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Abstract
This study uses phosphoric acid activation and carbonization processes to create Nelumbinis stamen activated carbon (NSAC) 
from food waste precursors in a single step. The resultant NSAC was characterized by scanning electron microscopy, Fourier 
transform infrared spectroscopy,  N2 adsorption/desorption methods, X-ray diffraction, and Raman spectroscopy for surface 
morphology, structural features, and surface chemistry. The operating conditions, including the carbonization temperature, 
amount of adsorbent, adsorption temperature, and aqueous solution pH, were optimized to maximize the removal efficiency 
of Sudan dyes. Therefore, the values of the optimized conditions were selected as 500℃ for the carbonization temperature, 
0.4 g  L−1 for the adsorbent dose, 50℃ for the adsorption temperature, and a pH of 3.0 for the aqueous solution. In addition, 
the pseudosecond-order kinetic model and Langmuir isotherm model fit the experimental data best. Moreover, the maximum 
adsorption capacities of the four dyes on NSAC calculated according to the Langmuir adsorption model were in the range of 
34.60–38.97 mg  g−1. Furthermore, thermodynamic results revealed that the adsorption process was spontaneous, feasible, 
and endothermic. Finally, the activated carbon was used for the adsorption of Sudan dye solution from chrysanthemum tea 
and cooked egg samples, and the results showed that the adsorbent could be successfully used for the adsorption and removal 
of the dyestuff solution.
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1 Introduction

With the rapid growth of the global economy, the demand 
and scale of the food industry continue to rise, resulting in 
an increasing amount of food waste in both developing and 
developed countries as an important component of munici-
pal solid waste (MSW). According to a recent study by the 
Food and Agriculture Organization of the United Nations 
(FAO), approximately 1.6 billion tons of food waste is 
generated worldwide each year during the production or 
consumption process [1]. Therefore, proper and safe dis-
posal of food waste has attracted widespread attention from 
the public. Traditional methods of disposal of food waste 
include incineration, composting, animal feeding, or land-
filling [2, 3]. However, due to the rich organic matter in 
food waste, improper disposal induces rot, odor, and virus 

infection, thereby polluting surface water, the surrounding 
atmosphere, and the environment [4, 5]. At present, the 
conversion of food waste into value-added products has 
received great attention, and some industries are emerg-
ing, such as bioactive compound extraction, biogas, biofuel 
production, bioplastic synthesis, and activated carbon syn-
thesis [6]. Among these new technologies, activated carbon 
is obtained by pyrolysis and carbonization of food waste, 
which is not only low in cost but also in line with the concept 
of green chemistry. In the reported papers, food waste acti-
vated carbon, including banana peels [7], tangerine seed [8], 
hawthorn kernel [9], coffee waste [10], pecan nutshell, and 
para chestnut husk [11], has been studied for its promising 
adsorption efficiency for the removal of pollutants.

Activated carbon is the carbonaceous material that is pro-
duced from biomass as raw material under certain pyrolysis 
temperatures [12]. There are two ways to transform biomass 
into activated carbon: (a) chemical activation and (b) physi-
cal activation. Physical activation is carried out as a two-
step process: the raw materials are pyrolyzed and converted 
into activated carbon under an inert atmosphere, and then 
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the activated carbon derived from pyrolysis is activated. 
Chemical activation is a single step, where the pyrolysis 
and activation processes are carried out at the same time. 
Generally, chemical activation is performed at a low work-
ing temperature with simple operation, and the obtained 
activated carbon has a higher surface area and larger pore 
volume. As one of the most important activators in activated 
carbon preparation,  H3PO4 is able to hydrolyze cellulose 
at lower temperatures by breaking the bonds that produce 
long cellulose chains, thus breaking down lignocellulosic 
precursors. The high acidity of  H3PO4 (pKa = 2.16) makes 
it an effective and environmentally friendly activator for 
hydrolysis, dehydration, destruction of the biomass skeleton 
and formation of pores [13, 14]. Because of its excellent 
physical and chemical properties, such as large surface area, 
porous structure, thermal stability, and multiple functional 
groups in the chemical structure, activated carbon could be 
used to improve the quality of the ecological environment 
in a variety of agricultural, biorefinery, and environmen-
tal fields [15]. The adsorption and removal of heavy metals 
and organic pollutants is an important capacity of activated 
carbon. Various pollutants to be removed from effluents by 
activated carbon have been studied, such as pharmaceutical 
compounds [16], pesticides [17], heavy metals [18, 19], and 
dyes [20].

Sudan dye is a class of synthetic azo dyes with benzozo-
phenol as the main group, is generally insoluble in water and 
soluble in organic solvents, and is widely used in the dyeing 
of industrial products. For example, these dyes are used as 
color enhancers in waxes, shoes, clothing, and cosmetics 
[21]. However, Sudan dyes can cause irreversible harm to 
the human body if consumed. Because of its strong lipo-
philicity, Sudan dye, once in the human body, cannot be 
excreted through urine, and its azo group-released aniline 
can cause liver disease while being metabolized, even lead-
ing to cancer due to genetic mutations [22]. Unfortunately, 
due to the bright color and low price of Sudan dyes, they 
are often illegally added to various foods, such as tomato 
paste, paprika, and foods containing chili peppers [23, 24]. 
Additionally, there are also cases in industrial production 
where Sudan dyes are mishandled and become potential 
sources of environmental pollution, threatening human 
health and the safety of ecosystems. At present, there are 
many detection and extraction techniques for Sudan dyes, 
such as high-performance liquid chromatography‒mass 
spectrometry (HPLC‒MS) and micellar electrokinetic chro-
matography-MS/MS in detection methods and deep eutectic 
solvent-assisted solid-phase extraction methods in extraction 
methods [21, 24, 25]. Interestingly, there are few reports 
on methods for removing Sudan dyes from a complex sam-
ple matrix, so developing an environmentally friendly and 
inexpensive adsorbent for the removal of Sudan dyes is a 
promising study.

Nelumbinis stamens are the dried stamens of lotus plants, 
of which flavonoids are the main characteristic chemi-
cal components that have the effect of clearing the heart, 
benefiting the kidneys, and stopping bleeding [26]. As a 
medicinal and food plant, lotus is widely cultivated and 
used in China and other countries. However, the medicinal 
value of the traditional medicine of Nelumbinis stamens 
has not yet attracted attention, resulting in the abandonment 
of Nelumbinis stamens. The filament and pollen structure 
of the Nelumbinis stamens make them both rich in fiber 
structure and high phospholipid content pollen, they have 
great potential as precursors of phosphorus-doped activated 
carbon materials [27]. However, there has been no report 
on the application of Nelumbinis stamens to make activated 
charcoal. Therefore, the use of Nelumbinis stamen as a pre-
cursor material along with phosphoric acid activation and a 
single-step carbon production method to produce Nelumbi-
nis stamen activated carbon (NSAC) is intriguing.

In this study, NSAC was prepared for the first time from 
food waste precursors using a single-step method that 
included phosphoric acid activation and carbonization. 
The structural characterization of the synthesized activated 
carbon was carried out by scanning electron microscopy, 
infrared spectroscopy, and X-ray diffraction, and adsorption 
conditions such as charring pyrolysis temperature, adsor-
bent dosage, adsorption temperature, and solution pH were 
optimized. Finally, the activated carbon was used for the 
adsorption of Sudan dye solution based on chrysanthemum 
tea and cooked egg samples, and the results showed that the 
adsorbent could be successfully used for the adsorption and 
removal of the dyestuff solution.

2  Materials and methods

2.1  Chemicals and reagents

Sudan Red G, Sudan I, Sudan II, and Sudan Red 7B were 
obtained from Merck KGaA (Darmstadt, Germany) with 
purities in the range of 98–99%. The chemical specifica-
tions of the Sudan dyes are listed in Table S1. Analytical-
grade hydrochloric acid was provided by Sinopharm Chemi-
cal Reagent Co., Ltd. (Shanghai, China). Analytical-grade 
sodium hydroxide was purchased from Alfa Aesar China 
(Tianjin, China). Purified water was purchased from Wahaha 
Group, Ltd. (Hangzhou, China) during the study. HPLC-
grade acetonitrile and methanol were obtained from Tedia 
Company Inc. (Fairfield, US). HPLC-grade water was sup-
plied by J.T. Baker (Deventer, the Netherlands). The Nelum-
binis stamen sample was purchased from Hangzhou, Zheji-
ang Province, and produced in Xiangyang, Hubei Province. 
Chrysanthemums tea and cooked egg samples were obtained 
from a local supermarket (Hangzhou, China).
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2.2  Analytical conditions

Four dyestuffs under investigation were analyzed by an 
Agilent 1290 series HPLC system (Agilent Technologies, 
Inc., USA) connected with an autosampler and ultraviolet 
detector (UV). An Agilent Poroshell 120 EC-C18 column 
(4.6  mm × 100  mm, 2.7  μm Agilent Technologies Inc., 
USA) was employed for HPLC analysis. The flow rate of 
the mobile phase, injection volume, and column temperature 
were set at 0.4 mL  min−1, 2 μL, and 30 °C, respectively. The 
UV detection wavelength was set at 520 nm. The mobile 
phase was water (A) and methanol (B), and the optimized 
gradient program was as follows: 0 min, 40% B; 0–2 min, 
40%-100% B; 4–13 min, 100%-100% B; 13–15 min, 100%-
40% B.

2.3  Sample treatment

Standard stock solutions of Sudan Red G, Sudan I, Sudan 
II, and Sudan Red 7B were prepared by mixing each analyte 
in acetonitrile (1 mg  mL−1) and kept at 2–4℃. The standard 
solutions used during the experiment were obtained by dilu-
tion of each stock solution with water to different concentra-
tions. Additionally, the resulting solution was centrifuged 
at 13,000 rpm for 5 min, and the supernatant was used for 
the analysis.

To verify the effectiveness of the adsorption method, 
chrysanthemum and cooked egg samples were analyzed. 
The sample preparation process was as follows. One gram 
of accurately weighed chrysanthemums was soaked in hot 
water at 80 °C for 20 min, and the supernatant was collected 
for the adsorption experiments after cooling. The egg sample 
was obtained by mashing the cooked egg, and then 5 g of 
egg yolk was ultrasonically extracted with 20 mL of 60% 
acetonitrile for 30 min. The supernatant was centrifuged at 
high speed at 15,000 rpm for 3 min and filtered for later use.

2.4  Adsorbent preparation

Nelumbinis stamen samples bought in the local market were 
dried in an oven at 60 °C for 6 h, crushed and passed through 
a 60-mesh sieve plate. Next, Nelumbinis stamen powder was 
transferred to 60 wt%  H3PO4 at a ratio of 1:5 (W/V) at room 
temperature for 2 h. The activated powder was then left in 
a drying cabinet to evaporate water at 65 °C overnight. The 
carbonization process of converting the powder to carbon 
was as follows. The carbonization temperature was heated 
from room temperature to the final temperature at a heating 
rate of 10 K  min−1 and kept for 3 h. Afterward, the material 
obtained after cooling was washed with distilled water until 
the pH value was approximately 6–7. Finally, the NSAC was 
dried overnight at 60 °C in an oven. The adsorbent prepara-
tion steps are summarized in Fig. S1.

2.5  Characterization studies

The surface functional chemistry of the raw material and 
activated carbon were analyzed using a Fourier Transform 
Infrared Spectrometer (FTIR, Bruker vertex 70 V, Germany) 
with wavelengths between 400 and 4000  cm−1. Scanning elec-
tron microscopy (SEM, Hitachi TM3000, Japan) was used to 
scrutinize the surface microstructures of the activated carbons. 
The specific surface area of NSAC samples was accurately 
quantified in a  N2 atmosphere maintained at an operating tem-
perature of 77 K under a relative pressure (p/p0) of 0.40–0.90 
by the Brunauer–Emmett–Teller (BET) method. The BET 
method was used to determine the pore size and volume of 
the sample using standard physisorption equipment (Quan-
tachrome, American). The sample pore size and pore volume 
were evaluated using the Barrett–Joyner–Halenda (BJH) 
formula. Raman spectroscopy of NSAC was obtained with 
the help of a confocal Raman microscope (Renishaw inVia 
Laser Raman Microscope, UK). The XRD patterns of NSAC 
were collected on an X-ray diffractometer (XRD, Bruker D8 
Advance, Germany).

2.6  Adsorption performances

Adsorption experiments to obtain the optimal conditions were 
performed with 2 mg of NSAC and 10 mL of Sudan Red G, 
Sudan I, Sudan II and Sudan Red 7B solution in 50 mL glass 
bottles, which were fixed to a magnetic stirrer and stirred at a 
constant rate of 250 rpm for 20 min. The adsorption effect of 
activated carbon under different carbonization temperatures 
(400, 450, 500, 550, and 600℃) was investigated to determine 
the optimum carbonization temperature. The adsorption per-
formance of the NSAC was also studied by adding different 
amounts (1, 2, 4, 6, and 8 mg) of activated carbon to 10 mL 
of dye solution at different adsorption temperatures (20, 30, 
40, 50, and 60℃) or pH values (3, 5, 6, 9, and 10). The kinetic 
experiment was performed by filling a series of Erlenmeyer 
flasks with 10 mL dye solutions of different concentrations 
(5–15 mg  mL−1). After mixing and stirring for a predeter-
mined time (1 to 17 min), the solution was withdrawn from 
the sample mixture, centrifuged, and tested by HPLC to inves-
tigate the effect of different initial concentrations and contact 
times on adsorption. Finally, an isotherm study was performed, 
and for this step, equilibrium curves were obtained at tem-
peratures between 30 and 50℃ in dye solutions ranging from 
5 mg  mL−1 to 15 mg  mL−1.

(1)Removal% =
Ci − Ce

Ci

× 100

(2)qt =
(Ci − Ct)V

W
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where  Ci is the initial dye solution concentration (mg  L−1), 
 Ce denotes the equilibrium dye concentration (mg  L−1),  Ct 
depicts the dye concentration after certain minutes t being 
absorbed by NSAC (mg  L−1), V represents the volume of 
dye solution (mL) and W is the weight of NSAC (mg).

2.7  Adsorbent regeneration

To investigate the feasibility of reusing activated carbon, 
the adsorbent was desorbed from the adsorbent by stirring 
and a chemical eluent. The NSAC adsorbed with Sudan dye 
was collected and stirred with ethanol as the elution agent at 
400 rpm for 6 h at room temperature. The desorbed NSAC 
was cleaned with distilled water, filtered and dried as the 
adsorbent for the next cycle. Three cycles were repeated to 
verify the regeneration of the NSAC.

3  Results and discussion

3.1  Optimal conditions for preparing NSAC

In the preparation process of activated carbon, the carboni-
zation temperature has a significant effect on the yield of 
activated carbon, the specific surface area and the forma-
tion of surface functional groups. With the increase in the 
carbonization temperature and the extension of the carboni-
zation time, the volatile components in the sample are pyro-
lyzed, and a large amount of organic matter, including cellu-
lose and lignin, is decomposed, which causes a great loss of 
sample weight. To study the effect of carbonization tempera-
ture on the adsorption efficiency, five different temperatures 
(400, 450, 500, 550, and 600℃) were investigated, and the 
results are displayed in Fig. 1. As the carbonization tem-
perature increased from 400 to 500℃, the removal efficiency 
was found to be improved and showed the best adsorption 
effect at 500℃. However, the adsorption effect was found to 
decrease with a further increase in carbonization tempera-
ture. The reason for this could be that as the carbonization 
temperature increased, new micropores were continuously 
formed inside the activated carbon, which made its specific 
surface area continuously increase, thereby improving the 
adsorption effect of the dye. However, when the temperature 
was further raised, part of the microporous structure was 
destroyed due to the excessively high temperature of the acti-
vated carbon, resulting in a decrease in the adsorption effect 
of the activated carbon. In addition, a higher carbonization 
temperature could speed up the carbonization reaction rate, 
and more carbon will be pyrolyzed, resulting in a low yield 

(3)qe =
(Ci − Ce)V

W

of activated carbon. Thus, the carbonization temperature of 
500℃ was selected as the optimal temperature.

3.2  Characteristics of NSAC

The surface morphologies of raw Lotus stamen material and 
the prepared NSAC are shown in SEM images (Supplemen-
tary materials). The raw Lotus stamen sample (Fig. S2a, b) 
showed a compact surface with irregular particle shapes and 
no obvious crack distribution. The NSAC sample (Fig. S2c, 
d) exhibited a rough surface with new pores of irregular and 
randomly distributed sizes. These results indicated that the 
carbonization process led to visible changes in the increase 
of NSAC surface pores, and the openings and gaps of vari-
ous sizes scattered on the surface could increase the contact 
area, which was beneficial to the adsorption process of pes-
ticides. In addition, the improvement of the adsorption effect 
was also related to the role of  H3PO4 in the hole-drilling 
effect that regulates the development of mesopores in the 
carbon matrix.

According to the International Union of Pure and Applied 
Chemistry (IUPAC) classification, the material nitrogen 
adsorption/desorption isotherms were considered to be 
type IV, consistent with H4 hysteresis loop characteris-
tics (Fig. 2a) [28]. When the relative pressure (p/p0) was 
0.40–0.90, the curve showed mesoporous adsorption, and 
when p/p0 was greater than 0.90, the curve was related to 
multilayer adsorption through macropores. The adsorption 
of these isotherms decreased at higher relative pressures (p/
p0), indicating that the adsorbent possessed a combination 
of micropores and mesopores. Moreover, the H4 hysteresis 
loop is common in adsorbents filled with mesopores and 
micropores, and the phenomenon was due to the capillary 
condensation effect. The total pore volume and BET specific 

Fig. 1  The effect of carbonization temperature on the adsorption effi-
ciency. Five temperatures: 400℃, 450℃, 500℃, 550℃, 600℃
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surface area of the NSAC were 0.509  cm3  g−1 and 732.98 
 m2  g−1, respectively. Figure 2b illustrates that the average 
pore diameter of the NSAC was distributed at approximately 
2.03 nm, conforming to the results of nitrogen adsorp-
tion–desorption isotherms that the pores of the NSAC were 
abundant micropores and mesopores.

The FTIR spectra for both the precursor material (Nelum-
binis stamen) and the activated carbon NSAC are displayed 
in Fig. 3a. Their corresponding peaks were observed at 
3442  cm−1 and 1632  cm−1, which were related to typical 
O–H stretching vibrations in the hydroxyl functional groups 
and the overlaps of C = O stretching vibrations with O–H 
bending variations. Starting with the Nelumbinis stamen, 
the peak at 2845  cm−1 along with 2928  cm−1 corresponds 

to asymmetric or symmetric vibrations of the C-H bond in 
the -CH2- group. In addition, the peaks at approximately 
1748   cm−1, 1400   cm−1, and 1250   cm−1 indicated C = O 
stretching vibration, -CH3 bending vibration, and C-O bend-
ing vibration, respectively. After carbonization, the peaks of 
NSAC 2928  cm−1, 2845  cm−1, 1400  cm−1, and 1250  cm−1 
disappeared, which could be related to the breaking of chem-
ical bonds in organic compounds during the carbonization 
process. The presence of C = O, C-O, C = C, C-H, and O–H 
bonds can confirm the presence of methyl, carbonyl, and 
hydroxyl structures on the NSAC surface, which might affect 
the adsorption of dyes on NSAC activated carbon.

In the XRD pattern of NSAC (Fig. 3b), two broad peaks 
are found at 23.57 and 42.46, and each corresponding to 

Fig. 2  N2 adsorption/desorption 
isotherms (a) and the average 
pore diameter of the NSAC (b)

Fig. 3  Characteristics of NSAC. 
a: Infrared spectrum; b: XRD 
pattern; c: Raman spectrum
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the (002) plane and (100) plane, indicating that the synthe-
sized carbon was amorphous in nature [29]. In the Raman 
spectrum (Fig. 3c), two distinct broad peaks, including the 
D-band (1354  cm−1) and G-band (1589  cm−1), were ascribed 
to  sp3 hybridized carbon with a disordered state and  sp2 
hybridized carbon with an ordered structure, respectively. 
The intensity ratio of the D-band to the G-band  (ID/IG) was 
1.08, which was consistent with the amorphous structure in 
the XRD results that the defects in the compound were due 
to the  SP2 carbon network and the C = C bond or aromatic 
carbon [30].

3.3  Optimal conditions for adsorbing dye solution

To obtain the optimal adsorption conditions, the adsorbent 
dosage must be determined. The effect of adsorbent dosage 
on removal efficiency was studied using active carbon in five 
different amounts ranging from 0.1 to 0.8 g  L−1, each in a 
10 mL dye solution with a concentration of 10 g  mL−1. The 
effect of the adsorbent dose on the removal efficiency per-
centage of the dye solution is shown in Fig. 4a. The results 

indicated that the adsorption efficiency of NSAC increased 
from 67.87% to 92.13% for Sudan red G, from 69.24% to 
95.57% for Sudan I, from 78.91% to 90.06% for Sudan II, 
and from 76.54% to 91.75% for Sudan red 7B with increas-
ing doses from 0.1 to 0.4 g  L−1. This should be attributed to 
the fact that the gradual increase in the dose of adsorbent, as 
predicted by many documents, could increase the availability 
of active sites due to the high surface area, resulting in an 
increase in the adsorption removal efficiency. Nevertheless, 
an adsorbent value higher than 0.4 g  L−1 had little effect on 
dye adsorption. Furthermore, an excessive amount of adsor-
bent might cause the aggregation of particles and result in a 
decrease in the adsorption capacity of the adsorbent. Based 
on the above experiments, 0.4 g  L−1 was selected as the opti-
mal dose of NSAC, achieving an average removal efficiency 
of 92.42% for the four dyes.

Adsorption temperature has an effect on the chemical 
structure of the activated carbon surface and the activity 
of functional groups. In addition, the change in the solu-
tion temperature could also affect the thermal movement of 
the analytes in the water. Under an initial dye concentration 

Fig. 4  Effect of adsorption conditions on dye removal. a: adsorbent dose (0, 0.2, 0.4, 0.6, and 0.8 g L.−1); b: adsorption temperature (20, 30, 40, 
50, and 60℃); c: pH of the adsorption solution (2, 3, 5, 7, and 9)
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of 10 μg  L−1 and original pH values, the effect of adsorp-
tion temperature was examined by using different adsorp-
tion temperatures (20, 30, 40, 50, and 60℃) and a constant 
NSAC amount (0.4 g  L−1). It can be seen in Fig. 4b shows 
that the adsorption efficiency increased as the temperature 
increased. When the temperature was raised to 50 °C, the 
increasing trend of the removal efficiency was basically sta-
ble. The results illustrated that the removal rate increased 
with increasing temperature, indicating that high tempera-
ture promotes the adsorption of NSAC with dyes and is an 
endothermic process, which is consistent with the endother-
mic conclusions obtained in thermodynamic studies. As a 
consequence, an adsorption temperature of 50 °C was cho-
sen for further experiments.

The change in the pH value of the solution could affect 
the existing state of the molecule and the existing form of the 
surface charge of the biomass carbon, which is an important 
factor affecting the adsorption effect. By using a constant 
initial dye concentration (10 μg  mL−1) and NSAC amount 
(0.4 g  L−1) at an adsorption temperature of 50 °C, the pH 
impact was investigated by taking various pH values from 2 
to 9 (Fig. 4c). As the pH value increased from 2.0 to 9.0, the 
removal percentage of NSAC for dye adsorption decreased 
gradually in general and achieved a maximum pH of 3.0 
(zeta potential -7.78 mV). The high dye removal efficiency 
% (88.6–97.84%) at low pH values could be explained by π-π 
interactions and hydrogen bonds between dyes and NSAC, 
and the presence of  H+ ions could promote the adsorption 
of dye solutions. However, when the pH of the solution 
was changed from neutral to alkaline, the removal percent-
age dropped sharply, which could be due to the binding of 
 OH− ions with the cation charge sites of dye molecules, 
resulting in competition between the  OH− ions and the active 
sites of biological carbon. As a consequence, the value of 
pH 3 was selected for use in further kinetics and isotherm 
experiments.

3.4  Adsorption kinetics of NSAC

A high adsorption rate in addition to a high adsorption 
capacity is a key parameter for evaluating adsorbents. To 
obtain detailed information about adsorption equilibrium 
time and adsorption effects, the contact time between 
adsorbents and adsorbents of different concentrations 
was studied. The variations in the adsorption capacity of 
NSAC adsorption at different initial dye concentrations 
of 5, 7.5, 10, 12.5, and 15 mg  L−1 were evaluated using 
adsorption capacities  (qt) as a function of contact time 
(t) varying from 0 to 16 min, and the results of Sudan 
Red G (a), Sudan I (b), Sudan II (c) and Sudan Red 7B 
(d) are illustrated in Fig. 5. For Sudan Red G, the pro-
cess reached equilibrium after 16 min with capacities of 
12.5, 18.11, 24.22, 30.1 and 34.57 mg  g−1, increasing with 

concentration, and the other three analytes, Sudan I, Sudan 
II, and Sudan Red 7B, had similar kinetic behaviors. The 
higher initial concentration of the solution was accompa-
nied by a higher equilibrium adsorption capacity, which 
could be attributed to the rapid transfer of dye molecules 
to the vacancies on the NSAC surface and the high driv-
ing force. In addition, the adsorption of dyes onto NSAC 
occurred rapidly, showing high  qt values at relatively short 
times. This could be caused by the large surface area and 
abundant active sites of NSAC.

To study the kinetics of the adsorption process of the four 
dyes by NSAC and explain the adsorption rate and adsorp-
tion mechanism, three widely reported kinetic models, the 
pseudofirst-level model (Eq. (4)), the pseudosecond-level 
model (Eq. (5)) and intraparticle diffusion (Eq. (6)), were 
investigated using linear regression based on experimental 
data:

where  qe (mg  g−1) and  qt (mg  g−1) are the amount of dyes 
adsorbed onto NSAC at equilibrium and a random time t 
(min), respectively.  k1  (min−1) and  k2 (g  mg−1  min−1) are the 
rate constants of the pseudofirst-order and pseudosecond-
order models, respectively. C is the constant related to the 
thickness of the boundary layer, and  ki is the intraparticle 
diffusion rate constant (mg  g−1·min−0.5). The values of  k1 
and  qe could be estimated from the linear plot of log  (qe-qt) 
versus t, respectively. The slope and the intercept obtained 
from the curve of t/qt against t allowed the calculation of  k2 
and  qe, respectively. By plotting a curve of  qt versus  t0.5, the 
values of  ki and C could be calculated.

The pseudofirst-level and pseudosecond-level models’ 
linear curves are illustrated in Fig. 6(a, b), respectively. The 
information about the model parameters of the kinetic equa-
tions and fitting coefficient of correlation  R2 were meas-
ured on the determination of the linear plot of models, and 
the results are displayed in Table 1. Obviously, the  qe (cal) 
values obtained from the pseudosecond-order model were 
closer and identical to the experimental values  qe (exp) for 
the dye adsorption test, which implied that the adsorption 
process could be controlled by chemical adsorption and 
involved electron transfer and sharing between the NSAC 
surface groups and the dye molecules [31]. In addition, 
compared to the value obtained using the pseudofirst-order 
model, this model showed a higher and closer  R2 value to 1. 
Therefore, the pseudosecond-order kinetic equation is the 

(4)log(qe − qt) = log qe −
k1t

2.303

(5)
t

qt
=

1

k
2

q2
e
+

t

qe

(6)qt = kit
0.5 + C
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best fitting kinetic model for describing the adsorption pro-
cess between NSAC and dye solution.

For solid adsorbents with obvious pores on the material, 
NSAC is permeable to the dye molecules onto the surface, so 
the external mass transfer, intraparticle diffusion, and satura-
tion still play an important role in the adsorption process. 
As shown in Fig. 6c and Table 2, the plot of qt versus  t1/2 
was divided into two separate linear portions rather than 
one straight line, indicating that intraparticle diffusion is not 
the only rate-controlling step and that two or more factors 
affect the adsorption process. The steep slope observed in 
the first straight section indicated that the interparticle dif-
fusion appeared as a rapid outer diffusion step. In addition, 
the first straight line did not pass through the origin with 
positive intercepts, showing that both interparticle diffusion 
and external mass transfer were involved in the adsorption 
of the dye solution. The second linear part indicates intra-
particle diffusion (the dye diffusion within the pores of the 
NSAC) and adsorption equilibrium. When the dye molecules 
were transferred from the surface to the adsorbent pores, 
the diffusion resistance increased, so the diffusion speed 
decreased. With decreasing dye concentration, the diffusion 
rate decreased, and the diffusion process achieved the final 
equilibrium stage.

3.5  Adsorption isotherm studies of NSAC

To study the effects of temperature on the adsorption 
performance of dyes on NSAC, two commonly used iso-
therm models, Langmuir and Freundlich, are employed 
to describe how the adsorbed molecules interact with the 
adsorbent [32, 33]. The Langmuir isotherm model is one of 
the typical representatives of nonlinear adsorption theoreti-
cal treatment methods and is used to describe the phenom-
enon that the absorption process occurs on a completely 
uniform and uniform energy surface through monolayer 
adsorption, and there is no interaction between adsorbed 
molecules. The Langmuir isotherm model can be pre-
sented as Eq. (7). The Freundlich isotherm is a nonlinear 
adsorption theoretical model that is utilized to confirm the 
adsorption strength of the adsorbent surface with an incom-
plete energy distribution and proposes a multilayer adsorp-
tion mechanism accompanied by the interaction between 
adsorbed molecules. The common formula of this model 
is given in Eq. (8).

(7)
1

qe
=

(

1

KLqmax

)

1

Ce

+
1

qmax

Fig. 5  Effects of different adsorption times and initial concentrations on (a) Sudan Red G, (b) Sudan Red I, (c) Sudan Red II, and (d) Sudan Red 
7B adsorbed on NSAC
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Fig. 6  The pseudofirst-level (a) and pseudosecond-level (b) models’ linear curves and linear fitting curves for the intraparticle diffusion Model 
(c)

Table 1  Kinetic parameters of 
dye adsorption by NSAC

Dyestuff qe (exp) First-order kinetic model Second-order kinetic model

qe (cal) k1  (min−1) R2 qe (cal) k2 (g  mg−1  min−1) R2

Sudan red G 24.22 14.72 0.28 0.9201 23.75 0.0018 0.9993
Sudan I 24.32 16.71 0.30 0.9378 26.12 0.0015 0.9994
Sudan II 24.38 14.16 0.19 0.9558 25.02 0.0016 0.9995
Sudan red 7B 23.99 17.18 0.24 0.9555 30.13 0.0011 0.999

Table 2  Parameters of the 
intraparticle diffusion model for 
dye adsorption by NSAC

kip1 (mg 
 g−1  min−0.5)

C1 R2 kip 2 (mg 
 g−1  min−0.5)

C2 R2

Sudan red G 0.8227 12.0857 0.943 1.8632 16.875 0.9154
Sudan I 6.9961 4.4507 0.9461 1.8323 17.284 0.9568
Sudan II 12.5104 2.8769 0.8584 2.1481 16.2468 0.9429
Sudan red 7B 15.3311 4.6 0.9721 1.924 16.7302 0.9073
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where  KL (L  mg−1) is the Langmuir equilibrium adsorption 
constant related to affinity,  qmax (mg  g−1) is the maximum 
dye uptake under the operating conditions, and the values 
of  KL and  qmax could be calculated by plotting a linear plot 
of 1/qe against 1/Ce (Fig. 7a). Additionally, the separation 
factor  RL, which was calculated to determine the adsorption 
process information about the shape of the isotherm, could 
be obtained using Eq. (9). n and  KF (L  mg−1) are the Freun-
dlich adsorption constants and are related to the adsorption 
intensity and the adsorption capacity, respectively. A plot of 
ln  qe against ln  Ce gives a line with an intercept of  KF and a 
slope of 1/n (Fig. 7b).

The adsorption results at equilibrium obtained by the non-
linear equations of the Langmuir and Freundlich isotherm 
models are displayed in Table 3 and were calculated from 
Fig. 7. The equilibrium data obtained in the Langmuir model 
had a higher  R2 value close to unity than that of the Freun-
dlich isotherm model, which indicated that dye adsorption 
on NSAC is a homogeneous monolayer adsorption process 

(8)lnqe =
1

n
lnCe + lnKF

(9)RL =
1

KLC0
+ 1

with uniform free energy change. Moreover, the maximum 
adsorption capacities of the four dyes on NSAC calculated 
according to the Langmuir adsorption model were 36.19, 
35.64, 34.60 and 38.97 mg  g−1 for Sudan Red G, Sudan 
I, Sudan II and Sudan Red 7B, respectively, demonstrat-
ing that NSAC had excellent adsorption performance. The 
high intercept values correspond to the binding energy  (KL) 
of adsorption, which reflects the strong binding affinity of 
NSAC toward dye molecules. In addition, the determined 
values of  RL were in the range from 0.0078 to 0.0231 with 
a low value, implying a favorable and irreversible process 
of adsorption.

3.6  Thermodynamic study of NSAC

The proper calculation of thermodynamic variables is 
an indispensable and important step in the study of the 
adsorption process. There are many theoretical methods 
for evaluating the thermodynamic variables involved in 
the adsorbate/adsorbent system, which usually rely on 
the application of reaction equilibrium constants. To 
understand the mechanism of the dye adsorption pro-
cess on NSAC, the thermodynamics of the adsorption 
process were investigated by varying the temperature 
range from 30 to 50℃. Thermodynamic parameters viz. 

Fig. 7  Langmuir isotherm Model (a) and Freundlich isotherm Model (b)

Table 3  Parameters of the 
Langmuir and Freundlich 
adsorption isotherm models for 
dye adsorption by NSAC

Langmuir isotherm model Freundlich isotherm model

qm (mg  g−1) KL (L  mg−1) R2 KF (L  mg−1) n R2

Sudan red G 36.1925 8.2725 0.9878 35.8162 2.8345 0.9467
Sudan I 35.6379 10.3926 0.9738 37.2034 2.8490 0.9861
Sudan II 34.6021 12.7313 0.9609 41.6250 2.6483 0.9942
Sudan red 7B 38.9712 4.2204 0.9940 32.0469 2.4740 0.9727
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The equilibrium constant value  (K0), standard Gibbs 
free energy (ΔG0), enthalpy change (ΔH0) and entropy 
change (ΔS0) could provide useful information about the 
internal energy changes related to the adsorption process, 
which are determined from the best fitting isotherm using 
Eq. (10) and Eq. (11).

where  K0 is the equilibrium constant, T and R are the 
absolute temperature (K) and the universal gas constant 
(8.314 J  mol−1·K), respectively. Both ΔH0 and ΔS0 could 
be calculated from the plot of  lnK0 against 1/T.

The results illustrated in Table  4 show that the 
adsorption equilibrium constant values of the four dyes 
increased with increasing temperature, indicating that 
the temperature promoted the adsorption of dyes. The 
calculated positive ΔH0 value of dye adsorption indi-
cated that the adsorption process of dye molecules onto 
NSAC had endothermic properties, explaining that the 
adsorption capacity increased with increasing tempera-
ture. In addition, ΔS0 was also positive, which meant 
that the endothermic interaction between the dye and 
the adsorbent increased the randomness of the adsorp-
tion of the dye on the NSAC. Finally, the negative value 
of ΔG0 obtained at higher temperatures indicated that 
the dye adsorption removal process performed at dif-
ferent temperatures is very feasible, more spontaneous, 
and extremely beneficial at higher temperatures. Moreo-
ver, the fact that ΔG0 values decreased with increasing 
adsorption temperature also explains the endothermic 
nature of dye adsorption on NSAC.

(10)ΔG0 = −RT ln K
0

(11)ln K
0
= ΔS0∕R − ΔH0∕RT

3.7  Regeneration and real sample studies

For activated carbon to be more economical, feasible and 
applicable, it should have a higher regeneration potential. 
Therefore, its reusability should be evaluated in practical 
applications. Usually, desorption experiments are carried 
out to investigate the feasibility of activated carbon reuse, 
and the adsorbate is desorbed from the adsorbent with the 
help of agitation and chemical eluent in the desorption pro-
cess. Figure 8 shows the effect of the regeneration cycle of 
NSAC using ethanol as the eluent on the dye adsorption effi-
ciency under optimized conditions. After 3 cycles of reuse, 
the relative recoveries of the prepared NSAC decreased 
from 96.96 to 90.34% for Sudan Red G, 97.83% to 82.49% 
for Sudan I, 97.1% to 72.29% for Sudan II and 94.03% to 
68.24% for Sudan Red 7B, which proved that NSAC was a 
good adsorbent with excellent reusability and stability. To 
evaluate the practicability and versatility of the adsorbent, 
NSAC was used in dye solution adsorption experiments 
with chrysanthemum and egg samples as the matrix. The 
relative recoveries of chrysanthemum and egg ranged from 
88.57% to 100.14% and 86.27% to 110.81%, respectively. 
Consequently, NSAC was successfully applied to remove 
dyes from chrysanthemum and egg samples.

3.8  Comparison of other activated carbons

To evaluate the adsorption capacity of activated carbon 
synthesized from Nelumbinis stamen as a precursor for 
dyes, it was compared with the adsorption performance of 
activated carbon synthesized from different food wastes for 
different dyes reported in the literature, and the results are 
shown in Table 5. As shown in the table, various food wastes 
were applied as precursors for the preparation of activated 

Table 4  Thermodynamic parameters of NSAC-adsorbed dyes

Dyestuff Temperature 
(K)

lnK0 ΔG0 ΔH0 ΔS0

(kJ  mol−1) (kJ  mol−1) (kJ  mol−1  K−1)

Sudan red G 303 3.2642 -8.223 42.910 172.13
313 4.0232 -10.470
323 4.7186 -12.671

Sudan I 303 3.8067 -9.590 28.429 126.02
313 4.3708 -11.374
323 4.5011 -12.087

Sudan II 303 3.6605 -9.221 37.873 156.04
313 4.3649 -11.358
323 4.5866 -12.317

Sudan red 
7B

303 2.8767 -7.247 25.867 109.41
313 3.2513 -8.461
323 3.5115 -9.430

Fig. 8  The effect of the regeneration cycle of NSAC
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carbon, such as cherry tree, macadamia husk, durian seeds, 
Rambutan peels, and argan nutshell. The prepared activated 
carbon was employed for the adsorption of different dyes, 
such as cationic red 14 dye, malachite green, methyl orange, 
methylene blue, and rhodamine B. In contrast, this work is 
the first time that Nelumbinis stamen has been employed as 
a precursor to activated carbon, and the activation time is 
relatively short. Meanwhile, this is also the first time that 
activated carbon has been used for the adsorption of Suda-
nese dyes. The results demonstrated that NSAC was quite 
effective in the adsorption of Sudan Red G, Sudan I, Sudan 
II and Sudan Red 7B with maximum adsorption capacities 
of 36.19, 35.64, 34.60 and 38.97 mg  g−1, respectively, indi-
cating that Nelumbinis stamen could be used as one of the 
most promising activated carbon precursors for the adsorp-
tion of Sudan dyes.

4  Conclusion

In this work, a novel activated carbon prepared by 
Nelumbinis stamen was successfully applied as an 
efficient and economical adsorbent, which possessed a 
large specific surface area (732.98  m2  g−1) and showed 
high adsorption ability for Sudan dye removal from 
plants and eggs. Together with kinetic and thermody-
namic studies, dye adsorption on NSAC in an aque-
ous solution was performed by studying the influence 
of adsorbent dosage, adsorption temperature, and pH. 
The adsorption process reached adsorption equilib-
rium within 16 min for the studies performed in this 
paper. The kinetic and equilibrium data showed that 
dye adsorption onto the NSAC could be described by 
pseudosecond-order and Langmuir models, respectively. 
Additionally, the calculated thermodynamic parameters 
revealed that dye adsorption onto the NSAC was endo-
thermic, and the spontaneous nature of the adsorption 
process was supported by the negative values of ΔG0. 

After 3 recycling cycles, the removal efficiency of 
Sudan dyes was still above 68%. In general, Nelumbi-
nis stamen is a promising activated carbon precursor 
with great potential for application in the treatment of 
wastewater containing Sudan dyes and even other types 
of wastewater.
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