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Abstract: Efficient removal of zwitterionic tetracycline (TC) from water is a critical

environmental challenge which is not fully addressed by conventional treatment technologies. A

magnetic N-doped sludge biochar (MNSBC) was the first time synthesized by a simple one-pot

hydrothermal method. The maximum adsorption capacity of MNSBC for TC was 197.3 mg/g at

298 K. Solution pH, ionic species/strength and humic acid concentration were the critical factors

affecting TC adsorption by MNSBC. Elovich and Freundlich models better describing the

experimental data illustrated that TC adsorption onto MNSBC was a multi-layer physicochemical

adsorption process. Lewis acid-base, m-m conjugation, electrostatic interactions and pore filling

were the main adsorption mechanisms. MNSBC also exhibited excellent adsorption performance

for TC in various environmental waters, which achieved removal rates of up to 91.6%, 89.0%,

82.0% and 80.8% in mineral, tap, lake and river waters, respectively. The magnetic susceptibility

of MNSBC allowed it to be easily collected after adsorption. Regeneration using NaOH could

maintain its sustainable adsorption performance. Furthermore, MNSBC showed a very low release

levels of iron and total nitrogen at all pH ranges (from 3 to 11), which suggested its suitability for

water treatment applications. This study developed a simple technology for synthesis of effective

TC adsorbent for different environmental waters and identified a circular economy pathway to

reuse of water industry wastes.

Keywords: Sludge; biochar; Hydrothermal synthesis; Tetracycline; Adsorption mechanisms
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1. Introduction

Various antibiotics including tetracyclines, fluoroquinolones, macrolides, [-lactams,
sulfonamides and chloramphenicols had been widely used to prevent and treat diseases [1]. China
had overtaken the United States as the world's greatest consumer of antibiotics with annual use of
antibiotics exceeding 1.62x10° tons. 52% of this amount was used in animal husbandry for
improving their growth rate [2]. This led to a discharge of a large amount of unmetabolized
antibiotics into the environment via faces and urine which caused serious antibiotics pollution of
aquatic ecosystems with potential risks to human health [3]. Tetracycline (TC) was the most
widely used veterinary antibiotic, and was one of the most frequently detected antibiotics with the
high concentration in natural waters [4]. Efficient removal of TC from water is an urgent problem
because removal efficiency of the traditional wastewater treatment technologies is insufficient [5].

Adsorption [6], constructed wetlands [7], advanced oxidation [8] and bioremediation [9] have
been studied to eliminate antibiotics from waters. Among these technologies, adsorption had
shown numerous benefits, such as cost-effectiveness, simple operation and minimal byproducts
generation. The selection of adsorbent was crucial for effective removal of TC. Varieties of
adsorbents including biochar [10], carbon nanotubes [11], graphene oxide [12], and clay minerals
[13] had been used to adsorb TC. Biochar was mainly produced from biomass wastes (e.g., rice
straw and sawdust) [14,15] under oxygen-limited atmosphere, and the superior physicochemical
properties guaranteed its promising adsorption capacity for TC. In addition to these biomass
resources, there were large amounts of municipal sludge generated at wastewater treatment plants
(WWTPs) due to rapid population growth and urbanization [16]. The production of municipal

sewage sludge in China had reached 6.0x107 t in 2020 and kept rising. The cost of sludge
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management shared about 20-60% of the total running costs of WWTPs [17]. Traditional sludge

disposal techniques, such as land filling and incineration might cause groundwater and air

pollution, respectively. However, the high organic matter content of municipal sludge enabled it to

be an ideal raw material for biochar production [18]. Using sludge biochar (SBC) as the adsorbent

to adsorb antibiotics could simultaneously realize resource recovery of byproducts in WWTPs as

well as effective removal of antibiotics. Previous studies showed that SBC performed a relatively

weak adsorption capacity due to its poor physicochemical characteristics [18,19]. The adsorption

capacity of biochar mainly depended on its surface area, pore volume and functional groups [20].

Many technologies (e.g., carbon nanotubes, KOH, ZnCl, and N-doped modification) have been

developed to improve these characteristics of biochar for the better adsorption performance

[1,21-23]. The application of carbon nanotubes, KOH, ZnCl, modifications were limited due to

the high cost/toxic impact on organisms, toxic CO generation/high pyrolysis temperature and

potential heavy metal release risk, respectively. While N-doping was identified as a promising

technique due to the similar size of N and C atoms, which enabled it to easily permeate into the

carbon lattice structure of biochar and changed its electron distribution because of the one more

outermost electron in N compared to that of C [22]. Also, it could introduce N-containing

functional groups which would change biochar structure and surface chemistry [24]. Additionally,

the advantages of low cost, no heavy metal/toxic gas release risks enabled it to be a promising

technology to modify biochar for its physicochemical properties enhancement. Urea (CO(NH:)2)

was regarded as an ideal N-doping reagent because of its low price and high N content (46.7%),

and it had been extensively used to modify biochar for porous composite material production [25].

However, in most cases this approach required impregnation or secondary pyrolysis, which made
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the process more complex and costly, and achieved only poor activation efficiencies due to the

diffusion resistance during impregnation. Hydrothermal process was operated at a closed

autoclave using water as the reaction media under moderate temperature (180-280°C) and

self-pressure which was considered as a cost-effective method to enhance the physicochemical

properties of biochar [26]. To the best of our knowledge, hydrothermal method has not been used

to modify biochar by N-doping. In our previous works, we proved that using ZnCly/FeClz or KOH

combined with MgCly/FeCls; hydrothermal activation could significantly enhance the adsorption

performance of SBC [27,28]. In addition to enhance the adsorption performance of biochar by

increasing the porous structure of biochar (through hindering the shrinkage of carbon matrix) and

Fe-O complexation of FeCl; modification, it could also introduce magnetic component Fe3O4 on

biochar surface which provided a workable approach for solid-liquid separation, also this was

beneficial for biochar regeneration and reuse in cyclic experiments [29,30]. Herein, CO(NHz). and

FeCls; were the first time used to modify SBC by one-pot hydrothermal activation and used to

adsorptive removal of TC from water. To obtain its practical application, TC was added into

various types of water to investigate its adsorption performance, and its environmental safety and

regeneration were also evaluated in this study.

The main objectives of this study were to: (1) synthesize a CO(NH). and FeCl; co-modified

SBC (MNSBC) by one-pot hydrothermal method for TC adsorptive removal; (2) investigate the

dominant mechanisms of TC adsorption onto MMSBC by model fitting, environmental factors

experiments and physicochemical characterization analysis; (3) study the adsorption performance

of MNSBC for TC in various actual waters (mineral, tap, lake and river waters); (4) assess the

environmental safety (Fe and N dissolution) and sustainable adsorption performance of MNSBC



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

synthesized in this study.

2. Materials and methods

2.1 SBC and MNSBC preparation

All used materials were given in Text S1.

Municipal sludge was dried at 343 K, then it was transported into the tube furnace

(BTF1200C, Best Equipment, Hefei, China) for pyrolysis at 673, 773, 873 and 973 K with the

heating rate of 10°C/min under nitrogen atmosphere, and holding time of 120 min. At the end, the

produced biochars were cooled to room temperature, and these samples were labeled as SBC-673,

SBC-773, SBC-873 and SBC-973, respectively. N-doping was done by adding 5.0 g SBC-873 (the

reason for using SBC-873 as the precursor had been confirmed in the section of 3.2 (Fig. 4(a)),

and it would be called SBC in the following text) into the solution (60 mL) containing 2.5 g, 5.0 g

and 10.0 g CO(NH2)., respectively, then they were stirred with a magnetic stirrer at 500 r/min for

60 min. Immediately after that, the mixed solutions were transported into the hydrothermal

reactors and underwent continuous hydrothermal activation for 720 min at temperature of 493 K.

The activated samples were washed three times with deionized water, then they were dried,

grinded and sieved (0.15 mm), and labeled as NSBC-0.5, NSBC-1 and NSBC-2. The preparation

of MSBC and MNSBC were using FeCl;-6H»O (5.0 g) and FeClz-6H>0 (5.0 g)/CO(NHz)2 (5.0 g)

(the dose of CO(NH): used here had been confirmed in the section of 3.2) as the modifiers,

respectively, and the other operations were the same as those of NSBC-1 (NSBC).

2.2 Batch adsorption experiments

Batch experiments were employed to investigate the adsorption characteristics and

mechanisms of TC adsorption onto biochar. Kinetics, isotherms and thermodynamics experiments
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were conducted to study the adsorption process. Also, the environmental safety as well as

regeneration performance of biochar were evaluated in this study. Finally, the TC removal

efficiency in various real water samples (mineral, tap, lake and river waters) by MNSBC was

investigated. The concentration of TC was measured by ultraviolet spectrophotometry (UV-1500C,

Macy China Instruments Inc., Shanghai, China) at the wavelength of 360 nm. All the conditions of

experiments were given at the bottom of figures.

Biochar characteristics were provided in Text S2.

3. Results and discussions

3.1 Characterization

The crystal structures of biochars were presented in Fig. 1(a). The characteristic diffraction

peaks around 26=20° were identified as the amorphous carbons. The diffraction peaks located at

36.5° (110), 39.5° (102), 50.1° (112), 59.9° (121) and 68.3° (122) proved the presence of SiO,

(JCPDS No0.99-0088). The diffraction peaks at 26=26.3° corresponded to the graphite crystals [31].

As expected, the graphitization degree of biochar increased with the pyrolysis temperature, also

FeCl; and CO(NH>), single or co-modification enhanced this characteristic. This was desirable for

TC adsorption as m-m conjugation generated between the graphitic structure of biochar and

aromatic rings of TC [32]. The diffraction peaks of 26=30.1°(220), 35.4°(311), 42.9°(400) and

62.4°(440) on MSBC and MNSBC were due to the presence of magnetic Fe;Os4 (JCPDS

No0.19-0629) [33]. The saturation magnetization value of MNSBC was 9.59 emu/mg (Fig. 1(e)).

The great magnetic strength of MNSBC allowed it to be quickly collected after adsorption using a

magnet.

The porous structure of biochars before and after modification were determined by BET. The
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N> adsorption/desorption curves of all biochars were typical IV curves with Hj hysteresis loops
(the slops showed a significant increasing at P/P;=0.5-0.8) (Fig. 1(c)), which illustrated mesopores
or macropores were generated on biochars [34]. The pore diameter distribution listed in Fig. 1(d)
showed that the biochars of SBC-673, SBC-773, SBC and SBC-973 exhibited two pore size
characteristics of 3.56 nm and 15.3 nm, and the pore diameter of MSBC, NSBC and MNSBC
around 3.64 nm. It was well accepted that the adsorbent would perform the maximal adsorption
capacity when the pore diameter of biochar was 1.7-3.0 times that of adsorbate [35]. The pore
diameter of MNSBC were mainly concentrated around 3.56 nm, which was 2.89 times of TC
molecule size (1.23%0.84x0.67 nm). This pore size characteristic facilitated the rapid and efficient
adsorption of TC by MNSBC. The porous structure parameters listed in Table 1 demonstrated that
the Sgerand Vo of biochars increased with pyrolysis temperature, and MSBC, NSBC and MNSBC
had the larger Sger and Vi (Spsr=113-243 m*/g and V,,=0.240-0.469 cm?/g) than those of SBC
(Sper=44.1-76.5 m?*/g and V= 0.115-0.227 cm?/g). This result illustrated that FeCl; and CO(NH>).
could react with carbon matrix of SBC and increase its porous structure [3].

The surface functional groups on the obtained biochar were presented in Fig. 1(b). The wide
bands located at 3408-3444 cm! were identified as -OH. The characteristic bands at 1599-1622
cm! and 1029-1039 cm™! corresponded to the presence of carboxylic C=0 and C-O, respectively
[36,37]. The adsorption peaks of C-N (1397 ¢m) and Fe-O (550 ¢cm™') appeared on MNSBC
surface after FeCl; and CO(NH»), activation, which suggested that N and Fe had embedded into
the carbon structure [3]. The band position of Fe-O on MNSBC shifted after TC adsorption, which
indicated that it was capable of capturing TC by surface complexation [14]. The -OH on biochar

surface was regarded as the predominant functional group because it could bring H-bonding
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interaction between it (H-donor) and nitrogen, oxygen atoms and aromatic rings of TC
(H-acceptors). The position and intensity of -OH on MNSBC changed after TC adsorption which
confirmed H-bonding was generated between TC and MNSBC [38]. The stretching vibration
intensity of -OH and C=0 on MNSBC significantly decreased after TC adsorption, which was
assigned to the Lewis acid-base interaction between Lewis acids (-OH and C=0) on MNSBC and
Lewis base (-NHz) on TC [39]. Additionally, the stretching vibration intensity of
oxygen-containing functional groups (-OH, C=0 and C-O) on SBC decreased with increasing
pyrolysis temperature.

The Raman spectra of SBC and MNSBC were listed in Fig. 1(f). Two typical characteristic
peaks around 1344-1348 cm! and 1585-1586 cm! distributed on the Raman spectra of SBC and
MNSBC were defined as D-band and G-band, respectively [40]. The stretching vibration of
D-band was related to sp® hybrid configuration of carbon atom, which reflected the carbon
framework defect of biochar. While, G-band described the sp? hybridization vibration of graphitic
structure. The value of In/Ig could be used to evaluate the graphitization degree of biochar [3]. The
In/lg values of SBC and MNSBC were 1.45 and 1.25, respectively. Consistent with the above
XRD analysis, the lower Ip/lc value of MNSBC also confirmed that FeCl; and CO(NH>):
co-modification enhanced the graphitization degree of SBC, which facilitated the n-m conjugation
between MNSBC and TC.

The SEM-EDS images of SBC and MNSBC were listed in Fig. 2. The results showed that the
surface of SBC was smooth, and no obvious pore channels or sheets were observed on its surface
(Fig. 2(a)). While, MNSBC exhibited a rough surface with numerous porous and branch structure,

and this characteristic improved its porous structure which could provide abundant active sites for
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TC adsorption (Fig. 2(b)). The results of elemental mapping showed that the main elemental

components of SBC and MNSBC were C, O and Si. While the content of Fe and N on MNSBC

increased, which suggested that Fe and N were successfully inserted into its carbon skeleton.

XPS spectra was used to investigate the elemental composition and chemical form of

biochars. The XPS survey spectra (Fig. 3(a)) showed that SBC and MNSBC had distinct C 1s

(284.8 eV) and O 1s (532.0 eV) peaks. The new peaks of N 1s at 400.5 eV and Fe 2p at 712.2 eV

in MNSBC spectra clearly illustrated successful embedding of N and Fe in its carbon matrix. The

C 1s of SBC, MNSBC and MNSBC-TC could be divided into three contributions of C-C/C=C

(284.8 eV), C-O (285.9, 286.0 and 286.4 €V) and C=0 (289.0, 289.1 and 288.5 eV) (Fig. 3(b)).

Compared with SBC (C-C/C=C, 68.4%), the greater C-C/C=C content (70.4%) of MNSBC

described its greater graphitization degree [32]. This result was consistent with the above XRD

and Raman spectra analysis. Additionally, the C-C/C=C ratio of MNSBC reduced after TC

adsorption, suggesting its graphitic structure participated in n-m conjugation which facilitated TC

adsorption (Fig. 3(b)). The N 1s of MNSBC was decomposed into four related sub-peaks:

pyridinic-N (398.9 eV, 17.0%), pyrrolic-N (400.3 eV, 34.7%), graphitic-N (401.7 eV, 29.5%) and

oxidic-N (402.6 eV, 18.8%) [41] (Fig. 3(c)). Compared with MNSBC, the decrease in bonding

energy and content of pyridinic-N of MNSBC-TC was due to the Lewis acid-base interaction

between pyridinic-N of MNSBC (Lewis base) and —OH of TC (Lewis acid) [22]. In addition, the

content and bonding energy of pyrrolic-N on MNSBC surface also decreased. This was assigned

to the fact that the introduction of strongly electronegative N atoms reduced the electron density of

MNSBC surface [22,42], which enhanced the m-m conjugation interaction between MNSBC

(m-electron acceptor) and aromatic rings of TC (m-electron donor) and caused the reduction of

10
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pyrrolic-N [43]. The Fe 2p of MNSBC could be decomposed into four peaks of Fe?* 2ps;» (711.9
eV), Fe3* 2psn (714.6 €V), Fe?" 2pin (725.2.9 €V) and Fe’* 2pi» (728.0 €V) (Fig. 3(d)), which
further confirmed that magnetic Fe;O4 was successfully loaded on the surface of MNSBC due to
the co-existence of Fe?* and Fe’' [44]. The bonding energies of Fe?" 2psp, Fe¥* 2psp, Fe?* 2pin
and Fe*" 2pi, of MNSBC decreased after TC adsorption, indicating that complexation interaction
was involved between Fe;O4 and TC.
3.2 The adsorption capacity of biochars and effect of MNSBC dose on TC removal

Obviously, the adsorption capacity of SBC increased with pyrolysis temperature increasing
(Fig. 4(a)) because its greater graphitization degree and superior porous structure prepared at the
higher pyrolysis temperature. While no significant difference in the adsorption capacity of SBC
and SBC-973, which might be due to the significant decrease in the number of oxygen-containing
functional groups on SBC-973 surface. Fig. S1(a) described that the adsorption capacity of N-doped
SBC increased with the mass ratio of CO(NH2)2/SBC from 0.5:1 to 2:1. While no significant
difference in the adsorption capacity of NSBC-1 and NSBC-2 was observed, herein the mass ratio of
CO(NH-)2/SBC=1:1 was used to modify SBC. Fig. 4 (b) showed the increase in adsorption capacity
of SBC, MSBC, NSBC and MNSBC for TC with increasing reaction time. MNSBC exhibited a
greater adsorption capacity compared to SBC, MSBC and NSBC. The adsorption capacity of
MNSBC was 2.18, 1.66 and 1.06 times those of SBC, MSBC and NSBC, respectively. The effect
of MNSBC dose in the range of 15-35 mg on TC removal efficiencies was presented in Fig. S1(b).
Clearly, the removal efficiencies of TC increased with MNSBC dose because the higher dose could
provide more active sites for TC adsorption. The results showed that the removal rates were 70.2%,

80.4%, 92.3%, 94.2% and 95.3% for 15 mg, 10 mg, 25 mg, 30 mg and 35 mg of MNSBC, respectively.
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Considering the economic cost and high removal efficiency, hence the dose of 25 mg MNSBC was
used in the subsequent experiments.
3.3 Adsorption kinetics of SBC and MNSBC

Fig. 4(c and d) showed that the adsorption capacity of biochars depended on the reaction time
at the specific TC concentration (Cy=20 mg/L). Unsurprisingly, the fastest adsorption occurred at
the initial stage, then the adsorption rate dropped dramatically and eventually achieved
equilibrium. The initial 240 min was identified as the rapid adsorption process, and about 80.0%
and 81.7% of the equilibrium adsorption amount of SBC and MNSBC for TC were accomplished
in this stage, respectively. This was due to the weaker diffusion resistance and large numbers of
unoccupied active sites. After this stage, the adsorption rate decreased as the concentration of TC
decreased and most of the binding sites had been occupied by TC molecules.

Pseudo-first/second-order, and Elovich models (their equations were listed in Text S3) were

applied to describe the experimental data of kinetics to study the adsorption mechanisms (Fig. 4
(c)). Pseudo-first-order model assumed that the adsorption rate of biochar was proportional to the
ratio of adsorbate concentration/biochar mass [36]. Pseudo-second-order model illustrated that the
adsorption process was mainly controlled by the chemical mechanisms including valency forces or
electrons exchange [45]. Elovich was another kinetics model used to describe the chemisorption of
solid-liquid [34]. The kinetics fitting parameters in Table S1 suggested that Elovich model better
describing the adsorption process of TC onto SBC and MNSBC with the greater non-linear
correlation coefficient (R?=0.989 and 0.995) than those of pseudo-first-order (R>=0.926 and 0.864)
and pseudo-second-order (R>=0.985 and 0.968), also the equilibrium adsorption amount calculated

(ge, car (mg/g)) from Elovich agreed better with the experimental value (g, ep (mg/g)). The

12
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parameters of @ and b in Elovich model were related to the initial adsorption rate constant and
desorption rate constant, respectively. The greater ratio value of a/b suggested that the adsorption
process of TC onto MNSBC was favorable and irreversible [46], which indicated that a low risk of
the adsorbed TC being released into the solution again.

Intraparticle diffusion (its equation was listed in Text S3) was used to investigate the
diffusion mechanisms, as well as the dominant rate-limiting step [36]. The fitting plots of ¢:
against /7 were divided into two stages, and the first stage was named as liquid-film diffusion and
the second one was intraparticle diffusion (Fig. 4(d)). Two plots didn’t pass through the origin
which suggested that intraparticle diffusion was not the unique rate-limiting step and the whole
adsorption process was simultaneously controlled by both liquid-film and intraparticle diffusions.
Firstly, TC transported from the bulk solution to the external surface of biochar in the stage of
liquid-film diffusion, then the adsorbed TC on the outer surface of biochar gradually spread into
the inner pores of biochar. The diffusion rate constants of liquid-film diffusion (K/=1.61 mg/g
min'? and 3.14 mg/g min'?) were greater than those of intraparticle diffusion (K;=0.288 mg/g
min'? and 0.435 mg/g min'?) despite of biochars (Table S2), which illustrated that the step of
liquid-film diffusion was more distinct. In addition, the liquid-film diffusion and intraparticle
diffusion constants (K/=3.14 mg/g min'?and K;=0.435 mg/g min'?) of MNSBC were greater than
those of SBC (K~=1.61 mg/g min'? and K;=0.288 mg/g min'?) which might be due to its larger
Sper and Vi confirmed in BET analysis. More than 80% of the adsorption capacity was
accomplished in the stage of liquid-film diffusion, which suggested that the contribution of TC
adsorption through liquid-film diffusion was larger than that of intraparticle diffusion. C was

related to the thickness of boundary layer, and Cy values were higher than the values of C;, which

13
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demonstrated that the resistance of intraparticle diffusion was greater than that of liquid-film
diffusion. This phenomenon was mainly attributed to the larger numbers of unoccupied active sites
in the stage of liquid-film diffusion, while most of these active sites had been occupied by TC in
the stage of intraparticle diffusion [46].
3.4 Adsorption isotherms

As shown in Fig. 5(a), the equilibrium adsorption amounts of TC on SBC and MNSBC and
concentrations of TC increased with the initial concentrations of TC (from 20 mg/L to 200 mg/L).
Adsorption isotherms described TC was in dynamic equilibrium between solid and liquid at
various concentrations. Four isotherm models including Langmuir, Freundlich, Temkin and
Dubinin—Radushkevich (their equations were listed in Text S3) were adopted to fit the
experimental data in this study. Langmuir model was proposed based on the hypothesis that the
adsorption process was mainly a monolayer chemisorption, and biochar surface was homogeneous.
While, Freundlich model assumed that it was a multi-layer physisorption, bonding energy was not
equal and the biochar surface was heterogeneous [47]. Generally, Langmuir isotherms model
could be applied to estimate the maximal adsorption amounts of biochar. The maximal TC
adsorption amounts of MNSBC and SBC calculated by this model were 197.3 mg/g and 63.3 mg/g,
respectively. The adsorption capacity of MNSBC (197.3 mg/g) prepared here was significantly
larger than those of SBC (63.3 mg/g) (this study), magnetic Auricularia Auricula dregs biochar
(42.31 mg/g) [48], alkali modified magnetic rice straw biochar (97.86 mg/g) [14] and spent coffee
ground derived biochar (39.22 mg/g) [49]. The fitting results (Fig. 5(a)) and parameters (Table S3)
suggested that the isotherms data of SBC and MNSBC agreed better with Freundlich model with

the greater non-linear correlation coefficient (R?>=0.998 and 0.993), also 0 < 1/n< 1 suggested that
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this isotherm model was favorable. This result indicated that the adsorption processes of TC onto
SBC/MNSBC were multi-layer physisorption on their homogeneous surfaces [50]. To further
verify the adsorption process of TC onto biochar, Temkin and Dubinin—Radushkevich models
were also adopted to fit the experimental data of isotherms. Temkin model described that the
adsorption energy was uniformly distributed and it decreased linearly with the surface coverage
[51]. It was more suitable for illustrating the chemical adsorption process, and its weaker
non-linear correlation coefficients (R>=0.982 and 0.984) than those of Freundlich model suggested
that chemical interactions were not the only adsorption mechanism. The free energy (£
(kJ/mol)=1/ 28 ) calculated from Dubinin—Radushkevich model could be used to distinguish the
adsorption interactions of physical or chemical [52]. The E values lied between 20 kJ/mol and 40
kJ/mol, which described the chemical interactions were also involved in the adsorption processes
of TC adsorption onto SBC and MNSBC.
3.5 Adsorption thermodynamics

Adsorption thermodynamic experiments were conducted to identify the effect of reaction
temperature on the adsorption performance of MNSBC for TC. Fig. 5(b) showed that the
equilibrium adsorption amounts of MNSBC increased with the initial TC concentration and
reaction temperature. This result suggested that the process of TC adsorption onto MNSBC was
endothermic. All the parameters calculated by the Gibbs-Helmholtz equations were listed in Table
S4. The parameter of AH>0 further confirmed it was an endothermic adsorption process [53]. All
the values of 4G were negative, which illustrated that TC adsorption onto MNSBC was favorable
and spontaneous [38]. And, the absolute 4G value increased with the reaction temperature, which

suggested that increasing reaction temperature enhanced the spontaneity of TC adsorption onto
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MNSBC. In addition, the positive 4S value demonstrated that the randomness increased on the
solid-liquid interface during the process of TC adsorption onto MNSBC.
3.6 Effect of environmental factors

Previous studies described that environmental factor had a significant effect on the adsorption
performance of biochar [54,55]. Representative indexes, such as solution pH, ionic
species/strength and HA concentration were conducted here to study their effect on TC removal by
MNSBC. The electrostatic attraction/repulsion were mainly determined by the ionization species
of TC and surface charge of MNSBC. TC was an amphoteric molecule due to its acidic group
(phenolic -OH) and basic group (-NHb»). Solution pH was considered as a critical environmental
factor controlling the whole adsorption process because it could simultaneously determine the
form of TC and zeta potential of MNSBC. Three dissociation constants of TC (pK./=3.3, pKai=7.7
and pK,3=9.7) decided its four kinds of existing form at different solution pH. Generally, TC was
in form of TC* at pH<3.3, TC? at 3.3<pH<7.7, TC-at 7.7<pH<9.7, and TC?* at pH>9.7 (the species
distribution calculation of TC was summarized in Text S4) (Fig. 6(a)). Fig. 6(d) described that the
zeta potential of MNSBC decreased with pH increasing and the point of zero potential charge
(pHzpc) of MNSBC was 3.45. It was well accepted that the biochar surface was positively charged
when the solution pH was below its pHzpc and bond to the anions, otherwise its surface was
negatively charged and bond to the cations. Obviously, MNSBC showed the optimum adsorption
performance for TC at pH=5 because TC was in the form of TCY, and no electrostatic repulsion
was existed between MNSBC and TC. The adsorption capacity of MNSBC was inhibited above or
below this pH due to the electrostatic repulsion formation between TC and MNSBC as they were

simultaneously positively or negatively charged. Additionally, TC could act as the Lewis acid
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because of its phenolic -OH, and TC began to deprotonate around pH=8, and this phenomenon
became more apparent when pH>9.7. OH as the Lewis base could easily attract the proton of the
phenolic -OH, resulting in the deprotonation of TC and breaking the hydrogen bond between TC
and MNSBC [54,55]. Above pH=9, the intensity of electrostatic repulsion significantly increased
because the surface of MNSBC was more negatively charged and TC was mainly in the form of
TC?, and the hydrophobicity of TC significantly reduced, while MNSBC still had considerable
adsorption performance for TC because charge assisted hydrogen bond (CAHB) became the main
adsorption force and participated in overcoming the increased electrostatic repulsion [56].

To study the effect of ionic species/strength on TC removal by MNSBC, the adsorption
capacity of MNSBC was determined in the presence of NaCl, NaNOs, NaH,PO4, NaHCOj3 and
CaCl,. Fig. 6 (f-j) described that the adsorption capacity of MNSBC decreased with the ionic
strength increasing despite of the ionic species because these charged ionic compounds could
eliminate the repulsive interaction among adsorbents and facilitated them to generate more
compact aggregation structure (i.e. squeezing-out effect), which was unfavorable for TC
adsorption [55]. However, three inorganic salts of NaCl, NaNO3; and NaH,PO4 showed no obvious
influence on TC removal by MNSBC, which might be due to the weak squeezing-out effect. To
identify the effect of HCO3™ and H,POy', the solution pH was adjusted to 9 and 5 (the species
distribution calculation of HoCO3 and H3PO4 were given in Text S4), respectively (Fig. 6 (b and
¢)). Apparently, the adsorption performance of MNSBC for TC was significantly inhibited in the
presence of NaHCO3. This phenomenon was because the hydrolysis of HCO3™ would cause the
alkaline environment and increase the electrostatic repulsion between TC and MNSBC. Also, the

existence of CaCl, significantly inhibited TC removal because Ca?" could bind with the carboxyl
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on MNSBC surface which disturbed the n-m conjugation between TC and MNSBC [1,57].
Additionally, Ca*" could also bind with TC to form Ca-TC complex, which decreased the affinity
of MNSBC for TC [57]. HA was the common organic compound that widely distributed in natural
waters [58]. Particularly, the adsorption capacity of MNSBC decreased with the HA concentration
increasing because competitive adsorption occurred between TC and HA or generation of HA-TC
compound reduced the affinity of MNSBC for TC (Fig. 6(k)).
3.7 Adsorption mechanisms

The mechanisms of TC adsorption onto MNSBC were investigated by characterization,
adsorption model fitting and environmental factors experiments analysis. Elovich and Freundlich
models better fitted the kinetics and isotherms data, respectively, suggesting that the adsorption
process was simultaneously dominated by physicochemical interactions. The well developed
graphitic structure of MNSBC could interact with four aromatic rings in the molecular structure of
TC through m-m conjugation (XRD, Raman spectra and XPS analysis). Also, TC could react with
MNSBC through cation-t bond between the protonated amino groups and graphite m-electron
because its great ionization constant (pK,; value was 9.7) [59]. The C=0, -OH on MNSBC were
regarded as the Lewis acids and -NH; of TC acted as the Lewis base, which caused Lewis
acid-base interactions between MNSBC and TC. Additionally, the presence of pyridinic-N on
MNSBC (Lewis base) could enhance the Lewis acid-base interaction between MNSBC and
phenolic —OH of TC (Lewis acid). The reduction of pyrrolic N on MNSBC after TC adsorption
suggested that the introduction of strongly electronegative N atoms reduced the electron density of
MNSBC surface, which enhanced the n-n conjugation interaction between MNSBC (m-electron

acceptor) and aromatic rings of TC (n-electron donor) (XPS analysis). The adsorption capacity of
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MNSBC was significantly affected by solution pH and NaHCOs3 concentration, indicating that
electrostatic interaction could dominate the adsorption process. The inhibitory effect of CaCl, was
mainly attributed to Ca®>" which could destroy the n-n conjugation between TC and MNSBC by
binding with the carboxyl on MNSBC surface. Also, Ca?" could bind with TC to form Ca-TC
complex, which decreased the affinity of MNSBC for TC. The adsorption capacity of MNSBC
decreased in the presence of HA, which might be due to the competitive effect of HA or the
generation of HA-TC compound reducing the affinity of MNSBC for TC. MNSBC performed the
superior porous structure (larger Sger and Vi) than that of SBC, which provided abundant binding
sites for TC adsorption by pore filling (SEM and BET analysis). The decrease in bonding energy
of Fe 2p (Fe** 2psp, Fe3' 2psp, Fe?* 2pi2 and Fe* 2pi2) (XPS analysis) and change of Fe-O band
(FTIR analysis) on MNSBC after TC adsorption illustrated that Fe3;O4 could adsorb TC though
surface complexation. The thermodynamic parameters suggested that the process of TC adsorption
onto MNSBC was spontaneous, endothermic and randomness increasing.
3.8 The adsorption performance of MNSBC for TC in various real waters

Various real water samples, including deionized, mineral, tap, lake and river waters (the basic
physicochemical properties of these waters were listed in Table S5) were conducted in this study
to further verify the adsorption performance of MNSBC for TC. The water samples of tap water
and mineral water were obtained from Wuhan University of Technology and Wuhan Mingxinquan
Pure Water Co., Ltd., respectively. Lake water and river water were collected at south lake of
Wuhan (30°50' N, 114°35' E) and Wuhan section of Yangtze River (30°10' N, 114°09" E),
respectively. Considering that the real environmental waters might affect the results measured by

ultraviolet spectrophotometry, the residual concentrations of TC in these real waters were
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determined by high performance liquid chromatography (HPLC, 1260 Infinity, Agilent

Technologies) equipped with a ZORBAX SB-C18 column (5 um, 4.6x150 mm, Agilent) at the

determination wavelength of 360 nm. The mobile phase was a mixture of 0.1% formic acid and

methanol (V/V=75/25) with a flow rate of 0.8 mL/min. Fig. 7(a) showed that MNSBC had

excellent TC adsorption performance in deionized water (93.4%), mineral water (91.6%), tap

water (89.0%), lake water (82.1%), and river water (80.8%). The removal efficiency of TC in lake

water and river water by MNSBC were slightly inhibited, which might be related to the inorganic

compounds (e.g., N and P) had occupied some active sites of MNSBC because the concentrations

of TN (reduced by 73.6% and 66.7%, respectively) and TP (reduced by 71.7% and 71.1%,

respectively) were significantly decreased after adsorption.

3.9 The regeneration and environmental safety of MNSBC

The possibility to regenerate biochar after TC adsorption is a critical indicator to determine

economic feasibility of its use [60]. Two inorganic solvents, namely HCI (0.1 mol/L) and NaOH

(0.1 mol/L) were used to regenerate MNSBC in this study because the solubility of TC would

increase in the acidic or alkaline condition which facilitated the adsorbed TC to release into the

solution, and H>O treatment as control. Also, the protonation state of the surface functional groups

would change when using acid or alkali to regenerate adsorbent, breaking the adsorption

equilibrium resulting in the desorption of the adsorbate from the adsorbent [1]. The results

presented in Fig. 7(b) demonstrated that the adsorption capacity of the used MNSBC decreased

using H>O and HCI regeneration in the reuse cycles. After five reuse cycles, the adsorption

capacity of MNSBC were 15.3% and 40.3% of its initial performance by H,O and HCI treatment,

respectively. While, MNSBC maintained a high TC adsorption capacity (97.9% of the initial
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adsorption capacity) even after five cycles of reuse using NaOH regeneration, which suggested

that MNSBC was a promising adsorbent with excellent sustainable adsorption performance by

NaOH regeneration.

As leaching of N into water bodies could result in eutrophication, and release of Fe might

cause secondary water pollution, the extent to which N and Fe was released by the MNSBC in

different pH environments was assessed. Results in Fig. 7(c and d) showed that the leaching levels

of Fe and TN were below the national (China) environmental limit values of GB 3838-2002

(C(Fe)=0.3 mg/L and C(TN)=0.2 mg/L (I category water)) at all pH levels tested in this study.

This result suggested that MNSBC could be applied safely in water treatment, at least from the

perspective of Fe and N release.

4. Conclusions

This study successfully synthesized the MNSBC, which showed excellent adsorption

capacity for TC as a result of its superior physicochemical characteristics (e.g., larger Sget, Vios,

greater graphitization degree and N-doping). Lewis acid-base, m-m conjugation, electrostatic

interactions and pore filling were identified as the main adsorption mechanisms. The added N and

Fe were safely embedded in the carbon matrix of the MNSBC, as demonstrated by leaching tests

at different pH levels (from 3 to 11). Furthermore, MNSBC showed a sustained adsorption

capacity even after multiple cycles of regeneration using NaOH, maintaining over 97% of its

capacity after five cycles. The excellent TC adsorption performance of MNSBC was demonstrated

not only in simulated water samples using deionized water, but also real water samples using

mineral water, tap water, lake water and river water, indicating a true potential for real world

application. This study identified a promising approach for municipal sludge resource utilization
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in water treatment for removal of TC, and potentially other applications.
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631 Table 1 Pore structure parameters of SBC-673, SBC-773, SBC, SBC-973, MSBC, NSBC and MNSBC

Biochars SpeT (M%/g) Viot (cm’/g) Dp (nm)
SBC-673 441 0.115 10.4
SBC-773 60.7 0.187 12.3
SBC 72.5 0.205 11.3
SBC-973 76.5 0.227 11.9
MSBC 113 0.240 8.49
NSBC 231 0.420 7.25
MNSBC 243 0.469 7.72
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Fig. 1. XRD patterns (a), N2 adsorption/desorption curves (c) and pore diameter distribution (d) of SBC-673,

SBC-773, SBC, SBC-973, MSBC, NSBC and MNSBC; FTIR spectra of SBC-673, SBC-773, SBC, SBC-973,

MNSBC and MNSBC-TC (b); magnetic hysteresis loops of MNSBC (e); Raman spectra of SBC and MNSBC ()
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Fig. 3. XPS survey spectra (a); C 1s of SBC, MNSBC and MNSBC-TC (b); Fe 2p of MNSBC and MNSBC-TC (c)
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Fig. 6. The species distribution of TC (a), H2COs (b) and H3POx4 (c) at different pH; zeta potential of MNSBC at

different pH (from 3 to 11) (d); effect of pH (from 3 to 11) (e), ionic species/strength (NaCl (f), NaNOs (g),

NaH2PO4 (pH=5) (h), NaHCOs3 (pH=9) (i) and CaCl: (j)) and HA concentration (k) on adsorption performance of

MNSBC for TC (Co (TC)=20 mg/L, m=0.025 g, =0.1 L, Cy (NaCl, NaNOs, NaH2PO4, NaHCO3 and

CaCl>)=0-100 mmol/L, Co (HA)=0-10 mg/L)
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Fig. 7. The removal efficiency of MNSBC for TC in various real waters (a); regeneration of MNSBC in reuse
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