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ABSTRACT

Aquatic pollution caused by antibiotics poses a significant threat to human health and the ecosystem.
Inspired from “Emmental Cheese” that owns lots of natural pores, we here fabricated a hierarchical
cheese-like porous Spirulina residue biochar (KSBC) activated by KHCO; for efficiently boosting the
removal of sulfathiazole (STZ). Through learning form nature that the CO, produced by bacteria can serve
as the natural pore maker (like cheese-making), KHCO3 was thus selected as the gas generating agent in
this study. The effect of adding KHCO3 on the surface properties of KSBC was comprehensively inves-
tigated. Benefiting from the activation, the KSBC with the mass ratio of 2:1 (2K-SBC) possessed the largest
specific surface areas (1100 m? g~ '), which was approximately 81 times that of the original (not acti-
vated) Spirulina residue biochar (SBC) (13.56 m? g~ !). Moreover, 2K-SBC exhibited the maximum
adsorption capacity for STZ (218.4 mg g~ !), dramatically higher than the SBC (25.78 mg g '). The
adsorption kinetics and adsorption isotherms exhibited that the adsorption behavior of 2K-SBC for STZ
was consistent with the pseudo-second-order and Langmuir models. Additionally, the adsorption ther-
modynamics revealed that the adsorption of STZ on 2K-SBC was spontaneous and exothermic. The pore-
filling and electrostatic interaction were considered the main mechanism for the adsorption of STZ on
2K-SBC, whereas the m-m electron donor-acceptor (EDA) interaction and hydrogen bond would also
partially contribute to the adsorption process.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

environments [7—10]. Among them, adsorption stands out due to
its simple process, high efficiency, low cost, and non-toxic in-

In recent years, the increasingly serious problem of antibiotic
contamination has caused widespread concern worldwide [1-3].
Antibiotics leaked into the environment accumulate through the
food chain and harm humans [4,5]. As a member of sulfonamide
antibiotics, sulfathiazole (STZ) has been widely detected in natural
waters [6]. Nowadays, the increasing content of STZ in water bodies
worldwide has posed a critical threat to the ecosystem. Therefore,
developing efficient STZ removal systems from water bodies is ur-
gently needed.

Several treatment technologies, including advanced oxidation,
electrochemical oxidation, biodegradation, and adsorption, have
been extensively employed in treating antibiotics in water

* Corresponding author.
E-mail address: stephen6949@hit.edu.cn (S.-H. Ho).

https://doi.org/10.1016/j.ese.2022.100168

termediates [11]. Compared with metal-containing adsorbents,
carbonous materials such as activated carbon, carbon nanotubes,
graphene, and biochar have become a research focus in the field of
adsorption due to their non-toxicity and absence of secondary
pollution during treatment [12—15]. However, the shortcomings of
activated carbon, such as unaccepted production cost and complex
regeneration, severely limit its practical applicability [ 16]. Although
carbon nanotubes and graphene are also effective in adsorbing
pollutants from water bodies, their fabrication processes are rela-
tively cumbersome and cost-intensive, making them difficult to be
produced on a mass scale [17,18]. In order to resolve this issue, the
use of biochar with a porous structure and high specific surface area
may help remove a variety of inorganic and organic pollutants from
water bodies and, therefore, represents an excellent potential for its
application to treating water bodies [19].
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Given this, converting the hazardous algal residue into porous
biochar to efficiently adsorb antibiotics in water bodies could
simultaneously help reuse the solid waste and eliminate environ-
mental pollution. Recently, to obtain the enhanced adsorption per-
formance for targeted pollutants, various activation methods that
can improve the structure and surface properties of biochar have
been introduced [20,21]. In this regard, KOH and ZnCl; are the most
widely used activators [22]. However, various challenges such as
strong corrosiveness and potential heavy metal leakage are trou-
blesome and can substantially damage the pipelines in practical
applications. More importantly, although the increase in micropores
in biochar, activated by KOH or ZnCly, is positively correlated to the
adsorption capacity [23,24], the insufficient number of mesopores
would limit the mass transfer of pollutant molecules, resulting in a
relatively slow adsorption rate [25]. Therefore, seeking out a green
environment-friendly activator that can simultaneously make the
micropore- and mesopore-rich structured biochar is importance.
Fortunately, thanks to the inspiration from the cheese-making
process, the authors of the current work believe that KHCO3 may
act as an ideal candidate because much of CO, thermally generated
from KHCO3 can serve as the natural pore maker.

Herein, the high-salted Spirulina residue is used as the feedstock
as well as the activator, whereas the Spirulina residue biochar (SBC)
and KHCOs-activated SBC (KSBC) are prepared for efficient removal
of STZ. The effect of different amounts of KHCO3 on the structural
properties of SBC and the adsorption performance for STZ is sys-
tematically investigated. The effects of contact time, initial aqueous
pH, inorganic anions, and natural organic matter on the adsorption
performance of KSBC have also been explored in detail. This study
provides a novel idea for designing a cheese-like biochar-based
adsorbent by using hazardous algal residue associated with facial
structural activation.

2. Material and methods
2.1. Materials

After extracting phycocyanin, Spirulina residue was collected
from the East Algae Factory in Fuzhou, Fujian Province, China. The
way of phycocyanin extraction provided by the factory was as fol-
lows: 50 kg Spirulina dry algae powder was added into 1200 kg
water. During the dissolution, the temperature was controlled
below 18 °C with additions of 20—30 kg calcium chloride, 3—5 kg
citric acid, and 20 mL sodium hypochlorite. The mixture was first
stirred for 3—5 h and maintained for 8 h, then 15—20 kg of diso-
dium hydrogen phosphate was added and stirred for another 12 h
to yield phycocyanin and Spirulina residues. Sulfathiazole (STZ,
98%), sodium hydroxide (NaOH, > 98%), hydrochloric acid (HCI,
37%), sodium chloride (NaCl, > 99.5%), and potassium bicarbonate
(KHCOs3, 99.5%) were acquired from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China).

2.2. Preparation and characterization of KHCOs-activated SBC
(KSBC)

Firstly, the dried Spirulina residue was pre-carbonized at
400 °C for 2 h under a Ny atmosphere to form elementary SBC.
Subsequently, various mixtures of KHCO3; and elementary SBC
with different mass ratios (0.5:1, 1:1, 2:1, and 4:1) were fully
ground in a mortar and carbonized at 800 °C for 2 h under a N,
environment to form cheese-like KSBC. The heating rate for the
above two steps of carbonization was 5 °C min~". Finally, SBC was
washed several times with HCl (1 mol L~!) and deionized water
until the filtrate was neutral. Moreover, KSBC samples with
different mass ratios were labeled as 0.5K-SBC, 1K-SBC, 2K-SBC,
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and 4K-SBC, respectively. In addition, SBC without KHCO3; was
employed as a reference.

2.3. Batch experiments

First, for the adsorption experiments, 35 mL sulfathiazole (STZ)
solution (50 mg L™!) and 17.5 mg SBC/KSBC were placed in a 50 mL
conical flask. The conical flask was sealed with sealing film, and the
constant temperature water bath oscillator was set to 25 °C. A
disposable syringe equipped with 0.22 pum filtration membrane was
used to suck 1 mL of the reaction solution during the experiment.
Then, the obtained reaction solution was injected into a 1.5 mL
brown chromatographic vial for determining the concentration.
Different sampling times (1, 3, 5, 10, 15, 20, 30, 60, 90, 120, 180, and
240 min) and different concentrations (50—200 mg L) of STZ
were used to study the adsorption kinetics and the adsorption
isotherms, respectively. Different pH values (3.00, 5.00, 7.00, 9.00,
and 11.00) were used to investigate the sensitivity of adsorbents to
pH during the adsorption. Different concentrations of humic acid
(HA; 1, 5,10, 20, 30, and 50 mg L~ ') and different anions (503, CI,
NO3, NHZ, and CO%™) with different concentrations (0.2, 2, and
20 mmol L) were adopted to simulate the influence of external
factors on the adsorption performance. Other circumstantial
experimental details are provided in the Supplementary Material.

3. Results and discussion
3.1. Characterization

Specific surface area (SSA), pore volume, and pore size distri-
bution are key indicators for evaluating the adsorption perfor-
mance of an adsorbent [26,27]. The data presented in Table S1
shows that SSA of SBC was 13.56 m? g~ !, while that of KSBC
increased significantly, attaining a maximum value of 1100 m? g !
(2K-SBC) and a lowest of 484.4 m? g~! (0.5K-SBC). The increased
SSA was conducive to the contact between KSBC and STZ molecules,
which benefits the adsorption reaction. Meanwhile, compared with
SBC, the total pore volume of KSBC increased significantly, which is
consistent with the increase in SSA. However, the average pore
sizes of all KSBCs were lower than that of SBC, while the pore
volumes of all KSBCs were greater than that of SBC, which sug-
gested that the increased pores were mainly the micropores.
Moreover, the increase in micropores was conducive to the increase
in adsorption capacity [25,27]. Notably, compared with 2K-SBC, the
SSA and total pore volume of 4K-SBC decreased, indicating that
excessive KHCO3 was not favorable for the formation of pores. This
could be because the impact erosion of excessive KHCO3 on the
carbon skeleton was dramatically severe and may lead to serious
fragmentation of partial structure, due to which the system became
incapable of forming a more complete pore structure. Additionally,
as shown in Fig. 1a, all KSBCs exhibited rapid N, adsorption at lower
relative pressures, suggesting the presence of micropores. Under
moderate relative pressures, the BET isotherms of all KSBCs had an
apparent hysteretic loop, implying the presence of mesopores. The
shapes of all the adsorption and desorption isotherms of KSBCs
were in line with Type IV isotherms [28,29]. Moreover, the exis-
tence of abundant mesopores and micropores in 2K-SBC was
further confirmed by the pore size distribution (Fig. 1b). The exis-
tence of mesopores could promote the migration of pollutants in
aqueous solutions, which is beneficial to the adsorption of smaller-
sized antibiotics, while the existence of micropores could increase
the number of adsorption sites [30], indicating that 2K-SBC could be
used as a potential adsorbent for STZ.

The surface morphology and microstructure were characterized
using scanning electron microscopy (SEM). As displayed in Fig. S1 and
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Fig. 1. BET isotherms (a) and pore size (b) distribution of SBC and KSBC.

Fig. 2, SBC showed an obvious random agglomerate structure, while
KSBC exhibited a cheese-like porous structure with a rougher surface.
When KHCO3 was used as a pore-forming agent in high-temperature
pyrolysis, it would be thermally decomposed to produce a large
amount of CO, gas. Under high temperatures, the CO, gas escaped
outwardly and impacted the internal structure of SBC, resulting in the
formation of honeycomb and porous structure of KSBC. The phe-
nomenon can be explained using Reaction Equations (1)—(5).

2KHCO3 — KCO3 + CO; + Hy0 1)
K2CO3 — COz + K30 (2)
K>CO3 + 2C — 2K + 3CO (3)
K20 + 2C — 2K + CO (4)
CO, + C — 2CO (5)

In addition, the honeycomb porous structure was positively
correlated with the amount of KHCO3, which may tremendously
promote the adsorption of STZ.

The X-ray diffraction (XRD) patterns were used to analyze the
crystal phase of the carbon material before and after the activa-
tion. As observed in Fig. 3a, KHCOs activation had a great influ-
ence on the crystal phase. The pattern of peaks in SBC tended to
be sharper, representing the presence of numerous crystals. The
peak of KSBC was more inclined towards the steamed bread peak,
indicating that KSBC was standard amorphous material. Accord-
ingly, the main inorganic salts in SBC were phosphate Cas(POy4)3
and Ca,P,07 with different Ca®* crystal structure sites [31]. This
phenomenon represents a lot of inorganic salts that remained on
the algal residue after the extraction of phycocyanin. The KSBC
spectrum shows that a diffraction peak appeared at 26.34°, which
could be attributed to the formation of graphitic carbon from
KSBC [32]. Compared with SBC, the CO, formed by KHCO3; under
high temperature reacted with phosphate, which greatly reduced
the phosphate content in KSBC, thus significantly decreasing the
calcium salt in the system.

The characteristic chemical bonds and surface functional groups
of SBC and KHCOs-activated SBC were further analyzed using
Fourier Transform Infrared (FT-IR). As shown in Fig. 3b, the infrared
characteristic peak positions of SBC and KSBC were basically the
same. Further analysis showed that both the SBC and KSBC had

350000

Fig. 2. SEM images of the 0.5K-SBC (a), 1K-SBC (b), 2K-SBC (c), and 4K-SBC (d), respectively.
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Fig. 3. XRD pattern (a), FT-IR spectra (b), Raman spectrum (c), XPS survey (d), and deconvoluted C1s spectra (e-f) of the SBC and KSBC.

absorption peaks at 1108, 1625, and 3441 cm™~!, which belonged to
C—0, C=(C/C=0, and O—H characteristic absorption bands,
respectively [33,34]. Notably, the peak intensities of O—H, C—0, and
C=0 of KSBC declined, indicating that the activator would reduce
the content of oxygen-containing functional groups.

Raman spectroscopy was used to reveal the surface defect state
and the degree of graphitization of SBC and KHCO3—activated SBC.
As shown in Fig. 3¢, the two peaks at 1349 and 1589 cm~! were
assigned to D and G bands, respectively. Moreover, D band is related
to defects in carbon material, while G band represents its graphi-
tized structure. The ratio (Ip/Ig) can illustrate the degree of graph-
itization [35,36]. After the activation, the Ip/Ig value of KSBC was
not much different. However, all the Ip/Ig values of KSBCs were
smaller than that of SBC, indicating that the activation using KHCO3
was beneficial to form a more graphitized structure. In addition, the
electrochemical impedance spectroscopy (EIS) could indirectly
illustrate the degree of graphitization, and the corresponding re-
sults are shown in Fig. S2. The Nyquist diameter of 2K-SBC was
significantly smaller than that of SBC, displaying that the activator
could increase the degree of graphitization of SBC, thereby
enhancing the electron transfer capability [37,38]. Overall, the re-
sults showed that the degree of graphitization of SBC could be
improved through activation using KHCOs.

The surface elemental composition and chemical states of SBC
and 2K-SBC were analyzed using X-ray photoelectron (XPS). As
shown in Fig. 3d, SBC and 2K-SBC exhibited clear C1s and O1s peaks
at 284.8 and 530.1 eV, respectively. Different from SBC, the peak
height of O1s peak in 2K-SBC was lower, indicating that the oxygen
content in the activated SBC was reduced. In addition, no Ca 2p
peak was observed in 2K-SBC, which might be due to the doping of
alkaline KHCO3 pore-forming agent that reacted with the original
calcium salt in SBC, thus reducing the content of calcium element.
The high-resolution C 1s XPS spectra of SBC and 2K-SBC were
successfully resolved into three peaks (Fig. 3e-f) at 284.6, 285.4, and
288.6 eV, which were assigned to C—C/C=C, C—0, and C=0 func-
tional groups, respectively [39,40]. However, the percentages of
C—C/C=C and C—0/C=0 of SBC and 2K-SBC were different from
each other. Compared with SBC, the C—C/C=C of 2K-SBC increased
from 68.2% to 75.9%, while the overall content of C—0/C=0
decreased from 29.8% to 22.1%, which further confirmed that

KHCO3; would increase the degree of graphitization and decrease
the content of the oxygen functional group [38].

3.2. Effect of contact time, pH, electrolyte ions, and HA on the
adsorption of STZ

The effect of reaction time on the adsorption of STZ in the
aqueous solution using original SBC and KHCOs-activated SBC was
explored. As displayed in Fig. 4a, KSBC adsorbed STZ rapidly within
the first 60 min, after which the adsorption rate gradually
decreased until achieving equilibrium in 240 min. In comparison,
SBC showed the poorest adsorption capacity, indicating the
requirement of KHCOs3 activation. Interestingly, among all the
KSBCs, 2K-SBC exhibited the best adsorption capacity, which may
have been due to the following reasons: (1) when the mass ratio
(KHCO3 to SBC) was below 2 (for 0.5K-SBC, 1K-SBC, and 2K-SBC), the
degree of activation of SBC improved with the increase in the
amount of KHCO3, which was mainly due to the increase in SSA and
pore volume; (2) once this mass ratio increased to 4 (for 4K-SBC),
excessive KHCO3; would strongly impact the carbon skeleton of SBC
and cause severe damage on the partial structure, which was
mainly manifested in the reduction of SSA and pore volume. As
displayed in Fig. S3a, when the concentration of STZ was less than
50 mg L™, the removal rate of STZ by 2K-SBC was as high as 95%,
which continued to increase with the concentration of STZ until the
value of 200 mg L~ L. After that, the removal rate of STZ dropped by
about 20%, indicating that 2K-SBC was suitable for treating STZ
wastewater containing less than 50 mg L' STZ. Therefore, the
highest concentration of STZ suitable for 2K-SBC treatment was
selected as the research object. As shown in Fig. S3b, when the
concentration of 2K-SBC lay within the range of 0.1—-0.5 mg L™}, the
removal efficiency of STZ increased with the increase in the con-
centration of 2K-SBC. With a further increase in the concentration
of 2K-SBC, the removal efficiency of STZ did not improve signifi-
cantly. Therefore, considering the amount of 2K-SBC and the
removal efficiency of STZ, the concentration of 2K-SBC was regu-
lated to be 0.5 g L.

In general, pH is a key factor affecting the removal of STZ in
wastewater. Under different pH conditions (Fig. 4b), 2K-SBC
exhibited different STZ adsorption capacities, indicating that the
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Fig. 4. Effects of contact time (a) on the adsorption performance of SBC and KSBC (Cstz = 50 mg L™, Cagsorbent = 0.5 gL', pH = 7 and T = 25 °C). Effects of pH (b) on the adsorption
performance of 2K-SBC (Cstz = 50 mg L™, Cagsorbent = 0.5 g L™! and T = 25 °C). Effects of anionic species and strength (c) on the adsorption performance of 2K-SBC (Csrz = 50 mg L™,
Cadsorbent = 0.5 g L™!, pH = 7 and T = 25 °C). Effects of humid acid concentration (d) on the adsorption performance of 2K-SBC (Csrz = 50 mg L™, Cagsorbent = 0.5 g L%, pH = 7 and

T =25 °C).

existing form of STZ in an aqueous solution was closely related to
pH value [41]. As displayed by the results presented in Table S2, STZ
is an ionic polar organic compound with two acid dissociation
constants (pKa; = 2.2 and pKj, = 7.24). Therefore, the state of STZ in
an aqueous solution is different for different pH conditions. Under
the pH < 2.2, 2.2 < pH < 7.24 and pH > 7.24, STZ mainly existed in
the form of cations (STZ"), neutral molecules (STZ°) and anionic
species (STZ™), respectively. The pHzpc value of 2K-SBC was 6.67
(Fig. S4). Therefore, when the solution pH was lower than their
PHpzc, 2K-SBC was protonated and had a positive surface charge,
otherwise, it was negatively charged. When the pH lay within the
range of 3—7, most STZ would exist in the form of STZ®, whereas the
electrostatic interaction would occur with the surface of the
charged 2K-SBC, thereby greatly enhancing the adsorption of STZ
onto 2K-SBC. When the pH value lay within the range of 9—11, most
STZ would exist in the form of STZ™, and the electrostatic repulsion
would occur with the surface of negatively charged 2K-SBC, thereby
weakening the adsorption of STZ onto 2K-SBC. However, even at
the pH of 11, the adsorption capacity of 2K-SBC for STZ was still as
high as 62.54 mg g~ !, indicating that other adsorption mechanisms
(such as pore filling, ©-7 EDA interaction, and hydrogen bonding)
also determined the adsorption of STZ onto 2K-SBC.

Electrolytic ions existing in natural waters would usually
compete with the antibiotic molecules to occupy the adsorption
sites of an adsorbent, leading to a decrease in the adsorption per-
formance of the material. In the current work, Cl~, SOF~, NO3, NHJ,
and CO3~ were selected to simulate the electrolytic ions existing in
water bodies. The interference in the adsorption capacity of 2K-SBC
due to different electrolytic ions was studied (Fig. 4c). Apart from
€03, the interference of other electrolytic ions in the adsorption of
STZ was nearly negligible. This may illustrate that, after hydrolysis,
€03~ would generate OH™, which increased the pH value of the
solution (CO3~ + H,0 — HCO3 + OH"), resulting in a decrease in
the adsorption capacity of 2K-SBC.

In addition to the electrolytic ions, HA was also selected to
simulate the anti-interference capability of 2K-SBC to natural
organic matter. Humic acid levels in common surface waters lay
within the range of 1-5 mg L™, whereas in some places, the HA
content can reach 10 mg L™! or even higher [42]. Obviously, a low
concentration of HA had nearly no effect on the adsorption of STZ,
as the concentration of HA exceeded the value of 20 mg L~!
(Fig. 4d), the adsorption capacity of 2K-SBC for STZ decreased
slightly. This may because HA is weakly alkaline, which increased
the pH of the reaction solution, thereby weakening the adsorption
of STZ. Overall, 2K-SBC showed an excellent anti-interference
capability towards HA, indicating its high potential in practical
applications.

3.3. Adsorption kinetics, isotherm, and thermodynamics analysis

The adsorption process of STZ in SBC and 2K-SBC was studied
through the pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models. Table 1 specifically records the correspond-
ing kinetic parameters (K;, Kp, R2, and ge). The correlation co-
efficients (R%) of PSO kinetics models of SBC and 2K-SBC were

Table 1
Parameters of PFO and PSO kinetic models for STZ adsorption by SBC and 2K-SBC.
Models Parameters SBC 2K-SBC
Experimental g, (mg g~ ') 13.08 95.21
Pseudo-first-order ge(mgg™) 11.54 90.34
Kq (min1) 0.03310 0.1532
R? 0.9291 0.9483
Pseudo-second-order ge(mgg™) 11.75 96.61
K, (g mg~' min~1)) 0.07852 0.00254
R? 0.9912 0.9943
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determined to be 0.9912 and 0.9943, while the R? of the PFO ki-
netics models were found to be 0.9291 and 0.9483, respectively.
Obviously, the PSO kinetic model better fitted the adsorption data
of SBC and 2K-SBC (Fig. 5a). More importantly, based on the PSO
kinetics model, the theoretical adsorption capacities of SBC and 2K-
SBC approached the actual adsorption capacities, which further
exhibited that the adsorption behavior was better represented by
the PSO kinetic model.

Generally, the adsorption process has three stages: the trans-
portation of adsorbate from the bulk solution to the surface of
adsorbent, film diffusion, and intra-particle diffusion. The fitting
results of the intra-particle diffusion models of SBC and 2K-SBC are
shown in Fig. 5b. The data corresponding to the SBC and 2K-SBC's
intra-particle diffusion models did not pass through the origin,
indicating that intra-particle diffusion was not the only rate-
limiting step in the adsorption process [20]. However, the differ-
ence was that STZ's adsorption on 2K-SBC could be divided into
three stages (I, I, and III), while the process of STZ's adsorption on
SBC was divided into only two stages (I and III). Stage I, II, and III
represented film diffusion, intra-particle diffusion, and the equi-
librium stage, respectively. These results indicate that both the film
diffusion and the intra-particle diffusion could affect the rate of
adsorption of STZ onto 2K-SBC, while intra-particle diffusion had
almost no effect on the adsorption of STZ onto SBC. This can further
prove that many holes produced by KHCO3 could largely enhance
the diffusion of STZ into the particles inside KSBC .

The Langmuir and Freundlich models were employed to further
understand the adsorption behavior of STZ on 2K-SBC. The corre-
sponding fitting results are shown in Fig. 5c. The R? values of the
Langmuir model at different temperatures (298, 308, and 318K)
were greater than those of the Freundlich model (Table 2), indi-
cating that the 2K-SBC adsorption was fitted more appropriately
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Table 2
Parameters of Langmuir and Freundlich models for STZ adsorption by 2K-SBC at
different temperature.

Models Parameters 298 K 308 K 318K

Langmuir qm (mgg™) 2184 209.3 200.9
K. (Lmg™1) 0.3794 0.3931 04212
R? 0.9943 0.9892 0.9910

Freundlich Ke(Lg™ ") 109.5 108.3 108.0
1/n 0.1610 0.1541 0.1421
R? 0.9242 0.9163 0.9130

using the Langmuir model. Similarly, the adsorption model of SBC is
more consistent with the Langmuir model (Fig. S5 and Table S3).
Moreover, the amount of adsorption at the adsorption equilibrium
was inversely proportional to temperature, demonstrating that
high temperature may inhibit the adsorption process to a certain
extent.

The direction and driving force in the adsorption process of STZ
using 2K-SBC were studied using the adsorption thermodynamic
analysis. The corresponding parameters (AG°, AH®, and AS°) can be
obtained by plotting the reciprocal of the corresponding tempera-
ture (1/T) against the -InKq (Fig. 5d). Table 3 specifically records the
adsorption thermodynamic parameters of STZ onto 2K-SBC. The
AG° values calculated under various temperatures were all nega-
tive, manifesting that the adsorption process was spontaneous.
Further analysis showed that the increase in temperature would
lead to the increase in AG®°, whereas high temperature would
inhibit the spontaneous reaction to some extent [43,44]. In addi-
tion, the AH® < 0 confirmed that the adsorption process of STZ onto
2K-SBC was a spontaneous exothermic process. Meanwhile, AS° <
0 revealed that the adsorption process involved entropy reduction.
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Fig. 5. Adsorption kinetic (a) for STZ adsorption onto SBC and 2K-SBC (Cstz = 50 mg L™, Cagsorbent = 0.5 g L%, pH = 7 and T = 25 °C). Intra-particle diffusion model (b) for STZ
adsorption onto 2K-SBC (Cstz = 50 mg L', Cagsorbent = 0.5 € L™, pH = 7 and T = 25 °C. Adsorption Isotherm (c) for STZ adsorption onto 2K-SBC (Csyz = 50—200 mg L™,
Cadsorbent = 0.5 g L1, pH = 7 and T = 25, 35 and 45 °C). Plot of In(Ky) versus 1/T (d) for STZ adsorption onto 2K-SBC (Cstz = 50 mg L™, Cagsorbent = 0.5 € LY, pH = 7 and T = 25, 35 and

45 °C),
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Table 3

Environmental Science and Ecotechnology 10 (2022) 100168

Parameters of thermodynamic models for STZ adsorption by 2K-SBC at different temperatures.

Parameters Kq(Lg™) InKy AG® (k] mol™1) AH° (k] mol™ ") AS° (k] mol~' K1)
Temperature (K) 298 K 39.32 3.672 -9.130 —23.61 —0.04860

308 K 30.25 3.409 —8.640

318 K 21.53 3.069 —8.160

3.4. Stability and reusability of the adsorbent

In order to explore the reusability of 2K-SBC, the contaminants
attached to the surface and the pore diameter of 2K-SBC were
removed by high-temperature pyrolysis. As shown in Fig. S6, after
four regeneration cycles, the removal rate of STZ by 2K-SBC
decreased from 95.21% to 80.38%, which indicated that 2K-SBC can
be recycled through thermal regeneration methods. The fine
regeneration performance of 2K-SBC indicated that the material
can be used as an efficient and promising adsorbent.

3.5. Possible adsorption mechanisms

The adsorption mechanism of pollutants on biochar includes
pore filling, electrostatic interaction, -7 EDA interaction, and
hydrogen bonding [32,45—48]. The dominant mechanism is
determined by the properties of biochar and the specific solution
conditions. In this study, the adsorption mechanisms were
confirmed via correlation analysis and characterization (Scheme 1).

First, the adsorption capacity and SSA were satisfactorily fitted
(R? = 0.952) (Fig. S7), proving that pore filling may be the principal
mechanism for the adsorption of STZ onto 2K-SBC [20,49]. After the
adsorption of STZ, the BET and pore volume of 2K-SBC were
measured to further demonstrate this inference (Table S4). Both the
BET and total pore volume of biochar after STZ adsorption
dramatically decreased, indicating that STZ had occupied the
available sorption sites in 2K-SBC and that many channels in the
biochar had been plugged. This analysis revealed that the adsorp-
tion of STZ occurred largely on the external surface and pores of 2K-
SBC, implying that the pore filling effect was the major mechanism
for STZ's adsorption on 2K-SBC. Second, based upon the effect of pH
value on the adsorption of STZ, the contribution of electrostatic
interaction in the adsorption process can be highlighted (Fig. 4b).
Third, after the adsorption of STZ, the FTIR spectra of 2K-SBC were
employed to illustrate the contribution of 7v-7 EDA interactions and
hydrogen bonding in the adsorption process. As shown in Fig. S8,
after the adsorption of STZ onto 2K-SBC, the position of the C=C

Pore filling

s 2
= °
o c
o 2
2 =
=] [
T (=]
E <
| °
F T

re

L W i

® '({‘V 9 L

Electrostatic interaction

Scheme 1. Probable adsorption mechanism of KSBC.

functional group deviated marginally from 1625 to 1587 cm,

exhibiting that the w-m EDA interactions occurred during the
adsorption process [50]. Similarly, the —OH peak at 3441 cm™~' of
2K-SBC was slightly off-set to 3460 cm™! after the adsorption of
STZ, illustrating that the —OH could interact with O and N atoms in
STZ through hydrogen bonding to promote the adsorption process
[51]. However, the slight shift of C=C and —OH peaks suggested
that m-m EDA interactions and hydrogen bonding may not be the
main mechanism for the adsorption of STZ onto 2K-SBC. Based on
the above analysis, pore filling and electrostatic interactions were
determined to be the main mechanisms for the adsorption of STZ
onto 2K-SBC, followed by m-m EDA interactions and hydrogen
bonding.

4. Conclusion

Designing a green adsorbent with a tremendous amount of
meso-/micro-pores is of great importance. Inspired by the cheese-
making process, KHCO3; was selected as the activator, and a novel
Spirulina residue-derived cheese-like porous KSBC was prepared.
The results showed that the introduction of KHCO3; can dramati-
cally affect the adsorption of STZ by affecting the specific surface
area and pore volume of SBC. The 2K-SBC sample could achieve the
optimum removal of STZ (95.21%), with a maximum adsorption
capacity of 218.40 mg g~ . Moreover, the excellent and stable
regeneration of 2K-SBC (>83%) was verified by four consecutive
adsorption-desorption cycles. Compared with the recent work on
other carbon-based adsorbents (Table S5), this work achieved a
better adsorption capacity for STZ in water bodies. Furthermore, the
possible adsorption mechanism for STZ was discussed in depth.
This study not only provides technical guidance for the preparation
of efficient and environment-friendly porous biochar, but also of-
fers a solid theoretical basis for the use of KSBC to remove antibi-
otics from wastewaters.
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