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a b s t r a c t
Low-cost activated carbon was prepared from alligator weed by phosphoric acid activation and 
employed for the removal of trimethoprim (TMP) from aqueous solutions. The activated carbon 
content in the alligator weed-activated carbon (AWAC) was 55.38%. Scanning electron micros-
copy showed that AWAC features a rough surface with highly porous structures consisting of 
micropores and mesopores. The AWAC had a high surface area of 752.6 m2/g and an average pore 
size of 5.80 nm, which were responsible for its favorable adsorption ability. The AWAC adsorbed 
~92% of a 60 mg/L TMP solution. The maximum TMP adsorption capacity was about ~125 mg/g 
at 298 K. The TMP sorption kinetic data fitted well to the pseudo-second-order kinetic equation 
(R2 = 1). The Freundlich isotherm gave the best correlation (R2 = 0.9950) with the experimental 
data at 303 K, indicating multimolecular layer adsorption. Thermodynamics studies revealed that 
the adsorption process is spontaneous and exothermic. Fourier transform infrared spectroscopy 
revealed the presence of the AWAC surface functional groups, such as C–H, C–O and C–C moieties. 
The intensity of the spectral peaks of AWAC decreased after adsorption, owing to reaction of the 
functional groups with TMP.
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1. Introduction

Environmental pollution problems have grown in tan-
dem with developing industrialization worldwide. Much 
of the contamination ultimately accumulates in aquatic sys-
tems, and contaminants have been detected in both drinking 

water and wastewater. Antibiotic contamination has been 
found in a diverse range of environmental compartments 
around the world, including wastewater, groundwater and 
river water, hospital wastewater, sludge, soil and manure [1]. 
A notable contaminant is trimethoprim (TMP), an antibacte-
rial drug derived from diaminopyrimidine that is commonly 
used in the prophylactic treatment of urinary, intestinal and 
respiratory infections [2]. TMP is often poorly metabolized 
when absorbed by humans and animals, and approximately 
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60% of TMP is eventually discharged into the environment 
in its original form [3]. This release of TMP into the environ-
ment may increase the risk of bacterial resistance to the drug. 
Management of the disposal of TMP contaminated water is 
important to minimize the adverse impact of the drug to the 
environment and the human health.

Numerous methods have been employed to remove 
TMP from effluents, such as electrochemical oxidation, 
adsorption and microbial degradation. Adsorption of 
 pollutants in water by activated carbon packed fixed-bed 
columns has proven to be an economical and effective 
 technique [1]. Adsorption techniques are gaining popularity 
because of their high efficiency, low-energy requirements 
and simple process operation. Activated carbon is one of 
the most widely used materials in water treatment because 
of its exceptional adsorption properties, large surface area 
and good corrosion resistance [4]. Organophosphorus com-
pounds have been applied as activated agents for produc-
ing activated carbon with surface functional groups that 
increase surface acidic and enhance the sorption capacities. 
Phosphoric acidity activation has been well demonstrated 
as an effective method, with low cost and minimal environ-
mental impact [5].

Several kinds of carbon materials can be used as adsor-
bents for sewage treatment and numerous raw materials 
have been used to remove TMP from wastewater, such as 
montmorillonite K10 [6], green alga Nannochloris sp. [7] and 
lotus stalks [4]. Alligator weed (Alternanthera philoxeroids) is 
a plant native to South America that has now spread world-
wide because of its extremely vigorous growth and resis-
tance to control measures [8]. This plant invades agricultural 
areas and blocks drainage and irrigation channels, causing 
problems on agricultural land. Another concern is that alli-
gator weed causes water pollution from plant decomposition 
[9]. Alligator weed was one of the first invasive species listed 
in China. Biological control is considered the best method 
for managing this weed because mechanical methods exac-
erbate the rate of spread [10]. In previous studies, activated 
carbon prepared from alligator weed showed a high poten-
tial for removing heavy metals and antibiotics from aqueous 
solutions [11], owing to alligator weed containing 4.1% lignin 
and 20.3% cellulose [12]. Alligator weed can produce large 
amounts of biomass, which can be used as a raw material 
to prepare high-efficiency activated carbon. The cost of pro-
duction of alligator weed-activated carbon (AWAC) was CN¥ 
2.1/kg [13]. Preparing a sorbent from alligator weed could 
utilize this pest as a resource and the sorbent could be used 
to decrease TMP and other antibiotics in aquatic pollution. 
To the best of our knowledge, there are no studies reporting 
the use of AWAC as an adsorbent for removing TMP from 
effluents.

This study aims to use a highly effective method for 
preparing activated carbon from alligator weed and inves-
tigates the suitability of the sorbent for removal of TMP 
from solutions. The isotherms, kinetics and thermodynam-
ics of TMP adsorption from aqueous solutions are exam-
ined. The adsorption performance of AWAC is investigated 
by assessing the effects of various parameters, including 
initial TMP solution concentration, contact time, adsorbent 
dosage, temperature and pH on the adsorption properties 
of the AWAC.

2. Materials and methods

2.1. Materials

TMP (CAS# 738-70–5) was supplied by Sangon Biological 
Engineering (Shanghai, China). The molecular weight of TMP 
is 290.32 g/mol and it has a chemical formula of C14H18N4O3. 
A 60 mg/L stock solution of TMP was prepared by dissolving 
0.12 g of TMP in 2,000 mL of distilled water. Distilled water was 
used throughout for solution preparations. The pH values of 
solutions were adjusted with 0.1 M HCl and/or 0.1 M NaOH.

2.2. Preparation of AWAC

The raw alligator weed biomass was collected from 
Xiaoqing River in Shandong Province, China. The biomass 
was washed with copious quantities of de-ionized water to 
remove impurities and release common ions present in river 
water, and then sun-dried. Alligator weed segments were 
pretreated in 2 wt% sodium hydroxide solution for 24 h to 
remove superficial ash and impurities. The segments were 
rinsed with distilled water until the washings were neutral 
and the segments dried at 105°C. The dried segments were 
subjected to a preoxidation process by heating to 200°C for 
1 h, which can change the specific surface area of the material 
and the oxygen content on the surface of the product. The 
resulting precursor material was immersed in 85 wt% phos-
phoric acid solution at a ratio of 1:4 (w/w) for 6 h at room 
temperature [14]. The resulting sample was then carbonized 
in a muffle furnace (Yong Guangming Company, Beijing) 
at 600°C for 1 h. The optimal process above is based on the 
analysis of costs, adsorption performance and optimal phos-
phoric acid usage. The resulting activated carbon was cooled 
to room temperature, cleaned with de-ionized water thor-
oughly until the pH of the filtrate was 7, and then dried at 
105°C for 12 h. Finally, the AWAC was ground into a powder 
before adsorption experiments [15].

2.3. Calculation of AWAC content

The AWAC content ratio (Y, wt%) reflects the quality of 
activated carbon in AWAC and is defined as follows:

Y = m1/m2 × 100 (1)

where m1 is the mass of the activated carbon obtained and m2 
is the mass of the dry, raw alligator weed material.

2.4. Properties of AWAC

The surface structural characteristics of the AWAC were 
observed via scanning electron microscopy (SEM; SUPRA™ 

55, Zeiss Company, Germany). The surface area of the acti-
vated carbon plays an important role in adsorption efficiency 
and was calculated from the Brunauer–Emmett–Teller (BET) 
nitrogen adsorption–desorption isotherms measured at 77 K 
using an automated surface area analyzer (Quantachrome, 
USA). The pore-size distribution of the AWAC was ascer-
tained using density functional theory software provided 
with the instrument using medium regularization [16]. 
Fourier transform infrared (FTIR) analysis was undertaken 
to examine the chemical functional groups present on the 
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AWAC prepared in this study using a FTIR spectrometer 
(Thermo Scientific, USA).

2.5. Sorption studies

The absorption efficiency of the AWAC was examined 
in batch sorption experiments. TMP solutions of varying 
concentrations were prepared by dilution of the stock solu-
tion with distilled water. The adsorption experiments were 
performed by agitating 0.05 g AWAC in 50 mL of TMP solu-
tion on a temperature-controlled oscillator set at 180 rpm to 
reach adsorption equilibrium time. Each experimental con-
dition was performed in triplicate, and distilled water used 
as a blank control. After the adsorption experiment, the solu-
tion was passed through a 0.22 μm filter membrane and the 
absorbance was detected. The concentration after adsorption 
was determined by referring to the standard curve [14]. The 
concentrations of TMP in the supernatant solutions before 
and after sorption were determined using a UV–visible spec-
trophotometer (T6-Xinshiji, Beijing) at the maximum TMP 
absorption wavelength of 271 nm.

The TMP uptake at equilibrium Qe (mg/g) and the 
removal rate were calculated using the following equations:

Qe = (Co – Ce) V/W (2)

Removal (%) = ((Co – Ce)/Co) ×100% (3)

where Co is the TMP concentrations prior to the start of the 
adsorption process, Ce (mg/L) is the TMP concentrations at 
equilibrium, V (L) is the volume of the TMP solution and 
W (g) is the mass of the adsorbent.

2.6. Batch adsorption experiments

Batch adsorption experiments were performed to study 
the influence of initial TMP concentration, AWAC dose, 
solution pH, contact time and temperature of reaction on 
the adsorption uptake. The pH of the adsorbent was main-
tained with 0.1 M HCl or 0.1 M NaOH. Kinetics is important 
for studying adsorption processes and provides a means to 
understand the adsorption rate and adsorption mechanism. 
Data obtained from kinetic experiments for the removal of 
TMP by AWAC were analyzed with pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models to 
explain the adsorption mechanism. A 0.05 g dose of AWAC 
was added to each conical flask containing 50 mL of TMP 
solution at 30, 60 and 90 mg/L concentrations at initial pH of 
3.15. The mixtures were agitated on a temperature-controlled 
oscillator set at 25°C and 180 rpm. Contact times ranged from 
10 to 360 min. The removal rate and adsorption amount of 
each experiment were calculated and are discussed in the fol-
lowing section.

An adsorption isotherm curve was plotted to express the 
relationship between temperature and the amount of solute 
molecules when adsorption had reached equilibrium at two 
concentrations. Adsorption isotherm studies were performed 
with eight different initial concentrations of TMP from 20 to 
160 mg/L at initial pH of 3.15, contact time 4 h, and an AWAC 
dosage of 1.0 g/L. The removal rate and adsorption amount 
were calculated and are discussed in the following section.

3. Results and discussion

3.1. Characterization of AWAC

3.1.1. SEM characterizations

The surface properties of AWAC before and after adsorp-
tion were examined by SEM, and the results are shown in 
Figs. 1(a) and (b), respectively. Developed apertures exist on 
the surface of the AWAC, and the apertures are not of uni-
form size. The number of pores decreased after adsorption of 
TMP (Fig. 1(b)), with many of the large pores filled with the 
adsorbate. These large pores and increased surface area are 
important factors that could cause the high uptake of TMP 
seen in this study [17]. The carbon activated with phosphoric 
acid had high adsorption ability under oxidation conditions 
and phosphoric acid activation may play an important part 
in the formation of pores. It is generally accepted that the 
porosity is generated with phosphoric acid remaining inter-
calated in the internal structure of lignocellulosic materials 
[18]. As oxidant agents at high temperature, phosphoric acid 
will release some radicals. These radicals may react with 

(a)

(b)

Fig. 1. Scanning electron microscopy images of AWAC (a) before 
and (b) after TMP adsorption.
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precursor and accelerate the formation of new pores and 
functional groups on precursor [19].

3.1.2. BET and pore-size analysis

The N2 adsorption isotherm and pore-size distribution 
of AWAC are shown in Figs. 2(a) and (b), respectively. From 
Table 1, the SBET and Vtot of AWAC were greater than those 
of three other activated carbons, concluding that AWAC has 
better application prospects than the other activated carbons 
[20–22]. The N2 volume adsorbed by AWAC continued to 
increase with increasing P/P0 after the micropore volume was 
filled (Fig. 2(a)). The shape of the N2 adsorption/desorption 
isotherm was a mixture of types I and IV, with a wider hys-
teresis loop at high relative pressures, suggesting that AWAC 
has a mixed microporous and mesoporous structure [23]. The 
pore-size distribution in the AC indicates that the majority 
of pores were mesopores (2–10 nm), together with micropo-
res (diameter <2 nm) distributed on the AC surface; no mac-
ropores (diameter >50 nm) were present [24]. The ordered 
mesoporous and microporous structures can promote the 

diffusion of ions and improve charge accumulation, there-
fore, resulting in porous carbon with a high surface area [25]. 
The AWAC has a developed porous structure that included 
mainly of micropores and mesopores (Fig. 2(b)). This pore 
distribution could improve the adsorption capacity of small 
molecules by AWAC. The BET surface area of the AWAC 
was determined as 752.6 m2/g, and the average pore size was 
5.80 nm. These two values reveal that the adsorbent may 
have favorable adsorption properties [26].

3.2. Adsorption studies

3.2.1. Effect of TMP initial concentration

The effect of initial TMP solution concentration was 
investigated at five initial concentrations (20, 40, 60, 80 and 
100 mg/L) and showed that the adsorption capacity of AWAC 
increased steadily with increasing TMP solution concen-
tration (Fig. 3). The reason for this is because the effective 
surface area and the ratio of adsorbate to adsorbent were 
increased [27]. However, the removal rate of TMP declined 
with a roughly in a linear trend with increasing TMP initial 
concen because the number of vacant active sites was limited 
and the vacant surface sites were difficult to be occupied.
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Fig. 2. N2 adsorption isotherm for AWAC (a) and pore-size 
distribution curve (b) of alligator weed before adsorption.

Table 1
Surface area and pore volume parameters of DSAC, AWAC, 
ALAC and AC-PER

Samples SBET (m2/g) Vtot (cm3/g) Dp (nm) Reference

DSAC 315 0.346 1.35 [20]
AWAC 752 1.09 5.80 This work
AC-PER 342 0.273 3.19 [21]
ALAC 675 0.31 1.85 [22]

DSAC, doum stone-activated carbon; AWAC, alligator weed-activated 
carbon; ALAC, Arundo donax Linn-activated carbon; AC-PER, Lotus 
stalks-activated carbon; SBET, the BET specific surface area; total 
pore volume (Vtot), Dp (average pore diameter) it was calculated as 
Dp = 4 Vtot/SBET.
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Fig. 3. Effect of initial TMP solution concentration on removal 
rate and adsorption capacity for five initial concentrations (20, 
40, 60, 80 and 100 mg/L, contact time 4 h, AWAC dosage 1.0 g/L, 
initial pH, shaking speed 180 rpm and temperature 25°C).
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3.2.2. Effect of contact time

A study of the effect of contact time on the adsorption of 
TMP by AWAC was performed. Removal rate of TMP at equi-
librium decreased from 97% to 73% (Fig. 4). The adsorption 
process was initially rapid and then increases gradually up 
to the equilibrium attained at 4 h for all experiments. From 
this sorption behavior it was concluded that TMP uptake 
followed a two-step mechanism, where the antibiotics were 
chemically up taken onto the surface of the AWAC before 
being taken up into the inner adsorption sites [28]. The first 
step, known as passive surface transport, took place quite 
rapidly and adsorption process was fast for the first 30 min. 
The second passive diffusion transport step took a much lon-
ger time for completion [29]. The removal rate of TMP came 
near to 90% after 4 h. The adsorption process was extended 
to 6 h to determine the equilibrium contact time. Satisfactory 
removal had occurred after 4 h, and selecting 4 h in subse-
quent adsorption experiments as the adsorption equilibrium 
time.

3.2.3. Effect of AWAC dosage

The effect of the adsorbent dose on the adsorption capac-
ity of AWAC and removal efficiency was assessed. AWAC 
dosages were varying from 0.6 to 2.2 g/L were studied using 
a TMP solution of 60 mg/L at 298 K (Fig. 5). The removal effi-
ciency increased with increasing AWAC dosages to a point 
and thereafter remained unchanged. At equilibrium, the 
removal rate increased from 72% to 99% for an increase in 
dose from 0.6 to 2.2 g/L. The increase in TMP removal per-
centages was because of the increase in the available adsorp-
tion surfaces and sites. The adsorption capacity of the AWAC 
decreased as the adsorbent dose increased. After considering 
the removal rate and adsorption capacity, an AWAC dosage of 
1.0 g/L was chosen for subsequent equilibrium experiments.

3.2.4. Effect of solution pH

The effect of pH on TMP removal was examined by vary-
ing the solution pH between 2 and 12. The removal rate of 
TMP ranged from 59% to 94%, and adsorption capacity of 
AWAC increased with increasing initial solution pH from 
acidic to alkaline (Fig. 6). The point of zero charge (pHpzc) 
is the most important parameters in the pH study of adsor-
bents. The pHpzc of AWAC was determined by the following 
procedure: 50 mL aliquots of a 0.01 N NaCl solution were 
charged to eight 100-mL conical flasks. The pH values of 
the solutions were adjusted to values between 2 and 12, and 
0.05 g of AWAC added to each flask. The final pH of each 
solution was measured after 24 h contact time. The difference 
between initial and final pH (pHf

 _ pHi) was plotted against 
the initial pH (pHi) and the point where pHf _ pHi = 0 was 
taken as the pHpzc [8].

The pHpzc for the AWAC was about 3.9. The structural 
formula of TMP is shown in Fig. 7. TMP has two amino 
groups (–NH2), which may be positively or uncharged. 
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capacity (TMP concentration 60 mg/L, contact time 4 h, 
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The surface of the AWAC is positively charged at low pH 
(2–4, pH < pHpzc) and repels the partially protonated TMP 
(TMPH2

2+ or TMPH+), resulting in low sorption. The adsorp-
tion process was fast as pH increased above this point (pH 
> pHpzc) because the surface of the activated carbon became 
negatively charged, which was favorable for the sorption 
of cationic species (TMPH2

2+ or TMPH+) [30]. The pH value 
had a remarkable influence on TMP adsorption and sorption 
changed drastically from acidic to alkaline conditions. In 
order to explore the influence of other factors preferably and 
reduce the error in the process of experiment, we conducted 
tests at initial pH in subsequent adsorption experiments.

3.2.5. Effect of temperature

Temperature was a key parameter that was studied in 
the adsorption of TMP to AWAC. The removal rate of TMP 
by AWAC decreased slightly from 86% to 78% when the 
temperature increased from 20°C to 40°C, and adsorption 
capacity gradually decreased (Fig. 8). This shows that the 
adsorption is an exothermic reaction. The adsorption process 
involves TMP adsorbing to the surface of AWAC, and free 
energy of the TMP is decreased. The decrease in adsorption 
uptake with the rise of temperature may be attributed to 
weakening adsorptive forces between the active sites of the 
adsorbent and adsorbate species as well as between the adja-
cent molecules of the adsorbed phase [31].

3.3. Kinetic models

Pseudo-first-order, pseudo-second-order and intrapar-
ticle diffusion models were employed to assess the TMP 
removal experimental kinetic data.

The pseudo-first-order kinetic model is widely used for 
the description of adsorption dynamics in aqueous solutions. 
A linear form of pseudo-first-order model is expressed as 
follows:

ln(Qe − Qt) = lnQe − k1t (4)

where Qt (mg/g) is the sorption capacity at time t (min) and k1 
(1/min) is the rate constant of the pseudo-first-order model. 
The values of Qe and k1 can be obtained from the intercept 
and slope of a plot of ln(Qe − Qt) vs. t, respectively.

The pseudo-second-order kinetic model is also widely 
used for the description of adsorption dynamics in aque-
ous solutions. This model assumes that the adsorption is a 
pseudo-chemical reaction process. This model describes the 
whole process of adsorption and considers the mechanism 
of adsorption as the limiting factor of adsorption. The pseu-
do-second-order model is given as follows:

t/Qt = 1/k2/Qe
2 + t/Qe (5)

where k2 (g/(mg min)) is the rate constant and V0 (mg/(g min)) 
represents the initial sorption rate. The values of Qe and k2 can 
be established from the plot of t/Qt vs. t.

Intraparticle diffusion is an important process when 
passing of an adsorbate from the solution to solid phase is the 
controlling step of the adsorption. The intraparticle diffusion 
model can be expressed in linear form as follows:

Qe = kpt0.5 + C (6)

where kp (mg/(g min0.5)) is the intraparticle diffusion rate 
constant and C (mg/g) is a constant. Both kp and C can be 
obtained from the plot of Qe vs. t0.5. Intraparticle diffusion is 
considered as the sole rate-limiting step if the plot of Qe vs. t0.5 
is a straight line that passes through the origin.

The corresponding parameters are summarized in 
Table 2 at initial TMP concentrations of 30, 60 and 90 mg/L 
using 0.05 g of adsorbent. The experimental data had an 
excellent fit to pseudo-second-order model, with correlation 
coefficient (R2) values of 0.999, 1 and 1 when the initial TMP 
solution concentrations were 30, 60 and 90 mg/L, respectively. 
The theoretical values of equilibrium sorption capacity (Qe,cal.) 
agreed well with the experimental values (Qe,exp.), further sug-
gesting that the sorption of TMP follows the pseudo-second- 
order kinetic equation and indicating the rate-limiting factor 
was bond formation between the TMP and AWAC [20].

3.4. Adsorption isotherms

Studying the adsorption isotherm is worthwhile to 
understand the complex mechanism of interaction between 
the adsorbate and adsorbent. The isotherm reveals the 
relationship between equilibrium adsorption and solu-
tion concentration when equilibrium is reached at certain 
temperatures. The adsorption isotherm can reflect how the 

Fig. 7. Molecular structure of trimethoprim (TMP).
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adsorbate molecule is distributed and transferred between 
liquid and solid phases in the process of adsorption equi-
librium. The isotherm results were analyzed by fitting the 
equilibrium adsorption data to Langmuir, Freundlich and 
Dubinin–Radushkevich models.

The Langmuir model is related to the assumption that 
maximum sorption corresponds to saturation of solute mole-
cules with no lateral interaction between adsorbed molecules. 
The Langmuir model is mainly used to describe monolayer 
adsorption processes. The linearized Langmuir equation is 
applied in the present work as follows:

Ce/Qe = 1/QmkL + Ce/Qm (7)

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

The Freundlich isothermal adsorption model is an empir-
ical formula derived from experimental results. This isother-
mal model was hypothesized based on a different surface at 
each point in the adsorption surface, and this model is used 
widely in the study of absorption from solution. This model 
can be expressed as follows:

Qe = kFCe
1/n (8)

where kF is the Freundlich constant (mg/g) and n is the 
adsorption intensity. Adsorption capacity is represented by 
1/n and a small 1/n value indicates high adsorption perfor-
mance. The values of kF and 1/n are calculated using the inter-
cept and slope of the fitted line.

The Dubinin–Radushkevich model is an equation that 
measures adsorbent micropore volume using the low and 
medium voltage parts of the adsorption isotherm. It is based on 
the invariance of the adsorption characteristic curve with tem-
perature. The model is represented by the following equations:

lnQe = lnQm − βε2 (9)

ε = RTln(1 + 1/Ce) (10)

E = 1/(2β)1/2 (11)

where β (kJ2/mol2) is the constant relating to the adsorp-
tion energy, ε is the Polanyi potential, R is the thermody-
namic constant and E (kJ/mol) is the average free energy of 
adsorption.

The equilibrium isotherm is described by a sorption 
isotherm, which is characterized by certain constants 
whose values express the surface properties, and the 
affinity of the sorbent sorption equilibrium is established 
when the concentration of sorbate in the bulk solution 
is in dynamic balance with that at the sorbent interface 
[32]. The adsorption process was determined by match-
ing experimental data with the three adsorption models. 
The relevant parameters are shown in Table 3, indicating 
the maximum adsorption capacity of TMP by AWAC was 
~125 mg/g at 298 K. Experimental data showed a favorable 
fit to both the Langmuir and Freundlich models (R2 = 0.986 
and 0.995), and a poor fit to the Dubinin–Radushkevich 
model (R2 = 0.771). The experimental adsorption data fitted 
best to the Freundlich model, indicating that adsorption 
of TMP was multimolecular layer adsorption (Fig. 9) [33]. 
This adsorptive behavior implies that the surface of AWAC 
is heterogeneous. The heterogeneity may be attributed to 
the various functional groups on the activated carbon sur-
face and the various adsorbent–adsorbate interactions [23]. 
Comparing the adsorption capacity of AWAC with other 
low-cost activated carbon adsorbents in Table 4 [6,34,35], 
the results showed that alligator weed have favorable 
potential as an adsorbent material source for TMP removal 
from effluent.

Table 2
Kinetic parameters of the pseudo-first-order, pseudo-second-order and particle diffusion model for the adsorption of TMP by AWAC

Concentration 
(mg/L)

Experimental 
data Qe (mg/g)

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

k1 

(min–1)
Qe 

(mg/g)
R2 k2 

(g/(mg g))
Qe 

(mg/g)
V0 
(mg/ 
(g min))

R2 kp 
(mg/ 
(g min0.5)

C 
(mg/g)

R2 

30 29 0.011 2 0.8310 0.016 29 14.08 0.999 0.12 26.29 0.7760
60 52 0.015 8 0.9610 0.005 52 14.08 1 0.51 43.03 0.7580

90 66 0.016 11 0.9560 0.004 67 18.87 1 0.67 55.63 0.7370

Table 3
Langmuir, Freundlich, Dubinin–Radushkevich model and correlation coefficients for adsorption of TMP onto AWAC

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

298 125 0.072 0.905 3.650 28.818 0.946 0.053 68.786 3.071 0.581
303 83 0.180 0.986 4.545 30.205 0.995 0.039 61.252 3.581 0.771

308 83 0.177 0.987 0.206 30.723 0.987 0.030 60.039 4.082 0.710
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3.5. Adsorption thermodynamics

Thermodynamics is a science that studies energy con-
version in processes. The Gibbs free energy of a process can 
be judged by whether the process occurs spontaneously in a 
closed system. If the Gibbs free energy change ΔG (kJ/mol) is 
negative it indicates that the reaction is spontaneous. If the 
enthalpy ΔH (kJ/mol) is positive then the process is an endo-
thermic reaction. It can be expressed as follows:

lnkL = ΔS°/R − ΔH°/RT (12)

ΔG° = −RTlnkL (13)

where ΔG° is the standard Gibbs free energy change, ΔH° is 
the enthalpy change and ΔS° is the entropy change. These 
parameters can be related to the level of feasibility and nature 
of the adsorption process.

Thermodynamic parameters such as free energy change, 
enthalpy change and entropy were calculated to evaluate 
the thermodynamic feasibility and the spontaneous nature 
of the adsorption [36]. The relevant thermodynamic coef-
ficients are shown in Table 5, which show the negative 
values of Gibbs free energy decreased with increasing the 
 temperature. This indicates the sorption is spontaneous 
and feasibility of the adsorption via physical forces as well 
as high tendency of the adsorbent for the adsorbate [37]. 
The △H was negative, indicating the adsorption process is 

exothermic and low temperature is conducive to the adsorp-
tion process. Positive △S values were calculated, demon-
strating an increase in the adsorption disorder of TMP onto 
the adsorbent.

3.6. Orthogonal experiment

The orthogonal experiment design and analysis method 
is the most commonly used method for experimental opti-
mization. An orthogonal experiment can be designed based 
on the actual level and number of factors that affect exper-
imental results. In this study, a four factor and three level 
orthogonal experiments was employed to find the dominant 
factor that affects the removal rate and equilibrium adsorp-
tion capacity of TMP by AWAC. The four factors involved 
were dosage of AWAC, initial concentration of TMP solution, 
pH and temperature.

The orthogonal experiment design is shown in Table 6, 
including four factors at three levels, and the results are pre-
sented in Table 7. The order of the four factors influencing 
removal efficiency of TMP is pH > AWAC dosage > tempera-
ture > TMP solution concentration. For the adsorption capac-
ity, the order is pH > TMP solution concentration > AWAC 
dosage > temperature. The optimal combination was deter-
mined as pH = 6, initial TMP concentration = 60 mg/L, tem-
perature = 303 K and AWAC content = 1.0 g/L. The influence 
of pH on the adsorption capacity was higher than the other 
three factors.

3.7. Infrared spectra analysis

The functional groups on the surface of AWAC were 
determined by FTIR spectroscopy, and several different 
functional groups are present (Fig. 10). The adsorption 
peak at 400–1,000 cm−1 was attributed to metal–oxygen and 
metal–hydroxyl vibrations [14]. The adsorption peak at 
900–1,300 cm−1 was ascribed to phosphorus-containing func-
tional groups, which originated from the phosphoric acid 
activation employed during the preparation process [13]. The 
peak at 1,571 cm−1 indicated asymmetric stretching vibration 
of –COO− groups. The peaks in the 1,000–1,200 cm−1 range 
were assigned to the C–C vibrations of esters. The func-
tional group vibrations responsible for the 1,042 cm−1 peak 
were primer alcohol stretching vibrations. The peak around  
400–600 cm−1 revealed the presence of C–H groups. Peak 
intensities from the surface of the activated carbon decreased 
after adsorption, and it may be that the functional groups on 
the surface of the activated carbon reacted with TMP or were 
obscured by adsorbed TMP.
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Fig. 9. Comparison of experimental data with models at 303 K.

Table 4
Comparison of maximum adsorption capacities of various AC 
adsorbents for TMP

Absorbents Maximum adsorption 
capacity (mg/g)

References

Spent brewery grains 30.50 [6]
Tea waste 85.16 [34]

Montmorillonite K10 89.90 [35]

AWAC 125.0 This work

Table 5
Thermodynamic parameters for the adsorption of TMP onto 
alligator weed-activated carbon

Temperature 
(K)

K 
(L/mol)

ΔG° 
(kJ/mol)

ΔS° 
(J/mol K)

ΔH° 
(kJ/mol)

298 20,901 –12.85
303 51,940 –13.07 86 –1.124
308 51,176 –13.25
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4. Conclusions

AWAC prepared using phosphoric acid activation could 
adsorb TMP from solution efficiently. SEM analysis showed 
that the surface of the AWAC had developed micropores and 
mesopores. The BET surface area of AWAC was determined 
as 752.6 m2/g, and the average pore size was 5.80 nm, which 
were responsible for its favorable adsorption ability. The 
experimental kinetic data of TMP sorption by AWAC fitted 
better to the pseudo-second-order kinetic equation, indicat-
ing the rate-limiting factor was bond formation between the 
TMP and AWAC. The maximum adsorption capacity of TMP 
by AWAC was ~125 mg/g at 298 K. The experimental adsorp-
tion isothermal data conformed preferably to the Freundlich 
model, with a R2 of 0.9950, which indicates multimolecular 
layer adsorption. Thermodynamic studies revealed that the 
adsorption process is spontaneous and exothermic. FTIR 
spectroscopy identified the AWAC surface functional groups, 
such as C–H, C–O and C–C moieties. The intensity of the 
FTIR spectral peaks of AWAC decreased after adsorption, 
owing to reaction of the functional groups with TMP. Our 
results could provide insightful information to design and 
optimize effluent treatment facilities, and adsorption of TMP 
on low-cost activated carbon prepared from alligator weed 
has a promising application.
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