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A B S T R A C T

A highly efficient modified hydrochar material by H2O2 and ultrasonic synergistic treatment was prepared for
Pb2+ removal in aqueous solution. The removal mechanism was investigated by a number of techniques and was
provided by quantitative calculation. The maximum adsorption capacity of Pb2+ by the modified hydrochar was
calculated to be 92.80 mg g−1 at pH 5.0 and 298 K, which was more than 42 times higher than pristine hy-
drochar (2.20mg g−1) and much higher than the other reported modified hydrochar materials. The character-
ization results showed that H2O2 treatment changed elemental composition, surface charge and increased
oxygen-containing functional groups of the hydrochar. The mechanism study indicated that complexation with
free carboxyl and hydroxyl and cation-π interaction were main mechanisms responsible for Pb2+ sorption and
their corresponding contribution percentage of different mechanisms to the Pb2+ sorption was accounting for
62.12%, 27.14% and 10.74%, respectively.

1. Introduction

In recent years, pollution by heavy metals (i.e. Pb2+) has become a
significant concern due to its high mobility and biological

accumulation, thus posing risks and hazards to environmental de-
gradation and harm human life. Among various treatment techniques
including ion exchange, chemical precipitation, membrane separation
and adsorption which developed to remove heavy metal from water,

https://doi.org/10.1016/j.biortech.2019.121593
Received 8 April 2019; Received in revised form 27 May 2019; Accepted 30 May 2019

⁎ Corresponding authors at: 18 Shuangqing Road, Beijing 100085, China.
E-mail addresses: zgliu@rcees.ac.cn (Z. Liu), wtjiao@rcees.ac.cn (W. Jiao).

Bioresource Technology 288 (2019) 121593

Available online 01 June 2019
0960-8524/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2019.121593
https://doi.org/10.1016/j.biortech.2019.121593
mailto:zgliu@rcees.ac.cn
mailto:wtjiao@rcees.ac.cn
https://doi.org/10.1016/j.biortech.2019.121593
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2019.121593&domain=pdf


adsorption is considered as a high-efficient and cost-effective method
with low secondary pollution (Cui et al., 2016). Thus far, activated
carbon, chitosan, organic material and biochar have been widely ap-
plied to remove heavy metals (Zhuang et al., 2016). Particularly, bio-
char has been proved to be one of the promising sorbents due to its low
cost and simple design.

Biochar can be produced by two thermal conversion methods -
pyrolysis (i.e., dry pyrolysis) and hydrothermal carbonization (HTC;
i.e., wet pyrolysis). Most of current researches are partial to pyrolytic
biochar (pyrochar) for environmental application, including carbon
sequestration, soil improvement, water treatment, and environmental
remediation (Xue et al., 2012). In contrast, the investigation about the
hydrothermal biochar (hydrochar) is still in the embryonic stage
(Kambo and Dutta, 2015).

Hydrochar is a carbon-rich solid product synthesized by the hy-
drothermal carbonization (Reza et al., 2014). It not only possesses de-
veloped porous structure as with pyrochar materials, the surface of
hydrochar shows a high degree of aromatization with the large number
of oxygen-containing groups (Chen et al., 2017; Li et al., 2017), in-
dicating that hydrochar can be a potential alternative adsorbent for
heavy metals removal in aqueous environments. There have been a few
reports in hydrochar application in wastewater cleaning, indicating that
the adsorption capacity of hydrochar for heavy metals (e.g., Pb2+,
Cd2+ and Cu2+) was considerably higher than that observed for the
biochar (Elaigwu et al., 2014). To our knowledge, most of previous
efforts only focused on investigating the sorption behaviors of pristine
hydrochar materials based on low metal removal efficiency (Liu and
Zhang, 2009). In contrast, there was very little contribution to hydro-
char modification and sorption enhancement (Xue et al., 2012; Zuo
et al., 2016), and the adsorption capacity of modified hydrochar was
still limited for metals removal in practical application. In addition,
there was no available information provided by quantitative analysis
and to reveal the in-depth knowledge of specific sorption mechanisms
of hydrochar materials while most of recent researches just focused on
pyrochar materials (Cui et al., 2016; Gao et al., 2019; Lu et al., 2012;
Wang et al., 2018). Investigation and even quantitative analysis of
heavy metals sorption mechanisms by hydrochar materials would
provide comprehensive insight into metal binding and transformation,
and supply theoretical basis for hydrochar materials optimization for
targeted environmental application.

In this work, pristine hydrochar materials were produced from
pinewood sawdust by hydrothermal carbonization and then treated
with H2O2. Pb2+ adsorption by the pristine and oxidized hydrochars
was investigated using batch techniques and the corresponding sorption
mechanism was investigated by multiple characterizations and pro-
vided by quantitative results. The overall purpose of this study was to
provide in-depth knowledge of modified hydrochar in heavy metals
removal and thus give academic guidance for its further environmental
application. The specific objectives of this study are to: (1) put forward
an emerging highly-efficient technology for hydrochar modification
and sorption enhancement thus to impel the hydrochar environmental
application in wastewater cleaning, soil remediation and hydrochar-
based materials synthesis; (2) compare physico-chemical properties and
adsorption characteristics of H2O2-modified and pristine hydrochars;
(3) elucidate the underlying mechanisms for heavy metals adsorption
by the modified hydrochars.

2. Materials and methods

2.1. Materials and reagents

Pinewood sawdust (SD) was collected from a local wood processing
factory in Beijing suburb. The obtained sawdust was washed with
deionized water for removing dirt and soluble impurities, and then
dried at 80 °C for 24 h. Afterwards, the resultant samples were crushed
and sieved to uniform size fraction of ∼0.15mm and then stored in a

desiccator for future experiments.
All chemicals of at least analytical grade were purchased from

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and used
without further purification. The Pb2+ stock solution (2000mg/L) was
prepared by dissolving desired amount of lead nitrate (Pb(NO3)2,
≥99.0% purity) in deionized water. The working solutions were diluted
from the above stock solution.

2.2. Hydrochar preparation and modification

Sawdust derived hydrochar material (SDHC) was prepared through
HTC of SD. Specifically, a mixture of feedstock (100 g) and deionized
water (600mL) was added into an autoclave. The reactor was pro-
grammed to heat and then hold at the final temperature of 260 °C for
2 h. The reactor was run at an autogenic pressure of 0–5MPa, measured
by a pressure gauge. After reaction, the hydrochar product was thor-
oughly washed with deionized water and acetone in order to separate
adhering water soluble components and organic compounds, which
may hamper the real mechanism investigation. The final sample was
dried at 80 °C for 24 h.

To make the modified SDHC (mSDHC), about 10 g of SDHC was
placed into 300mL 20% H2O2 solutions. The mixture was ultrasonic
dispersion for certain time with constant stirring, and then the sus-
pension was magnetically stirred at 300 rpm, 30 °C for 6 h. After rinsing
with deionized water and further drying at 80 °C, the mSDHC sample
was stored for later experiments.

2.3. Characterization

Carbon, hydrogen, nitrogen and sulfur contents of the hydrochar
samples were determined using a CHNS/O Elemental Analyzer
(Elementar vario EL cube, Germany). The oxygen-containing functional
groups were quantitatively measured by Boehm’s titration method
(Boehm, 1994). The major inorganic elemental constituents were ana-
lyzed by inductively coupled plasma optical emission spectroscopy
(ICP–OES; PerkinElmer 3000DV, USA). The pH of the point of zero
charge (pHpzc) was measured by solid addition method (Oladoja et al.,
2009). Briefly, 20 mL of 0.1/0.01 M KNO3 solution was transferred into
a series of 50-ml PVC vials and adjusted to pHi of 2–7, after hydrochar
samples (0.1 g) were added and shaken for 24 h, the pHf was obtained
by measure the pH values of the supernatant liquid. The difference
between the initial and final pH values (ΔpH=pHi− pHf) was ex-
plicitly a function of pHi. The pHpzc was the corresponding value of pHi

where ΔpH=0. The speciation distribution of Pb(II) in aqueous solu-
tions was analyzed as a function of pH ranged from 2 to 8 using the
chemical equilibrium software Visual MINTEQ, Version 3.1
(Gustafsson, 2014).

The mSDHC before and after Pb2+ adsorption were characterized by
the following techniques. The surface functionality was measured
through the Fourier transform infra-red (FT-IR) spectra which was re-
corded in a KBr pellet at room temperature with a Nicolet 8700 FTIR
spectrometer (Thermo Fisher Scientific Inc., USA) in 400–4000 cm−1

range. The crystalline phases were analyzed by an X-ray diffractometer
(XRD; Bruker Advance D8 diffractometer, Germany) using Cu Ka ra-
diation at the scanning speed of 5° min−1 with 2θ angle varying in the
range of 5–90°. X-ray photoelectron spectroscopy (XPS) was taken on a
Thermo Fisher Scientific ESCALAB 250Xi Spectrometer equipped with
Al-Kα X-ray radiation. All binding energies were calibrated by the C 1s
hydrocarbon peak at 284.80 eV.

2.4. Adsorption experiments

2.4.1. Adsorption isotherms
Adsorption isotherms were conducted by adding certain amount of

the hydrochars to 25mL Pb2+ solutions (1–200mg/L) in 50-mL PVC
vials. After the desired pH was adjusted to 5.0 ± 0.05 using 0.1M
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HNO3 and NaOH solution, the mixtures were shaken at 200 rpm and
298 ± 1 K in a thermostatic orbital shaker for 24 h. Afterwards, the
liquid phase was separated from the adsorbent by centrifugation and
then passing through a 0.45 μm membrane filter.

2.4.2. Adsorption kinetics
Adsorption kinetics was conducted by batch sorption experiments

similar to isotherms. For each experiment, 10mg L−1 Pb2+ solutions
were shaken for different time intervals (1 min, 5min, 10 min, 30 min,
60 min, 90min, 120min, 240min and 360min). Once the adsorption
experiment was completed, the mixtures were collected and filtered
through a 0.45 μm membrane filter, and the concentrations of Pb2+ in
the filtrates were determined.

2.4.3. Blocking of carboxyl and hydroxyl groups
To evaluate and quantitatively calculate the contribution of car-

boxyl and hydroxyl groups to the adsorption, the methods described by
Gardeatorresdey et al.(1990) and Lu et al. (2012) for carboxyl and
hydroxyl groups blocking were adopted. In brief, 4.5 g of mSDHC was
suspended in 317mL anhydrous CH3OH and 2.7 mL concentrated hy-
drochloric acid (0.1M H+ for the final solution), after 6-h continuous
agitation at 200 rpm in a magnetic stirrer, the blocking process of
carboxyl groups was completed. Afterwards, the blocked samples were
separated by centrifugation at 4000 rpm for 10min. Likewise, the
blocking process of hydroxyl groups was similar to the carboxyl groups.
2.5 g of mSDHC was suspended in the mixture of 50mL HCHO and
0.43mL concentrated hydrochloric acid. These blocked mSDHC were
freeze-dried and then applied for the batch Pb2+ sorption experiments.
Following the similar procedure described in Section 2.4.1, the max-
imum adsorption capacity of blocked mSDHC was obtained. The dif-
ference in Pb2+ sorption capacity between the pristine and blocked
mSDHC was computed and served as the contribution of surface co-
ordination for Pb2+ removal by these functional groups.

2.5. Statistical analysis

The removal efficiency of Pb2+ (R%) and the adsorption capacity of
the adsorbent for Pb2+ (qe) at equilibrium was calculated as following
equations:

=
−

×R C C
C
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where C0 is the initial Pb2+ concentration (mg L−1), Ce is the Pb2+

concentration at equilibrium (mg L−1), V is the volume of the solution
(mL) and m is the amount of adsorbent used (mg).

The adsorption isotherms of hydrochars for Pb2+ were simulated
with Langmuir, Freundlich and Temkin models in this study:

Langmuir model:
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with equilibrium parameter RL calculated:
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where Qmax (mg g−1) is the maximum adsorption capacity and bL
(L mg−1) is the Langmuir adsorption constant related to adsorption
heat; C0 is the initial Pb2+ concentration (mg L-1).

Freundlich model:

=q K Ce F e
n1/ (5)

where KF (L mg−1) is the Freundlich adsorption constant and 1/n is the
heterogeneity factor.

Temkin model:

=q RT
b
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T
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where aT is the equilibrium binding constant corresponding to the
maximum binding energy, bT is the Temkin adsorption constant, T is the
sorption temperature (K), and R is the ideal gas constant
(8.314 Jmol−1 K−1).

The adsorption kinetics of hydrochars for Pb2+ was simulated with
pseudo-first-order and pseudo-second-order in this study:

Pseudo-first-order model:
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Pseudo-second-order model:
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where qt is the amounts of the Pb2+ adsorbed (mg g−1) at time t (min).
k1 (min−1) and k2 (g mg−1 min−1) are the rate constants of pseudo-
first-order, pseudo-second-order, respectively.

3. Results and discussion

3.1. Hydrochar properties

The results of ultimate analysis were shown in Table 1 and it can be
seen that a few changes occurred in hydrochar properties by H2O2

treatment. The carbon content of mSDHC (61.1%) was obviously lower
than that of SDHC (71.0%) by H2O2 treatment. In contrast, the calcu-
lated oxygen content of mSDHC (31.5%) was increased by 10.8 percent
compared to the SDHC (20.7%), suggesting that part of the carbon in
SDHC was oxidized by the H2O2. These results were consistent with the
previous studies that H2O2 treatment could increase oxygen-containing
functional groups, especially carboxyl functional groups (Sizmur et al.,
2017). Meanwhile, H2O2 treatment also resulted in the increased bulk
polarity (Xue et al., 2012). Positive relationships of sorption capacity
for heavy removal with surface oxygen-containing functional groups
and polarity were observed in recent studies (Huff and Lee, 2016; Xu
et al., 2014). Therefore, it was expected that the modified hydrochars
with enhanced polarity were expected to show stronger Pb2+ adsorp-
tion compare to the pristine ones.

The quantitative analyses of oxygen-containing functional groups
were conducted by Boehm titration method and the results were shown
in Fig. 1. Compared to the pristine hydrochar, the total oxygen-

Table 1
Bulk properties and composition of SDHC and mSDHC materials.

Sample pH Ultimate analysis (%, mass based) Atomic ratio

C H Oa N S C/N O/C H/C ((O+N)/C)b

SDHC 4.45 71.0 5.5 20.7 1.93 0.87 42.9 0.2 0.9 0.2
mSDHC 3.59 61.1 5.0 31.5 1.86 0.61 38.3 0.4 1.0 0.4

a By difference.
b Bulk polarity ((O+N)/C) was calculated from the atomic ratio of (O+N) and C.
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containing functional groups were obviously increased by 2.2 times
after the H2O2 modification, and the detailed contents of carboxylic,
lactone and phenolic hydroxyl groups increased by 3.4, 2.1 and 2.0
times, respectively. The curves in Fig. 2 show that H2O2 oxidation of
pristine hydrochar reduced its pHPZC from 4.69 to 3.09 due to the newly
imported acidic functional groups (eCOOH). In general, the adsorption
of metal ions is favored at pH > pHPZC and the adsorption of anions is
favored at pH < pHPZC, due to electrostatic attraction and repulsion
interaction (Rao et al., 2006). The pHPZC of mSDHC was 3.09. At
pH > 3.09, the surface of mSDHC was deprotonated, resulting in a
higher surface net negative charge and thus indicating a higher affinity
for heavy metal ions. Consequently, the mSDHC held some superiority
over SDHC in Pb2+ removal by strong driving force of electrostatic
interaction.

3.2. Adsorption isotherms

The adsorption isotherms for Pb2+ by SDHC and mSDHC materials
were investigated by Langmuir, Freundlich and Temkin models, re-
spectively. Langmuir isotherm describes the monolayer adsorption on

homogeneous surfaces without interaction between adsorbed molecules
while Freundlich isotherm focuses on heterogeneous surfaces and
multilayer adsorption (Fan et al., 2019); Temkin isotherm considers the
interactions between adsorbents and Pb2+ to be adsorbed and is based
on the assumption that the free energy of adsorption is a function of the
surface coverage (Xia et al., 2015). The nonlinear fitting curves of three
isotherms by SDHC and mSDHC were shown in Fig. 3a and b, and the
isotherm parameters for Pb2+ adsorption were summarized in Table 2.
The results showed that the Langmuir and Freundlich fitting curves
were well consistent with the observation data, which implied that both
monolayer and multilayer sorption were co-existed in experiments.
Based on the correlation coefficients (R2), it was observed that Pb2+

sorption of mSDHC could be better described by Freundlich isotherm,
suggesting that the surface heterogeneities of the hydrochar were in-
creased by H2O2 treatment. In addition, it could be inferred from the
isotherms that after the H2O2 modification, the maximum adsorption
capacity of mSDHC increased up to 92.80mg g−1, which was more than
42 times higher than that of the SDHC (2.20mg g−1) and even com-
parable to that of commercial activated carbons (Table 3). Therefore, it
was concluded that mSDHC has great potential as alternative ad-
sorbents for Pb2+ removal in aqueous solution.

Fig. 1. Oxygen-containing functional groups in SDHC and mSDHC determined
by Boehm’s method.

Fig. 2. Point zero charge of SDHC and mSDHC in 0.01M KNO3 solutions (pHf

versus pHi).

Fig. 3. Langmuir, Freundlich and Temkin isotherms for adsorption of Pb2+ on
SDHC (a) and mSDHC (b) at 298 K.
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3.3. Adsorption kinetics

The adsorption kinetics of Pb2+ (10mg/L) by SDHC and mSDHC
materials at pH=5 and T=298 K were shown in Fig. 4a and b, and
the kinetics parameters for Pb2+ adsorption were summarized in
Table 4. Obviously, it could be observed that Pb2+ sorption on the
mSDHC occurred much faster and much more stable. The mSDHC
showed much stronger adsorption capacity than SDHC, indicating that
H2O2 treatment effectively activated the hydrochars and improved their
efficiency for Pb2+ removal. Although both models described the ki-
netic data well with all R2 higher than 0.87, the pseudo-second-order
model gave better fits for both SDHC (R2=0.945) and mSDHC
(R2=0.990) compared to pseudo-first-order kinetic model (R2=0.893
and 0.982, respectively), indicating that the adsorption of Pb2+ by the
SDHC and mSDHC was primarily attributed to chemical process (Zou
et al., 2017).

3.4. Mechanisms of Pb2+ adsorption on modified hydrochar

The isotherm results indicated that the adsorption capacity of
modified hydrochar (mSDHC) increased sharply compare to the pristine
hydrochar (SDHC) by the H2O2 modification. It was assumed that the
increased adsorption capacity of hydrochar materials was mainly re-
lated to the increased oxygen-containing functional groups by H2O2

oxidation, which was evidenced by the results of Boehm’s titration
(Fig. 1) and ultimate analysis (Table 1). To further confirm which
oxygen-containing polar group was responsible for the Pb2+ adsorption
capacity and to elucidate the adsorption mechanism, the FT-IR and XPS
analysis were employed to study the changes of infrared characteristic
(i.e., intensity and wavenumber) and binding energy of C 1s, O 1s and
Pb 4f in mSDHC before and after Pb2+ adsorption, respectively. As il-
lustrated in IR spectra (see Supplementary information), after adsorp-
tion of Pb2+, no significant changes were found in SDHC, which may be
due to the limited OFGs. However, for mSDHC, it was obvious that
several peaks were diminished after Pb2+ adsorption, particularly the
peaks around 3308 cm−1 and 1701 cm−1, which was ascribed to the

Table 2
Isotherm parameters for Pb2+ adsorption by SDHC and mSDHC materials.

Isotherms Parameters Adsorbents

SDHC mSDHC

Langmuir Qmax (mg g−1) 2.20 92.80
bL (L mg−1) 0.13 0.08
R2 0.983 0.985
RL 0.037–0.892 0.061–0.932

Freundlich KF (L mg−1) 0.38 16.51
n 2.01 2.90
R2 0.981 0.993

Temkin aT 3.67 2.08
RT/bT 0.34 14.98
R2 0.949 0.986

Table 3
Comparison of the adsorption capacities of Pb2+ on various adsorbents.

Adsorbents Experimental conditions Ion Qmax (mg/g) Ref.

H2O2 modified hydrochar Pb 22.82 (Xue et al., 2012)
H2O2 modified hydrochar pH 6.0, 298 K Cu 53.80 (Zuo et al., 2016)
Apple pulp activated carbon pH 5.0, 298 K Pb 15.96 (Depci et al., 2012)
Sulfur modified activated carbon pH 5.0, 310 K Pb 29.44 (Goel et al., 2005)
Coconut-shell activated carbon pH 4.5, 318 K Pb 26.50 (Sekar et al., 2004)
The POME sludge activated carbon pH 5.5, 303 K Pb 69.44 (Adebisi et al., 2017)
Hydrochar-wrapped Ti3AlC2-derived nanofibers pH 5.0, 298 K Cu 41.60 (Dong et al., 2019)
Biochar-supported reduced graphene oxide composite pH 6.0, 298 K Pb 34.02 (Zhang et al., 2018)
Activated carbon supported nanoscale zero-valent iron composite pH 6.0, 298 K Pb 59.35 (Liu et al., 2019)
mSDHC pH 5.0, 298 K Pb 92.80 This study

Fig. 4. Pseudo-first-order and pseudo-second-order kinetics for adsorption of
Pb2+ on SDHC (a) and mSDHC (b) at 298 K.

Table 4
Nonlinear curve fit kinetic model parameters for Pb2+ adsorption by SDHC and
mSDHC materials.

Kinetics Parameters Adsorbents

SDHC mSDHC

Pseudo-first-order model qe (mg g−1) 0.49 20.75
k1 (min−1) 1.13 1.90
R2 0.893 0.982

Pseudo-second-ordermodel qe (mg g−1) 0.51 21.02
k2 (min−1) 2.62 0.21
R2 0.945 0.990
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hydroxyl (eOH) and carboxyl (C]O) stretching vibration, respectively.
The diminished peaks suggested a large participation of surface com-
plexation during the adsorption of Pb2+. Additionally, a blue shift of
hydroxyl from 3308 to 3290 cm−1 was observed. However, the corre-
sponding shift for carboxyl was not notable (from 1701 to 1703 cm−1).
It was deduced that the Pb2+ coordination reaction by carboxyl pre-
sented an equivalence replacement (see Supplementary information).
Besides, IR patterns of aromatic CeH out-of-plane bending at
670–900 cm−1 faded after adsorption, indicating that the cation-π in-
teraction was involved in the Pb2+ sorption process (cation-π interac-
tion was considered as an important and general noncovalent binding
force which was usually associated with π electrons system, its bonding
strengths appear to be larger than H bonding strengths and comparable
to inner- and outer-sphere complex formation (Keiluweit and Kleber,
2009)).

Based on the FT-IR results, it was clear that the surface complexa-
tion and cation-π interaction exerted significant effect in Pb2+ removal.
To further investigate the corresponding bonding forces for Pb ions, the
changes of binding energy were determined by surface analysis.
Besides, XPS provided comprehensive insights into oxidation state and
binding form of Pb2+ adsorbed by mSDHC. As seen in Fig. 5a, the sharp
peaks located at ∼284.8, ∼400.1, and ∼532.7 eV, were assigned to
the C 1s, N 1s, and O 1s spectrum, respectively, which originated from
the intrinsic chemical component of mSDHC. A new Pb 4f peak at
∼139.0 eV appeared verifying the successful Pb2+ adsorption.

Fig. 5b showed XPS Pb 4f spectrum after Pb2+ adsorption from
aqueous solutions containing 50 ppm of Pb2+. As seen in this figure,
two peaks (Pb 4f7/2 and Pb 4f5/2) derived from spin–orbit splitting was

located at 138.97 eV and 143.83 eV. In contrast with standard Pb 4f
spectrum of Pb(NO3)2 samples (139.7 eV for Pb 4f7/2) (Batrusaitis et al.,
2012), the binding energy of the Pb loaded mSDHC was shifted greatly
to a lower energy level (∼0.73 eV shifts), indicating the presence of
strong affinity between mSDHC and Pb ions by newly formed Pb-O
groups (Zhang et al., 2017). In addition, the symmetrical peak of Pb 4f7/
2 suggested that Pb ions adsorbed on the surface of mSDHC was present
only in one oxidation state of divalent Pb. As reported by previous
studies (Godelitsas et al., 2003; Laajalehto et al., 1993), the Pb 4f
binding energy of adsorbed Pb on mSDHC was much higher than PbO
(137.3 eV), Pb(OH)2 (137.3 eV) and PbCO3 (138.4 eV) compound,
which implied that the precipitation of Pb as oxides, hydroxides or
carbonates was not the governing mechanisms during adsorption pro-
cess. It was further confirmed by XRD and speciation distribution
analysis. There were no new peaks occurred and the mSDHC held the
same XRD patterns before and after Pb2+ sorption, suggesting no for-
mation of new minerals (see Supplementary information). It should be
noted that due to the H+ release into solutions by complexion with
hydroxyl and carboxyl groups, after Pb2+ adsorption, the pH of equi-
librium system was decreased into the range of 3.45–4.48, and the Pb
aqueous speciation analysis indicated that the predominant specie of Pb
was Pb2+ (see Supplementary information), thus there were no possi-
bilities of existence for such precipitates.

Most interesting information was obtained from the C 1s and O 1s
spectra. As shown in Fig. 5c, the C 1s spectra of mSDHC and mSDHC-Pb
could be deconvoluted into three individual peaks corresponding to
CeC/CeH, CeO and C]O at 284.88, 286.47 and 288.69 eV, respec-
tively (Liu et al., 2012). The CeO and C]O groups reflected the

Fig. 5. XPS spectrum of mSDHC before and after Pb(II) adsorption from solution containing 50 ppm of Pb2+ ions: (a) wide-scan spectrum; (b) Pb4f ; (c)C1s; (d) O1s.
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carboxyl groups in mSDHC. After Pb2+ adsorption, the binding energies
of these three peaks in mSDHC-Pb had a certain degree of blue shift
compared with that in mSDHC, especially for C]O groups. However,
the relative content of C]O increased a lot while the relative content of
CeO groups decreased. These findings were coincided with the results
from the O 1s spectra (Fig. 5d). The peak at ∼531.88, ∼533.13 eV
were assigned to the C]O and CeO species, respectively (Zhang et al.,
2016). It could be observed that although the C]O group had greater
shift than CeO, the content of C]O groups increased while the content
of CeO decreased after Pb adsorption. This indicated that the decreased
amounts in atomic concentrations of CeO groups after Pb adsorption
was indicative of the formation of Pb-O complex species, and due to the
electrons transfer from oxygen to lead ions, the electron density at the
adjacent oxygen and carbon atoms all decreased, which promoted the
C]O shifting to lower binding energy (Sheng et al., 2004).

Generally, metal ion exchange (such as K+, Ca2+, Na+, Mg2+,
-COOM and -R-O-M) was considered as one of the main mechanisms
responsible for metal ions removal. However, in this study, before
conducting adsorption experiments, the hydrochar materials were
thoroughly washed with deionized water and acetone to eliminate the
potential detrimental disturbance by adhering substances in next me-
chanism investigation. Besides, the concentrations of K+, Ca2+, Na+

and Mg2+ ions before and after Pb2+ adsorption were accurately de-
termined, and no evidence was provided for the cation exchange effect
involved in the Pb2+ adsorption process by mSDHC. Based on the above
results and the previous studies (Cui et al., 2016; Li et al., 2017; Lu
et al., 2012; Wang et al., 2018), it was speculated that Pb2+ removal by
mSDHC was mainly controlled by following mechanisms: (i) surface
complexation with free carboxyl functional groups; (ii) surface com-
plexation with free hydroxyl functional groups; (iii) coordination with
π electrons (Pb2+-π interaction). According to the adsorption of Pb2+

on mSDHC and subsequent blocking experiments results, the con-
tributions of carboxyl, hydroxyl complexation and Pb2+-π interaction
and its quantitative analysis for Pb2+ removal mechanisms were cal-
culated, which could be described as follows:

= −Q Q Qc t tcb (9)

= −Q Q Qh t thb (10)

= − −Q Q Q Qπ t c h (11)

where Qt is the total sorption capacity; Qc is the sorption capacity at-
tributed to carboxyl complexation; Qh is the sorption capacity attributed
to hydroxyl complexation; Qπ is the sorption capacity attributed to
Pb2+-π interaction; Qtcb is the total sorption capacity of mSDHC after

carboxyl blocking; Qthb is total sorption capacity of mSDHC after hy-
droxyl blocking. The contribution percentage of different mechanisms
to the Pb2+ sorption was calculated using the Qc/Qt, Qh/Qt, and Qπ/Qt

ratio. The total sorption of Pb2+ on mSDHC (Qt) and the contribution of
surface complexation to the Qt by free carboxyl (Qtcb) and hydroxyl
groups (Qthb) were computed from the adsorption isotherms (Fig. 3 and
Table 2) and the blocking experiments results (see Supplementary in-
formation), and thus the quantitative analysis of different mechanisms
to Pb2+ adsorption were summarized in Fig. 6. The contribution of
different mechanisms for Pb2+ adsorption followed the order:
Qc > Qh > Qπ, among which the carboxyl groups played the most
prominent role in Pb removal and accounted for 62.12% in total
sorption of Pb2+. As mentioned above in Fig. 1, after H2O2 modifica-
tion, the OFGs of mSDHC increased remarkably compared with the
pristine hydrochar, especially carboxyl groups (∼3.4 times). However,
the relative content of carboxyl groups were much less than hydroxyl
groups (0.63 vs. 1.97mmol/g), indicating that carboxyl groups exerted
significant effect in Pb2+ adsorption by mSDHC compared to the other
OFGs, which was consistent with the previous studies (Zuo et al., 2016).
In addition, the coordination with π electrons of hydrochar (i.e. Pb2+-π
interaction) contributed to ∼10.74% Pb2+ removal.

4. Conclusions

H2O2 modification effectively activated the hydrochars and en-
hanced its ability to remove Pb2+. The Pb2+ removal capacity of
mSDHC was comparable to that of commercial activated carbon ad-
sorbents. Further investigation in mechanisms and quantitative analysis
showed that the sorption of Pb2+ on mSDHC was mainly attributed to
the complexation of free carboxyl and hydroxyl and Pb2+-π interaction,
the contribution for Pb2+ sorption followed the order: Qc > Qh > Qπ.
Considering the easy production and low-cost of the hydrochar, mSDHC
had significant potential as an alternative adsorbent towards heavy
metals remove from aqueous solution.
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