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a b s t r a c t
In this study, potassium hydroxide (KOH), aluminum chloride (AlCl3), and zinc chloride (ZnCl2) 
were co-pyrolyzed with pomelo peel biomass (according to different pyrolysis conditions, abbrevi-
ated in order as KOH-BC, AlCl3-BC, and ZnCl2-BC) to enhance the original biochar (BC) adsorption 
performance of an emerging contaminant tetrakis(hydroxymethyl)phosphonium chloride (THPC). 
The adsorption experiments indicated that the adsorption capacity for THPC of KOH-BC reached 
438 mg·g–1, which showed much higher adsorption properties than those of BC (239.6 mg·g–1), 
AlCl3-BC (301.6 mg·g–1) and ZnCl2-BC (278.9 mg·g–1) due to its better developed pore structures. The 
adsorption process of THPC by BC, KOH-BC, AlCl3-BC, and ZnCl2-BC, a spontaneous endother-
mic process that had been analyzed, according with the second-order kinetic model and Langmuir 
isotherm model. And the adsorption mechanisms of THPC removal (i.e., pore filling, cation-π inter-
action, hydrogen bonding, and ion exchange) were summarized. Targeting Escherichia coli, the anti-
bacterial activity of BC (THPC-BC) and KOH-BC (THPC-KOH-BC) of THPC after adsorption was 
explored. Antibacterial activity experiments have shown that THPC-BC and THPC-KOH-BC could 
effectively inhibit the growth of E. coli. Therefore, BC and modified BC can not only be used to 
remove THPC but also be recycled for secondary utilization, which provides a novel idea for the 
emission reduction and resource recycling of THPC with great practical value.
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1. Introduction

With the development of industry, it is more challeng-
ing to treat refractory organic compounds in industrial 
wastewater [1]. Traces of novel organic chemicals have been 
detected in many aquatic environments (e.g., drugs, flame 
retardants, pesticides, endocrine disruptors, coatings, and 
cosmetic additives) [2], and organic compounds existing 
in the water environment cause serious harm to the eco-
logical environment. For example, exposure to dyes may 
have adverse effects on human health, leading to anemia, 

skin diseases, permanent eye damage, and kidney blood 
bleeding [3]. Pesticide residues can contaminate soil, water 
sources, plants, etc., and accumulate through the food chain, 
thereby endangering the growth and reproduction of ani-
mals and plants. In addition, some pesticides are highly 
toxic and may endanger life if not completely treated [4]. 
Tetrakis(hydroxymethyl)phosphonium chloride (THPC), 
a novel organic compound in industrial organic phospho-
rus wastewater [5], is widely used as a flame retardant for 
fabrics [6], a chrome tanning agent in the leather industry, a 
descaling agent in the petroleum industry, a non-oxidizing 
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bactericide in industrial water treatment and an oxygen 
scavenger in the medical industry [7]. THPC can be decom-
posed to PH3 and formaldehyde in the water environment 
[8]. Further, highly toxic gases generated through PH3 and 
formaldehyde are carcinogenic and mutagenic in humans 
[9,10]. Industrial wastewater, containing a large amount of 
THPC organic compounds, is discharged into environment, 
which can cause more harm to the ecological environment. 
Consequently, it is imperative to remove THPC from indus-
trial wastewater.

Recently, the methods for removing organic phosphorus 
from wastewater have been varied, including adsorption 
[11], membrane filtration [12], photo-Fenton [11] and biolog-
ical, etc. [13]. Adsorption is widely used due to its easy oper-
ation, excellent removal efficiency and low cost [14–16]. For 
example, urea modified activated carbon under high-tem-
perature can optimize the pore structure of activated car-
bon and effectively improve its adsorption performance for 
dioxins [17], in-situ growth of Zn-Al LDH on polyaniline 
coated carbon spheres can effectively adsorb naproxen [18], 
the modification of magnetic graphite oxide (MGO) surface 
with lanthanum sulfide nanoparticles can effectively remove 
Pb2+ from wastewater [19], while these adsorbents are chal-
lenging to separate, expensive and unstable in acidic waste-
water. Biochar, with its large surface area, large pore vol-
ume, abundance of resources and low price, is widely used 
to treat organic pollutants in aquatic environments [20,21]. 
Due to its finite specific surface area and underdeveloped 
pore structure, original biochar (BC) has limited adsorp-
tion performance. Chemical modification and metal oxide 
modification can enhance the pore volume and adsorption 
capacity of the original biochar, respectively [22]. Li et al. 
[23] used modified biochar impregnated with KMnO4 and 
found it was successfully loaded with manganese oxide par-
ticles, which provided more adsorption sites and enhanced 
the adsorption of Cd2+. In addition, modification of bio-
char with magnesium and aluminum [24] can enhance the 
specific surface area and promote the formation of highly 
developed pore structure, which is used for the treatment 
of eutrophic water. Because the acid–base modification can 
regulate the acidic functional groups, the adsorption capac-
ities of NaOH and potassium hydroxide (KOH) activated 
biochar were significantly increased by 2.93 and 4.74 times,  
respectively [25].

Adsorbents after adsorption are usually disposed 
of by incineration, composting, regeneration, etc. [26]. 
Composting and incineration can cause secondary pollution 
in the environment. And regeneration is usually regener-
ated through chemical process, which is not only expen-
sive but a disadvantageous influence on the environment. 
Thus, the secondary utilization of adsorbents after adsorp-
tion can relieve the hazard to environment. Nowadays, bio-
char has been used to adsorb Ag+ and after adsorption, the 
biochar can also be used for producing novel value-added 
nanocomposite materials with antibacterial capability, 
which can successfully inhibit the growth of Escherichia coli 
[27–29]. According to literature reports, biochar is used to 
absorb phosphorus or phosphate in wastewater, and bio-
char after adsorption of phosphorus not only solves the 
problem of water eutrophication but also acts as fertilizer of 
plants to realize resource reuse [30–32].

E. coli is one of the sources of microbial contamination 
in the bottom of rivers and lakes, which increases the risk 
of water-borne diseases. There exists a dynamic balance 
between bottom sludge and upper water in rivers and lakes, 
while compared with the upper layers of water, the concen-
tration of E. coli in the bottom sludge of the lake is higher 
[33]. At present, the main method to control E. coli pollution 
in water is to keep the concentration of E. coli in the water 
at a low level. However, the resuspension of sludge will 
increase the concentration of E. coli in the water over time. 
THPC, as a quaternary phosphonium salt, has an excellent 
bactericidal effect. In terms of the bactericidal characteris-
tics of THPC, biochar is used as a carrier to absorb THPC 
and settled into the bottom sludge of rivers and lakes to 
kill E. coli. This is an effective method to reducing emission 
and resource utilization of the pollutant.

In conclusion, this study uses modified biochar to 
remove THPC and provides a new idea for efficient resource 
utilization by exploring the sterilization treatment of bio-
char on E. coli after adsorption of THPC from wastewater. 
The main objectives were: (1) to find a novel organic com-
pound pollutant THPC; (2) to use pomelo peel as a raw 
material to make pure biochar (BC) and modified bio-
char (KOH-BC, AlCl3-BC, and ZnCl2-BC), and characterize 
through Brunauer–Emmett–Teller, scanning electron micros-
copy (SEM), Fourier-transform infrared spectroscopy (FTIR), 
and X-ray diffraction (XRD); (3) to compare the adsorp-
tion performance of THPC between the original biochar 
and modified ones, then reveal the adsorption mechanism; 
(4) to study the antibacterial activity of biochar on E. coli 
after the adsorption of THPC and explain the sterilization 
mechanism by using the sterilization kinetic model.

2. Materials and methods

2.1. Chemicals

Potassium hydroxide (KOH), aluminum chlo-
ride (AlCl3), and zinc chloride (ZnCl2) were purchased 
from the China Pharmaceutical Chemicals Co., Ltd., 
(China). Tetrakis(hydroxymethyl)phosphonium chloride 
(C4H12ClO4P) was purchased from McLean Biochemical 
Technology Co., Ltd., (China). Soluble starch ((C6H10O5)n), 
iodine (1/2I2) and sodium bicarbonate (NaHCO3) were pro-
vided by Tianjin Kermel Chemical Reagent Co., Ltd., (China). 
Tryptone, agar powder and yeast extract powder were 
supplied from Beijing Aoboxing Biotechnology Co., Ltd., 
(China). All chemicals were of analytical grade.

2.2. Preparation of materials

The pomelo peel was washed three times with DI water, 
cut into long strips, dried, crushed into powder with a 
grinder, and sifted through a 200-mesh sieve. 4 g of pomelo 
peel powder and 1 g of KOH were mixed in a mortar and 
ground for 5 min, placed in a crucible boat for compaction 
and put in a tube furnace. The temperature was heated to 
700°C at a rate of 5°C/min and pyrolyzed for 2 h under a 
N2 flow. After that, it was washed to pH = 7 and dried for 
12 h at 80°C, which was labeled as KOH-BC. With the same 
treatment process, the activators were replaced by AlCl3 
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and ZnCl2 to prepare AlCl3-BC and ZnCl2-BC (biochar (BC): 
without activator).

2.3. Characterization

The surface morphology was characterized by JSM-
6710F scanning electron microscope of JEOL in Japan. 
The specific surface area and pore size of BC, KOH-BC, 
AlCl3-BC and ZnCl2-BC were measured by ASAP 2020 nitro-
gen physical adsorption instrument from USA. The crys-
tal structure of the samples was observed by XD-3 X-ray 
diffractometer from Beijing Puxi General Instrument Co., 
Ltd., China. The surface chemical functional groups were 
analyzed by USA Perkin-Elmer 550S Fourier-transform 
infrared spectrometer. The zeta potential was measured by 
JS94H microelectrophore by adjusting the suspension of the 
sample with HCl and NaOH to 2, 3, 4, 5, 6, 7, 8 and 9 and 
then calculated through software.

2.4. Experiment on adsorption performance

2.4.1. Adsorption kinetics experiment

The adsorbent and THPC solution (200 mg·L–1) were fil-
tered at different shaking times (10, 30, 60, 120, 180, 240, 300, 
360, 420, 480, 540, 720, and 1,080 min) and the concentration 
of the solution was measured after the samples were filtered.

2.4.2. Adsorption isotherm model

The adsorbent and THPC solutions of different concen-
trations (100, 200, 400, 600, and 1,000 mg·L–1) were shaken 
for 12 h and the concentration of the solution was detected 
after the samples were filtered.

2.4.3. Adsorption thermodynamics

The adsorbent and THPC solutions were shaken for 
12 h at different temperatures (298.15, 308.15, 318.15, 373.15, 
and 338.15 K). Then the concentration of the solution was 
detected after the samples were filtered.

2.4.4. Data analysis

After adsorption, the concentration of the filtrate was 
tested by the iodometric method [Eq. (1)].
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where C(THPC) is the concentration of THPC, mg·L–1; M(THPC) 
is the relative molecular weight of THPC; V1 is the vol-
ume of iodine standard solution consumed for titration of 
THPC solution, mL; V0 is the volume of iodine standard 
solution consumed for titration blank, mL; C I2� �  is the con-
centration of iodine standard solution, mol·L–1; V(THPC) is 
the volume of THPC solution, mL.

The adsorption capacity (qe) of THPC was calculated 
through the Eq. (2):
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where qe is adsorption capacity of THPC, mg·g–1; C0 is the 
initial concentration of THPC, mg·L–1; Ce is the concentra-
tion of THPC bringing into equilibrium, mg·L–1; V is the vol-
ume of THPC solution, L; m is the mass of the samples.

2.5. Antimicrobial ability test

2.5.1. Preparation of antibacterial materials

0.5 g of BC and KOH-BC were put into 150 mL of THPC 
solution (1,000 mg·L–1) in turn and shaken at 25°C 150 rpm 
for 12 h. After filtration, THPC-containing biochar was 
dried at 40°C (labelled as THPC-BC and THPC-KOH-BC).

2.5.2. Tested bacteria

THPC-BC and THPC-KOH-BC were tested for antibac-
terial ability with E. coli ATCC 25922.

2.5.3. Preparation of bacterial suspension

The bacteria were inoculated in 50 mL LB liquid medium 
with an inoculating loop, and shaken in shaking box at 
37°C for 12 h, so that the absorbance measured by the spec-
trophotometer at 600 nm was between 0.5~0.6 (concen-
tration was 5~6 × 108 CFU/mL), diluted to 10–5 times with 
sterile water (the concentration was 5~6 × 103 CFU/mL).

2.5.4. Effects of contact time on antibacterial activity

After 4 mg of THPC-BC and THPC-KOH-BC were con-
tacted with 2 mL E. coli dilution for different time (10, 20, 
30, 40, 60, and 90 min), 200 µL supernatant was taken and 
spread on the plate, which was put upside down in a con-
stant temperature incubator at 37°C for 24 h, counting the 
number of bacterial colonies on the plate, adding the mate-
rial without THPC and material without anything as a  
control.

3. Results and discussion

3.1. Characterization of biochar

The SEM image of BC, KOH-BC, AlCl3-BC and ZnCl2-BC 
are shown in Fig. 1. The irregular and uneven surface mor-
phology of BC is illustrated in Fig. 1a, with wrinkles and no 
obvious pore structure to be observed, most of which were 
wrinkled and fragmented structures. The reason was that the 
organic substances such as cellulose and lignin in pomelo 
peel were decomposed during the carbonization process of 
BC [34], and the breakage of chemical bonds, accompanied 
by the release of volatiles, resulted in wrinkles and a few 
pores on BC. On the contrary, as shown in Fig. 1b, KOH-BC 
had an abundant, honeycomb-like pore structure due to 
the fact that during the pyrolysis, KOH reacted with the 
carbon precursors of the biomass to etch carbon fragments, 
and reacted with oxygen functional groups in the biomass. 
A large amount of gas was released during these reactions, 
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forming an abundant micropore–mesoporous structure, pro-
viding more adsorption sites for THPC [35]. As observed in 
Fig. 1c and d, compared with BC, AlCl3-BC had deeper wrin-
kles, more pores, and alumina particles were produced on 
the surface. The SEM of ZnCl2-BC was similar to AlCl3-BC 
and the crystal particles on its surface were demonstrated 
as ZnO crystal particles in XRD detection.

As shown in Fig. 2, under low relative pressure 
(P/P0 < 0.1), the adsorption capacities of BC, KOH-BC and 
ZnCl2-BC increased rapidly, reaching the saturation value 
after a certain pressure, and there was no obvious hysteresis 
line. Depending on the classification of International Union 
of Pure and Applied Chemistry, the adsorption–desorption 
curves of BC and KOH-BC both had obvious characteris-
tics of the type I isotherm [36,37], which was similar to the 
Langmuir adsorption isotherm, typically characterized in 
monolayer adsorption, with pore-filling as the main func-
tion of its adsorption. The adsorption–desorption curve of 
AlCl3-BC revealed an obvious isotherm of type Ⅱ, which 
appeared as an H4 loop that showed an adsorbent mixed 
with micropores and mesopores.

As the specific surface area parameters could be 
seen from Table 1, compared with BC (261.47 m2·g–1), 
the specific surface area of KOH-BC (512.26 m2·g–1) and 
ZnCl2-BC (306.53 m2·g–1) improved, while that of AlCl3-BC 
(153.68 m2·g–1) reduced. Compared with BC, the microp-
ore volume and mesopore volume of KOH-BC increased. 
The micropore volume of ZnCl2-BC increased observably 
while the mesopore volume decreased. The total pore vol-
ume of AlCl3-BC mesopores had a significant increase. The 
increase in the number of mesopores could make it easier 
for the pollutant THPC to enter the pores of the adsorbent, 
promote the intraparticle diffusion rate, and provide more 
adsorption sites for THPC. When the average pore size 
was less than 1.7 times of the second broad dimension of 
the molecule [38], the target pollutant could not be read-
ily adsorbed because of the size exclusion effect. Using the 
density functional theory of Gaussian software to optimize 
the structure of the THPC molecule, the sizes of the THPC 

molecules were 8.877, 7.643, and 7.063 Å, respectively, while 
the average sizes of the four materials were larger than 
1.7 times that of the THPC molecule, indicating that four 
materials were in favor of the adsorption.

The functional groups of BC, KOH-BC, AlCl3-BC and 
ZnCl2-BC were characterized by FTIR, as illustrated in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Scanning electron microscopy images of the BC (a), KOH-BC (b), AlCl3-BC (c), and ZnCl2-BC (d).

Fig. 2. N2 adsorption–desorption isotherms and corresponding 
pore-size distribution curves (inset) of samples.

Table 1
Parameters of surface area and pore structure on samples

Samples SBET 
(m2·g–1)

Vtotal 
(cm3·g–1)

Vmes 
(cm3·g–1)

Vmic 
(cm3·g–1)

dP 
(nm)

BC 261.47 0.16 0.04 0.11 2.41
KOH-BC 512.26 0.31 0.09 0.21 2.43
AlCl3-BC 153.68 0.17 0.14 0.01 4.39
ZnCl2-BC 306.53 0.16 0.03 0.14 2.13
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Fig. 3. The peak at 3,432 cm–1 was the stretching vibration 
of –OH [25], which may be caused by the water mole-
cules adsorbed on the material. The positions of 2,920 [39]
and 2,858 cm–1 [34] represented the asymmetric stretch-
ing vibration peak of –CH3 and –CH2, respectively. After 
the activation of KOH, the vibrations of these two vibra-
tional peaks were weakened [40], which might be due to 
that KOH with high pyrolytic temperature promoted the 
dehydrogenation and deoxygenation of the products in the 
biomass pyrolysis reaction and the lost of alkane groups 
[41], causing the stronger aromaticity of KOH-BC than 
that of BC. In addition, it might be the stretching vibra-
tions of C=O near 1625 cm–1 [42], indicating that there were 
oxygen-containing functional groups such as carboxyl, 
carbonyl and ester groups in the materials [39]. After the 
adsorption of THPC, the C=O vibrational frequencies of 
the four materials were reduced, which may be attributed 
to the formation of hydrogen bonds between the carbonyl 
groups of the materials and the hydroxyl groups of THPC. 
The stretching vibration frequency of carbonyl groups was 
reduced for the formation of hydrogen bonds by averag-
ing the electron cloud density. The stretching vibration 
near 1450 cm–1 and the symmetric stretching vibration 
at 1057 cm–1 are C=C and C–O–C, respectively [43].

The XRD of the BC, KOH-BC, AlCl3-BC and ZnCl2-BC 
are described in Fig. 4. The peaks at 2θ = 29.714°, 31.846°, 
36.310°, 39.810°, 43.601°, 47.619°, 48.127° and 58.009° were 
indexed as (104) (006) (110) (113) (202) (024) (018) and (122) 
planes, respectively, corresponding to the CaCO3 crystal 
on the PDF card (01-070-0096). Pomelo peel contains Ca, 
which is converted into CaCO3 in biomass pyrolysis process. 
Compared with BC, the diffraction peaks of CaCO3 were 
enhanced in KOH-BC, which might be due to the crystal-
linity of CaCO3 crystals that activated KOH could enhance. 
The diffraction peaks at 2θ = 28.415°, 40.620°, and 66.571° 
corresponded to the (200) (220) (420) crystal planes of the 
KCl crystal on the PDF card (01-072-1540). And the diffrac-
tion peaks of 2θ = 31.850°, 34.552°, 36.358°, 47.698°, 56.751°, 
63.093°, 66.565°, 68.168° 69.291°, 72.876° and 77.214° corre-
sponded to (100) (002) (101) (102) (110) (103) (200) (112) (201) 
(004) and (202) crystal planes of ZnO crystal on the PDF card 

(01-070-0096), respectively. The Al peaks of AlCl3-BC in the 
XRD pattern did not appear, which could be because alu-
mina existed in a weakly crystalline or amorphous form, so 
XRD could not be effectively detected [44]. When 2θ was at 
around 23° and 43°, four materials had two relatively broad 
diffraction peaks, which represented the (002) and (100) 
crystal planes of turbostratic graphite, which was the char-
acteristic of amorphous carbon [25].

The zeta potential distribution curves of the BC, KOH-
BC, AlCl3-BC and ZnCl2-BC are described in Fig. 5. As 
shown in Fig. 5, the zero-point charges of BC, KOH-BC 
and ZnCl2-BC was about 2, and the zero-point charge of 
AlCl3-BC were about 3. The pH of the diluted solution of 
THPC used in this experiment was all acidic (pH = 3), and 
the zeta potential of the four kinds of adsorption materi-
als was close to 0 mV at pH = 3, so the electrostatic attrac-
tion between the four kinds of biochars and (HOCH2)4P+ in 
aqueous solution can be ignored, indicating that electro-
static attraction was not the main adsorption mechanism 
of the four kinds of biochar.

4000 3500 3000 2500 2000 1500 1000 500

T
ra

ns
m

itt
an

ce
(%

)

3432
2858

2920 1625
1431

1057

Wavenumber(cm-1) 

BC

THPC-BC

KOH-BC

THPC-KOH-BC

AlCl3-BC
THPC-AlCl3-BC

ZnCl2-BC
THPC-ZnCl2-BC

Fig. 3. Fourier-transform infrared spectra of samples and sam-
ples after adsorption of THPC.

1 2 3 4 5 6 7 8 9 10

-50

-40

-30

-20

-10

0

10

ate
Z

laitnetop
)v

m( pH

 BC
 KOH-BC
 AlCl3-BC
 ZnCl2-BC

Fig. 5. Zeta potential of samples.

10 20 30 40 50 60 70 80
2θ

100

ZnCl2-BC

AlCl3-BC

KOH-BC

BC

The crystallite size:
BC (0.77 nm)
KOH-BC (5.64 nm)
AlCl3-BC (0.80 nm)
ZnCl2-BC (24.90 nm)

(Ca,Mg)CO3 00-043-0697

ZnO 01-079-0205
KCL 01-072-1540

).u.α(ytisnetnI 002

Fig. 4. X-ray diffraction patterns of samples.



201Z. Liu et al. / Desalination and Water Treatment 311 (2023) 196–208

The amount of active substance THPC increases with 
the pH value increasing (>3), causing the deformation of 
THPC. Under alkaline conditions, THPC can be decomposed 
into tris(methyl)phosphine, CH2O and HCl, among which 
CH2O and HCl can form bis(chloromethyl)ether and [45]. 
Therefore, based on the characteristic of THPC, the influ-
ence of pH wasn’t explored in the subsequent adsorption 
experiments.

3.2. Adsorption kinetics model

The adsorption of THPC on BC, KOH-BC, AlCl3-BC 
and ZnCl2-BC at different times are illustrated in Fig. 6. It 
can be detected that the adsorption capacities of KOH-BC 
(230 mg·g–1), AlCl3-BC (184 mg·g–1), and ZnCl2-BC (159 mg·g–

1) were increased in comparison with BC (141 mg·g–1). On 
account of large number of active sites in the materials, the 
adsorption performance of four materials were very high 
in the initial time of adsorption (0–60 min). From 60 to 
540 min, the adsorption rate was significantly slowed down 
because most of the adsorption active sites of the materials 
had been filled as time went on. Until the adsorption rate 
approached zero at about 720 min, the adsorption capacity 
tended to be saturated.

In order to further explore the adsorption kinetics and 
mechanism of THPC on samples, the data in Fig. 6 were 
fitted and analyzed by three adsorption kinetic models.

The Lagergren first-order model [46] is shown in Eq. (3):

log log
.

q q q
k

e t e�� � � � 1

2 303
 (3)

where qt represents the adsorption capacity at time t, mg·g–

1; k1 belongs to the Lagergren first-order adsorption rate 
constant, min–1.

The second-order kinetics is shown in Eq. (4):

t
q k q q

t
t e e

� �
1 1

2
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where k2 stands for the second-order adsorption rate 
constant, g·(mg·min)–1.

The intraparticle diffusion kinetics [47] is shown in 
Eq. (5):

q k t Ct � �id
1 2/  (5)

where kid represents the intraparticle diffusion rate con-
stant, mg·g–1·min–1/2; C is the intercept.

The relevant parameters of three models are presented 
in Table 2. As presented in Table 2, R2 of the second-order 
kinetic equations for the four materials was higher than that 
of other kinetics, thus the adsorption of THPC on the four 
materials was more in line with the second-order kinetic 
model. And the second-order kinetics fitting diagram was 
described in Fig. 7. As displayed, all data points did not 
form a straight line through the origin, which indicated that 
intraparticle diffusion was not the only rate-determining  
step.

The fitting diagram of the intraparticle diffusion model 
of the four materials is shown in Fig. 8, from which each 
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Fig. 6. Adsorption of THPC onto samples at different adsorption 
time (0.1 g of dosage, pH = 3, T = 298.15 K)

Table 2
Kinetic model models parameters

Adsorbents Lagergren first-order model Second-order model Intraparticle diffusion model

k1 (min–1) qe.c (mg·g–1) R2 k2 (min–1) qe.c (mg·g–1) R2 R2
2 kid,2 (mg·g–1·min–1/2) C2

BC 5.5 × 10–3 124.6120 0.9314 7.7 × 10–5 151.5152 0.9895 0.9877 4.6255 28.83
KOH-BC 4.7 × 10–3 189.1516 0.8269 4.7 × 10–5 241.5459 0.9858 0.9879 5.501 74.94
AlCl3-BC 4.3 × 10–3 119.7485 0.9751 8.0 × 10–5 192.3077 0.9936 0.9901 4.8068 62.95
ZnCl2-BC 3.2 × 10–3 86.6483 0.9702 9.7 × 10–5 163.1321 0.9918 0.9641 3.7067 60.64
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Fig. 7. Second-order kinetics equation plot of THPC on samples 
(0.1 g of dosage, pH = 3, T = 298.15 K, t = 720 min).
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kinetic curve was divided into three linear parts [47], indi-
cating that three distinct sequential kinetic steps were 
involved. The first stage represented the rapid diffusion 
process of THPC to the outer surface of the biochar. In the 
second, the diffusion of THPC in the biochar was expressed, 
and this step was the rate-limiting step. Thirdly, it described 
the adsorption–desorption equilibrium stage [48]. As shown 
in Table 2, the intragranular diffusion rate (kid,2) of KOH-BC 
and AlCl3-BC increased, compared with BC, while that of 
ZnCl2-BC decreased, which might be due to the decrease of 
mesopores and the increase of micropores for the ZnCl2-BC. 
This indicated that the biochar treated by KOH and AlCl3 
accelerated the process of intragranular diffusion, while 
the sample treated by ZnCl2 slowed down the process of 
intragranular diffusion.

3.3. Adsorption isotherm model

As shown in Fig. 9, when the concentration did not 
change, the adsorption of KOH-BC on THPC was greatly 
improved, compared with BC, AlCl3-BC and ZnCl2-BC. In 
addition, the change in the initial concentration had a great 
impact on the adsorption of THPC on samples. With Ce 
increased, the adsorption performance of materials would 
improve rapidly at first, and then the speed of adsorp-
tion decreased due to the limited adsorption active sites 
until more target pollutants could not be filled to reach  
equilibrium.

Based on the data in Fig. 9, three adsorption isotherm 
models, including Langmuir adsorption isotherm model, 
Freundlich adsorption isotherm model and Dubinin–
Radushkevich isotherm model were used to explain the 
adsorption phenomenon of target pollutants THPC on the 
prepared samples.

The Langmuir model [46] is given in Eq. (6):

1 1 1 1
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�
��
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�
��  (6)

where Q0 means the unit saturated adsorption capacity 
when forming a monolayer adsorption, mg·g–1; b is the 
constant.

The Freundlich model is represented by Eq (7):

log log logq K
n

Ce F e� �
1  (7)

where KF and n are adsorption constants.
The Dubinin–Radushkevich isotherm model is repre-

sented in Eqs. (8)–(10):
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where qm is monolayer saturated adsorption capacity, 
mol·g–1; KD is adsorption constant related to average free 
energy, mol2·(kJ2)–1; ε is adsorption potential; E is adsorp-
tion free energy, kJ·mol–1; R is a thermodynamic constant, 
8.314 J·(K·mol)–1.

The fitting parameters of three models are shown 
in Table 3, from which the adsorption of THPC by BC, 
KOH-BC, AlCl3-BC and ZnCl2-BC was more consistent 
with the Langmuir model, that is, the adsorption process of 
the four materials on THPC was monolayer adsorption.

The fitting diagram of the Langmuir model is shown 
in Fig. 10. According to the parameters of Dubinin–
Radushkevich isothermal adsorption model, the values of 
E, the adsorption free energy of four materials adsorbing 
THPC, is less than 16 at 25°C, which indicated that at this tem-
perature, the adsorption of THPC by the four materials was 
mainly ion exchange adsorption and (HOCH2)4P+ might be 
ion exchange adsorption of Ca+, K+, Mg2+ cations on biochar.

3.4. Adsorption thermodynamics of biochar adsorption of THPC

Thermodynamic parameters for THPC adsorption on 
BC, KOH-BC, AlCl3-BC and ZnCl2-BC were calculated using 
Eqs. (11)–(13) [47,49].

-5 0 5 10 15 20 25 30 35

0

50

100

150

200

250

 1stage
 2stage
 3stage

 BC
 KOH-BC
 AlCl3-BC
 ZnCl2-BC

t1/2(min1/2)

q t
(m

g/
g)

 

Fig. 8. Intraparticle diffusion models of THPC on samples 
(0.1 g of dosage, pH = 3, T = 298.15 K, t = 720 min).
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Fig. 9. Adsorption isotherms of THPC on samples (0.1 g of 
dosage, pH = 3, T = 298.15 K, t = 720 min).
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G H T S� �� �  (11)
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where ΔG is the Gibbs free energy change, J·mol–1; ΔH is the 
adsorption enthalpy change, J·mol–1; ΔS is the adsorption 
entropy change, J·(K·mol)–1; Kd is the distribution coefficient.

The logKd ~ 1/T diagram and the thermodynamic param-
eters of the adsorption process of THPC are displayed 
in Fig. 11 and Table 4, respectively. As can be seen from 
Table 4, the value of ΔH was positive in the process of the 
adsorption of THPC by each material, that is, the reaction of 
adsorption was an endothermic reaction. A positive value 
of ΔS expressed that the degree of freedom of system chaos 
increased during the adsorption process, and a spontaneous 
process was obtained with a negative value of ΔG in the 
adsorption process of THPC. In summary, the adsorption 
process of THPC was a spontaneous endothermic reaction.

3.5. Compared with other adsorbents

There are very few studies on the adsorption of THPC in 
other literature. Therefore, in order to compare the adsorp-
tion effects of other adsorption materials on THPC, four 
types of biochar, BC, KOH-BC, AlCl3-BC and ZnCl2-BC in 

Table 3
Isotherm models parameters

Adsorbents Langmuir Freundlich Dubinin–Radushkevich

Q0 (mg·g–1) b (L·mg–1) R2 KF N R2 qm (mol·g–1) KD (mol2·(g2)–1) E (kJ·mol–1) R2

BC 271.0027 0.0133 0.9977 32.0605 2.6749 0.9690 0.0028 0.0038 11.4679 0.9429
KOH-BC 416.6667 0.0485 0.9480 74.7567 3.3638 0.9200  0.0049 0.0049 12.5992 0.9499
AlCl3-BC 338.9831 0.0148 0.9969 38.9063 3.0324 0.9106  0.0037 0.0038 11.4403 0.9429
ZnCl2-BC 314.4654 0.0115 0.9989 28.5851 2.7705 0.9338  0.0036 0.0042 10.8589 0.9618
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Fig. 10. Langmuir adsorption isotherms of THPC on sample 
(0.1 g of dosage, pH = 3, T = 298.15 K, t = 720 min).
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Fig. 11. The logKd ~ 1/T relation diagram of THPC adsorbed by 
samples (0.1 g of dosage, pH = 3, t = 720 min).

Table 4
Thermodynamic parameters

Adsorbents T (K) ΔG 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(kJ·(K·mol)–1)

BC

298.15 –0.20

54.34 0.18
308.15 –2.03
318.15 –3.85
328.15 –5.68
338.15 –7.51

KOH-BC

298.15 –2.19

69.70 0.24
308.15 –4.60
318.15 –7.01
328.15 –9.42
338.15 –11.83

AlCl3-BC

298.15 –0.01

57.01 0.19
308.15 –1.92
318.15 –3.83
328.15 –5.74
338.15 –7.65

ZnCl2-BC

298.15 –0.13

14.74 0.05
308.15 –0.63
318.15 –1.13
328.15 –1.63
338.15 –2.13
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this study were compared with other adsorption materials 
prepared in the same laboratory for THPC adsorption per-
formance. As shown in Table 5, compared with the other 
adsorbents prepared, the four types of biochar prepared 
in this article have a high adsorption capacity for THPC. 
Besides, they are stable, inexpensive and have good envi-
ronmental compatibility, thus can be used to remove THPC 
from industrial wastewater.

3.6. Possible adsorption mechanism

The Brunauer–Emmett–Teller test showed that the num-
ber of micropores and mesopores increased in the biochar 
when KOH was activated. More mesopores were generated 
by the co-pyrolysis of AlCl3 and biochar, and the number 
of micropores was greatly increased due to the reduction 
of mesopores in ZnCl2-BC. The batch adsorption experi-
ments showed that KOH-BC, AlCl3-BC and ZnCl2-BC had 
higher adsorption capacities of THPC than BC, with which 
KOH-BC having the best adsorption capacity. Pore-filling 
was more likely to be occur on adsorbents with porous struc-
tures and the large specific surface area as well as abundant 
pore structure on biochar provided more adsorption sites 
for the adsorption of THPC, which had a greater effect on 
the adsorption performance of THPC.

Oxygen-containing functional groups in the biochar 
could interact with positively charged hydrophilic organic 
compounds to generate hydrogen bonding forces by gener-
ating strong π-H forces [50]. As can be seen from FTIR, the 
existence of many oxygen-containing functional groups in 
the heterogeneous carbonaceous materials of the four mate-
rials made it very possible to form hydrogen bonds, which 
can equalize the density of the electron cloud, thus reduc-
ing the vibration frequency of the negatively charged C=O 
group. The C=O vibrations of the materials after adsorp-
tion of THPC were weakened, indicating that the hydro-
gen bonding forces were produced by the C=O groups on 
biochar and THPC.

In addition, with the biochar as an electron donor and the 
cationic (HOCH2)4P+ as an electron acceptor [51], a cation-π 
interaction occurred between the (HOCH2)4P+ cation and 
the biochar aromatic ring. The cationic-π interaction, which 
depended on the degree of aromaticity of biochar [52],was an 
important mechanism for biochar adsorption of (HOCH2)4P+ 
cations. The more conjugated aromatic structures there 

were, the stronger the electron-donating ability there 
was and the more obvious the cation-π effect there was.

Biochar is rich in cations. XRD showed that biochar con-
tained K+, Na+ and Mg2+ ions, which could be exchanged 
with (HOCH2)4P+. The Dubinin–Radushkevich isother-
mal model showed that there might be ion exchange when 
biochar adsorbed THPC.

Above all, the main adsorption mechanisms of THPC 
removal by BC, KOH-BC, AlCl3-BC and ZnCl2-BC included 
pore-filling, cation-π interactions, hydrogen bonding and 
ion exchange, the diagram of which is displayed in Fig. 12.

4. Antibacterial activity

4.1. Effects of contact time on antibacterial activity

The antibacterial activities of BC and KOH-BC on 
E. coli after adsorption of THPC were explored, using BC 
and KOH-BC with the best adsorption performance on 
THPC after activation as the research objects. The effects of 
THPC-BC and THPC-KOH-BC on the antibacterial activity 
of E. coli are shown in Figs. 13 and 14, respectively.

After only 1 h contact with the E. coli dilution, 100% of the 
E. coli was killed by THPC-KOH-BC under the same dosage, 
while THPC-BC still had a small amount of surviving E. coli 

Table 5
Comparison of THPC adsorption performance between BC, KOH-BC, AlCl3-BC, ZnCl2-BC and other materials

Adsorbents Maximum adsorption capacity (mg·g–1) Characteristics of materials

BC 140.90
Stable structure, cheap raw materials and good 
environmental compatibility; but tube furnace 
pyrolysis takes a long time

KOH-BC 229.75
AlCl3-BC 184.29
ZnCl2-BC 159.50
Microwave biochar 45.86 Fast preparation speed, but small specific surface area, 

poor adsorption effect on THPC
NiFe-LDH 40.50 Unstable under acidic conditions
Ce-MOF 81.00 Unstable under acidic conditions, high preparation cost
Graphene oxide 142.97 High preparation cost

 

Fig. 12. Possible adsorption mechanism.
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after the same contact time. It can be seen from the adsorp-
tion experiments that the amount of THPC adsorbed by 
KOH-BC was much larger than BC. so that the sterilization 
effect of THPC-KOH-BC was better than that of THPC-BC. 
As shown in Figs. 13b and 14b, under the same conditions, 
the BC before adsorption contacted with E. coli for 1 h per-
formed no bactericidal effect, and the amount of E. coli was 
reduced due to a fraction of the bacteria entered the bio-
char pore, which resulted in fewer E. coli to be detected in 
the supernatant of E. coli solution.

4.2. Bacteriostatic kinetics

Generally, the logarithm of bacterial reduction and the 
contact time between bacteriostatic substance and bacterial 
solution are used as ordinate and abscissa, respectively, to 
obtain the survival curve of bacteria. Ideally, the inactiva-
tion of bacteria caused by chemical bacteriostatic agents 
were to follow the first-order log-linear model, which 
shows that there was a linear relationship between the time 
of bacteriostatic substances acting on bacteria and the log-
arithmic value of bacteria reduction [53]. The first-order 
log-linear model is represented in Eq. (14):

log
N
N

t
D

Ct

0

� � �  (14)

where Nt is the concentration of E. coli in the supernatant 
at t min, CFU/mL; N0 is the initial microbial concentration 
without adding bacteriostatic substances, CFU/mL; D is the 
time required to reduce live bacteria by 90%, min; C is the 
intercept of the linear model.

In some cases, the first-order log-linear model is not 
applicable, and the nonlinear model needs to be used. 

The Weibull model takes the killing of E. coli as the prob-
ability event, which is related to the heterogeneity of the 
bacterial population. The Weibull model is expressed  
in Eq. (15):

log
N
N

b tt n

0

� � �  (15)

where b and n are the scale factor shape parameters related 
to temperature and pressure, respectively.

The fitting parameters of the two models were shown 
in Table 6 and the fitting diagrams of the two models 
are shown in Figs. 15 and 16, respectively. It can be seen 
from Table 6 that the bacteriostatic kinetics of THPC-BC 
on E. coli conformed to the first-order log-linear model, 
while the bacteriostatic kinetics of THPC-KOH-BC on 
E. coli conformed to the Weibull model. According to the 
parameters simulated by the first-order log-linear model, 
the time required to reduce the surviving bacteria by 90% 
of E. coli was 48.38 min for THPC-BC and 15.34 min for 
THPC-KOH-BC. According to the related parameters of the 
Weibull model, the parameter n of THPC-BC and THPC-
KOH-BC was less than 1, indicating that the inactivation 
curves of THPC-BC and THPC-KOH-BC to E. coli were 
both of the downward concave type.

4.3. Bacteriostasis mechanism

As shown in Fig. 17, THPC was released into the bacte-
rial liquid in the suspension of E. coli after the adsorption 
by biochar. THPC is a kind of quaternary phosphine salt, 
which is often used as a non-oxidizing fungicide in indus-
trial water treatment. Non-oxidizing fungicides act on spe-
cial parts of microorganisms, so they are not affected by 

 (a) (b) (c) (d) (e) (f) (g) (h) 

Fig. 13. Effect of contact time between THPC-BC and Escherichia coli on antibacterial activity (a) blank control, (b) only BC, (c) 10 min, 
(d) 20 min, (e) 30 min, (f) 40 min, (g) 60 min, and (h) 90 min.

 
 
 
 

(a) (b) (c) (d) (e) (f) (g) (h) 

Fig. 14. Effect of contact time between THPC-KOH-BC and Escherichia coli on antibacterial activity (a) blank control, (b) only BC, 
(c) 10 min, (d) 20 min, (e) 30 min, (f) 40 min, (g) 60 min, and (h) 90 min.

Table 6
Fitting parameters of the first-order log-linear model and the Weibull model of THPC-BC and THPC-KOH-BC

Materials
First-order log-linear model Weibull model

D (min) –C R2 RMSE SSE B N R2 RMSE SSE

THPC-BC 48.38 0.3792 0.9881 0.0741 0.0220 0.1013 0.6829 0.9810 0.0939 0.0353
THPC-KOH-BC 15.24 0.1868 0.9561 0.2221 0.0987 0.1214 0.8483 0.9651 0.1982 0.0785
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reducing substances in water. The quaternary phosphine 
atom in THPC has a positive charge and can be adsorbed 
on the negatively charged bacteria, resulting in an imbal-
ance of negative charge on the cell surface of the bacteria 
with cell degeneration, rupture, and leakage of cell contents, 
thus achieving the effect of sterilization.

5. Conclusion

KOH-BC, AlCl3-BC and ZnCl2-BC were prepared by 
the co-pyrolysis of activators with waste pomelo peel, a 
waste of agriculture and forestry. The adsorption capacities 
of activated-BC were higher than that of original BC. The 
adsorption of THPC by the four materials accorded with 
the second-order kinetics and the Langmuir adsorption iso-
therm model, indicating that the adsorption process was 
monolayer adsorption. Besides, intraparticle diffusion was 
not the only rate control step. Thermodynamic parameters 
show that the adsorption processes were both spontaneous 
and endothermic. The main adsorption mechanisms, includ-
ing pore filling, cation-π interaction, hydrogen bonding, 
and ion exchange, can be concluded from the experiment. 
The modified biochar KOH-BC effectively absorbed and 
recovered THPC from wastewater, which gave KOH-BC 

an excellent bactericidal effect on E. coli after adsorption of 
THPC. Therefore, biochar after THPC adsorption can be 
used as sterilization material, especially for sterilization of 
lake bottom mud, industrial sludge, and industrial garbage, 
which provides a new idea for THPC emission reduction and 
resource utilization but also has a certain practical value at  
a low cost.
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