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a b s t r a c t
The adsorption system of toxic Congo red (CR) industrial dye and red dragon fruit peel (RDFP), 
a low-cost natural adsorbent reached equilibrium within half an hour. The adsorbent shows high 
stability and is reasonably resilient to changes in pH while exhibiting strong adsorption charac-
teristics toward CR in solutions of varying ionic strength. The isotherm model among Langmuir, 
Freundlich, Temkin, Redlich–Peterson and Sips evaluated based on R2, five error functions together 
with Akaike information criterion indicates that the Sips model is the best fit with the maximum 
adsorption capacity (qmax) of 71.74 mg g–1, even though the nonlinear regression suggests that the 
Redlich–Peterson model followed by the Sips model be more suitable to describe the adsorption 
process. Moreover, there is no statistical difference between linear and nonlinear regression meth-
ods, implying that the Sips model is the most appropriate to describe the adsorption system under 
investigation. Kinetics of interaction of CR and RDFP can be best described by the pseudo-second- 
order model with the rate constant of 3.82 g mmol–1 min–1. When compared to many reported adsor-
bents, RDFP exhibits much higher qmax. All the above results indicate that RDFP has the potential 
in its application as a good candidate for the removal of CR dye in wastewater treatment.

Keywords:  Red dragon fruit peel; Pitaya; Hylocereus polyrhizus; Adsorption isotherm; Congo red; 
Azo dye; Kinetics; Nonlinear regression

1. Introduction

The fast-growing world’s population has led to the 
rise in food industries and boom in fast-food restaurants 
and chains in order to cater to the needs of the people. 
This comes at a price for it is well known that consump-
tion of too much-processed food and an unhealthy diet has 
led to many health problems. Today, amongst the many 
diseases, cardiovascular diseases and cancer are the two 
major causes of death. As a means of reducing the risk of 
these diseases, the World Health Organization (WHO) has 

recommended the consumption of at least 400 g of fruits 
and vegetables per day. Fruits are a rich source of vitamins, 
minerals, essential nutrients and antioxidants. With more 
people becoming aware of the health benefits of fruits [1], 
the global production of fruits has increased. Unavailability 
of certain fruits throughout the year and their relatively 
short shelf life has led to fruits being processed. As a 
result, it is inevitable that the by-products of fruits such as 
peels, core, seeds, which are normally inedible and thrown 
away as wastes, are also on the rise. Some fruits, such as 
Artocarpus odoratissimus contain more than 50% inedible 
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parts, of which the peel contributes the major portion [2]. 
These agro-wastes not only contribute to the landfill but if 
untreated can cause serious environmental pollution prob-
lems. Hence, attempts to convert them into useful material 
have been researched upon. One such area of research is 
the utilization of fruit waste as natural low-cost adsorbents 
for the removal of heavy metals [3–6] and dyes [7–13]. The 
most desirable factor of this process would be the conver-
sion of unwanted waste into economical material to be used 
in wastewater treatment to reduce environmental pollution.

One of the exotic fruits which have gained popularity 
in recent years is the Hylocereus polyrhizus of the Cactaceae 
family. Hylocereus polyrhizus is otherwise known as pitaya 
or red dragon fruit. Its origins were from tropical and sub-
tropical America although it has been widely cultivated in 
many Asian countries. It is considered a super-food packed 
with vitamins, minerals, antioxidants, etc. [14–16]. Research 
has shown that dragon fruit has anti-cancer properties, and 
it has the ability to reduce prostate and colorectal cancer 
as well as promote healthy gut flora [17].

Recent studies have shown that red dragon fruit is 
not only beneficial to health, red dragon fruit peel (RDFP) 
is also rich in vitamins and minerals [18]. The presence of 
betacyanins allows the RDFP to be used as a natural dye in 
food [19]. The study has also indicated that the chloroform 
extract of RDFP exhibited antibacterial activity where inhi-
bition of almost all the pathogens studied was observed 
[20]. Compounds isolated from the RDFP were also found 
to have the ability to flex the blood vessels. Research carried 
out with male BALB/c mice showed that RDFP can improve 
the blood lipid levels of hyperlipidemia in these mice [21].

Nevertheless, since not all the RDFP are being utilized, 
they are often disposed as waste. The presence of various 
compounds in the peel could provide functional groups 
that could facilitate the adsorption of pollutants. In fact, 
previous studies have shown that RDFP was able to remove 
heavy metals, such as Mn(II), Cd(II), Pb(II), and Ni(II) [22–
24]. It has also been found to have the ability to remove 
dyes, such as Methylene blue, Alcian blue, Coomassie bril-
liant blue G-250 and Neutral red [24–26]. However, its use 
for the removal of anionic dyes has not been previously 
reported, to the best of our knowledge. Hence, in order 
to evaluate the possibility of using RDFP as an adsorbent 
to remove anionic dye, Congo red (CR) was chosen in this 
study to be the model dye. CR, whose structure is as shown 
in Fig. S1, is a diazo dye with a benzidine based structure. 
CR is the first direct dye that enables dyeing of cotton with-
out the presence of dye fixative [27]. Apart from its use as 
a dye in the textile industry, the detection of amyloids is 
possible in histological staining using CR dye as a means 
of diagnosing amyloidosis diseases [28]. CR being struc-
turally stable is not an easily biodegradable dye, although 
nanomaterials have been used to degrade this dye [29,30]. 
Despite its uses, CR is known to be toxic with carcinogenic 
effects [31,32]. Studies have shown that occupational expo-
sure to benzidine based dye resulted in bladder tumor [33]. 
Further, it was found that prenatal administration of CR to 
mice and rats reduced the number of germ cells in both the 
male and female offspring [34]. Therefore, given its toxicity 
and hazardous to health, its removal from wastewater is 
crucial.

Another aspect to be considered is that comparison 
between linear and nonlinear regression analysis for dye 
adsorption has not been well studied despite the need 
for extension of the methodology developed under static 
conditions for large-scale applications under dynamic con-
ditions. In this context, this research mainly focused on a 
detailed investigation of adsorption equilibrium aspects of 
the CR-RDFP system with the aid of different adsorption 
isotherm model fittings, as well as on the adsorption kinet-
ics using pseudo-order models through both linear and 
nonlinear regression analyses.

2. Methods

2.1. Preparation of adsorbent

Random samples of red dragon fruit (Hylocereus 
polyrhizus) were purchased from supermarkets in the Brunei-
Muara District of Negara Brunei Darussalam. RDFP was 
separated from its edible flesh, cut into smaller pieces and 
dried in an oven at 60°C until a constant mass was obtained. 
The dried RDFP sample was then ground and sieved with 
a metal sieve apparatus to obtain particles of diameter 
<355 µm, and stored in sealed bags until ready to be used.

2.2. Selected adsorbate

Congo red (CR) dye (C32H22N6Na2O6S2, MW 696.66 g mol–1), 
the adsorbate selected in this study, was purchased from 
Sigma-Aldrich, Singapore. The absorbance of CR in all 
solutions was measured using the Shimadzu UV-1601 PC 
UV-visible spectrophotometer (Japan), set at wavelength 
500 nm.

2.3. Optimization of parameters and batch adsorption studies

Optimization of parameters in this study involved the 
investigation into the contact time required to reach equi-
librium (0–210 min), effects of changing pH (4–12) and 
varying NaCl concentrations (0–1.0 M) using 100 mg L–1 
CR dye solution. Adjustment of pH was done using either 
1.0 M HCl and/or NaOH. Adsorption isotherm was carried 
out in different CR concentrations (0–1,000 mg L–1), whilst 
100 mg L–1 CR was used for kinetics studies. All experiments 
in this study were carried out with RDFP (0.020 g) in CR dye 
solution (10.0 mL), unless otherwise stated. The RDFP-CR 
suspensions were shaken at 250 rpm at room temperature.

3. Results and discussion

3.1. Functional groups and surface morphology of RDFP

The Fourier-transform infrared spectroscopy (FTIR) 
spectrum of RDFP, prior to its adsorption of CR dye, given 
in Fig. 1 shows the presence of many functional groups, 
namely, OH/NH (3,423 cm–1), C=O (1,730 cm–1), C=C 
(1,643 cm–1), C–N (1,326 cm–1) and aromatic skeletal vibra-
tions (891 cm–1). Further, peaks at 2,918 and 2,851 cm–1 are 
associated with vibrations of CH2 and CH groups. The 
large shift observed for OH/NH group to 3,482 cm–1 upon 
the treatment of RDFP with CR dye indicates that these 
functional groups are very likely to be involved in the 
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adsorption process. Smaller shifts are also observed for 
C=O, C=C, C–N, and aromatic skeletal vibrations. There is 
also an intensification of peaks in the area between 1,000 to 
1,108 cm–1 region attributing to C–O stretching of alcohols 
and in-plane bending and skeleton vibrations of benzene 
ring [35,36], while the increase in the relative intensity of 
peak at 1,429 cm–1 is attributed to N=N [37]. The asymme-
try vibration of S=O stretch appears at 1,324 and 1,161 cm–1 
while symmetry S–O stretch is at 1,054 cm–1 [38].

Images of scanning electron microscopy (SEM) in Fig. 2 
show that the surface morphology of RDFP has undergone 
distinct changes upon adsorption of CR dye. RDFP, before 
adsorption, has a rough and irregular surface with some 
cavities in it. Interestingly, after adsorption of CR dye, its 
surface appears to be covered with dye and became less 
irregular with larger undulating folds across the whole 
surface. Similar observations were also reported for adsorp-
tion of CR onto white dragon fruit peel whereby the rough, 
undulating folded surface became smooth as a result of 
coverage of CR dye [39]. In fact, changes to surface mor-
phology of adsorbents have been widely reported upon 
adsorption of dyes [40–42].

According to FTIR spectral characteristics and SEM 
images, it can be stated that both electrostatic interaction 
and deposition on pores of RDFP would contribute to the 
mass transfer process of CR dye. Initial layer of CR dye 
adsorbed on RDFP would be chemisorption, followed by 
physisorption of subsequent layers of CR dye molecules.

3.2. Effect of shaking time on adsorption of CR onto RDFP

In adsorption studies, it is imperative to conduct 
an investigation of the time required for an adsorbent- 
adsorbate system to reach equilibrium. This data is crucial 
for the design and operation of wastewater treatment plants. 
The adsorption of CR onto RDFP was rapid, reaching equi-
librium within 30 min with more than 90% dye removal 
(Fig. 3). At the beginning stage of the adsorption pro-
cess, many active binding sites on the surface of RDFP are 
vacant allowing CR dye molecules to be quickly adsorbed. 
However, as these sites are being filled, the rate of adsorp-
tion would decrease over time and gradually reach equilib-
rium. This is indicated by the plateau as the contact time 
increases, signifying that no more CR molecules are being 
adsorbed. A short period of contact time is always preferred 
since when applied to wastewater treatment it will trans-
late as cost- saving, and therefore be more economical and  
profitable.

Fig. 1. FTIR spectra of RDFP before (black) and after (green) 
adsorption of CR dye.

 

0

20

40

60

80

100

0 30 60 90 120 150 180 210 240 270

Av
er

ag
e 

re
m

ov
al

 o
f C

R
 (%

)

Time (min)

Fig. 3. Effect of contact time on the adsorption of CR onto RDFP.
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Fig. 2. SEM of RDFP before and after adsorption of CR dye at 2,000× magnification.
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3.3. Effect of change in pH and presence of salts 
on adsorption of CR onto RDFP

For an adsorbent to be applicable in wastewater treat-
ment, it has to be stable in the sense that it should be able 
to maintain relatively good adsorption ability under vari-
ous environmental conditions such as changes in pH and 
ionic strength. This is because wastewater often contains 
various effluents and therefore is never at neutral pH or 
without the presence of electrolytes. These ions can inter-
act with the adsorbent and/or adsorbate, thereby affecting 
the removal of the adsorbate.

In this study, an investigation of pH was carried out 
in the range of pH 4–12. It was observed that below pH 4, 
there was a change in the color of CR solution and hence, 
any results obtained at pH < 4 will be deemed inaccurate. 
Fig. 4a indicates that RDFP is relatively stable and resil-
ient to changes in medium pH. The point of zero charge 
(pHpzc) was determined at pH 7.4 following the method as 
outlined by Dahri et al. [43]. Below this pH, protonation of 
the surface functional groups would take place causing the 
surface of RDFP to be predominantly positively charged. 
Even though CR is an anionic dye, the presence of lone pairs 
of electrons on the amino groups could be attracted to the 
positively charged surface. At pH > pHPZC of RDFP, depro-
tonation of surface functional groups would take place 
resulting in a predominantly negatively charged surface, 
promoting electrostatic repulsion between the RDFP and 
anionic CR dye molecules. Hence, this could explain the 

observed decrease in the removal of CR at pH 10. However, 
the unexpected increase in the extent of removal of CR at 
pH = 12 could be due to a different mode of mass trans-
fer, probably deposition of CR anionic dye in adsorbent 
pores which is not affected by surface charge.

As for the investigation of the influence of ionic strength 
on the adsorption of CR dye onto RDFP, NaCl was chosen 
because many dyeing industries often use sodium salts as 
the stimulator. Fig. 4b shows that the adsorbent performed 
better in the presence of NaCl, with enhanced removal 
over the range of concentrations studied. This could be 
due to screening effects of electrolytes thereby decreasing 
the repulsive forces among surface functional groups of 
RDFP, which in turn would enforce electrostatic interactions 
between RDFP and CR.

Since the stability of an adsorbent under various envi-
ronmental changes is an important issue in wastewater 
treatment, the above results show that RDFP could be a suit-
able adsorbent since it has the ability to retain its adsorption 
capability under changing conditions in its surrounding.

3.4. Adsorption isotherm of CR onto RDFP

Adsorption isotherms provide information on the 
adsorption capability of an adsorbent toward an adsor-
bate. Adsorption data are imperative especially in trying 
to determine the suitability of the adsorbent when applied 
to real wastewater treatment processes. An adsorbent with 
high adsorption capacity is certainly favored in being more 
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Fig. 4. Effects of (a) pH and (b) ionic strength on the adsorption of CR onto RDFP.
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economical and effective in removing unwanted pollutants. 
In order to understand the adsorption process, different 
methods of evaluating the experimental equilibrium curves 
have been reported [44,45]. In this study, the experimental 
data were fitted to five isotherm models: Langmuir [46], 
Freundlich [47], Temkin [48], Redlich–Peterson [49] and 
Sips [50] models, and their nonlinear and linearized equa-
tions are shown in Table S1. These isotherm models have 
been widely discussed and reviewed.

3.4.1. Linear regression analyses

Based on linearized isotherm equations, all the five iso-
therm models gave high R2 > 0.9, with the Langmuir iso-
therm showing the highest value followed closely by the 
Temkin and Sips models. The Freundlich model has the 
lowest R2 value. However, it has been reported that linear-
ization could result in bias and change in error structure 
[51]. In order to avoid these problems, all the isotherm 
models were subjected to error analyses using five differ-
ent error functions, namely the average relative error (ARE), 
sum square errors (SSE), hybrid fractional error function 
(HYBRID), sum of absolute error (EABS), and chi-square test 
(c2), and their equations are outlined in Table S2. The lower 
the error values, the better fit will be the isotherm model. Of 
the five isotherm models, the Sips model shows the lowest 
error values, suggesting that this model be the best fit of all.

Further, the simulation plots of all the five isotherm mod-
els as depicted in Fig. 5a show very clearly the deviation 
of both the Freundlich and Redlich–Peterson models from 
the experiment data. The Sips and Temkin models, on the 
other hand, appear reasonably close to the experiment data.

The Akaike information criterion (AIC), developed by 
Akaike [52], was also performed using Eq. (1):

AIC ln SSE  = × + +( ) ( )−N N p1 2 1  (1)

where N is the number of observations; p is the number of 
parameters; and SSE is the sum square errors.

According to AIC, the smaller the AIC value, the better 
is the fitting. Based on the AIC values, in decreasing order 
of best fit isotherm model is as follows: Temkin > Sips > La
ngmuir > Redlich–Peterson > Freundlich. However, the AIC 
values of Temkin and Sips were very close. Hence, based 
on the overall smallest errors, close fit of its simulation plot 
with experiment data, and small AIC value, the adsorption 
of CR onto RDFP is better fitted to the Sips isotherm model.

3.4.2. Nonlinear regression analyses

Although the linear regression method offers a sim-
ple, fast and easy way of determining the best fit model 
to the experiment data, this method has its downside in 
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that it can lead to errors. The nonlinear regression method 
generally provides better flexibility in terms of curve fit-
ting and gives lower error values when compared to linear 
regression [53,54]. Hence, in this study, apart from using 
the linearized isotherm equations, nonlinear regression 
method was also employed to analyze experimental data. 
The R2 of each model was calculated using Eq. (2):

R
q q

q q q q

e m

e m e m

2

2

2 2=
−( )

∑ −( ) + −( )
∑ , ,

, , , ,

cal exp

cal exp cal exp

 (2)

where qe,cal is the calculated amount of adsorbate (mmol g–1); 
and qm,exp is the average amount of adsorbate adsorbed 
from experiment (mmol g–1).

Table 1 shows that of the five isotherm models used, 
the nonlinear regression indicated that the Freundlich 
model was the least fitting based on its lowest R2 and high-
est error values. Its simulation plot, as shown in Fig. 5b, 
also deviated from the experimental data. This finding is 
agreeable to that from the linear regression analyses.

As in the case of linear regression, the Langmuir iso-
therm has the highest R2 for nonlinear regression fitting. 
Even though the Langmuir model gives a better R2 value 
than the Redlich–Peterson, error functions show that the 
latter model has lower overall error values. Nonlinear plots 
of both the Langmuir and Redlich–Peterson in Fig. 5b also 
show that the Redlich–Peterson has a closer fit to the exper-
imental data. The nonlinear AIC values, from smallest to 
highest, are as follows: Redlich–Peterson < Sips < Temki
n < Langmuir < Freundlich. When compared between the 
Langmuir and Sips models, even though the former has 
a slightly better R2 value, the Sips model shows a better 
fit according to Figs. 5 and 6. Error and AIC values also 
indicate that the Sips model is a better model to describe 
the adsorption of CR onto RDFP than the Langmuir.

3.4.3. Linear vs. nonlinear regression

Comparison between the linear vs. nonlinear regression 
of each of the isotherm models is shown in Fig. 6. Of the five 
isotherm models investigated, only the Temkin and Sips 
models (Figs. 6c and e, respectively) show close proximity 
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of both the linear and nonlinear methods. The nonlinear 
regression method seems to better describe the Freundlich 
and Redlich–Peterson models than the corresponding 
linear method, as shown by Figs. 6b and d, respectively. 
On the other hand, the Langmuir model fits the experi-
mental data slightly better when analyzed using linearized 
equation. Further, except for Freundlich isotherm, all iso-
therm models gave lower error values (Table 1) suggesting 
better accuracy of the nonlinear method.

In order to check if there is any statistically significant 
difference between the linear and the nonlinear regression 
methods, ANOVA was used to obtain p-values. According 
to the null hypothesis, p-value < 0.05 depicts that there is 
a statistically significant difference while p-value > 0.05 
implies there is no significant difference. From Table 2, 
all the p-values of each isotherm model were >0.05 sug-
gesting that there is no significant difference between 
the linear and nonlinear regression methods.

3.4.4. Adsorption ability of RDFP

By considering all the above findings, it is recommended 
that the Sips model be the most appropriate isotherm 
model, among the five models investigated, to describe the 
adsorption of CR onto RDFP. Since the nonlinear regres-
sion method is more accurate than the corresponding lin-
ear method in terms of overall fitting and error values, the 
maximum adsorption capacity, qmax, based on nonlinear 
regression is 71.74 mg g–1.

In order for an adsorbent to be considered a potential 
candidate in wastewater treatment, one crucial criterion 
is in its ability to remove adsorbate efficiently. Therefore, 
a good qmax is indispensable since the adsorbent will 
be more effective and cost-saving. Table 3 shows a list of 
some reported adsorbents for the removal of CR dye. RDFP 

Table 1
Data obtained for the five isotherm models and their error and AIC values

Model R2 ARE SSE HYBRID EABS χ2 AIC

Langmuir

Linear 0.9897 10.63 0.0003 0.05 0.06 0.02 –205.97
Nonlinear 0.9875 9.29 0.0003 0.04 0.06 0.02 –207.01

Freundlich

Linear 0.9188 19.45 0.0009 0.13 0.11 0.03 –183.71
Nonlinear 0.9212 21.80 0.0002 0.15 0.05 0.03 –208.01

Temkin

Linear 0.9856 15.79 0.0001 0.08 0.04 0.03 –217.68
Nonlinear 0.9545 14.73 0.0001 0.07 0.04 0.03 –217.36

Redlich–Peterson

Linear 0.9460 12.29 0.0004 0.06 0.07 0.02 –195.19
Nonlinear 0.9760 8.46 0.0001 0.03 0.03 0.01 –230.03

Sips

Linear 0.9807 9.77 0.0001 0.03 0.05 0.02 –216.46
Nonlinear 0.9672 11.85 0.0001 0.05 0.04 0.01 –222.00

Table 2
Comparison of linear and nonlinear data obtained for the five 
isotherm models

Model Linear Nonlinear p-value

Langmuir 0.86
qmax (mmol g–1) 0.078 0.073
qmax (mg g–1) 54.617 50.856
KL (L mmol–1) 0.011 0.013
R2 0.9897 0.9875
Freundlich 0.95
KF (mmol g–1 (L mmol–1)1/n) 0.004 0.006
KF (mg1–1/n L1/n g–1) 2.583 4.484
n 2.139 2.737
R2 0.9188 0.9212
Temkin 1.00
KT (L mmol–1) 0.193 0.202
bT (kJ mol–1) 180.08 183.00
R2 0.9856 0.9545
Redlich–Peterson 0.91
KR (L g–1) 0.0019 0.002
β 0.679 0.794
αR (L mmol–1) 0.191 0.091
R2 0.9460 0.9760
Sips 0.97
qmax (mmol g–1) 0.090 0.103
qmax (mg g–1) 62.700 71.736
KS (L mmol–1) 0.020 0.029
1/n 0.783 0.648
n 1.277 1.543
R2 0.9807 0.9672
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shows similar qmax to the peel of white dragon fruit, with 
the latter being slightly higher in value. When compared to 
other fruit peels, RDFP shows much higher qmax. Similarly, 
when compared to soil materials and natural adsorbents, 
the qmax obtained for RDFP is promising. Thus, RDFP could 
have its application as a low-cost adsorbent in wastewa-
ter treatment. Further, enhancement of the qmax of RDFP 
through surface modification is a possibility as shown by 
natural pumice which was chemically treated with acid to 
improve its adsorption capacity.

3.5. Kinetics of adsorption of CR onto RDFP

Understanding of the adsorption kinetics is vital in 
wastewater treatment processes as this helps provide 
information on the cost and design of the adsorption sys-
tem. In this study, two kinetics models were used namely 
the Lagergren pseudo-first-order [85] and pseudo-second- 
order [86]. Their equations are shown as Eqs. (3) and 
(5), respectively whilst the linearized equations are pre-
sented as Eqs. (4) and (6), respectively. These two models 
have been widely discussed in adsorption studies.

Table 3
Comparison of maximum adsorption capacity (qmax) of RDFP with selected natural and modified adsorbents

Adsorbent qmax (mg g–1) Reference

Hylocereus polyrhizus (red dragon fruit) peel 71.7 This study
Hylocereus undatus (white dragon fruit) peel 76.6 [39]
Raphanus sativus (radish) peel 0.5 [55]
Tamarind fruit shell 10.5 [56]
Citrus limonum (lemon) peel 34.5 [57]
Cellulosic waste orange peel 22.4 [58]
Banana peel 44.4 [59]
Banana peel 1.7 [60]
Pineapple (Ananas comosus) plant stem 12.0 [61]
Watermelon rind 24.8 [62]
Psidium guajava (guava) peel 61.1 [63]
Pomelo fruit peel 1.1 [64]
Pomegranate activated carbon 10.0 [65]
Apricot stone 32.9 [66]
Myrtus communis activated carbon 19.2 [65]
Eichhornia crassipes roots 1.6 [67]
Kaolin 5.4 [68]
Peat 10.1 [69]
Acid activated red mud 7.1 [70]
Jujuba seeds 55.6 [71]
Bagasse charcoal 45.3 [59]
Cattail root 38.8 [72]
Neem leaves 26.1 [62]
Raw pine 32.7 [73]
Acid treated pine 40.2 [73]
Eucalyptus globulus saw dust 5.1 [74]
Phoenix dactylifera (date) seeds 61.7 [75]
Ball-milled sugarcane bagasse 38.2 [76]
Natural pumice 3.9 [77]
Cationic surfactant modified pumice 27.3 [77]
Eggshells 69.5 [78]
Chemically modified eggshell membrane 117.7 [79]
Acid modified celery (Apium graveolens) 238.1 [80]
Modified zeolite 69.9 [81]
Exfoliated graphite 80.8 [82]
Chir pine sawdust 5.8 [83]
Pine bark 3.9 [84]
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Fig. 7. (a) Linear plot of Lagergren pseudo-first-order kinetics, (b) linear plot of pseudo-second-order kinetics, and comparison of 
(c) linear and (d) nonlinear regression of experiment data () with the Lagergren pseudo-first-order () and pseudo-second-order 
() models.
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where qt and qe are adsorption capacity at time t and 
equilibrium, respectively; k1 and k2 are rate constant for 
pseudo-first-order and pseudo-second-order, respectively.

From the linear plots of the Lagergren pseudo-first- 
order and pseudo-second-order models as shown in Figs. 7a 
and b, respectively, both the kinetics models gave good 
R2 > 0.9. Nevertheless, the pseudo-second-order kinetics 
has a higher R2 close to unity (0.9753) compared to pseudo- 
first-order (0.9011). The overall error values based on six 
different error analyses, as shown in Table 4, were also 
much smaller for the pseudo-second-order, thus point-
ing to this model being the better model to describe the 
adsorption kinetics of CR onto RDFP. Simulation of the two 
models as shown in Fig. 7c further confirms that the pseudo- 
 second-order model is much closer to the experiment data.

Nonlinear regression analyses performed on the adsorp-
tion kinetics indicate that R2 obtained from nonlinear 
regression are very much similar to those from the lin-
ear plots (Table 4), with the pseudo-second-order kinetics 
having R2 close to unity. The errors of both the linear 
and nonlinear analyses also showed a clear cut, with 
the pseudo-second- order kinetic model having much 
smaller error values than the Lagergren pseudo-first-order 

model. Further confirmation is from the AIC value for the 
pseudo-second-order which was slightly smaller in value.

The nonlinear plots of the two models, as shown in 
Fig. 7d, both fitted much better to the experimental data 
than the corresponding linear analyses. Table 4 also shows 
that their error values were also much smaller than the 
corresponding linearized method. Thus, it can be con-
cluded that the nonlinear regression method of analysis is 
a better approach in analyzing the adsorption kinetics of 
CR onto RDFP.

ANOVA analyses was performed on kinetics data show 
that the p-values for Lagergren first order and pseudo- 
second-order kinetics are 0.001 and 0.029, respectively. 
Both p-values being <0.05 are indicative that there is sta-
tistical significant difference between the two methods 
used. Nevertheless, combining all the above findings, the 
pseudo-second-order is the better model to describe the 
adsorption kinetics of CR onto RDFP.

The adsorption rate of CR onto RDFP is much faster 
when compared to Hylocereus undatus, the white dragon 
fruit species, with reported k2 of 1.87 g mmol–1 min–1 [39].

4. Conclusion

The present study focuses on the use of RDFP as a bio-
sorbent for the removal of Congo red dye from aqueous 
solution. The adsorbent–adsorbate equilibrated within 
30 min of contact time. The Sips adsorption isotherm is the 
most appropriate model by considering both linear and 
nonlinear regression methods, error function analyses and 
ANOVA. The adsorption capacity based on the Sips model 
is 71.7 mg g–1, which is much higher than that of many fruit 
peels and other natural adsorbents reported. Adsorption 
kinetics was best described by the pseudo-second-order 
model. Using linear and nonlinear regression methods to 
analyze isotherm and kinetics data, it is found that generally 
the nonlinear regression is the better method of analyses 
with closer fit and smaller errors. There were also signifi-
cant differences between the two regression methods with 
p-values < 0.05 for both the kinetics models, although no 

Table 4
Comparison of the Lagergren pseudo-first-order and pseudo-second-order kinetic models using linear and nonlinear regression 
analyses

Parameter Linear Nonlinear 

Pseudo-first-order Pseudo-second-order Pseudo-first-order Pseudo-second-order

k1 (min–1) 0.0719 0.210
k2 (g mmol–1 min–1) 10.214 11.24
qcal (mmol g–1) 0.012 0.020 0.015 0.019
R2 0.9011 0.9735 0.9066 0.9992
ARE 47.87 23.95 10.533 8.619
HYBRID 0.334 0.128 0.016 0.013
EABS 0.090 0.044 0.018 0.014
c2 0.049 0.018 0.003 0.002
SSE 0.0006 0.0002 2.7 × 10–5 1.8 × 10–5

AIC –146.79 –162.79 –191.68 –198.55
qexp (mmol g–1) 0.033
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significant difference was observed when applied to the 
adsorption isotherm data. Overall, RDFP demonstrates 
its strong ability to withstand changes in both pH and 
ionic strength while maintaining good adsorption. Being 
readily available in abundance together with the promis-
ing results obtained, RDFP therefore could have potential 
to be applied in real wastewater treatment as a low-cost 
adsorbent. Such applications would require a series of opti-
mization steps under both static and dynamic conditions 
with small-scale, medium-scale and large-scale approaches.
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Fig. S1. Structure of Congo red dye.
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Table S1
Isotherm models used in this study

Equations

Nonlinear isotherm models Linearized isotherm models
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KL and KF are the Langmuir constant (L mmol–1) and the Freundlich 
adsorption capacity constant (mmol g–1 (L mmol–1)1/n), respectively; 
where n indicates how favorable the adsorption intensity on the het-
erogeneous surface; KT is the Temkin isotherm constant (L mmol–1); 
bT is related to the heat of adsorption (J mol–1); whilst R is the gas 
constant (J K–1 mol–1); T is the room temperature (K); KR, αR and β 
are the Redlich–Peterson isotherm constant (L g–1), Redlich–Peterson 
constant (L mmol–1), and exponent between 0 and 1, respectively; 
KS and n are the Sips isotherm constant (L mmol–1) and dimension-
less heterogeneity factor, respectively; qe is the adsorption capac-
ity at equilibrium; qmax is the maximum adsorption capacity; Ce is 
the equilibrium concentration (mg L–1).

Table S2
Error functions used in this study

Error functions and their equations
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qe and qe,cal are the equilibrium and calculated adsorption capacity, 
respectively; n is the number of data in the experiment.
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