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a b s t r a c t

Alligator weed, a malignant invasive weed worldwide, was used to prepare a low-cost and effective 
alligator weed biochar (AWBC) that adsorbs rhodamine B from aqueous solution. Scanning electron 
microscopy revealed that AWBC has a rough surface with a highly porous structure, a high surface 
area (736.3 m2/g) and an abundant array of micropores and mesopores. The average pore size was 
4.05 nm, which is predicted to improve the activated carbon adsorption performance of macromol-
ecules and small molecule particles. Phosphorus-containing groups, C–H, C–O, and C=C moieties 
were present on the AWBC surface. Kinetic data obtained from three pollutants that were adsorbed 
by AWBC fit with a pseudo-second-order kinetic model (R2 > 0.99), and this was considered as the 
rate-limiting factor for adsorption. The batch equilibrium data fitted well to the Langmuir isotherm 
(R2 > 0.99), revealing monolayer adsorption and an adsorption capacity of 286 mg/g (R2 > 0.99). Neg-
ative ΔG values confirmed the spontaneity of the adsorption process, and positive ΔH and ΔS values 
indicated endothermic and irreversible adsorption.
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1. Introduction

With the increasing use of chemical synthetic textiles 
in recent years, dyestuff wastewater has become one of the 
biggest contributors to pollution [1]. Dyestuff wastewater 
is mainly derived from the textile industry, and is char-
acterized by high COD and BOD, high concentrations of 
reactive dyes, and the presence of refractory organic com-
pounds [2,3]. Rhodamine B (RhB) is one of the most com-
monly used synthetic dyes, and has stable performance 
and good dyeing capacity. It is widely used in industrial 
production; including papermaking, textiles and cosmet-
ics. RhB was formerly used as a food additive, but studies 

showing that it has teratogenic, carcinogenic and mutagenic 
effects on organisms have led to it being banned in foods 
[4]. Discharge of dyes into waterways not only is a great 
waste of resources, but also causes substantial harm to river 
and lake environments. Microbial metabolism degrades 
large amounts of organic matter in water, but this can also 
cause eutrophication. Additionally, enrichment of dyes in 
the food chain can lead to downstream teratogenic, carcino-
genic and mutagenic effects [5,6]. 

Because RhB stability to photo-degradation, oxidising 
agents and bio-degradation. Therefore, removal of RhB is 
one of the main obstacles to dyestuff wastewater treatment, 
and traditional biological treatment methods do not com-
pletely removed the target dye pollutants in the wastewa-
ter [7]. Incomplete dye removal from wastewater can lead 
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to toxic effects on aquatic organisms. Therefore, develop-
ment of an efficient dye wastewater adsorption technology 
is the main goal of industrial and agricultural wastewater 
treatment research at this stage. To date, researchers have 
investigated various types of dye wastewater treatment; 
including the flocculation sedimentation (gas float) method 
[8], electrochemical oxidation [9] chemical oxidation [10], 
photocatalytic oxidation [11], the adsorption method [12] 
and biological oxidation [10]. The traditional physicochem-
ical method is costly, difficult to operate and produces sec-
ondary pollution. Although the cost of the physicochemical 
method is relatively low in comparison with other methods, 
the structures of the intermediates produced are complex 
and the overall treatment effect is insignificant [13]. 

Activated carbon is an excellent adsorption material 
that has many advantages, including minimal equipment 
requirements, suitability in a wide range of pHs, and short 
operation periods. It has been widely applied in modern 
sewage treatment. Other adsorbent materials that are used 
include silica gel, ion exchange fiber, activated carbon, acti-
vated alumina, zeolite and fly ash [14–16]; however, these 
are very expensive. Therefore, in this study, we aimed to 
develop a low-cost adsorbent biochar from alligator weed 
that was suitable for removing RhB.

Alligator weed is a malignant invasive weed worldwide 
[17], and is widely distributed, cheap, and contains large 
quantities of lignin and cellulose. With its developed pore 
structure, it has potential for wastewater treatment follow-
ing carbonizing with activated charcoal [18]. Adsorption 
of pollutants in the aqueous solution can also protect the 
environment. The study of alligator weed biochar (AWBC) 
has important theoretical and practical implications for 
understanding the adsorption properties of dye in waste-
water, and developing a low-cost adsorbent material. The 
main objectives of this study were to investigate the prepa-
ration of biochar from alligator weed, and to characterize 
the physicochemical properties of AWBC. We also evalu-
ated the kinetics, isotherms, and thermodynamics for RhB 
adsorption on AWBC.

2. Materials and methods

2.1. Biochar preparation

Alligator weed was obtained from Xiaoqing River, 
Jinan, Shandong Province. The weed was washed with 
distilled water and oven dried at 80°C for 24 h. Next, the 
alligator weed was cut it into 2–3 cm pieces using a high-
speed grinder (HCP-100, Jinsui Company, Zhejiang). The 
small weed pieces were then soaked in 2% NaOH solution 
for 24 h. Next, the weed was washed with distilled water 
until the pH reached 6–7, and oven died at 120°C for 24 h. 
After drying, the weed was soaked in 85% phosphoric acid 
solution at RT for 6 h at a solid:liquid ratio of 1:4 (w/v). 
The weed mixture was then carbonized in a muffle furnace 
under the oxygen-deficient environment (Yong Guangming 
Company, Beijing) at 600°C for 1 h. (Yong Guangming Com-
pany, Beijing) at 600°C for 1 h. The biochar (BC) samples 
were then cooled to RT, washed with distilled water until 
the pH reached 6–7, and oven dried at 80°C for 2 d. Finally, 
the BC samples were cooled and ground into a powder that 
was could be passed through a 200-µm filter.

2.2. BC characterization 

The adsorption properties of the BC were mainly deter-
mined by the large internal surface area. The specific sur-
face structural morphology of the BC was characterized by 
scanning electron microscopy (SEM; SUPRATM55, Zeiss 
Company, Germany). The surface area analysis of the BC 
was performed using N2 desorption-desorption isotherms 
(Quantachrome, USA). Brunauer-Emmett-Teller (BET) 
analysis was used to visualize the surface area and porosity 
and characterize the porous properties of the BC samples 
(Quantachrome, USA). A porosity analyzer (Quadrasorb SI, 
Quantachrome) was used to measure the pore size distri-
bution and porosity of the BC. Fourier-transform infrared 
(FTIR) spectroscopy (Thermo Scientific, USA) was used to 
characterize the chemical functional groups on the BC sur-
face in the 400–4000 cm−1 wavelength range.

2.3. Batch adsorption experiments

The RhB adsorption capacity of AWBC in aqueous 
solution was measured using three parallel batch adsorp-
tion experimental runs and one blank run. Five variables 
were investigated: the amount of AWBC, the initial RhB 
concentration, contact time, temperature, and pH. During 
the batch adsorption experiments, a 1000 mg/L RhB stock 
solution was diluted to the specified concentration and 
50-mL aliquots were introduced into 100-mL conical flasks 
to give the desired dosage. To achieve an equilibrium 
state, the conical flasks were sealed and shaken in a tem-
perature-controlled oscillator (HZQ-2, Jintan, Beijing) at a 
constant agitation speed of 180 rpm and a constant tem-
perature. Afterwards, the samples were filtered through 
0.22-µm microporous membranes to separate the AWBC 
from the RhB aqueous solution, and then the absorbances 
of the residual RhB filtrates were measured at 522 nm 
using an ultraviolet-visible spectrophotometer (T6-Xin-
shiji, Beijing).

The equilibrium adsorption capacity [Qe (mg/g)] and 
removal rate [R(%)] of the AWBC in the equilibrium state 
are calculated as follows:

Q
C C V

We
e=

−( )0  (1)

R
C C

C
e=

−( )
×0

0

100  (2)

where C0 and Ce are the initial and equilibrium RhB concen-
trations, respectively (mg/L); V is the solution volume (L); 
and W is the BC mass (g).

2.4. Adsorption kinetics

The adsorption kinetics data were fitted to the pseu-
do-first and pseudo-second order kinetic models and the 
particle diffusion equation [19]. In the kinetics study, there 
were three parallel runs and one blank for the experiments. 
Twenty mg of AWBC was introduced into 50 mL RhB solu-
tions at initial concentrations of 100, 150 and 250 mg/L at 
different time points (10, 30, 60, 90, 120, 150, 180, 240, 300, 
and 360 min).
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The pseudo-first-order kinetic model is expressed as:

ln Q Q Q K te t e−( ) = 1  (3)

where Qe and Qt are the amounts of RhB adsorbed (mg/g) 
at equilibrium and at time t (min), respectively; and k1 (1/
min) is the rate constant. Qe and k1 were obtained from a 
plot of ln (Qe − Qt) against t. 

The pseudo-second-order equation is expressed as: 
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where k2 (g/(mg min)) is the rate constant; Qe and Qt are 
the amounts of RhB adsorbed (mg/g) at equilibrium and 
at time t (min), respectively; and V0 (mg g–1 min–1) is the 
initial sorption rate. Qe and k2 were obtained from a plot of 
t/Qt against t.

The particle diffusion equation is expressed as:

Q k t Ct p= +
1
2  (5)

where kp [mg/(g min1/2)] is the rate constant. Both kp and C 
were calculated from the fitted line of Qt against t1/2, and the 
boundary layer thickness was determined by C. If the plot 
of Qt against t1/2 is a straight line passing through the origin, 
the sole factor controlling the adsorption ratio is deemed to 
be intraparticle diffusion.

2.5. Adsorption isotherms 

The correlation of the Langmuir, Freundlich, and Dubi-
nin-Radushkevich model with the experimental data can 
help to determine the adsorption mechanism and the het-
erogeneity of the adsorbent material [20]. The AWBC per-
formance was determined using an isotherm adsorption 
experiment to clarify the interaction between the AWBC 
and RhB. Three parallel runs and one blank were used for 
the experiments. Twenty mg of AWBC was introduced 
into 50 mL of RhB solution with six different initial con-
centrations (75, 100, 125, 150, 175, 200 mg/L RhB). Each 
adsorption isotherm experiment was placed in a tempera-
ture-controlled oscillator at 288 K, 298 K and 308 K. The 
correlation of the Langmuir, Freundlich, and Dubinin-Ra-
dushkevich model with the experimental data was used to 
examine the adsorption mechanism and the heterogeneity 
of the adsorbent.

The Langmuir model is expressed as:

C
Q Q K

C
Q

e

e m L

e

m

= +
1   (6)

where Qe (mg/g) is the amount of RhB adsorbed at equilib-
rium per unit mass of adsorbent; Ce (mg/L) is the concen-
tration of OFL at equilibrium; Qm(mg/g) is the maximum 
RhB adsorption capacity; and kL (L/mg) is the Langmuir 
constant, which is associated with the energy of adsorption. 

The Freundlich model is expressed as:

ln ln lnQ K
n

Ce F e= +
1

 (7)

where Ce (mg/L) is the adsorption concentration at equilib-
rium, Qe (mg/g) is the equilibrium adsorption capacity, KF is 
the Freundlich constant, and 1/n is a constant associated with 
the adsorption intensity or surface heterogeneity. The values 
of KF and 1/n can be obtained from a plot of ln Qe against ln Ce.

The Dubinin-Radushkevich model is given as: 

ln lnQ Qe m= − βε2  (8)

ε = +
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where Qe (mg/g) is the amount adsorbed at the adsorp-
tion equilibrium, Qm (mg/g) is the maximum adsorption 
capacity, β (kJ2/mol2) is a constant corresponding to the 
adsorption energy, ε is the Polanyi potential, R is the ideal 
gas constant [8.314 J/(mol K)], E (kJ/mol) is the average 
adsorption free energy, and T (K) is the thermodynamic 
temperature. The Qm and β values were obtained from the 
intercept and slope, respectively, of the fitted line.

2.6. Adsorption thermodynamics

The thermodynamic behavior of RhB adsorption onto 
the AWBC was evaluated by measuring the change in free 
energy (ΔG), enthalpy (ΔH), and entropy (ΔS). The thermo-
dynamic coefficients were determined according to adsorp-
tion experiments at temperatures ranging from 298 to 308 K 
using the following equations [21]: 

ln K
S

R
H

RTL = −
Δ Δ

 (11)

ΔG RT KL= − ln  (12)

where R is the ideal gas constant [8.314 J/(mol K)], KL (L/
mol) is the Langmuir isotherm constant, T (K) is the ther-
modynamic temperature of the solution, ΔG is the standard 
Gibbs free energy change, ΔH is the enthalpy change, and 
ΔS is the entropy change.

3. Results and discussion

3.1. BC characterization 

From the SEM analysis, the surface morphology of 
AWBC before and after adsorption with RhB is shown in 
Figs. 1a–b. Before adsorption, the surface was coarse and 
heterogeneous, with a large number of pores with variable 
volumes (Fig. 1a). This pores are formed due to organic 
polymers such as cellulose, lignin and hemicellulose exists 
in the alligator weed. When the material was carbonized 
in high temperature, biological polymer became the tar 
and volatile matter, and the volatiles can produce hole [22]. 
Fig. 1b shows that a large number of holes on the AWBC 
surface are filled with RhB molecules after adsorption, indi-
cating that AWBC can adsorb RhB into the pores formed 
from the pyrolysis.
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The variability of the AWBC pore diameter is shown in 
Fig. 2. The pore diameter was mostly distributed as micro-
pores of 0–2.0 nm and mesopores of 2.0–50 nm. No macro-
pore structure was detected; therefore, the AWBC pore is 
considered to be a typical micropore/medium hole mixing 
structure. The hybrid structure of this micropore/medium 
hole can confer improved adsorption performance. Micro-
pores and mesopores accounted for 17.6% and 82.4% of the 
total surface area, respectively, and the average pore size of 
the aperture structure was 4.05 nm. The micropore deter-
mines the total specific surface area of activated carbon 
[23]; However, a large number of mesopores play a chan-
nel role between the biochar molecules and RhB molecules, 
which can significantly improve the significantly improve 
the adsorption capacity of the AWBC particles for large 
and small molecules. This kind of aperture structure could 
significantly improve the adsorption capacity of the AWBC 
particles for large and small molecules. The N2 adsorp-
tion/desorption isotherms are shown in Fig. 3. The AWBC 
adsorption isotherm is a type IV physisorption isotherm, 
indicating that the many mesopores are primarily involved 
in RhB adsorption [24]. The BET surface area of the AWBC 
was calculated to be 736.3 m2/g, which is higher than that 

of an adsorbent prepared from bamboo (375.5 m2/g), bra-
zilian pepper (234.7 m2/g), sugarcane bagasse (388.3 m2/g), 
hickory wood (401.0 m2/g) [25], mixed wood cuttings 
(273.6m2/g), and rice husks (10.9 m2/g) [26].

The comparison of the FTIR spectra examining the sur-
face chemistry of AWBC before and after RhB adsorption 
is presented in Fig. 4. Before the RhB adsorption, the peak 
wavelength was in the 3417–3427 cm–1 range, which rep-
resents the telescopic vibration of the O-H functional group 
indicating the presence of tightly bound water molecules in 
AWBC. After RhB adsorption, this peak disappeared, pre-
sumably because free O-H functional groups bound to the 
hydrolytic RhB ion and thereby the detectable O-H content 
was reduced [27]. The peak 2921 cm–1 wavelength corre-
sponds with the predicted vibration wavelength of the C-H 
group, and decreases slightly after RhB adsorption [28]. We 
identified a new peak in the 1300–1500 cm–1 wavelength 
range after RhB adsorption. This peak may be due to the 
O-H and CH2 groups on the AWBC surface reacting with 
or being covered with hydrolyzed RhB ions. The peak at 
the 1176 cm–1 wavelength is associated with the telescopic 
vibration of C-O-C functional groups, while the peaks at 
1645 cm–1 and 1632 cm–1 wavelengths before and after RhB 

(a)

(b)

Fig. 1. The SEM of AWBC before (a) and after (b) RhB sorption.
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adsorption on AWBC are associated with the telescopic 
vibration of C=C [29].

3.2. Adsorption studies

3.2.1. Effects of the adsorbent dosage

The effect of the AWBC adsorbent on the removal rate 
and the adsorption capacity at equilibrium adsorption is 
shown in Fig. 5. With increasing adsorbent dosage up to 
0.4 g/L, the RhB removal rate increased rapidly to 95%; 
and thereafter, the removal rate increased gradually with 
increasing dosage. This pattern is attributable to there being 
many free sites on the AWBC adsorbent surface at the initial 
stages of adsorption, such that RhB hydrolysis molecules 
can rapidly occupy and combine with these sites [30]. With 
the increase of the dosage, the available sites on the surface 
of the adsorbent are gradually saturated, and the binding 
rate is decreased between the AWBC adsorbent and the 
RhB molecule [31]. Considering both the removal rate and 
the equilibrium adsorption capacity, when the removal rate 
was close to 100%, addition of more AWBC adsorbent to 
the RhB solution did not alter the removal rate, but reduced 
the adsorption capacity. Therefore, an adsorbent dosage of 
0.4 g/L was selected for subsequent experiments to achieve 
optimal RhB removal and the most efficient use of the 
AWBC.

3.2.2. Effects of contact time and RhB concentration 

The effects of different contact times and RhB concen-
trations on the AWBC adsorption properties are shown 
in Figs. 6 and 7. The RhB removal rate decreased with 
increasing initial RhB concentrations (Fig. 6), whereas 
the adsorption capacity increased with increasing RhB 
concentrations (Fig. 7). The removal rate and adsorption 
capacity increased rapidly over the first 30 min, but then 
only gradually increased after 30 min. This is presumably 
due to there being a larger number of vacant active sites 
on the AWBC surface at the beginning of the adsorption 
process. The RhB hydrolytic molecules are likely to dif-
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fuse rapidly into the AWBC pore structures in the bound-
ary layer, and then enter the internal pores. This explains 
the significantly higher removal rate and adsorption 
capacity in the first 30 min of adsorption. With prolonged 
adsorption time, the pore structure is likely to be increas-
ingly occupied with RhB molecules, such that the number 
of vacant active sites decreases. This leads to a slowing 
down of the adsorption process and ultimately reaching 
a stable state [32]. Additionally, with an increase in the 
initial RhB solution concentration, the adsorption capac-
ity also increased. This may be attributed to interactions 
between the AWBC surface functional groups and the 
RhB molecules [33]. The adsorption curves were smooth 
and continuous; indicating that adsorption of the RhB dye 
on the AWBC surface may represent the adsorption of sin-
gle molecular layer. After the adsorption time reached 240 
min, the removal rate and equilibrium adsorption capac-
ity gradually plateaued. The adsorption at 240 min was 
therefore selected as the equilibrium time in subsequent 
experiments.

3.2.3. Effects of the solution pH 

The influence of the solution pH on the removal rate 
and equilibrium adsorption capacity is shown in Fig. 8. 
At the pH ranges from acidic to alkaline, the removal rate 
is remains stable at approximately 70%, the equilibrium 
adsorption capacity is also stable at 250 mg/g, and RhB is 
mainly present in the form of cations in the aqueous solu-
tion. These result suggest that the degree of deprotonation 
of AWBC does not interfere with the hydrolysis of RhB mol-
ecules, and confirm previous findings that the effect of pH 
on adsorption performance is not significant [34]. In light of 
these results, the pH was not adjusted in subsequent exper-
iments exploring single-factor effects.

3.2.4. Effects of temperature

The effect of temperature on the removal rate and equi-
librium adsorption capacity of RhB is shown in Fig. 9. The 
removal rate and equilibrium adsorption capacity increased 
gradually with increasing temperature. This effect may be 
due to high temperatures promoting interactions between 
RhB and the AWBC surface functional groups. Previous 
work has shown that the attractant properties of adsorbent 
molecules on the AWBC surface are strengthened with ele-
vated temperatures, indicating that the adsorption of RhB 
to AWBC is an endothermic process [35]. Nevertheless, the 
remainder of our experiments were carried out at RT (298 
K), in order to explore the influences of other single factors 
on AWBC adsorption performance.

3.2.5. Kinetic models

Table 1 summarizes the parameters of the three kinetic 
models of RhB adsorption. Our results supported the pseu-
do-first-order and pseudo-second-order models, with high 
R2 values (R2 > 0.997); which shows that both models can 
describe the adsorption mechanism. Under the three differ-
ent concentrations of 100, 150 and 200 mg/L, the R2 values 
of the pseudo-second-order model were close to 1 (0.9998, 

09999 and 0.9996, respectively). The adsorption of the pseu-
do-second-order model is therefore dominant, indicat-
ing that the adsorption rate is primarily controlled by the 
exchange or sharing of electrons to participate in the chem-
ical adsorption of valence forces [36]. The diffusion model 
for the particles in the RhB adsorption is shown in Fig. 10. 
In this model, the adsorption process was divided into two 
stages. In the first stage, RhB adsorbed to the AWBC surface 
and the adsorption capacity increased rapidly. In the second 
stage, the adsorption was affected by the particle diffusion 
rate, and the adsorption process slowed down [37]. Initially, 
RhB dye molecules rapidly gather on the outer AWBC sur-
face through the liquid membrane. They then enter the inte-
rior of the AWBC surface and adsorb to the inner surface, 
and then finally reach an equilibrium state of adsorption 
[38]. The adsorption of alkaline dye by alligator weed is 
therefore attributed to the combination of outer membrane 
diffusion and internal diffusion.
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3.3. Adsorption isotherms

The adsorption isotherms model experimental data 
parameters are shown in Table 2. The R2 values for the 
Langmuir and Freundlich models were greater than 0.99 
(0.9981, 0.9967, 0.9972) and 0.97 (0.9784, 0.9818, 0.9895), 
respectively; indicating that these models are the most 
appropriate for this adsorption. Additionally, the com-
parison between the date of Qe and the Qm in the three 
models is shown in Fig. 11. The data suggests that the 
Langmuir model best describes the adsorption mecha-
nism at 288 K. This result supports previous work that 

showed that the adsorption of RhB by AWBC is a mono-
layer adsorption process, and the adsorption of RhB 
occurred on the adsorbents surface [39]. Additionally, 
while KL > 0, 1/n values in the Freundlich model were 
between 0 and 1 at all three temperatures, indicating that 
adsorption is a favorable process [40]. Finally, the Dubi-
nin-Radushkevich model did not describe the adsorption 
process very well in comparison with the other two mod-
els. The simulated Qm was quite different from the Qe in 
the experimental data, and had a relatively low correla-
tion coefficient (R2 < 0.90).

3.4. Adsorption thermodynamics

The adsorption thermodynamics of RhB to AWBC are 
shown in Table 3. Thermodynamic parameters depict the 
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Table 1
Pseudo-first-order and pseudo-second-order kinetic parameters and particle diffusion kinetics for the adsorption of RhB by AWBC 
at different temperatures

Concentration 
Ce (mg/L)

Exp-data  
Qe (mg/g)

Pseudo-first-order 
kinetics

Pseudo-second-order  
kinetics

Particle diffusion  
kinetic

k1

(min–1)
Qe

(mg·g–1)
R2 k2 

(g·mg–1·min–1)
Qe 
(mg·g–1)

V0 

(mg·g–1·min–1)
R2 kp (mg·g–1· 

min–1/2)
C 
(mg·g–1)

R2

100 237 0.0176 70 0.9939 0.00056 244 33.22 0.9998 3.9321 175.5 0.8852
150 256 0.0128 88 0.9760  0.00030 250 18.98 0.9999  4.9177 160.75 0.9809
200 264 0.0277 150 0.9840 0.00033 270   24.10 0.9996  6.2697 161.16 0.8663

Table 2
Langmuir, Freundlich, and Dubinin-Radushkevich model and correlation coefficients for adsorption of RhB by AWBC at different 
temperatures

Temperature/K Langmuir model Freundlich model Dubinin-Radushkevich model

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

288 250 0.2614 0.9981 0.1113 146.9217 0.9784 3.0×10–6 244 408 0.4032
298 278 0.2034 0.9967 0.1410 142.7079 0.9818 1.0×10–6 245 707 0.7576
308 286 0.3333 0.9972 0.1449 151.1995 0.9895 6.0×10–6 272 289 0.8694
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Fig. 11. Comparison of experimental data with models at 298 K.
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endothermic nature of adsorption process of RhB to AWBC 
is a spontaneous endothermic process. The negative ΔG 
value indicates the degree of favorability of the RhB adsorp-
tion and shows that it occurs spontaneously. The positive 
enthalpy change, ΔH, indicates that the adsorption process 
belongs to an endothermic reaction. This result is consis-
tent with the increase in the maximum adsorption capacity 
simulated by the Langmuir isotherm model with increasing 

Table 3
The thermodynamic parameters of adsorption of RhB on AWBC 
at different temperatures

T(K) K/(L/mol) ΔG (kJ/mol) ΔS (J/mol K) ΔH (kJ/mol)

288 118837 –27.98 126 8.6
298 92451 –28.33
308 151515 –30.55

temperature [41]. Additionally, the positive entropy change, 
ΔS, indicates that the adsorption of RhB by AWBC increases 
the disorder of the molecules at the solid-liquid interface.

3.5. Orthogonal experiments

The results of orthogonal experiments examining four 
factors at three levels of AWBC adsorbed RhB are shown in 
Table 4 and Table 5. The results indicated that the combina-
tion of an AWBC dosage of 0.6 g/L, an initial RhB concen-
tration of 100 mg/L, 288 K and pH 12 achieved the optimal 
adsorption efficiency based on the maximum removal rate. 
The importance of the each of the four factors on the adsorp-
tion efficiency obtained from range analysis were AWBC 
dosage > pH > initial concentration > temperature. It can be 
concluded that the AWBC dosage has the most significant 
effect on the adsorption capacity, while temperature has the 
least influence. This finding is consistent our single-factor 
experimental results. 

Table 4
Orthogonal test design of AWBC adsorb RhB

Test number pH Temperature (K) Concentration (mg/l) AWBC dosage (g/l) Removal rate (%) Equilibrium adsorption 
(mg/g)

1 1 288 150 0.4 64.07 255.50

2 7 288 50 0.2 77.76 100.60

3 12 288 100 0.6 97.96 257.2

4 7 298 100 0.2 59.15 155.30

5 12 298 150 0.6 89.66 357.58

6 1 298 50 0.4 97.66 126.35

7 12 308 50 0.6 99.97 129.33

8 1 308 100 0.2 51.17 134.35

9 7 308 150 0.4 73.94 294.88

Table 5
The orthogonal experiment result and range analysis of adsorption of RhB on AWBC

Level pH Temperature (K) Concentration (mg/l) AWBC dosage (g/L)

K1 212.9 239.79 275.39 188.08

K2 210.85 246.47 208.28 235.67

K3 287.59 225.08 227.67 287.59

Adsorption efficiency K1 70.97 79.93 91.80 62.69

K2 70.28 82.16 69.43 78.56

K3 95.86 75.03 75.89 95.86

R 25.58 7.13 22.37 33.17

Adsorption capacity K1 516.2 613.3 356.28 390.25

K2 550.78 639.23 546.85 676.73

K3 744.11 558.56 907.96 744.11

K1 172.07 204.43 118.76 130.08

K2 183.59 213.08 182.28 225.58

K3 248.04 186.19 302.65 248.04

R 75.97 26.89 183.89 117.96
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ical characteristics and adsorption mechanisms of diatoma-
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tion and characterization of mesoporous activated carbon from 
alligator weed with H3PO4, Adv. Mater. Res., 936 (2014) 868–874.
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bon for enhancing phenol adsorption: Effect of nitrogen-con-
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[21] M. Ghaedi, B. Sadeghian, A.A. Pebdani, R. Sahraei, A. Danesh-
far, C. Duran, Kinetics, thermodynamics and equilibrium 
evaluation of direct yellow 12 removal by adsorption onto sil-
ver nanoparticles loaded activated carbon, Chem. Eng. J., 187 
(2012) 133–141.

[22] O. Das, A.K. Sarmah, The love-hate relationship of pyrolysis 
biochar and water: A perspective, Sci. Total Environ., 512–513 
(2015) 682–685.

[23] K.L. Foster, The role of micropore size and chemical nature of 
the pore surface on the adsorption properties of activated car-
bon fibers,Nuclear Magnetic Shieldings and Molecular Struc-
ture. Springer Netherlands. 1993, pp. 160–165.

[24] K.S.W. Sing, Reporting physisorption data for gas/solid systems 
with special reference to the determination of surface area and 
porosity (Provisional), Pure Appl. Chem., 57 (2009) 603–619.

[25] Y. Yao, B. Gao, H. Chen, L. Jiang, M. Inyang, A.R. Zimmerman, 
X. Cao, L. Yang, Y. Xue, H. Li, Adsorption of sulfamethoxaz-
ole on biochar and its impact on reclaimed water irrigation, J. 
Hazard. Mater., 4 (2012) 408–413.

[26] S. Kizito, S. Wu, K.W. Kipkemoi, M. Lei, Q. Lu, H. Bah, R. Dong, 
Evaluation of slow pyrolyzed wood and rice husks biochar for 
adsorption of ammonium nitrogen from piggery manure anaer-
obic digestate slurry, Sci. Total Environ., 505 (2015) 102–112.

[27] M. Vithanage, A.U. Rajapaksha, M. Ahmad, M. Uchimiya, X. 
Dou, D.S. Alessi, S.O. Yong, Mechanisms of antimony adsorp-
tion onto soybean stover-derived biochar in aqueous solutions, 
J. Environ. Manage., 151 (2015) 443–449.

[28] J. Anandkumar, B. Mandal, Adsorption of chromium(VI) and 
Rhodamine B by surface modified tannery waste: Kinetic, 
mechanistic and thermodynamic studies, J. Hazard. Mater., 
186 (2011) 1088.

[29] V.O.A. Tanobe, T.H.D. Sydenstricker, M. Munaro, S.C. Amico, 
A comprehensive characterization of chemically treated 
Brazilian sponge-gourds ( Luffa cylindrica), Polym. Test., 24 
(2005) 474–482.

4. Conclusions

In this work, alligator weed was used as an activator 
for preparation of biochar. SEM showed that the adsorption 
created a coarse and heterogeneous surface with a large 
number of pores with variable volumes. The AWBC sur-
face area was 736.3 m2/g, and the average pore size was 
4.05 nm. FTIR analysis showed that phosphorus-containing 
functional groups, as well as C–H, C–O, and C=C species, 
were present on the AWBC surface; which may enhance the 
RhB adsorption efficiency. The RhB adsorption kinetics cor-
related well with a pseudo-second-order kinetic model (R2> 
0.997), and this is considered to 7 be the rate-limiting fac-
tor. The batch equilibrium data fitted well to the Langmuir 
isotherm model; indicating monolayer adsorption and an 
adsorption capacity of 286 mg/g (R2 = 0.9972). Negative ΔG 
values confirmed the spontaneity of the adsorption process, 
while positive ΔH and ΔS values indicated endothermic 
and irreversible adsorption. The orthogonal experiments 
showed that of the four factors affecting adsorption effi-
ciency obtained from our range analysis, AWBC dosage > 
pH > initial concentration >temperature. Therefore, AWBC 
dosage has a significant effect on the adsorption capacity, 
while temperature has the least effect. AWBC is likely to be 
an effective and low-cost material for removing RhB from 
aqueous wastewater.
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