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Abstract

The demand for ultrapure water (UPW) in the semiconductor industry has increased in recent
years, while the idea to use reclaimed water instead of tap water for UPW production has also
attracted more attention. However, since urea concentration in reclaimed water is higher than
that in tap water, UPW production has not been efficient. To resolve this problem, this study
aims to develop a new spent coffee grounds based biochar (SCG-BC) /persulfate catalytic
system as a pretreatment unit. The objective is to enhance urea removal from reclaimed water
so that UPW production is more effective. In this study, the biochar used was prepared from
spent coffee grounds with detailed characterization. Results strongly suggested that the urea
removed by SCG-BC /persulfate catalytic system was very encouraging (up to 73%). The best
possible dosages for SCG-BC and persulfate for urea removal were 0.2 and 2.0 g L?,
respectively. Furthermore, this system could remove urea effectively in a wide range of pH (3-
10). Moreover, the characterizations of SCG-BC (graphite C, defective edges and functional
groups, 1.e. -OH, C=0, carboxyl C-O) helped to activate persulfate in the catalytic process. OH"
and SO4" ~ were all involved in this process, while the SO4°~ was the main radical for urea
degradation.

Keywords: Ultrapure water; Urea; Biochar; Advanced oxidation processes; Persulfate

activation
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1. Introduction

With the continuous acceleration of the worlds’ urbanization and rapid, unchecked growth
of populations, shortages of potable water resources have become a serious and long-lasting
problem. Consequently, promoting unconventional water resources reclamation and/or
utilization is viable for the required level of sustainable economic development (Guo et al.,
2014; Cheng et al., 2017). At present, due to the booming semiconductor industry, the demand
for ultrapure water (UPW) is rising in this particular sector of the economy. The idea to use
reclaimed water for producing UPW is acceptable in terms of raw water demand and sustainable
usage of water resources (Zhang et al., 2021). Some studies have confirmed the feasibility of
applying municipal sewage as raw water to produce UPW (Lefebvre, 2018; Wang et al., 2019).
For instance, Singapore's NEWater is high-grade reclaimed water and it is produced from
municipal wastewater through membrane technology and ultraviolet (UV) irradiation (Lefebvre,
2018; Wang et al., 2019). It can be used in industries where the requirements for UPW do not
demand high quality. However, UPW is commonly employed for wafer cleaning in the
semiconductor industry, and the range of water purity is defined in accordance with the
manufacturing process. For instance, Type E-1.2 (18.2 MQ c¢m, TOC <I pg L) is used in
production of devices with line widths between 0.065 and 0.032 um and Type E-1.1 (18.2 MQ
cm, TOC <2 pg LY) for 0.09 and 0.18 pum according to the American Society of Testing and
Materials (ASTM) D5127-13 (2018) (ASTM, 2018). Therefore, UPW quality does play a
vitally important role in its preparation (Choi et al., 2016; Choi and Chung, 2019).

The UPW effluent quality affects whether a defective product incident does occur (Zhao
et al.,, 2019). Previous studies have found that urea resulted in the TOC concentrations

exceeding the limit in UPW (Rydzewski and Godec, 2002; Choi and Chung, 2019). Recently,
3
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Choi and Chung (2019) proved it through one-year monitoring of urea and TOC concentrations
in the effluent in real-life UPW production (Choi and Chung, 2019). It is difficult to remove
urea with conventional UPW treatment techniques, such as ion exchange, reverse osmosis (RO),
granular activated carbon (GAC) adsorption, and UV irradiation, due to its high solubility in
water, low molecular weight and no surface charge. These results in excessive TOC in UPW
effluent (Choi and Chung, 2019). Of the above-noted methods, GAC can remove most
macromolecules effectively without polarity, but it is hard to remove small molecules which
are easily soluble, such as urea (Schmotzer et al., 2002; Sun and Chen, 2014; Zhang et al., 2021).
RO is an indispensable process for UPW production to remove small amounts of molecular
organics. Unfortunately, the rejection rate of urea via RO was very low ranging from 20% to
50% in two studies (Yoon and Lueptow, 2005; Singh, 2016). This is mainly due to the fact that
urea is a small uncharged molecule, so it cannot be eliminated by charge repulsion or size
repulsion. In addition, UV radiation can remove most organics in water, but the maximum
amount of urea removed is less than 10% (Choi and Chung, 2019; Zhang et al., 2021) because
the N-bonds in urea cannot be destroyed by UV (Singh, 2016).

Recently, persulfate technology is regarded as one of the latest advanced oxidation
processes (AOPs) being investigated in the world to degrade organic pollutants in water and
wastewater (Ghauch et al., 2017; Al Hakim et al., 2019; Al Hakim et al., 2020; Yao et al., 2021a;
Yao et al., 2021b). Sulfate radical-based AOPs have garnered increasing interest due the sulfate
radicals’ (SO4" 7) remarkable redox potential (E° = 2.5-3.1 V) and long half-lifetime (30-40 ps)
(Dong et al., 2017; Duan et al., 2018; Zhou et al., 2020). Furthermore, persulfate can directly
eliminate some organic compounds without using radical species (Ding et al., 2021). Recent

studies have identified that any methods that can enhance the oxidation ability of persulfate,
4
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whether involving radicals, are considered to be "persulfate-AOPs" (Yang et al., 2018; Lee et
al., 2020a). Currently, persulfate-AOPs have been incorporated into the UPW production
process because it can effectively degrade urea in water (Singh, 2016; Choi and Chung, 2019).
In these studies, persulfate was activated by UV irradiation and urea was oxidized by numerous
SO4" ~. However, a UV dosage 12 times higher than normal was needed to achieve a high
removal of urea (about 90%), which subsequently greatly increased the operating costs (Choi
and Chung, 2019). Moreover, the raw water used in these studies was not reclaimed water, and
the desired removal outcomes cannot be guaranteed when the raw water quality deteriorates.

Activation method is crucial in a persulfate activation system. Although metals and their
oxide catalysts reveal superior catalytic functioning for persulfate activation, serious toxic
metal leaching and poor stability limit their extensive application (Hu and Long, 2016; Yu et
al., 2019). The persulfate activation by UV, ultrasonic or heat requires an external energy supply,
resulting in higher cost (Oh et al., 2016). Recently, typical carbon materials represented by
carbon nanotubes (Ren et al., 2019), graphene (Chen et al., 2018), nano-diamonds (Shao et al.,
2018) and biochar (Zhang et al., 2020b) have emerged as viable alternative materials in
persulfate catalysis (Ding et al., 2021). Carbonaceous-based materials are effective catalysts
and they do not require an external energy supply while metal leaching can be avoided (Oh et
al., 2016). Among them, biochar produced by pyrolysis of waste biomass has the advantage
practical application at low cost (Xiu et al., 2017).

Along with current and expanding explorations of biochar, spent coffee grounds have
attracted much interest for their practical applications (Nguyen et al., 2019a, 2019b). In this
research paper, spent coffee grounds were used as biochar precursor to decompose urea

efficiently in a persulfate catalytic system for the first time. The main objectives of this study
5
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were to: (i) prepare and characterize spent coffee grounds biochars; (ii) explore the urea
adsorption capacity of spent coffee grounds biochars; (iii) estimate the effect of the catalytic
system on urea removal and explore the catalytic mechanism; and (iv) investitage the influence
of pH, biochar dosage and persulfate dosage on the degradation of urea. This paper is expected
to provide an viable and practical technology that can enhance the current UPW production
system.

2. Materials and methods

2.1. Materials

Spent coffee grounds were collected from a café in Tianjin. Urea (analytical grade, 99%)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). 2,3-
Butanedione monoxime (analytical grade, 99%), antipyrine (analytical grade, 99%) and sodium
persulfate (Na2S20Os, analytical grade, 99%) were obtained from Shanghai Macklin
Biochemical Share Co., Ltd. (Shanghai, China). Sulfuric acid (analytical grade, 98%),
Methanol (MeOH, analytical grade, 99%) and tert-butanol (TBA, analytical grade, 99%) and
acetic acid (analytical grade, 36%) were purchased from Tianjin Jindongtianzheng Precision
Chemical Reagent Factory (Tianjin, China). All reagents or chemicals employed in this research
were used directly without further purification. The aqueous urea solutions involved in the

experiments were prepared using UPW produced in the laboratory (resistivity =<18.2 MQ cm).

2.2. Preparation of spent coffee grounds based biochar (SCG-BC)

The waste coffee grounds collected were firstly put in an oven at 110 °C and dried to

achieve a constant weight. After grinding, the spent coffee grounds were calcined in a muffle
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furnace at 900 °C, which was operated for 2 h under limited oxygen conditions. The pyrolysis
heating rate was 5 °C min™' and the obtained black material was spent coffee grounds, labeled
as SCG-BC. Further screening all samples was done with a 80-mesh sieve (<0.18 mm) (Zhang

et al., 2020b).

2.3. Characterization of SCG-BC

X-ray photoelectron spectrometry (XPS, K-alpha, USA) and Raman spectra (Renishaw
inVia) helped to analyze the valence state of elements existing on the SCG-BC surface and
structure of SCG-BC. Fourier transform infrared spectroscopy (FTIR, Is10, US) was used to
examine the functional groups of SCG-BC. The surface area and total pore volumes of the SCG-
BC were measured using the Brunauer-Emmett-Teller (BET) method.

2.4. Preliminary evaluation of urea removal

2.4.1. Catalytic activity experiments

In this study, urea was selected as the main target pollutant. Specifically, reaction solutions
were prepared with urea in deionized water (1 mg L™?). Secondly, the SCG-BC sample and 400
mL urea solution (1 mg L) were collected in a 500 mL flask. After that, persulfate was added
to induce the reaction and then the flask was placed in the shaker. The shaking rate was retained
at 180 rpm for the purpose of uniform distribution. At given time intervals (10, 30, 60, 120, 180,
240 and 300 min), the reaction sample was extracted. The sample was then filtered through a
0.45 pm polyether sulfone (PES) membrane. In order to further explore the role of radicals,
several radical scavengers were selected to inhibit the radical reaction. MeOH was used to
scavenge SO4"~ and OH" and TBA was employed to scavenge OH" (Ghauch et al., 2017).

Furthermore, the effect of persulfate and SCG-BC dosage was investigated. The initial

7
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urea concentration was 1.0 mg L™ and SCG-BC dosage was 0.2 g L. After that, persulfate was
added from 0.8 to 6 g L™ to determine the effect of persulfate dosage. Similarly, the SCG-BC
dosage varied from 0.05 to 0.8 g L™ with the initial urea and persulfate concentrations being 1
and 2 g L, respectively. Then the experiment procedures were conducted as stated above. All
the tests were done in triplicate and the data expressed as the mean values.

2.4.2. Adsorption experiments

The adsorption experiments were performed at 25 [1 with SCG-BC serving as the
adsorbent. Firstly, a urea solution was prepared in deionized water (1 mg L™). Subsequently,
the SCG-BC sample and 400 mL urea solution (1 mg L) were put into a 500 mL flask, which
was then placed in the shaker. The shaking rate was kept at 180 rpm for the uniform distribution
and the reaction sample was extracted after 5 hours. Subsequently, the sample was filtered
through a 0.45 pm polyether sulfone (PES) membrane. To determine the adsorption effect of
SCG-BC dosage, SCG-BC with different dosages (0.05, 0.1, 0.2, 0.4 and 0.8 g L'l) were
employed. All the experiments were repeated in triplicate.

2.5. Determination of urea concentration

The urea concentration was analyzed using UV-Vis spectrophotometer (Shimadzu, UV-
2600). Specifically, the 10 mL water sample was placed in a 25 mL brown tube and diluted to
25 mL with pure water. Subsequently, 1.0 mL 2,3-Butanedione monoxime (2%) and 2.0 mL
antipyrine (0.2%) were put into the tube. After mixing, the samples were put into a boiling water
bath for 50 min and then cooled in a tube filled by running tap water for 2 min. Following that

the urea concentration was determined by UV at 460 nm.
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3. Results and discussion
3.1. Characterization of SCG-BC

The specific surface area of SCG-BC was 315.5 m? g'! and the pore volume was 0.34 cm?
gl The large specific surface area could reinforce the adsorption of pollutants. It can promote
the electron transfer process during catalysis (Dutta et al., 2014), which encouraged the catalytic
reaction since it is known that carbon catalysts have two crucial characteristics peaks: D peaks
(1320-1350 cm™) and G peaks (1570-1585 cm™") (Wang et al., 2012). Furthermore, the higher
In/IG (D peaks and G peaks intensity ratio) value indicates the higher level of disorder. As shown
in Fig. 1a, SCG-BC had two major characteristic peaks at 1350 and 1595 cm’!, respectively.
The D peak at 1350 cm™ in this work reflected the extent of disorder regarding SCG-BC (Ferrari
and Robertson, 2000). Another G peak at 1595 cm™ demonstrated the existence of graphitic
carbon. In addition, the Ip/Ig value represents the intensity ratio of D peak and G peak, which
was determined by calculating the peak area. Fig. 1a indicated that the Ip/Ig was 1.20 and the
high temperature during pyrolysis may lead to defective edges appearing at the biochar
boundaries (Keiluweit et al., 2010; Guizani et al., 2017). As well, the character of 2D near 2800
cm’! showed that SCG-BC had the characteristic several-layered graphite structure. This may
be due to the increasing temperature, which can lead to the phase transition from amorphous
carbon to graphitized carbon (Liu et al., 2020; Zhou et al., 2020).

From the FTIR analysis of SCG-BC (Fig. 1b), the centered at 3441, 1636, 1380 and 675
cm’! could be observed. The band at around 3441 cm™! denoted the characteristic stretching of
-OH, the peak at 1636 cm™ was attributed to C=C or C=0, while the band at around 1380 cm’
!'belonged to the vibration of carboxyl C-O. Furthermore, the aromatic C-H vibration is

recognized at around 675 cm™ (Hu et al., 2020b; Zhang et al., 2020a). Overall, the SCG-BC
9



207  prepared at 900 [J still retained a variety of functional groups, which may play a critical role

208  in subsequent adsorption and catalytic reactions.
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209
210 Fig. 1. (a) Raman spectra and (b) FTIR spectra of SCG-BC
211 3.2. Evaluation of urea removal
212 3.2.1. Urea removal by SCG-BC adsorption
213 In general, GAC is essential in the UPW system because it has a strong adsorption capacity.

214  Pollutants such as suspended solids, ions and macromolecular organics in water can be removed
215 by GAC in the pretreatment stage (Schmotzer et al., 2002). Compared with activated carbon,
216  biochar is cheaper and can be obtained from waste products. It has recently shown considerable
217  potential as a low-cost replacement material of GAC for eliminating contaminants (Oleszczuk
218 etal., 2017; Xu et al., 2017; Zhu et al., 2019b). Furthermore, the removal effect of biochar on
219  pollutants could be better than that of activated carbon in some cases (Ahmad et al., 2014;
220 Huggins et al., 2016; Liang et al., 2019). For this reason, it is economical and feasible to choose
221  biochar as an alternative material analogous to activated carbon in the pretreatment process
222 required for UPW production. Meanwhile, the operational costs can be minimized or better

223  controlled. On this basis the adsorption effect of SCG-BC when removing urea was initially
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Fig.2. Efficiencies of urea removal using SCG-BC adsorption (Cp represent the initial
urea concentration (mg L) in the solution; C; represent the urea concentration (mg L) in the
solution after the degradation reaction.)

In the preliminary test the adsorption experiments were completed. As shown in Fig. 2,
adding a small amount of SCG-BC (0.05, 0.1 g L) could not remove urea. With the increase
in the biochar dosage, the urea removal rate did improve to a certain extent. However, there was
no further improvement in urea removal efficiency after the SCG-BC dosage exceeded 0.2 g L~
! It was inferred that the adsorbed pollutants were released from the adsorbent into the water.
It was also caused by the small concentration of urea as the urea concentration gradient between
solution and adsorbent surface and mass transfer driving force were higher in the high urea
concentration scenario (Liu et al., 2013). Clearly, adding biochar alone to remove urea was not
ideal, and the best removal rate could only reach 11%. It is speculated that since biochar
material had high hydrophobicity, its affinity for urea was low owing to the hydrophilic nature

of urea (Mortazavian et al., 2019; Clurman et al., 2020; Nguyen et al., 2021; Zhang et al., 2021).
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3.2.2. Urea removal by SCG-BC activating persulfate

Fig. 3 illustrates that SCG-BC can effectively activate persulfate and greatly improve the

amount of urea removed in the catalytic system by as much as 73%.

al SCG-BC +0.8 g L-1 PS
08}

- & .+ SCGBC+1gL-1PS

@) 0.6

504_ SCG-BC + 4 g L-1 PS

~ SCG-BC+6gL-1PS

02| ) SCG-BC +2gL-1PS
0.0l

0 50 100 150 200 250 300

Time (min)

Fig. 3. Urea removal efficiencies in the catalytic system ([SCG-BC] 0.2 g L'}, [urea] 1 mg L'!;
Co represent the initial urea concentration (mg L) in the solution; C; represent the urea
concentration (mg L) in the solution after the degradation reaction.)

The degradation of urea for all treatments reached equilibrium after 30 min and the
degradation efficiencies of urea rose extensively after persulfate was added. Along with the
elevation of the persulfate dosage from 0.8 to 2 g LI, the urea removal efficiency improved
proportionally. The highest efficiency in removing urea was 73% at 2 g L' of persulfate
concentration, which rose 6.5-fold compared with SCG-BC adsorption alone. This means that
a higher persulfate concentration benefited the generation of larger amounts of reactive radicals.
Since persulfate was the source of reactive radicals, a higher persulfate concentration can
theoretically produce more reactive radicals. Thus, urea can be degraded by the SCG-BC

/persulfate catalytic system. The persulfate radical also played a decisive role in removing urea.

12
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However, when the persulfate concentration exceeded 2 g L™, the urea degradation efficiency
declined to some extent when a larger oxidant dosage was employed. Similar outcomes were
documented in other research (Li et al., 2019; Lee et al., 2020b). As reported by these studies,
it was caused by the scavenging effect on sulfate with superfluous persulfate. Specifically,
functional groups on the surface of SCG-BC (such as -OH, C=0, carboxyl C-O, C=C) may
work as catalysts for the electron-transfer mediator and decomposition of PS (Lee et al., 2020b).
SO4" ™ could be then released immediately with the persulfate decomposition. Excessive SO4" ~
might scavenge amongst themselves or consume the remaining persulfate (Lee et al., 2020b),
resulting in diminished ability to remove urea (see Eq. (1) and (2)):
SOs" ™+ SO4~ — S208°~ (1
S208%" + S04~ — S$205" ™ + SO4*~ (2)

It was presumed that the activation of the sulfate radical activation was primarily attributed
to biochar, and some studies have proved that biochar could effectively help produce sulfate
radicals (He et al., 2019; Luo et al., 2020; Zhou et al., 2020). Generally, SO4*~ generation during
the persulfate activation process was mainly due to the acceptance of electrons from the catalyst
to persulfate, which led to cleaving of the -O-O- bond in persulfate (Zhu et al., 2019b). Overall,
the capacity of SCG-BC to provide electrons might be explained in two ways. On one hand, the
highly graphitized carbon structure of SCG-BC despite its many defects was beneficial to the
electron transfer between persulfate and SCG-BC (Zhu et al., 2019b; Luo et al., 2020). On the
other hand, oxygen functional groups such as -OH, C=0, and the conjugated aromatic structure
(C=C) on the surface of SCG-BC can act as the electron transfer mediator during the persulfate
activated process (Wu et al., 2018; Zhang et al., 2020a). To further analyze the possible urea

removal pathway, the XPS spectra of SCG-BC before and after reaction were examined. The
13
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detailed analysis is described in more detail in section 3.3.
3.2.3. Effect of SCG-BC dosage

As shown in Fig. 4, the best possible SCG-BC dosage was 0.2 g L™ for activation
persulfate to decompose urea. The degradation of urea was enhanced as SCG-BC dosage
increased in the 0.05 - 0.2 g L™ range. For instance, approximately 63% of urea was degraded
with 0.05 g L't SCG-BC, whereas about 73% of urea was degraded with 0.2 g L* SCG-BC,
which agrees with other studies (Wu et al., 2018; Ouyang et al., 2019). A higher SCG-BC
dosage can encourage more active sites to activate persulfate. However, an excessive SCG-BC
dosage (from 0.2 to 0.8 g L) caused the urea removal rate to fall to 66%. This is caused by

radical-radical reaction as shown in Eq. (1) (Zhu et al., 2019a):

1.0

0.8

C(/Co

(]

I‘——'\- /§

02

0.05 0.1 0.2 04 0.8
SCG-BC dosage (g L-1)

Fig. 4. The effect of SCG-BC dosage in the catalytic system ([persulfate] 2 g L™, [urea] 1
mg L'; Corepresent the initial urea concentration (mg L) in the solution; C; represent the
urea concentration (mg L) in the solution after the degradation reaction.)
3.2.4. Effect of initial pH on urea removal
pH is an important operating parameter for persulfate activation. The effect of initial

solution pH on urea removal was investigated, and the results were shown in Fig. 5. The urea
14
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degradation efficiencies were 60%, 63%, 73% and 61% when the initial pH was 3.0, 5.0, 7.0
and 9.0, respectively. It suggested that initial solution pH had a weak effect on the SCG-BC
/persulfate system, so as it could remove urea effectively in a wide pH range (3.0 to 10.0) and
the optimum initial pH of the system was at neutral condition. In addition, the initial pH of urea
(1 mg L) was around 7.0 without pH adjustment, which could reach the best removal effect.
It was noticed that after reaction, the final pH value dropped rapidly to 2.87, 3.42, 3.53 and 3.79
when the initial pH were 3.0, 5.0, 7.0 and 9.0, respectively. It was due to the acidification caused
by the addition of persulfate (Hu et al., 2020a). In the UPW system, sulfate ions can inevitably
be produced when persulfate was used to remove urea in reclaimed water. Therefore, the
process should be introduced into the pretreatment stage and sulfate ions can be removed
effectively through the subsequent desalination stage. In addition, reducing the dosage of

persulfate is also necessary to lower the impact of sulfate ions on UPW system.

<
N
T

=)
9]
T

Fig. 5. The effect of pH in the catalytic system ([persulfate] 2 g L', [SCG-BC] 0.2 g L,
[urea] 1 mg L!; Corepresent the initial urea concentration (mg L') in the solution; C;

represent the urea concentration (mg L) in the solution after the degradation reaction.)
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3.3. The urea degradation pathway

In order to investigate the degradation mechanism of SCG-BC /persulfate system, it was
necessary to determine the radicals produced in the system. According to the relevant reports
(Ghauch et al., 2017), MeOH could strongly scavenge OH" and SO4" ~, while TBA had high
reactivity to OH" and weak reactivity to SO4° . Therefore, methanol and TBA were selected as
quenchers to determine the contribution of radicals in the SCG-BC /persulfate system.

Four systems were used for comparison: System 1 was the control group without
quenchers; System 2 was the OH" scavenging system by adding TBA; System 3 was the OH"
and SO4"~ scavenging system by adding MeOH; and System 4 was consisted of persulfate only
without quenchers and catalysts. When OH" and SO4° =~ were removed (system 3), the urea
degradation was significantly reduced and could only reach 49% (Fig. 5a). Conversely, after
TBA was added, only SO4" ~ remained in the urea solution, but the degradation rate can still
reach 66%. It was concluded that SO4"~ was the main radical in the SCG-BC /persulfate system.

Fig. 5b presented the contribution of each radical in the urea oxidation process. The best
urea degradation rate was 73% without any quenchers. Of note, as the direct oxidation by
persulfate was a completely nonradical process without any radicals, the effect of excessive
MeOH can be ignored (Ding et al., 2021). Therefore, MeOH quenching experiment showed
that 49% of urea degradation was caused by the direct reaction between persulfate and urea.
Furthermore, TBA quenching experiment demonstrated that 66% of urea degradation is due to
the direct reaction and SO4~, of which 49% was caused by the direct reaction, and the rest 17%
is due to the contribution of SO4" . However, results showed that the urea degradation rate was

55% when persulfate was added alone. It was speculated that OH" may be produced by

16



334  persulfate dissolved in water (see Eq. (3)-(5) (Huang et al., 2021)). Moreover, it can be inferred
335  the contribution of OH" in the catalytic system was weak, only about 1 %, which may be formed

336 by the reaction of SO4"~ with water (Eq. (6) (Ghauch et al., 2017)).

337 S205%” + H,0 — SOs*>™ + S04* + 2H" 3)
338 SOs%™ + HO — SO4> + Hy0, 4)
339 H,0, — 2 OH" (5)
340 SO4 ™+ HO — OH"+ HSO4~ (6)
(a) (b)
1.0
SCG-BC/Persulfate
08k 73 %
_ 06}
&5 .
O il ¥ SCG-BC catalysis Persulfate only
I 18 % 55%
02F
0.0 A | R | | R | _: OH. SO OH- Direct reaction
‘No quencher ~ TBA MeOH Persulfate only 1% 17 % 6% 49 %
Quenching agent
341
342 Fig. 6. (a) Effect of MeOH and TBA on urea degradation in SCG-BC /persulfate and in
343 persulfate-only systems; (b) Contribution of each radical.
344 The possible pathway of urea degradation by catalysis was analyzed and characterized by

345 XPS and FTIR methods. The peaks at around 3441, 1636 and 1380 cm™, represented the
346  stretching vibration of -OH, C=0 or C=C, carboxyl C-O, respectively. The peak vibration
347  intensity at around 3441, 1636 and 1380 cm™ were significantly reduced compared with those
348  before the reaction (Fig. S1). This means that the oxygen functional groups (-OH, C=0,
349  carboxyl C-O) were consumed in the catalytic process, resulting in the weakening of peak
350 vibration intensity. Moreover, the conjugated aromatic structure (C=C) contributed to this

351 process, so these oxygen functional groups and structure may activate the persulfate.
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Specifically, they could provide electrons for persulfate, and the persulfate could be activated
by accepting electrons from SCG-BC, and in this way the catalytic process worked successfully.

To obtain more detailed information about SCG-BC before and after activation, XPS was
used to detect C and O contents (see Supplementary Materials). The characteristic peaks of C1
and Ols were located at around 285 and 533 eV, respectively. After reaction the oxygen content
clearly rose and it was attributed to the surface oxidation of SCG-BC. The surface functional
groups were oxidized as intermediates in the electron transfer process, thus increasing the
oxygen content. Additionally, the surface oxidation of SCG-BC may also result from the highly
oxidation-prone environment, which was generated by free radicals during the reaction (Liu et
al., 2020).

The Cls spectra in Fig. 7a and 7c exhibited varieties of different functional groups of SCG-
BC before and after reaction. Fig. 7a reveals that a wide C1s peak of original SCG-BC consisted
of three primary compounds centering at 284.8, 286.1 and 288.1 eV, which were attributed to
graphite C/C-C/C-H, C=0 and COOH, respectively. For used SCG-BC (Fig. 7c), three main
species centering at 284.8, 286.2 and 288.8 eV can also be attributed to graphite C/C-C/C-H,
C=0 and COOH, respectively (Liu et al., 2020; Zhou et al., 2020). Apparently, the ratio of
graphite C (284.8 eV) in SCG-BC was as high as 78.73% but these declined significantly to
55.11% after reaction, while the peaks belonging to C=0 (286.1 eV) and COOH (288.1 eV)
increased from 15.32%, 5.95% to 32.54% and 12.36%, respectively. Consequently, these results
confirmed the transformation of the SCG-BC’s surface functional groups. Moreover, graphite
C might play a significant role in persulfate activation (see Eq. (7) (Li et al., 2017)):

BC-n+ 8,082 — BC-n"+ S04 +HSO4~ (7)

In addition, the Ols spectra of SCG-BC are depicted in Fig. 7b and 7d. For pristine SCG-
18
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BC (Fig. 7b), three main species centering at 531.1, 533.0 and 535.8 eV could be attributed to

C=0, C-OH/C-0O-C and O2/H0, respectively. For used SCG-BC (Fig. 7d), the peak could also

fit into the three species, i.e. 531.4, 533.0 and 533.9 eV, performing the stretching vibration of

C=0, C-OH/C-0-C and O2/H>O0, respectively (Zhou et al., 2020). Obviously, the peak assigned

to C=0 (531.1 eV) dropped from 58.75% to 32.12%, while the peak assigned to C-OH/C-O-C

(533.0 eV) increased from 34.91% to 40.70%. These results suggested that these oxygen-

containing functional groups, namely C=0 and C-OH/C-O-C, all participated in the catalytic

process as electron donors and essentially the outcomes are consistent with what FTIR found.

(@) 80000
—— SUM Before Cls
70000 1 5g4.8 eV (78.73%)
60000 F —— 286.1 eV (15.32%)
ﬁ ———288.1 eV (5.95%
2 50000 - (5.95%)
Z C (graphite)/C-C/C-H
S 40000 | (graphi.
S
30000 +
20000 - COOH
10000
0 .
291 288 285 282
Binding energy (eV)
(c)
10000 — SUM Before Ols
———531.1 eV (58.75%)
533.0 eV (34.91%) /
. 25000 F —— 535.8 eV (6.35%) .‘"
£ Cc=0 f
5 f
o) ] |
E 20000 F Y
C-OH/C-0-C \ \
/ \
15000 | 0,/H,0 f \
b \
10000 -

543 540 537 534 531 528
Binding energy (eV)

(b)

Intensity

Intensity

60000 —— SUM After Cls
—— 2848 eV (55.11%)
50000F —— 286.2 eV (32.54%)
—— 288.8 eV (12.36%)
400001
C (graphite)/C-C/C-H ||
30000-
200001
10000F
0,
294 291 288 285 %2
Binding energy (eV)
25000
——SUM After Ols
——531.4 eV (32.12%)
——533.0 eV (40.70%)
20000 533.9 eV (27.17%)
15000 | C-OH/C-0-C;
0,/H,0
10000 |
5000

543 540 537 534 531 528
Binding energy (eV)

Fig. 7. (a) Cls spectra of SCG-BC before (a) and after (b) reaction; Ols spectra of SCG-

BC before (c) and after (d) reaction

Overall, persulfate activation was closely related to these oxygen functional groups and
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graphite C. Some studies confirmed that sp> carbon is too inactive to decompose persulfate,
while sp? carbon and oxygen functional groups are responsible for persulfate activation (Duan
et al., 2016). In this present study, graphite C might act as an active site to decompose persulfate
to form SO4" "~ as shown by Eq. (3). Furthermore, the oxygen functional groups (-OH, C=0)
played a significant role in the persulfate activation as depicted in Eq. (8) - (9) (Li et al., 2017;
Zhu et al., 2019b):

BCourt - OH + S2082" — BCaut - O"+ SO4”~ + HSO4~ (8)

BCsut— C=0 + 82082_ — BCsurt— C-O" + SO4"~ + HSO4™ (9)

4. Conclusions

In this work, the introduction of SCG-BC/persulfate process into UPW system was
proposed for the first time. It was proved that SCG-BC/persulfate degraded urea in reclaimed
water effectively and ensured the UPW effluent quality. Results indicated that SCG-BC can
only adsorb small concentrations of urea in water. However, using SCG-BC activating
persulfate can greatly improve efficiency in urea decomposition. The oxygen functional groups,
graphite C and defect structures in SCG-BC were the essential active centers to activate
persulfate and SO4” ~ played a vital role on the urea removal in this system. Additionally, the
persulfate concentration and SCG-BC dosage were important factors in the SCG-BC /persulfate
system. It was discovered that too much persulfate and SCG-BC can undermine the urea
removal efficiency. The process could degrade urea effectively in a wide pH range due to slight
effect of pH on the catalytic system. To sum up, the SCG-BC /persulfate system is a promising
option for efficient urea removal in the UPW production system. In view of the complexity of

the actual reclaimed water and diversity of carbon-based catalysts, further studies on
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competitive adsorption and other carbon-based catalysts must be urgently undertaken.
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