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Abstract: High-performance biochar was prepared using
de-oiled Chlorella vulgaris biomass as the raw material and
KOH as the modifying activator. The properties of the bio-
char as an adsorbent for the removal of tetracycline (TC)
and enrofloxacin (ENR) were investigated under different
conditions by varying the amount of the Chlorella vulgaris
de-oiled biomass (DB) input. The surface structure and
physicochemical properties of different Chlorella vulgaris
biomass charcoal (CBC) samples were studied and com-
pared, and the best adsorption performance of the biomass
charcoal was obtained when DB = 7. Through orthogonal
analysis, it was determined that the optimal adsorption
condition of CBC 7 on TC was 0.004 g (pH 3), which resulted
in a removal rate of 96.45% and a maximum adsorption
capacity of 2411363 mg g™, and on ENR was 0.004 g (pH 7),
which resulted in a removal rate of 100% and a maximum
adsorption capacity of 256.3326 mg g™*. The results of the
kinetic fitting show that the adsorption of TC and ENR by
CBC 7 was consistent with the pseudo-secondary kinetic
equation. The maximum adsorption capacities can reach
299.8974 and 352.6736 mg g ’. Langmuir and Freundlich
adsorption isotherm models were used to describe the
adsorption equilibrium of TC and ENR by CBC 7. The results
show that the adsorption of TC and ENR are in accordance
with the Langmuir isotherm.

Keywords: biochar, Chlorella vulgaris, tetracycline, enro-
floxacin, adsorption

* Corresponding author: Li Wenkui, Jiangxi Key Laboratory of
Materials Surface Engineering, Jiangxi Normal University of Science and
Technology, Nanchang, 330000, China, e-mail: liwenkui1976@163.com
Wang Feiyan, Zhang Yali, Luo Siling, Chen Zhiqin, Luo Shanshan:
Jiangxi Key Laboratory of Materials Surface Engineering, Jiangxi Normal
University of Science and Technology, Nanchang, 330000, China

v
Bmc(mlml group J
orption
A

intensity(a.u.)

Elccxmslauc
traction

I PhyslcnlmJ
A Madsompii
A

[ adsorption

Graphical abstract
1 Introduction

In recent years, rapid urbanization has increased demands
for water resources and raised concerns about water pol-
lution. Many low-level but hazardous pollutants, such as
antibiotics, endocrine disruptors, and hormone disruptors,
known as emerging contaminants (ECs) [1-4], are gradually
attracting attention. ECs are a class of chemical pollutants
with potential threats to human health and the ecological
environment. ECs are often derived from pharmaceuticals,
personal care products, endocrine disruptors, antibiotics,
disinfection by-products, and other industrial chemicals
[5,6]. The common pathways for ECs to enter the environ-
ment include wastewater from sewage treatment plants,
hospitals, drains, and septic systems, leachate from landfills,
and animal wastewater from livestock, poultry processing,
and aquaculture [7,8]. Although the levels of these ECs are
low, the compounds and transformation products derived
from them are ubiquitous in the environment, and those
compounds can persist for long periods of time, so there is
widespread interest in removing ECs from the aquatic
environment.

In order to remove ECs, a number of methods have
been developed, which include adsorption, membrane tech-
nology [9,10], biological treatment [11], advanced oxidation
process, and photocatalytic degradation [12-14]. The adsorp-
tion method has the advantages of low cost, a wide range of
material sources, and excellent adsorption performance
compared to other methods, making it more feasible in
actual treatment [15-17]. Commonly used adsorbents
include silica gel (SiO,) [18,19], zeolite [19,20], activated
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carbon (AC), molecular sieve [21], and so on [22]. Among
them, AC is widely recognized for its large specific surface
area, rich microporous and mesoporous structure, carbon
atomic structure that makes it more thermally conductive
than silica particles, and stable physical and chemical forms
in aqueous solution, but the high cost of manufacturing also
affects its inability to be widely used [23-25]. Compared with
the expensive AC, biochar has entered the researchers’ field
of vision due to its advantages of low cost and good perfor-
mance from a wide range of raw material sources.

Biochar is a porous material produced by the decomposi-
tion of biomass feedstocks at high temperatures. Biochar has
already demonstrated its excellence in a number of areas. It
comes from a wide range of sources and can be any material
containing organic matter, including agricultural and forestry
waste, wood chips, algae, sludge, fertilizer, and solid organic
waste. The surface structure and physicochemical properties
of biochar’s prepared from different raw materials differ
significantly, and these properties are key factors affecting
the adsorption performance of biochar. In Kurniawan
et al’s work [26], the production cost of biochar was 30% lower
than that of AC. Using industrial lignin as a feedstock, Zhou et al.
[27] prepared honeycomb lignin-based biochar by hydrothermal
activation, which achieved over 99% removal of norfloxacin in
real water within 8 min and maintained at least 98% removal of
norfloxacin after 12 adsorption cycles. Among many raw mate-
rials, microalgae has been widely studied for its fast growth, rich
in oil and protein content, and does not occupy planting areas,
etc. Torri et al. [28] used waste algal biomass to convert it into
nitrogen-rich biochar, biodiesel, and pyrolysis oil and found that
microalgal biochar contained less carbon but more nitrogen,
ash, and minerals than biochar produced from lignocellulosic
biomass. Biochar with high nitrogen and ash content improved
soil quality and productivity. Tso and Chao [29] reported that
chlorella biochar was more effective than powdered AC in
removing p-nitrophenol from wastewater. Wang et al. [30] pro-
duced algal biochar using brown algae as the raw material to
remove 97.24% of methyl orange dye. Combined with numerous
studies, algal biochar is considered a low-cost adsorbent with
special surface chemistry of high adsorption capacity, high
porous structure, and high thermal stability [31].

Microalgae are now recognized as a feedstock for third-
generation biofuels, showing great potential for biodiesel
production [32], and their residue after oil extraction is often
referred to as DB [33]. Therefore the production of biochar
from DB and its use as an adsorbent for the treatment of
pollutants in wastewater is also a potential avenue [34].

In this study, biochar was prepared using de-oiled
Chlorella vulgaris biomass as the raw materials and KOH
as the activator. Its removal mechanism on tetracycline
(TC) and enrofloxacin (ENR) was discussed.
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2 Materials and methods

2.1 Materials

The microalgae strain, NCU C03, was isolated from the local
environment around Nanchang University using the dilution
method. BG-11 medium was used for isolation. The algal strain
was identified as Chlorella vulgaris. The microalgal cells were
cultured with a TAP medium.

TC (purity 298%) and ENR (purity >98%) were from
Shanghai Ron Reagent Co. KOH was purchased from Guangxi
Xilong Chemical Co. Ethanol, methanol, and other organic sol-
vents were purchased from Tianjin Da Mao Co. The chemicals
used in this study were of analytical grade, and the water used
in the study was deionized water.

2.2 Biochar preparation

The preparation process of materials is shown in Figure 1.
Chlorella vulgaris powder was mixed with an ethanol solu-
tion and treated with a cell breaker to rupture the cell
walls. Chlorella vulgaris cells are extracted using the Folch
method [35] and centrifuged at 8,000 rpm to obtain a DB
slurry. The washed and cleaned DB was frozen at —20°C for
10 h and then dried in a freeze-dryer at -82°C for 48 h.

The dried DB slurry was mixed with KOH and water in
a ratio of 1:3:5 and then dried in an oven at 110°C to obtain
KOH-activated DB.

DB was carried in a ceramic boat (60 mm x 30 mm x
14 mm) and heat-treated at 750°C in a constant tempera-
ture tube furnace (NBD-01200-50IC). The amount of algae
biomass varied from 3 to 11g according to experiment
design. After heat treatment, the sample was cooled to
room temperature, washed with deionized water to pH
6-7, and then oven-dried. Biochar samples were named
CBC 3, CBC 5, CBC 7, CBC 9, and CBC 11, respectively,
according to the DB input in the experiment.

2.3 Characterization

The BET-specific surface area, micropore volume, and pore
size distribution of the biochar were determined using a
specific surface area pore analyzer (Micromeritics Model
APSP2460 Specific Surface Area Analyzer, USA). The sur-
face morphology and structure of the biochar were deter-
mined using a scanning electron microscope (SEM, Zeiss,
Germany). Fourier transform infrared spectrophotometer



DE GRUYTER

Chlorella

Ultrasonication

Removing oil
and soluble
pigments

Figure 1: Roadmap of the experiment process.

(FT-IR, Spectrum Two PerkinElmer) was used to study the
functional groups of the biochar materials. The chemical
composition of the biochar materials was further analyzed
using an X-ray photoelectron spectrometer (Thermo Scientific
K-Alpha, USA). The structure and crystallinity of the biochar
materials were characterized using an X-ray diffractometer
(XRD-6100, Shimadzu, Japan).

2.4 Batch experiments

In this study, two parameters, adsorbent input (MCBC) and
solution pH, were designed and optimized using the ortho-
gonal design of experiments. These factors were consid-
ered at four levels according to the adsorption capacity
of CBCx. The L16 orthogonal array was used and the experi-
mental conditions are shown in Table 1. All experiments
were conducted three times in parallel to reduce errors in
experimental results caused by random events. Statistical
analysis is carried out by variance analysis (p < 0.05, IBM
SPSS Statistics V21).

At room temperature, different masses of CBCx were
added into TC and ENR solutions with different pH values

Table 1: Controlled factors and their levels

Factors Symbol X

Level 1 Level2 Level3 Level 4

MCBC (gmL™) X, 0.002g 0.004g 0.006g 0.008g
pH X 3 5 7 10

Biochar from microalgae and its adsorption on antibiotics == 3

Biochar

,."/High specific surface area
Porous structure

for adsorption for 2h. After the adsorption process, the
adsorbent was filtered through a needle filter to obtain
the filtrate, and the residual TC and ENR absorbance in
the filtrate was determined by UV spectrophotometry at
354 and 265 nm (Table 2).

In the Kkinetic experiments, 0.004 g of CBCx was added
to 10 mL of 100 mg L™ of TC and ENR solutions, respec-
tively. The solutions were stirred continuously at room
temperature and sampled at time intervals. The solutions
were stirred continuously at room temperature and sampled
at time intervals. The absorbance and adsorption kinetics of
the value antibiotic (VA) concentration in the solution were
measured using a UV spectrophotometer.

Table 2: Experimental results obtained by orthogonal analysis

No. Name Mcgc (g mL™") pH
1 N1 0.0002 3
2 N2 0.0002 5
3 N3 0.0002

4 N4 0.0002 10
5 N5 0.0004 3
6 N6 0.0004 5
7 N7 0.0004

8 N8 0.0004 10
9 N9 0.0006 3
10 N10 0.0006 5
1 N11 0.0006

12 N12 0.0006 10
13 N13 0.0008 3
14 N14 0.0008 5
15 N15 0.0008

16 N16 0.0008 10
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In order to study the isothermal adsorption experi-
ments of CBCx adsorption on TC and ENR and their ther-
modynamic properties, 0.004 g of CBCx was added to 10 ml
of TC and ENR solutions of different concentrations (100,
105, 110, 115, 120, and 125 mg LY at temperature gradients
of 298, 308, and 318 K, respectively. The solution was stirred
continuously for 120 min at the corresponding temperature
gradient. The absorbance of the VA concentration in the
solution is measured using a UV spectrophotometer.

2.5 Model fitting

The maximum adsorption capacity and removal rate of

CBCx were calculated using the absorbance of residual

TC and ENR in the filtrate measured in Section 2.4:
Removal rate H (equation (1)):

G- Ce

H:
Co

% 100%. M

Adsorption capacity ¢, (equation (2)):

(G-C)xV
q. = — )
where Cp and C. are the initial and final concentrations
(mg LY of target pollutants TC and ENR, respectively, V is
the initial solution volume (L), and m is the mass of the
adsorbent (g).

The adsorption kinetic results were fitted using pseudo-
first-order [36] (equation (3)), pseudo-second-order [37]
(equation (4)), and Elovich [37] (equation (5)) models for
adsorption kinetic results.

dg,

dt = kl(qe - qt)y (3)
d
i = kz(Qe B qt)z; 4)
aq
1 1
q = Eln(aﬁ) + Elnt, (5)

where ¢ and q. (mg g™) are the adsorption amount of
adsorbate on the adsorbent surface at time ¢t and adsorp-
tion equilibrium, respectively. k; (min™?) is the pseudo-first
adsorption rate constant, k, (g mg min™) is the pseudo-
second adsorption rate constant, a (mg g* min™) is the
initial adsorption rate constant, and S (g mg™) is the rate
constant related to the surface coverage and chemisorp-
tion activation energy.

Isothermal adsorption was determined by fitting the
relationship between the adsorption concentration and
adsorption capacity at equilibrium using the adsorption
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isotherm models of Langmuir [38] (equation (6)) and
Freundlich [39] (equation (7)).

quLCe
= 6
Qe 1+ kLCe’ ©
4 = kFCelln’ ™

where C, (mg L™) is the residual concentration of the
adsorbent in solution at adsorption equilibrium, g, (mg g™)
is the adsorption amount of the adsorbent on the adsorbent
surface at adsorption equilibrium, g, (mg g™) is the adsorp-
tion amount when the surface of the unit adsorbent is cov-
ered with a single molecular layer of adsorbent, namely, the
saturated adsorption amount, k;, (L mg™?) is the Langmuir
adsorption constant, and kr and n are Freundlich adsorption
constants.

The thermodynamic properties of CBCx adsorption on
TC and ENR were further investigated by calculating
the adsorption Gibbs free energy change (AG) [40] (equa-
tion (8)), the change in branding (AH), and the change
in allosteric (AS) (equation (9)), which were used to study
the spontaneous and thermal changes in the adsorption
reactions.

AG = -RT InK,, ®

where R (8.314]mol ' k™) is the ideal gas constant and T
(K) is the temperature.

In addition, AH and AS can be obtained according to
the Van’t Hoff equation [41]:

AS AH
== - — 9
In K. R R 9
where K, (equation (10)) is the adsorption allocation coeffi-

cient, which can be calculated as follows:

_ %

K.=—.
T (10)

3 Results and discussion

3.1 Characterization of CBC

Figure 2 shows the SEM analysis of untreated DB (a) and
different CBCs. Figure 2(e) and (f) shows a compact shape
with many small particles stacked together, which may be
attributed to the over-addition of DB, resulting in the
incomplete release of volatile components from the bio-
mass and pore-clogging, thus showing a compact stacking
pattern. Figure 2(b)-(d) show that the algal biochar has
similar micro-morphology, and they all show well-
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Figure 2: SEM images of DB(a), CBC 3(b), CBC 5(c), CBC 7(d), CBC 9(e), and CBC 11(f).

dispersed granularity and rough surface irregular shapes
under the etching effect of KOH.

The changes in the specific surface area and pore
structure of CBCs were investigated by adsorption and des-
orption of Ny, and the results are shown in Table 3. CBC 7
has the largest specific surface area value and the smallest
average pore size. In our previous study, we found that the
larger the specific surface area, the stronger the corre-
sponding adsorption capacity, so we chose CBC 7 as the
subsequent experimental object.

According to the X-ray diffractogram (Figure 3), it was
found that the activated charcoal had a broad and slow
diffuse diffraction peak at 26 of 16-34° and 44° for (002) and
(101) peaks of crystalline carbon fibers. This peak was
found at 26 of 16-34° for all the samples after charring,
indicating that the microalgal biomass changed from
organic compounds to finer-grained graphitized structure
of amorphous carbon after charring. A stronger diffrac-
tion peak appeared at 26 of 44°, where the height of CBC 7

Table 3: BET surface areas, N, sorption capacity, and the average pore
diameter of CBCs

Materials BET specific surface Average
area (m?g™") aperture (nm)
CBC 3 1483.298 3.324
CBC5 1648.318 3.157
CBC7 1971.843 3.156
CBC O 1372.551 3.380
CBC 11 1216.443 3.941

was significantly lower than that of the other samples, sug-
gesting that overfilling or underfilling with DB increases the
crystallinity of the AC.

3.2 Adsorption properties of CBC

CBC 7 was selected for the subsequent absorption experi-
ments because it has the largest specific surface area value
and the smallest average pore size. Orthogonal analysis

PDF#65-6212 C
CBC 11
=
& » CBCY
s Aty L
2 o
g CBC7
i
=
L]
CBC 5
CBC3
| . 1 . 1 . 1 A 1 . ' . 1 .
10 20 30 40 50 60 70 80
20(degree)

Figure 3: XRD spectra of CBC 3 (a), CBC 5 (b), CBC 7 (c), CBC 9 (d), and CBC
11 (e).
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Table 4: ANOVA analysis of the removal rate (R)

Factor DF SS MS F P

TC

MCBC (g mL’1) 3 1.146 0.382 75.440 0.000
pH 2 0.101 0.051 10.007 0.001
MCBC (g mL") x pH 6 0.135 0.022 4.428 0.004
Standard error 24 0.122 0.008

Total 35 1.503

ENR

MCBC (g mL’1) 3 1.885 0.628 144.557 0.000
pH 2 0.068 0.034 7.871 0.002
MCBC (g mL_1) x pH 6 0.043 0.007 1.649 0.177
Standard error 24 0.104 0.004

Total 35 2.101

was used to determine the optimal adsorption conditions
of CBC 7 on TC and ENR.

The L16 orthogonal array orthogonal table was used to
determine whether the adsorbent input and solution pH
had a significant effect on the adsorption effect, and the
structure is shown in Table 4.

From the ANOVA results, it can be observed that for
TC, both adsorbent inputs showed significance (F = 75.440,
p = 0.000 < 0.1), indicating the presence of a main effect and
solution pH (F = 10.007, p = 0.001 < 0.1), suggesting that a
main effect was present. For ENR, the adsorbent inputs all
showed significance (F = 144.557, p = 0.000 < 0.1), indicating
the presence of main effect and solution pH (F = 7.871, p =
0.002 < 0.1), indicating the presence of main effect.

As shown in Table 4, a comparison of TC and ENR was
found to be a variance chi-square with P > 0.05 in the test

Main effect of TC adsorption

2

Average value
=)

0.002 0.004

MCBC7(g/mL)

0.006 0.008

Figure 4: Comparison of two factors affecting the removal of TC and ENR.
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of variance chi-square. From this, it was determined that
the data fluctuations of multiple repetitions of orthogonal
analysis experiments were consistent.

3.2.1 Effect of adsorbent dosage

As shown in Figure 4, increasing the dosage of CBC 7 adsor-
bent increased the removal rate. Under different pH con-
ditions, the removal of TC and ENR reached 96 and 100%,
respectively, when the dosage of CBC 7 was 0.004 g L™,

3.2.2 Effect of pH

As shown in Figure 4, when the dosage is certain, the
removal of TC by CBC 7 reaches its maximum at pH 3,
while the best pH for ENR is 7. This is because the struc-
ture of TC is very sensitive to pH. As shown in Figure 5,
at pH 2-6, TC undergoes differential isomerization
and the C4 conformation of the chiral carbon atom in
the A-ring is changed, resulting in the formation of 4-
epitetracycline hydrochloride [42]. After differential iso-
merization, the negative value of its specific spin is larger,
which increases its solubility in water, resulting in a
stronger adsorption capacity and higher removal rate
by CBC.

Considering the effect of pH on the adsorption process,
we determined the zeta potential and zero-charge point of
the CBC 7 material. Figure 6a shows that the zeta potential
of CBC 7 is —80 mV at pH 7, which indicates that CBC 7 is

Main effect of ENR adsorption

1.1

1.0

0.9

0.8

0.7

0.6

Average value

0.5

0.4

0.3

0.002 0.004

MCBC7(g/mL)

0.006
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TC undergoes differential isomerization to
form 4-epitetracycline hydrochloride

Figure 5: Structural comparison of tetracycline (left) and oxytetracycline
(right).

highly electronegative and can be stably dispersed in aqu-
eous solution [43].

Figure 6b shows that the point of zero charge (pHp;c) of CBC
71s 6.90. Zhou et al. [44] mentioned that when the solution pH <
PHpzc, the adsorbent is positively charged and tends to adsorb
anions, and when pH > pHpy, the adsorbent is negatively
charged and tends to adsorb cations. TC molecules form
anions when they dissolve in water, so the adsorption
rate of CBC 7 is the highest at pH < 6.90, i.e., at pH 3.
For ENR, since the aqueous solution of ENR is cationic,
the adsorption rate is highest at pH > 6.90, i.e., at pH 7.

3.3 Adsorption kinetics and thermostatic
adsorption

The effect of adsorption time on the adsorption of TC and
ENR by CBC 7 was studied by using pseudo-first-order,

40

Zeta potentiall(mV)

pH

Figure 6: Zeta potential diagram and zero charge point diagram of CBC 7.
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pseudo-second-order, and Elovich models. The results are
shown in Figure 7 and Table 5.

Comparing the R? values of different kinetic models, it
was found that the adsorption of both TC and ENR by CBC 7
was more consistent with the quasi-secondary Kkinetic
model, which indicated that the main adsorption process
between biochar and ENR and TC was subject to chemi-
sorption. The equilibrium value of TC adsorption by CBC 7
was reached at 30 min, and the equilibrium value of ENR
adsorption by CBC 7 was reached at 60 min.

Before reaching the adsorption equilibrium, TC and
ENR molecules diffused to the surface of CBC 7, reacted
with the adsorption sites, and adsorbed rapidly via electro-
static attraction and n—n bonding. Meanwhile, according to
the SEM and BET results, the CBC has a large specific sur-
face area and a small pore size, indicating that pore filling
may also be one of the main adsorption mechanisms. With
the increase of adsorption time, the adsorption sites on the
surface of CBC 7 decreased and the pores were gradually
filled intact to reach the adsorption equilibrium state.

Three temperature gradients of 298, 308, and 318 K
were set in the isothermal adsorption experiment.
Langmuir and Freundlich isotherm models were used to
fit the adsorption equilibrium data, and the adsorption
mechanism of ENR and TC adsorbed by CBC 7 was studied.
The fitting results are shown in Figure 8, and the para-
meters are listed in Table 6.

The results of the adsorption isotherm analysis show
that the Langmuir isotherm model could better indicate
the process of ENR and TC adsorption by CBC 7. The highest
correlation coefficient R* for TC adsorption by CBC 7 was
0.9797 at 318 K and the highest correlation coefficient R for
ENR adsorption by CBC 7 was 0.9988 at 298 K. This indicates

ApH

6.90

2+

3+
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Figure 7: Fitting curves of different kinetic models for the adsorption of TC and ENR on CB7.

that CBC 7 adsorbs both TC and ENR as monolayer. Also,
calculated according to the Langmuir model, the q,, value
represents the maximum adsorption of CBC. The maximum

Table 5: Variance chi-square tests

F df1 df2 P

TC

2.022 n 24 0.072
ENR

0.878 n 24 0.573

290

280

250

240

. W 298K

@® 308K

A 318K

Langmuir 298K
= =Freundlich 298K
Langmuir 308K
— —Freundlich 308K
Langmuir 318K
— —Freundlich 318K

5 10 15 20 25
C(mgL™)

adsorption values of CBC on TC and ENR were found to be
299.8974 and 352.6736 mg g ",

3.4 Adsorption thermodynamics

In order to study the thermodynamic properties of TC and
ENR adsorbed by CBC 7, the isotherms of TC and ENR
adsorbed by CBC 7 were investigated at 298, 308, and
318 K, respectively (as shown in Figure 8). By calculating
the Gibbs free energy change (AG), enthalpy change (AH),
and entropy change (AS) of TC and ENR adsorbed by CBC 7,

_ - - 298K
355 - ® 308K
-7 n A 318K
» Langmuir 298K
350 —  —Freundlich 298K
Langmuir 308K
—  —Freundlich 308K
Langmuir 318K
345 - —  —Freundlich 318K
:
=Y
o0 340
g
=
= 335
330 - *
325
320 L L L L
0 5 10 15 20 25

C(mg L™

Figure 8: According to different isothermal models, the adsorption equilibrium diagrams of TC and ENR adsorbed by CB7 at 298, 308, and 318 K are

fitted.
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Table 6: Fitting parameters of different adsorption kinetic models

Biochar from microalgae and its adsorption on antibiotics == 9

Table 8: Thermodynamic parameters of adsorption of TC and ENR by
CBC7

Type of dynamic Model TC ENR
equation parameter T (K) AG (k] mol™) AS (J mol™) AH (k] mol™")
Pseudo-first-order Qe (Mg g”) 223.9164  225.9209 TC 298 -0.2625 -1.1421 -0.0443
ki (min™") 0.9173 0.8884 308 —-0.0798
R? 0.9169 0.97956 318 -0.0765
Pseudo-second-order Qe (Mg g'1) 283.0728 244.3649 ENR 298 -14.241 -0.3805 -1.84388
K> [g (mg min)™" 0.0003 0.0006 308 -14.3231
R 0.93491 0.9917 318 -14.6405
Elovich a[g (mg min™)™] 1.03504  4.6815
Blg mg™] 0.0163 0.0266
R? 0.91411 0.87387

the spontaneous and thermal changes of adsorption reac-
tions are further explored, and the results are shown in
Tables 7 and 8.

The negative values of AG for the CBC 7 adsorbed TC
and ENR systems at all three temperatures indicate the
interaction and spontaneous proceeding of the CBC 7
adsorbed TC and ENR [45]. The negative value of AS is
due to the migration of TC and ENR molecules from the
liquid phase to the adsorbed state, resulting in the loss of
degrees of freedom and the decrease of entropy value. The
negative value of AH further confirms that the adsorption
of TC and ENR by CBC 7 is an exothermic process.

3.5 Analysis of adsorption of TC and ENR
mechanism.

3.5.1 FT-IR analysis of CBC 7 before and after adsorption

The changes in surface functional groups before and after
the adsorption of TC and ENR by CBC 7 were analyzed by FT-
IR. As shown in Figure 9, the broad peak at 3,740-3,008 em™!
is the —OH stretching vibration peak with obvious vibration
amplitude and in-plane bending vibration. CBC 7 + TC and
CBC 7 + ENR are compared with CBC 7, and it can be found

that the absorption peak is blue-shifted after adsorption,
which indicates that —OH is involved in the adsorption of
TC and ENR by CBC 7. 2,925 cm ™" or so is the C-H stretching
vibration peak in —CH2. The C=0 stretching vibration peak
in the aromatic ring appeared at around 1,589 cm™", which
decreases in intensity after the adsorption of TC. The peak at
1,458 cm* is the C=C stretching vibration peak, which indi-
cates that the surface of CBC contains a stable aromatic

Transmittance(%)

| CBC7

-oH!

3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™)

4000

Figure 9: FT-IR spectra of CBC 7, CBC 7 + ENR, and CBC 7 + TC after
adsorption.

Table 7: Fitting parameters of the isothermal adsorption model at different temperatures

Antibiotic T (K) Langmuir model Freundlich model
K (L mg™) Qm (mg g™ R K Img g™'(mg L) ™""] n R

TC 298 3.1083 256.2995 0.9455 217.9961 9.1157 0.9416
308 1.4301 290.7355 0.8737 219.6609 11.0889 0.7889
318 1.4086 299.8974 0.9797 230.1662 32.5097 0.7967

ENR 298 18.1316 352.6736 0.8554 331.6835 36.4033 0.8507
308 35.7791 339.7691 0.9780 328.8956 80.3212 0.8377
318 55.4029 331.0529 0.9988 325.0539 153.8462 0.8078
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Figure 10: XPS analysis of CBC 7, CBC 7 + ENR, and CBC 7 + TC: C (a), O (b), and N (c).

skeleton, and the intensity of the adsorption peaks of CBC 7 +
TC and CBC 7 + ENR are reduced compared with that of
CBC 7. The peak at 1,041cm™ is the absorption peak of
C-0. The absorption peak of the bond stretching vibration
at 1,041 cm™ indicates that the surface of the material con-
tains lipid compounds.

3.5.2 XPS analysis of CBC 7

Figure 10 shows the XPS energy spectrum analysis of CBC 7
before and after adsorption of TC and ENR. Figure 10(a)
shows the Cls spectrum. Before adsorption, the C-C peak
appears at 284.84eV, C-OH at 286.05eV, and C=0 at
289.78 eV. This is a vibrational peak due to m=n bond in
the aromatic ring [46]. The C-C, C-OH, and C=0 binding
energies showed some degree of displacement and change
after the adsorption of TC and ENR, indicating that hydroxyl
and carbonyl groups were involved in the reaction during
the adsorption process [47-49]. Figure 10(b) shows the O1s
spectrum with the change of C=0 peak intensity before and
after adsorption, and the C-OH bond binding energy was
significantly decreased after adsorption of TC, indicating the
involvement of hydroxyl-containing functional groups in
the adsorption process [50], which is consistent with the
results of IR spectral analysis.

4 Conclusion

In this study, a low-cost adsorbent CBC was prepared from
DB for the removal of TC and ENR by comparing different
DB input amounts by SEM, XRD, and BET. It was found that
the prepared CBC 7 had the largest specific surface area
with the optimal adsorption effect when the DB input
amount was 7. Using orthogonal experiments, the removal
rate of 100 mg L™ TC by adsorption of 0.004 g of CBC 7 for
30 min at pH 3 was determined to be 96%. The removal rate

0f 100 mg L ™" ENR by 0.004 g of CBC 7 adsorption for 60 min
at pH 7 was 100%. The adsorption process of TC and ENR by
CBC followed the Langmuir model and the pseudo-sec-
ondary kinetic model, indicating that the adsorption rate
was influenced by chemisorption. CBC 7 was effective in
removing the relevant pollutants in the aqueous environ-
ment. Similarly, microalgae feedstock has a significant bio-
oil yield compared to other feedstock biomass, which can
be used as an energy source for sustainable and green
production processes. In turn, this study demonstrated
the excellent pollutant removal performance of algal bio-
char, highlighting the great potential of microalgae-based
biochar for application.
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