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a b s t r a c t

Alligator weed activated carbon (AWAC) was prepared by phosphoric acid activation. The AWAC 
features a high surface area (736.3 m2/g) and has an abundant array of microvoids and mesopores 
with an average pore size of 4.05 nm. A 0.8 g/L dose of AWAC adsorbed about 96% of sunset yellow 
dye (SYD) at a concentration of 150 mg/L. The maximum adsorption was approximately 271 mg/g 
at 308 K. Orthogonal experiments for the %Removal and amount of SYD adsorbed at equilibrium 
revealed that the optimal conditions were pH = 3, T = 298 K, initial SYD concentration = 250 mg/L, 
and AWAC dose = 1.2 g/L. The kinetics and equilibrium data agreed well with the pseudo-sec-
ond-order model and Freundlich isotherm equation for the adsorbent. Functional groups that may 
increase the adsorption capacity were detected on the surface of AWAC, such as –OH, C=C and 
C–O–C. Electrostatic interactions are important in the adsorption process along with chemical bond 
formation and hydrophobic interaction. Thermodynamic analysis illustrated that the adsorption 
process is spontaneous and endothermic. AWAC is a promising low-cost adsorbent for the removal 
of SYD from aqueous effluent.
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1. Introduction

Human activities cause detrimental environmental 
changes that lower air, soil and water quality. In particular, 
water pollution endangers aquatic biota. Organic synthetic 
dyes are frequently used in many industrial applications 
including the manufacture of rubber, textiles, plastics, 
paper, cosmetics, pharmaceuticals and food products. The 

annual production of dyes is approximately 7 × 105 tons, of 
which about 7 × 104 tons are discharged as waste [1,2]. Liq-
uid wastes containing dyes are an important source of water 
pollution because of the obvious colors, high organic matter 
concentrations, and potential mutagenic and carcinogenic 
effects of the dyes. In addition, the discharge of dye waste-
water can cause eutrophication of water bodies and may also 
pose a risk to human health via toxin enrichment in the food 
chain. Sunset yellow dye (SYD) is a pyrazolone dye (anionic 
dye) that is commonly used for food products such as can-
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dies, beverages, and dairy and baked goods. Industries that 
manufacture these products often discharge large amount of 
waste containing SYD and the presence and content of SYD 
in effluents must be controlled [3]. It is necessary to remove 
high levels of dye contaminants from wastes before effluent 
is mixed with the natural aqueous environment.

Various management technologies have been used to 
remove synthetic dyes from wastewater, including phys-
ical, chemical, biological, electrochemical oxidation and 
adsorption methods [4]. Adsorption is the most effective 
and versatile method for removing pollutants like synthetic 
dyes, especially if there is a suitable regeneration process for 
the adsorbent. Biosorption has attracted the most interest 
because this process can remove trace amounts of synthetic 
dye from effluent. The use of low-cost adsorbents makes bio-
sorption an economically viable solution for waste treatment. 

Activated carbons with high specific surface areas 
and relatively high mechanical strength have been widely 
applied industrially as adsorbents in purification, as an elec-
trode material in electrochemical devices and for separation 
processes [5]. Activated carbons used for dye sorption from 
wastewater have been prepared from low-cost agricultural 
byproducts including orange peel, apple pomace, banana 
pith, bagasse pith, cassava peel, plum kernels, wheat straw, 
cotton waste, teakwood bark and palm fruit bunch [6]. 
However, there is still need for an abundant, economical 
biomass and process to generate activated carbon. Alligator 
weed, which belongs to the Amaranth family, is a perennial 
plant that can be found in many aquatic and terrestrial areas 
of China and many other countries [7]. Alligator weed was 
introduced to China in 1930 and is an invasive species. Alli-
gator weed invades agricultural areas, competes with ter-
restrial growth, and the decomposition of this plant causes 
serious pollution to water bodies [8]. Alligator weed is a 
hydrophyte with stems that contain airspaces, have a thin 
inner structure, and are rich in lignin and cellulose. Produc-
tion of activated carbon from dried alligator weed is advan-
tageous compared with other agricultural crops because it is 
a low-cost biomass, easy to handle, not a source of nutrients 
for human consumption, produces activated carbon with 
high surface area and efficiency for detoxifying effluents, 
and removal of this plant has conservational benefits [8]. 

Herein we investigate the potential of alligator weed 
activated carbon (AWAC) as a biosorbent for removal of 
SYD from effluent. The AWAC was characterized by var-
ious techniques such as scanning electron microscopy 
(SEM), surface area analyzer, porosity analyzer and Fou-
rier transform infrared (FTIR). The adsorption capacity of 
the AWAC was compared with other low-cost biosorbents. 
The effects of various operating parameters on adsorption 
of SYD were monitored, such as initial concentration, con-
tact time, sorbent dosage, temperature and pH. Moreover, 
the equilibrium, kinetics, isotherms, and thermodynamics 
of the adsorption were studied. The potential removal of 
synthetic dye by AWAC from waste destined for released 
into aquatic environments was evaluated [9].

2. Materials and methods

2.1. Chemicals

SYD (CAS# 2783-94-0) was supplied by (China) and 
used as received. SYD (Fig. 2a) has a molecular weight 

of 452.37 g/mol and has the chemical formula C16H10N-
2Na2O7S2. A stock solution (1000 mg/L) of SYD in distilled 
water was prepared and diluted as required. All other 
chemicals used were analytical grade. Distilled water was 
used for the preparation of all solutions. 

2.2. Sorbent preparation and physical characterization 

Alligator weed was obtained from the Xiaoqing River 
in Shandong Province, China. We chose highly mesoporous 
alligator weed because it has large micro- and mesopores, 
which were expected to increase the surface area of the 
AWAC and increase adsorption performance. The stems 
were processed into lengths of 2–3 cm, cleaned with distilled 
water a few times to remove particulates and water-soluble 
impurities and then dried at 105°C in desiccators for 24 h. 
The dried stems were soaked in NaOH (2 wt.%) at room tem-
perature for 24 h. The hydrolyzed stems were washed with 
distilled water until the pH of the filtrate was ~7 and then 
dried at 200°C for 1 h followed by 105°C in desiccators over-
night. The material was immersed in water, phosphoric acid 
(1:4, g/mL) was added and the stems soaked at room tem-
perature for 12 h. This chemical activation was expected to 
increase the carbon yield and develop the porous structure. 
Activating the material with phosphoric acid may acceler-
ate the cleavage of bonds between cellulose and lignin and 
allow recombination reactions that build a rigid matrix. A 
rigid matrix is less prone to loss of volatiles and decreases 
volume contraction when heating to high temperatures 
[10]. The sample was transferred to a muffle furnace (Yong 
Guang Ming Company, Beijing, China) and carbonized at 
600°C for 1 h. The resulting mass was cooled to room tem-
perature, filtered, washed repeatedly with purified water 
until the pH of the filtrate was 6–7, and dried at 105°C for 12 
h in desiccators. The AWAC was stored in desiccators until 
used in characterization and adsorption experiments [11].

The surface structure characteristics of AWAC were 
observed via scanning electron microscopy (SEM; SUPRA™ 
55, Zeiss, Germany). The Brunauer–Emmett–Teller surface 
area and porous properties were measured from nitrogen 
adsorption-desorption analysis conducted at 77 K using a 
surface area analyzer (Quantachrome, USA). Pore size distri-
bution and porosity were determined using a porosity ana-
lyzer (Quadrasorb SI, Quantachrome). The infrared spectrum 
of AWAC was recorded using a FTIR spectrometer (Thermo 
Scientific, USA) between wave numbers of 400 and 4000 cm−1.

2.3. Adsorption equilibrium experimental studies

Batch equilibrium experiments were performed to 
investigate the effects of solution pH, initial concentration 
and temperature on SYD adsorption onto AWAC. The pH 
of the solution was not adjusted except for the pH effect 
study, where a pH range of 1–7 was investigated. The pH of 
solutions were determined using a pH meter and adjusted 
to a constant value by adding HCl (0.1 and 0.01 M) and/or 
NaOH (0.1 and 0.01 M). Possible loss of SYD by sorption 
to equipment was monitored. All experiments were con-
ducted at room temperature except the temperature study.

For each experiment, a 100-mL stoppered conical flask 
containing SYD solution (50 mL, 150 mg/L) and AWAC 
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was mechanically agitated in a isothermal water bath 
shaker. Continuous mixing was maintained during the 
experiments with a constant agitation speed of 180 rpm to 
reach sorption equilibrium. The supernatant was filtered 
and the SYD concentration determined using a UV/visible 
spectrophotometer (T6-Xinshiji, Beijing, China) at a wave-
length of 482 nm. The removal percentage (%Removal) and 
the amount of SYD adsorbed at equilibrium, (Qe [mg/g]), 
were calculated using the following equations:

0
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C

  
 


×



−
=  (1)

( )0e e

V
Q C C

W
= −  (2)

where C0 and Ce (mg/L) are the initial and equilibrium con-
centration of the SYD, respectively; V (L) is the volume of 
the SYD solution; and W (g) is the mass of adsorbent used.

The effect of contact time was investigated to determine 
the adsorption kinetic parameters. Samples were taken at 
time intervals ranging from 10–360 min. The amount of SYD 
adsorbed (qt [mg/g]) from initial concentrations of 150, 200 
and 250 mg/L at each time point (t) was calculated by Eq. 
(2) using the concentration at the time points in place of Ce. 

Adsorption isotherm studies were carried out with 
eight different initial concentrations of SYD between 100 
and 300 mg/L, using 240-min contact time and an AWAC 
dosage of 0.8 g/L. 

3. Results and discussion

3.1. Physical characterization of adsorbent

The surface morphology of the AWAC before and after 
adsorption were observed using SEM (Fig. 1). The surface 
of the AWAC before adsorption is coarse with irregular, 
heterogeneous porous cavities (Fig. 1a), indicating the pos-
sibility for SYD adsorption into the surface because of the 
high surface area and developed pore volume. The numer-
ous large pores were filled with adsorbate after exposure 
to SYD (Fig. 1b), decreasing the number and volume of the 
pores.

The shape of the N2-adsorption isotherms indicates 
a mixture of type I and IV behavior (data not shown). A 
wide hysteresis loop at high relative pressures indicates a 
mixture of micropores and mesopores on the AWAC sur-
face. Micropores and small mesopores were observed on 
the AWAC and have an average pore width of 4.05 nm, 
but macropores were not present. This pore distribution 
should enhance the adsorption capacity AWAC for small 
molecules [12] and be large enough to allow high adsorp-
tion capacity of large adsorbate molecules. The calculated 
Brunauer–Emmett–Teller surface area of AWAC is 736.3 
m2/g, which is higher than that of activated carbon derived 
from rice husk (480 m2/g) [13] and slightly less than that 
of luffa sponge activated carbon (810.12 m2/g) [11]. The 
AWAC prepared is likely to have outstanding adsorption 
performance.

The FTIR spectra of the AWAC before and after the 
adsorption process are presented in Fig. 2. The broad band 
at 3500 cm−1 is attributed to the stretching vibration of the 

–OH groups. The decreased in transmittance after treat-
ment with SYD may be because of adsorbate ions interact-
ing with the –OH functional groups of the AWAC. Angular 
deformation of the band at 1623 cm−1 is observed, and the 
intensity of the deformation dependents on anionic inter-
action with an adsorbent [4]. The peak at 1602 cm−1 cor-
responds to the C=C stretch-vibration of aromatic rings 
[14]. The bands at 1164 and 1175 cm−1 are likely because 
of C–O–C functional group vibrations. The intensity of 
the peaks at 496 and 1576 cm−1 were slightly lower after 
adsorption of SYD to AWAC, indicating that the AWAC 
surface functional groups were covered or interacting with 
the SYD. The peaks around 1400 and 880 cm−1 are ascribed 
to the m2– mode of CO2 adsorbed from air [15] and are 
decreased by displacement by SYD. The band at 496 cm−1 is 
mainly attributed to M-O lattice vibrations (M-OH, M-O-M 
or O-M-O), which decreased after adsorption of the SYD in 
the water [16]. The new peak at 982 cm−1 after adsorption 
might be caused by bound SYD ions.

Fig. 1. SEM images of AWAC before (a) and after SYD adsorption 
(b).
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3.2. Effect of adsorbent dose on SYD adsorption

The adsorbent dose has a great effect on the adsorptive 
%Removal of SYD and equilibrium capacity of the AWAC. 
The %Removal has a first-order dependence on adsorbent 
dosage, and reached ~90% of the maximum amount at an 
AWAC dosage of 0.8 g/L (Fig. 3). The equilibrium adsorp-
tion capacity declined linearly with the AWAC dosage. The 
trends deviated from linearity at low dosages because of 
saturation of the available surface sites. Repulsive forces 
between the solvated SYD molecules caused no notable dif-
ference in the adsorption capacity of SYD on AWAC [17]. 
We chose an AWAC dosage of 0.8 g/L for subsequent equi-
librium experiments for optimizing the adsorption of SYD.

3.3. Effect of initial concentration and agitation time  
on adsorption

The experimental constant time is defined as the time 
period required for the AWAC and SYD molecules reached 
the equilibrium adsorption before filtering. Differences in the 
constant time caused by experimental variables reveal the  
transfer rate between the adsorbent and adsorbate [18]. 

The effect of agitation time on the removal of SYD at initial 
concentrations of 150, 200 and 250 mg/L by AWAC was 
investigated (Fig. 4). The adsorption rate was rapid for the 
first 10 min because of the presence of numerous vacant 
adsorption sites at the early stages of the process. Uptake 
became almost constant after agitating for 240 min for all 
concentrations, and this could be because of limited vacant 
sites and repulsive forces among the solvated molecules. 
The constant uptake indicates that the surface adsorption 
equilibrium was reached and that solute molecules began 
to enter the pores of the AWAC and were adsorbed by the 
interior of the particles. An optimal agitation time of 240 
min was used in subsequent adsorption experiments. The 
equilibrium adsorption capacity accreted with increasing 
initial concentration and may be attributed to the increase 
amounts of SYD molecules competing for the available 
binding sites on the surface of the AWAC [19]. 

Fig. 2. Molecular structure of SYD (a) and FTIR spectra of the 
AWAC before and after SYD adsorption (b).

Fig. 3. Effect of AWAC dose on removal rate and adsorption ca-
pacity (initial SYD concentration 150 mg/L, adsorbent dosage 
0.8 g/L, temperature 25°C time 4 h and initial pH).

Fig. 4. Effect of contact time on the adsorption of SYD by selected 
adsorbents (initial SYD concentration are 150, 200, and 250 mg/L, 
adsorbent dosage 0.8 g/L, temperature 25°C and initial pH).
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3.4. Effect of solution pH on SYD adsorption

The effect of solution pH on the adsorptive removal of 
SYD was studied in the pH range of 1–7 at an initial SYD 
concentration of 250 mg/L (Fig. 5). At pH greater than 7 
SYD changes color to red, interfering with the colorimetric 
analysis. The highest adsorption of SYD on AWAC occurred 
at pH 1. The removal efficiency decreased markedly as the 
pH increased from 2 to 6 and then remained almost con-
stant between pH 6 and 7 (Fig. 5). The percentage of dye 
removal will increase for anionic dye adsorption at low pH 
because the positive charge on the solution interface will 
increase and attract the anionic dye [20]. The adsorption 
was maximal at pH 1, where the removal rate reached 95%. 
It seems that dye removal decreased with increasing pH 
from 2–6 because the adsorption of SYD on AWAC occur via 
interaction with surface functional groups. The %Removal 
decreased as the pH was increased and is attribute to SYD 
adsorption occurring through electrostatic interaction or 
hydrogen bonding with the various groups of adsorbent [3]. 
Electrostatic interactions are important in the adsorption 
process along with chemical bonding formation and hydro-
phobic interaction [21]. For further optimization we chose 
to leave the pH of the SYD solution unadjusted (pH = 6.92). 

The point of zero charge (pHpzc) is the most important 
parameters in the pH study of adsorbents. The pHpzc indi-
cates the influence of pH on adsorbent chemical character-
istics and adsorption capacity. The pHpzc was determined 
by preparing SYD solutions with initial pH values (pHinitial) 
ranging from 1–7, mixing with AWAC until the equilib-
rium adsorption time, and measuring the final pH (pHfinal). 
The difference in pHfinal and pHinitial was plotted against 
pHinitial and the pHpzc is the point where pHinitial = pHfinal. 
The pHpzc for the AWAC was found to be about 3.6. The 
maximum adsorption capacity of SYD was at pH 1 because 
anionic dye adsorption is favored at pH < pHpzc where the 
surface becomes positively charged [22]. 

3.5. Effect of solution temperature on SYD adsorption

The AWAC sorption of SYD at a concentration of 150 
mg/L increased with temperature from 283 to 313 K (Fig. 6).  

The %Removal and equilibrium adsorption capacity also 
increased slightly from 91% to 95% and 175 to 181 mg/g, 
respectively. SYD removal percentage and adsorption capac-
ity increased with increasing temperature, showing endother-
mic adsorption. This result supports ionic bonding between 
SYD and AWAC [23]. However, the temperature effect was 
negligible. All further experiments were carried out at 25°C.

3.6. Adsorption kinetic studies

Understanding the adsorption kinetics allows efficient 
process design and control of the equilibrium time. The 
mechanism of SYD adsorption was explored by comparing 
the kinetic experimental data with pseudo-first-order, pseu-
do-second-order, and intraparticle diffusion models.

We used an established pseudo-first-order kinetic equa-
tion [24]:

( ) 1ln – ln –e t eQ Q Q k t=  (3)

where Qe (mg/g) and Qt (mg/g) are the amounts of SYD 
adsorbed at equilibrium and at time t (min), respectively, 
and k1 (1/min) is the rate constant. The k1 value is deter-
mined by the slope of a plot of ln (Qe − Qt) versus t.

The pseudo-second-order kinetic equations used are 
[24]:

2
2

1

t e e

t t
Q k Q Q

= +  (4)
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t e

t t
Q V Q
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where k2 (g/[mg min]) is the rate constant and V0 (mg/[g 
min]) represents the initial sorption rate. The linear plot of t/
Qt versus t gives a slope of 1/Qe and an intercept of 1/k2Qe

2.
The following intraparticle diffusion model was used 

[25]:

0.5
e pQ k t C= +  (6)

Fig. 5. Effect of solution pH on sunset yellow dye removal rate 
and adsorption capacity (initial sunset yellow dye concentra-
tion 250 mg/L, adsorbent dosage 0.8 g/L, time 4 h and tempera-
ture 25°C).

Fig. 6. Effect of temperature on removal rate and adsorption 
amount (initial SYD concentration 150 mg/L, adsorbent dosage 
0.8g/L, time 4 h and initial pH).
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where kp (mg/[g min0.5]) is the intraparticle diffusion rate 
constant, which can indicate the rate of the adsorption pro-
cess. C (mg/g) is proportional to the extent of the bound-
ary layer thickness. kp and C can be obtained from a plot 
of Qe versus t0.5. Intraparticle diffusion is considered the 
rate-limiting step if a plot of Qe versus t0.5 is a straight line 
that passes through the origin.

The correlation coefficients (R2) of both the pseudo- 
first-order and pseudo-second-order models are reasonably 
good (R2 > 0.95) for the three concentrations of SYD solu-
tion studied (Table 1). The best fit for the data was from the 
pseudo-second-order model where R2 values were 0.9999, 
09994, and 0.9992 for initial SYD solution concentrations of 
150, 200, and 250 mg/L, respectively. Additionally, the cal-
culated Qe values from the pseudo-second-order model are 
in close agreement with the experimental data. The pres-
ence of a second-order sorption kinetics indicates that the 
process is controlled by chemisorptions.

The adsorption data for all SYD concentrations exhibit 
multi-linear plots, indicating that two steps influence the 
adsorption process (Fig. 7). The first process is the rapid 
adsorption to the external surface. The second process is a 
gradual adsorption stage ascribed to rate-limited intrapar-
ticle diffusion [25].

The C and kp values of the two stages for the three dif-
ferent concentrations of SYD are shown in Table 1. The C 
value increased and the kp value decreased with time during 
the adsorption process, showing that intraparticle diffusion 
has a considerable influence on the rate of adsorption at the 
later stage of the process.

3.7. Adsorption isotherms

The adsorption isotherm model is critical for describ-
ing how the adsorption molecules distribute between the 
liquid and solid phase during the adsorption process. Equi-
librium data, which are commonly known as adsorption 
isotherms, are important for predicting the adsorption 
capacity and describing the surface characteristics and 
affinity of the adsorbent. We used three isotherm models 
(Langmuir, Freundlich and Dubinin–Radushkevich) to 
describe the equilibrium data for the adsorption of SYD 
onto AWAC.

The Langmuir isotherm is a monolayer adsorption 
processes that assumes homogeneous adsorbent struc-
ture, where all sorption sites are energetically identical 
[26]. The linear form of the Langmuir isotherm equation 
is given as:

1e e

e m L m

C C
Q Q k Q

= +  (7)

where Qm (mg/g) is the maximum SYD adsorption capacity 
and kL (L/mg) is the Langmuir constant that is related to the 
energy(( of adsorption. 

A dimensionless constant separation factor or equilib-
rium parameter is defined according to the following equa-
tion to explore whether the adsorption process is favorable 
or unfavorable [27]:

( )0

1
1L

L

R
k C

=
+

 (8)

where the value of RL indicates the isotherm to be favorable 
(0 < RL < 1), unfavorable (RL > 1), linear (RL = 1) or irrevers-
ible (RL = 0).

The Freundlich isotherm is based on the assumption 
that the adsorption process occurs on a heterogeneous 
surface through a multilayer adsorption mechanism. The 
Freundlich equation can be written in the following man-
ner [28]:

ln ln ln e
e F

C
Q k

n
= +  (9)

Table 1
Pseudo-first-order, pseudo-second-order and particle diffusion models for the adsorption of SYD by AWAC

Pseudo-first-order kinetics Pseudo-second-order kinetics Particle diffusion model

Concentration 
(mg/L)

Exp-data 
Qe (mg/g)

K1  
(min-1)

Qe 
(mg/g)

R2 K2 (g.mg–1g–1) Qe 

(mg/g) 

V0 

(mg.g–1 
min–1)

R2 Kp 

(mg.g–1.
min–1/2

C 
(mg/g)

R2

150 185 0.0170 48 0.9636 0.00086 189 30.58 0.9999 1.3544 162.98 0.9074

200 221 0.0104 55 0.9852 0.00023 238 12.89 0.9994 3.6606 164.10 0.9636

250 262 0.0244 69 0.9989 0.00041 270 29.76 0.9992 4.7674 188.08 0.9589

Fig. 7. Plot of intraparticle diffusion model for adsorption of 
SYD adsorbed onto AWAC (initial SYD concentration are 150, 
200, and 250 mg/L, adsorbent dosage 0.8 g/L, temperature 25°C 
and initial pH).
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where kF is the Freundlich constant and 1/n is a constant 
that relates to the intensity of adsorption or surface hetero-
geneity (1/n ≈ 0 indicates that the surface is more heteroge-
neous and 1/n < 1 indicates favorable adsorption).

The Dubinin–Radushkevich model can be expressed as 
follows [28]:

2ln  lne mQ Q βε= −  (10)

1
ln 1

e

RT
C

ε
 
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+


=  (11)

( )1/2

1

2
E

β
=  (12)

where β (kJ2/mol2) is the adsorption energy constant; ε is 
the Polanyi potential; R is the thermodynamic constant; and 
E (kJ/mol) is the average free energy of adsorption. The val-
ues of β and Qm can be found from the intercept and slope of 
the fitted line, allowing the calculation of E.

The Langmuir, Freundlich and Dubinin–Radushkev-
ich model data are compared with the experimental data of 
SYD adsorption at 25°C in Fig. 8. The isotherm constants and 
correlation coefficients obtained for the isotherm models are 
summarized in Table 2. Both the Langmuir and Freundlich 
isotherm models provided a good fit with the experimen-

Fig. 8. Comparison of experimental data with models at 298 K.

Table 2
Adsorption isotherms of Langmuir, Freundlich, Dubinin–Radushkevich models and correlation coefficients for adsorption of 
SYD onto AWAC

Langmuir model Freundlich model Dubinin–Radushkevich model

Temperature (K) Qm 

(mg/g)
Kl (L/mg) R2 1/n Kf (mg/g)1/n R2 B (mol2/J2) Qm 

(mg/g)
E (kJ/
mol)

R2

288 132 0.1845 0.9919 0.1508 64.1613 0.9566 2×10−9 329 15811 0.9280

298 263 0.3689 0.9992 0.1738 125.9519 0.9763 1×10−9 463 22361 0.8762

308 271 0.2960 0.9899 0.1747 132.3169 0.9661 1×10−9 713 22361 0.8904

tal data (R2 > 95), with better agreement from the Langmuir 
equation (R2 values > 0.98). The Langmuir model is suitable 
for describing the adsorption interaction as monolayer cov-
erage of SYD onto AWAC particles. In addition, this model 
accurately predicted the maximum SYD adsorption capacity 
of AWAC as 271 mg/g at 308 K (R2 = 0.9899). The values of 
1/n were less than 1 for the Freundlich model, suggesting that 
the adsorption is a favorable process. The Dubinin–Radush-
kevich model does not accurately describe the adsorption 
process and predicted Qm values that were considerably dif-
ferent to the experimental data resulting in the low R2 values 
(<0.95). Comparing the adsorption capacity of AWAC with 
other low-cost AC adsorbents (Table 3) [29–31] shows that 
alligator weed is a good potential adsorbent material source 
for SYD removal from effluent.

3.8. Adsorption thermodynamics

Entropy change is the driving force of adsorption. 
Adsorption experiments were conducted at different tem-
peratures in the range of 288–308 K to explore the adsorption 
mechanism and determine the thermodynamic parameters. 

ln L

S H
K

R RT
∆ ° ∆ °

= −  (13)

ln LG RT K∆ ° = −  (14)

G H T S∆ ° = ∆ ° − ∆ °  (15)

where R (8.314 J/(mol K)) is the universal gas constant; T (K) is 
the absolute temperature of the solution; ΔG° is the standard 
Gibbs free energy change; ΔH° is the enthalpy change; and 
ΔS° is the entropy change. The values of ΔH° and ΔS° can 
be determined by the slope and intercept of the plot of lnKL 
versus 1/T. These parameters can be used to determine the 
feasibility and nature of the adsorption process [32].

The calculated thermodynamic parameter values for 
the sorption process are reported in Table 4. Negative ΔG° 
values were calculated for all temperatures, indicating 
that the adsorption process was spontaneous for the 
temperature range studied. We note that the change in free 
energy increased with temperature and this may be because 
the rate of adsorption accelerates at elevated temperature. 
The calculated ΔG° at 288, 298 and 308 K agree with the 
Langmuir equation data, which predicted adsorption 
capacity increases with temperature. The positive value 
of ΔH° indicates the endothermic nature of adsorption 
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interaction. Additionally, a positive value of ΔS° revealed 
an increase in disorder at the solid–solution interface after 
adsorption of SYD on AWAC [33]. 

3.9. Orthogonal experiments

Orthogonal experiment design and analysis is the most 
common method for experimental analysis. An orthogonal 
test can be designed based on a number of variable factors 
that affect experimental outcomes [34]. We used four fac-
tors and three levels in our orthogonal test method. Range 
analysis was used to study the order of the effect on the 
%Removal and equilibrium adsorption amount of the 
four factors. The four factors investigated were dosage of 
AWAC, initial concentration of SYD solution, contact time, 
and temperature.

The orthogonal tests were designed from the initial 
single-factor experiments, and the results are presented 
in Table 5. From these experiments we found that optimal 
conditions for adsorption of SYD by AWAC were at pH = 
3, T = 298 K, initial SYD concentration = 250 mg/L, and 
AWAC content = 1.2 g/L based on maximizing the criteria 
of %Removal and amount of SYD removed at equilibrium. 
Range analysis of the orthogonal experiments (Table 6)  
showed the order of importance of the four factors on 
removal efficiency are dosage of AWAC > solution pH > 
concentration of SYD > temperature. The adsorption capac-
ity order of importance was concentration of SYD > dos-
age of AWAC > solution pH > temperature. The influence 

of concentration of SYD and dosage of AWAC on removal 
efficiency and adsorption capacity are obvious. The pH also 
had played an important role in the adsorption of SYD to 
AWAC. Temperature had the smallest effect on the adsorp-
tion rate and adsorption capacity. 

4. Conclusions

In this work, AWAC was oxidized with phosphoric acid 
and evaluated for its ability to remove SYD from aqueous 

Table 5
Orthogonal experiment results for the adsorption of SYD on 
AWAC

S.No. pH Tempera-
ture

Concen-
tration

Dos-
age

Rem-
oval 
rate

Equili-
brium 
amount

(T) (mg/L) (g/L) (%) (mg/g)

1 1 288 250 0.8 94.48 327.13

2 2 288 150 0.4 68.59 141.48

3 3 288 200 1.2 99.11 293.63

4 2 298 200 0.4 61.29 181.58

5 3 298 250 1.2 96.03 332.5

6 1 298 150 0.8 99.59 205.41

7 3 308 150 1.2 99.47 205.16

8 1 308 200 0.4 71.08 210.56

9 2 308 250 0.8 83.51 289.14

Table 6
Range analysis of orthogonal experiments

Level pH Temperature 
(mg/L)

Concentration 
(K)

Dosage 
(g/L)

K1 265.15 262.18 267.65 200.96

K2 213.39 259.91 231.48 277.58

K3 294.61 254.06 274.02 294.61

Adsorption efficiency

K1 88.38 87.39 89.22 66.99

K2 71.13 85.64 77.16 92.53

K3 98.05 84.69 91.34 98.20

R 26.92 2.7 14.18 31.21

K1 743.07 762.64 552.02 533.62

Adsorption capacity

K2 612.2 719.49 685.77 821.68

K3 831.29 704.86 948.77 831.29

K1 247.69 254.08 184.01 177.87

K2 204.07 239.83 228.59 273.89

K3 277.97 234.95 316.26 277.10

R 73.9 19.13 132.25 99.23

Table 3
Adsorption capacities of various low-cost AC adsorbents  
for SYD

Absorbent Qm 
(mg/ 
g)

Dosage 
(g/L)

pH Concentra-
tion (mg/L)

Source

CdTN-AC 181.81 2×10−5 1 150 [38]

Cd(OH)2-
NW-AC

76.9 1 1 60 [39]

(Ag-NP-
AC

37.03 1 1 60 [39]

ZnO-NPs-
AC

142.85 0.015 2 40 [40]

AWAC 271 0.8 Initial 250 This 
work

Table 4
Thermodynamic parameters for the adsorption of SYD onto 
AWAC

T (K) K (L/mol) ΔG (kJ/
mol)

ΔS (J/mol 
K)

ΔH (kJ/
mol)

288 69122.4 −26.68

298 129153.4 −29.16 180 25

308 135642.3 −30.26
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solutions. The surface area of the activated carbon was rel-
atively high (736.3 m2), and the AWAC structure was found 
to be a well-developed array of microvoids and mesopores, 
with an average pore size of 4.05 nm. An AWAC dose of 
0.8 g/L displayed a high adsorption capacity (~96%) at an 
initial concentration of 150 mg/L of SYD. The maximum 
adsorption capacity (~271 mg/g) occurred at a tempera-
ture of 308 K. The influence of initial concentration of SYD, 
pH, temperature and dosage of AWAC have been studied. 
The adsorption experimental data fit well to the Langmuir 
equation at 298 K (R2 = 0.9992), which indicates monolayer 
adsorption. The adsorption kinetics of sorbents fit a pseu-
do-second-order model, indicating the rate-limiting factor 
is bond formation between the SYD and AWAC. Thermody-
namic studies revealed that the adsorption process is spon-
taneous and endothermic. FTIR revealed that there were 
abundant –OH, C=C, and C–O–C functional groups on 
the surface of the AWAC, which may increase the sorption. 
Electrostatic attraction, chemical bonding and hydrophobic 
interaction with surface functional groups were identified 
in the adsorption mechanisms for SYD removal.
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