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In this work, a modification method of H3PO4 plus H,0, (PHP) was introduced to targetedly form abun-
dant oxygenated functional groups (OFGs) on biochar, and methylene blue (MB) was employed as a model
pollutant for adsorption to reflect the modification performance. Results indicated that parent biochars,
especially derived from lower temperatures, substantially underwent oxidative modification by PHP, and
OFGs were targetedly produced. Correspondingly, approximately 21.5-fold MB adsorption capacity was
achieved by PHP-modified biochar comparing with its parent biochar. To evaluate the compatibility of
PHP-modification, coefficient of variation (CV) based on MB adsorption capacity by the biochar from
various precursors was calculated, in which the CV of PHP-modified biochars was 0.0038 comparing to
0.64 of the corresponding parent biochars. These results suggested that the PHP method displayed the
excellent feedstock compatibility on biochar modification. The maximum MB adsorption capacity was
4541 mg/g when the H3PO, and H,0, fraction in PHP were 65.2% and 7.0%; the modification was further
intensified by promoting temperature and duration. Besides, average 94.5% H3P0O4 was recovered after 10-
batch modification, implying 1.0 kg H3PO,4 (85%) in PHP can maximally modify 2.37 kg biochar. Overall,

this work offered a novel method to tailor biochar towards OFGs-rich surface for efficient adsorption.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biochar, a carbon-rich solid, is produced via biomass pyroly-
sis in air-free environments, which provides an effective way for
waste management [1]. As an adsorbent, biochar has been widely
investigated in water treatment to remove the organic and inor-
ganic contaminants [2]. Substantially, the adsorption performances
of biochar greatly relate to its physicochemical characteristics, such
as porous structure, surface functional groups (SFGs), ion exchange
capacity [3]. These characteristics mainly control the adsorption of
various pollutants through the mechanisms of physical holding, hy-
drogen bonding, electrostatic interaction, complexation [4,5], etc.

However, it is undeniable that the prepared biochar displayed
unstable properties from the precursors, the carbonization condi-
tions, and the preparing processes [6]. Consequently, various mod-
ification methods are widely employed to tailor biochar for the
stable characteristics and the targeted performances [7-9]. Chemi-
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cal modification, mainly including acids, alkaline and oxidant, has
been widely investigated, by which the surface characteristics were
improved, especially, the SFGs were introduced abundantly, the ad-
sorption performances to the pollutants thereby can be intensified
[10-15]. Besides, another modification method, physical modifica-
tion contributed to the porous structure, the promoted adsorption
performances are also closely associated with the improvement
of the accessibility of SFGs [16-18]. Hence, enriching SFGs on the
biochar will be a powerful strategy to targetedly improve the pol-
lutant removal in the environmental application.

Among various SFGs on biochar, the oxygenated functional
groups (OFGs, e.g., carboxyl, hydroxyl, carbonyl and ester groups)
substantially more contribute to the adsorption behaviors of
biochar [19,20]. As reported, the hydroxyl group, carboxyl group
and carbonyl group on biochar were formed after modification by
KOH [21], phosphomolybdic acid [22], O3 [23] and H,0, [15,24],
and these modified biochars strengthened the adsorption of phe-
nol, methylene blue (MB) and the heavy metals through electro-
static effect, hydrogen bonding, cation exchange and complexation,
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Fig. 1. MB adsorption using PHP-modified biochars that were prepared at different
pyrolysis temperatures. The modified conditions were 3.0 h and 60 °C, and the fi-
nal fraction of H3PO, and H,0, in the employed PHP solution was 65.2% and 7.0%,
respectively.

respectively. Thus, it can be hypothesized that oxidative modifica-
tion in acid conditions will produce more carboxyl and carbonyl
groups. In previous investigations, H3PO4 plus H,0, (PHP) was
employed to pretreat lignocellulosic biomass, in which the recov-
ered by-product of lignin displayed abundant OFGs and efficient
MB adsorption capacity [25,26]. These results inspired us that PHP
can offer the oxidative modification in acid conditions, by which
biochar can be targetedly tailored for abundant OFGs, and improve
the adsorption capacity of pollutants.

In this context, current work aimed to check the possibility of
enriching OFGs on biochar by PHP modification. MB, an organic
cationic pollutant, can be typically combined with OFGs on biochar
by electrostatic interaction and hydrogen bonding [22]. Thereby,
MB was selected for adsorption test to reflect the potentially en-
riched OFGs by PHP modification. The physico-chemical charac-
teristics of biochar before/after modification were investigated to
check the aforementioned hypothesis. Biochars derived from var-
ious precursors were also modified by PHP to check the techni-
cal compatibility. Besides, the main modification conditions and
the recovery of H3PO4 were also discussed to show the potential
in application. To achieve aims, the biochars were prepared, mod-
ified, characterized and analyzed, and their detailed information
was displayed in Supporting information.

As mentioned above, PHP modification was hypothesized to
oxidatively tailor biochar for more OFGs, by which the proper-
ties of biochar will be potentially stabilized, and targetedly im-
prove the adsorption capability. To clarify this hypothesis, the har-
vested biochar at different pyrolysis temperatures using oak saw-
dust (300-700 °C) was attempted for modification.

According to Fig. 1, MB adsorption (21.1-32.4 mg/g) of the
parent biochars derived from different temperatures was not in
good performances, suggesting the MB adsorption was controlled
by multiple mechanisms. For example, the decreased adsorption
(BC500 < BC300) may imply the decreased OFGs controlled the
MB adsorption; a slight increase with a higher temperature of
700 °C may be attributed to the promoted porous structure or aro-
matic degree [13]. In contrast to the parent biochar, the modifica-
tion using only H3PO4 or H,0, did not promote the MB adsorption
performances significantly (P > 0.05). However, the MB adsorption
of H,0,-modified biochar (H,0,-BC300) was better than that of
H,0,-BC500 or H,0,-BC700, partially suggesting the biochar with
more aliphaticity could facilitate the oxidative modification com-
paring the relatively higher aromatic biochar [27]. When the PHP-
modification (PHP-BC300) was performed on the BC300, the MB
adsorption can be greatly promoted to 454.1 mg/g. By contrast,
the PHP modification on the BC500 and BC700 did not display
significant promotion. Besides, it was reported that the adsorp-
tion of tetracycline (TC) and Pb(II) also related to OFGs on biochar
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[28,29], the significant promotions (20.6 and 4.5 folds) on TC and
Pb(II) adsorption were also observed (Fig. S1 in Supporting infor-
mation). These results strongly support the hypothesis that PHP
worked as the oxidant to efficiently modify the biochar, and the
potentially enriched OFGs that targetedly promoted the adsorption
performances.

Besides, Fourier transform infrared spectroscopy (FT-IR) spectra
of PHP-modified biochar before/after adsorption (Fig. S2 in Sup-
porting information) indicated the typical peaks of MB at 885
cm~! and 1332 cm~! obviously appeared on the modified biochar
after adsorption; the vibration of -C=0-0 at 1704 cm~! was weak-
ened after adsorption, suggesting the MB adsorption by the OFGs
on the biochar [24]. It was reported that H3POs5 or H4P,0g will ex-
ist in PHP solution, which will be the strong oxidants for the mod-
ification [30]. In this part, the PHP-modification was performed at
60 °C, and the thermal activation of the formed peroxy acids into
free radicals, such as 'OH and '0,, at this temperature [31]. Be-
sides, the persistent free radicals on the biochar will be a potential
activator for the homolysis of peroxy acids to form the free radi-
cals [32,33]. These derived free radicals will trigger the oxidative
modification for the biochar to generate more OFGs on the biochar
[34].

As illustrated in Table S1 (Supporting information), C content in
PHP-BC300 significantly decreased to 38.06%, which meant the car-
bon fraction in the BC300 chemically participated in the PHP mod-
ification. Besides, the O content of PHP-BC300 was 56.46%, which
was significantly higher than the other biochars. Moreover, the rel-
atively higher O/C and H/C of PHP-BC300 suggested the polarity
was promoted, while the aromaticity was reduced by PHP modifi-
cation, resulting in more hydrophilic surfaces and fewer aromatic
structures [11]. The FT-IR spectra (Fig. S3 in Supporting informa-
tion) further indicated that PHP-BC300 exhibited significant differ-
ences with the BC300 at 1704 cm~!, and the increase of peak in-
tensity corresponded to an increase in -C=0-0 stretching vibra-
tion of carboxyl and ester, which was greatly related to the pro-
duced OFGs by PHP [24]. The peaks of 1603 cm~! and 1514 cm™!
on BC300 were mainly attributed to aromatic and aliphatic carbon
-C=C stretching vibration [35,36], but the disappearance of 1514
cm~! and weakened vibration at 1603 cm~! happened on PHP-
BC300, which also supported the oxidation modification by PHP.
The broadened adsorption peak at 3408 cm~! of PHP-BC300, cor-
responding to the stretching vibration of —-OH in hydroxyl groups,
also partially reflected more OFGs (-OH) formation after PHP mod-
ification. According to the X-ray photoelectron spectroscopy (XPS)
spectra (Fig. S4a in Supporting information), the PHP-BC300 sur-
face displayed the lowest C content and the highest O content
comparing with other biochars. These results substantially proved
the formation of OFGs by PHP modification. In addition, when the
C 1s spectra were further de-convoluted (Fig. S4b in Supporting
information), the aromatic and aliphatic -C-C/-C=C sharply de-
creased from 56.43% (BC300) to 38.28% after PHP modification,
while the -C-0, -C=0, and -C=0-0 in C 1s were significantly in-
creased to 44.65%, 8.79%, and 8.28%, respectively, comparing with
their corresponding intensity in BC300 (37.73%, 3.94%, and 1.90%,
respectively) [24]. These results well responded to the elemental
content and the FT-IR spectra (Table S1 and Fig. S3), and again di-
rectly proved the largely generated OFGs after PHP modification.
Additionally, in contrast with the BC300, a very lower ash con-
tent (0.58%) of PHP-modified biochar suggested the ash function
on MB adsorption can be neglected (Table S1). Besides, no sig-
nificant differences on X-ray diffractometry (XRD) spectra implied
the oxidative modification did not alter the chemical skeleton (the
graphitized structure) (Fig. S5 in Supporting information). More-
over, specific surface area (SSA), total pore volume, pore size, and
scanning electron microscopy (SEM) images (Table S1 and Fig. S6
in Supporting information) reflected that the porous structure was
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Fig. 2. MB adsorption by the PHP-modified biochars derived from various lignocel-
lulosic precursors. Carbonization temperature for parent biochars was 300 °C; the
modified conditions were 3.0 h and 50 °C; the employed PHP solution with the
final fraction of H3PO4 and H,0, was 65.2% and 7.0%, respectively.

not developed well regardless of the modification or not. These re-
sults suggested that the physical adsorption will not dominate the
MB removal by PHP-modified biochar [37]. Based on these discus-
sions, it was concluded that the oxidative modification substan-
tially happened in PHP modification to targetedly introduce OFGs
on biochar, and facilitated the OFGs-dominated adsorption.

To investigate PHP-modification compatibility on the biochar
from various precursors, oak sawdust (OS), wheat straw (WS) and
birch sawdust (BS) were employed to prepare the corresponding
biochars at 300 °C. In contrast with the BC300, the significant
promotion on MB absorption did not happen on the separately
“modified” biochars by the H3PO,4 and H,O regardless of the vari-
ety of parent biochars for the modification (Fig. 2), suggesting the
modification function by the separated H3PO, was very weak. Al-
though the H3PO,4 was reported to be a modifier to improve the
biochar adsorption capacity, the different modification processes
and parameters may cause the inconsistent results [38,39]. The
H,0,-BC300 can promote the MB adsorption by 42.9%—64.3% using
these three parent biochars, this may be attributed to the oxida-
tive modification by the H,0, to introduce OFGs [15]. By contrast,
the PHP modified biochars significantly promoted the MB adsorp-
tion to 450.1-453.1 mg/g, which was 5.6-21.3 folds and 3.4-14.9
folds higher than the corresponding parent biochars and the cor-
responding H,0,-BC300, respectively. It was obviously proved that
PHP displayed a positive modification on biochar by the synergism
of H3PO4 and H,0,, and achieved an excellent adsorption capacity.

Furthermore, based on the MB adsorption capacity of the
biochars from these three precursors, the coefficients of variation
(CV) of BC300, H,0,-BC300, H3PO4-BC300, and H,0-BC300 were
calculated as 0.64, 0.72, 0.63 and 0.76, respectively, which sug-
gested the distinguishable adsorption performances because of the
different characteristics of precursors [40]. By contrast, the CV of
PHP-BC300 was only 0.0038, suggesting a relatively compatibil-
ity of the PHP-modification to the biochars derived from differ-
ent lignocellulosic precursors regardless of the existing differences
in biochar characteristics. Besides, according to literature compar-
ison (Table S2 in Supporting information), MB adsorption by PHP-
modified biochars from these 3 precursors were all superior to
the mostly reported biochars (41.0-433.1 mg/g), although some of
these reported biochars had higher SSA [22,24,41-44]; this also
proved that the superior MB adsorption efficiency by PHP-modified
biochar was mainly attributed to the chemisorption of OFGs, rather
than physical adsorption.

To clarify the effects of H3PO4 and H,0, on the MB adsorp-
tion performances, the wide scale modulation on the concentra-
tion of H3PO4 (0%—70.8%) and H,0, (0%—10%) was investigated on
oak biochar modification. Fig. 3 showed that increasing H,0, con-
centration from 0% to 10% did not improve MB adsorption signif-
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Fig. 3. Effects of H3PO, and H,0, on the adsorption performances of the PHP-
modified biochars. Carbonization temperature for parent biochars was 300 °C; the
modified conditions were 3.0 h and 60 °C.
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Fig. 4. Effects of (a) modification time and (b) modification temperature on adsorp-
tion performances. Carbonization temperature for parent biochars was 300 °C; the
employed PHP solution with the final fraction of H3PO4 and H,0, was 65.2% and
7.0%, respectively.

icantly (P > 0.05), when no H3PO4 was involved in the modifica-
tion; the increase of H3PO,4 also did not significantly promote the
MB adsorption (P > 0.05) without H,0, involvement. These results
suggested the desired modification performances could not be suc-
cessful by the sole H3PO4 or H,0,. Overall, MB adsorption was
obviously promoted by PHP mixture. The increase of the H3POg4
fraction can significantly promote MB adsorption, especially at fi-
nal H3PO,4 concentration > 30%; increasing H,O, fraction in PHP
solution also improved the MB adsorption. These results indicated
the synergistic effect for oxidative modification was intensified by
the involved H3PO,4 or H,0,. It can be explained that the intensity
of formed peroxy acid in PHP solution will be intensified by the in-
put H3PO4 and H,0,. The highest 10% H,0, fraction was involved
in PHP modification achieved 6.3 mg/g increase on MB adsorption
by 1.0% promotion on H3PO,4 fraction. By contrast, 1.0% promotion
on H,0, fraction increased MB adsorption by 7.6-86.2 mg/g on
average. Obviously, the effect of H,0, fraction in PHP on biochar
modification was stronger than that of H3PO4. The maximum MB
adsorption of 454.1 mg/g was harvested with the PHP-modified
biochar at the final concentration of H3PO4 and H,0, was 65.2%
and 7.0% in PHP solution, respectively.

Besides, oak biochar was PHP-modified for 1.0-5.0 h at 50 °C to
clarify the effects on MB adsorption. Fig. 4a indicated that adsorp-
tion capacity of PHP-BC300 arrived at 310.8 mg/g at modification
time of 1.0 h; By contrast, adsorption capacity of H3PO4-BC300
and H,0,-BC300 (the modification time was 3.0 h) was only 18.7
and 33.8 mg/g, respectively (Fig. 1). This result once again proved
that the PHP-modification was more beneficial to the biochar ad-
sorption of MB than that of H3PO, and H,0, alone. The ad-
sorption capacity significantly promoted to 450.1 mg/g (P < 0.05)
with the removal efficiency (Re) of 90.1%, however, no significant
variations were identified as longer modification were employed
(> 3.0 h) (P > 0.05). It could be basically deduced that the chem-
ical reaction existed in the PHP-modification, and the reaction will
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be equilibrated with longer reaction time. As displayed in Fig. 4b,
the PHP-modification temperature was promoted from 30 °C to
60 °C, MB adsorption of the modified biochar was increased sig-
nificantly (P < 0.05), and reached the maximum adsorption capac-
ity of 454.1 mg/g with R. of 90.8% after 60 °C modification. The
improved modification effects by promoting temperature also sug-
gested the chemical modification happened substantially, such as
thermal activation of the formed peroxy acids into free radicals,
which was greatly temperature-dependent in 20-60 °C [31]. Be-
sides, the very gentle modification temperature by PHP involve-
ment exhibited the potential advantages on simplifying the modi-
fication process and reducing the energy input comparing with the
reported H3PO,4 involved methods for biochar modification, such as
H3PO,4 impregnation (47.5%—85%) plus pyrolysis (450 °C) [11,39].

Although the PHP-modification targetedly generated more OFGs
on the modified biochar, the large amounts of employed H3POy4
triggered us to recycle the input H3PO, for the modification. As
showed in Fig. S7 (Supporting information), MB adsorption of mod-
ified biochar by the PHP using the recycled H3PO,4 still reached
437.3-448.0 mgfg in a successive 10 batches modification (P >
0.05), which was closed to the first batch (454.1 mg/g). Besides,
the average 94.5% H3PO4 was recovered and recycled for the next
batch modification, which meant PHP solution prepared by 1.0 kg
H3PO,4 (85%) can modify 2.37 kg biochar in total; this will greatly
decrease the input cost of H3PO4. Of course, average 5.5% H3PO4
will be consumed in the water washing process for the modified
biochar of each batch, thereby the P valorization in wastewater
should be considered. According to current experience, the cal-
cium hydroxide and calcium oxide were suggested to introduce the
wastewater for the neutralization and the recovery P by precip-
itation. Besides, struvite [45] and lanthanum-based nanomaterial
[46] were considered as advantageous methods to recover phos-
phorus from wastewater. Integrating this process will potentially
make the whole process cleaner and more cost-efficient.

In summary, PHP was successfully employed to tailor biochar
prepared at a low temperature (300 °C) via the oxidative mod-
ification in acid conditions; OFGs were targetedly introduced on
biochar, by which extremely high MB adsorption performances
were achieved comparing with its parent biochar. PHP modification
displayed wide adaptability to the biochars from various typical
lignocellulosic precursors, suggesting the feedstock compatibility.
The modification was significantly intensified by increasing tem-
perature and time, and the H3PO4 and H,0, fraction in PHP pos-
itively related to the modification, especially H,O, proportion. Be-
sides, approximately 94.5% H3PO4 was recovered for the next batch
modification, suggesting 1.0 kg H3PO,4 (85%) in PHP can modify
2.37 kg biochar in total.
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