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Abstract−Due to increasing interest in the application of perovskites as promising adsorbents, the present study looks
at how central composite design (CCD), a subset of response surface methodology (RSM), can statistically play a role
in producing optimum lanthanum oxide-cobalt perovskite type nanoparticles (LaCoO3) by using a modified proteic
synthesis method. The optimum LaCoO3 produced was tested for its capability in removing methyl orange (MO) and
rhodamine B (RhB) dyes from aqueous solution. Calcination temperature and calcination time were optimized with
the responses being percentage yield, MO and RhB removal. The best temperature and calcination time obtained were
775 oC and 62 mins, respectively, giving good and appreciable values for the three responses. The resulting optimal
LaCoO3 was characterized by Fourier transform infra-red (FTIR), ultraviolet-visible spectrophotometry (UV/vis), scan-
ning electron microscopy (SEM), pH of zero point charge (pHpzc) as well as BET analysis, yielding a mesoporous adsor-
bent with surface area of 61.130 m2 g−1 as well as 223.55 and 239.45 mg g−1 as the monolayer adsorption capacity values
for MO and RhB, respectively. Freundlich model was the best in describing the equilibrium adsorption data with
respect to both MO and RhB with the kinetic data for the two dyes both obeying pseudo-second-order kinetics model.
Keywords: LaCoO3, Perovskite, Modified Proteic Method, Adsorption, Methyl Orange, Rhodamine B

INTRODUCTION

The growing use of dyes which are classified as hazardous com-
pounds has recorded a significant increase in recent years due to
their wide range of industrial applications. They are mostly used in
various industrial processes, such as paper and pulp manufacturing,
plastics, dyeing of clothes, leather treatment and printing, which
later results in soil and water contamination due to the presence of
industrial effluents containing dyes [1,2]. The presence of these
dyes is unwanted in the environment due to their toxicity, with most
of them being recalcitrant to microbial degradation. Some of the
dyes also lead to the formation of compounds that are potentially
carcinogenic due to their ability of undergoing anaerobic degrada-
tion [3]. Another threat posed by the presence of dyes in the envi-
ronment is that the highly colored wastewaters they form may im-
pede sunlight and oxygen from reaching various aquatic organisms,
which leads to their demise [4].

Acid, basic and azo are the major classes of dyes with chromo-
phore groups being responsible for the observed color of azo dyes
[5,6]. An example of hazardous azo dye is methyl orange (MO). It
exhibits high toxicity with the potential of generating carcinogenic
metabolites despite the favorable dying properties it possesses [7].
Another dye classified as hazardous and harmful to human health

is Rhodamine B (RhB). Due to the potential for RhB to be carcino-
genic, California authorities required a warning label on all prod-
ucts containing it [8]. Hence, it is very imperative to monitor and
control how these dyes get into water systems. The most popular,
effective and easy to handle technique widely employed for the
removal of dyes and other contaminants from contaminated water
is adsorption, as it is capable of removing high percentage of dyes
over a wide concentration range [9-12].

Perovskites with a general formula ABO3 are classified as mixed
oxide ceramic materials with metal ions having large atomic radii
(mostly lanthanum) and smaller atomic radii (mostly transition
metals) occupying the A and B positions, respectively. These per-
ovskite materials are reported as promising adsorbents which are
applied in the removal of various adsorbates such as pesticides, vola-
tile organic compounds and dyes [13,14]. Several researchers re-
ported perovskites and other self-assembled nanostructures and
nanocomposites to be versatile materials which are synthesized eas-
ily, thereby exhibiting diverse properties [15-21]. Various factors
such as the synthetic route as well as the metal type occupying the
B site play a key role on how efficient a perovskite material can be
for specific applications [22]. Various methods, such as co-precipi-
tation, pechini and solgel method among others were reported to
be employed for the synthesis of perovskite materials [15-17]. Too
achieve the perovskite phase formation, high temperature treat-
ments are very crucial after the initial synthesis steps [23].

Economic viability and efficacy of output are among the numer-
ous objectives of researches in science and engineering. Experimental
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design techniques play a vital role to researchers in terms of rational-
izing experiments, which helps in reducing cost as well as lessening
the adversity often experienced by researchers. Response surface
methodology (RSM) is one such statistical tool that is very crucial
as reported by many researchers in the preparation of adsorbent
materials as well as optimizing the adsorption conditions [24-27].

We noticed several published articles suggesting the potentials of
perovskites type nano particles as adsorbent; however, we did not
come across any published article that reported the role central com-
posite design (CCD) can play in producing an optimum perovskite
nanoparticle type for the adsorption of dyes, specifically methyl
orange (MO) and rhodamine B (RhB). CCD is a technique (subset
of RSM) that does not require much experimentation in probing
the extent of influence exerted by the parameters to be optimized.
Another added advantage of CCD is its ability to trim experiments
that are inconsequential as well as checkmate the possibility of syn-
ergy existing amongst the factors.

Therefore, this article is aimed at evaluating the role of CCD in
optimizing the paramount parameters (calcination temperature and
time) involved in producing lanthanum-cobalt perovskite type nano-
particles by employing a facile method for an effective adsorption
of MO and RhB dyes, which is, to the best of our knowledge, the
first time such a work is being reported.

EXPERIMENTAL SECTION

1. Reagents
The reagents employed in this work include La2O3, HNO3,

Co(NO3)2 and soy protein as complex agent. Adsorbates used were
methyl orange (MO) and rhodamine B (RhB) dyes with their char-

acteristics summarized in Table 1. Stock solutions of the dyes were
prepared by dissolving 1 g of the respective dyes in 1 L volumetric
flask (1,000 mg L−1) concentration which was diluted to the required
concentrations using de-ionized water. All chemicals used were of
analytical grade supplied by Aladdin Industrial Corporation and
Shanghai Macklin Biochemical Co ltd Shanghai, China which were
used without further purification. La2O3 was dissolved in nitric acid
to form lanthanum nitrate.
2. Synthesis of the Lanthanum Oxide-cobalt Perovskite Type
Nanoparticle

The synthesis method of LaCoO3 perovskite-type nanoparticle
in this work was the modified proteic method reported by Santos
et al. [22] with further modification. The starting materials we used
were cobalt and lanthanum nitrates which were mixed with a com-
plexing agent (soy protein) [22]. The method involved dissolving
the appropriate amount of cobalt (II) nitrate in distilled water by
magnetic stirring at 30 oC for half an hour, which was followed by
the addition of a given amount of lanthanum (III) nitrate and kept
under stirring for another 30 mins. The solution temperature was
then raised to 70 oC, followed by introducing soy protein into the
system, thereby maintaining the temperature at 70 oC for 1 h, which
resulted in a viscous system. The temperature was further raised
to 250 oC under close monitoring with 10 oC min−1 set as the heat-
ing rate until the formation of a precursor powder. The precursor
was then calcinated at various temperatures and time as designed
by the RSM software (Table 2).
2-1. Modification

The original procedure reported by [22] was further modified here
to suit our objective. The modifications involved incorporating cobalt
nitrate among our starting materials as well as designing a set of

Table 1. Characteristics of methyl orange (MO) and rhodamine B (RhB) dyes
Name Chemical formula Formula weight (g mol−1) Color Form pka λmax

MO C14H14N3NaO3S 327.33 Yellow-Orange Powder/Solid 3.4 464
Rhd B C28H31ClN2O3 479.02 Green Solid 3.7 553

Table 2. Experimental design matrix from CCD with two experimental variables and three responses

Run no.
Temperature (oC) Time (mins) Responses (%)

β1 β2 Yield (Y1) MO (Y2) RhB (Y3)
Coded Actual Coded Actual Observed Predicted Observed Predicted Observed Predicted

1 −1 644 −1 +43 20.06 19.35 84.55 81.84 71.21 71.34
2 +1 856 −1 +43 25.83 24.28 91.62 88.59 78.48 82.48
3 −1 644 +1 107 28.26 26.26 73.57 77.01 59.10 62.83
4 +1 856 +1 107 23.25 20.42 80.89 84.01 68.48 76.08
5 −α 600 +0 +75 21.11 22.28 74.74 73.31 54.55 53.43
6 +α 900 +0 +75 19.26 21.63 83.00 83.02 77.29 70.68
7 +0 750 −α +30 21.26 22.12 86.75 90.89 90.90 89.58
8 +0 750 +α 120 21.61 24.29 88.78 84.23 85.45 79.04
9 +0 750 +0 +75 27.33 27.27 96.30 96.66 76.48 76.12
10 +0 750 +0 +75 27.09 27.27 96.75 96.66 75.90 76.12
11 +0 750 +0 +75 27.17 27.27 95.41 96.66 75.14 76.12
12 +0 750 +0 +75 27.34 27.27 97.72 96.66 76.20 76.12
13 +0 750 +0 +75 27.42 27.27 97.11 96.66 76.11 76.12
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experiments using CCD (Version 8.0.6 Stat Ease, Inc., Minneapo-
lis, MN 55413, USA of the design expert statistical software) to help
us optimize the calcination temperature and calcination time. The
design can be seen in Table 2.
3. CCD as Design of Experiment Tool

CCD helped us study the singular combination as well as qua-
dratic effects exerted by the two factors optimized on the three re-
sponses. CCD is a popular second-order model employed by numer-
ous scientists and engineers due to its suitability in analyzing inter-
action between preparation parameters as well as trimming un-
necessary experiments. Three major operations (2n factorial runs,
2n axial runs and 5 center runs) characterized CCD as represented
below: [24,28].

Total number of experiments=2n+2n+nc (1)

Five replicates located at center points (0, 0) were used in deter-
mining the experimental error and data reproducibility. Four fac-
torial points were represented by +1 and −1 with (±α, 0) and (0,
±α) describing the four axial points. The value of α can be ob-
tained using Eq. (2) below [29]:

(2)

where number of points in the cube portion of the design is de-
scribed by Np=2k while k is the variables amount. The optimal
model predictor quadratic equation applied for the determination
of the responses is expressed as:

(3)

Y is the response predicted, bo stands for the constant coefficients-
experimental error (measurement error on the response and un-
accounted variations), bii and bij are the quadratic as well as the
interaction coefficients, respectively. The variables coded values are
βi and βj. Calcination temperature coded as β1 and calcination
time coded as β2 were the variables studied in this work with their
respective ranges chosen based on literature.

Version 8.0.6 Stat Ease, Inc., Minneapolis, MN 55413, USA of
the design expert statistical software was employed for model fit-
ting and significance for the three responses.
4. Adsorbent Characterization

The LaCoO3 surface was analyzed for microstructure and ele-
mental distribution using scanning electron microscopy, SU8010
(HITACHI) instrument. FTIR analyses (4,000 to 400 cm−1) were
carried out using NicoletTM iSTM 5 spectrometer. Autosorb-iQ ana-
lyzer (Quantachrome) equipment was used in studying the sur-
face area and pore width of the adsorbent from N2 physisorption
at −196 oC with the BET method used in calculating the specific
surface area and BJH method for pore volume and pore size dis-
tribution. Shimadzu Ultraviolet-Visible spectrophotometer (UV-
2500) was employed in analyzing the Co2+/La3+ aqueous systems
before and after introducing the soy protein in the scan range of
200-800 nm.
5. Adsorption Isotherms

Two-parameter (Langmuir Freundlich and Temkin) as well as
three-parameter (Sips and Toth) isotherms were applied to fit the
equilibrium data for the adsorption of MO and RhB dyes. They are
mathematically described as:

(4)

(5)

(6)

(7)

(8)

where Ce (mg L−1) is the equilibrium concentration of the adsor-
bates, qe stands for the adsorbate amount adsorbed per unit adsor-
bent weight, while Qa

0 (mg g−1) and KL (L mg−1) are Langmuir con-
stants related to maximum adsorption capacity and rate of adsorp-
tion, respectively, KF (mg1−n g−1 Ln) is the adsorption capacity when
the adsorbate equilibrium concentration is equal to 1.00 mg L−1

[30] with n related to adsorption intensity [31]. In general, n>1
suggests that adsorbate is favorably adsorbed on the adsorbent.
The higher the n value, the stronger the adsorption intensity. A (L
g−1) and (RT/b)=B (J mol−1) are Temkin constants, which are related
to heat of sorption and maximum binding energy, respectively, bS

is the Sips isotherm constant related to energy of adsorption, Kt is
the Toth model adsorption isotherm constant [32], R is the gas
constant (8.31 J mol−1 K−1) and T (K) is the absolute temperature.

Dimensionless separation factor, RL, is essential characteristic of
the Langmuir equation defined as [33]:

(9)

where Co is the highest initial solute concentration. RL values indi-
cate whether the adsorption is unfavorable (RL>1), linear (RL=1),
favorable (0<RL<1), or irreversible (RL=0).
6. Adsorption Equilibrium and Kinetic Studies

Batch adsorption was carried out in a set of Erlenmeyer flasks
(250 mL) for the removal efficiency of MO and RhB in aqueous
solution. 0.1 g of the LaCoO3 was added into the dye solutions,
which were placed in an isothermal shaker at a fixed speed of 180
rpm and varying temperatures (30 oC, 40 oC and 50 oC) to reach
equilibrium state. The samples were filtered afterwards to separate
adsorbents from the adsorbates. Ultraviolet-Visible (UV 2500) spec-
trophotometer was used in determining the remaining concentra-
tions of the adsorbates at their respective wavelengths of 464 and
553 nm for MO and RhB, respectively. The amount adsorbed at
equilibrium, qe (mg g−1) was calculated as:

(10)

V (L) is the volume of the solution, and W (g) is the weight of the
adsorbent used.

The percentage removal of the adsorbates was calculated as:

(11)
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Concentration of the dyes (MO and RhB) solution was determined
at varying time intervals to have an idea about the adsorption pro-
cess kinetics. The amounts of MO and RhB adsorbed at time t, qt

(mg g−1) were calculated using Eq. (12):

(12)

Pseudo-first-order, pseudo-second-order and intra-particle diffu-
sion kinetic models were investigated to determine the order of
the process and the adsorption mechanism.

The solution pH was adjusted to study the effect of initial pH
(2-12) on the dyes adsorption. The reagents used for the solution
pH adjustments were 0.1 M HCl and 0.1 M KOH solutions. The
final pH of the solutions was measured using a pH meter (Mar-
tini instrument, Mi 106) a fixed initial concentration (100 mg L−1)
adsorbent dosage 0.10 g) and temperature (30 oC) until equilibrium
was established. The % R was calculated using Eq. (9).

The pHpzc was determined by adopting solid addition method
similar to the method reported by [34,35]. The method involved
addition of adsorbent sample (0.1 g) into 100 mL conical flasks con-
taining 50 mL of various concentrations of KNO3 (0.1, 0.01, 0.001
mol dm−3). To adjust the initial pH of the KNO3 solution from 2-
12, 0.1 M KOH and HCl were used. The sample was shaken for at

180 rpm until equilibrium was established, then the final pH was
recorded. The final pH was plotted against initial pH values of the
solution with plateau point on the plot noted and recorded as the
pHpzc of the LaCoO3 [34].
7. Desorption Studies

The dyes (MO and Rhd B) were adsorbed onto LaCoO3 at a
concentration of 100 mg L−1 until equilibrium was reached. The
LaCoO3 were then filtered out and dried at 60 oC. The method of
[36] was then employed for the regeneration studies with slight
modification. The efficiency was determined as:

(13)

where Cde and Cad are the masses of dyes desorbed and adsorbed,
respectively.

RESULTS AND DISCUSSION

1. Development of Regression Model Equation
Table 2 presents the range of variables considered for LaCoO3

preparation with three responses coded as Y1, Y2 and Y3 represent-
ing percentage yield, percentage removal of MO and RhB, respec-
tively. Upon correlation using CCD, the polynomial regression

qt = 
Co − Ct( )V

W
------------------------

Desorption efficiency %( ) = 
Cde

Cad
-------- 100×

Table 3. The ANOVA for response surface quadratic model of LaCoO3 yield, MO removal and RhB removal by LaCoO3

Source Sum of squares Degree of freedom Mean square F value Prob>F
LaCoO3 yield
Model 103.400 5 20.68 04.85 0.0310
β1 00.43 1 00.43 00.10 0.7599
β2 04.67 1 04.67 01.10 0.3299
β1β2 29.05 1 29.05 06.81 0.0349
β1

2 49.13 1 49.13 11.52 0.0115
β2

2 28.74 1 28.74 06.74 0.0356
Residual 29.84 7 04.26 - -
A.P. 5.644  R2 0.7760  Adj. R20.6160
MO removal
Model 812.670 5 162.530 14.38 0.0014
β1 94.43 1 94.43 08.36 0.0233
β2 44.36 1 44.36 03.93 0.0880
β1β2 000.016 1 000.016 01.38×10−3 0.9714
β1

2 594.770 1 594.770 52.63 0.0002
β2

2 143.950 1 143.950 12.74 0.0091
Residual 79.10 7 11.30 - -
A.P. 10.225 R2 0.9113 Adj. R20.8479
RhB removal
Model 931.950 5 186.390 07.39 0.0103
β1 297.790 1 297.790 11.81 0.0109
β2 111.140 1 111.140 04.41 0.0740
β1β2 01.11 1 01.11 00.044 0.8396
β1

2 344.240 1 344.240 13.65 0.0077
β2

2 116.540 1 116.540 04.62 0.0687
Residual 176.540 7 25.22 - -
A.P. 10.59 R2 0.8407 Adj. R20.7270
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equations developed were quadratic expressions for all the three
responses. The selection of model expression was based on the
highest order of polynomial, model not aliased as well as the sig-
nificance of additional terms. The predicted and experimental data
correlated well based on the model’s R2 values of 0.7760 (yield),
0.9113 (MO) and 0.8407 (Rhd B), which were within suitability
range [37]. The R2 values for the yield as well as percentage remov-
als of MO and RhB were reasonable and in good agreement with
adjusted R2 (Adj. R2) values of 0.6160, 0.8479 and 0.7270, respec-
tively, indicating reasonable agreement between the predicted val-
ues and the actual values. Eqs. (14), (15) and (16) show the proposed
equations generated by the software for the LaCoO3 yield (Y1),
percentage removals of MO (Y2) and RhB (Y3) responses, respec-
tively:

(14)

(15)

(16)

The negative and positive signs before the terms indicate antago-
nistic and synergetic effects of the respective variables. Uni-factor,
double factor and quadratic effects are also shown by the single,
two and second order variables, respectively.
2. Statistical Analysis

The analysis of variance (ANOVA) generated for the surface qua-
dratic model in the of LaCoO3 yield, percentage removals of MO
and RhB is presented on Table 3. To validate the significance and
adequacy of the models, ANOVA was very essential. The mean
squares on each table were calculated when the sum of squares of
each of the variation sources and the error variance were divided
by the acquired degrees of freedom [38]. The terms from each model
are thought to be significant only if Prob.>F is less than 0.05.

From Table 3, the model was deemed to be significant due to
F-value of 4.85 and Prob.>F of 0.03. In this case, the significant
model terms were β1β2, β1

2 and β2
2 on the other hand, β1 and β2

were insignificant to the response (Y1). The signal-to-noise ratio is
gauged by adequate precision (AP). A ratio above 4 is appropri-
ate. In this case, an adequate signal was signified for Y1 based on
the ratio value of 5.64, which implies that the design space can be
steered by this model. The model F-value and Prob.>F with respect
to percentage removals of MO and RhB were 14.38, 0.0014 and
7.39, 0.0103, respectively, signifying the model’s significance. The
MO removal by LaCoO3 model had β1, β1

2 and β2
2 as significant

terms, while β1 and β1
2 were the significant terms in the RhB model.

Both models can be used to navigate the design space based on
the adequate signals of 10.225 and 10.597 shown by MO and RhB,
respectively. The ANOVA results obtained show the adequacy of
both models (Eqs. (14), (15) and (16)) in predicting the LaCoO3

yield, percentage removals of MO and RhB respectively. Further-
more, Fig. 1(a)-(c) shows the predicted values versus the experimen-
tal values for the three responses. The figures further prove the success
of these developed models in effectively correlating the prepara-
tion variables of LaCoO3 with the responses showing good rela-
tion between the experimental and predicted values obtained.

The two factors studied in this work, calcination temperature
and calcination time, contributed in one way or another, either inde-

pendently or by combining with each other to influence the three
responses with uneven level of contribution. It can clearly be seen
from Table 3 that the most significant effect on the removal of both
MO and RhB by LaCoO3 was imposed by calcination tempera-
ture. This was shown by their highest F-values of 8.36 and 11.81 in
comparison with 3.93 and 4.41 imposed by calcination time on MO
and RhB removals, respectively. Their interaction effect on MO
and RhB removals by LaCoO3 is presented in Fig. 2(a)-(c) as three-

Y1= +  27.27 −  0.23β1+  0.76β2 −  2.70β1β2 −  2.66β1
2

 −  2.03β2
2

Y2  = +  96.66 +  3.44β1−  2.35β2  +  0.06β1β2  −  9.25β1
2

 − 4.55β2
2

Y3  = +  76.12 +  6.10β1−  3.73β2  +  0.53β1β2  −  7.03β1
2

 + 4.09β2
2

Fig. 1. Relationship between predicted and experimental data for
(a) LaCoO3 yield (b) MO removal and (c) RhB removal.
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dimensional surface figure.
It is not surprising that the optimization result revealed calcina-

tion temperature to have an impact on the removal of the dyes
because pore and surface area development for adsorbents are
enhanced at higher temperatures as reported with respect to other
adsorbents [34]. The high percentage removal of MO and RhB by
LaCoO3 observed shows a linear relationship with increase in cal-
cination temperature as evident by their quadratic effects in the
models revealed. The underwhelming impact imposed by activa-

tion time variable on the removal of both MO and RhB was not
surprising either, as it has been reported by various researchers in
their adsorbent’s preparations.

Activation time was reported by many researchers to have less
impact on the increase in pore size and surface area during their
adsorbent’s preparations [34,39,40], meaning that prolonging acti-
vation or calcination time does not necessarily improve the adsor-
bent surface area, nor does it enlarge the pores on it.
3. Optimization of the Process

This study was aimed at finding the optimum variables that will
guide us in preparing an effective LaCoO3 adsorbent capable of
removing high percentage of MO and RhB dyes as well as having
significant yield. Optimizing these responses under the same con-
ditions is very complicated because the interest regions of factors
are poles apart since a dye removal is inversely proportional to the
LaCoO3 yield; this prompted us to apply the design-expert software
which has the ability to compromise between these responses. The
predicted and experimental percentage removal of MO and RhB as
well as the adsorbent yield obtained were 97.18; 99.06 and 79.15;
80.94 as well as 26.72; 27.14% which upon comparison lead to
error values of 1.55 and 1.90 as well as 2.21%, respectively. The opti-
mum calcination temperature and time obtained for the prepara-
tion of LaCoO3 were 775 oC and 62 mins, respectively. The results
also revealed that CCD can play a vital role in minimizing cost of
producing LaCoO3 composite and at the same time help in avoid-
ing time wastage which can lead to reasonably high yield of adsor-
bent for its good application in the removal of the two toxic dyes
(MO and RhB).
4. Characterization of LaCoO3

The morphology of LaCoO3 was studied by SEM method as
shown in Fig. 3. The SEM image of the sample exhibited small and
circular particles resembling fine cotton agglomerate. High percent-
age of the perovskites particles possess a rough looking surface which
seems to grow at varying size on the nano scale.

Surface area and porosity are among the most prominent features
that indicate a good adsorbent. The BET surface area of LaCoO3

was 61.130 m2 g−1 which compared very well with other adsorbents

Fig. 2. A three-dimensional (3D) response surface plot showing the
effect of calcination temperature and time on (a) LaCoO3 yield
(b) MO removal and (c) RhB removal.

Fig. 3. Scanning electron micrograph (SEM) image of the LaCoO3
adsorbent prepared under optimum conditions (calcination
temperature of 775 oC and calcination time of 62 mins).
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such as organoclays (6.036-29.089m2 g−1) [41], chitosan/Al2O3/mag-
netite nanoparticles composite (22.070 m2 g−1) [42], ultrasonic
graphene materials (66.720-111.920 m2/g) [43], hierarchical SnS2

nanostructure (26.200-48.600 m2 g−1) [44] and beta zeolites (41-
114 m2 g−1) [45]. The LaCoO3 adsorbent was found to be meso-
porous (2-50 nm) with average pore diameter (Dp) of 15.282 nm.
The surface area exhibited by the sample, which can be consid-
ered high in comparison to literature reports, may be related to the
complexing agent used (soy protein) which is formed by amino
acids [22,45-47]. The increase in contact surface between reac-
tants was enhanced by fine-powdered soy protein, hence leading
to the impregnation of organic matter (in large volumes) into the
structure. Thus, the upsurge in surface area as well as pore devel-
opment during calcination process was enhanced by the elimina-
tion of organic materials [48]. Previous studies reported similar
behavior which portrayed the increase in the perovskite’s surface
area by applying polymer treatment as well as engaging a direct
reaction with amino acids, which contributed in raising the sur-
face area values from 42 to 59 m2 g−1 [49].

The observed FTIR spectra in the samples studied (precursor
and LaCoO3) are presented in Fig. 4.

From the spectra, there was a broad absorption band at around
3,400-3,500 cm−1 which signified the stretching and bending of -OH
groups [50]. This may be connected in some way with the interac-
tion between amino acid constituents of soy protein with water.
Presence of an asymmetric -CH2 bending vibration led to the for-
mation of the band at 1,420-1,436 cm−1. This band represents a
crystallinity band [51]. Additionally, the peaks in the region of 1,260-
1,050 cm−1 were assigned to the stretching of C-O in carboxylic
acids, alcohols, esters and phenols [30]. It can also be observed from
the spectra of LaCoO3 sample (Fig. 4(b)) that the intensity of bands
corresponding to organic functional groups reduced significantly
after calcination. This was attributed to almost complete disinte-
gration of organic materials present in the samples at 775 oC. A
significant band related to the metal-oxygen bond vibrations can
also be observed developing on the LaCoO3 spectra at 662 cm−1,
which clearly confirmed the interaction between of Co2+ and the
ligand leading to the formation of the perovskite structure/phase.

Similar bands in the same region were reported by [22] for man-
ganese and nickel-based materials as well as [52] for iron-based
materials.

The spectrum from UV/visible for the aqueous Co2+/La3+ sys-
tems prior and after adding soy protein to the system is presented
in Fig. 5. A ligand (water) to metal charge-transfer band (LMCT)
was attributed to the band observed at 308 nm in the Co2+/La3+

spectra [22,53]. Further band at 522 nm can be seen in the system
spectrum, which can be allotted to the octahedrally coordinated
d-d transitions of Co2+. Those bands are typical of d8 transition
metals in octahedral geometry 3T1g←

3A2g (P) 3T2g←
3A2g (F) [54].

Now after the soy protein was introduced as ligand (Co2+/La3+/soy
system), the bands at 308 nm were attributed to water still remain-
ing in the system spectrum despite the change of ligand, signifying
a contest for coordination with the cation between the two ligands
(water and soy protein) [53]. The coordination between the soy
protein and Co2+ cation was evident based on the presence of ligand
to metal charge-transfer band (LMCT) for both systems.

The wavelength of soy protein (260 nm) is lower than 308 nm,
making it have higher transition energy, thus becoming a stronger
ligand. The soy protein is therefore more preferred to coordinate
with the cations bringing inorganic polymer chain into the system,
leading to the formation of a more viscous system [53,55].
5. Adsorption Parameters
5-1. Effect of Solution pH

The effect of solution pH on the adsorption of MO and RhB
onto LaCoO3 was investigated. The solution pH studied was in the
range of 2-12 (Fig. S1(a)). Our results showed a rapid increase in
the MO percentage removal from 52.74% to 94.96% with chang-
ing pH from 2-4, which was then followed by a small plateau trend
in the pH range of 4-10 and then finally decreased by a big margin
at pH 12. Similar results were reported from the literature [42,56,57],
reporting the optimum pH to be in the range of 3-6 for the MO
onto different adsorbents. In our work, the maximum MO removal
(94.96%) was observed at the pH of 4. In such case, the only rea-
sonable explanation is the possible occurrence of electrostatic attrac-
tion between the LaCoO3 surface (positively charged) and the MO

Fig. 4. FTIR spectra of (a) precursor and (b) LaCoO3 perovskite sam-
ples.

Fig. 5. UV-vis spectra for aqueous system of (a) Co2+/La3+ before
adding soy protein and (b) Co2+/La3+/soy after addition of
soy protein.



Process optimization of LaCoO3 for the adsorption of MO and RhB 1833

Korean J. Chem. Eng.(Vol. 36, No. 11)

dye molecules (negatively charged) as the predominant adsorption
mechanism [14].

Another important factor that may influence the adsorption
mechanism of the dyes is the pHpzc of the adsorbent and the solu-
tion pH by influencing the surface charge as well as causing the
disintegration of functional groups over adsorbent surface. We tried
to explain the mechanism with respect to the pHpzc value obtained
for our LaCoO3 adsorbent, which is 5.8 and MO dye which appeared
in quinoid form in acidic solution (low pH). Upon raising the pH
to basic condition, it rearranges to azo structure [58] as shown in
Scheme 1.

Raising the pH to a value greater than the pHpzc (pH>6) reduces
the percentage of MO removed from the solution. We attributed this
to the negatively charged perovskite surface (pH>pHpzc) causing elec-
trostatic repulsive interaction with the MO as shown from Scheme 1.
When pH of the solution is less than the pHpzc value (pH<pHpzc),
the surface then has a net positive charge which draws the anionic
MO dye molecule to it due to electrostatic attraction between anionic
dye molecule and positively charged LaCoO3 surface.

With respect to RhB, it can be seen that raising the solution pH
from 4 to 12 leads to a drastic fall in RhB removal values from 80.42
to 47.87% (Fig. S1(a)). Similar observation was reported by other
researchers [59-61] using different adsorbents. Similar reason as
explained in the case of MO removal is also thought to be behind
RhB adsorption at lower pH. Maurya and co-researchers also ex-
plained the reason behind RhB removal at low pH based on their
adsorbent’s pHpzc value [62]. They reported their adsorbent’s sur-
face to be positively charged at pH<pHpzc (4.05), thus prompting
the surface to have affinity for the ionic form of RhB dye, which
promoted enhanced adsorption at low pH [62]. The availability of
some carboxylic anions on the dye in the solution is another rea-
son attributed to the RhB removal at low pH, which influences the
positively charged adsorbent surface to be the preferred site for the
adsorption process to take place [63]. This therefore helped us in
choosing pH 4 as the optimum pH for further experiments on
MO and RhB removals.
5-2. Effect of Contact Time

For the sake of optimizing the equilibration time, the adsorp-
tion of MO and RhB on LaCoO3 was also studied at varying con-
tact time (Fig. S1(b)). At the initial stage, MO and RhB dyes’ uptake
was observed to be very fast as observed at the initial stage, sug-
gesting an external adsorption on the surface. Internal surface ad-
sorption was more pronounced at the final phase, which was rela-
tively slower [56]. Different equilibrium times were established with
respect to the adsorption of RhB and MO at the same concentra-
tion fixed at 100 mg L−1 which were around 150 and 400 mins,
respectively. Rapid adsorption with respect to both dyes can be
seen to have taken place on the external surface of the adsorbent
at initial stage, which was then followed by slower internal diffu-

sion process (the rate determining step) attributed to the fact that
at this stage, a large number of surface sites are occupied from the
initial stage and therefore unavailable for adsorption because of the
repulsion between the bulk phases and solute molecules [64].
5-3. Effect of Adsorbent Dosage

To get the optimum amount of the adsorbent required for the
effective adsorption of the MO and RhB molecules, varying doses
of LaCoO3 (200-1,000 mg ) were added to both the MO and RhB
solutions and shaken for the respective equilibrium times with the
results presented in Fig. S1(c). With respect to MO, the result demon-
strated an increase in the removal efficiency from 93.21% to 95.07%
after increasing the LaCoO3 dosage from 100 to 200 mg, which was
then followed by a plateau trend upon further increment in the
adsorbent dose with no significant increase in the MO removal
beyond the concentration of 300 mg; hence, further increase of
adsorbent dosage did not enhance the removal percentage. On the
other hand, the percentage adsorption of RhB at equilibrium was
directly proportional to increasing dosages of LaCoO3 (Fig. S1(c)).
At dosage above 500 mg, the percentage removal of Rhd B slightly
decreased. This was attributed to the maximum adsorption capac-
ity being reached as well as the number of free dye molecules and
that of the RhB molecules bound to the adsorbent and remaining
constant even with a greater dose of the adsorbent [65].
6. Theoretical Evaluation of Equilibrium and Kinetic Data

Langmuir, Freundlich, Temkin, Sips and Toth isotherm equa-
tions were plotted to dissect the equilibrium data and determine
the best-fitted model for the adsorption of both MO and RhB with
the respective plots depicted in Fig. S2(a)-(e). Theoretical parame-
ters from the isotherms (Qa

0, KL, RL, KF, n, A, B, bS, nt, Kt) and the
correlation coefficients (R2) obtained from those plots are com-
piled in Table 4. The maximum adsorption capacity (Qa

0) values
for MO and RhB removal by LaCoO3 were observed to decrease
with an increase in temperature, suggesting the adsorption pro-
cess with respect to both dyes to be exothermic. Putting into con-
sideration the environmentally friendly design aspect, LaCoO3 can
be said to be a promising adsorbent material for MO and RhB in
wastewater based on the maximum adsorption capacity values.

Additionally from Table 4, all the RL values reported for MO
and RhB at all temperatures are between 0 and 1, confirming favor-
able adsorption under the studied conditions. Meanwhile, n val-
ues for both MO and RhB depicted from the Freundlich isotherm
model are greater than unity, confirming the suitability of LaCoO3

as good adsorbent for the removal of both dyes. The values of A
and B were also evaluated from the Temkin model. Still from the
fitting results listed in Table 4, the Freundlich isotherm model with
the highest R2 values appeared to be much more applicable in the
adsorption of both MO and RhB dyes, meaning that the dye mol-
ecules from bulk solution were adsorbed on heterogeneous sur-
face. Both of the three-parameter isotherms (Sips and Toth) also

Scheme 1. Rearrangement of MO dye structure from quinoid form (low pH) to azo form (high pH).
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show good fit based on the R2 values obtained as shown in Table 4.
To further confirm the selection of best fitted model for the

experimental data, chi square (χ2) was incorporated since correla-
tion coefficient (R2) may not be reliable enough in justifying the
basis for selection of the best adsorption model, because it only
represents the fit between experimental data and linearized forms
of the isotherm equations, while chi square (χ2) represents the fit
between the experimental and predicted values of the adsorption
capacity. The lower the χ2 value, the better the fit. So still from
Table 4, the Freundlich model can be seen to show the least mag-
nitude of χ2 as well as R2 values closest to unity at all temperatures,
which further confirms it as the best isotherm model in describ-
ing the adsorption processes. Other researchers reported similar
observation [32].

The maximum adsorption capacity of LaCoO3 was compared
with a selection of other adsorbents (Table 5). The data from Table
5 clearly confirm the effectiveness of LaCoO3 adsorbent in the re-
moval of MO and RhB dyes from the aqueous solution.

For more insight into the nature of MO and RhB adsorption
onto LaCoO3, the adsorption kinetics data generated were fitted
by the pseudo-first-order, pseudo-second-order and intra-particle
diffusion kinetic models [71,72] with their respective equations
respectively expressed as:

(15)

(16)

qe −  qt( )  = qelog  − 
k1

2.303
------------tlog

t
qt
---- = 

1
k2qe

2
---------- + 

1
qe
----t

Table 4. Langmuir, Freundlich, Temkin, Sips and Toth isotherm models for MO and RhB adsorption onto LaCoO3 at different temperatures

Isotherms Parameters
MO RhB

30 oC 40 oC 50 oC 30 oC 40 oC 50 oC
Langmuir Qa

0 (mg g−1) 223.55 211.93 204.82 238.95 235.81 229.67
KL (L mg−1) 0.074 0.057 0.045 0.018 0.016 0.014
RL 0.051 0.066 0.082 0.182 0.0.200 0.222
R2 0.9776 0.9611 0.9394 0.9627 0.9693 0.9221
χ

2 0.169 0.178 0.150 0.060 0.017 0.041
Freundlich KF (mg1−n g−1 Ln) 26.908 22.837 18.788 8.103 7.387 6.443

n 2.070 2.077 1.999 1.521 1.508 1.489
R2 0.9958 0.9994 0.9928 0.9874 0.9899 0.9808
χ 2 0.009 0.001 0.014 0.025 0.002 0.039

Temkin A (L/g) 0.002 0.902 0.649 0.234 0.214 0.189
B (J/mol) 40.243 38.216 38.295 45.862 44.913 43.624
R2 0.9444 0.9346 0.9289 0.9548 0.9560 0.9415
χ2 1.964 1.552 0.216 0.171 0.172 0.153

Sips 1/n 0.817 0.786 0.798 1.0917 1.109 1.076
bS (L g−1) 0.090 0.068 0.053 0.038 0.034 0.029
R2 0.9765 0.9889 0.9997 0.9993 0.9995 0.9941
χ 2 2.394 1.245 1.716 3.711 3.712 2.513

Toth nt 0.896 0.879 0.886 1.053 1.064 1.043
Kt 0.065 0.045 0.036 0.040 0.039 0.032
R2 0.9809 09924 0.9997 0.9994 0.9994 0.9948
χ 2 5.400 4.892 3.601 5.001 3.783 4.893

Table 5. Adsorption capacity of different adsorbents for MO and RhB dyes removal at 30 oC
Adsorbent Adsorbate Qa

0 (mg g−1) Reference
LaCoO3 MO 223.55 This work
Immobilized polyaniline MO 77.3 [66]
POCa porous microsphere MO 035.21 [67]
Ammonium-functionalized silica nanoparticle MO 105.40 [68]
Fabricated chitosan microspheres MO 207.00 [69]
Synthesized hierarchical SnS2 nanostructure RhB 200.00 [44]
Poly(lactic acid)/activated carbon composite bead RhB 149.57 [70]
Beta zeolites RhB 029.97 [45]
LaCoO3 RhB 238.95 This work
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(17)

where qe and qt are the amounts adsorbed (mg g−1) at equilibrium
and at time t (h), respectively, while k1 (h−1) and k2 (g mg−1 h) are
the adsorption rate constants of pseudo first and second-order ad-
sorption, respectively, kpi is rate constant of the intra-particle diffu-
sion equation, and C gives information about the boundary layer
thickness: A larger value of C is associated with the boundary layer
diffusion effect.

Fig. S3(a)-(c) shows the fitting curves for the models from where
the kinetic parameters presented in Table 6 were evaluated.

The R2 values for pseudo-first-order model (Fig. S3(a)) and the
intra-particle diffusion (Fig. S3(c)) were smaller when compared
with the values obtained from pseudo-second-order model (Fig.
S3(b)) with respect to both MO and RhB dyes (Table 6), confirm-
ing pseudo-second-order model to be the best fit with respect to
both MO and RhB adsorptions onto LaCoO3 adsorbent. Addi-
tionally, the linear lines of the intraparticle plots (Fig. S3(c)) for both
MO and RhB dyes have an intercept not equal to zero, signifying
that other rate controlling steps are involved in the process in addi-
tion to the intraparticle diffusion.
7. Adsorption Thermodynamic Parameters

The standard Gibb’s free energy change (ΔGo), enthalpy (ΔHo)
and entropy (ΔSo) were the thermodynamic parameters evaluated
to give an idea about the feasibility and spontaneity of the adsorp-
tion process. Van’t Hoff equation was employed in computing the
thermodynamic parameters

(18)

whereby R is the universal gas constant of 8.314 J mol−1 K−1, T is the
temperature (K), and KL

o is the (dimensionless) ‘thermodynamic’
Langmuir constant for the adsorption process. To obtain KL

o, the
value of KL (L mg−1) extrapolated from the Langmuir isotherm plot
(Eq. (4)) was used as expressed below [73].

KL
o=KL (L mg−1)×1000 (mg g−1)×Mwt of dye (g mol−1)×Co (mol L−1) (19)

All the concentrations were changed to molar form in order to
take into account the standard state, Co=1mol L−1 [73], Mwt of dye=
molecular weight of the MO (327.33 g mol−1) and RhB (479.02 g
mol−1) dyes, 1000 is a conversion factor from gram (g) to milli-
gram (mg). A linear plot of lnKL

o against 1/T gives a graph by
which ΔHo and ΔSo were obtained from the slope and intercept,
respectively. The adsorption process is referred to as spontaneous
and exothermic if ΔGo and ΔHo are less than 0, respectively. Fur-
thermore, if ΔHo>TΔSo, the adsorption process is enthalpy driven;
otherwise, it is an entropy driven process. [27]. ΔGo was calcu-
lated using Eq. (20):

ΔGo=−RT lnKL
o (20)

The adsorption of both MO and RhB dyes onto LaCoO3 shows
negative ΔHo values (Table 7), implying that the adsorption pro-
cesses were exothermic, which agreed with results from Table 4. In
an exothermic adsorption process, the difference between energy
released and energy absorbed during the bond making and break-
ing between the dyes and adsorbent gave rise to the energy released
in form of heat [74]. The result also suggests a high tendency of
decrease in solubility of both MO and RhB in solution at higher
temperature, making them more difficult to be adsorbed [75]. It
has further been reported that ΔHo value less than 40 kJ mol−1 sig-
nifies physisorption [76]; therefore, the values obtained with respect
to both dyes imply that the adsorption is a physisorption process.

The Gibb’s free energy of change (ΔGo) for the adsorption of both
dyes shows negative values (Table 7). The values obtained with
respect to both MO and RhB dyes signified feasible and sponta-
neous process for both dyes with the similarity in the values, indi-
cating that such spontaneous adsorption is independent of the
temperature.

The entropy (ΔSo) values obtained for the adsorption of both
MO and RhB dyes were positive, as can be seen in Table 4. This
implies an inclination between the adsorbates and adsorbent. An-
other explanation is the occurrence of structural changes in the
adsorbent and the dyes due to increase in randomness at an inter-
face comprising the adsorbent/dye solution as well as an increase
in the degree of freedom. Other researchers suggested an increase
in the degree of freedom in the adsorption system to be related to
the much translational entropy gained by adsorbed solvent mole-
cules than was lost by the dye molecules [77]. Other researchers
reported a similar observation [78].
8. Regeneration of the Used Adsorbent

The reusability of LaCoO3 adsorbent is an important parame-
ter considered in this work due to its economic importance, espe-
cially that the work was carried out within the framework of a
sustainable development approach, which led to our decision of

qt =  kpit
0.5

 +  C

KL
o

 = 
ΔSo

R
-------- − 

ΔHo

RT
----------ln

Table 6. Kinetic models parameters for the adsorption of MO and RhB onto LaCoO3 at 30 oC

Parameter
Pseudo-first order model Pseudo-second order model Intra-particle diffusion model

qe exp (mg g−1) k1 (min−1) qe cal (mg g−1) R2 k2×10−5 (g mg−1 h) qe cal (mg g−1) R2 kp (mg g−1 h0.5) C R2

MO 188.0 0.010 170.373 0.9962 05.207 232.558 0.9976 11.200 4.234 0.9487
RhB 153.1 0.013 084.625 0.8182 16.458 172.414 0.9932 12.548 2.843 0.9744

Table 7. Thermodynamic parameters for the adsorption of MO and
RhB onto LaCoO3 at different temperatures

Dyes T(K) ΔHo (kJ mol−1) ΔSo (J mol−1 K) ΔGo (kJ mol−1)
MO 303 −3.35 6.38 −25.43

313 −25.59
323 −25.77

RhB 303 −6.60 3.25 −22.83
313 −22.53
323 −23.66
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limiting our desorption studies to using only one solvent reported
from literature as the best and most effective eluent. Fig. 6 shows
the result of our regeneration analysis revealing that LaCoO3 could
be used about six times before being disposed after the efficiency
came down to less than 40%. This behavior signified that the ad-
sorbent can successfully hold on to the two dyes after their adsorp-
tion from aqueous solution. This is related to the porosity and sur-
face area of the adsorbent as determined through characterization
[79]. The electrostatic repulsion which occurred upon changes in
the solution chemistry was reported to be responsible for the feasi-
bility of desorption of the adsorbed MO and RhB dye molecules on
the adsorbent with similar observation reported by other research-
ers [80]. Our regeneration results also further prove the literature
report of ethanol desorption technique being the propitious way of
regenerating spent adsorbents having good reusability [36,81].
9. Adsorption Mechanism

As reported earlier (sub-section 3.5.1), the adsorption mechanism

of the dyes may be influenced by the pHpzc of the adsorbent as well
as the solution pH suggesting electrostatic attraction between the
positively charged LaCoO3 surface and anionic MO dye molecule.
Aside from electrostatic interactions, hydrogen bonding interac-
tion and hydrophobic interactions (π-π stacking) [61,82,83] may
possibly occur between MO, RhB and the surface of LaCoO3. The
possibility of hydrogen bonding interaction could be between the
hydroxyl group from water in the solution and the oxygen atoms
present on the dye molecules [61]. It may also occur between all of
N, OH, O atoms in MO and RhB dye molecules with the hydroxyl
group from the adsorbed H2O on surface of metal ions of LaCoO3

perovskite. At lower pH, there is also the possibility of hydrophobic
interactions (π-π stacking) to occur between the aromatic rings of
MO and RhB and the LaCoO3 surface. Additionally, as reported
by other researchers, the positive charge of RhB+ plays a big role in
enhancing the π-π stacking interactions [82]. The proposed adsorp-
tion mechanism of MO and RhB molecules onto the surface of
LaCoO3 is depicted in Scheme 2.

CONCLUSIONS

A facile, modified proteic method using soy protein (complex-
ing agent) can be used efficiently to synthesize LaCoO3 perovskite
nanoparticles as an effective adsorbent. The perovskite material in
our work was prepared at optimum calcination temperature and
time of 775 oC and 62 mins, respectively, which were determined
with the aid of CCD statistical technique. The parameters opti-
mized by the software gave rise to the predicted and experimental
percentage removals of MO and RhB as well as the adsorbent yield
of 97.18; 99.06 and 79.15; 80.94 as well as 26.72; 27.14%, which
upon comparison led to error values of 1.55 and 1.90 as well as
2.21%, respectively. The equilibrium and kinetics of the adsorp-
tion process with respect to MO and RhB on the LaCoO3 per-
ovskite material were best described by Langmuir and Freundlich
isotherms as well as pseudo-second-order kinetic models, respec-

Fig. 6. Reusability of the LaCoO3 perovskite adsorbent in the removal
of MO and RhB.

Scheme 2. Possible adsorption mechanism of MO and RhB dyes on LaCoO3.
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tively. Textural characterization shows the LaCoO3 to have a BET
surface area, total pore volume and average pore diameter of
61.130 m2 g−1, 0.125 cm3 g−1 and 15.282 nm, respectively. The opti-
mization analysis successfully revealed that LaCoO3 perovskite mate-
rial with high yield and good removal of MO and RhB can be
synthesized by modified proteic method, which compared very well
with some conventional adsorbents and should be further evalu-
ated in the elimination of other organic molecules such as drugs.
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Fig. S1. Effect of (a) pH (b) contact time and (c) adsorbent dosage on the adsorption of MO and RhB onto LaCoO3 at 30 oC.
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Fig. S2. Equilibrium isotherm models (a) Langmuir (b) Freundlich (c) Temkin (d) Sips and (e) Toth for the adsorptive removal of MO and
RhB onto LaCoO3 at 30 oC.



Process optimization of LaCoO3 for the adsorption of MO and RhB 1841

Korean J. Chem. Eng.(Vol. 36, No. 11)

Fig. S3. Kinetic models for the adsorption of MO and RhB onto LaCoO3 at 30 oC (a) pseudo-first order and (b) pseudo-second order (c)
intraparticle diffusion kinetic plots.
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