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a b s t r a c t
We investigated the adsorption of sunset yellow (SY) in water by luffa sponge (LC)-based materials. 
Modified luffa sponge (MLC) and luffa sponge activated carbon (LAC) were prepared by chem-
ical modification and H3PO4 activation, respectively, followed by charring. Dried LC adsorbs SY 
poorly through a physical adsorption process, with an equilibrium adsorption capacity of 14 mg/g 
at 298 K. MLC and LAC showed substantially improved adsorption of SY. The maximum equilib-
rium adsorption capacity of MLC for SY reached 137 mg/g – 9.78 times that of raw luffa – and this 
adsorbent had a maximum removal rate of 99.9%. The adsorption capacity of LAC for SY was even 
higher, with the maximum equilibrium adsorption rate reaching 476.19 mg/g and the maximum 
removal rate exceeding 99% at 298 K. The kinetics of absorption fit the pseudo-second-order kinetic 
equations for the three adsorbing agents, which suggests that the main limiting factor for adsorption 
is the adsorption mechanism. The isotherm curves for the three adsorbents fit the Langmuir iso-
therm equation with correlation coefficients above 0.99, which indicates the adsorption is monolayer 
adsorption.
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1. Introduction

With the rapid growth of the Chinese economy and the 
improvement of people’s livelihoods, there is increasing 
demand for water for industrial, agricultural and domestic 
use. Industrial wastewater is a leading source of environ-
mental pollution, and dye wastewater is the most serious 
pollutant. Dyes are used in textiles, leather, papermaking, 

pharmaceuticals, food processing and industrial produc-
tion [1,2], and the main types of dyes in current commod-
ities are anionic, cationic and nonionic dyes. Dyes can 
produce a huge amount of sewage in production pro-
cesses, with the discharge of dye wastewater accounting 
for around 35% of the gross discharge of industrial waste-
water in China. This has become particularly important in 
recent years because of the booming textile industry [3]. 
An effective way to treat dye wastewater is thus urgently 
needed.
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Dye wastewater lowers the light permeability of water 
bodies, interfering with the photosynthesis of aquatic plants 
and retarding the growth of fauna and flora. Dyes can also 
jeopardise human health through biological accumulation in 
the food chain. Dye wastewater is complicated in composi-
tion, highly stable and not easily biodegradable. In addition, 
some dyes and their degradation products are highly toxic or 
very likely to cause deformation, cancer and mutation [3–5]. 
Sunset yellow (SY), an anionic dye mainly used for food and 
drug colouring, is one example. Consumption of large quan-
tities or sustained consumption of foods containing SY can 
result in damage to the liver or kidneys [6,7].

Current treatments for dye wastewater can be divided 
into physicochemical and biological approaches. The most 
common treatments include adsorption, biological, chemi-
cal coagulation, chemical oxidation and electromechanical 
methods. Adsorption methods boast a series of advantages, 
for example, easy operation, extensive pH adaptability and 
no secondary pollution. For these reasons, adsorption meth-
ods are applied extensively with satisfactory effects [8–10]. 
Common adsorbents include ion-exchange fibres, indus-
trial waste (e.g., coal ash and residue) and activated carbon. 
However, ion-exchange fibres are not applicable to nonionic 
dyes. Although coal ash and residue that have cellular struc-
tures are excellent adsorbents, their small specific surface areas 
make them less suitable for wastewater treatment [11–13]. 

Luffa is a crop mainly planted in temperate and subtrop-
ical areas, with large-scale cultivation across southern and 
northern China. Luffa has high value as a food source and 
for medical uses. Dried ripe luffa sponge (LC) is mainly com-
posed of cellulose, hemicellulose and lignin. Cellulose and 
lignin are considered the best materials for the preparation of 
activated carbon. Ripe LC has large pores and a large specific 
surface area, which make it a natural adsorbent with good 
absorbency that can be modified or carbonised for the treat-
ment of dye wastewater [14,15].

This study investigated the adsorption of SY by LC, mod-
ified luffa sponge (MLC) and luffa sponge activated carbon 
(LAC). The surface structures of the materials were analysed 
using scanning electron microscopy (SEM), and the structures 
of the surface functional groups were examined by infrared 
spectroscopy. The adsorption mechanisms were explored on 
the basis of pseudo-kinetic models, isothermal adsorption 
models and adsorption thermodynamics. This study contrib-
utes to the idea of using low-cost agricultural by-products, 
waste and activated carbon prepared from these materials for 
the purification of dye wastewater.

2. Materials and methods

2.1. Materials and chemicals

Luffa was obtained from a local market in Jinan Province, 
China. The seeds of dried LC were removed and crushed 
into particles with a grain diameter of 1–2 mm. Then, N,N-
dimethylformamide and polyepichlorohydrin, each with a 
volume five times that of the seeds, ethanediamine with a 
volume four times that of the seeds, and triethylamine with 
a volume twice that of the seeds were sequentially poured 
into a beaker [16]. The ground LC seeds were added with 
a final ratio of 1:30 (mass of LC to volume of mixed liquid). 

The liquid mixture was placed in a standing-temperature cul-
tivator at 80°C to allow chemical reaction for 7 h. The solids 
were collected and rinsed with deionised water until the fil-
trate was neutral. The solid was dried at 70°C for 12 h and 
cooled to room temperature to give the MLC adsorbent.

Clean LC was dried for 12 h at 100°C before being 
crushed into particles with an appropriate grain diameter 
using a grinder, and then dried for 12 h at 120°C for later 
use. The dried LC was soaked in 1:1 phosphoric acid solution 
for 12 h, with an LC mass to solution ratio of 1:5. This chem-
ical activation was expected to increase the carbon yield and 
create a porous structure, and activation of the material with 
phosphoric acid may therefore have resulted in activated 
carbon with a high adsorption capacity [17]. The solids were 
dried for 1 h at 450°C, and then the cooled carbonised LC was 
rinsed with distilled water until the pH value was approx-
imately 7. The rinsed material was dried for 12 h at 120°C 
and then cooled. Finally, the dried material was placed in a 
mortar for grinding and sieved to obtain LAC [18,19].

SY (CAS# 2783-94-0) was supplied by Sinopharm 
Chemical Reagent Co., Ltd., Shanghai, China, and used as 
received. SY has a molecular weight of 452.38 g/mol and 
a chemical formula of C6H10N2Na2O7S2. A stock solution 
(1,000 mg/L) of SY in distilled water was prepared and 
diluted as required. All other chemicals used were analytical 
grade. Distilled water was used throughout the experiment 
to prepare the solutions.

2.2. Physical characteristics of the adsorbent

The specific surface area and pore structure of LC, MLC 
and LAC were determined using a scanning electron micro-
scope (SUPRA™ 55, Zeiss, Germany), a pore-size automatic 
analyser (Quadrasorb SI, Quantachrome, USA) with the N2 
static adsorption capacity method and a surface area analy-
ser (Quantachrome), respectively. Samples were dried for 3 h 
at 0.133 Pa and 100°C. The adsorption–desorption isotherm 
line of N2 was measured at 77 K. The total specific surface 
area was determined with the Brunauer–Emmett–Teller 
(BET) method. The pore-size distribution was obtained from 
density functional theory calculations. The total pore volume 
was calculated using the built-in software of the pore-size 
automatic analyser.

2.3. Adsorption equilibrium and removal rate

The adsorption characteristics of LC, MLC and LAC 
were tested using SY (λmax = 482 nm). Solutions of different 
SY concentrations were prepared by diluting the stock solu-
tion with distilled water according to specific experimental 
demands. Absorbents were mixed with SY solution and fil-
tered through a membrane after adsorption. The absorbency 
of the filtrate at 482 nm was measured using a spectropho-
tometer, and the concentration of SY dye in the solution was 
calculated based on a standard curve. The removal rate η and 
equilibrium adsorption capacity Qe (mg/g) were calculated 
with Eqs. (1) and (2), respectively:

η(%) %=
−

×
C C
C

e0

0

100
�

(1)
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where C0 and Ce represent the initial concentration of the 
dye and the concentration at adsorption equilibrium (mg/L), 
respectively; V represents the solution volume (L) and W 
represents the mass of the adsorbent (g).

2.4. Adsorption kinetics

The experimental adsorption data were fitted to 
pseudo-first-order, pseudo-second-order and intra-particle 
diffusion models.

The pseudo-first-order kinetic model is extensively used 
to describe adsorption kinetics in aqueous solution. The the-
oretical basis for the model is that the adsorption rate is influ-
enced by solution concentration and adsorption capacity, 
and the limiting factor for adsorption is intra-particle mass 
transfer resistance. The pseudo-first-order kinetic model can 
be expressed as follows [20]:

ln( ) lnQ Q Q k te t e− = − 1 � (3)

where Qt is the adsorption quantity (mg/g) at time t and k1 is 
the pseudo-first-order adsorption rate constant (1/min). The 
value of k1 is obtained from the slope of the fitted straight line 
of a graph with t as the x-coordinate and ln(Qe – Qt) as the 
y-coordinate.

The pseudo-second-order kinetic equation is also widely 
used to describe adsorption kinetics. According to this 
model, the adsorption mechanism is the limiting factor, 
and intra-particle mass transfer does not limit the progress 
of adsorption. The expression for the pseudo-second-order 
kinetic equation is as follows [21]:

t
Q k Q Q

t
t e e

= +
1 1

2
2

�  
(4)

where V k Q0 2
2= e .

In Eq. (4), V0 represents the initial adsorption rate of the 
adsorption process (mg/g min) and k2 represents the pseu-
do-second-order adsorption rate constant (g/mg min). The 
values of Qe, k2 and V0 can be obtained from the slope and 
intercept of the fitted straight line of a graph with t as the 
x-coordinate and t/Qt as the y-coordinate.

The particle diffusion equation describes adsorbate 
transfer from the solution to the solid surface as occurring 
mainly through intra-particle diffusion, which controls the 
adsorption rate in a variety of adsorption processes. The exis-
tence of these control processes can be achieved using the 
intra-particle diffusion equation [22]: 

Q k t Ct p= +1 2/

�  (5)

where kp represents the rate constant for the intra-particle 
diffusion equation (mg/g min1/2) and C represents the inter-
cept, which reflects the thickness of the boundary layer. 

Smaller values of C correspond to a smaller effect of the 
boundary layer on the adsorption. The values of kp and C 
can be obtained from the slope and intercept of the fitted 
straight line of a graph with t1/2 as the x-coordinate and Qt as 
the y-coordinate. A straight line passing through the origin 
(C = 0) shows that the only factor controlling the adsorption 
rate is the intra-particle diffusion process.

2.5. Adsorption isotherms

The Langmuir adsorption isotherm equation is mainly 
used to describe monolayer adsorption, with the general 
expression (Eq. (6)) and linear form (Eq. (7)) as follows [23]:

Q
Q K C
K Ce

m L e

L e

=
+1 �

(6)

C
Q Q K Q

Ce

e m L m
e= +

1 1

� (7)

where KL represents the Langmuir constant (L/mg), which 
reflects the adsorption rate and Qm represents the maximum 
adsorption capacity of the adsorbent (mg/g). Qm and KL val-
ues are obtained from the slope and intercept, respectively, of 
the fitted straight line of a graph with Ce as the x-coordinate 
and Ce/Qe as the y-coordinate.

The Freundlich isotherm equation is based on a theory of 
multi-layer molecular adsorption, and assumes that there are 
multiple correlations between adsorbate and adsorbent. The 
general expression (Eq. (8)) and linear expression (Eq. (9)) for 
the Freundlich isotherm equation are as follows [24]:

Q K Ce F e
n=
1

� (8)

ln ln lnQ K
n

Ce F e= +
1

�
(9)

where KF is the Freundlich constant (mg/g) with 1/n, which 
represents the adsorption capacity and n represents the 
adsorption intensity. Larger values of n indicate better 
adsorption performances. The value of n is obtained from the 
slope of the fitted straight line, and that of KL is obtained from 
the intercept of the fitted straight line of a line graph with 
lnCe as the x-coordinate and lnQe as the y-coordinate.

Eq. (10) gives the Dubinin–Radushkevich (D–R) equation 
[25]:

ln ln   lnQ Q RT
Cee m= −βε ε2 1 1

= +( )
�  

(10)

where E = (2β) –1/2.
In Eq. (10), R represents the ideal gas constant 

(8.314 J/mol K); β represents the adsorption energy constant 
(kJ2/mol2); T represents the thermodynamic temperature (K), 
ε represents the Polanyi potential and E represents the aver-
age adsorption free energy (kJ/mol). The values of Qm and β 
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are obtained from the intercept and slope, respectively, of the 
fitted straight line of a graph with lnQe as the y-coordinate 
and ε2 as the x-coordinate, and the value of E can be calcu-
lated according to Eq. (10).

2.6. Adsorption thermodynamics

The thermodynamic state function of adsorption involves 
the following parameters: enthalpy change (ΔH, kJ/mol), entropy 
change (ΔS, J/mol K) and free energy change (ΔG, kJ/mol), and 
these can be calculated with Eqs. (11) and (12) [26].

∆G RT K= − ln �  (11)

lnK S
R

H
RT

=
∆ ∆

−
�

(12)

The value of K can be obtained from the isotherm model 
calculation. ΔH is obtained from the slope and ΔS from the 
intercept of the fitted straight line of a graph with 1/T as the 
x-coordinate and lnK as the y-coordinate.

3. Results and discussion

3.1. Analysis of adsorbent characteristics

LC has many irregular structures on its surface, as shown 
in the SEM images before and after modification (Figs. 1(a) 
and (b), respectively), which give LC a high specific surface 
area and good adsorption capacity. Substantial chemical 
changes, which are consistent with chemical modifica-
tion, take place on the surface of modified LC and change 
its structure (Fig. 1(b)). The surface of LAC is uneven, with 
large gaps and some pore structures (Fig. 1(c)), which greatly 
increase the specific surface area [27]. The BET specific sur-
face area of LC before and after modification was 10.12 and 
5.19 m2/g, respectively. Although modification lowered the 
specific surface area of MLC, the maximum equilibrium 
adsorption capacity of SY increased substantially. This sug-
gests that the enhanced adsorption capacity is because of 
chemical factors, which indicates that the adsorption pro-
cess is chemical adsorption and best simulated by the D–R 
equation [28]. The specific surface area of activated carbon 
increased to 834 m2/g, 82 times that of LC, which suggests 
that the drastic increase in the specific surface area is a major 
contributing factor to the great improvement in the adsorp-
tion capacity for SY.

The pore-size distribution curve for activated carbon can 
be obtained from the nitrogen adsorption–desorption iso-
therm. Fig. 2 shows the pore-size distribution of LAC. The 
pores of activated carbon are mainly 1.0–2.0 nm micropores 
and 2.0–50 nm mesopores. The specific surface area of the 
activated carbon was calculated as 834 m2/g, of which 31.2% 
and 68.8% are present as micropores and mesopores, respec-
tively, indicating that LAC has a typical mixed micropore–
mesopore structure. Micropores play a key role in accelerat-
ing the adsorption process through capillary condensation, 
which enhances the adsorption performance of activated car-
bon to a total pore capacity of as high as 1.012 cm3/g [29]. This 
structure gives LAC distinct adsorption advantages.

The infrared spectra of LC, MLC and LAC are shown in 
Fig. 3. The bands at 2,920 and 1,460 cm–1 correspond to the 
stretching vibration of –CH3, with considerable changes tak-
ing place on both sides of the two wave bands for MLC and 
LAC [16]. The 3,429 cm–1 band corresponds to the stretch-
ing vibration of –OH. The 1,738 and 1,650 cm–1 absorptions 

(a)

(b)

(c)

Fig. 1. Surface figure of (a) LC, (b) MLC and (c) LAC.
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correspond to the stretching vibration of aldehyde groups 
and the C=O in amides. The 1,057 and 1,253 cm–1 peaks corre-
spond to ether bonds, and show great changes after modifi-
cation. There may thus be an increase in the number of ether 
bonds after modification [14]. The 558 cm–1 band corresponds 
to the –CH functional group in o-xylene, which does not show 
any considerable changes after modification [30]. The above 
results show that the notable enhancement of the adsorption 
capacity of MLC for SY may be the result of changes in the 
functional groups, particularly in the methyl and ether bonds 
[31]. These functional groups thus appear to play a key role 
in the adsorption of SY.

3.2. Effect of adsorbent dosage

The influence of the dosage of LC on the equilibrium 
adsorption capacity and removal rate of SY is shown in 
Fig. 4(a). The removal rate rises continuously with increas-
ing adsorbent dosage, but the equilibrium adsorption capac-
ity remains almost unchanged. This phenomenon can be 

explained as follows: more dye is adsorbed as the number of 
adsorption sites increases with increasing LC dosage, which 
leads to the rise in the removal rate; however, the equilib-
rium adsorption capacity remains unchanged despite the 
increased LC dosage when the adsorption reaches saturation 
[32]. A 2.0 g/L dose was chosen as optimal after considering 
the cost of the adsorbent and the rate of removal, and this 
dose was used for all further experiments.
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Fig. 4. Effect of adsorbent dosage on SY removal rates 
and equilibrium adsorption amount: (a) LC (pH = 1, 
C0 = 100 mg/L, t = 180 min, T = 25°C ± 1°C); (b) MLC (C0 = 200 mg/L, 
t = 180 min, T = 25°C ± 1°C) and (c) LAC (pH = 1, 
C0 = 200 mg/L, t = 180 min, T = 25°C ± 1°C).
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The influence of MLC dosage on the equilibrium adsorp-
tion capacity for SY is shown in Fig. 4(b). The removal rate 
increased with the adsorbent dosage, while the equilibrium 
adsorption capacity steadily decreased. The mechanism under-
lying this phenomenon is similar to that for LAC discussed 
below. The optimal dosage of this absorbent based on the 
removal rate and equilibrium adsorption capacity was 1.2 g/L. 

The influence of the LAC dosage on the equilibrium 
adsorption capacity for SY is shown in Fig. 4(c). The SY 
removal rate shows an initial rapid increase with increasing 
LAC dosage, and the increase gradually becomes slower. The 
cause of the increased removal rate with increasing LAC dos-
age can be ascribed to saturation of the adsorbent surface at 
low dosages, which corresponds to a fast initial removal rate 
[33]. The removal rate remains relatively stable as the removal 
approaches 100%. The equilibrium adsorption capacity grad-
ually decreases at higher dosages of LAC, which indicates 
that two factors (removal rate and equilibrium adsorption 
capacity) should be taken into account. Based on the above 
factors, the optimal dosage of activated carbon was 0.8 g/L. 
At the beginning of the adsorption, there were many avail-
able surface sites. The changes in the removal rate and 
adsorption capacity with increasing dosage were a result 
of saturation of the available surface sites. Repulsive forces 
between the solvated SY molecules resulted in no obvious 
differences between the adsorption capacities of SY on MLC 
and on LAC [34].

3.3. Effect of pH on absorption

The influence of pH on the adsorption capacity of LC for 
SY is shown in Fig. 5. The error in each data point was deter-
mined by multiple measurements and is relatively small. 
The removal rate and equilibrium adsorption capacity of 
SY by LC were greatly influenced by pH, with adsorption 
becoming more effective at low pH (Fig. 5(a)); this thus indi-
cates that the optimal pH value is 1. The percentage removal 
decreased as the pH increased; this is attributed to SY adsorp-
tion occurring through electrostatic interactions or hydrogen 
bonding with the various functional groups of the adsorbent 
[35,36]. The influence of pH on the adsorption capacity of 
MLC for SY is shown in Fig. 5(b). The pH had little impact on 
the equilibrium adsorption capacity and removal rate, and 
the pH was therefore left unadjusted for subsequent experi-
ments using MLC. In contrast, the pH had a notable influence 
on the removal rate and equilibrium adsorption capacity of 
LAC for SY (Fig. 5(c)), with better adsorption in strongly 
acidic conditions. This may be because the number of posi-
tively charged sites increases with increasing acidic strength, 
and these sites favour the adsorption of anionic SY molecules 
because of electrostatic attraction to the LAC surface [32,37]. 
The pH value was adjusted to 1 for subsequent experiments 
with LAC.

3.4. Effect of contact time and adsorption kinetics

The influence of the adsorption time on the removal rate 
of SY by LC, MLC and LAC is shown in Figs. 6(a)–(c), respec-
tively. The removal rate of SY increases continuously with 
increasing adsorption time, and reaches equilibrium after 
180 min. The adsorption rate was rapid for the first 90 min 

because of the presence of numerous vacant adsorption sites 
at the early stages of the process. The uptake became almost 
constant after agitating for 180 min for all concentrations; 
this could be because of the limited number of vacant sites 
and repulsive forces among the solvated molecules [38]. 
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Fig. 5. Solution pH effects on SY adsorption: (a) LC (sorbent 
dose = 2 g/L, C0 = 100 mg/L, t = 180 min, T = 25°C ± 1°C); (b) 
MLC (sorbent dose = 1.2 g/L, C0 = 400 mg/L, t = 180 min, T = 
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An equilibrium adsorption time of 180 min was used for all 
further experiments with the three adsorbents. Table 1 shows 
the kinetic fit results for the adsorption of SY by LC, MLC 
and LAC. Based on the correlation coefficients, the equi-
librium adsorption capacity of all three adsorbents is best 
described by the pseudo-second-order kinetic model. This 
suggests that the adsorption mechanism, not intra-particle 
mass transfer resistance, is the limiting factor for the adsorp-
tion capacity of the three adsorbents. The kinetic simulation 
results for adsorption of SY by MLC at various temperatures 
are shown in Table 2. The equilibrium adsorption capacity 
of MLC for SY increased continuously with increasing tem-
perature. This agrees with the conclusions drawn from the 
isotherm curve simulation, in which the maximum adsorp-
tion capacity increased with temperature, and those from the 
thermodynamic simulation, which suggested that SY adsorp-
tion is an endothermic process [39,40].

3.5. Effect of initial concentration and adsorption isotherms

Various initial SY concentrations were selected to investi-
gate the influence of adsorbate concentration on the adsorp-
tion process and to simulate the adsorption isotherm curve. 
The solutions were oscillated until adsorption equilibrium 
was reached, and the absorbency was determined after fil-
tration. The equilibrium concentration and equilibrium 
adsorption capacity were calculated and simulated using the 

Langmuir, Freundlich and D–R isotherm equations. The rela-
tionships between the equilibrium concentrations of SY after 
adsorption and LC, MLC and LAC are shown in Figs. 7(a)–(c), 
respectively. The equilibrium adsorption capacity is closest to 
the theoretical values obtained from the Langmuir simula-
tion at 298 K (Table 3). Thus, it can be concluded that SY is 
adsorbed by monolayer adsorption [39].

The simulated isotherm curve model of MLC is shown in 
Table 3. The maximum adsorption capacity is directly propor-
tional to temperature, and that of MLC peaks at a temperature 
of 298 K with a maximum of 137 mg/g, which is 9.78 times that 
of LC (14 mg/g). The reported maximum equilibrium adsorp-
tion capacities of other adsorbents for SY are much lower, 
e.g., kohlrabi peel (26.32 mg/g) and peanut shell (13.99 mg/g) 
[41,42]. Moreover, MLC can effectively remove SY from water, 
with the removal rate exceeding 99%. The average adsorp-
tion free energy is E > 20 kJ/mol, which indicates that this is 
chemical adsorption. Table 4 shows the adsorption results 
of the three adsorbents and the relevant parameters for the 
Langmuir, D–R and Freundlich isotherm curve fitting. LAC 
was the best of the three adsorbents for adsorption of SY, with 
a maximum adsorption capacity as high as 476 mg/g.

3.6. Factors affecting the results of the orthogonal experiment

Orthogonal experimental design and analysis is the most 
commonly used method for experimental optimisation. 

Table 1
Parameters of pseudo-first-order, pseudo-second-order and particle diffusion kinetic models for adsorption of SY by LC at 298 K

Adsorbent Experimental 
date  
Qe (mg/g)

Pseudo-first-order Pseudo-second-order Particle diffusion
k1  

(min–1)
Qe 
(mg/g)

R2 k2  

(g/mg min)
Qe  
(mg/g)

V0 

(mg/g min)
R2 kp 

(mg/g min1/2)
C 
(mg/g)

R2

LC 9.90 0.0252 13.60 0.837 2.31 × 10–3 11.36 0.30 0.9779 0.5287 2.20 0.9794
MLC 166 0.0268 140 0.9921 2.64 × 10–4 181 8.74 0.9991 9.60 39.57 0.8696
LAC 277.30 0.0328 104.4 0.9817 7.8 × 10–4 285 63.69 0.9999 5.72 202.8 0.7483

Table 2
Parameters of pseudo-first-order, pseudo-second-order and particle diffusion kinetic models for adsorption of SY by MLC at various 
temperatures

Temperature 
(K)

Experimental 
date Qe 

(mg/g)

Pseudo-first-order Pseudo-second-order Particle diffusion
k1 
(min–1)

Qe 
(mg/g)

R2 k2 

(g/mg min)
Qe 
(mg/g)

V0 

(mg/g min)
R2 kp 

(mg/g min1/2)
C 
(mg/g)

R2

288 123 0.0259 121 0.9327 3.71 × 10–4 133 6.59 0.9950 6.79 33.12 0.9343
298 166 0.0268 140 0.9921 2.64 × 10–4 181 8.74 0.9991 9.60 39.57 0.8696
308 167 0.0357 222 0.9868 1.79 × 10–4 192 6.63 0.9954 9.84 36.99 0.8543

Table 3
Fitted Langmuir, Freundlich and D–R isotherm parameters for adsorption of SY by MLC at various temperatures

Temperature 
(K)

Langmuir Freundlich Dubinin–Radushkevich
Qm 
(mg/g)

KL 

(L/mg)
R2 1/n KF 

(mg/g)1/n

R2 β 
(mol2/J2)

Qm 
(mg/g)

E 
(kJ/mol)

R2

288 109 0.1646 0.9977 0.0514 81 0.4805 6.0 × 10–10 127 28.87 0.6476
298 137 0.1339 0.9993 0.0801 87 0.9300 7.0 × 10–10 173 26.73 0.9261
308 192 0.5591 0.9969 0.0603 142 0.9470 8.0 × 10–10 226 25.00 0.9509
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An orthogonal experiment can be designed based on the 
actual level and number of factors that affect the experi-
mental results [43]. Tables 5–7 show the results of orthogo-
nal experiments on the adsorption of SY by LC, MLC and 
LAC. A three-factor, three-level, nine-group experiment was 
selected for MLC because pH has little impact on its adsorp-
tion of SY and was therefore not considered an influential 
factor for this adsorbent. In contrast, pH had a consider-
able effect on the adsorption of SY by LC and LAC, and a 
four-factor, three-level, nine-group experiment was selected 
for these adsorbents. The optimal adsorption by LC, MLC 
and LAC was found by weighing the factors of removal rate 
and equilibrium adsorption capacity. The optimal pH value, 

temperature, adsorbent dosage and initial concentration of 
SY were, respectively, 1, 318 K, 2.4 mg/L and 250 mg/L for 
LC; 318 K, 0.8 mg/L, 200 mg/L for MLC (pH was not consid-
ered for this adsorbent); and 1, 313 K, 0.8 mg/L, 250 mg/L for 
LAC. The removal rate and equilibrium adsorption capacity 
reached 14.68% and 15.28 mg/g; 97.39% and 243.47 mg/g; and 
98.54% and 253.01 mg/g for LC, MLC and LAC, respectively.

3.7. Effect of the three adsorbents on the equilibrium adsorption 
capacity and removal rate of SY

Fig. 8 shows the removal rates and equilibrium adsorp-
tion capacities of SY by LC, MLC and LAC at 298 K. 

Table 4
Fitted Langmuir, Freundlich and D–R isotherm parameters for adsorption of SY by various adsorbents at 298 K

Adsorbent Langmuir equation Freundlich equation Dubinin–Radushkevich equation
Qm 
(mg/g)

KL 
(L/mg)

R2 1/n KF 
(mg/g)1/n

R2 β 
(mol2/J2)

Qm 

(mg/g)
E 
(kJ/mol)

R2

LC 14 0.0187 0.9902 0.4814 1.00 0.9875 4.0 × 10–9 56.7 11.18 0.9935
MLC 137 0.1339 0.9993 0.0801 87 0.9300 7.0 × 10–10 173 26.73 0.9261
LAC 476 0.1721 0.9987 0.176 203 0.9714 1.5 × 10–9 859 22.36 0.9821

Table 5
Orthogonal experiment results for adsorption of SY by LC

Level Experiment condition and result
pH Temperature 

(K)
LC dosage 
(mg/L)

Concentration C0 

(mg/L)
Removal ratio η 
(%)

Adsorption capacity Qe 
(mg/g)

1 1 308 1.6 150 10.18 9.48
2 1 313 2.0 200 14.05 14.43
3 1 318 2.4 250 14.68 15.28
4 2 318 1.6 200 13.85 18.63
5 2 308 2.0 250 10.05 12.55
6 2 313 2.4 150 8.93 5.43
7 3 313 1.6 250 2.89 4.65
8 3 318 2.0 150 9.46 7.58
9 3 308 2.4 200 5.87 4.85

Table 6
Orthogonal experiment results for adsorption of SY by MLC

Level Experiment condition and result
Temperature 
(K)

MLC dosage 
(mg/L)

Concentration C0 

(mg/L)
Removal ratio η 
(%)

Adsorption capacity Qe 
(mg/g)

1 318 0.8 200 97.39 243.47
2 318 1.2 150 99.94 125.09
3 318 1.6 250 99.93 155.30
4 313 0.8 250 76.50 240.18
5 313 1.2 200 99.64 166.99
6 313 1.6 150 99.96 94.63
7 308 0.8 150 92.40 174.94
8 308 1.2 250 83.47 173.47
9 308 1.6 200 99.94 125.47
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The removal rate reached 20.13%, 99.55% and 99.41% for LC, 
MLC and LAC, respectively, with equilibrium adsorption 
capacities of 9.70, 161.29 and 476.19 mg/g, respectively. The 
maximum adsorption capacity of MLC and LAC is 15.6 and 48 
times that of LC, respectively, which suggests that the adsorp-
tion capacity of luffa increases considerably after modifica-
tion or carbonisation. LAC shows the best adsorption of SY 
in terms of removal rate and equilibrium adsorption capacity.

4. Conclusion

The methyl and ether functional groups on the surface of 
luffa-based absorbents play an important role in the adsorption 
of SY, giving MLC considerably better absorption characteris-
tics than LC. The BET specific surface area of LC before modifi-
cation was 10.12 m2/g; this decreased to 5.19 m2/g for MLC and 
increased to as much as 834 m2/g for LAC. The specific surface 
area of LAC is composed of 31.2% micropores and 68.8% meso-
pores, and this adsorbent has a typical mixed micropore–meso-
pore structure. The total pore volume of LAC is as high as 1.012 
cm3/g. Adsorption by LC is physical adsorption. After chemical 
modification, the surface of LC is positively charged, which 
greatly enhances its capacity for the adsorption of anionic dyes 
to 9.78 times that before modification. The adsorption of SY 

by MLC is thus a chemical adsorption process. The Langmuir 
isotherm equation gives the best simulation results for the 
isothermal adsorption process of the three adsorbents, with 
correlation coefficients all above 0.99. This indicates that the 
adsorption process is a monolayer adsorption. The maximum 
adsorption capacity of MLC for SY is directly proportional to 
the temperature, which means that the adsorption is an active 
endothermic process. The kinetics of adsorption for the three 
adsorbents are best simulated by the pseudo-second-order 
kinetic equation, which suggests that the main limiting factor 
for adsorption is the adsorption mechanism. MLC could be 
used extensively in the treatment of SY containing wastewater 
because it efficiently adsorbs high levels of SY. Optimal adsorp-
tion of SY was achieved at a pH value, temperature, adsorbent 
dosage and initial concentration of SY of, respectively, 1, 318 K, 
2.4 mg/L and 250 mg/L (LC); 318 K, 0.8 mg/L and 200 mg/L 
(MLC, no pH value was determined for this adsorbent); and 
1, 313 K, 0.8 mg/L and 250 mg/L (LAC). The removal rates 
and equilibrium adsorption capacities of LC, MLC and LAC 
reached 14.68% and 15.28 mg/g, 97.39% and 243.47 mg/g, and 
98.54% and 253.01 mg/g, respectively. The removal rates of SY 
by LC, MLC and LAC reached 20.13%, 99.55% and 99.41%, 
respectively, with corresponding equilibrium adsorption 
capacities of 9.70, 161.29 and 476.19 mg/g. LAC was the best 
adsorbent for SY among the three adsorbents tested.
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