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Abstract

This study evaluated the performance of spent coffee biochar (SCBC)/granular activated
carbon (GAC) activating peroxymonosulfate (PMS) and peroxydisulfate (PDS) for urea
degradation in reclaimed water used for ultrapure water production. Results showed that
catalyst and oxidant wielded a great influence on urea removal. Of them, the GAC-PMS
system could completely remove urea at the least oxidant (1 g/L) and catalyst dosage
(0.2 g/L). GAC activating PMS mainly depended on graphite C structure and minor
oxygen functional groups. However, the amounts of urea removed by 600BC-PMS and
900BC-PMS were 57% and 70%, respectively. In the PDS system, the urea removal
through GAC-PDS could reach 90%, which mainly depends on the graphite C structure
of GAC. Using the same conditions, the urea removal of 900BC-PDS was similar to

GAC-PDS, so it has some potential as an alternative to commercial GAC.

Keywords: Biochar; granular activated carbon; persulfate activation; ultrapure water;

urea

1. Introduction

The semiconductor industry consumes a lot of water, especially given the
increasingly finite water resources that Earth has. Water restrictions and shortages have
put great pressure on the semiconductor industry’s future. At present, using reclaimed
water as raw water is a practical strategy for providing abundant raw water resources
and makes recycling of water more viable. However, compared with tap water, the
organics content in reclaimed water is higher, and some small molecular organics such

as urea can only be removed with difficulty through the existing ultrapure water (UPW)



system (Choi and Chung, 2019; Zhang et al., 2021). Therefore, removing urea from
reclaimed water is essential for retaining a high quality UPW effluent.

Recently, advanced oxidation processes (AOPs) based on persulfate have garnered
much scientific attention (Ding et al., 2021; Luo et al., 2018). However, the direct
reaction of persulfate with most organics is relatively slow and needs to be activated
(Shen et al., 2020). Common activation methods include photocatalytic (Shen et al.,
2020), heating (Wang et al., 2021), transition metal and carbon-based materials (Dong et
al., 2019; Liang et al., 2019). Of these, adding carbon-based materials does not require
external energy while avoiding the harm of metal leaching is an effective activation
method. Granular activated carbon (GAC) is regularly used in heterogeneous catalysis
due to its large specific surface area (SSA) and porous structure (Jung et al., 2016).
Furthermore, biochar (BC) obtained by pyrolysis of waste biomass has similar
physicochemical properties, since it is both economical and environmentally friendly,
and subsequently attracted much attention (Dong et al., 2017; Luo et al., 2020; Zhang et
al., 2020a). However, it was found that the persulfate activation effect and mechanisms
of GAC and BC were different (Liang et al., 2019), even for BCs prepared by different
pyrolysis temperatures (Yu et al., 2020). Currently, it is still unclear what are the urea
removal effect and mechanism when employing these carbon-based materials.

Persulfate includes peroxymonosulfate (PMS) and peroxydisulfate (PDS) which
have symmetrical and asymmetrical structures, respectively. The structural differences
between PDS and PMS mean that the activation pathways of both also vary (Lee et al.,
2020). Researchers have pointed out that both the contaminants removal performance

and reaction mechanism of PMS and PDS differ, even when using the same catalyst
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(Ding et al., 2021). It was reported that the O—O bond energy of PMS was higher than
that of PDS, so it could be more complicated to activate PMS using the same conditions
(Huang et al., 2021).

Consequently, to demonstrate the effectiveness of urea removal with the carbon-
based materials-persulfate system, the BC prepared by two pyrolysis temperatures and
commercial GAC were selected. Specifically, the removal of urea and underlying
mechanism were assessed for the PMS and PDS systems activated by these carbon-
based materials, respectively. The main objective of this study was to evaluate urea
removal ability and reaction mechanism of carbon-based materials-persulfate systems,
and offer a theoretical basis for future practical application. The investigations were: (1)
urea adsorption of three carbon-based materials; (2) urea removal performance by
PDS/PMS systems; (3) the influences of each catalytic system and the optimal removal
conditions; and (4) the activation mechanisms of each catalytic system.

2. Materials and methods
2.1. Materials

Urea (CH4N20, 99%) was obtained from Shanghai Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). Peroxymonosulfate (2KHSOs*KHSO4¢K>SO4, active oxygen
4.5%) and sodium persulfate (Na2S20s, 99%) were purchased from Shanghai Macklin
Biochemical Share Co., Ltd. (Shanghai, China). GAC was bought from Tianjin Guangfu
Technology Development Co., Ltd. (Tianjin, China).

The SCBC used in this study was prepared from spent coffee grounds, and the
preparation method was as follows (Zhang et al., 2020b). Firstly, the collected spent

coffee grounds were dried to a constant weight in an oven, and then calcined in a muffle
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furnace. The pyrolysis temperatures were set at 600 °C and 900 °C under limited
oxygen for 2 h, and the pyrolysis heating rate was 5 °C /min. The obtained black solids
were SCBC prepared at different temperatures, recorded as 600BC and 900BC,
respectively.
2.2. Characterizations

The surface functional groups and structures of carbon-based materials were
detected by Fourier transform infrared (FTIR, Nicolet iS10, US) and Raman Spectral
(Renishaw inVia, UK), respectively. The elements valence state changes occurring in
carbon-based materials were revealed by X-ray photoelectron spectrometry (XPS, K-
alpha, USA). The SSA and porosity of carbon-based materials were determined utilizing
the Brunauer-Emmett-Teller (BET) method. As well, 1 g carbon-based materials and 20
ml deionized water were mixed at 150 rpm and 25 °C for 24 hours, and this helped to
detect the pH and electrical conductance (EC) for suspension (Hu et al., 2020). Ash
refers to the inorganics left after burning and was calculated by the mass loss after
incineration at 800 °C for 4 hours (Hu et al., 2020). The ash content is expressed as:

Ash content (%) = (m:-m2)/ (m3z-mz) x100 (1)

Where, my is the weight of the crucible and sample after pyrolysis, m; is the weight
of the crucible and ms is the weight of the crucible and sample before pyrolysis.
2.3. Catalytic experiments

Specifically, the urea solution (1 mg/L) was prepared with UPW and 400 ml was
poured into a 500 ml conical bottle. Secondly, the carbon-based material was added.
After that, persulfate was added and placed in a shaker to react for 5 h at 180 rpm and

temperature of 25 °C. The samples were filtered through a 0.45 um polyether sulfone
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(PES) membrane before detection. Different persulfate dosages (0.8, 1.0, 2.0, 4.0 and
6.0 g/L) were selected to determine the influence of persulfate dosage, when urea
concentration (1 mg/L) and the dosage of carbon-based material (0.2 g/L) were constant.
Similarly, the different carbon-based material dosages (0.05, 0.1, 0.2, 0.4 and 0.8 g/L)
were chosen to demonstrate the impact of carbon-based material dosage. All
experiments were done in triplicate.
2.4 Adsorption experiments
The adsorption experiments were carried out with three carbon-based materials at
25 °C. Specifically, the urea solution (1 mg/L) was prepared with UPW and 400 ml was
poured into a 500 ml conical bottle. Following this, the carbon-based material was
added and placed in a shaker to react for 5 h at 180 rpm. The samples were filtered
through a 0.45 pm polyether sulfone (PES) membrane before detection. Different
carbon-based material dosages (0.05, 0.1, 0.2, 0.4 and 0.8 g/L) were chosen to ascertain
the influence of dosage. All experiments were conducted in triplicate.
2.5 Determination of urea concentration
The urea concentration was detected by the 2,3-Butanedione monoxime method.
Specifically, 10 ml sample was added into the tube and diluted to 25 ml with UPW.
Then, 1.0 ml 2,3-Butanedione monoxime (2%) and 2.0 ml of antipyrine (0.2%) were
added. After blending, a boiling water bath was used for 50 minutes as part of the
experiment and then cooled with tap water for about 2 minutes. Finally, samples were

detected by UV-Vis spectrophotometer (Island Ferry, UV-2600) at 460 nm.



3. Results and discussion

3.1 Characteristics of carbon-based materials

The ash content and pH of 900BC were higher than that of 600BC (see Table 1),
indicating that the higher pyrolysis temperature caused the higher ash content and pH
value. This was due to the more inorganics retained in the BC at the higher pyrolysis
temperature (Hu et al., 2020). As a result, base cation and carbonate concentrations in
the BC increased, while acidic functional groups decomposed at high temperature and
pH increased (Kwak et al., 2019). Furthermore, the pH value of GAC was higher than
600BC and 900BC, which indicated that GAC contained more alkaline groups. The EC
of these carbon-based materials was in the 1.49 to 4.82 ms/cm range, from highest to
lowest: GAC, 900BC, and 600BC. Compared with 600BC, the EC of 900BC increased
significantly and this could be attributed to the rising pyrolysis temperature. The loss of
volatile substances increased the content of salinity in the ash fraction (Cantrell et al.,
2012; Stefaniuk and Oleszczuk, 2015). The EC of GAC was highest; therefore GAC
suspension might have higher salinity and stronger conductivity than 600BC and 900BC.

Table 1 Physicochemical properties of 600BC, 900BC and GAC

Hu et al. (2020) found that the increase of thermal temperature enlarged the SSA
and total pore volume of BC. The same results could be seen from Table 1. Clearly, the
SSA and total pore volume of 900BC increased compared with 600BC, while the
average pore size declined. Additionally, the SSA, total pore volume and average pore
size of GAC were much higher than 600BC and 900BC. The N2 adsorption/desorption

isotherms of three carbon materials were presented in Fig. S4. 600BC and 900BC
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conformed to type | isotherms, indicating that they were mainly composed of
micropores (Dai et al., 2020; Kim and Ko, 2020). There were no obvious hysteresis
loops, suggesting that 600BC and 900BC featured only limited mesoporosity (Rezma et
al., 2017). From the pore distribution, the micropores of 900BC slightly increased
compared with 600BC, resulting in a certain increment in the SSA and total pore
volume. Conversely, GAC was suited to type IV isotherm, and a hysteresis loop
appeared at P/Po from 0.4 to 0.6, suggesting there were both micropores and mesopores
in GAC (Tian et al., 2018). The micropores and mesopores of GAC appeared to be
much more numerous than BC. Therefore, GAC had a larger SSA and more porous
structure than other two BCs, so it may provide more active centers to activate
persulfate (Luo et al., 2020).

The peak at around 3424 cm™ represented the stretching vibration of —OH (see
supplementary material). The vibration intensity of three carbon-based materials from
highest to lowest was 600BC, 900BC and GAC, indicating that the decomposition of -
OH might be accompanied during the pyrolysis process (Zhou et al., 2021). The band at
2930 cm'! corresponded to the antisymmetric stretching of -CHz, which disappeared
when the pyrolysis temperature was high, implying that most of the aliphatic
compounds were converted into carbon dioxide and other gases (Hu et al., 2020). The
peak at 1720 cm™ was attributed to the stretching vibration of carboxyl C=0. During the
high temperature pyrolysis process, the carboxyl C=0 disappeared and the acidic
functional groups decreased. The band at around 1628 cm™ belonged to the stretching
vibration of aromatic C=0. The peak intensity of 900BC was weaker than 600BC,

which indicated that higher temperature reduced the carbonization caused by aromatic
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cracking and improved the level of graphitization (Kim and Ko, 2020). Additionally, the
band at 1398 cm™, 1063 cm™ represented the vibration of C=C, C-O-C, respectively.
Obviously, the functional groups of 600BC were more abundant than 900BC. For GAC,
there was no obvious stretching vibration of carboxyl C=0, and the stretching vibration
intensity of C=0 was weaker than BCs, but C = C and C-O-C were stronger.

With respect to Raman spectra, two obvious peaks were observed for all carbon
materials: D peak (around 1348 cm™) and G peak (about 1603 cm™?), representing the
degree of structural defects and graphitization of carbon materials, respectively. It can
be inferred that these three materials have defective structure and graphite structure
concurrently (Kim and Ko, 2020). Meanwhile, the 2D band at around 2700 cm* could
display the degree of three-dimensional graphite orientation (Kim and Ko, 2020; Prado
et al., 2019), indicating the few layers graphite structure of these carbon-based materials.
The D peak of 600BC was wider than others, demonstrating that it had more defect
structure and poorer crystallinity, which was well correlated with the EC results.
Previous research did report the same results that the poorer structural order of carbon-
based material might lead to a lower EC value (Prado et al., 2019). In addition, the Ip/lg
value can reflect the disorder degree of carbon material, while higher Ip/lg ratio
represents higher disorder (Forouzesh et al., 2019b). The Ip/ls values of 600BC, 900BC
and GAC were 3.49, 3.16 and 2.50, respectively. The value of BC was higher than GAC,

which may be caused by high pyrolysis temperature (Zhou et al., 2020).



3.2 Adsorption of urea by different carbon-based materials

As can be seen from supplementary material, the adsorption of these carbon-based
materials for urea was very limited. It was mainly due to the hydrophilic nature of urea,
whereas BC and GAC were hydrophobic (Nguyen et al., 2021). With an increasing
adsorbent dosage, the adsorption effect on urea did not improve significantly, which was
not consistent with other analyses (Safwat and Matta, 2018). Safwat et al. (2018) found
that GAC could adsorb about 30% urea (1000 mg/L) under alkaline conditions (pH =9).
The reason for this phenomenon may be the considerable difference in the urea’s initial
concentrations. The mass transfer resistance between high urea concentration and
carbon-based materials was slight, which may enable their adsorption effect to improve
(Liu et al., 2013).

3.3 Urea removal by the PDS activation system

3.3.1 Urea removal performance

Results indicated that PDS alone can remove approximately 50% of urea (Fig. 1),
indicating that persulfate anion can directly oxidized part of urea (see Eq. (2) (Choi and
Chung, 2019). With the increment of PDS dosage, the urea removal efficiency
improved slightly. However, with the PDS concentration rising from 0.8 g/L to 6 g/L,
the urea removal rate only increased by 8%. This suggested that the addition of PDS
alone was ineffective and uneconomic.

CO(NH2)2 + 7H20 + 8NazS;0s — CO2 +2NO* +16Na* + 16S0+* + 18H*  (2)

As can be seen in Fig. 1, the urea removal was enhanced via adding carbon-based

materials to activate PDS. The urea removal efficiency of PDS systems activated
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through 600BC, 900BC and GAC can reach 74%, 73% and 80% respectively. When the
PDS concentration was low (<1 g/L), the GAC-PDS system can remove about 60% of
urea, while the removal efficiencies of 600BC-PDS and 900BC-PDS were not ideal. It
could be explained by the high EC value, which was beneficial to accelerate mass
transfer. In addition, the large SSA and porous structure of GAC resulted in more active
sites. As well, the poor urea removal efficiency of 900BC-PDS and 600BC-PDS
systems may be due to the combined effect of three reasons, namely, the lack of active
sites of BC, the low PDS concentration and the competition for PDS between BC and
urea (Forouzesh et al., 2019b; Liang et al., 2019). With the same low PDS amount (0.8,
1 g/L), 900BC with higher SSA and pore volume, showed lower urea removal
efficiency compared to 600BC. It can be explained from the following BC
characteristics that the main factor affecting the catalytic performance of BC might be
the oxygen functional group rather than SSA and pore volume (Liang et al., 2019). With
the increase of PDS dosage, the three PDS systems’ urea removal efficiency rose. When
the PDS concentration was 2 g/L, the efficiency of 900BC-PDS system was the best
(73%). When the PDS concentration was 4 g/L, the 600BC-PDS and GAC-PDS systems

exhibited the highest removal efficiencies of 74% and 80%, respectively.

Fig. 1. Comparison of urea removal by the PDS catalytic systems ([Carbon-
based materials] 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.)

Thus, it can be inferred that the PDS dosage had a considerable effect on the
carbon-based material-PDS catalytic system. A higher PDS concentration can

noticeably enhance urea removal efficiency. However, when the PDS concentration
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exceeded the optimal dosage, the urea degradation efficiency dropped. It might be that a
high concentration of PDS can scavenge sulfate radical (see Eq. (3) (Wei et al., 2016)).
In addition, excessive PDS might produce sulfate anion without activation, which
compromises urea removal efficiency. Meanwhile, sulfate anion also inhibited the
production of HO+ (Hou et al., 2012).

S,08% + SOs™ — S20g7 + S02~  (3)

Overall, by comparing the urea removal performance of three carbon-based
materials-PDS systems, it emerges that the urea removal by 600BC-PDS and 900BC-
PDS was equivalent to GAC-PDS in some cases. Therefore, BC is expected to be a
good alternative to commercial GAC as a ‘green’ and economical carbon-based material

for removing urea by a carbon-based material-PDS catalytic system.

3.3.2 Effect of carbon-based material dosage

As shown in Fig. 2, the urea removal efficiency of GAC and 600BC rose when the
dosage increased. When the dosage GAC and 600BC was 0.8 g/L, the removal rate can
reach 90% and 70%, respectively. Apparently, the dosage of carbon-based materials was
also a decisive factor in the carbon-based materials-PDS catalytic system. Higher
carbon-based materials dosage can provide more active sites for activated PDS (Wu et
al., 2018). Compared with 600BC-PDS, the GAC-PDS system functioned better, which
may be due to the higher EC value, larger SSA and pore volume of GAC. However,
when the dosage of 900BC was 0.2 g/L, the urea removal rate at its best reached 73%
and the urea removal rate fell when the dosage continued to increase. Similar to prior

studies, it can be inferred that excessive catalysts competed with the generated radicals,
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resulting in a decline in removal efficiency (Wu et al., 2019). Therefore, the desired

dosage varied from different carbon-based materials, and needs to be determined.

Fig. 2. Effect of carbon-based material dosage on urea removal ([PDS] 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.)

3.3.3 Urea removal mechanism of three carbon-based materials activating PDS

systems

The FTIR spectra and XPS spectra of three carbon-based materials before and after
urea degradation reaction was analyzed and compared to explore the possible activation
mechanism (see Fig. S2). The peaks at around 3429 cm™, 2928 cm*, 1630 cm™, 1396
cm?, 1396 cm™tand 1878 cm, represented the stretching vibration of -OH, the
antisymmetric stretching vibration of -CHy, the stretching vibration of aromatic C=0,
C=C, C-0O-C and the bending of aromatic C-H, respectively. It can be seen that the peak
vibration intensity of 900BC at around 3429 cm™, 1630 cm™, 1396 cm™ decreased after
the reaction. It was inferred that oxygen functional groups (-OH, C=0) might
participate the catalytic reaction, and C=C was also beneficial to the catalytic reaction.
The peak vibration intensity of 600BC at 3429 cm™, 1630 cm™ was weakened. It was
inferred that the main oxygen functional groups which played a crucial role in 600BC-
PDS catalytic system, whereas the contribution of C = C may be limited.

From the FTIR spectra (see supplementary material), it was assumed that the
oxygen functional groups and C=C structure of BC may be the active sites in the
catalytic processes, which can provide electrons to PDS and activate it. For GAC, the

peak vibration intensity at 2928 cm™ was greatly improved, and a new peak appeared at
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around 878 cm™ after reaction, indicating that PDS might interact with GAC, causing
the vibration of C-H (Forouzesh et al., 2019a). The peak at 1396 cm™ was relatively
stable, and the vibration intensity of the peak at around 3429 cm™, 1630 cm, and 1064
cmt increased obviously. It was speculated that PDS could greatly influence the surface
functional groups of GAC.

Fig. 3 exhibited the C1s and O1s XPS spectra of three carbon-based materials
before and after the reaction. The peaks at 284.8 eV, 286.2 eV and 288.8 eV represented
graphite C/C-C/C-H, C-O and C=0, respectively. It was obvious that the graphite C/C-
C/C-H ratio of three carbon-based materials decreased after activating PDS, while the
C-O and C=0 increased. These results were considered that the framework (graphite
C/C-C/C-H) and defect edges of carbon-based materials were oxidized, and the oxygen

functional groups increased significantly (Ouyang et al., 2019).

Fig.3. (a) C1s high resolution scans of 600BC before and (b) after activating PDS;
(c) O1s high resolution scans of 600BC before and after activating PDS; (d) C1s high
resolution scans of 900BC before and (e) after activating PDS; (f) O1s high resolution
scans of 900BC before and after activating PDS; (g) C1s high resolution scans of GAC
before and (h) after activating PDS; (i) O1s high resolution scans of GAC before and
after activating PDS.

The results revealed that the graphite C and defect structure of carbon-based
materials were important factors in the PDS activation systems. Combined with the
Raman spectrum, the defect in the GAC was the least among the three carbon-based
materials, but its urea removal was the best. It was inferred that the PDS activation by
GAC mainly depended on the graphite C structure. The defect of 600BC was the
highest and its C1s XPS spectrum change was limited after reaction, which indicated

14



that the defect structure and framework exerted little effect on PDS activation. As for
900BC, the defect was the second-highest and the C1s XPS spectrum changed greatly
after reaction, so it can be concluded that PDS activation may be the interaction of
graphite C and defect structure.

Generally, the binding energy will shift to a higher value when the element loses
electrons, contrarily to a lower value (Liu et al., 2014). The binding energy for O1s in
900BC shifted to a higher value after reaction, which demonstrated that some electrons
are transferred from O to PDS in the catalysis process. It can be inferred that oxygen
functional groups wielded a positive effect on the PDS activation in the 900BC-PDS
system. However, the left shift of 600BC and GAC was less than 900BC, suggesting
that the electron transfer of oxygen functional groups in them was less than 900BC.
Combined with the previous FTIR spectra analysis, the peak intensity of the oxygen
functional groups on 600BC fell significantly after the reaction, indicating that it had a
certain effect on the PDS activation, but weaker than 900BC. The peak intensity of
oxygen functional groups on GAC remained stable, which strongly suggested that
oxygen functional groups had little effect in the GAC-PDS system.

Based on the above results and analysis, it can be stated here that the activation
effect on PDS depended on the interaction of the graphite C structure, defect structure
and functional groups (-OH, C=0, C=C) of carbon-based materials. In the 600BC-PDS
system, the oxygen functional group (-OH, C=0) constituted the main factor for
activating PDS, while the key function to activate PDS in the GAC-PDS system was the
graphite C structure. In the 900BC-PDS system, oxygen functional group, C=C,

graphite C and defect structure all had positive effects and able to activate PDS.
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Therefore, the PDS activation by 900BC was the outcome of various important factors.

3.4 Urea removal by PMS activation system

3.4.1 Urea removal performance

As can be seen from Fig. 4, PMS alone had a limited effect on the removal of urea.
When the PMS concentration was 0.8 g/L, the urea removal rate was only 24%. Similar
to PDS, the urea removal efficiency revealed only limited improvement with the PMS

dosage increase. Therefore, adding PMS alone to remove urea may be uneconomical.

Fig. 4. Comparison of urea removal by the PMS catalytic systems based on
different activators ([Carbon-based materials] 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.)

Clearly, the urea removal efficiency of PMS systems was quite different from PDS
systems. Specifically, the urea removal rate of GAC-PMS was excellent in that it can
reach 100%, which was much higher than 600BC and 900BC with the removal rates of
57% and 70%, respectively. When the PMS concentration was only 0.8 g/L, GAC can
remove 95% of urea. When the PMS concentration increased to 1 g/L, the removal
efficiency of GAC-PMS system can reach 100%. It may be that PMS has an asymmetric
structure and is more easily activated (Shen et al., 2020). However, with the increase of
PMS dosage, the urea degradation efficiency dropped, which was similar to the results
for the PDS system. This was also caused by the excessive PMS concentration.
Compared with other catalytic systems, urea removal by 600BC and 900BC was greatly
diminished. When the PMS concentration was less than 2 g/L, 600BC and 900BC could

not activate PMS. It resulted from the combined effect of three factors: poor activated
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sites, insufficient oxidants and competition for PMS between BC and urea (Forouzesh et
al., 2019b; Liang et al., 2019). Similarly, under the condition of the low PMS dosages
(0.8, 1 g/L), 900BC removed less urea compared to 600BC. It can be inferred that when
the PMS concentration was low, the defect structure played a more important role in the
BC-PMS system for urea removal than the surface area and pore volume (Liang et al.,
2019). The detailed analysis was shown in Section 3.4.3.

When the PMS dosage increased to 4 g/L, the removal efficiencies of 600BC and
900BC were 57% and 59%, respectively. With expanding the PMS dosage, the removal
efficiency of 600BC-PMS worsened, and only reached 39% when the PMS
concentration stood at 6 g/L. However, the removal efficiency of 900BC-PMS
continued to climb, and able to reach 70% when the PMS concentration rose up to 6 g/L.
Based on this, it can be stated that the PMS dosage was one of the important factors,
and the best concentration for each carbon-based material was different. The results
showed that the optimal PMS concentration was 4 g/L for 600BC as the activator and 1
g/L for GAC. For 900BC, the desired dosage of PMS needs to be investigated further,
but too much oxidant would lead to a substantial increase in costs and secondary
pollution. The ultimate objective was to achieve better removal with less catalyst and
oxidant, such as the GAC-PMS system. Further study on the mechanism of GAC-PMS
system is of great importance for remediation strategies. In general, the activation effect
of GAC was excellent in the PMS catalytic system, whereas the effect of BC was
limited. The ability of BC-PMS systems to remove urea was even worse than BC-PDS

systems.
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3.4.2 Effect of carbon-based material dosage

The dosage effect of three carbon-based materials on urea removal in the PMS
system is shown in Fig. 5. The catalytic effect of GAC was the best, with the urea
removal rate of 90% at the GAC dosage of only 0.05 g/L. With the increase of GAC
dosage, the urea removal efficiency improved even further. When the GAC dosage
reached 0.4 g/L, urea can be completely removed. 900BC had a similar trend but the
removal rate was less than GAC. When the 900BC dosage was 0.8 g/L, the removal
rate stood at 50%. These results may have been caused by the different EC values,
SSA and pore volumes of GAC and biochar. In addition, the urea removal rate rose
with the increase of 600BC dosage. The best removal rate can reach 50% at the
600BC dosage of 0.4 g/L. From the above results, it can be observed that the catalyst
dosage was another important factor for PMS systems, and the increase of the catalyst
dosage was more conducive to activating PMS. However, when the 600BC dosage
rose to 0.8 g/L, instead, the urea removal rate waned, which indicated that the optimal
dosage of each carbon-based material was different in the PMS system. It is therefore
necessary to explore the best possible activation conditions of each material for
practical application.

Fig.5. Effect of carbon-based material dosage on urea removal ([PMS] 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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3.4.3 Urea removal mechanism of three carbon-based materials activating PMS

systems

To further explore the mechanism of three carbon-based materials in PMS catalytic
system, FTIR spectra and XPS spectra of the three materials before and after reaction in
PMS system were measured (see Fig. S3). The peaks at 3437 cm™, 1628 cm™ and 1097
cm* of 900BC remained relatively stable after reaction, whereas the peak vibration
intensity at 2930 cm™ increased and at 1398 cm™ decreased. It was suggested that the
oxygen functional groups have only a limited effect on the PMS activation process,
while the C=C structure still participated in the catalytic reaction. The peaks of 600BC
at 2930 cm™ and 1398 cm™ changed little, but the peak vibration intensity near 3437
cm™and 1628 cm™ very evidently decreased. It was confirmed that -OH and C=0 of
600BC participated in the catalytic system, but the contribution of C=C was slight. On
the other hand, the peak at 1398 cm™ of GAC changed little, but the peak vibration
intensity increased at 3437 cm™, 12930 cm, 1628 cm™ and 1097 cm™®, which was
analogous to the GAC in the PDS system.

Fig. 6 (2), (c) and (e) represented the C1s spectra of 600BC, 900BC and GAC,
respectively after reaction in the PMS system. As shown in Fig. 6, the trend regarding
changes in 600BC and 900BC after activating PMS was analogous to activating PDS.
Apparently, the C1s XPS spectrum of 600BC-PMS changed more compared with the
600BC-PDS system. It can be inferred that the defect structure had a certain effect on
the PMS activation. As for 900BC, the ratio of the carbon structure descended
significantly and the proportion of oxygen functional groups increased ascended, which

indicated that the defect structure played a positive role. On the other hand, the graphite
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C/C-C/C-H of GAC decreased by 3.6%, the ratio of C-O decreased by 1.4% and C=0
increased by 5%. Unlike the GAC-PDS system, the ratio of graphite C/C-C/C-H went
down slightly in the GAC-PMS system, indicating that the main function did not owe
anything to the carbon framework or defect structure. Another difference was that the
ratio of C=0 increased while C-O decreased, alluding to the transformation of oxygen
functional groups. It was speculated that C-O played a positive role.

Fig. 6 (b), (d), (f) depicted the O1s XPS spectra of three carbon-based materials.
The shift of 600BC was not obvious, while the apparent left shift of 900BC and GAC
can be observed. It was taken into account that the oxygen functional groups of GAC
and 900BC had electron transfer during the PMS activation, while 600BC had no
obvious electron transfer. Combined with the previous FTIR spectra analysis, it was
speculated that the loss of oxygen functional groups of 600BC may not be caused by
electron transfer to activate PMS. What was observed was that the peak intensity of
oxygen functional groups on 900BC and GAC changed little, confirming that the loss of
oxygen functional groups was less in the reaction. Combined with XPS spectra, it can
be inferred that the oxygen functional groups of 900BC and GAC were involved in the
PMS activation process.

Fig.6. (a) C1s and (b) O1s high resolution scans of 600BC after activating PMS; (c)
C1ls and (d) O1s high resolution scans of 900BC after activating PMS; (e) C1s and (f)
O1s high resolution scans of GAC after activating PMS.

Based on the above results and analysis, it can be stated that the PMS activation
through these materials was also the result of the interaction of graphite C, defect

structure, C=C and functional groups (-OH, C=0, C-O-C). Concretely, the PMS
20



activation by 600BC mainly depended on its defect structure. The PMS activation by
900BC occurred chiefly through the interaction of C=C, graphite C, defect structure and
minor oxygen functional groups. The activation of GAC was primarily due to its
graphite C structure and minor oxygen functional groups. In general, the removal
efficiency of BC-PMS was worse than BC-PDS, but the effect of GAC-PMS was better
than GAC-PDS.
3.5. Feasibility analysis

Table 2 summarizes the urea removal effect by various catalytic systems. For the
BC-persulfate system, the amount removed was approximately 70%. Obviously, the
activation effect of 900BC was better than 600BC and required less oxidant dosage. It
was presumed that BC prepared at high pyrolysis temperature might be more conducive
to activate persulfate. Meanwhile the activation effect of BC-PDS was better than BC-
PMS. Therefore, BC prepared at high pyrolysis temperature as catalyst and PDS as
oxidant may favor catalytic reaction in the BC-persulfate system better. For the GAC-
persulfate system, commercial GAC had a higher EC value, large SSA and pore volume,
less ash content and rich oxygen functional groups. Therefore, the performance of
GAC-persulfate in removing urea was superior to that of BC-persulfate. Furthermore,
the effect of activating PMS by GAC was better than activating PDS. If GAC was
chosen as the catalyst, PMS selected as the oxidant may lead to more encouraging
outcomes.

Table 2 Overview of urea removal in various catalytic systems

Generally, urea removal by GAC-PMS system was the best because it is complete.

The demand for oxidant and catalyst was the least so if this was introduced into the
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actual UPW system, the best scheme currently would be the GAC-PMS system.
Preparing spent coffee grounds biochar was easy to accomplish and did not demand any
special treatment. The BC production costs were far lower than commercial GAC (Hu et
al., 2020). It is necessary to modify biochar, such as increasing the EC value, SSA and
pore volume, and explore its ideal operating conditions, so as to further improve the
ability of BC to remove contaminants and make it a viable alternative to commercial
GAC.

This study proved that using carbon-based materials to activate persulfate on urea
removal was indeed feasible. However, more complex problems still need to be solved
for large-scale practical applications, such as pollutants competing in real water, and
ensuring the stability and regeneration of carbon-based materials.

4. Conclusion

In this study, urea removal by three carbon-based materials (600BC, 900BC and
GAQC) via activating persulfate systems was compared and explained. The adsorption
effect of each material on low concentration urea was almost negligible. However, the
urea removal rate was enhanced by the persulfate catalytic system when three carbon-
based materials served as activators. Specifically, carbon-based catalysts and oxidants
greatly enhanced urea removal efficiency. The 900BC was proved to be a viable
alternative to commercial GAC in removing urea from reclaimed water for ultrapure

water production process.
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Figure Captions

Fig.1. Comparison of urea removal by the PDS catalytic systems ([Carbon-

based materials] 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.)

Fig.2. Effect of carbon-based material dosage on urea removal ([PDS] 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.)

Fig.3. (a) C1s high resolution scans of 600BC before and (b) after activating PDS; (c)
O1s high resolution scans of 600BC before and after activating PDS; (d) C1s high
resolution scans of 900BC before and (e) after activating PDS; (f) O1s high resolution
scans of 900BC before and after activating PDS; (g) C1s high resolution scans of GAC
before and (h) after activating PDS; (i) O1s high resolution scans of GAC before and
after activating PDS.

Fig.4. Comparison of urea removal by the PMS catalytic systems based on different
activators ([Carbon-based materials] 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)

Fig.5. Effect of carbon-based material dosage on urea removal ([PMS] 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.)

Fig.6. (a) C1s and (b) O1s high resolution scans of 600BC after activating PMS; (c) C1s
and (d) O1s high resolution scans of 900BC after activating PMS; (e) C1s and (f) Ols
high resolution scans of GAC after activating PMS.
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Fig.1. Comparison of urea removal by the PDS catalytic systems ([Carbon-
based materials] 0.2 g/L, [urea] 1 mg/L; Co represent the initial urea concentration
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Fig.2. Effect of carbon-based material dosage on urea removal ([PDS] 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.)
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Fig.4. Comparison of urea removal by the PMS catalytic systems based on different
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Table 1 Physicochemical properties of 600BC, 900BC and GAC

Surface area Pore volume Pore diameter

Sample pH EC (ms/cm)  Ash (%) (m2lg) (o) (m)
6ooBCc 8.92+0.01  1.49+0.006 6.34+0.15 89.55 0.0168 2.98
gooBc 9.93+0.01  2.65+0.007 7.72+0.13 99.19 0.0183 2.95

GAC 10.29+0.01 4.82+0.003 2.00+0.10 354.16 0.3300 4.74

Table 2 Overview of urea removal in various catalytic systems

_ Best urea removal Oxidant dosage Catalyst dosage
Sample Oxidant o
efficiency (%) (g/L) (g/L)

600BC PDS 74 4 0.2
gooBc PMS 57 4 0.2
900BC PDS 73 2 0.2
gooBc PMS 70 6 0.2

GAC PDS 90 2 0.8

GAC PMS 100 1 0.2
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