCS
foam gel

sorption desorption curve, the curve belongs to the V-type
isotherm, and the adsorption capacity increased gradu-
ally with the increase in pressure. The adsorption was sim-
ilar to that of the macroporous material, demonstrating
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that the material exhibited a macroporous structure. How-
ever, due to capillary, the adsorption capacity of foam gel
showed a steep increase at high pressure, attributed to cap-
illary condensation. At the highest point, the pores were
filled, and the adsorption isotherm reached equilibrium.
In the desorption, capillary condensation and capillary
evaporation did not occur under the identical pressure,
causing the generation of hysteresis ring. It can be con-
cluded that the hysteresis loop did not reach equilibrium
under the relative pressure comparable to the saturated va-
por pressure, demonstrating that the pores between the
materials were formed by the slit between the mixtures.
Moreover, the above figure shows that the starting point of
the hysteresis loop occurred between 0.8 and 1, leading to
the existence of many and dense pores in the material. On
the one hand, the existence of large pores in the material
could result from the pore structure formed by water sub-
limation in the vacuum freeze-drying. On the other hand,
it can be attributed to the pressure difference between the
fibers in the vacuum environment; thus, the material tends
to form larger pores.

—a— Adsorptive branch
—e— Desorbent branch

Adsorption capacity V(cm®/g)
N
T

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Figure 10: BET images of DAMCC/CMCS foam gel

4 Conclusions

In the present study, a new type of DAMCC/CMCS foam gel
water absorbent was synthesized without any catalyst, ex-
hibiting both economic and environmental advantages. By
performing a series of experiments, the following conclu-
sions were drawn. Under the DAMCC content of 3%, the
CMCS content of 2% and the SDS concentration of 4%, the
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optimal performances of foam gel (e.g., water absorption,
water retention, foam stability and re-expansion behavior)
were achieved. The morphology study revealed a large net-
work structure of foam gel, long maintaining its integrity
in water. The foam gel synthesized in this study exhib-
ited high adsorption capacity as well as prominent stabil-
ity and reusability. It is expected to replace pure cellulose
absorbent materials and partial commercial gels, and it is
reported with suitable applications in health, pharmaceu-
tical, food and agricultural manufacturing industries.
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