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Recovery of acrylic acid from aqueous solution using low-cost CaO2 nanoparticles
was investigated. CaO2 nanoparticles were synthesized by co-precipitation technique and
characterised using XRD and FTIR. A mechanism was proposed for adsorption of
acrylic acid onto CaO2 nanoparticles based on FTIR analysis. Acrylic acid recovery is
highly dependent on contact time, CaO2 nanoparticle dosage, initial acrylic concentration, and temperature. Langmuir, Freundlich, Dubinin-Radushkevich, Tempkin, Hill,
Redlich-Peterson, Sips and Toth isotherms were used and well represented by Redlich-Peterson isotherm (R2 = 0.9998) as compared to other isotherms. Kinetic studies revealed
pseudo-second-order kinetics (k2 = 1.962·10–4 g mg–1 min–1) for adsorption of acrylic acid
onto CaO2 nanoparticles. CaO2 nanoparticles exhibited high acrylic acid recovery over
varied concentration ranges. The acrylic acid can be regenerated by desorption from the
surface of adsorbent and utilised for numerous applications. The presented results may
be useful for the design of adsorption system using nanoparticles, which can be extended
to other systems.
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Introduction
Acrylic acid or vinyl formic acid (CH2=CHCOOH) is an important organic acid for the manufacture of polymeric flocculants for water treatment,
intermediates in the preparation of super-absorbent
materials, adhesives and sealants, surface coatings,
polishes, surfactants, plastic additives, dispersants,
and textiles.1 The global market for acrylic acid is
estimated to reach US$ 20 billion in 2018, and its
demand to reach 260 KTPA by 2020.2 The partial
oxidation of propene, a single-step process, is the
most commercial method for the production of
acrylic acid, but the yield is at most (50 – 60 %),
causing large amounts of waste. The two-step process achieves an overall yield of 90 % via acrolein.3
Several biotechnological processes for the production of acrylic acid have been developed, which
provide an attractive alternative, but the high cost of
the recovery step in the generation of the acid poses
a major challenge in its commercialization.4 ConseCorresponding author: k_wasewar@rediffmail.com;
klwasewar@che.vnit.ac.in; dr.kailaswasewar@gmail.com
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quently, it is essential to develop a simple and
cost-effective method for the recovery of acrylic
acid. Many studies have been conducted in respect
of recovery of carboxylic acids from waste stream/
dilute solution. Hybrid and intensified separation
processes, such as reactive distillation, extractive
distillation, pervaporation and reactive distillation
have been proven to be effective for the recovery of
carboxylic acids.5–9 Adsorption has been proven to
be an efficient technique to remove various compounds.10–26 Also, carboxylic acids can be recovered
by adsorption.27–36 The literature on the removal of a
few carboxylic acids from aqueous solutions by adsorption is summarised in Table 1, but limited work
on the adsorption of acrylic acid from aqueous
streams is available.
The selection of proper adsorbent having sufficient selectivity and capacity is the key to successful recovery/removal. A large specific area is of
great significance for the adsorbents, which is attained by manufacturing techniques that result in
solids with a microporous structure. Consequently,
researchers have a growing interest to develop a
novel cost-effective adsorbent with high adsorptive
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Ta b l e 1 – Summary of a few studies conducted on carboxylic
acid adsorption
Carboxylic acid

Adsorbent

Type of study

Oxalic acid, malonic
Titanium dioxide
acid, succinic acid, gallic
acid, EDTA, TTHA30

Kinetic

Acetic acid, propionic
acid, butyric acid31

Equilibrium

Activated carbon
from watermelon
shells

Formic acid, acetic acid, α-Al2O3
propionic acid32

Kinetic

Acetic, citric, lactic,
and tartaric acids27

Hydrogels

Equilibrium

Glycolic acid and
acetic acid28

AmberliteIRA-67 Equilibrium

α-Toluic acid29

CaO2
nanoparticles

Equilibrium,
kinetic thermodynamic

capacity. Nanotechnology offers new promises in
recent years. Nanoparticles possess distinct physical
and chemical properties, and they may exhibit totally new characteristics as compared to their bulk
form due to their high surface-to-volume ratio, and
because of their small size, quantum effects come
into play.37
Calcium peroxide (CaO2) has proven its effectiveness in enhanced bioremediation of BTEX (benzene, toluene, ethylbenzene and xylene) contaminated soil38 and its use has also increased the
remediation of soil.39 It has been used to provide
oxygen for contaminant biodegradation in saturated
soil, but studies have revealed that rate of oxidation
reaction between calcium peroxide and contaminant
is extremely slow.40 Therefore, to overcome this
problem, nanosized CaO2 can be used, which can
increase the surface-to-volume ratio and the rate of
reaction.
In this study, the candidacy of synthesised
CaO2 nanoparticles as an effective adsorbent for the
recovery of acrylic acid from the aqueous stream
has been studied. The effect of contact time, initial
concentration, adsorbent dosage, and temperature
on adsorption capacity was investigated by conducting batch experiments. Consequently, equilibrium isotherm and kinetics were also evaluated to
design a batch adsorption system for the recovery
of acrylic acid from aqueous stream.

Materials and methods
Reagents

Polyethylene glycol (PEG 200), ammonia solution (NH3 ⋅ H2O, 25 %), calcium chloride (CaCl2,
99.5 %), hydrogen peroxide (H2O2, 35 %), sodium

hydroxide (NaOH) were supplied by Merck (India)
and used without further treatment or purification.
Acrylic acid (99 %) was obtained from S D FineChem Ltd. The stock solutions of acrylic acid (7206
mg L–1) were prepared fresh every week by dilution
of 7±0.1 mL of acrylic acid with double distilled
water, and to obtain working solutions of varying
concentrations for further experiments.
Preparation of CaO2 nanoparticles

CaO2 nanoparticles were synthesised using a
slightly modified co-precipitation technique.41,42 In
the present case, six grams of CaCl2 was dissolved
in 60 mL distilled water along with 30 mL ammonia
solution (1 M) and 240 mL PEG 200 in a 1000-mL
beaker. PEG 200 was used as a surface modifier,
which is important for obtaining nanoparticles as it
provides steric stabilization by the formation of micelles. The solution was stirred at a constant rate
with the continuous addition of 30 mL H2O2 (30 %)
at a rate of three drops per minute. A clear and colourless to yellowish solution was obtained after 3
hours of stirring. To precipitate the product, NaOH
solution (pH 13) was added slowly until pH 11.5
was obtained and the mixture changed to a white
suspension. The precipitate was separated by centrifugation at 10000 RPM and the white powder obtained was washed three times with 0.1 M NaOH
solution, followed by washing with distilled water
until pH of 8.4 for the residue water was achieved.
The obtained precipitate was then dried in an evacuated oven for 2 hours at 353.15 K to obtain CaO2
nanoparticles. A vacuum oven was used to avoid
contamination and prevent excess oxygen from
coming in contact while drying, which may result in
formation of CaO instead of CaO2. A vacuum oven
also allows drying of nanoparticles at much lower
temperature. A schematic representation of the process is presented in Fig. 1. The reactions involved in
the synthesis of CaO2 nanoparticles by co-precipitation method are:

CaCl2 + H 2O 2 → CaO 2 (Hydrate) + 2 HCl (1)
2HCl + 2 NH 3 → 2 NH 4Cl

(2)

Batch adsorption studies

Adsorption experiments were conducted to
study the effect of initial concentration of acrylic
acid (720–7206 mg L–1), contact time (5–200 min),
adsorbent dosage (0.01–0.1 g per 10 mL), and temperature (300.15 – 313.15 K) on the removal efficiency of acrylic acid. The experiments were carried out by taking 10 mL of acrylic acid of known
concentration in a 100-mL Erlenmeyer flask with a
known adsorbent dosage. Orbital shaking incubator
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F i g . 1 – Schematic representation of the synthesis of CaO2 nanoparticles using co-precipitation technique

(REMI S-24BL, India) was employed to shake the
mixture for a minimum of 200 minutes, and the
samples were centrifuged at 3000 rpm for 5 minutes
after shaking to separate the spent CaO2 nanoparticles. The aqueous concentration of acrylic acid in
the supernatant was determined by titration with
NaOH (0.01 M) and phenolphthalein as an indicator. A fresh NaOH solution was prepared for each
set of experiments. The concentration range of
acrylic acid used in the study is based on highest
concentration of acrylic acid that can be found in
any aqueous stream. A few experiments were repeated and analysed, the consistency was observed
within ±2 %. The pH was measured by a digital pH
meter (Spectral Lab Instrumental Pvt. Ltd. India)
which was calibrated with three buffers (pH 4.0, 7.0
and 10.0) daily.
The removal efficiency, E (%), of acrylic acid
was calculated as a ratio between acrylic acid adsorbed at time t, to its initial aqueous concentration
as:

(3)
where, C0 (mg L–1) is the initial aqueous acrylic acid
concentration, and Ct (mg L–1) is the aqueous acrylic
acid concentration at time t (min).
The amount of acrylic acid adsorbed (qt, mg g–1)
onto CaO2 nanoparticles at time t was determined
as:
(C − Ct ) ⋅V
		(4)
qt = 0
m

where, m (g) is mass of adsorbent, and V (L) is the
volume of aqueous solution. The amount of acrylic
acid adsorbed onto CaO2 nanoparticles at equilibrium qe is equal to qt, while Ct was addressed as Ce at
equilibrium time. A trial run was performed using
conventional CaO2 at the start of experiment. The
conventional CaO2 was observed to form lumps
during adsorption, and the particles were not well
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dispersed even at longer shaking time. This lead to
a low adsorption efficiency with the use of conventional CaO2. Also, a high dosage of CaO2 was required for effective acrylic acid recovery due to particle aggregation and large particle size.
Desorption study

A point study on desorption of acrylic acid
from CaO2 nanoparticles was performed for the
sample that showed highest level of adsorption. An
ultrasonicator water bath (LABMAN LMUC-4)
was employed for this purpose. 0.1 g spent CaO2
nanoparticles in 10 mL distilled water was taken in
an Erlenmeyer flask at 333.15 K. The sample was
sonicated for 30 minutes and the aliquot of the resulting solution analysed by titration to determine
the amount of desorbed acrylic acid.

F i g . 2 – X-Ray diffraction pattern of synthesised CaO2
nanoparticles and standard JCPDS (000-03-0865) of CaO2
(dotted line)

Results and discussion
Characterisation of CaO2 nanoparticles

X-ray diffraction (XRD) analysis of CaO2
nanoparticles was carried out by X-ray diffractometer (PAN analytical X’pert PRO) in the 2θ range
from 10° to 100° with a step size of 0.01° using a
Cu X-ray tube (λ = 0.15406 nm) to ascertain the
chemical composition (Fig. 2). The five dominant
peaks of the XRD spectra at 2θ values of 29.68,
36.19, 47.74, and 60.85 are in agreement with XRD
of CaO2 (JCPDS – 00 – 003-0865). The comparison
of 2θ and d-spacing values of the standard CaO2
with the synthesised CaO2 nanoparticles are listed
in Table 2, and the analogy confirms its chemical
composition. The Debye-Scherrer equation was
used to determine the average particle size of CaO2
nanoparticles from the XRD peak (110) pattern using the following expression:

kl
D=
		
b cosq

(5)

Ta b l e 2 – Comparison of 2θ and d-spacing values of the
standard CaO2 with the synthesised CaO2 nanoparticles
Sr.
No.

CaO2 (JCPDS – 00-003-0865)

Synthesised CaO2
nanoparticles

2θ
(degree)

d-spacing
(Å)

Miller
indices
(h k l)

2θ
(degree)

d-spacing
(Å)

1

30.27

2.95

002

30.96

2.88

2

35.59

2.52

110

35.74

2.50

3

47.30

1.92

112

47.32

1.91

4

51.59

1.77

200

51.00

1.78

5

53.21

1.72

113

53.42

1.71

where k is the Debye-Scherrer constant (k = 0.9), λ
is the wavelength of the incident X-ray radiation
(λ = 0.15406 nm), θ is the Bragg’s angle in radians,
and β is the full width at half maximum (FWHM)
of the most intense peak (002). The calculated size
of the nanocrystallite was found to be 29.38 nm.
The Fourier Transfer Infrared (FTIR) spectrum
of CaO2 nanoparticles, pure acrylic acid, and acrylic
acid adsorbed onto CaO2 nanoparticles were obtained using Shimadzu Corporation IRAffinity-1
(Japan) apparatus within the range 4000 to 400 cm–1.
Fig. 3 represents the plot of percent transmission
versus wave number that was measured from FTIR.
The spectra were analysed for different types of
functional groups for the further confirmation of
CaO2 nanoparticles and adsorption of acrylic acid
onto CaO2 nanoparticles, thus suggesting a suitable
mechanism for the adsorption process. The band
positions present at 748 and 711 cm–1 correspond to
O–O stretch, and that of 560 and 508 cm–1 correspond to O–Ca–O stretch43 for CaO2 nanoparticles
(Fig. 3(a)). The spectrum of pure acrylic acid (Fig.
3(b)) shows a band at 1704 cm–1 which refers to
C=O stretch,44 followed by bands at 1635, 1243,
1048, 985, 925, 820, and 650 cm–1 which correspond to C=C stretch, CH in-plane bend, CH2 rocking, out of phase CH2 wag, and out-of-plane CH
bend, out-of-plane OH bend, CH2 twist, and CO2
in-plane bend, respectively.41 The band that corresponds to C=O stretch in the spectrum of pure
acrylic acid is low in the spectrum of acrylic acid
adsorbed onto CaO2 nanoparticles (Fig. 3(c)), which
advocates the fact that COO group is chemically attached on the surface of CaO2 nanoparticles, thus
proving the adsorption of acrylic acid onto CaO2
nanoparticles surface. It was also observed from the
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Thus, it can be concluded from the
comparison of FTIR spectra that acrylic acid adsorbs chemically onto the
surface of CaO2 nanoparticles.
Effect of contact time

To investigate the effect of contact
time on removal efficiency, experiments were conducted by varying the
contact time from 5–200 minutes to ensure equilibrium for three different
acrylic acid concentrations (2882,
4323, and 5764 mg L–1) with constant
adsorbent dosage (1 g L–1) and temperature (300.15 ± 1 K). The time required to reach equilibrium occurred
relatively earlier in solutions containing lower acrylic acid concentrations
than in those containing higher concentrations, which may be due to saturaF i g . 3 – FTIR spectrum of (a) CaO2 nanoparticles, (b) acrylic acid, and (c) tion of active sites available for adsorpacrylic acid adsorbed CaO2 nanoparticles
tion (Fig. 4). The higher initial
concentration of acrylic acid enhances
the adsorption process and the increased adsorptive capacity of CaO2 nanoparticles
due to higher concentration gradient. The initial rate
of adsorption onto CaO2 nanoparticles was very
fast, which corresponds to external surface adsorption, followed by the gradual adsorption stage,
whose contribution to the total acrylic acid adsorption was relatively small. Finally, equilibrium was
established within 125 minutes and was slightly dependent on initial acrylic acid concentration and
considered as the optimum contact time for further
studies.
Effect of CaO2 nanoparticles dosage

F i g . 4 – Effect of contact time on the removal efficiency of
acrylic acid onto CaO2 nanoparticle (initial acrylic acid concen
tration = 2882, 4323, 5764 mg L–1, adsorbent dosage = 1 g L–1,
temperature = 300.15 K)

spectrum of acrylic acid adsorbed onto CaO2
nanoparticles (Fig. 3(c)), that the bands at 1635,
1243, 1048, 985, 925, 820, and 650 cm–1 that correspond to the acrylic acid spectrum (Fig. 3(b)), were
shifted to 1646, 1274, 1065, 986, 913, 843, and 665
cm–1, respectively, after adsorption. Also, the bands
at 760, 712, 560, and 506 cm–1, in the case of acrylic acid adsorbed CaO2 nanoparticles, match the
bands of CaO2 nanoparticles, signifying that the basic characteristics of CaO2 nanoparticles were retained even after the adsorption of acrylic acid.

The effect of adsorbent dosage (1–10 g L–1) on
the removal efficiency was investigated at constant
temperature (300.15 ±1 K) and contact time (125 min)
with initial acrylic acid concentration 4323 mg L–1.
Fig. 5 reveals that the removal efficiency increased
with an increase in adsorbent dosage. It is certainly
due to more active sites for the adsorption of acrylic
acid from an increased amount of CaO2 nanoparticles. A seventy-five percent removal efficiency for
1 g L–1 CaO2 nanoparticles was observed, which enhanced with an increase in adsorbent dosage up to
99 % (7 g L–1 adsorbent dosage). On further increase in adsorbent dosage, the increase in removal
efficiency was not considerable. Thus, the optimum
CaO2 nanoparticles dosage was found to be 7 g L–1.
However, due to the limited amount of nanoparticles
available, further studies were conducted at 1 g L–1
adsorbent dosage.
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F i g . 5 – Effect of adsorbent dosage on the removal efficiency
of acrylic acid onto CaO2 nanoparticles (initial acrylic acid
concentration = 4323 mg L–1, temperature = 300.15 K, time =
125 min)

F i g . 6 – Effect of initial concentration on the removal efficiency of acrylic acid onto CaO2 nanoparticles (adsorbent dosage = 1 g L–1, temperature = 300.15 K, time = 125 min)

Effect of initial acrylic acid concentration

The removal efficiency is dependent on the initial acrylic acid concentration as it serves as a principle driving force to overcome all mass transfer
resistances of the acrylic acid between aqueous and
solid phase. This was studied by varying the acrylic
acid concentration at the constant adsorbent dosage
(1 g L–1), contact time (125 min), and temperature
(300.15 ±1 K), as depicted in Fig. 6. As the initial
acrylic acid concentration increased from 720 to
7206 mg L–1, the removal efficiency gradually reduced from 99.9 to 50 % until equilibrium was
reached. This was almost certainly because of the
saturation of available sites for adsorption. However, the adsorption efficiency for the concentrations
1500 mg L–1 and 3000 mg L–1 was observed to be
almost the same. This may be attributed to the fact
that the difference in concentration was not high
enough to bring about a noticeable removal efficiency in this concentration range.
Effect of temperature

The adsorption of acrylic acid was studied at
different temperatures (300.15 to 313.15 K) using
CaO2 nanoparticles as an adsorbent with initial
acrylic acid concentration 2882, 4323, and 5764
mg L–1. A decrease in removal efficiency with the
increase in the solution temperature was observed
(Fig. 7), which was attributed to an exothermic adsorption process. This trend could be attributed to
the weakening of adsorptive forces between active
sites of CaO2 nanoparticles and acrylic acid, as well
as between the adjacent molecules of the adsorbed
phases. The optimum adsorption temperature of
acrylic acid with CaO2 nanoparticles was observed
at 300.15 K, which will have the benefit of operation at ambient temperature.

F i g . 7 – Effect of temperature on the removal efficiency of
acrylic acid onto CaO2 nanoparticles (initial acrylic acid concen
tration = 2882, 4323, 5764 mg L–1, adsorbent dosage = 1 g L–1,
time = 125 min, temperature = 300.15 – 313.15 K)

Recovery of acrylic acid after desorption

The desorption of acrylic acid from the surface
of CaO2 nanoparticles was performed to check the
economic feasibility. The point study revealed percent desorption of acrylic acid to be 62.4 %. During
sonication, ultrasonic waves generate vibrations in
adsorbent and adsorbate, provoking desorption of
the most weakly bound molecules, such as those adsorbed by physic-sorption. However, since most of
the acrylic acid is adsorbed by chemisorption, the
vibration does not have sufficient energy to break
the acid-adsorbent bonds on the surface of CaO2
nanoparticles.
Adsorption isotherms

In order to describe how acrylic acid molecules
will interact with CaO2 nanoparticles, providing a
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panorama of the course taken by the system under
study in a concise form, and to optimize the design
of an adsorption system to remove acrylic acid from
aqueous solution, proper knowledge of adsorption
properties and equilibrium data, i.e., adsorption isotherms, is required. To optimize the design of the
adsorption system, it is essential to establish the
most appropriate correlation for the equilibrium
curve. Adsorption equilibrium is established when
the amount of acrylic acid adsorbed onto CaO2
nanoparticles in unit time is equal to the amount be-
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ing desorbed. The equilibrium acrylic acid concentration remains constant, and plotting solid phase
concentration against liquid phase concentration
graphically depicts the equilibrium adsorption isotherm.
In this study, various two-and three-parameter
models, such as Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, Hill, Redlich-Peterson, Sips
and Toth models (Table 3) were fitted in their
non-linear form to estimate the model parameters.
Langmuir isotherm assumes monolayer adsorption,

Ta b l e 3 – Expressions of non-linear adsorption isotherm models and the different parameters involved
Isotherm

Adjustable model parameters and R2

Non-linear form

Q0 bCe
1 + bCe

qe =

Langmuir45

Q0
b

– maximum monolayer coverage capacities (mg g–1)
– Langmuir isotherm constant (dm3 mg)

qe = K F f Ce1 n
KF – Freundlich isotherm constant (mg g ) (dm g )
		 related to adsorption capacity
n
– adsorption intensity

Freundlich

–1

46

Dubinin-Radushkevich

47

Temkin48

Hill49

Redlich-Peterson50

qs
E

– theoretical isotherm saturation capacity (mg g–1)
– energy of adsorption (kJ mol–1)

qe =

RT
ln ATCe
bT

AT
bT

– Temkin isotherm equilibrium binding constant (L g–1)
– Temkin isotherm constant
qsH CenH

qe =

K D + CenH

qsH – Hill isotherm maximum uptake saturation (mg L–1)

nH

– Hill cooperativity coefficient of the binding interaction

qe =

K R Ce
1+ aR Ceg

KR
aR
g

– Redlich-Peterson isotherm constant (L g–1)
– Redlich-Peterson isotherm constant (mg–1)
– Redlich-Peterson isotherm exponent

KS
aS
βS
qe =

Toth50

–1 n

 ( RT ln(1 +1 Ce )) 2 
qe = qs exp 

−2 E 2



qe =
Sips51

3

K S CebS
1+ aS CebS
– Sips isotherm model constant (L g–1)
– Sips isotherm model constant (L mg–1)
– Sips isotherm model exponent
qSTh Ce
( KTh + CeTh )1 Th

qSTh – Toth theoretical isotherm saturation capacity (mg g–1)
KTh – Toth isotherm model constant (L g–1)
Th – Toth isotherm model exponent

Q0 (mg g–1) = 3620
b (dm3 mg) = 0.008171
R2 = 0.9931

KF (mg g–1) (dm3 g–1)n = 568.1
n = 4.33
R2 = 0.96

qs (mg g–1) = 3405
E (kJ mol–1) = 23.17
R2 = 0.9719
AT (L g–1) = 0.1556
bT = 3.894
R2 = 0.9904

qsH (mg L–1) = 4027

nH = 0.7048
R2 = 0.9996

KR (L g–1) = 36.87
aR (mg–1) = 0.01745
g = 0.9318
R2 = 0.9998

KS (L g–1) = 101.9
aS (L mg–1) = 0.0253
βS = 0.7048
R2 = 0.9996

qSTh (mg g–1) = 4107
KTh (L g–1) = 13.43
Th = 0.6155
R2 = 0.9996
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F i g . 8 – Comparisons of various non-linear two- and
three-parameter adsorption isotherm models used in the study
(initial acrylic acid concentration = 4323 mg L–1, adsorbent
dosage = 1 g L–1, time = 125 min, and temperature = 300.15 K)

i.e., the adsorbed layer is one molecular in thickness, and with a finite number of identical sites onto
a homogeneous surface.45 Freundlich isotherm model describes the non-ideal and reversible adsorption
and can be applied to multilayer adsorption with
non-uniform distribution of adsorption sites and affinities over the heterogeneous surface.46 Dubinin-Radushkevich isotherm was conceived to express the adsorption mechanism with Gaussian
energy distribution onto a heterogeneous surface.47
Temkin isotherm model takes into account adsorbent-adsorbate interactions and assumes that the
heat of adsorption of all molecules in the layer
would decrease linearly with coverage by ignoring
the extremely low and high values of concentrations.48 Hill isotherm assumes adsorption to be a
cooperative phenomenon to describe the binding of
different species onto homogeneous substrate.49
Redlich-Peterson isotherm is a hybrid of both Langmuir and Freundlich isotherms and is used to represent adsorption equilibria over a wide concentration
range, and can be applied either to the homogeneous
or heterogeneous system.50 Sips isotherm model is
also a combination of Langmuir and Freundlich’s
expressions deduced for predicting the heterogeneous adsorption system and overcoming the limitation of increasing adsorbate concentration associated with Freundlich isotherm model.51 Toth
isotherm model was developed to improve Langmuir isotherm and is useful in describing a heterogeneous adsorption system satisfying both low and
high-end boundary of the concentration.50 The
non-linear regression was performed to obtain the
best fit for the models.
To test the best fitting isotherm to the experimental data, the coefficient of determination, R2,

was used, and all the parameters and R2 values are
presented in Table 3. Fig. 8 shows the experimental
and predicted two-and three-parameter isotherms by
a non-linear method for the adsorption of acrylic
acid onto CaO2 nanoparticles. The Langmuir, Temkin, and Hill isotherms have almost the same high
values of R2 as compared to Freundlich and Dubinin-Radushkevich for the two-parameter isotherm.
Here, the Langmuir isotherm indicates that uptake
occurs on a homogeneous surface by monolayer adsorption and chemisorption behaviour due to the
formation of an ionic or covalent bond between adsorbent and adsorbate. Additionally, the values of n
for Freundlich isotherm are within the range of
1–10, suggesting that the acrylic acid could be readily adsorbed onto CaO2 nanoparticles, and that the
adsorption was beneficial for acrylic acid. The
three-parameter isotherm models give high values
of R2. The Sips and Toth isotherms have the same
values of R2. The highest R2 value for Redlich-Peterson isotherm suggests the best curve model of
given experimental data; since its parameter g is
close to one, it is in accordance with the low concentration limit of Langmuir isotherm model. The
isotherm models fitted the experimental data in the
order of Redlich-Peterson > Sips, Toth and Hill >
Langmuir > Temkin > Dubinin-Radushkevich >
Freundlich.
Adsorption kinetics

Adsorption kinetics describes the rate of adsorption and the solute uptake rate, which in turn
controls the residence time and hence the size of
adsorption equipment. In order to deduce the adsorption mechanism of acrylic acid onto CaO2
nanoparticles, pseudo-first-order and pseudo-second-order models were used for three different
acrylic acid concentrations (2882, 4323, and 5764
mg L–1) at the temperature of 300.15 K. Pseudo-first-order model explains the adsorption between solid and liquid system based on the physisorption
capacity
of
the
solid,
and
pseudo-second-order model usually describes the
experimental data for the chemisorption case.29 The
non-linear forms of the two models are summarised
in Table 4, which were solved using a non-linear
regression technique.
The pseudo-first-order and pseudo-second-order kinetic models were fitted to the experimental
data (Fig. 9 and Fig. 10) to predict the adsorption
kinetics of acrylic acid onto CaO2 nanoparticles.
The pseudo-first-order rate constant k1, pseudo-second-order rate constant k2, experimental equilibrium
adsorption capacities qe,exp, calculated equilibrium
adsorption capacities qe,cal, and the coefficient of determination R2 are all given in Table 5. The qe,cal values calculated from pseudo-first-order kinetic mod-
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F i g . 9 – Pseudo-first-order kinetic fit for adsorption of acrylic acid onto CaO2 nanoparticles (initial acrylic acid concentration = 2882, 4323, 5764 mg L–1, adsorbent dosage = 1 g L–1,
time = 125 min, and temperature = 300.15 K)

F i g . 1 0 – Pseudo-second-order kinetic fit for adsorption of
acrylic acid onto CaO2 nanoparticles (initial acrylic acid concen
tration = 2882, 4323, 5764 mg L–1, adsorbent dosage = 1 g L–1,
time = 125 min, and temperature = 300.15 K)

Ta b l e 4 – Non-linear forms of kinetic models used in the
present study for the adsorption of acrylic acid onto CaO2
nanoparticles

el differed appreciably from the experimental values
qe,exp, but the qe,cal values calculated from the pseudo-
second-order kinetic model are very close to qe,exp
values. Moreover, on comparing the values of
R2, pseudo-second-order kinetic model yielded better results as compared to pseudo-first-order as the
values are much closer to unity. Therefore, the adsorption data were well represented by pseudo-second-order kinetics, suggesting that the rate-limiting
step of acrylic acid adsorption onto CaO2 nanoparticles is controlled by chemisorption behaviour.52

Model

Non-linear form

Plot

Parameters

Pseudo- =
qt qe (1 − exp − k1t )
firstqt – amount of adsorbate at
order
		 time t (mg g–1)
qe – equilibrium adsorption
		 capacity (mg g–1)
k1 – rate constant of pseudo		 first-order kinetics
		 (min–1)
t – time (min)

qt vs. t

k1, qe

Pseudosecondorder

qt vs. t

k q2 t
qt = 2 e
1+ k2 qe t

Conclusions
The characteristics and mechanism of acrylic
acid adsorption onto CaO2 nanoparticles is reported
in the present study. CaO2 nanoparticles were synthesised and characterised using XRD and FTIR to
confirm its formation. The batch adsorption test revealed that the recovery of acrylic acid increased
with contact time and adsorbent dosage, and decreased with increase in initial acrylic acid concentration and temperature. The removal efficiency of
acrylic acid at concentration 720 mg L–1 was as high
as 99 % with CaO2 nanoparticle dosage 1 g L–1 and

k2, qe, h

k2 – rate constant of pseudo		 second-order kinetics
		 (mg mg–1 min–1)

h = k2 qe2
h – initial adsorption rate
		 (mg mg–1 min–1)

Ta b l e 5 – Comparisons of the kinetic models adsorption rate constants, initial adsorption rate, and calculated and experimental
qevalues obtained at different acrylic acid concentrations
Initial conc.
(mg L–1)

qe,exp
(mg g–1)

2882

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

k1
(min–1)

qe,cal
(mg g–1)

R2

k2·10–4
(mg mg–1 min–1)

qe,cal
(mg g–1)

h
(mg mg–1 min–1)

R2

2738.28

0.28

2633

0.91

1.96

2753

1487

0.99

4323

3170.64

0.38

2991

0.72

2.14

3080

2031

0.90

5764

3494.91

0.33

3417

0.98

2.94

3526

2085

0.99
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contact time 125 minutes. The adsorption of acrylic
acid onto CaO2 nanoparticles follows a pseudo-second-order kinetics, and Redlich-Peterson model
was the best-fitted isotherm. The percent desorption
of acrylic acid from the surface of CaO2 nanoparticles was found to be 64.4 %. The results indicated
that CaO2 nanoparticles are a promising and potential candidate for the recovery of acrylic acid from
aqueous system.
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