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Abstract−Sugarcane bagasse was pyrolyzed under oxygen-limited conditions from 100 to 600 oC and used for the
adsorptive removal of oxidation intermediate p-benzoquinone, tetracycline, and polyvinyl alcohol. The three organic
pollutants have different polarities and solubilities. The carbon content increased from 57.7% of the raw bagasse to
75.3% of the biochar pyrolyzed at 600 oC, while the O content decreased from 13.2% to 6.1%. Accordingly, the biochar
surface became more hydrophobic with increasing pyrolytic temperature. Interestingly, the adsorption affinity of bio-
chars towards the three pollutants improved with an increase in the pyrolytic temperature. The adsorption of tetracy-
cline molecules was almost unaffected by its being negatively charged with increasing solution pH. A mechanism of π-
π electron-donor-acceptor interaction might contribute to the adsorption of tetracycline and p-benzoquinone, while H-
bond interaction between polyvinyl alcohol and the biochar might be dominant during adsorption. The Elovich model
fitted the kinetic model well, indicating that the diffusional rate-determining step was more pronounced. An isotherm
study indicated that the contribution of partitioning was also dominant in the adsorption processes. Wide application
of the prepared biochars is expected for the efficient adsorptive removal of organic pollutants.
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INTRODUCTION

Emerging micropollutants such as pharmaceutical and personal
care products (PPCPs) have aroused worldwide attention in recent
years due to their acute long-term effects on the environment and
the human body [1,2]. Addressing these problems will necessitate a
number of new methods of purifying water at lower cost and with
less energy, while at the same time minimizing the use of chemi-
cals and the impact on the environment [3]. Owing to the ineffec-
tiveness of conventional physico-chemical and biological techniques
for micropollutant removal, such as sand filtration, sedimentation,
flocculation, and coagulation [4], an increasing number of advanced
oxidation processes (AOPs) have emerged as alternative technolo-
gies for the effective removal of these organic micropollutants [5].
AOPs are all characterized by the production of powerful, and
highly reactive, oxygen species such as OH radicals (2.8 V/NHE),
which degrade aromatic pollutants to a series of oxidation inter-
mediates including p-benzoquinone, catechol, and hydroquinone.
Nonetheless, it is neither practical nor economical to transform all
the reaction intermediates into water, and carbon dioxide as a very
long reaction is usually required for AOPs [6]. Meanwhile, one
major concern with AOPs is that the toxicity of degradation inter-
mediates, such as catechol and quinones, might become higher
than their parent chemicals [7]. For example, it was reported that
hydroquinone and p-benzoquinone were, respectively, three, and

two, orders of magnitude more toxic than their parent phenol. From
a practical point of view, AOPs alone could not completely reduce,
or even eliminate, the toxicity of aromatic pollutants and their oxi-
dation intermediates. There is a pressing need to find other tech-
niques to help AOPs or remove these chemicals involved indepen-
dently.

Typically, adsorption processes could transfer these pollutants
from one phase to another efficiently, with no toxic intermediates
generated [8-12]. The integration of AOPs with the subsequent ad-
sorption process might be a good option for the complete removal
of these micropollutants. Concurrently, some carbonaceous sor-
bents have demonstrated strong capabilities towards the adsorp-
tive removal of micropollutants such as tetracycline [13] and polyvinyl
alcohol (PVA) [14].

Biochars have demonstrated practical applications in solving a
series of environmental problems. On the one hand, biochar offers
the chance to turn bioenergy into a carbon-negative industry. As it
can be assumed that about 3.5 t ha−1 y−1 of biomass are in the USA
alone, low-temperature pyrolysis, with carbon sequestration and
gas capture, are expected to be a carbon-neutral energy source [15,
16]. On the other hand, biochar is being used in environmental
management including soil improvement, waste management, cli-
mate change mitigation, and energy production [17]. In particu-
lar, biochar has potential for application as an eco-friendly sorbent
for soil and water contaminated with organic/inorganic substances.
Low-temperature pyrolysis is usually used to convert biomass, typ-
ically agricultural waste, into biochars [18]. Not only can the in-
creased pyrolytic temperature increase the carbon content, but also
improve the thermal stability of the biochars [19]. It is reported that
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the structural, and surface, characteristics of biochars of orange peel
were significantly regulated by pyrolytic temperature [20]. As ad-
sorption mechanisms, such as transitional adsorption and parti-
tion, would occur on the biochars produced at different tempera-
tures [21,22], the uptake of pollutants is expected to be significantly
influenced by the pyrolytic temperature.

We used sugarcane bagasse as the raw material to produce a
biochar under different temperatures. The performance of the re-
sultant biochar was investigated with regard to its adsorptive re-
moval of p-benzoquinone, tetracycline, and PVA. The adsorption
kinetics and isotherms for the three pollutants, with different polar-
ities and solubilities, were compared. As stated above, p-benzoqui-
none is one of the indispensable oxidation intermediates generated
in AOPs. Additionally, tetracycline is typical of the PPCPs occur-
ring in natural waters, while PVA is a recalcitrant polymer pollut-
ant present in the environment. They have different water solubilities
and polarities. It can be expected that their adsorption perfor-
mance by biochars might differ significantly.

MATERIALS AND METHODS

1. Materials
The p-benzoquinone (chemical purity) was purchased from Bei-

jing Chemical Reagent Company, and used without further purifi-
cation. Polyvinyl alcohol (PVA, 95.5%) was provided by Kemio
Chemical Reagent Company (Tianjin, China), and tetracycline was
purchased from Hefei Bomei Biological Science and Technology
Co., Ltd. (Anhui Province, China). Both PVA and tetracycline were
used without further purification. Other chemicals used were of
analytical grade. Deionized (DI) water was used throughout the
study.
2. Biochar Preparation

Sugarcane bagasse (bagasse) was collected from Guangxi Prov-
ince, China. It was washed in water, dried under sunlight, and then
ground and screened through a 100 mesh sieve. The obtained fine
powder was then oven-dried at 80 oC and stored in a desiccator
for further use. Biochars from bagasse were prepared by pyrolyz-
ing biomass at various temperatures (100, 200, 300, 400, 500, and
600 oC) for 2 h. To maintain oxygen-limited conditions, the bagasse
powder was placed in a ceramic pot in a compressed state, and
covered with a tight-fitting lid.

For demineralization, the resultant biochars were placed in a
4 mol/L HCl solution for 12 h and separated by filtration. Then
the residues were rinsed with DI water to neutral solution pH and
oven-dried overnight at 80 oC. The treated biochars were finally
passed through a 100 mesh sieve. These biochars were hereafter
designated B100, B200, B300, B400, B500, and B600, respectively,
wherein the suffix number represented the pyrolytic temperature.
3. Characterisation

The surface morphologies of raw bagasse and biochars pyro-
lyzed at different temperatures were characterized with a Philips
Quanta-2000 scanning electron microscope (SEM) coupled with
an energy dispersive X-ray (EDX) spectrometer. FTIR spectra (KBr
pellets) were recorded on a Nicolet NEXUS 470 FTIR spectropho-
tometer from 400 to 4,000 cm−1. A zeta potential analyser (Zeta-
sizer 2000, Malvern, UK) was used to analyze the zeta potential of

B600 over 3.0≤pH≤10.0.
4. Batch Adsorption Studies

In the batch adsorption study, adsorption tests were performed
in a series of 100-mL conical glass flasks. In the flasks, 10 mg of
sorbent was added to 50 mL solution with initial p-benzoquinone,
tetracycline, and PVA concentrations of 5, 20, and 20 mg/L, respec-
tively. These mixtures were shaken at 135 rpm for 24 h to achieve
adsorption equilibrium based on the predetermined adsorption
kinetics. The temperature was kept at 25 oC unless otherwise stated.
For the pH effect study, solution pH adjustment was conducted by
adding diluted HCl or NaOH solution. All solution pH values
were maintained at neutral pH except during the pH effect study.

For the kinetic study, 200 mg of sorbent was added to 1,000 mL
solution with initial p-benzoquinone, tetracycline, and PVA con-
centrations of 5, 20, and 20 mg/L, respectively. The mixed solu-
tion was stirred at a constant rate. The samples were collected at
different time intervals. The adsorption isotherm studies were car-
ried out with varying pollutant concentration.
5. Analysis Methods

Samples were collected and filtered through a 0.45μm mem-
brane before being analysed in a UVmini-1240 spectrophotome-
ter (Shimadzu, Japan). The concentrations of p-benzoquinone and
tetracycline were determined by measuring absorption at fixed wave-
lengths of 254 nm [23] and 360 nm [24], respectively. According to
the procedures described by Finley [25], boric acid and iodine
solutions were added to the pre-treated samples, and then the PVA
concentration was determined by measuring the absorption at a
fixed wavelength (690 nm) using the same spectrophotometer. The
adsorption capacity was calculated using the following equation:

qe=(C0−Ce) V/W (1)

where qe (mg/g) is the adsorption capacity at equilibrium; C0 and
Ce (mg/L) are the initial and equilibrium concentrations of p-ben-
zoquinone, tetracycline, and PVA in solution, respectively; V (L) is
the volume of solution, and W (g) is the mass of adsorbent used.

RESULTS AND DISCUSSION

1. Characterization of Biochars from Sugarcane Bagasse
1-1. Surface Morphologies of Biochars Prepared from Bagasse

The morphologies (SEM) of raw bagasse, and bagasse pyrolyzed
at 400 oC and 600 oC are shown in Fig. 1. As seen from Figs 1(a)
and (b), the raw bagasse mainly consisted of thick, multi-layered
flakes. After pyrolysis, thin flakes predominated and the thick flakes
almost all disappeared. This demonstrated that pyrolysis cleaved
the natural layers of the raw bagasse. Compared with the bagasse
pyrolyzed at 400 oC, the flakes became smaller when the pyrolytic
temperature increased to 600 oC (see Figs. 1(c) to (f)). The in-
creased pyrolytic temperature generated smaller biochar flakes.

The C, N, and O content, and the molar ratios of O/C and
(O+N)/C in the raw bagasse, and biochars pyrolyzed at 400 oC and
600 oC were roughly indicated by EDX as a reference (Fig. 2(a)).
Evidently, raw bagasse, and biochars pyrolyzed at 400 oC and 600 oC
were all carbon-rich, with carbon contents increasing from 57.7%
of the raw bagasse to 75.3% of the biochar pyrolyzed at 600 oC. The
carbon content of bagasse biochar in this research was especially
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close to that of bagasse biochar (76.5%) treated by pyrolysis in an
N2 environment at 600 oC as evidenced by elemental analysis [26].
Besides, the N content increased gradually from 3.0% of the raw
bagasse to 8.7% of the B600. The increased N content was also
observed by other researchers [19,27,28]. However, the O content,
and the molar ratios of O/C and (O+N)/C decreased significantly
with increasing pyrolytic temperature. In particular, the O content
declined from 13.2% of raw bagasse to 6.1% of the B600. Accord-
ingly, the decrease in molar O/C ratio indicated that the biochar
surface became less hydrophilic with increasing pyrolytic tempera-
ture, while the decrease of the polarity index (molar ratio of (O+N)/
C) implies the reduction in the number of surface polar functional
groups [20,29,30]. The biochar surface became more hydrophobic
due to the increased C content and the concurrent decrease in O
content with an increase in pyrolytic temperature.

The actual production rates of biochar samples during pyroly-
sis at different temperatures were investigated (Fig. 2(b)). The pro-
duction rate of biochar samples decreased from 81.0% at 200 oC,
to 20.8% at 600 oC. Typically, a mass loss above 250 oC was attributed
to the decomposition of bagasse and the release of vapor contain-
ing complex organics mixed with gases (water vapor, CO2, CO,
H2, CH4, and heavier hydrocarbons) [31]. This can explain the sig-
nificant loss of organics and the remaining carbon during pyrolysis.
1-2. FTIR Spectra of Biochars Prepared from Bagasse

The FTIR spectra of raw bagasse and biochar samples prepared
at different pyrolytic temperatures are shown in Fig. 3. First, the
strong band at 3,439 cm−1 represents the stretching vibration of

Fig. 1. SEM micrographs of raw bagasse (a), (b), and bagasse pyro-
lyzed under 400 oC (c), (d) and 600 oC (e), (f).

Fig. 3. FTIR spectra of raw bagasse and biochar samples prepared
under different pyrolysis temperatures.

Fig. 2. Changes in element contents (wt%) of C, N, O and the molar
ratios (%) of O/C and (O+N)/C in the raw bagasse, and bio-
chars pyrolyzed under 400 oC and 600 oC (a) and production
rates of biochar samples prepared under different pyrolysis
temperatures (b).
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hydroxyl groups, which became weaker with increasing pyrolytic
temperature. This indicated the significant loss of moisture and
water of hydration, as a consequence of pyrolysis. Secondly, the
bands at 2,920 cm−1 (aliphatic C-H stretching) and at 1,048 cm−1

(C-O-C) almost disappeared after heating to 400 oC, while the
intensities at 1,620cm−1 (aromatic C=C and C=O), 1,375cm−1 (CH2),
and 1,242 cm−1 (C-O in the acetyl group) weakened simultane-
ously [20,32,33]. The aforementioned behavior matched the EDX
observations. Finally, the band at 1,700 cm−1 (C=O) became better
defined, which differed from data found by other studies, as the
elimination of the band at 1,700cm−1 was observed by other research-
ers [32,34]. This implied that the content of C=O functional groups
among oxygen-containing functional groups increased while the
concentration of other oxygen-containing functional groups dimin-
ished concurrently.
2. Effect of Pyrolytic Temperature on Pollutants Uptake

As the functional groups and polarity of bagasse could be altered
as a consequence of pyrolysis at different temperatures, the ad-
sorption performance of the resulting biochars was expected to
vary. Fig. 4 shows the effect of pyrolytic temperature on the ad-
sorption of p-benzoquinone, tetracycline, and PVA. The uptake of
p-benzoquinone, tetracycline, and PVA by B100 reached 3.3, 8.8,
and 14.2 mg/g, respectively. By contrast, the uptake of p-benzoqui-
none, tetracycline, and PVA by B600 reached 18.9, 17.0, and 36.9
mg/g, respectively. Evidently, the affinity of biochars towards p-
benzoquinone, tetracycline, and PVA improved with increasing
pyrolytic temperature.

On the other hand, besides the surface chemistry disparity of
these bagasse biochars, the properties of p-benzoquinone, tetracy-
cline, and PVA vary significantly. It is well accepted that tetracy-
cline is highly water-soluble, while p-benzoquinone is weakly water-
soluble and is regarded as an electron acceptor with low polarity.
Considering PVA, although it is a water-soluble synthetic poly-
mer, complete dissolution could be achieved by the formation of
hydrogen bonds only by heating the solution to over 75 oC. From
this point of view, the polarity of the three pollutants in the in-
creasing order is: tetracycline, p-benzoquinone, then PVA. As men-

tioned, the increased pyrolytic temperature decreased the polarity
of these biochars, which actually enhanced the uptake of pollut-
ants with a comparatively lower polarity among the three pollut-
ants by hydrophobic interaction. Accordingly, the increased ad-
sorption of PVA molecules outperformed that of tetracycline and
p-benzoquinone from B100 to B600. Concurrently, as a non-ionic
hydrophobic organic molecule, the adsorption of p-benzoquinone
onto the graphitic surface of the biochar could be inhibited by the
surface O-containing functional groups, as the clustered water mol-
ecules around the O-groups compete with p-benzoquinone for
adsorption sites [35,36]. As a result, a decrease in the number of
O-containing functional groups actually improved p-benzoqui-
none uptake.
3. Effect of Solution pH on Pollutant Uptake

The effect of solution pH on the adsorption of p-benzoquinone,
tetracycline, and PVA was investigated (Fig. 5(a)). As stated above,
the polarity index (molar ratio of (O+N)/C) decreased from 28.1%
of raw bagasse to 19.7% of biochar pyrolyzed at 600 oC, indicating
a 29.9% decrease in bagasse polarity. Acidic and neutral pH condi-
tions were favorable to the uptake of p-benzoquinone and PVA,
while alkaline conditions (from pH 9.0 to 11.0) led to a decrease
in adsorption capacity for both pollutants. However, the adsorp-

Fig. 4. Effect of pyrolytic temperature on p-benzoquinone, tetracy-
cline and polyvinyl alcohol (PVA) adsorption.

Fig. 5. Effect of solution pH on the adsorption of p-benzoquinone,
tetracycline and PVA onto B600 (a) and Zeta potentials of
bagasse biochar B600 (b).
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tion of tetracycline was unaffected by changes in solution pH. As
is known, tetracycline (H2L) is an amphoteric compound with pKa

values of 3.3, 7.7, and 9.7 [37]. Its predominant species are expected
to be cations (H2L+) at pH<3.3, zwitterions (H2L0) at 3.3<pH<7.7,
or negatively charged anions (HL−, L2−) at pH>7.7. The tetracy-
cline molecules actually became more negatively-charged with in-
creasing solution pH. In this case, it indicated that the effect of
electrostatic force seemed not to be dominant.

For the bagasse biochars, they had more graphitized surfaces,
and consequently the surfaces were expected to have higher π-
electron density. As tetracycline and p-benzoquinone are regarded
as π-electron acceptors, and biochar B600 as a π-electron donor,
the mechanism of π-π electron-donor-acceptor (EDA) interaction
might contribute to the enhanced adsorption of tetracycline and
p-benzoquinone onto B600 [38-40]. Meanwhile, as the protonated
and neutral species of tetracycline are more effective π-electron
acceptors, a slight decrease in tetracycline uptake was expected under
alkaline conditions, as proved by the experimental results (Fig. 5(a)).
Accordingly, a dramatic decline in p-benzoquinone adsorption might
be attributed to the comparatively weaker interactions between p-
benzoquinone and the graphitic surface of biochar B600 under
alkaline conditions than under acidic and neutral conditions. Finally,
H-bond interaction between PVA molecules with abundant OH
groups and the surface oxygen groups of B600 is expected to be
prevalent during adsorption [40,41]. It can be deduced that PVA
molecules became more negatively-charged as the solution pH in-
creased. The zeta potentials of the adsorbent surfaces at different
solution pH values are shown in Fig. 5(b). Apparently, the surface
of biochar B600 became more negatively-charged, especially at
pH>5.0; accordingly, an apparent decrease in PVA uptake was ob-
served at pH>5.0 as a consequence of weaker H-bond interac-
tions between PVA molecules and B600.
4. Adsorption Kinetics and Isotherms

The kinetics and isotherms for the adsorption of p-benzoqui-
none, tetracycline, and PVA on B600 at 25 oC and neutral solu-
tion pH were investigated (Fig. 6). Judging from the kinetic curves
(Fig. 6(a)), the adsorption processes exhibited typical three-stage
kinetic behavior, with over 50% removal for p-benzoquinone, tet-
racycline, and PVA occurring in the initial rapid stage (60 min). At
the same time, the experimental kinetic data were simulated by
non-linear models, including pseudo-first-order, pseudo-second-
order, and Elovich models as presented below.

The pseudo-first-order model can be expressed as [42]:

(2)

The pseudo-second-order model can be expressed as [43]:

(3)

The Elovich model can be expressed as [44]:

qt=a+klnt (4)

where qe and qt are the adsorption capacities (mg/g) of the adsor-
bent at equilibrium and at time t (min), respectively; and k1 (min−1)
and k2 (g/(mg min)) are the related adsorption rate constants for
the pseudo-first-order and pseudo-second-order models, respec-
tively; a and k are the constants in the Elovich equation.

The non-linear kinetic model parameters for the adsorption of
p-benzoquinone, tetracycline, and PVA are also listed in Table 1.

qt = qe 1− e−k1t
( )

qt = 
k2qe

2t
1+ k2qet( )
-----------------------

Fig. 6. Kinetics and isotherms for the adsorption of p-benzoquinone,
tetracycline and PVA on B600 at 25 oC and neutral solution
pH.

Table 1. The non-linear kinetic models parameters for the adsorption of p-benzoquinone (Bq), tetracycline (TC) and PVA on B600 at 25 oC
and neutral solution pH

Pseudo-first-order model Pseudo-second-order model Elovich model
k1 (min−1) qe (mg/g) R2 k2 (g/mg·min) qe (mg/g) R2 a k R2

Bq 0.048 16.40 0.637 0.0040 17.46 0.770 3.113 2.268 0.852
TC 0.017 15.59 0.948 0.0013 17.19 0.987 2.489 2.897 0.994
PVA 0.038 28.71 0.730 0.0015 31.14 0.841 1.717 4.584 0.932
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The values of qe, exp for p-benzoquinone, tetracycline, and PVA were
18.52, 17.40, and 35.02 mg/g, respectively. They are typically higher
than those derived from the simulated results. From both the sim-
ulated curves and the correlation coefficients (R2) of the three mod-
els, the experimental data were well fitted by an Elovich model for
the three pollutants, indicating that the diffusional rate-determin-
ing step was more pronounced [45]. This also implied the involve-
ment of multi-layer adsorption and the occurrence of heterospherical
diffusion reactions. Fig. 6(b) shows the adsorption isotherms for
the three pollutants: these were seen to be largely different. At high
concentrations of the adsorbates, the adsorption isotherms for the
three organic pollutants were quasi-linear, indicating that partition
was the dominant mechanism for B600. By linear simulation, the
isotherms for tetracycline and p-benzoquinone were closer to being
linear than that of PVA. Meanwhile, as the relative contribution of
adsorption increased with increasing pyrolytic temperature, the
contribution from the adsorption was shown to be higher than
that of partitioning to total sorption for the biochars of orange peel
treated under comparatively higher temperatures (>500 oC) [20].
As such, it could be deduced that the contribution of partitioning
was also dominant, besides the key contribution of surface adsorp-
tion for B600.

CONCLUSION

The increased pyrolytic temperature, under oxygen-limited con-
ditions, from 100 to 600 oC, reduced the sugarcane bagasse bio-
char to smaller, thinner flakes, while this also significantly slowed
the rate of production and made the biochar surface more hydro-
phobic. The adsorption affinity of biochars towards p-benzoqui-
none, tetracycline, and polyvinyl alcohol improved with increasing
pyrolytic temperature. A mechanism of π-π electron-donor-accep-
tor interaction might contribute to the adsorption of tetracycline
and p-benzoquinone, while an H-bond interaction between PVA
and the biochar might be dominant during adsorption. The Elovich
kinetic model indicated a pronounced diffusional rate-determin-
ing step. During the uptake of these three pollutants, the contribution
of partitioning was also dominant alongside that of adsorption.
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