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ABSTRACT

Removal of natural organic matter (NOMs) from actual water is a major challenge in the context of worldwide
pollution of natural water resources. The removal of humic acids in a system combining biochar adsorption and

Keywords: ultrasonic persulfate oxidation was studied in this paper. The effects of biochar addition, persulfate concentration
Hum}ic acids (HAs) and initial pH were investigated. A high removal rate of humic acids up to 92.5% was achieved for the combined
Biochar

biochar/ultrasonic/persulfate system, versus 84.0% for combined biochar/persulfate, 52.0% for sole biochar,
50.0% for combined biochar/ultrasonic, 10.0% for combined persulfate/ultrasonic, 4.0% for sole ultrasonic and
1.0% for sole persulfate systems. Ultrasonic treatment increased the removal efficiency of humic acids to 90.0%
within 60 min. Mechanisms towards synergistic combination of the biochar/ultrasonic/persulfate system were
investigated by gel permeation chromatography, electron paramagnetic resonance and quenching experiments
together with the characterization of biochar. Hydroxyl radical and the adsorption of biochar were the major
contributors to the proposed synergistic adsorption-oxidation removal mechanism, followed by the sulfate
radical SO%-. The results of three-dimensional fluorescence diagram, fluorescence regional integration and TOC
analysis indicated that the system presented promising application prospects to remove NOM pollutants from

Persulfate (PS)
Ultrasonic treatment
Hydroxyl radical

real water.

1. Introduction

Advanced oxidation processes (AOP) have been widely used to
remove organic contaminants such as 1,4-dioxane, dyes and pharma-
ceuticals from water [1-4]. In particular, the use of the sulfate radical
SOy-, generated by activation of peroxymonosulfate or persulfate, has
been emerged as an alternative to the hydroxyl radical ¢OH, due to the
facts that SOx-has a longer half-life of 30-40 ps compared to below 1 ps
for eOH, a broader pH range of 3.0-11.0, and a higher redox potential of
2.5-3.1 V versus 1.9-2.7 V for ¢OH [5,6]. Peroxymonosulfate or per-
sulfate can be activated by heat, UV light, ultrasonic and microwaves,
etc. However, the use of persulfate alone has limitations such as high
energy consumption, moderate deficiency and secondary pollution[7].
Similarly, the use of biochar alone for pollutant adsorption is limited by
biomass sources and pyrolysis temperature. Therefore, recent studies are
focusing on development of combined AOP processes removing organic
pollutants. For instance, 98.8% of Acid Red 88 was removed by a porous
biochar-supported Fe-Mn composite [8]. Combination of microwave,
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natural magnetite (FegO4) and persulfate has also achieved 94.2%
removal of p-nitrophenol within 28 min [9].

Ultrasonic irradiation (US) combined with persulfate is efficient in
removing organic pollutants via acoustic cavitation and sono-activated
persulfate oxidation. The generation, growth and collapse of cavita-
tion micro-bubbles during sonication induce a local temperature of
about 5000 K, and a pressure of about 500 bar [10]. This induces spliting
of water into hydoxyl radicals, which can further oxidize organic con-
taminants. Sonication can also produce SOj-in the presence of persul-
fate. Therefore hybrid processes combining sonication and persulfate
have been recently investigated to remove valsartan, bisphenol AF,
propranolol and amoxicillin [11-14]. So far, the exact synergistic effects
of combined biochar and sonication on natural organic matter (NOM)
removal from water have been seldom studied. Here we investigated the
removal of humic acids (HAs) as a model pollutant of NOM in water by
sonication with biochar and persulfate. We studied the effects of initial
humic concentration, persulfate dosage, pH and biochar dosage on
performances of the combined process. Active radical species were
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identified by free radical quenching and electron paramagnetic reso-
nance (EPR) investigations; while the practicability of the combined
process is verified by experiments with real water from the Yangtze
River through fluorescence regional integration (FRI) and total organic
carbon (TOC) analysis. Finally, a possible removal pathway of the
combined process is proposed.

2. Materials and methods
2.1. Chemicals and reagents

The synthesis and characterization of the biochar were described in
our previous study [15]. Chemicals such as 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, purity>99.0%) were obtained from Sigma-Aldrich.
The real water samples were collected from the Qingcaosha reservoir of
the Yangtze River. All reagents were analytically pure and employed
without pre-treatments.

2.2. Experimental procedures

Batch removal experiments were conducted in an ultrasonic reactor
(53 kHz). According to the perform calorimetry [16], the actual power
used in the experiment was 60 W. The real-time temperature in the
water was detected by a thermometer. When the temperature increased,
additional cold water was introduced into the reactor to maintain a
certain temperature. 100 mL of humic solution was added into a 250 mL
conical flask for batch experiments. For experiments without ultrasonic
application, an incubator was used with the shaking speed at 200 rpm
and the experiments were conducted under a constant temperature of
25 °C. Unless otherwise specified, the reaction conditions were estab-
lished as follows: [HAs]g = 5 mg/L, [persulfate]o = 1 mM, [biochar]=
0.7 g/L, [ultrasonic]= 60 W and pH= 9. For each batch experiment, 5
mL reaction suspension was taken out at the given time intervals and
filtered immediately through a 0.45 um membrane to remove residue
biochar. In order to study the impact of each key factor, parameters were
varied within certain ranges, namely persulfate dosages (0.4-1.2 mM),
biochar dosages (0.1-0.7 g/L), initial concentration of HAs (5-15 mg/L)
and pH (5.0-9.0) (Table 1).

2.3. Analytical methods

Changes in concentration of HAs, composition and TOC during the
reaction process were measured as described in our previous work [15].
Wavelength scan and gel permeation chromatography (GPC) were used
to further investigate the change of molecular weight and the removal of
HAs. The identification of active radicals were analyzed by the electron
paramagnetic resonance method (EPR, Bruker EMXPLUS).

2.4. Kinetic model, synergy index and removal rate of HAs

The removal rate of HAs was calculated as described in our earlier
investigation [15]. The removal kinetics of HAs were analyzed using the
following pseudo-first-order kinetic model as described with Eq. (1):

In(C,/C)) = — kot e))

Table 1
A list of experimental parameters.

where Cy and C; represent concentrations of HAs (mg/L) at the initial
time and time t, respectively, and ks represents the reaction rate con-
stant (min’l).

Synergy index was calculated through Eq. (2) to justify the synergism
or antagonism of the ultrasonic on persulfate activation.

Kuys/c—ps @)

index = —————"—
Kys + Kpc—ps

Synergy
> 1, synergistic effect; <1, antagonism effect.

Where synergy index, Kys,/pc.ps, Kus and Kpc.ps represents the reaction
rate constant (min_l) of the biochar/persulfate/ultrasonic, ultrasonic
and biochar/persulfate systems respectively.

The spectral coefficient Sg can be calculated by the wavelength
scanning spectrum of UV-vis in the range of 200-800 nm to demon-
strate the change of the average molecular weight of HAs before and
after reaction (Egs. (3) and (4)).

a, = 2.303 x UV, 3)
Sk = S(275-295) /'S (350-400) ()]

Where qa; represents absorption coefficient at the wavelength of 4 nm,
UV, represents the measured absorbance value at the wavelength of 1
nm, Sc275-205) is the slope of the linear regression equation of log (a,) at
wavelength of 275-295 nm, and S(350_400) is the slope of the linear
regression equation of log (a;) at wavelength of 350-400 nm.

3. Results and discussion
3.1. Characterization of the biochar prepared

The thermogravimetric analysis (TGA) was applied to explore the
thermal stability and composition changes of the biochar prepared
(Fig. 1a). At the first stage (0-200 °C), an apparent loss peak appeared
around 81 °C. Due to the loss of volatile substances and water, the corn
stalks lost 12% of their weight. Two weight loss peaks of 324 °C and
371 °C, found at the second stage (200 °C—400 °C), with the weight loss
of about 59.0% were attributed to the decomposition of unstable
hemicellulose, cellulose and some lignin components in the sample. The
third stage was the process of sample carbonization and aromatization
(400-900 °C), including the decomposition of organic matter with
strong thermal stability. With the increase of temperature, the inorganic
impurities contained in biochar were less, which is conducive to
improve the performance of the biochar [17].

Roman spectra of the study biochar was demonstrated in Fig. 1b. The
two main characteristic peaks at 1340 em ! and 1601 ecm™! corre-
sponded to peaks D and G respectively. Band D is associated with the
degree of disorder, while band G is associated with the level of graphi-
tization of materials. The intensity ratio of band D and G (Ip/Ig) repre-
sents the degree of defects in biochar, whose value increases with the
disordered structure existing in the carbon [18]. Previous studies have
reported that the process of pyrolysis could increase the degree of defect
on the boundaries of biochar and induce more functional groups [19,
20].

As shown in Fig. 1c, the FTIR spectrum showed peaks at 3437 cm ™

Experimental variables Experimental parameters

Ultrasonic power ( W)

Biochar dosages (mg/L) Persulfate dosages Humic concentration pH value
(mM) (mg/L)
Biochar dosages 0.1/0.3/0.5/0.7 1.0 5.0 9.0 60
Persulfate dosages 0.7 0.4/0.8/1.0/1.2 5.0 9.0 60
Humic acids concentration 0.7 1.0 5.0/10.0/15.0 9.0 60
pH value 0.7 1.0 5.0 5.0/6.0/7.0/8.0/9.0 60
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Fig. 1. (a)TG-DTG curves of the biochar precursor; (b) Raman spectra of biochar and (c) FTIR of biochar before and after reaction ([biochar]

= 1 mM, [humic acids] = 5 mg/L, pH= 9, [ultrasonic] =60 W).

and 1083 cm™!, which were characteristic peaks of the -OH and C-O
groups in carboxyl and phenol respectively [21,22]. The peaks around
1631 cm L1523 ecm™!, 667 cm™! and 1385 cm™! belong to the
stretching of C=0, C—=C, C-H and C-O, respectively [23,24]. From the
FTIR analysis results, various functional groups were found on the
original surface and the used biochar, which function as important
adsorption and active catalytic sites for the later reaction. Notably, the
peak intensity of C-OH decreased with the increase of C=0 intensity
after reaction. XPS scan of biochar was carried out to verify relative
amount of the functional groups.

Fig. 2a and b showed XPS characterization of the original biochar
and the used biochar respectively. Two characteristic peaks of Cls and
O1s could be observed for biochar at 284.7 eV and 532.7 eV, respec-
tively. After reaction, the oxygen content increased obviously, which
might be aroused by oxidation at the surface of biochar. Fig. 2¢, d, e and
f manifested the specific change of different functional groups. The
original peak of Cls could be interpreted as five components of C-
graphite/C-C/C-H, C-OH/C-O-C, COOH, C=0O and =n-n* shake-up at
284.76 eV, 285.8 eV, 288.94 eV, 286.28 eV and 290.03 eV, respec-
tively. For the used biochar, four main compounds centering at
284.84 eV, 288.38 eV, 286 eV and 290.92 eV could also correspond to
C-graphite/C-C/C-H, COOH, C=O0 and n-n* shake-up respectively. The
O1s high-resolution scans of biochar was also implemented. The change
of Ols was in line with that of C1s. The results of XPS characterization
indicated that the content of C—=0 and C—=0-OH increased after reac-
tion. On the contrary, the content of C-graphite/C-C/C-H and C-OH/C-
O-C reduced after reaction, implying the transformation of surface
functional groups of the biochar, which was consistent with the results
of FTIR analysis. In some previous studies, biochar surfaces have also

= 0.7 g/L, [persulfate]

been found to have a lot of oxygen-containing functional groups and,
especially, C-C and -C-O groups could be oxidized to -C—=0O when
biochar and persulfate coexisted [25,26]. Based on the above in-
vestigations and results of other studies, we speculate that the C-OH
group might act as active sites for persulfate activation.

3.2. Synergistic removal of HAs by sole and combined ultrasonic-
enhanced biochar/persulfate systems

To better understand the role of ultrasonic treatment in the com-
bined process, the following reaction processes were investigated: ul-
trasonic treatment, persulfate treatment, biochar treatment, combined
persulfate/ultrasonic treatment, combined persulfate/biochar treat-
ment, combined biochar/ultrasonic treatment and biochar/persulfate/
ultrasonic treatment (Fig. 3a). It was found that almost no depletion of
HAs was obtained when persulfate was applied to the solution alone. A
slight reduction of humic acids was observed for the individual ultra-
sonic treatment (4.0%). A removal efficiency of 10.0% in HAs could be
obtained with the combined persulfate/ultrasonic treatment system.
The researchers summarized the reason for this phenomenon as that
cavitation, extreme environment of high temperature and high pressure
produced by ultrasonic broke the O-O bond in persulfate, which made
persulfate better activated, contributing to more free radicals partici-
pating in the reaction and improving the removal effect of the substrate
[27,28]. A similar removal effect was also observed in the bio-
char/ultrasonic treatment system. The removal of HAs increased from
52.0% to 84.0% after 120 min reaction with the combination of biochar
and persulfate, indicating that biochar and persulfate presented syner-
gistic effects. Interestingly, the removal of HAs increased from 52.0% to
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Fig. 2. XPS survey of biochar before (a) and after reaction (b);(c) C1s and (d) O1s high-resolution scans of biochar before reaction;(e) C1s and (f) O1s high-resolution

scans of biochar after reaction.

90.0% after 60 min of ultrasonic treatment to the biochar/persulfate
system. In generation, persulfate decomposition caused a large amount
of H' to be released in the water and the generation of HSO4 [29]. Many
studies have reported that the pH value during persulfate reaction is
much lower [30]. It could be seen from Table S1 that the pH changes of
the other systems were small except that the final pH in the biochar/
persulfate and biochar/ persulfate / ultrasonic systems dropped to about
3.0. It could be reasonably inferred that, except for the biochar/ per-
sulfate and biochar/ persulfate / ultrasonic systems, other systems have
weak ability to activate persulfate, and the decomposition of persulfate
was insignificant.

The data in Fig. 3b demonstrated pseudo-first-order kinetics for

removal of HAs, with the corresponding k,ps constants for ultrasonic
treatment, persulfate, combined persulfate/ultrasonic, combined bio-
char/persulfate, combined biochar/ultrasonic and combined biochar/
persulfate /ultrasonic treatments of 2.60 x 1074 5.05 x 107>,
8.79 x 1074 1.2 x 1072, 3.51 x 1072 and 3.4 x 102 min"!, respec-
tively. Ultrasonic treatment improved the reaction rate and shortened
the reaction time of the system. The synergistic index was calculated as
2.76, which further proved the synergism between ultrasonic treatment
and biochar/persulfate.

Fig.3c showed the adsorption wavelength scan before and after
120 min of reaction for the biochar/persulfate/ultrasonic system. The
absorption peaks at 254 nm and 400 nm were attributed to benzene
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components and chromophore groups respectively [31,32], which
decreased after 120 min, indicating the effective removal on benzene
components and chromophore groups of HAs. The molecular weight of
size-graded NOM had a good correlation with the spectral slopes radio
Sr, which increased with the decrease of the molecular weight of NOM
[33]. After calculation, the spectral coefficient Sg increased from 0.85 to
1.30, suggesting the decrease of molecular weight with oxidation of
HAs. Fig.3d. demonstrated the difference of the separation state with
biochar before and after reaction. It can be clearly observed that after
reaction, the color of the solution became lighter due to combined ef-
fects such as the adsorption of biochar, the rupture of humic polymers,
and the reaction of active species and humic chromophores. The above
results indicated that the introduction of ultrasonic treatment acceler-
ated the reaction rate and improved the oxidation efficiency.

The fluorescence spectra of the reaction solution were shown in
Fig. 4. From Fig. 4a, four main characteristic fluorescence regions were
detected, namely Ex/Em= 200-250/280-380 nm, Ex/Em= 250-450/
380-550 nm, Ex/Em= 200-250/380-550 nm, and Ex/Em= 250-450/
280-380 nm, which assigned to protein-like small molecules, HAs, ful-
vic acids and soluble microbial products (SMP) respectively. After
120 min of reaction, the fluorescence intensity decreased significantly in
the sole biochar (Fig. 4c) and the combined biochar/persulfate (Fig. 4d)
systems. Almost all the characteristic peaks disappeared in the combined
biochar/persulfate/ultrasonic system (Fig. 4 h). In comparison, there
was a slight change of fluorescence intensity for persulfate (Fig. 4b) and
the ultrasonic treatment system (Fig. 4e). The result was consistent with
the change of solution UVjs4 of different systems, indicating that the
biochar/persulfate/ultrasonic system has a synergistic effect on removal

of the above mentioned fluorescent components.

3.3. Key factors determine performance of the combined system

To evaluate the effect of biochar dosage on the removal efficiency of
HAs, a series of investigations were conducted involving a 120 min
ultrasonic-catalytic process with 1 mM persulfate and biochar dosage
range of 0.1-0.7 g/L. As shown in Fig. 5a, the removal efficiency of HAs
in the combined biochar/persulfate/ultrasonic process increased from
50.0% to 92.4% as the biochar dosage increased from 0.1 g/L to 0.7 g/L
due to the increased activated sites and more reactive radicals produced
by the synergistic effects between persulfate oxidation, biochar
adsorption and ultrasonic irradiation. With the increasing concentration
of persulfate, the removal of HAs increased firstly and decreased sub-
sequently (Fig. 5b). The removal of HAs is unfavorable when the con-
centration of persulfate exceeds a certain range [34,35]. In addition, it
has been reported that the number of cavitation bubbles per unit volume
in the ultrasonic oxidation system decreases at higher viscosity, which
would induce cavitation [36]. Fig. 5c¢ also demonstrated that the
removal rate decreased with the increased concentration of HAs.

pH is an essential parameter for the persulfate-AOP processes,
determining organics’ state and biochar’s surface electrical properties
[37]. As shown in Fig. 5d, the removal efficiency of HAs did not vary
significantly under the experimental conditions, with the removal effi-
ciencies of 93.7%, 91.7%, 90.6%, 88.3% and 91.0% at pH= 5.0, 6.0, 7.0,
8.0 and 9.0, respectively. The value of the point of zero charge (pHzpc)
of the biochar measured was 7.0, which would lead to a decrease in the
adsorption of HA and PS by biochar at higher pH due to high negative



350 400 400
Em (nm)

1350
1300
1250
1200
1150
1100
1050
1000
I 950.0
I 900.0
850.0
800.0
750.0
700.0
650.0
600.0
550.0
500.0
450.0
400.0
350.0
300.0
250.0
200.0
150.0
100.0
50.00
0.000

450 500 550

Em (nm)

Fig. 4. 3D-EEM spectra of reaction solutions by different processes. (a): original humic acids solution. (b): persulfate alone; (c): biochar alone; (d): biochar/per-
sulfate; (e): ultrasonic alone; (f): biochar/ultrasonic; (g): persulfate /ultrasonic and (h): biochar/persulfate/ultrasonic. Reaction conditions: [humic acids] = 5 mg/L,

[persulfate]o = 1 mM, [biochar] = 0.7 g/L, [ultrasonic] = 60 W, pH= 9.

charge. While under acidic conditions, the surface of biochar was posi-
tive. And with the continuous decomposition of persulfate to release H*
[38], the pH after the reaction was lower than that before the reaction
(Table. S2). In this case, the enrichment of humic acid and S;03" onto the
biochar was favored. Although persulfate activation by alkali is not
obvious when the initial pH is less than 12.0, ultrasonic might accelerate
the alkali activation of persulfate and improve the yield of free radicals
at a lower alkaline pH of 9.4 [27]. Considering the subsequent practical
water application, pH of 9.0 was used for the next experiments.

3.4. Possible reaction mechanism and the role of ultrasonic promotion

A radical quenching investigation was performed to identify the
contribution of different radicals. Tert-butyl-alcohol (TBA) and meth-
anol (MeOH) were selected as the quencher for the ¢OH and SOze rad-
icals respectively [39-41]. Fig. 6a and b showed the inhibition of TBA or
MeOH on the removal of HAs at different molar ratios to persulfate.
Compared with the original reaction solution, the removal efficiency
decreased from 92.0% to 66.0% (n[TBA/persulfate] =500) and 57.0%
(n[TBA/persulfate] =1000) respectively. The slight inhibition of MeOH
on the removal efficiency (n[MeOH/persulfate]=1000) implied the
minor contribution of SOze to the reaction. The greater affinity of TBA to
eOH implied that in the biochar/persulfate/ultrasonic reaction system,
eOH was the dominant free radical.

DMPO was used as the spin-trapping agent in the EPR analysis to
further confirm the radical species produced in the biochar/persulfate/
ultrasonic system. As shown in Fig. 6¢, DMPO-X with an intensity ratio
of 1:2:1:2:1:2:1 was detected in the biochar/persulfate/ultrasonic

treatment system, which is an oxidized derivative produced by the
oxidation of DMPO. Some studies have also found such phenomenon in
the biochar/ persulfate systems [42-44]. They attributed the production
of DMPO-X to the reaction between DPMO and ¢OH and SOy e generated
from the activation of persulfate. Combined with the quenching exper-
iment, the results suggested that eOH and SOz e were produced in the
reaction, and eOH was the dominant radical.

To observe the change of molecular weight of HAs before and after
reaction, GPC combined with UV absorbance at 254 nm was applied.
Compared with the initial solution of HAs with relatively higher peak
area and height at 21.6-28.4 min, the peak retention time was delayed
to 22.5-30 min and the peak intensity and area also decreased signifi-
cantly after treatment (Fig. 6d), suggesting that the HAs were decom-
posed into smaller molecular weight fragments [45]. This result was
consistent with the increase of spectral coefficient Sy after reaction in
wavelength detection (Fig. 3c).

Based on the above results, a possible reaction mechanism for the
HAs removal by biochar/persulfate/ultrasonic treatment was inferred.
Firstly, the adsorption of biochar enriched HAs and persulfate on the
surface of biochar. Ultrasonic irradiation would produce a high-
temperature environment of up to 5000 K inside bubbles and near the
inter-phase of cavitation, so it can remove organic matter effectively
[46]. Researchers have proposed that ultrasonic irradiation can alter the
DOC composition and lead to disassociation or protonation of carboxylic
and phenolic hydroxyl groups of HAs, making it more degradable and
less harmful [47,48]. Meanwhile, the extreme physical conditions
caused by the collapse of cavitation bubbles produced radicals from
decomposition of H,O and O, simultaneously initiating breakage of the
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0-0 bond in persulfate to generate SO3e according to Egs. (5)—(8) [49,
50]. This may also explain why the combined treatment of ultrasonic
and persulfate presented better removal efficiency than ultrasonic and
persulfate alone. In addition to the oxidation of persulfate, the intro-
duction of ultrasonic can enhance the oxidation of the system (Fig.S1).
The oxygen-containing functional groups on the surface of biochar could
act as active sites activating persulfate to form free radicals. With the
decomposition of persulfate, the pH was reduced and the adsorption of
organic matter and persulfate by biochar was further promoted [51]. In
this case, HAs could be better removed by oxidation and adsorption of
the composite system (Fig. 7).

H,0+))) >HOe+eH (5)
$,03+))) —»2S0je (6)
02+))) »2¢0 )
SO;e+0H —S03 + HOe ®)

where the symbol “)))” denotes ultrasonic irradiation.

Since ultrasonic treatment can clean the surface of biochar, a portion
of HAs and small molecular intermediates could be desorbed from the
particle surface and re-exposed the active sites to the surface of biochar.
Meanwhile ultrasonic irradiation could bring about violent turbulence
in the aqueous solution, increasing the reaction and the mass transfer
rates by fluidizing the biochar effectively [52]. Generally, ¢OH, SOze
and '0, are the primary active species in metal-free carbon
materials-persulfate systems [53]. Usually, superoxide ion radical was
an intermediate produced by other active species, which was unstable in
water [54]. Some scholars found that graphene structure in biochar can

catalyze persulfate to produce 10,5, which could also be produced
through C = O mediating [55-57]. The removal process may involve not
only free radical pathways, but also non-radical pathways such as 104,
although less possible since 0, has low reactivity to natural organic
matters, including electron transfer [6,58]. Therefore, the removal of
HAs was mostly carried out by adsorption and oxidation with primary
radicals such as SOze and eOH, which might also be aided by the
non-radical pathway although its role was minor.

3.5. Application prospects in real water treatment and the reusability of
biochar

This study used the raw water from a reservoir in the Yangtze River
to explore practical application prospects of the biochar induced AOP
technology. We used three-dimensional fluorescence diagram and
fluorescence regional integration (FRI) to analyze the content of organic
matters [59]. Figs. 8a and 8b showed the changes of three-dimensional
fluorescence spectra of HAs in raw water before and after the persulfa-
te/biochar/ultrasonic treatment. The corresponding characteristic
peaks almost disappeared and no new fluorescent substances appeared
after 120 min of reaction. As observed in Fig. 8c, FRI values of four
organic compounds in water decreased significantly, which was
consistent with the characterization of three-dimensional fluorescence.
The TOC of the solution after reaction was 0.56 mg/L with the removal
rate of 77.7%, indicating that organic compound in the solution were
effectively removed and the persulfate/biochar/ultrasonic treatment
can be applied to practice effectively. The quality of the actual water
used was listed in Table 2.

The biochar was reused for three repeated persulfate/biochar/
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ultrasonic treatment runs to study its re-usability. As shown in Fig. 8d,
the virgin biochar could remove more than 90.0% of HAs in 2 h, but only
68.0% and 55.0% of HAs were removed after the second and the third
recycles (cycle 2 and 3) respectively. The biochar/persulfate/ultrasonic

system presented better recycling capacity of biochar, since the removal
efficiency decreased from 87.0% to 39.0% for the second recycle, and
28.0% for the third recycle in our previous combined biochar/persulfate
system [15]. The reason may be that when the ultrasonic treatment acts
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Table 2
Basic parameters of the raw water quality.

Parameters Average Value
pH 8.6
Conductivity (uS/cm) 341.2

Total organic carbon (TOC) (mg/L) 2.50
Dissolved oxygen (DO) (mg/L) 6.74
Temperature (°C) 29.2

on the liquid, it would produce a large number of cavitation bubbles,
which could produce shock waves around, so as to separate the organics
adsorbed on the surface of biochar and release active sites [60]. After
three months of storage, the biochar could still remove more than 80.0%
of HAs. The above results showed that the stability of the biochar was
acceptable, but the recycling performance should be improved.

In this study, the main energy input of the experimental device was
the ultrasonic cleaner. In order to further compare the energy efficiency
of the application system in removing humic acid, the method reported
by Bolton et al. can be used to calculate the electric energy per order
(EEO, kWh/m®) [61]. The formula could be simplified to

38.4P

EEO = ——

Vk ©)

where P = the power of the proposed system [kW], V=the volume of the
solution treated (L), k = the first order rate constant (min™ ).

Among all systems, the lowest EEO value of 678 kWh/m® was ob-
tained for the biochar/persulfate/ultrasonic system, which achieved the
highest removal rate for HAs. Azar Fattahi et al. found that the energy
required for UVjys4 removal of the system of LED with continuous

irradiation of 405 nm, combined with P25 was 539.84 kW h/m?, which
only showed little NOM removal rate [62]. Gora et al. used TiOs
nanobelts calcined at different temperatures and UVA-LED to degrade
DOC in Otonabee River and Ottawa River water, whose maximum
required energy reached 1085 kWh/m? [63,64]. Since the bio-
char/persulfate/ultrasonic system could achieve 90% removal rate for
HAs within 60 min, the reaction time can be shortened according to the
actual situation in order to reduce energy loss.

4. Conclusion

In this study, a synergistic effect on the removal of HAs occurred in
the combined biochar/persulfate/ultrasonic treatment process. 90%
removal rate for HAs could be reached within 60 min by such combined
system with kops of 3.4 x 1072 min’l, faster than that of other systems,
which showed a synergy index of 2.76. Furthermore, the system showed
wide pH adaptability. The adsorption of HAs played an important role in
the removal process. ¢OH and SOze also participated in the oxidation
process, where eOH was the main radical. Investigations with actual
water showed that this method had good removal effect on removal of
macromolecular organic matter and small molecular organic matter
from water. The introduction of ultrasonic treatment could improve the
reusability of biochar, enhance the oxidation efficiency and improve the
reaction rate.
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Fig. S1 Synergistic removal of humic acid from water by ultrasonic and persulfate treatments

Table S1 pH changes in different processes

Systems Initial pH Final pH
Ultrasonic 9.1 8.7
Persulfate 9.1 8.5
Biochar 9.1 8.4
Biochar +persulfate 9.1 3.1
Ultrasonic +persulfate 9.1 8.7
Biochar +ultrasonic 9.1 8.7
Biochar +persulfate +ultrasonic 9.1 3.1

Table S2 The solution pH values before and after reaction

Initial pH 5 6 7 8 9

Final pH 2.9 3.0 3.0 3.1 3.1
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