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a b s t r a c t

A cellulose aerogel containing safe and environmentally-friendly crosslinkers (carboxy
methyl cellulose/citric acid) was used to purify aquaculture wastewater through remov-
ing nitrate, nitrite, and phosphate compounds. The results showed that the produced
aerogel has a specific surface area of 300 m/g, the density of 0.004 g/cm3 and porosity
of 99.68%. The optimum adsorbent were calculated at a constant weight of 0.1 g, pH = 6,
time 60 min, concentration 100 mg/l, and temperature 30 ◦C. The adsorption isotherm
models showed the most agreement with the Temkin and the Langmuir models and
the second pseudo order, confirming the high capability of aerogel in physical and
chemical adsorption. The highest removal efficiency of nitrate, nitrite, and phosphate
obtained were 79.65, 73.04, and 98.18%, respectively. Cellulose nanofiber aerogel without
additional coating and harmful chemical compounds could be used as an effective
adsorbent in wastewater treatment.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Agricultural wastes with high amounts of cellulose can remove various types of contaminants. Cellulose is a biopolymer
used in laboratory, pilot and industrial scales without toxic waste (Yousefi et al., 2015). Today, the use of different
approaches such as chemical, physical and biological methods are employed to remove the various contaminants. But, each
of these methods has disadvantages, such as the use of toxic compounds, the high cost of production and maintenance,
the enjoyment of specific requirements for the maintenance of biological species and the non-biodegradability, and so on
(Rafieian et al., 2018). The use of nano-adsorbents to remove environmental pollutants has attracted the attention of many
researchers (De France et al., 2017). Plant-derived nano-adsorbents, like nanocellulose, can be an effective and efficient
materials for the removal of pollutants from water/wastewater without harmful compounds (Zheng et al., 2014). With
the enjoyment of unique features, such as high specific strength, renewability, availability and cheapness, the high aspect
ratio leading to the creation of a solid and networked structure, high specific surface area and relatively low density
cellulose nanofibers (CNF), which can be used as a suitable option for the fabrication of useful nano-adsorbents (Long
et al., 2018; Yousefi et al., 2018). The use of these nanostructures in the production of CNF aerogels generates valuable
products for the protection and sustainability of environment and adherence to green chemistry principles and rules
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(Sehaqui et al., 2011) and can resolve a lot of environmental problems in different areas, especially the fisheries industry
that requires high water consumption. The waste water of fish farms contains a large amount of nitrogen and phosphate
compounds. With the introduction of these compounds into the body of aquatic ecosystems, especially rivers, it results
in increased organic load and the occurrence of eutrophication phenomena, leading to algae blooms and deaths of many
aquatics. Moreover, returned wastewater treatment and its reuse will compensate many costs of production and shortage
of fresh water and will remarkably reduce final consumption costs (Jana et al., 2018).

Aerogels are materials that consist of 95%–99% of the air, which has a high surface area and very low density (De France
et al., 2017). CNF aerogels are materials with porous structure, very low density and high specific surface area that are
produced under supercritical and freeze-drying conditions (Gopakumar et al., 2019). These aerogels are used in various
applications, such as acoustic thermal insulations, super-absorbents and batteries because of having features such as high
strength and resistance, cheaper production compared to other aerogels and environmentally friendly properties and
biodegradability (Shamskar et al., 2019). Citric acid (CA) is among the natural organic acids in some fruits such as oranges
and lemons. This acid is non-toxic and inexpensive and is used in many food and drug industries and is approved by FDA
(Demitri et al., 2008). Citric acid with one hydroxyl group and three carboxyl groups is considered as the main organic
acid in the creation of cross-links (Reddy and Yang, 2010). Carboxylic acid groups can form strong hydrogen bonds with
cellulose nanofibril hydroxyl groups. The substance is nutritionally safe and metabolites thereof is harmless to humans
(Shi et al., 2007).

In a study conducted by Kaya in 2017 to create cross-links in the structure of cellulose with citric acid, the results
confirmed the establishment of a strong cross-link between citric acid and cellulose structure and increasing the capability
of aerogels (Kaya, 2017). Carboxymethyl cellulose (CMC) is a natural polymer soluble in water made of cellulose and has
the stabilizing, thickening, non-toxic and safe properties (Zheng et al., 2015) and has antimicrobial properties (Dashipour
et al., 2014) and is used in various industries including pharmaceutical and food industries instead of natural materials that
are expensive (Ogushi et al., 2007). One of the problems in the manufacture of CNF aerogels for use in the fields of water
and wastewater treatment is the use of acrylamide and acrylic acid compounds to form cross-links or tight cross-links in
order to prevent breakdown of cellulosic structure after the adsorption of water. The use of acrylamide and acrylic acid
compounds can be highly toxic and dangerous to human health and other organisms (LoPachin, 2004). In the current
study, we tried to eliminate this problem through replacing a safe and biodegradable CNF aerogel containing crosslinker
components (CMC/CA) approved by the FDA organization. The combination of citric acid with CMC in the structure of
CNFs can form a very strong cross-linking and causes a creation of superabsorbents with a lot of capabilities.

In addition to creating a strong polymeric network and maintaining the aerogel structure in water, crosslinking
in aerogel structures could absorbs water because of carboxymethyl cellulose and nano fiber cellulose in the aerogel
structure. The presence of physical and chemical bands in the nano-cellulose aerogel structure increases the rate and
efficiency of adsorption. Binding of aldehyde functional groups at the cellulose structure surface to the carboxylic acid
groups of citric acid and sodium carboxy-methyl cellulose causes strong bonding and bonding. This could absorbs ions
and ion exchanges with the groups participating in the reaction. Creating electrostatic force in acidic medium increases
the adsorption on adsorbent surfaces. This also increases the protonation of the adsorbent surfaces and increases the
tension between the adsorbent and adsorbant and increases the uptake of nitrate, nitrite and phosphate ions. So this
study focuses on the production of new safe cellulose nanofiber superabsorbent bearing high water adsorption capacity,
specific surface area and mechanical strength to remove nitrogen and phosphate compounds from waste water of warm
water fish culture farms.

2. Materials and methods

2.1. CNF production

CNF was prepared from alpha cellulose of bagasse (sugarcane wastes) by a super disk grinder (MKCA6-2; Masuko Co.,
Japan) in Nano Novin Polymer Co. (Iran). The production of highly pure alpha-cellulose fibers from bagasse was described
elsewhere. Briefly, 1 wt% cellulose fiber water slurry was passed three times through with the grinder at 1500 rpm to
prepare CNF.

2.2. CNF aerogel production

First, 80 wt % of the CNF suspension put on the shaker at 80 ◦C at 100 rpm. Then, carboxy methyl cellulose (CMC;Sigma-
Aldrich Co.) and citric acid (CA; Merk Co.), each 10 wt%, were dissolved in 10 ml of distilled water. The CNF suspension
was then added to the solution of CMC/CA and stirred at 70 ◦C for 30 min to obtain highly viscose CNF-based gel. Finally,
the highly viscose gel was frozen in liquid nitrogen followed by drying in a freeze dryer (Beta 2-8 LD Plus; Christ Co.,
Germany) for 72 h at −50 ◦C, resulted in CNF aerogel, also hydrochloric acid was used for 30 min to protonate the bands.
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2.3. Determination of experimental conditions for wastewater purification

To determine the optimum adsorption conditions, the experiment was performed in a batch system so that one of
the parameters was considered constant at each stage. The selected parameters were selected based on the minimum
and maximum adsorption rates. The parameters including adsorbent weight were selected as constant 0.1 g, pH (4–8),
contact time (0–90) min and waste water concentration (25–100) mg per liter. The process of test was in a way that
appropriate pH with optimum adsorption efficiency was initially selected. Then, all experiments were carried out at the
pH obtained. Next, concentration, contact time and optimum temperature were determined. First, 100 ml of wastewater
with a desired concentration was poured into 200 ml Erlenmeyer flask. After that, by controlling pH of the solution, a
certain amount of adsorbent (CNF aerogel) was added to the solution, and the Erlenmeyer flask was subjected to stirring
at 150 rpm at ambient temperature on a hot plate for a certain time. This stage was carried out to provide a better contact
of nano-adsorbent with wastewater (Askari Hesni et al., 2020).

2.4. Characterization of CNF aerogel

To examine the morphological and internal structure of the aerogels as well as the porosity types, field emission
scanning electron microscope (FE-SEM) was used. To carry out this test, the specimens were initially coated with a
thin gold nanoparticles, and imaging was performed using a FE-SEM (MIRA3TESCAN-XMU , Czech Republic). The energy
dispersive spectroscope (EDS) test was used to identify the constituent elements and determine their percentages in the
aerogel. Atomic force micrographs of CNF were prepared using an atomic force microscope (AFM; SII Nanotechnology,
Inc., Japan) equipped with Si probe.

Fourier-transform infrared spectroscopy (FTIR) was carried out to determine the functional groups available in the
structure of the aerogel within wavelength range (400–4000 cm−1) using FTIR model Tensor II manufactured by Bruker
Co. Germany. X-ray diffraction (XRD) test was performed to determine the crystal structure of the aerogels within the
angle of 2θ = 5◦–50◦ and temperature 25 ◦C by XRD model PW1730, Netherlands. Crystallinity index (CrI) was evaluated
using the following Eq. (1):

CrI = 100(I − Iβ )/I (1)

where I is the diffraction intensity assigned to the 200 reflection of cellulose Iβ , which is typically in the range 2θ = 21◦–
23◦. Iβ is the intensity measured at 2θ = 18◦, where the maximum occurs in a diffractogram for non-crystalline cellulose.
Thermogravimetric analysis (TGA) test was conducted in the temperature range of 0–600 ◦C at a temperature rate of
10 ◦C/min with the TG 209F3 NETZSCH manufactured in Germany. To determine the amount of porosity, pore size and
specific surface area, BET test was performed with BET device, model BELSORP MINI II made in Japan using nitrogen gas
at a temperature of −196 ◦C.

2.5. Adsorption models

To measure the adsorption rate, a photometer machine (Model 7100, Wagtech Co., UK) was used. In order to measure
the optimum value and calculate the removal rate and evaluate the isotherm, kinetic and thermodynamic tests, the
calculations of Table 1 were used. To calculate the removal rate, Eq. (2) was used. In this equation, C0 and Ce are
respectively the initial concentration and final concentration in milligrams per liter. In order to evaluate the amount of
adsorption capacity, Eq. (3) was used. In this equation, qe is the equilibrium adsorption capacity in milligrams per gram,
C0 initial concentration in milligrams per liter, Ce final concentration in milligrams per liter, V volume of solution in liters
and m adsorbent weight in grams. In order to calculate adsorption models from the Langmuir model, it is assumed that the
adsorption process takes place at similar sites with the same energy distribution and the adsorption is monolayer Eq. (4).
In this model, qm (mg/l−1) is the maximum adsorption rate and KL (l/mg−1) is the Langmuir constant coefficient, which are
both dependent on adsorption capacity and energy Eq. (5) (Tajari et al., 2019). In this equation, Kf and n are the Freundlich
model constants that indicate the adsorption capacity and intensity, respectively. In the Temkin isotherm model, it is
assumed that the adsorption heat of all the molecules on the adsorbent surface is linearly reduced. In this model, KT and
BT are constants of this model and b is a constant that depends on the heat of adsorption (Eq. (6), Table 1). Thermodynamic
studies reflect the spontaneous of processes, the exothermic and endothermic reactions, and the enthalpy and entropy
changes of adsorption (Eqs. (7) and (8)). In this equation, ∆G◦ Gibbs free energy, ∆S◦ entropy and ∆H◦ enthalpy, R the
universal gas constant in kJ/mol, T temperature in Kelvin and b the process equilibrium constant (Ebrahimi et al., 2019;
Safaei et al., 2019). To calculate the water adsorption, first, the sample put in water at room temperature for 20 min
until it was completely saturated, followed by weighing with a digital scale to obtain its saturation weight (W1; Eq. (12),
Table 1). The saturated sample was then dried completely in an oven overnight followed by weighing its dry weight W2;
Dry weight, Eq. (12), Table 1).

2.6. Desorption

To desorption experiment, NaOH was added to adsorption optimizations at 120 rpm. To investigate the rate of
desorption a desorption equation was used (Table 1, (11)). In this equation, Ce (mg/l) is the concentration of unabsorbed
pollutant, and C0 (mg/l) is the initial concentration of the pollutant and CR (mg/l) is the pollutant concentration in the
wash solution during the adsorption process.
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Table 1
Adsorption models used in this study.

Removal rate % (2) R =
C0−Ce
C0

× 100

Adsorption capacity (3) qe =
(C0−Ce)V

m

Langmuir (4) Ce
qe

=
1
qm +

1
KLqm

Freundlich (5) Lnqe = LnK f +
1
n LnC e

Temkin (6) qe = BT ln KT + BT ln Ce

Pseudo first-order (7) log(qe − qt) = logqe − K1/2/303 t
Pseudo second-order (8) t

qt =
1

K2q2e
+

1
qe
t

Gibbs free energy equation (9) ∆G0
= ∆H0

− T∆S0

Van’t hoff equation (10) lnKc =
∆S0
R −

∆H0

RT

Desorption % (11) R =
CR

C0−Ce
× 100

Water adsorption % (12) R =
W1−W2

W2
× 100

3. Results and discussions

Fig. 1 shows AFM micrograph of CNF and FE-SEM micrograph of CNF aerogel produced in this study. CNFs had an
diameter ranged from 22 to 54 nm (averagely 35 ± 10 nm) and a high length to diameter ratio. CNF aerogel showed a
very porous structure. The BET test indicated a specific surface area of 300 m2/g, density of 0.004 g/cm3 and a porosity
of 99.68% for CNF aerogel. The amount of water adsorption by the aerogel was also measured to be 3328.57%. This high
amount of water absoption is attributed to the high specific surface area and high amount of available OH groups as well
as highly networked structure of CNF aerogel provided high capillary force to absorb water (Yousefi et al., 2018).

Fig. 1 also shows digital photos of very light weight CNF aerogel. The connection of carboxylic groups of CA to CMC
groups makes hydrogen bonds between the polymer chains and creates strong crosslinks between CMC with CNF aerogel.
Carboxylic acid can be easily dissolved in water, but its solubility decreases with increasing the length of carbon chain
which occurs in reaction. This structure helps aerogel to maintain its internal structure. The carboxylic (C (= O) OH) citric
acid groups attached to the bottom of the CMC chain in the cellulose nanofibers create a strong cross-link between the
CMC polymer chains.

Fig. 2-a depicts TGA trace of CNF aerogel. The weight loss of aerogel up to 150 ◦C was related to loss of moisture.
Thermal analysis curve represents two stages of high weight loss of aerogel at onset temperatures of around 150 ◦C and
290 ◦C. First significant weight loss was generated because of citric acid thermal degradation. The second step of aerogel
weight loss belongs to the combination of CMC and CNF, which occurred at a temperature of around 290 ◦ C, representing
the thermal stability of CNF and CMC is greater than that of citric acid. In the final step, about 27% of ash remained from
the tested aerogel.

Fig. 2-b depicts the XRD patterns of CNF aerogel before and after absorption. The XRD pattern of aerogel before
absoption showed peaks at 2θ of 15, 16, 22.5 and 35.5 degrees, which are typically for cellulose Iβ . Among these four
peaks the peak appeared at 2θ of 22.5 degree was the strongest one, assigned to the atomic plane of [200] of cellulose
Iβ crystallite. These results confirmed that the main structure of the aerogel is made of cellulose Iβ , demonstrating that
CMC and CA were both dissolved within fabrication process and participated in crosslinkages; hence, no trances of their
crystallites could be seen in the XRD profiles. After absoption the XRD pattern of aerogel showed peak broadening.
The CrI of aerogel before and after absorption obtained were 70% and 38%. According to the data, it could resulted the
absorbed components had mainly amorphous structure; hence, the amorphous portion of aerogel increased, resulted in
peak broadening and a drastic reduction of CrI.

Fig. 2-c shows FTIR curves of CNF aerogel before and after absorption. According to the form of FTIR test, The peak of
2896.65 cm−1 is related to a strong bond of alkyl functional groups and aliphatic compounds. It also indicates the H–C
strong bond. The peaks 1158.09–1029.94 cm−1 can be related to the C–O strong band at the ether structure in CNF aerogel
(Ciolacu et al., 2011; Haafiz et al., 2013). The bond 3338.71 cm−1 can be attributed to the acid and methanol functional
groups and the strong bond 1063.98 cm−1 is related to the C − O − C functional group (Fan et al., 2012). The peak
1714.53 cm−1 can be related to carbonyl strong bond at the citric acid group to react with a hydroxyl group in the CNF
(Coma et al., 2003; Demitri et al., 2008). The peak of 1030.57 cm−1 can be attributed to the ether and pyranose functional
group. The strong bond of 1370.46 cm−1 is related to the CH2, CH3, OH, and C–O functional groups and the bond 894.53
can be considered as the representation of the amorphous region in the nano-cellulose (Morán et al., 2008; Reddy and
Yang, 2005). The peaks observed changes in before and after the adsorption indicates the involvement of C–O–C, C–O,
carbonyl and carboxylic acid functional groups in the aerogel structure.

Fig. 3-a shows the effect of pH on the absoption of nitrate, nitrite and phosphate compounds by CNF aerogel at the
time of 60 min, adsorbent weight of 0.1 g and concentration of 100 ppm. By changing the pH from 4 to 6, the adsorption
efficiency increased and the adsorption rate on nitrate, nitrite and phosphate compounds were measured to be 79.14%,
75.65% and 99.09%, respectively. By increasing the pH, the removal rate in nitrate, nitrite and phosphate compounds
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Fig. 1. CNF aerogel produced in this study (a,b); AFM micrograph of CNF and FE-SEM micrograph of CNF aerogel.

was calculated to be 43.07%, 12.17% and 49.09%, respectively. This is because with the increase of hydroxyl groups in
solution and competition with adsorbed ions for binding to active adsorption sites at the adsorbent surface, the adsorption
efficiency decreased. Indeed, acidic environments increased H+ at the active adsorption sites on the adsorbent and increase
the removal rate. The pH determines the electron charge of the adsorbent surface, the separation of the functional groups
at the active adsorption sites, and the ionization rate of the substances in the solution. As can be seen in Fig. 3, the
adsorption performance and efficiency increased in the range of acidic pH. In the acidic pH, the active adsorption sites
of carbonyl and carboxylic groups present in the structure of nano-adsorbent were protonated and the positive electron
charge density on the surface and the internal structure of the adsorbent rised. So, the adsorption efficiency of anionic
compounds in the waste water increased because of the presence of electrostatic attraction. In the other mode, the nano-
adsorbents with chloride ions to maintain the balance may be charged in acidic environments such as HCl. As a result,
the anionic ions available in the solution were replaced with nano-adsorbent chloride in the ion exchange process. In
the higher pHs, due to elevated of the negative charge density on the adsorbent area and the creation of electrostatic
repulsive force between the negative electric charge of the adsorbent, the removal efficiency reduced (Fig. 3-a). PH is one
of the important parameters that affects the adsorption rate and the ionization by changing the surface ionic charge and
controls the adsorption process (Langeroodi, 2017). The amount of H+ ion at the acidic pH increases and the adsorbent
surface is positively charged by adsorption of this ion. At the pHs 5 and 6, the removal rates reaches 78.63, 78.26 and
97.27 (at pH 5) and 79.14, 75.65 and 99.09 (at pH 6) for nitrate, nitrite and phosphate, respectively. In this study, pH 6 was
selected as the optimal pH (Fig. 3). At the high pH, the proton attached to the hydroxyl functional groups in the adsorbent
structure is isolated and weak interaction is formed between the contaminant and the adsorbent surface, which reduces
the adsorption capacity.

Fig. 3-b depicts the effect of initial concentration on the adsorbent weight of 0.1 g, 60 min time and pH 6 on the
adsorption rate of nitrogen and phosphate compounds. With increasing concentrations from 25 to 100 mg/l, the removal
rate increased up to 98.18%, 76.52% and 78.29% for phosphate, nitrite and nitrate, respectively. This increase in adsorption
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Fig. 2. Different characteristics feature of CNF aerogel. (a) TGA trace of CNF aerogel; (b) XRD patterns of CNF aerogel before and after absorption;
(c) FTIR curves of CNF aerogel before and after absorption.

Fig. 3. The effect of different physiochemical parameters on the absoption of nitrate, nitrite and phosphate compounds by CNF aerogel. (a) pH (time
= 30 min, concentration = 100 mg/l, weight = 0.1 g); (b) concentration (time = 30 min, pH = 6, weight = 0.1 g); (c) contact time (pH = 6,
concentration = 100 mg/l, weight = 0.1 g); (d) temperature (time = 60 min, concentration = 100 mg/l, weight = 0.1 g, pH = 6).
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can be due to the increased interaction of phosphate, nitrite and nitrate ions with the adsorption sites on the adsorbent
surface. The reason for the high removal efficiency at high concentrations can be attributed to the proper propulsion
in the solution, which leads to increasing the adsorption rate. At low concentrations, the contaminant was absorbed
at the specific sites. These specific sites were saturated by increasing the concentration of contaminant. Because of this
further contaminant was absorbed at exchange sites. Also, with increasing concentration, both removal rate and adsorbent
capacity increased. The removal rate at the concentration of 100 mg/l was 78.29, 76.52 and 98.18 for nitrate, nitrite and
phosphate respectively. In a study conducted by Wei et al. in 2019 on the fabrication of nano-cellulose-based magnetic
hybrid aerogels, the results indicated that the magnetized aerogel with nano Fe3O4 were able to remove heavy metals
such as chromium with a maximum removal rate of 2.2 mg per gram, representing the high capability of nano-cellulose
aerogels in the field of water and wastewater treatment (Wei et al., 2019). The results of the current study demonstrated
that the increase of removal rate with increasing concentration could be due to the increase in thrust force. In the research
carried out by Azadbakht et al. (2016), the amount of optimum concentration to remove the nitrate with a cellulose
nanocrystalline adsorbent was selected to be equal to 100 mg/L with a maximum removal of 8.33 mg/g (Azadbakht et al.,
2016).

Fig. 3-c represents the effect of contact time (pH = 6, concentration = 100 mg/l, weight = 0.1 g) on the absoption of
nitrate, nitrite and phosphate compounds by CNF aerogel. Contact time is an important parameter for accessing anionic
compounds to the active functional groups at the nano-adsorbent surface, which is considered in the ranges of 15 to
90 min at a dose of 100 mg/L, pH 6, weight 0.1 g for the adsorption test. In the early times, the adsorption rate elevated
rapidly because of the vacancy of adsorption sites at the adsorbent surface and the increased probability of the collision
of ions with the adsorbent surface. At the time of 15 to 30 min, the adsorption rates of 77.43%, 74.78% and 99.09% were
calculated for nitrate, nitrite and phosphate, respectively. The corresponding absorption values for the time of 60 min,
were 79.65%, 73.04% and 98.18%, respectively. After this time, due to filling the active adsorption sites, the adsorption
rate reached the equilibrium state. Investigation of the effect of contact time shows an increase in the removal rate from
15 to 30 min due to the vacancy of active sites in the adsorbent surface. With increasing the contact time, due to filling
the adsorption sites and reducing the vacant positions on the adsorbent surface, the adsorption rate decreases and the
adsorption reaches the equilibrium time. By increasing the contact time, the possibility of more contact of contaminant
with the functional groups on the adsorbent surface increases, and the adsorption capacity and efficiency rise. In this
regard, the optimum time of 60 min is selected. In a study performed by Tian et al. (2018), the performance of nano-
cellulose aerogels in the removal of heavy metals was examined. In order to make crosslinks, acrylic acid was used.
The maximum adsorption rate for copper and lead ions was measured to be 40.01 and 130.36 mg/g, respectively. The
adsorption models that represented the most agreement in the aforementioned study were the isotherm model and
the pseudo-second-order kinetics model. Chemical adsorption coupled with the physical adsorption composition were
features of this produced aerogel (Tian et al., 2018). In the present study, the conformity with the Langmuir, Freundlich
and Temkin second-order kinetics adsorption models confirmed the chemical and physical adsorption capacity of CNF
aerogel, indicating its high capability and the existence of different types of structures in it.

Fig. 3-d depicts the effect of temperature (time = 60 min, concentration = 100 mg/l, weight = 0.1 g, pH = 6) on the
absoption of nitrate, nitrite and phosphate compounds by CNF aerogel. At the initial temperatures, the adsorption rate
increased. At the temperature of 30 ◦C, the adsorption rate in nitrate, nitrite and phosphate compounds was measured
to be 77.09, 69.56 and 92.72, respectively. At the higher temperatures, the removal efficiency reduced, implying that the
adsorption can be physical type at a lower temperature (Safaei et al., 2019). By elevating temperature from 30 ◦C to 50 ◦C,
the removal rate and adsorption capacity decreased and reached 48.71, 19.13 and 69.09 in nitrate, nitrite and phosphate,
respectively, representing the exothermic reaction. The negativity of ∆H◦ and ∆S◦ reflects the exothermic and physical
process of adsorption and reduction of irregularities due to the placement of contaminant ions on the adsorption sites
(Samadani, 2013; Samadani et al., 2015).

Fig. 4 shows the absorption capability of CNF aerogel to remove nitrate, nitrite and phosphate compounds during
successive three cyclic absorption/desorption process. The result showed that the maximum absorption of nitrate, nitrite
and phosphate, was respectively 77.09%, 67.82%, 81.81%, happened in the first cycle, while the corresponding minimum
absoption values (65.47%, 49.56%, 60% respectively) occurred at third cycle.

Table 2 are present isothermal equations for the adsorption of nitrogen and phosphate compounds. The Langmuir
model is based on the assumption of monolayer and homogeneous adsorption with the same energy. The Freundlich model
is based on multilayer adsorption with heterogeneous surfaces and heterogeneous distribution of energy, and the Temkin
isotherm model indicates the decrease in absorption heat of all molecules at the adsorbent surface. The equilibrium
adsorption data indicate that they have the highest compliance with the Temkin isotherm model than the Langmuir and
Freundlich models with a correlation coefficient of 0.93 for nitrate, 0.99 for nitrite and 0.86 for phosphate. After that, the
highest compliance of phosphate is related to the Langmuir model with a coefficient of 0.84 and nitrate with Freundlich
and Langmuir models with coefficients of 0.82 and 0.73 and nitrite with coefficients of 0.96 and 0.92, respectively. In
the Freundlich model, high Kf indicates high adsorption capacity. The highest amount of 254.67 mg was observed in the
nitrite. The larger or smaller qmax in the Langmuir model represents the abundance of adsorption sites per unit mass of
adsorbent and causes a large number of ions to be adsorbed at the nano-adsorbent surface. Study of first pseudo and
second-order kinetic equations shows more compliance with the second pseudo model with coefficients of 0.99, 0.98 and
0.99 for nitrate, nitrite and phosphate, respectively. The kinetics is used to evaluate the speed of the adsorption process.
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Fig. 4. Absorption capability of CNF aerogel to remove nitrate, nitrite and phosphate compounds during successive three cyclic absorption/desorption
process.

Table 2
Isotherm (a) and kinetic models (b) coefficients for waste water parameters (NO3, NO2, PO4).
(a) Isotherm models

Langmuir Freundlich Temkin

KL (l/mg−1) qexp
m (mg/g−1) R2 Kf (l/mg−1) N R2 KT (l/mg−1) BT R2

NO3 0/85 4/58 0/73 15/33 4/78 0/82 1/82 12/82 0/93
NO2 4/34 0/88 0/92 254/67 4/20 0/96 2/29 1/87 0/99
PO4 83/33 1/08 0/84 10/48 1/58 0/73 7/46 0/60 0/86

(b) Kinetic models

Pseudo first order Pseudo second order

K1 (min−1) qe (mg/g−1) R2 qe (mg/g−1) K2 (min−1) R2

NO3 0/01 2/48 0/29 4/76 0.12 0/99
NO2 0/016 22/10 0/35 0/89 0/28 0/98
PO4 0/0163 3 0/36 1/07 17/54 0/99

The second-order kinetics represents the chemical adsorption and the deceleration rate and the adsorption controller,
where the compliance of the ions with the second-order kinetics represent the chemical adsorption.

Table 3 the thermodynamic parameters. Some of the reactions are natural and some of them are done with the help
of external factors. Thermodynamics studies deal with the reversible and irreversible chemical reactions. By increasing
the temperature, the Gibbs free energy will decrease, which represents a spontaneous reaction. Negative enthalpy and
entropy indicate the spontaneity of a reaction at low temperature which represents the reversibility of the reaction and
the equilibrium of the reaction. The negative enthalpy indicates the exothermic reaction. Gibbs free energy values of less
than −20 kJ/mol represent physical adsorption. According to Le Chatelier’s Principle, the maximum adsorption capacity
decreases with increasing temperature.

The evaluation of adsorption isotherm models represents the affinity of adsorbent and surface properties, which can be
changed depending on the type of adsorbent (Hafshejani et al., 2016). Investigating the parameters of adsorption capacity
and intensity in nitrate, nitrite and phosphate compounds revealed high adsorption capacity in nitrite with 254.67 l/mg
and phosphate with 83.33 l/mg and nitrate with 15.33 in l/mg. According to KL coefficient, maximum adsorption energy
is related to the adsorption of phosphate. The greater the Kf, the greater the adsorption capacity of the adsorbent . In this
regard, the highest rate is observed in the nitrite, indicating very high capacity of adsorbent for the adsorption of nitrite
ions. In the Freundlich equation, the coefficient n is the empirical parameter related to the stability of the adsorbent.
This coefficient should be less than 10 and greater than 1 for an optimal adsorption process, which was calculated to be
4.78, 4.20 and 1.58 in the nitrate, nitrite and phosphate ions, respectively. The highest matching of RL is related to the
Temkin and Langmuir models that the most suitable mode for the adsorption of nitrite with 0.99, phosphate with 0.86
and nitrate with 0.93 was respectively observed. The value of RL less than 1 represents the suitability of the isotherm and
the adsorption process. The matching of the adsorption models with the Temkin model can be due to the heterogeneous
distribution of the adsorption sites and the adsorbate–adsorbent interaction. Evaluation of the effect of contact time on
adsorption rate and adsorbent capacity, which is proposed as kinetics also indicates the equilibrium time and reaction
pathway (Samadani et al., 2015), which indicates a greater matching with the second pseudo order model with adsorption
coefficients of 0.99, 0.98 and 0.99 for nitrate, nitrite and phosphate, respectively. In a study conducted by Rafieian et al.
(2018), they employed hydrophobic coatings using the chemical vapor of hexadecyltrimethoxylan in the nano-cellulose
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Table 3
Thermodynamic parameters at different temperatures (PO4, NO2, NO3).
T (K) ∆G◦ (kj/mol) ∆H◦ (kj/mol) ∆S◦ (kj/mol K−1)

298 −9/38 −63/02 −0/18
303 −8/48 * *
313 −6/68 * *
323 −4/88 * *

T (K) (NO2) ∆G◦ (kj/mol) ∆H◦ (kj/mol) ∆S◦ (kj/mol K−1)

298 −6/43 −71/99 −0/22
303 −5/33 * *
313 −3/13 * *
323 −0/93 * *

T (K) (NO3) ∆G◦ (kj/mol) ∆H◦ (kj/mol) ∆S◦ (kj/mol K−1)

298 −3/69 −39/45 −0/12
303 −3/09 * *
313 −1/89 * *
323 −0/69 * *

aerogel structure that caused the produced aerogels to have features such as a density of 11–17.5 mg/cm3 and a porosity
of equal to 99.3% and 98.8%, respectively (Rafieian et al., 2018). The aerogel produced in this study had a porosity of 99.68%
and a specific surface area of 300 m2/g, and a density of 0.004 g/cm3, which represents the high capability of aerogels
generated with fully biological compounds without the use of chemical compounds. In another study carried out by Hoon
Kim et al. (2015), on examining the effect of using maleic acid and sodium hypophosphite as connectors on cellulose
nanofiber aerogels, these connectors showed the ability of the aerogel to remain in the water for 1 min (Kim et al., 2015),
while the aerogels produced in this study, by creating strong crosslinks between CA and CMC with cellulose nanofibril
hydroxyl groups, were able to stay in water for more than 90 min. Finally, all of examined parameters resulted in the
design of a wastewater treatment system model with nano-cellulose aerogels, which is schematically shown in Fig. 5.

In design of the effluent design system for fish farms, effluent discharged into the sediment storage tanks first passes
through the filters equipped with mesh filters to allow the untreated material to pass through the filters. The effluent
then enters the tanks equipped with rotary reactors and propulsion turbines that are constantly monitored for acidity and
temperature. The effluent is then discharged into the first and second sediment storage tanks to then remove soluble and
suspended solids and then into rotor-equipped reactors to hydrogen-purify the tanks and rotate the turbines equipped
with nano-cellulose aerogels to purify nitrogen compounds and phosphate, finally the treated effluent enters the collection
tanks (Fig. 5). In the batch reactor system, the combustors are initially introduced into the reactor and are strongly mixed
for a specified period of time and then discharged after the specified time has elapsed and the reaction progresses. No
mass enters or exits during the reactor operation. Temperature control in the reactors is important because of the heat
and the warming of the reactions. As a result, the contents inside the reactor may become hot and cold during operation
and may disrupt the reaction and equipment. Heat exchangers are used to adjust the temperature. Pipes with hot and cold
flow around the reactors can be used. Stir operation in reactors is important because if the mixing and transfer speeds are
not well established, there is no possibility of a reaction between the adsorbent and the adsorbent material. The mixer
shape design depends on the volume and shape of the tank and the intensity of the flow. The use of polymer reactors
makes the temperature throughout the reactor uniform.

4. Conclusions

In this study, the use of novel aerogel with biological structures without any harmful chemical compounds at low
cost with high water adsorption capacity and shape memory capability could be well applied in water and wastewater
treatment processes. The results revealed that the produced CNF aerogels had a high specific surface area and high porosity
and low density and, following the Temkin and Langmuir adsorption models and the second pseudo kinetics model, can
act as an suitable adsorbent for reduction and remove of nitrite, nitrate and phosphate compounds by 79.65, 73.04 and
98.18 mg/l. According to the standard of water input for farmlands, the allowed amount of compounds should be for
nitrate (less than 2 mg per liter), nitrite (less than 0.1 mg per liter) and phosphate (between 0.2 and 0.5 mg per liter),
these allowed amounts of compounds could be achieved using the CNF aerogel as nano-adsorbent.
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Fig. 5. Modeling of wastewater treatment system produced with nano cellulose aerogels.
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