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Abstract:  To date, a number of methods have been employed to remove paranitrophenol (PNP) as one of the
organic pollutants and nitroaromatic compounds from water. In the present study, the PNP removal process was
investigated using surface adsorption and synthesizing cyclodextrin-based adsorbents. To this end, beta-
cyclodextrin polymer insoluble in water was first obtained in a green way using citric acid as a cross-linking
agent with the efficiency of 81.25% at the swelling rate of 166.7 and after structural characterization, it was used
in the adsorption experiments. To expand the contact surface area, some bases such as sawdust and alumina were
used as the cyclodextrin supports, and the effect of different parameters on their adsorption capacity such as the
contact time, pH, PNP initial concentration, temperature, and adsorbent dosage were studied. The experimental
data were then fitted to the kinetics models and adsorption isotherms. It was found that for the synthesized
adsorbents, the adsorption kinetics followed the pseudo-second-order equation, and the equilibrium data were
more consistent with the Freundlich model. The gmax values for B-cyclodextrin-citric acid, p-cyclodextrin-
sawdust, and B-cyclodextrin-alumina adsorbents were obtained as 40.98 mg/g, 43.29 mg/g, and 38.46 mg/g,
respectively. Finally, the adsorption thermodynamic was investigated and the standard enthalpy, entropy, and

Gibbs free energy changes were calculated.
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1. INTRODUCTION

Paranitrophenol (PNP) is one of the nitroaromatic
compounds that is a raw material or intermediate for the
production of many chemical products such as
explosives, drugs, pesticides, plastics, artificial colors,
and wood preservatives. It is among the most toxic
derivatives of parathion insecticide which is
carcinogenic, dangerous, mutagenic, and toxic for
mammals. These compounds are a type of organic
molecules that contain at least one nitro group (NO-)
attached to the aromatic ring. A low concentration of
paranitrophenol (less than 100 mg/L) can be effectively
degraded through biological treatment processes but its
high concentration is difficult to biodegrade (Xiong, et
al., 2018). Due to its high toxicity, carcinogenicity, and
accumulation properties, paranitrophenol has been
recognized by the US Environmental Protection Agency
(EPA) as one of the priority pollutants (Xiong, et al.
2018). Various methods have been used so far to remove
paranitrophenol  from  water including surface
adsorption, catalytic oxidation with microwave,
microbial degradation, photocatalytic degradation,
electrofenton method, and electrochemical purification
(Pandey & Mishra, 2014). Due to the ease of operation
and availability of a wide range of adsorbents, surface
adsorption has been proposed as one of the appropriate
methods in water purification. Recently, several
methods have been studied to develop cheaper
adsorbents and materials that contain polysaccharides

such as chitin, starch, and their derivatives. These
biopolymers have attracted considerable attention owing
to their special structures, chemical properties, high
reactivity, and excellent selectivity towards aromatic
compounds and metals, which is due to the presence of
reactive groups in their polymer chains. An important
type of starch derivatives is cyclodextrins (CDs) or
cycloamyloses. Due to the presence of hydroxyl groups
in glucose molecules, they seem quite polar. The
presence of hydroxyl groups at both ends of the cone is
the cause of the solubility of this substance in water. In
addition, the presence of the central hydrophobic cavity
allows them to accommodate hydrophobic host
molecules. Therefore, inside the cyclodextrin cone is
relatively non-polar while the outside of the molecule is
hydrophilic that can dissolve in water. For this reason,
cyclodextrins can form inclusion complexes (guest-host
complexes) with a wide range of compounds through
molecular complexation mechanism. In  these
complexes, the guest molecule is kept in the
cyclodextrin cavity of the host. The aim of this study is
to synthesize a polymer from beta-cyclodextrin using a
green cross-linking agent such as citric acid, two bases
of sawdust (which contains lignin, cellulose, and
hemicellulose and polyphenolic groups) as well as
alumina in order to increase the contact surface and
improve the adsorption of PNP. So far, very few
comprehensive studies have been carried out on the
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adsorption of the paranitrophenol in beta-cyclodextrin-
based green polymers.

2. MATERIALS AND METHODS
2.1. Synthesis of the adsorbents

Beta-cyclodextrin polymeric adsorbent cross-linked
with citric acid: the method chosen for the synthesis of
this adsorbent is the method proposed by Zhao et al.
(Zhao, et al., 2009b). First, 1 g of polyvinyl alcohol was
mixed in 25 ml of deionized water in a hot water bath in
the temperature range of 70-80 °C for 90 min on the
stirrer until it was completely dissolved in water and a
completely clear solution was obtained. Then, 10 g of
beta-cyclodextrin, 5 g of citric acid, 0.5 g of sodium
dihydrogen phosphate, and another 25 ml of deionized
water were added to the clear solution of polyvinyl
alcohol. The resulting solution was still stirred in a hot
water bath (for 30 min) until a completely homogeneous
mixture was obtained. Next, the mixture was placed in a
thermostatic oven at the temperature of 140 °C for four
hours. In this synthesis, beta-cyclodextrin was the main
reactant, citric acid the cross-linking agent, polyvinyl
alcohol an additive that made beta-cyclodextrin more
soluble in water, and sodium dihydrogen phosphate a
catalyst.

Beta-cyclodextrin-alumina adsorbent: First, 0.1 g of
polyvinyl alcohol was dissolved in five ml of deionized
water using a hot water bath (temperature of 80 °C).
Then, 1 g of alumina and 0.3 g of beta-cyclodextrin were
added to the clear solution of polyvinyl alcohol, and the
rest of the deionized water (5 ml) was consequently
added to the mixture and then, it was placed in an
ultrasonic bath for 10 min until it became homogeneous.
In the next stage, the sample was again placed in a hot
water bath until a uniform slurry was obtained and then,
it was placed in the oven at the temperature of 45 °C for
24 h until the reaction was complete. Finally, the
adsorbent became a powder.

S-cyclodextrin-sawdust polymeric adsorbent (5-CD-
SD): The method chosen for the synthesis of B-
cyclodextrin-sawdust polymer ($-CD-SD) is the method
proposed by Hu et al.(Hu, et al., 2014). Here, the
sawdust was sieved through a sieve with 60 and 80
meshes, carefully washed several times with deionized
water, and then dried at 105°C for 24 h. Later, 2 g of
sawdust, 5 g of beta-cyclodextrin, 3 g of citric acid, 0.5
g of sodium dihydrogen phosphate, and 50 ml of
deionized water were mixed together and placed in an
ultrasonic bath for 20 min, and the mixture was placed
at the temperature of 160 °C for 15 min. The obtained
solid was washed several times with hot water (75°C)
and 50% alcohol and finally dried at 105°C. In this
stage, the obtained solid was dark brown granules.

2.2. Characterization of the adsorbents

In order to characterize the synthesized adsorbents,
XRD! analysis (Philips PW1825) was performed to
determine the crystal phases. FTIR? (Bruker Vector 33)
technique was employed to identify the chemical bonds,

! X-Ray diffraction
2 Fourier-transform infrared spectroscopy
3 Scanning Electron Microscopy

and the functional groups of the compounds. SEM3
(Cambridge S-360) was also used to study the
morphology and structure of the samples.

3. RESULTS AND DISCUSSION

To determine the characteristics of the adsorbents,
several techniques were employed. The XRD analysis of
beta-cyclodextrin-citric acid, beta-cyclodextrin-
sawdust, and beta-cyclodextrin-alumina  polymer
adsorbents showed the characteristic peak attributed to
the beta-cyclodextrin polymers appeared at 26=18°
(Abarca, et al., 2016). The characteristic peaks of
alumina (ICDD, card number 00-010-0173 of a-Al;O3)
were also detected (Mohammed, Khodair, & Khadom,
2020). The SEM images of the beta-cyclodextrin
samples, beta-cyclodextrin-citric  acid  polymer,
sawdust, beta-cyclodextrin-sawdust, alumina, and beta-
cyclodextrin-alumina  showed the  morphology
differences of the adsorbents and their bases. In these
samples, coating the particles with beta-cyclodextrin
layer reduced their surface roughness. The FTIR spectra
of the beta-cyclodextrin-citric acid, beta-cyclodextrin-
sawdust, and beta-cyclodextrin-alumina were recorded.
The peak at 1746 cm™* due to the stretching vibrations of
C=0 bonds belonged to the ester and carboxyl groups in
the formed polymer. The peak at 1458 cm™ was due to
the C-O-C stretching vibration of the ester groups. The
absorption caused by the ester groups indicated that the
hydroxyl groups of beta-cyclodextrin reacted and
condensed with the carboxyl groups of citric acid to
form the beta-cyclodextrin polymer. The peak at 3448
cm® that emerged due to the stretching vibration of the
O-H groups belonged to the hydroxyl and carboxyl
groups in the beta-cyclodextrin polymer, indicating that
the structure of beta-cyclodextrin was preserved in the
formed polymer (Zhao, et al., 2009a, Patil Dipak, et al..
2012). The peaks of alumina at 444 cm™ and 578 cm
were also detected in the structure of beta-cyclodextrin-
alumina adsorbent, showing that the adsorbent was
placed on the alumina.

In addition to the main polymer adsorbent
(betacyclodextrin-citric acid), adsorption tests on the
betacyclodextrin-sawdust and betacyclodextrin-alumina
adsorbents were also carried out, and the obtained
results were analyzed. The change in their adsorption
capacity over time was also studied. The time required
to reach equilibrium for the adsorbents was about 210
min. The kinetic data were fitted to pseudo-first-order
and pseudo-second-order models, and the Kinetic
parameters were calculated. It was revealed that the
correlation coefficients for fitting the data with the
pseudo-second order model were larger than those of the
other model (Li, et al., 2011). The tests showed that the
removal percentage of paranitrophenol was reduced
with the increase in the pH, and the maximum amount
of removal was obtained at the pH of 4.48. According to
the tests, paranitrophenol in the aqueous solution was
moderately acidic (pKa ~7.15), and the formation of
ionic form in water was highly dependent on pH. In case
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the pH value of the solution exceeds the pKa value (the
environment becomes alkaline), paranitrophenol is
converted to the negative phenolate ions. On the
contrary, at the pH values lower than pKa, the molecular
form of paranitrophenol is present in the solution, and
paranitrophenol is adsorbed molecularly on the surface
of the adsorbent. According to the findings, with the
increase in the adsorbent dosage, the percentage of the
paranitrophenol removal increased, and the removal
percentages at the same dosage of the adsorbents were
different. In order to investigate the adsorption
isotherms, five concentrations were selected for
paranitrophenol and after reaching the equilibrium, the
concentration values were fitted to Langmeier and
Freundlich isotherms. The values of the correlation
coefficients (R?) for the Freundlich isotherm were
larger, consistent with the results from the previous
research (Tang, et al., 2007). The nature of reaction
(either endothermic or exothermic) can be determined
by examining the changes in the amount of adsorption
based on temperature variations. Thermodynamic
parameters were obtained from the thermodynamic
distribution coefficients at different temperatures. The
thermodynamic parameters for the adsorption of
paranitrophenol by all the adsorbents were evaluated.
The negative sign of the standard enthalpy changes
(AH®) indicated the exothermic nature of the process, the
negative standard entropy changes (AS®) confirmed the
reduction of disorder in the solid-liquid interface, and
the negative value of AG® denoted the spontaneity of the
adsorption reaction (Cotoruelo, et al., 2012).

4. CONCLUSION

In this study, three environmentally-friendly
adsorbents with satisfactory efficiency and low risk
were synthesized using beta-cyclodextrin. In fact, the
greenness of beta-cyclodextrin and other reagents used
in the synthesis process is one of the highlights of this
research. The synthesized adsorbents were used to
remove paranitrophenol from water. The kinetics of all
three adsorption models followed the pseudo-second
order model. The equilibrium data of the adsorbent
showed more compatibility with the Freundlich model.
The gmax values for beta-cyclodextrin-citric acid, beta-
cyclodextrin-sawdust, and beta-cyclodextrin-alumina
adsorbents were obtained as 40.98, 43.29, and 38.46
mg/g, respectively. Upon increasing the pH, the removal

percentage of paranitrophenol by all three adsorbents
decreased. In all of the adsorbents under study,
increasing the adsorbent amount elevated the removal
percentage of paranitrophenol. The thermodynamic
analysis of the adsorption revealed that the reactions
were spontaneous and exothermic with reduced entropy
at the solid-liquid interface.
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