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A B S T R A C T   

CaO2 has been widely used as an oxygen-releasing material in bioremediation to improve the aerobe activity, but 
conventional encapsulation methods are difficult to control the oxygen-releasing rate and realize the full con-
version of CaO2. In this work, innovative biochar-loaded CaO2 was prepared by an in-situ precipitation method. 
The biochars were modified using base-/acid-treatment to establish the relationship between the biochar 
properties and the oxygen releasing performance. Results indicated that increasing the oxygen content of bio-
chars from 11% to 12% to ~20% caused a significant rise in CaO2 loading amount from ~6 wt% to 13–14 wt%. 
The biochar with an average pore size equivalent to CaO2 nanoparticle sizes (~12 nm) exhibited the longest 
oxygen-releasing time of 7.5 d, while the others presented shorter releasing periods of < 2.4 d. Meanwhile, a 
higher oxygen content of biochar triggered a decrease in the oxygen-releasing amount. Results from bioreme-
diation experiments indicated that when comparing with the pure CaO2 material, the optimized loading material 
(CaO2 @BC800) nearly doubled the amount of bacteria while negligibly changed the pH of solution, giving a 
significant increase in the removal of diesel oil pollutant. Correspondingly, the in-situ loading on biochar can 
facilely regulate the oxygen-releasing performance and enhance the removal efficiency of bioremediation.   

1. Introduction 

Biochars are produced via the pyrolysis of biomass in an oxygen- 
limited or oxygen-free environment. Biochars are rich in carbon, with 
porous structure and abundant surface functional groups, and thus have 
good adsorption performance and chemical stability Zhang, Xing [62]. 
Therefore, in the field of environmental remediation, biochars have 
been widely used as adsorbents, amendments, slow-release fertilizer 
materials, and catalysts to remediate water and soil pollution [6,40,57]. 
For instance, Dike et al. found that biochars prepared at 900 ◦C mixed 
with fertilizer in the ratio of 1:9 can effectively repair diesel-polluted soil 
[10]. Kandanelli et al. use rice husk and sawdust to prepare biochars 
under different conditions without any physical or chemical modifica-
tion, and the adsorption capacity of the biochar in the oil-water mixture 
reaches 2–3 g oil/g biochar [19]. Dong et al. load Fe3O4 on bamboo 
biochars to activate persulfate. After adding the catalyst, the degrada-
tion rate of persulfate on polycyclic aromatic hydrocarbons (PAHs) by 

persulfate increases from 14% to 86% Dong [13]. 
Chemical modification is a common method to modify the surface 

structure and chemical properties of biochars. In chemical modification, 
alkali treatment is usually used to obtain carbon materials with high 
specific surface area, while acid treatment is used to introduce oxygen- 
containing functional groups [47]. Wang et al. impregnated the biochar 
with 1 M HCl and NaOH. The specific surface area of the treated biochar 
doubled. FTIR showed that the -OH peak became stronger, indicating 
that the content of oxygen-containing functional groups was increased. 
The adsorption effect of the biochars treated with NaOH and HCl on 
carbendazim was 22% and 29% better than that of the untreated bio-
char, respectively Wang, Saleem [48]. Pan et al. treated biochars with 
nitric acid and phosphoric acid. The pore structure of the modified 
biochars was more developed, and the content of N and P in the carbon 
material was increased, so that it can provide more nutrients for the 
production of plants [36]. Wang used H3PO4 and KOH to modify bio-
chars. The specific surface area of the modified carbon materials 
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increased by 10 times and 14 times respectively, and the adsorption 
capacity of enrofloxacin increased by 27.8% and 54.8% respectively 
[47,49]. 

On the other hand, the remediation of petroleum pollutants in 
groundwater, which originates from the accidental leakage of petroleum 
from pipelines and storage tanks, is currently an international research 
hotspot [39,42,52,64,65]. Among all the remediation technologies, 
bioremediation is a low-cost and green method without secondary 
pollution [45]. Many petroleum containment, such as polycyclic aro-
matic hydrocarbons (PAHs) [25], aliphatic hydrocarbons [27], and al-
kanes [58], could be effectively degraded to less harmful organic 
compounds or safe end products (like water and CO2) by microorgan-
isms [8]. During the practical application of biotechnology in ground-
water remediation, the dissolved oxygen (DO) content plays a critical 
role in the remediation efficiency. For example, Yang et al. [60] find it 
takes only 12 h for monitoring well c (MWc) bacterial population to 
remove 99% of benzene at a DO concentration of 5 mg⋅L-1, but 24 h at 1 
mg⋅L-1 [61]. Jasmann et al. use 3 V electrolysis to increase the DO 
concentration from 3 mg⋅L-1 to 11 mg⋅L-1, leading to the increased 
biodegradation rate of 1,4-dioxane from 68.7 mg⋅h-1 to 169 mg⋅h-1 

Jasmann, Borch [17]. Park et al. use microorganism-encapsulated 
microbeads to degrade hydrocarbons, declaring that the degradation 
rate increases from 50% to 90.8% with adding oxygen from 1 mg⋅L-1 to 
10.5 mg⋅L-1 [37]. The DO concentration plays a decisive role in the ac-
tivity of aerobic bacteria, which further determines the degradation 
efficiency of petroleum in groundwater. The major reason is that mo-
lecular oxygen plays a triggering role as an electron acceptor in the 
activation of the carbon chain of alkanes or the aromatic ring of arenes 
[3,23]. Unfortunately, the groundwater environments are usually 
anoxic [4,38], which severely limits the efficiency of bioremediation 
(Zhou et al., 2022). As a result, increasing the DO content in ground-
water is essential to enhance the bioremediation effectiveness of the oil 
containment. 

In this regard, much effort has been made to use physical aeration 
and chemical oxygenation to improve the DO level in groundwater Khan 
[20]. However, the high oxygen releasing amount in a short time would 
cause an irreversible damage to cells. Among the applied technologies, 
chemical oxygen releasing materials have been commonly used due to 
the controllable oxygen release rate without disturbance of groundwater 
to expand pollution [34]. Among all the oxygen-releasing materials, 
CaO2 shows the highest oxygen content and the lowest oxygen release 
rate, and therefore has attracted much attention Lu [28]. However, the 
reaction of CaO2 with water results in a relatively rapid release of oxy-
gen, leading to DO content exceeding the demand for microorganism 
aerobic degradation [66]. Accordingly, the preparation of CaO2-based 
oxygen-releasing materials with a high oxygen-releasing capacity and a 
long releasing period is important for groundwater bioremediation. 

Considering the properties of the biochars, they have been applied to 
improve the oxygen release performance of CaO2 by a handful of re-
searchers. First, biochars have prefect adsorption performance and 
chemical stability, enabling them to be used as carrier to load oxygen 
releasing agent CaO2. Second, the porous structure of biochars can solve 
the problem of CaO2 agglomeration and improve the oxygen release 
amount of CaO2. On the other hand, the hydrophobicity and porous 
structure of biochars can affect the mass transfer effect of water, hinder 
the contact between water and CaO2, and prolong the oxygen release 
time of CaO2. In light of these, biochars are usually mixed with CaO2 
directly, or as a filler for encapsulating with CaO2. Li et al. mix biochars 
with CaO2 in water and then spread the obtained slurry in the river. The 
DO concentration of the overlying water of the river increases from 1.3 
mg⋅L-1 to 2 mg⋅L-1 and remained at this concentration for 60 days [26]. 
However, simply blending with biochars can hardly improve the oxygen 
release performance of CaO2. Wu et al. use polyvinyl alcohol to embed 
bamboo biochars and CaO2 together to prepare biochar-based oxy-
gen-releasing balls, and their oxygen release time is twice as long as 
those without bamboo biochars Wu [53]. Chang et al. employ a gelling 

agent (prepared with polyvinyl alcohol and alginate) to encapsulate 
CaO2, biochars, rhamnolipid, and BTEX (benzene, toluene, ethyl-
benzene, and xylene) degrading bacteria to prepare oxygen-releasing 
balls and apply them to biodegradation. The BTEX degradation rate 
reaches 99% within 4 days Chang, Wang [5]. Nonetheless, encapsu-
lating biochars with CaO2 leads to problems such as the large volume of 
oxygen-releasing materials and low effective utilization of CaO2. In 
particular, CaO2 will react with water to form Ca(OH)2, and the insol-
uble Ca(OH)2 covered on the surface of CaO2 will hinder the further 
reaction of internal CaO2. As a result, the utilization efficiency of CaO2 
was decreased [21,24]. Consequently, the appropriate combination 
method of biochars and CaO2 is the key to strengthening the oxygen 
release of CaO2 and improving the utilization efficiency of the oxygen 
release agent (Lu et al., 2017; [53]). 

It has been reported in the literature that the properties and structure 
of biochars will affect their loading and catalytic performance. Kumar 
et al. find nitrogen species in biochars will interact with RuOx to enhance 
the electron density of Ru and improve the activity of the catalyst for 
selective (hetero) arene hydrogenation [22]. Yang et al. use CO2 to treat 
biochars, which improves the specific surface area and pore volume, 
enabling them to enrich more amorphous Sn structures, and improving 
the yield and selectivity of fructose in terms of catalytic performance 
(Yang, X. et al., 2019). Luo et al. use ZnCl2 to modify biochars and find 
that the increase of specific surface area improves the dispersion of Ni, 
while the increase of oxygen-containing functional groups introduces 
more active sites for catalytic reactions [29]. Therefore, the relationship 
between the properties of biochars and their functions is critical for a 
better application of the biochar materials. Unfortunately, the effects of 
biochar properties on the oxygen releasing performance of CaO2 has not 
been reported previously. 

Based on the above consideration, this investigation aims at devel-
oping an innovative biochar-loaded oxygen-releasing material for 
bioremediation of petroleum containment and establishing the rela-
tionship between the properties of the materials and the remediation 
performance. To this end, CaO2 and biochars were incorporated using an 
in-situ precipitation method to enhance the oxygen release ability and 
increase the utilization efficiency of CaO2. Biochars were obtained by 
pyrolysis and subsequent treatment of alkali activation or acid oxidation 
to regulate the pore structure and oxygen content. The physicochemical 
properties of the prepared biochars were characterized, and the CaO2 
loading amounts on the biochars were quantified. The oxygen release 
properties of the carbon-based materials were studied in a static envi-
ronment, and the conversion efficiency of the oxygen-release materials 
was quantitatively evaluated. Finally, those materials were selected to 
apply in the biodegradation experiment to investigate their influence on 
the bioremediation efficiency. Accordingly, the relationship between 
the biochar properties, the oxygen releasing performance, and the 
remediation effects was established. The results of this study will lay an 
important foundation for promoting the application of carbon-based 
materials in the remediation of oil-contaminated groundwater. 

2. Materials and methods 

2.1. Materials 

Bamboo powder was purchased from local bamboo processing en-
terprises. Potassium hydroxide (KOH), anhydrous calcium chloride 
(CaCl2), ammonia (NH3⋅H2O) and ammonium sulphate ((NH4)2⋅SO4) 
were purchased from Sinopharm Chemical Reagent Co., Ltd, China. 
Nitric acid (HNO3), hydrogen peroxide solution (H2O2), potassium 
permanganate (KMnO4), and sulfuric acid (H2SO4) were purchased from 
Nanjing Chemical Reagent Co., Ltd, China. Polyethylene glycol 200 
(PEG 200) and manganese sulfate (MnSO4) were obtained from 
Shanghai McLean Biochemical Technology Co., Ltd, China. All the 
chemicals used were of analytical grade. Pseudomonas sp. SB was ob-
tained from the Key Laboratory of Soil Environment and Pollution 
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Remediation, Institute of Soil Science, Chinese Academy of Sciences. 
Diesel oil was purchased from local gas station. 

2.2. Preparation of the oxygen-releasing materials 

The raw bamboo powder (sawdust) was crushed and sieved to 100 
mesh (0.15 mm), washed with deionized water, and dried at 80 ℃ 
overnight. The obtained biomass materials were pyrolyzed in a tube 
furnace under an N2 atmosphere. The pyrolysis temperature was 
increased from 25 ℃ to a certain temperature (500 ℃ or 800 ℃) at a 
rate of 10 ℃⋅min-1 and then kept at the peak temperature for 2 h before 
starting to cool down. The obtained biochars were named BP-500 and 
BP-800, respectively. 

To further reveal the relationship between the physicochemical 
properties of the biochars and the oxygen release performance, the ob-
tained biochars were modified using chemical activation methods. KOH 
was used as the activation agent using an impregnation method. Briefly, 
10 g of biochars were mixed into a solution of 50 mL ultrapure water 
with 20 g KOH and impregnated for 1 h. The slurry was dried at 105 ℃ 
overnight. The resultant mixture was heated and activated in a tube 
reactor at 800 ℃ under an N2 atmosphere for 2 h. All the samples were 
washed to neutral pH and dried overnight to obtain BPAC-500 and 
BPAC-800. Then the activated biochars were further treated using a 
strong acid solution. In particular, the biochars were mixed with 7 M 
HNO3 solution, and oxidized in a 60 ℃ oil bath for 12 h. The oxidization 
was conducted under magnetic stirring in a three-necked flask equipped 
with a reflux condenser [2,59]. The oxidized activated biochars were 
washed repeatedly with ultrapure water until the pH of the effluent 
water was constant, dried at 105 ℃ for 24 h, and stored in a desiccator 
for last use. The oxidized activated carbons were named BPOC-500, and 
BPOC-800, respectively. 

The method of loading CaO2 onto the above carbon materials was 
based on the literature report [1,26]. First, 2 g of prepared carbon ma-
terials were added to the CaCl2 aqueous solution, which was prepared by 
dissolving 2 g of CaCl2 in 20 mL of ultrapure water. After magnetic 
stirring for 1 h, 80 mL of PEG 200 and 15 mL of 1 M NH3⋅H2O were 
added to the above solution. Then 20 mL of 30% H2O2 solution was 
added dropwise to the mixture at the rate of 1 mL⋅min-1 using a syringe 
pump under vigorously stirring in an ice water bath Rastinfard [41]. The 
stir was kept for 2 h to ensure the complete reaction of the compounds. 

After the mixing, 1 M NH3⋅H2O was added to adjust the pH of the 
solution to pH= 10, then the suspension was filtered. The solid was 
washed three times using cold ultrapure water and absolute ethanol 
respectively and then put into a vacuum drying oven at 60 ℃ for 12 h. 

2.3. Characterization of the oxygen-releasing materials 

The elemental composition of the biochars was measured using an 
element analyzer (Vario EL-III, Elementar, Germany). The pore structure 
properties of the biochar materials were characterized via a nitrogen 
adsorption-desorption device (BSD-PM, BeiShiDe, China). The surface 
functional groups of the samples were examined with FT-IR spectros-
copy (VERTEX 80 V, Bruker, Germany) using KBr pellets in the wave-
number range of 400–4000 cm− 1 at room temperature. The analysis of 
elements and valence states on solid surface was executed the X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) by using 
Al Kα radiation. 

XRD was conducted to identify the crystallographic structure of CaO2 
on the surface of the samples using a computer-controlled X-ray 
diffractometer (Ultima IV, Rigaku, Japan). The changes in surface 
morphology were observed by a Cold Field Scanning electron micro-
scope (Regulus 8100, Hitachi, Japan). 

The CaO2 content of the oxygen-releasing materials was evaluated 
using titration with KMnO4 in acidic conditions Mosmeri, Shavandi 
[33]. Briefly, 100 mg of oxygen-releasing materials were added to 20 mL 
ultrapure water and fully stirred to disperse evenly. Then 10 mL of 2 M 

H2SO4 and 1 mL of 0.05 M MnSO4 were added and stirred. After the full 
reaction, the solid materials were removed from the solution by filtra-
tion. The filtrate obtained was titrated with 0.02 mol⋅L-1 KMnO4 stan-
dard solution. KMnO4 titration principle was shown in the following 
formula. 

CaO2 + H2SO4 = CaSO4 + H2O2 

5H2O2 + 2KMnO4 + 3H2SO4 = 5O2 + 2MnSO4 + 8H2O +

K2SO4 

The calculation method of CaO2 content in the oxygen releasing 
materials was shown as follows: 

WCaO2 =
2.5CKMnO4 ⋅VKMnO4 ⋅MCaO2

m  

Where WCaO2 was the content of CaO2 in the oxygen releasing materials, 
CKMnO4 was the concentration of KMnO4 (0.02 mol⋅L-1), VKMnO4 was the 
volume of KMnO4 consumed, MCaO2 was the relative molecular mass of 
CaO2, and m was the mass of the corresponding oxygen releasing 
materials. 

2.4. Oxygen release experiment 

The oxygen release experiments were conducted in 1 L cylindrical 
organic glass reactors equipped with a sealing cap. First, 1 L of ultrapure 
water was added to the reactors. Then, sufficient N2 was filled into the 
ultrapure water to reduce the DO concentration to lower than 0.1 mg⋅L- 

1. Thirty milligrams of pure CaO2 were added into the ultrapure water as 
the control group for the oxygen release experiments. The adding 
amount of the carbon-based materials was calculated according to their 
CaO2 contents, to ensure that the added materials contain 30 mg of 
CaO2. The DO content in the solution was measured using a DO meter 
(Multi 3620 IDS, WTW, Germany), and the data was automatically saved 
every 5 min. When DO content reached stable, it could be regarded as 
the end of oxygen release. After the reaction, the solution was filtered 
and the solid phase was titrated with KMnO4 to explore the remaining 
CaO2 content in the samples. All samples were tested in triplicate to 
ensure the accuracy of data. 

2.5. Biodegradation experiment 

The strain Pseudomonas sp. SB was cultured in the Luria Broth me-
dium at 30 ◦C with shaking at 180 rpm for 48 h and harvested by 
centrifugation at 8000 rpm for 5 min at 4 ◦C. Cell pellet was washed 
twice with sterile water and re-suspended in sterile water to obtain a 
density of 108 colony-forming units (cfus) mL− 1 [50]. 

The soil was dried and sieved to 10 mesh (0.25 mm). Thirty-three 
grams of soil, 100 mL of phosphate buffer solution (pH=6.848) and 
100 mg of ammonium sulfate were added into glass bottles respectively 
and sterilized by autoclaving. The purpose of adding phosphate buffer 
solution was to reduce the effect of Ca(OH)2 generated by CaO2 on pH. 
Then 1 mL 0# diesel oil was added into each glass bottle. After 
measuring the initial pH and DO values of mixed solution, 1 mL bacterial 
suspension was added into each glass bottle. The six treatments set up in 
quadruplicate were: (1) Untreated control, without adding anything; (2) 
BP500; (3) BP800; (4) 100 mg CaO2; (5) CaO2 @BP500; (6) CaO2 
@BP800. The adding amount of CaO2 @BP500 and CaO2 @BP800 was 
calculated according to their CaO2 contents, to ensure that the added 
materials contain 100 mg of CaO2. The adding amount of BP500 and 
BP800 was calculated according to the content of biochar in CaO2 
@BP500 and CaO2 @BP800, respectively. After adding the corre-
sponding materials, glass bottles were sealed and put into the constant 
temperature shaker and oscillated at 30 ℃ and 180 rpm for 10 days. 
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2.6. DNA extraction and quantitative real-time PCR (qPCR) 

For each sample, 0.50 mL of water soil mixture was used to extract 
microbial DNA using a FastDNA® Spin Kit (MP Biomedicals, Solon, OH) 
according to the manufacturer’s protocols. The DNA concentrations and 
qualities were determined using a NanoDrop™ 1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA). 

The 16 S rRNA gene abundance was determine by qPCR using 
primers 515 F 5′- GTGCCAGCMGCCGCGG-3′ and 907 R 5′- 
CCGTCAATTCMTTTRAGTTT-3′. All qPCR reactions process were per-
formed following to Hou et al. [16]. The amplification efficiency was 
112% with an R2 value of 0.990. 

2.7. Soil diesel oil extraction and analysis 

The method of soil diesel oil extraction and analysis was referring to 
Hou et al. [15]. The freeze-dried soil sample was taken in 2 g and 
extracted using 70 mL dichloromethane by a Soxhlet extractor for 24 h. 
The extracts were rotary-evaporated and fully dissolved in 3 mL 
n-hexane. Then 2 mL hexane dissolved extract was taken to pass through 
chromatographic columns, which was composed of 1 g anhydrous so-
dium sulfate and 4 g florisil. Then 30 mL of n-hexane was used for 
elution and concentrate to 2 mL with N2. The residual content of diesel 
oil in soil was determined by GC-FID. The recovery rates were 87–119%, 
and the detection limit of this method was 6 mg⋅kg-1. 

3. Results and discussion 

3.1. Characteristics of carbon materials 

3.1.1. Elemental composition and surface pore structure analysis 
Table 1 showed the elemental composition and surface pore struc-

ture data of the 6 kinds of carbon materials. From the table, it can be 
seen that the H content in biochars obtained at 800 ℃ was basically 
lower than that at 500 ℃. This is within expectation, since higher py-
rolysis temperatures enhance the escape of volatile matter from 
biomass, as has been widely reported in the literature. The specific 
surface areas of biochars obtained by simple pyrolysis were relatively 
low, with the highest value of 292 m2⋅g-1 measured for BP-800. 

After KOH impregnation and activation, the O content in the biochar 
samples increased by 2.7–4.2%, which was due to the introduction of 
oxygen-containing functional groups on the sample surface during the 
reaction with KOH. The specific surface area of the corresponding 
activated carbons increased significantly, with BPAC-500 reaching the 
maximum of 1724 m2⋅g-1. The average pore diameter of the pyrolysis 
chars was relatively large, while that of the activated carbons became 
smaller, indicating the obvious formation of micropores on the surface 
of the KOH-activated chars. The significant increase in the number of 
micropores contributes to the increases in the specific surface area Tan, 
Xu [43]. 

After HNO3 oxidation, the O content of the activated chars further 
increased by about 5%, indicating that HNO3 oxidation formed new 
oxygen-containing functional groups on carbon materials. Specifically, 
the strong oxidizing ability of HNO3 could further oxidize the hydroxyl 
(-C-OH) and carbonyl (-C––O) functional groups to carboxyl functional 
groups (-COOH). After the oxidation of the activated chars, the average 
pore diameter increased slightly and the specific surface area decreased 
correspondingly to a certain extent, which should be caused by the 
erosion of HNO3 on the samples and the wall collapse of some pores 
[59]. 

3.1.2. Surface functional groups analysis 
The surface functional groups on different carbon materials were 

studied by FTIR analysis. It can be seen from Fig. 1 that the FTIR spectra 
of BP-500 contained a lot of weak peaks because it had not been 
completely pyrolyzed at 500 ℃ and many functional groups in biomass 
were retained. Except for BP-500, other samples showed similar FTIR 
spectra. The main peaks included the hydroxyl (-OH) peaks of phenol or 
alcohol at 3419 cm-1, the C––C peak of aromatic components at 
1617 cm-1, and the C-O peak of polysaccharide acetal structures at 
1113 cm-1. The intensity of these peaks of the activated chars and the 
oxidized chars were stronger than that of pyrolyzed biochars at 800 ℃, 
indicating that KOH activation and HNO3 oxidation introduced new 
oxygen-containing functional groups into the carbon materials. Specif-
ically, the C––O peak belonging to the carboxyl (-COOH) appeared in the 
oxidized chars at 1704–1720 cm-1, indicating that carboxyl groups were 
introduced due to the oxidation of HNO3 Wu et al., [54]; Wu, Dai [55]. 
The hydroxyl (- OH) peaks at 3419 cm-1 also became stronger in acti-
vated carbon and oxidized carbon. The increase of these 
oxygen-containing functional groups is beneficial to the loading of ox-
ygen releasing agent CaO2. 

3.1.3. Surface elements and valence states analysis 
Fig. 2 showed the fitting of C 1 s spectrum. The peaks at 284.8, 286.4 

and 288.4 eV can be fitted by the C 1 s X-ray photoelectron spectros-
copy. These peaks may come from C-C, C-O and C––O, respectively [56]. 
The C-C peak of BP-800 was sharper than that of BP-500, indicating that 
the degree of aromatization in carbon materials increased with the in-
crease of pyrolysis temperature. The peak areas of C-O and C––O grad-
ually increase after activation and oxidation, indicating that KOH 
activation and HNO3 oxidation increase the oxygen-containing func-
tional groups in carbon materials [7,12]. This was consistent with the 
conclusion of element analysis and FTIR. 

Fig. 3 showed the fitting of O 1 s spectrum. The peaks at 531.6 eV 
belongs to ketone, carbonyl or lactone group, the peaks at 532.6 eV 
belongs to ether and alcohol, and the peaks at 535.5 eV belongs to 
carboxyl group Ding [11]. By comparing the change of O 1 s peaks 

Table 1 
Elemental composition and surface pore structure of the carbon materials.  

Sample Elements compositiona (wt%) Surface 
area 
(m2⋅g-1) 

Pore 
volume 
(cm3⋅g-1) 

Average 
pore size 
(nm) C H N O 

BP-500  85.66  2.71  0.52  11.05  19.69  0.06  12.21 
BPAC- 

500  
83.00  1.18  0.34  15.28  1724.70  0.70  1.63 

BPOC- 
500  

76.54  2.21  0.48  20.77  1475.78  0.65  1.77 

BP-800  86.06  0.88  0.65  12.39  291.52  0.12  1.58 
BPAC- 

800  
83.46  1.15  0.30  15.08  1250.91  0.51  1.65 

BPOC- 
800  

78.31  1.21  0.49  19.99  1171.98  0.54  1.83  

a dry and ash-free basis Fig. 1. FTIR transmission spectra of bamboo powder carbon materials.  
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spectrum among pyrolyzed chars, activated chars and the oxidized 
chars, it can be seen that after HNO3 oxidation, the content of C-O bond 
decreased, while that of C––O bond and O––C-O bond increased. The 
oxygen-containing functional groups were negatively charged during 
deprotonation, so the activated and oxidized carbon materials have 
stronger ability to load CaO2 Tan, Hong [44]. 

3.2. Characteristics of oxygen-releasing materials 

3.2.1. Crystal shape analysis 
Fig. 4 shows the XRD patterns of the different oxygen-releasing 

materials prepared with bamboo powder chars. As shown, all the sam-
ples had a strong wide peak at 2θ = 23.8◦ and a weak wide peak at 
2θ = 43.8◦, corresponding to (100) and (002) crystal planes of carbon 
materials respectively. Compared with the PDF card library, it can be 
found that the phase and intensity of the other main peaks were 
consistent with the PDF card of CaO2 (JCPDS Card No. 03–0865), which 
contained four major peaks at 2θ = 30.2◦, 35.6◦, 47.3◦and 53.2◦. This 

indicated that CaO2 was successfully synthesized and loaded on carbon 
materials. Besides, there was a weak peak at 2θ = 29.4◦, which corre-
sponds to the (104) crystal plane of CaCO3 (JCPDS Card No. 05–0586). 
The formation of CaCO3 may be due to the reaction of Ca2+ with CO2 in 
the air under alkaline conditions during the preparation process Kaew-
dee, Rujijanagul [18]. By comparing the intensity of CaO2 peaks and 
carbon materials, the relative amount of CaO2 in the samples can be 
roughly obtained. The highest content of CaO2 was found in CaO2 
@BPOC-500, which might be related to its highest O content. In addi-
tion, peaks of SiO2 at 2θ = 26.6◦ were observed in the oxygen-releasing 
materials prepared using pyrolyzed char, which may be due to the 
relatively high ash content in the biomass feedstock. 

3.2.2. Microtopography analysis 
Fig. 5(a) (b) displayed the surface morphology and EDS scanning 

diagram of CaO2 @BP-500 at 3000 times. It can be seen from Fig. 5(a) 
that the surface of the carbon-based materials was flat and smooth, and 
some small particles were attached tightly to the biochars. According to 

Fig. 2. XPS C 1 s spectra of bamboo powder carbon materials.  

Fig. 3. XPS O 1 s spectra of bamboo powder carbon materials.  
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the EDS scanning image shown in Fig. 5(b), these particles contained a 
large amount of Ca2+, and the mass fraction of Ca2+ reached 5.98 wt%, 
indicating that CaO2 particles had been successfully loaded on the bio-
chars surface. 

Fig. 5(c) (d) showed the surface morphology of CaO2 @BP-500 at 
50000 times. Fig. 3(c) exhibited that some of the CaO2 particles had 
embedded into the macropores of the biochars. It can be reasonably 
speculated that the macropore structure of the carbon material can 
protect CaO2, and thus could potentially prolong the oxygen release 
period. Fig. 3(d) showed that some nanoparticles of CaO2 were 

agglomerated to large particles. The average size of these nanoparticles 
was about 10 nm, which agreed with the conclusion reported in the 
literature [35]; Wu, B. et al., 2017), thus they can enter the pores greater 
than 10 nm on the surface of the biochars. 

3.3. CaO2 loading capacity and oxygen release ability 

Fig. 6 showed the oxygen release potentials of all the biochar-based 
materials, including CaO2 contents on the biochar materials, oxygen 
release time, and the final DO concentration in the water. Basically, the 
loading amounts of CaO2 conformed with the order of oxidized char 
> activated char > pyrolyzed char. This was consistent with the results 
of XRD analysis, which indicated a similar trend of relative peak heights 
of CaO2 (Fig. 4). For the pyrolytic chars at different temperatures, 
although the pore structures were significantly different, the loading 
amounts of CaO2 were relatively close. This indicates that the loading 
capacity of the biochars may be poorly related to the pore structure of 
the biochars. The loading amount of CaO2 on CaO2 @BP-500 was 
6.17 wt%, which was quite close to the EDS scanning result (5.98 wt%). 
Activation of the biochars using KOH dramatically increased both the 
oxygen content and the specific surface area of the biochars, while 
obviously decreasing the average pore size of pyrolytic biochars, 
resulting in the noticeable increments in CaO2 loading capacities of 
BPAC-500 and BPAC-800. Further oxidizing the activated biochars 
exhibited a clear rise in the oxygen contents but a minor effect on the 
structure properties. Correspondingly, the CaO2 loading amounts on the 
oxidized biochars increased remarkably, proving that the loading ca-
pacity of the biochars was determined by their oxygen contents. HNO3 
oxidation created new oxygen-containing functional groups on the 
surface of carbon materials, especially carbonyl and carboxyl groups. 
These oxygen-containing functional groups can form Ca-O with Ca2+, 
which enhanced the loading capacity for CaO2 [9,31]. 

Fig. 4. XRD patterns of carbon-based oxygen releasing materials.  

Fig. 5. SEM and EDS scanning of CaO2 @BP-500 at (a) (b) 3000 times and (c) (d) 50000 times.  

C. Shen et al.                                                                                                                                                                                                                                    



Journal of Environmental Chemical Engineering 11 (2023) 109616

7

Fig. 6 also displayed the oxygen release periods of the biochar-based 
materials. For pure CaO2 without loading, the oxygen release time was 
only 1.5 days, which was relatively short, and similar to the pure CaO2 in 
other literatures [14,32]. Interestingly, although the CaO2 loading 
amount of CaO2 @BP-500 was relatively low, the oxygen release lasted 
as long as 7.5 days, representing the longest release period. It should be 
noted that among all the biochars, BP-500 exhibited the largest average 
pore diameter of ~12 nm. Considering that the size of the synthetic 
CaO2 particles was about 10 nm (shown in Fig. 5(d)), the nanoparticles 
were able to enter many of the pores of BP-500. Therefore, the appro-
priate pore size of BP-500 showed a great potential to protect CaO2 and 
hinder its contact with water and thus prolonging the oxygen release 
period. Although the CaO2 loading amount of CaO2 @BP-800 was close 
to that of CaO2 @BP-500, the oxygen release time was significantly 
reduced to 2.4 days. This may be related to the reduced pore size of 
BP-800 biochar, which proves again the importance of suitable pore size 
during the oxygen release process. For the KOH-activated materials, 
namely CaO2 @BPAC-500 and CaO2 @BPAC-800, their oxygen release 
periods were considerably shortened to less than 0.4 days. The reason 
may be that after the activation, the pore structure of carbon materials 
was immoderately developed and dominated by micropores so that most 
CaO2 nanoparticles can hardly enter the pores. Meanwhile, the 
increased oxygen content in the biochars promoted the adsorption of 
CaO2 on the surface. As a result, more CaO2 nanoparticles are exposed 
on the surface of the biochars and will release oxygen rapidly upon 
contact with water. In addition, the increment in the oxygen content of 
oxidized biochars (BPOC-500 and BPOC-800) induced a slight increase 
in the oxygen release periods to 1.2–1.7 days, implying that the 
oxygenated functional groups on the surface of biochars also demon-
strated a weak effect on the oxygen release period. All oxygen-releasing 
materials were collected for KMnO4 titration after the oxygen release 
experiments. The titration results showed that there was no residual 
CaO2 in them, indicating that CaO2 was completely reacted in the oxy-
gen release experiments. However, there were some residues in the pure 
CaO2 group, which might be caused by the agglomeration of CaO2 and 
the formation of insoluble Ca(OH)2 on the surface. This result confirms 
the complete conversion of the oxygen release material, which is 
favorable for reducing the cost of the remediation technology. 

The DO concentration in the water was also strongly affected by the 
biochar properties. As shown in Fig. 6, the DO content for pure CaO2 was 
2.9 mg⋅L-1, which was close to the optimized DO concentration (3 mg⋅L- 

1) for the growth of microbials (Gholami et al., 2018). CaO2 @BP-500 
and CaO2 @BP-800 presented the highest DO concentration of 
6.4–6.5 mg⋅L-1, although the pore structures of the biochars support 
were noticeably different. Loading CaO2 on the activated biochars (CaO2 
@BPAC-500 and CaO2 @BPAC-800) obviously decreased the DO con-
centration to about 4.5 mg⋅L-1. Oxidation of the activated biochars using 

HNO3 (CaO2 @BPOC-500 and CaO2 @BPOC-800) further reduced the 
DO concentration to 3.6 mg⋅L-1 and 2.2 mg⋅L-1, respectively. It was 
interesting to find that the higher the oxygen content in biochars, the 
lower the DO concentration. Previous studies have revealed two main 
pathways for the reaction of CaO2 with water, one is to decompose into 
O2 and Ca(OH)2, and the other is to produce H2O2 and Ca(OH)2. These 
two pathways compete with each other, therefore if more CaO2 is con-
verted into H2O2, less O2 can be generated [51]. Correspondingly, we 
speculated that the activated biochars and the oxidized biochars might 
have promoted the decomposition of CaO2 to produce more H2O2. As a 
result, the DO concentration was lowered. Moreover, the persistent free 
radicals (PFRs) on biochars may also play an important role in reducing 
the DO releasing amount. It has been reported in the literature that PFRs 
on biochar materials displayed a positive catalytic effect on the 
decomposition of CaO2 to generate hydroxyl free radicals (⋅OH) [30,63]. 
The introduction of K+ and the increase of O content after KOH acti-
vation increase the content of PFRs, resulting in the enhancement of 
catalytic activity. Meanwhile, the increased specific surface area of the 
activated biochars gives extra rise to the catalytic active sites. After 
HNO3 oxidation, the PFRs content in biochars is further increased along 
with the increase of O content so that the DO concentrations of both 
CaO2 @BPOC-500 and CaO2 @BPOC-800 reached the minimum. 

From the above discussion, the influence of biochars properties on 
the oxygen release performance of CaO2 is mainly reflected in two as-
pects. On the one hand, the CaO2 loading capacity of different biochars 
is mainly affected by the O content of biochars. On the other hand, even 
with the equivalent dosage of CaO2, the oxygen release periods and DO 
concentration are significantly different when different biochars are 
used as carriers, indicating that the properties of biochars exhibit an 
important impact on the oxygen release performance of CaO2. Among 
them, the periods of oxygen release are mainly affected by the pore 
structure, while the concentration of DO is principally controlled by the 
content of O. Hence, the preparation of biochars with appropriate pore 
structure and O content is critical to optimizing the oxygen release 
performance of CaO2. 

3.4. Biodegradation experiment 

The initial DO concentration and pH values of the mixed solution 
were and 7.5 mg⋅L-1 and 6.9, respectively. After the 10 days biodegra-
dation experiment, the DO concentrations after biodegradation were 
lower than 0.5 mg⋅L-1 in all the groups, indicating that the oxygen has 
been completely consumed, which was majorly due to the relatively low 
CaO2 dosage and rapid consuming by the bacterial inoculation. The final 
pH value of the groups with different treatments was shown in Fig. 7. As 
shown, the final pH values of most groups (with or without oxygen- 
releasing materials) changed slightly from the initial value of 
6.9–6.6–6.7, except those adding CaO2 and CaO2 @BP500. The latter 
two groups exhibited marginally lower pH values of below 6.3, which 
may be due to the fact that the degradation process of the two experi-
mental groups was mainly aerobic degradation, and thus more acidic 

Fig. 6. CaO2 content, oxygen release time and amount of pure CaO2 and 
bamboo powder carbon-based oxygen releasing materials. 

Fig. 7. pH value in different treatments at the end of the biodegradation 
experiments. 
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substances were produced. The diesel oil used in this experiment is 0# 
diesel oil, which contains about 68% alkanes. Compared with naph-
thenes and aromatics, alkanes are more biodegradable. Alkanes are 
commonly degraded by mono-terminal oxidation. Terminal methyl is 
usually oxidized to primary alcohols and then converted to aldehydes 
and carboxylic acids, which tend to decrease the pH of the solution [37, 
45]. 

Fig. 8 and Fig. 9 showed the 16 S rRNA gene copy numbers and diesel 
oil degradation rates of different treatment groups at the end of the 
experiment, respectively. The amounts of 16 S rRNA copy numbers can 
reflect the relative abundance of degrading bacteria in the experimental 
groups Vetrovsky [46]. It can be seen from Fig. 8 that the untreated 
blank group had the lowest 16 S rRNA gene copy number, which was 
within expectations. The 16 S rRNA gene copy number in the group 
added with CaO2 @BP800 was almost twice that of other groups. Ac-
cording to Fig. 4, the possible reason was that the material CaO2 
@BP800 had a short oxygen release cycle and strong oxygen release 
ability, which led to the material releasing a large amount of oxygen in 
the early stage of the experiment. The degrading bacteria of the group 
multiplied in large numbers in the early stage of the experiment with 
sufficient oxygen and nutrients, leading to the highest 16 S rRNA gene 
copy number. This also showed the importance of complete conversion 
of CaO2 in biochar-based materials. 

According to Fig. 9, the blank group with the least number of 
degrading bacteria has the lowest diesel oil removal. The diesel oil 
removal of the groups adding BP500 and BP800 was slightly higher than 
that of the blank group, which may be due to the physical adsorption of 
diesel oil by biochars. Attributed to aerobic degradation, the diesel oil 
removal rate of the groups adding CaO2 and CaO2 @BP500 was about 
4–10% higher than that in the groups adding BP500 and BP800. 
Comparing with the blank group (with microorganisms only), these 
groups showed negligible changes in the removal rate of diesel oil. This 
indicates that the removal of contaminants is not strongly related to the 
oxidation of calcium peroxide and the electron transport function of 
biochar. On the other hand, in the blank group with only microorgan-
isms, the remediation efficiency reached about 32%, indicating that the 
main removal effect in the biodegradation test was contributed by 
Pseudomonas sp. SB. The highest removal of diesel oil was achieved in 
the CaO2 @BP800 group, which was about 10% higher than the pure 
CaO2 group. It is indicated that an obvious enhancement in the diesel oil 
removal efficiency could be obtained by applying the CaO2 @BP800 
material. The highest content of degrading bacteria (shown in Fig. 8) in 
this group may contribute the most to the highest remediation 
performance. 

4. Conclusions 

Concisely, biochars were used as carriers to improve the oxygen 
releasing performance of CaO2. Results implied that biochar properties 
could be regulated using base/acid treatment and would further deter-
mine the CaO2 loading capacity and oxygen release performance. Bio-
chars significantly increased the oxygen release time and amount of 
CaO2 to up to 5 times and 2 times, respectively, and a full conversion of 
CaO2 was observed for the biochar-loaded materials. The relationship 
between the biochars properties and the oxygen release ability was 
consolidated. The biodegradation experiments of diesel oil using the 
prepared materials exhibited a final pH range of 6.25–6.73, and all the 
experimental groups attained a complete consumption of dissolved ox-
ygen. The highest removal ratio of diesel oil was observed for CaO2 
@BC800, due to the maximized amount of bacteria. Therefore, biochar- 
based CaO2 represents a promising oxygen-releasing material for 
bioremediation of petroleum-contaminated groundwater. 
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