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Abstract    Volatile  organic  compounds  have  posed  a
serious threat to the environment and human health, which
require  urgent  and  effective  removal.  In  recent  years,  the
preparation  of  porous  carbon  from  biomass  waste  for
volatile  organic  compounds  adsorption  has  attracted
increasing attention as a very cost-effective and promising
technology.  In  this  study,  porous  carbon  was  synthesized
from  orange  peel  by  urea-assisted  hydrothermal
carbonization  and  KOH  activation.  The  role  of  typical
components  (cellulose,  hemicellulose,  and  lignin)  in  pore
development  and  volatile  organic  compounds  adsorption
was  investigated.  Among  the  three  components,
hemicellulose  was  the  major  contributor  to  high  porosity
and  abundant  micropores  in  porous  carbon.  Higher
hemicellulose  content  led  to  more  abundant  –COOR,
amine-N,  and  pyrrolic/pyridonic-N  in  the  derived  hydro-
char,  which  were  favorable  for  porosity  formation  during
activation.  In  this  case,  the  toluene adsorption capacity  of
the  porous  carbon  improved  from 382.8  to  485.3  mg·g–1.
Unlike hemicellulose, cellulose reduced the >C=O, amine-
N,  and  pyrrolic/pyridonic-N  content  of  the  hydrochar,
which  caused  porosity  deterioration  and  worse  toluene
adsorption  performance.  Lignin  bestowed  the  hydrochar
with slightly increased –COOR, pyrrolic/pyridonic-N, and
graphitic-N, and reduced >C=O, resulting in comparatively
poor  porosity  and  more  abundant  micropores.  In  general,
the obtained porous carbon possessed abundant micropores
and  high  specific  surface  area,  with  the  highest  up  to
2882 m2·g–1. This study can provide guidance for selecting
suitable  biomass  waste  to  synthesize  porous  carbon  with
better  porosity  for  efficient  volatile  organic  compounds
adsorption.
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1    Introduction

In  recent  years,  the  dramatically  increasing  emission  of
volatile  organic  compounds  (VOCs)  has  posed  a  serious
threat to the environment and human health [1,2]. As one
of  the  major  hazards  in  the  air,  VOCs  not  only  cause
photochemical  smog  formation  and  ozone  layer
destruction but also harm human health because most are
highly toxic and carcinogenic [3,4]. Therefore, it is urgent
to  develop  effective  techniques  for  VOCs  removal.
Among  the  VOCs  removal  methods,  adsorption  is
considered  to  be  an  efficient  and  economic  technology
with  the  advantages  of  low  energy  consumption,  facile
operation process, and high VOCs recovery rate [5,6].
Activated  carbon  is  the  most  widely  used  VOCs

adsorbent due to its large specific surface area, abundant
functional groups, and chemical stability [7,8]. Compared
with coal-based materials and petroleum, the synthesis of
porous  carbon  from  biomass  waste,  e.g.,  coconut  shell,
mung  bean  husk,  and  fruit  peels,  has  attracted  much
attention  owing  to  its  cheapness,  abundance,  and
environmental  friendliness  [9,10].  Porous  carbon  is
generally  produced  from  biomass  waste  in  two  steps:
carbonization  and  activation  [11,12].  For  biomass  waste
with  high  moisture  content  and  complex  compositions,
hydrothermal  carbonization  (HTC)  is  suitable  as  pre-
treatment  since  it  does  not  require  pre-drying  and
produces  abundant  oxygen-containing  functional  groups
(OFGs)  [13,14].  By  activating  the  hydrochar,  porous
carbon  with  significantly  better  VOCs  adsorption
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performance can be obtained, which mainly relies on the
enlargement  of  surface  area  and  surface  chemistry
[15,16].
During  the  preparation  process  of  porous  carbon,  the

raw materials  have a  decisive  influence on the  structural
properties  and  surface  chemistry  [17,18].  In  this  study,
orange  peel  waste  was  used  as  the  feedstock,  of  which
hemicellulose,  cellulose,  and  lignin  were  the  main
components. They undergo a series of different reactions
in subcritical water and at low temperatures (150–350 °C)
during  HTC  [19–21].  Cellulose  and  hemicellulose
underwent  a  series  of  hydrolysis,  dehydration,  and
polymerization.  Finally,  hydrochar  with  a  hydrophobic
core  and  hydrophilic  shell  was  formed  [22–24].  As  for
lignin,  the  non-dissolved  lignin  is  transformed  into  the
core of the hydrochar via solid−solid conversion, and the
dissolved  lignin  decomposes  to  form  phenolics  as  the
shell  [25,26].  Xiao  et  al.  [27]  pointed  out  that
hemicellulose  and  cellulose  increased  the  OFGs content,
such  as  hydroxyl  and  ester.  In  contrast,  the  addition  of
lignin  resulted  in  more  benzene  rings  on  the  surface  of
hydrochar. Jain et al. [28] demonstrated that the enhanced
OFGs in the hydrochar increased the mesoporous surface
area  of  porous  carbon  by  100%.  Obviously,  the  varying
chemical compositions of feedstock play an essential role
in  the  physicochemical  properties  of  hydrochar,  which
further influence the porosity development in subsequent
activation [19,29].
In addition to improving the VOCs adsorption effect by

increasing  the  porosity,  heteroatom  doping,  such  as
N-doping,  is  also  an  effective  surface  modification
method.  Nitrogen  functional  groups  can  promote  the
adsorption  of  aromatic  VOCs,  such  as  benzene  and
toluene by increasing the surface polarity [5,30]. Yang et
al.  [31]  obtained  porous  carbon  with  a  record-high
acetone  adsorption  capacity  after  the  N-doping
modification  of  banana  peel-derived  activated  carbon
with  urea.  Different  from  conventional  physical  mixing,
we  achieved  N-doping  in  the  hydrothermal  process  and
produced  porous  carbon  with  ultra-high  porosity  and
excellent toluene adsorption capacity by subsequent KOH
activation  [32].  In  our  previous  study,  orange  peel-
derived  porous  carbon  exhibited  good  VOCs  adsorption
effect.  However,  for  raw  materials  of  different
compositions,  the  applicability  of  this  method  and  the

VOCs  adsorption  performance  of  derived  porous  carbon
requires further research.
In view of the above, this study aims to investigate the

role  of  typical  components  in  pore  development  and  the
VOCs  adsorption  performance  of  porous  carbon  from
urea-assisted HTC and KOH activation. First,  the effects
of typical components on the physicochemical properties
of  porous  carbon  were  investigated  by  using  model
compounds  and  orange  peel  added  with  components.
Second,  the  chemical  properties  of  the  hydrochar  were
characterized  to  further  reveal  the  influence  of  the
components  on  porosity  development.  Finally,  porous
carbon was prepared from practical orange peels to verify
the  effect  of  typical  components,  which  was  further
applied to quantify the VOCs adsorption performance.

 

2    Materials and methods

 2.1    Materials

Five  kinds  of  orange  peels  with  different  compositions
were  collected  from  a  supermarket  in  Hubei  province,
where OP, OP1, OP2, OP3, and OP4 represented orange
peel  0,  orange  peel  1,  orange  peel  2,  orange  peel  3,  and
orange  peel  4,  respectively.  After  drying  in  an  oven  at
105 °C for 24 h, they were ground into powder and sifted
through a  200 μm sieve  for  later  use.  The  industrial  and
elemental  analyses of orange peels were carried out,  and
the  chemical  characteristics  obtained  were  shown  in
Table 1.  Except  for  OP,  the  industrial  analysis  and
elemental  composition  of  the  other  four  kinds  of  orange
peels  showed  little  difference,  all  within  3  wt  %.
Therefore, these four kinds of orange peels were used as
feedstock to compare the effect of composition, reducing
the influence of chemical characteristics.
As  the  typical  components  of  orange  peel,  cellulose

(CAS  9004-34-6,  Shanghai  Aladdin  Biochemical
Technology  Co.,  Ltd.),  hemicellulose  (CAS  9014-63-5,
Shanghai  Dibai  Biotechnology  Co.,  Ltd.),  and  lignin
(CAS  9005-53-2,  TCI  (Shanghai)  Chemical  Industry
Development  Co.,  Ltd.)  were  purchased.  KOH and  urea
were  purchased  from  Sinopharm  Chemical  Reagent
Co.  Ltd.,  Shanghai.  All  reagents  were  used  without
further purification.

   
Table 1    Chemical characteristics of orange peels on dry basis

Feedstock
Proximate analysis Ultimate analysis

Volatile matter/(wt %) Ash/(wt %) Fixed carbon/(wt %) C/(wt %) O a)/(wt %) H/(wt %) N/(wt %)

OP 75.13 1.57 23.30 48.96 42.03 5.34 1.09
OP1 73.30 3.84 18.31 42.78 45.06 5.71 1.55
OP2 72.43 3.77 18.18 42.68 45.89 5.49 1.08
OP3 73.68 3.31 18.67 42.12 46.74 5.82 0.97
OP4 73.17 2.94 19.38 44.29 44.30 5.77 1.65
a) By difference.
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 2.2    Preparation of N-doped hydrochar and derived porous
carbons

Typical components were hydrothermally carbonized and
KOH  activated  to  preliminarily  investigate  their  effects
(Fig. 1).  First,  15 g  model  compounds or  OP was mixed
with  120  mL  of  10  wt %  urea  solution  in  a  250  mL
stainless  steel  reactor.  The  hydrothermal  process  was
performed at  210 °C for 2 h under autogenic pressure in
an  argon  atmosphere  with  200  r·min–1  magnetic  flux
speed.  The  solid  products  were  separated  by  vacuum
filtration  and  cleaned  with  sufficient  deionized  water.
After  drying  at  80  °C  for  12  h,  the  hydrochar  derived
from  each  component  (cellulose,  hemicellulose,  and
lignin)  and  OP was  named X-char,  where  X represented
the  feedstock.  Then  the  dried  N-doped  hydrochar  and
KOH  were  mixed  and  ground  in  a  mortar  with  a  mass
ratio  of  1:2  (hydrochar/KOH),  then  the  mixture  was
activated at 800 °C for 2 h at a heating rate of 3 °C·min–1
in  a  horizontal  tubular  furnace in a  nitrogen atmosphere.
After  cooling  to  room  temperature,  the  samples  were
washed  several  times  with  sufficient  10  wt  %
hydrochloric acid and deionized water until neutral pH to
remove KOH and residual products. The obtained porous
carbon  was  dried  at  105  °C  for  12  h  and  named  X-PC,
where X represented the feedstock.
Orange  peel  added  with  typical  components  was  used

to  further  clarify  the  influence  of  components  on  the
physicochemical  properties  and pore  development  of  the
porous  carbon.  The  compositions  of  the  raw  materials
were  adjusted  by  adding  10  g  model  compounds
(cellulose,  hemicellulose,  and  lignin)  to  5  g  OP.  The
hydrochar and porous carbon were denoted as OP-X-char
and  OP-X-PC,  respectively,  with  X  representing  the

typical  components  of  orange  peel  (cellulose,
hemicellulose, and lignin).
With  similar  physical  structures  but  different  chemical

compositions, four kinds of orange peels were selected as
the raw materials.  They were hydrothermally treated and
activated  to  verify  the  effect  of  typical  components  and
explore  the  influence  of  composition  on  the  toluene
adsorption performance of  porous carbon.  The feedstock
went  through  the  same  hydrothermal  treatment  and
activation  process  as  the  above  orange  peels.  The  N-
doped hydrochar was obtained and denoted as OPx-char,
and  the  porous  carbon  was  named  OPx-PC,  with  x
representing the orange peel species.

 2.3    Characterization and analytical methods

To  study  the  pore  structure  of  porous  carbons,  nitrogen
adsorption–desorption  isotherms  were  measured  by  gas
sorption analyzer  (Quantachrome,  Autosorb IQ,  USA) at
the  liquid  nitrogen  temperature  (77  K).  The  specific
surface  area  was  calculated  by  the  Brunauer–Emmett–
Teller  (BET)  method,  and  the  specific  surface  area  of
micropores  was  obtained by the  t-plot  method.  The pore
size distribution characteristics were analyzed by quench
solid  density  functional  theory.  To  reveal  the  surface
morphology,  scanning  electron  microscope  (SEM)
images  of  the  porous  carbon  were  acquired  on  a  field
emission  SEM  (FE-SEM,  ZEISS,  Gemini  Sigma  300,
Germany,  2  keV).  The  elemental  compositions  of  the
samples  were  determined  using  an  elemental  analyzer
(Vario  Micro  cube,  Germany)  for  CHNS.  To  investigate
the chemical properties of the hydrochar, surface element
distributions  were  analyzed  using  X-ray  photoelectron
spectroscopy (XPS, Kratos, AXIS-ULTRA DLD-600W).

 

 
Fig. 1    Preparation method of hydrochar and porous carbons.
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And  XPS  PEAK  41  software  was  used  for  the
decomposition of XPS spectrums.
To  evaluate  the  VOCs  adsorption  performance  of

porous  carbon,  a  dynamic  toluene  adsorption  test  was
conducted. The porous carbon was placed in a fixed bed
reactor  (4  mm  inner  diameter)  combined  with  a  gas
chromatography  (GC9790  II).  The  weight  of  the
adsorbent  was  approximately  20  mg  and  the  adsorption
temperature was 30 °C, with nitrogen as the carrier gas to
achieve  a  total  flow  rate  of  100  mL·min–1  with  an
appropriate  toluene  concentration  of  600  ppm  (10−6).
Before  adsorption,  the  porous  carbon  was  outgassed  in
nitrogen  at  150  °C for  1  h.  The  breakthrough curves  for
toluene  were  obtained  by  graphical  representation,
showing the outlet concentration of toluene versus the test
time.  The  equilibrium  dynamic  adsorption  capacity  (Q,
mg  toluene·g–1)  was  calculated  by  numerical  integration
of the breakthrough curves in the previous study (Eq. (1))
[33],
 

Q =
FC0M

[
ta−

w ta

0
(Ct/C0)dt

]
m

. (1)

In  Eq.  (1), C0  and Ct  are  the  toluene  concentrations  at
the  inlet  and  outlet  of  the  reactor,  respectively. F  is  the
molar flow rate of the gas, m is the adsorbent weight, ta is
the equilibrium time, and M is the molar mass of toluene.

 

3    Results and discussion

 3.1    Effect of typical components on physicochemical
properties of porous carbons

The pore structure parameters of the porous carbon from
OP  and  model  compounds  were  shown  (Table 2).  Hcel-
PC  possessed  the  highest  specific  surface  area  (2934
m2·g–1)  and  abundant  micropores.  The  specific  surface
area of the porous carbon prepared from cellulose was the
lowest  (1643  m2·g–1),  indicating  the  worst  effect.  The
porosity  of  Lig-PC  was  between  those  of  Hcel-PC  and
Cel-PC,  while  the  microporous  structure  was  abundant.
Therefore,  for urea-assisted HTC and KOH activation of
typical  components,  hemicellulose  was the  most  suitable
for preparing porous carbon with high porosity, followed
by lignin, and cellulose was the most unfavorable.
The  surface  morphology  of  the  porous  carbon  derived

from orange peels with different compositions was shown
in  Fig. 2.  OP-PC  showed  abundant  pore  structure  and  a
large  number  of  mesopores  on  its  surface  in  Fig. 2(a).
However,  OP-Cel-PC  possessed  a  smoother  surface  and
worse  pore  structure,  as  shown  in  Fig. 2(b).  The
mesoporous  structure  also  decreased  significantly
compared with that of OP-PC, indicating that the increase
of cellulose was not conducive to pore development. With
a  denser  surface  than  OP-PC,  the  pore  density  of  OP-
Hcel-PC increased obviously (Fig. 2(c)). OP-Lig-PC also
showed  a  flatter  and  smoother  surface  in  Fig. 2(d)  than
OP-PC, which may be caused by smaller pores. However,
more detailed pore changes need to be determined further.
Figure 3  showed  the  detailed  pore  structure  of  the

porous carbon measured by the gas sorption analyzer. The
N2  adsorption–desorption  isotherms  and  the  specific
surface area of the porous carbon were compared in Figs.
3(a)  and  3(b).  With  the  addition  of  hemicellulose,  the
specific  surface  area  and  pore  volume  of  OP-Hcel-PC
were significantly higher than those of OP-PC. The total
specific  surface  area  increased  by  231  m2·g–1.  The
specific  surface  area  of  micropores  increased  by  510
m2·g–1,  whereas  the  specific  surface  area  of  mesopores
decreased.  In  other  words,  hemicellulose  promoted  pore
formation,  especially  the  micropore  formation  in  porous
carbon.  Compared with OP-PC, the specific  surface area
of  OP-Cel-PC  decreased  dramatically  by  494  m2·g–1,
primarily due to the reduction of mesopores. When lignin
was  added,  the  total  porosity  of  OP-Lig-PC  slightly
decreased.  The  specific  surface  area  of  micropores
increased by 512 m2·g–1, whereas mesopore structure was
significantly  reduced.  In  general,  hemicellulose  was
beneficial  to  pore  structure  development,  particularly
micropores.  But  cellulose was adverse to  pore formation
during urea-assisted HTC and activation.  Lignin resulted
in  slightly  worse  total  porosity  and  better  microporosity
of the porous carbon.
Regarding  the  pore  size  distribution  in  Figs. 3(c)  and

3(d),  the  colored  area  represented  the  relative  change  of
the  pore  amount  in  the  corresponding  pore  size  range.
Compared  with  OP-PC,  OP-Hcel-PC  possessed  richer
pores  in  the  range of  0.75–0.9 nm.  Besides,  the  pores  in
the range of  1.0–1.4 and 1.85–2.9 nm increased slightly.
As  micropores  provide  principal  adsorption  sites  for
VOCs  adsorption,  the  increased  micropores  can
effectively  improve  the  VOCs  adsorption  capacity
[34,35].  However,  the  pore  structure  of  2.9–8.0  nm  was

   
Table 2    Pore structure parameters of porous carbon from OP and model compounds

Sample SBET/(m2·g–1) Smicroa)/(m2·g–1) Smesob)/(m2·g–1) Pore volume/(cm3·g–1) Vmicro
c)/(cm3·g–1) Vmeso

d)/(cm3·g–1)

OP-PC 2651 1752 899 1.46 0.78 0.68
Cel-PC 1643 1388 255 0.87 0.59 0.28
Hcel-PC 2934 2253 681 1.51 1.00 0.51
Lig-PC 2363 2140 223 1.05 0.88 0.17
a) Smicro: the specific surface area of micropore; b) Smeso: the specific surface area of mesopore; c) Vmicro: the pore volume of micropore; d) Vmeso: the pore
volume of mesopore.
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reduced, which hindered the rapid capture of toluene and
prolonged  the  adsorption  time  [34,36].  These  results
explained  the  addition  of  hemicellulose  significantly
increased  the  specific  surface  area  of  micropores  and
decreased the  specific  surface  area  of  mesopores.  As  for
OP-Cel-PC,  the  pores  in  the  range  of  0.72–0.84  and
2–2.65  nm  became  more  abundant,  while  the  pore
structure declined at 0.84–1.05, 1.1–2.0, and 2.65–10 nm.
Therefore,  the specific surface area of mesopores in OP-
Cel-PC  was  significantly  reduced.  There  were  more
micropores in OP-Lig-PC than in OP-PC in the 0.5–0.55,
0.72–0.85,  and  1–1.2  nm  ranges.  The  narrower
micropores  (size  <  0.7  nm)  can  better  reflect  benzene
adsorption  capacity  [37].  For  VOCs  of  small  molecules,
narrow micropores are more conducive to improving the
adsorption  capacity.  Although  the  micropores  of  0.85–1
and 1.2–1.96 nm declined,  the total  specific  surface area
of  micropores  of  OP-Lig-PC  increased.  In  addition,  the
pore  structure  of  2–2.7  nm increased,  while  the  pores  in
2.7–10  nm  considerably  decreased,  resulting  in  an
apparent  reduction  of  mesopores.  To  sum  up,
hemicellulose  was  the  major  contributor  to  the  porosity
and micropore development of porous carbon, which was
beneficial  to  improving  the  VOCs  adsorption
performance.  Cellulose  caused  both  the  micropore  and
mesopore structure of  porous carbon worse,  indicating it
was unfavorable for pore development, while lignin led to
richer micropores and poorer mesopores.

The  ultimate  analysis  of  the  porous  carbon  prepared
from  OP  with  typical  components  added  was  shown  in
Table 3. Although the contents of the typical components
in  the  feedstock  were  different,  the  ultimate  porous
carbon  varied  little  in  the  elemental  composition.  The
difference  in  C  and  O  content  was  within  2  wt %.  The
nitrogen  of  porous  carbon  was  almost  absent,  and  the
difference  was  even  smaller  (less  than  0.4  wt %).  These
results  indicated  that  with  the  addition  of  typical
components,  the  chemical  properties  of  porous  carbon
changed  little,  which  hardly  affected  the  VOCs
adsorption performance.
The effect of the typical components for orange peel on

the  physicochemical  properties  of  porous  carbon  was
clarified.  The  addition  of  different  components  had
minimal  effect  on the  chemical  properties  of  the  derived
porous carbon. While the pore structure varied, the VOCs
adsorption  performance  changed  significantly.  That  is,
the typical components contributed differently to the pore
development,  which  was  influenced  by  the
physicochemical  properties  of  the  precursors.  To  reveal
the  influence  mechanism,  it  was  necessary  to  study  the
chemical properties of the hydrochar.

 3.2    Influence of typical components on chemical
properties of hydrochar

The  ultimate  analysis  of  the  hydrochar  was  given  in

 

 
Fig. 2    SEM images of porous carbon from orange peels with different compositions: (a) OP-PC, (b) OP-Cel-PC, (c) OP-Hcel-PC,
and (d) OP-Lig-PC.
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Table 4.  Comparing the  hydrochar  prepared  from indivi-
dual  components,  Hcel-char  possessed  lower  H/C  and
O/C  ratios,  indicating  more  severe  dehydration  and
decarboxylation. In addition, it was noteworthy that with
the  highest  N  content  of  14.73  wt %  and  the  lowest  O
content,  Hcel-char  produced  porous  carbon  with  the
highest  porosity.  Cel-char  showed  the  opposite  results:
the lowest N content, the highest O content, and the worst
pore  structure  of  the  derived  porous  carbon.  As  for

OP-char,  the  N  content  reached  6.55  wt %  after  urea-
assisted  HTC.  Compared  with  OP-char,  OP-Hcel-char
was  obtained  by  undergoing  more  intense  dehydration
and  decarboxylation,  and  the  N  content  increased  signi-
ficantly  to  9.8  wt %.  The  changes  of  OP-Cel-char  were
contrary  when  the  content  of  cellulose  increased.  The
addition  of  lignin  significantly  decreased  the  O/C ratios,
illustrating  intensified  dehydration  reaction,  while  the  N
content  of  OP-Lig-char  decreased  slightly.  The  different
degrees  of  hydrothermal  reactions  were  related  to  the
urea-assisted  hydrothermal  environment.  Urea  decompo-
sed  into  ammonia  water  and  CO2  in  the  hydrothermal
process  [38],  which  was  verified  by  the  residual  hydrot-
hermal liquid turning the red litmus paper turn blue (Fig.
4). In the ammonia environment, the hydrolysis degree of
lignin was the highest, followed by hemicellulose, which
was  conducive  to  subsequent  dehydration  and  decarbo-
xylation,  the  hydrolysis  degree  of  cellulose  was  the

 

 
Fig. 3    (a) N2 adsorption−desorption isotherms; (b) the specific surface area; (c) micropore distribution; (d) mesopore distribution of
porous carbon from OP with typical components added.

 

   
Table 3    Ultimate analysis of porous carbon from OP with typical
components added

Sample C/(wt %) Oa)/(wt %) H/(wt %) N/(wt %)

OP-PC 87.48 10.73 0.91 0.77
OP-Cel-PC 88.33 10.18 0.88 0.53
OP-Hcel-PC 88.19 10.12 0.87 0.75
OP-Lig-PC 89.32 9.32 0.92 0.40
a) By difference.
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lowest [39,40]. In summary, through different degrees of
hydrothermal reactions, the oxygen and nitrogen contents
of  hydrochar  varied  significantly,  which  played  an
essential role in the KOH activation process.
To  further  study  the  evolution  of  OFGs,  XPS  was

carried  out  on  different  hydrochar.  The  XPS  C  1s
spectrum  of  the  hydrochar  contained  four  peak  spectra:
aliphatic/aromatic carbon groups (CHx, C–C/C=C) (284.6
eV),  hydroxyl/amino  groups  (–C–O/–C–N)  (285.8  eV),
carbonyl/imine  groups  (>C=O/>C=N)  (287.3  eV)  and
carboxylic groups, esters or lactones (–COOR) (289.0 eV)

[23,41,42]. The normalized peak intensities of the carbon
functionalities  were  listed  in Fig. 5.  Compared  with  OP-
char,  OP-Hcel-char  possessed  more  –COOR  functional
groups  containing  esters  and  lactones,  which  helped
improve  the  chemical  activation  potential.  As  for  the
increase of –C–O/–C–N, it could be inferred that this was
related  to  richer  amino  groups  based  on  the  abundant

   
Table 4    Ultimate analysis of hydrochar on dry basis*

Sample C/(wt %) Oa)/(wt %) H/(wt %) N/(wt %) O/Cb) H/Cb) N/Cb)

Cel-char 44.53 48.08 6.20 1.19 0.81 1.67 0.02
Hcel-char 61.38 18.67 5.22 14.73 0.23 1.02 0.21
Lig-char 62.23 29.87 5.03 2.87 0.36 0.97 0.04
OP-char 54.76 32.88 5.81 6.55 0.45 1.27 0.10
OP-Cel-char 51.50 37.36 5.86 5.28 0.54 1.37 0.09
OP-Hcel-char 57.38 27.37 5.46 9.80 0.36 1.14 0.15
OP-Lig-char 57.61 31.54 5.30 5.55 0.41 1.10 0.08

* 
a) By difference; b) atomic ratio.
 

 

 
Fig. 4    Litmus test.

 

 

 
Fig. 5    XPS C 1s spectra and atomic relative contents (wt %) of different carbon in (a) OP-char, (b) OP-Cel-char, (c) OP-Hcel-char,
and (d) OP-Lig-char.
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nitrogen  in  OP-Hcel-char.  OP-Cel-char  possessed  the
lowest C content and the highest O content. Significantly
decreased  >C=O/>C=N  content  and  increased  –C–O/
–C–N  content  were  mainly  due  to  the  reduction  of
carbonyl  groups  and  the  rise  of  hydroxyl  groups  caused
by  weaker  hydrothermal  reactions.  For  OP-Lig-char,  the
significant  decrease  in  >C=O/>C=N  meant  carbonyl
groups  declined  predominantly,  and  the  increment  of
–COOR represented ester and carboxyl groups increased.
To  clarify  the  distribution  of  surface  nitrogen

structures,  the  N 1s  spectra  of  hydrochar  were  shown in
Fig. 6.  After  peak  correction,  four  N  1s  signals  were
identified  at  398.3  ±  0.1,  399.1  ±  0.1,  400.2  ±  0.1,  and
401.4 ± 0.1 eV, which were attributed to the pyridinic-N,
amine-N,  pyrrolic-/pyridonic-N,  and  graphitic-N,
respectively  [43–45].  For  OP-char,  the  nitrogen  mainly
consisted  of  amine-N,  pyrrolic/pyridonic-N,  and
pyridinic-N.  These  nitrogen  functional  groups  were
introduced into the hydrochar mainly by the reactions of
intermediates such as furfural,  furan with urea or amines
in  the  hydrothermal  process  [46–48].  These  nitrogen
structures  can  facilitate  pore  formation  by  reacting  with
activating agents during activation [32].

Hemicellulose improved the four nitrogen structures to
different degrees, which may be related to forming more
intermediates  that  can  react  with  amines  owing  to
stronger reactions. In particular, the amine-N and pyrrolic/
pyridonic-N  content  of  OP-Hcel-char  significantly
increased,  which  could  effectively  promote  pore
development  during  KOH  activation.  In  contrast,
cellulose  reduced  the  amine-N  and  pyrrolic/pyridonic-N
of the hydrochar. Although the total nitrogen of OP-Lig-
char  declined,  the  pyrrolic/pyridonic-N  and  graphitic-N
contents  increased  slightly,  which  improved  the  porosity
by participating in reactions during activation.
According  to  the  above,  the  influence  of  the  typical

components  on  the  porosity  development  of  porous
carbon can be inferred.  Hemicellulose maintained a high
degree  of  hydrolysis  during  the  urea-assisted  hydrother-
mal  process,  which  was  conducive  to  subsequent  dehy-
dration  and  decarboxylation.  These  resulted  in  increased
OFGs,  including  esters  and  lactones.  Besides,  stronger
hydrothermal  reactions  produced  more  intermediates
containing  furfural,  which  could  react  with  amines  or
urea,  such  as  the  Maillard  reaction  between  carbonyl
groups  and  amines  [49,50].  Then  the  abundant  nitrogen

 

 
Fig. 6    XPS N 1s spectra and atomic relative contents (wt %) of different nitrogen in (a) OP-char,  (b) OP-Cel-char,  (c) OP-Hcel-
char, and (d) OP-Lig-char.
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functional groups, especially amine-N and pyrrolic/pyrido-
nic-N, were successfully incorporated into the hydrochar.
Therefore, hemicellulose improved the OFGs content and
N-doping effect, which further enhanced the porosity and
microporosity of the porous carbon. The enhancement of
microporous structure can effectively improve the VOCs
adsorption  capacity.  However,  the  weaker  hydrothermal
reactions  of  cellulose  resulted  in  significantly  increased
hydroxyl  groups and slightly  decreased carbonyl  groups.
And  intermediates  containing  carbonyl  groups  also
declined, which was unfavorable to reactions with amines
and led to a significant reduction in N content. Cellulose
generally increased the OFGs of hydrochar, but decreased
the  nitrogen,  especially  amine-N  and  pyrrolic/pyridonic-
N, which deteriorated the porosity of porous carbon. The
hydrothermal  reaction  of  lignin  was  still  severe  under
urea-assisted  hydrothermal  treatment,  and  the  interme-
diates  were  mainly  phenols  that  could  hardly  react  with
amines  or  urea  [27].  This  could  explain  the  slightly
decreased  nitrogen  and  significantly  reduced  carbonyl
groups  in  the  hydrochar,  which  led  to  slightly  worse

porosity.  However,  the  increase  of  pyrrolic/pyridonic-N
and  graphitic-N  was  conducive  to  pore  development,
which  may  be  responsible  for  the  improvement  in
micropores  and  contribute  to  small  molecule  VOCs
adsorption.

 3.3    Toluene adsorption performance of porous carbon

The  toluene  adsorption  capacity  and  pore  structure  of
porous  carbon  prepared  from four  kinds  of  orange  peels
were  measured  (Fig. 7).  Toluene  adsorption  tests  were
carried  out  on  the  porous  carbon.  Adsorption
breakthrough  curves  and  adsorption  capacity  for  toluene
were  shown  in  Figs. 7(a)  and  7(b),  respectively.  The
obtained  porous  carbon  all  possessed  good  toluene
adsorption  performance,  and  the  adsorption  capacity
significantly increased from 382.8 mg·g–1 for OP1-PC to
485.3  mg·g–1  for  OP4-PC.  The  difference  in  the  toluene
adsorption capacity of the derived porous carbon reached
26.8%  for  the  four  kinds  of  orange  peels  with  similar
physical  structures.  The  elemental  analysis  in  Table 5

 

 
Fig. 7    (a)  Adsorption  breakthrough  curves;  (b)  adsorption  capacity  of  porous  carbon  for  toluene;  (c)  N2  adsorption−desorption
isotherms; (d) the contents of three components (wt %) for orange peel and the specific surface area of derived porous carbons.
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showed  that  the  porous  carbon  had  fairly  low  nitrogen
content  (less  than  2  wt  %),  indicating  that  surface
nitrogen  functional  groups  were  not  the  cause  of  the
difference in adsorption performance. The N2 adsorption–
desorption  isotherms  of  porous  carbon  were  measured,
and  their  specific  surface  area  was  calculated  (Figs. 7(c)
and 7(d)). The results showed that the porous carbon from
four  kinds  of  orange  peels  all  had  the  specific  area  of
more than 2500 m2·g–1 despite the variable compositions,
demonstrating the effectiveness of the urea-assisted HTC
and  KOH  activation  method.  This  was  because  the  rich
nitrogen  of  hydochar  was  conducive  to  pore  expansion
during  activation,  which  can  also  be  proved  by Table 5.
The specific surface area increased from 2525 m2·g–1 for
OP1-PC  to  2774  m2·g–1  for  OP4-PC,  and  the  specific
surface area of micropores increased continuously, which
could explain the better toluene adsorption performance.
Since  the  physical  structures  of  orange  peels  are

similar,  the  effect  of  typical  components  can  be  further
verified by HTC and activation of practical orange peels.
As  the  main  components  of  orange  peel  are  lignin,
cellulose,  and  hemicellulose,  and  their  contents  were
further  determined  by  the  methods  in  the  literature
[51–53]  (Fig. 7(d)).  The  contents  of  lignin  and  cellulose
changed little in the orange peels, with the hemicellulose
content increasing from 19.9 wt % for OP1 to 35.1 wt %
for  OP4.  The  specific  surface  area  of  derived  porous
carbon  increased,  and  the  micropore  structure  was
obviously  richer.  Even  though  the  cellulose  and  lignin
content  varied  little,  the  specific  surface  area  of  porous
carbon  was  positively  correlated  with  the  hemicellulose
content  (R2  =  0.953, P  =  0.023).  These  results  verified
that hemicellulose effectively increased the total porosity
and  microporosity  of  porous  carbon  during  urea-assisted
HTC  and  KOH  activation,  which  further  promoted  the
toluene adsorption capacity.

 

4    Conclusions

The  role  of  hemicellulose,  cellulose,  and  lignin  in  the
porosity  development  and  the  toluene  adsorption
performance  of  porous  carbon  during  urea-assisted  HTC

and  KOH  activation  was  investigated  in  this  study.
Hemicellulose  was  the  major  contributor  to  the  porosity
and  microporosity  of  porous  carbon  due  to  the  richer
amine-N, pyrrolic/pyridonic-N, and COOR of hydrochar.
These  changes  can  promote  porosity,  especially
micropore  formation  during  the  activation  process.  The
toluene  adsorption  capacity  was  significantly  increased
from  382.8  to  485.3  mg·g–1  with  the  increase  of
hemicellulose content in orange peel. Cellulose bestowed
hydrochar  with  reduced  amine-N,  pyrrolic/pyridonic-N,
and >C=O, which deteriorated the porosity and adversely
affected the toluene adsorption. Lignin slightly increased
–COOR,  pyrrolic/pyridonic-N,  and  graphitic-N  and
decreased  >C=O  in  the  hydrochar,  resulting  in
comparatively  worse  porosity  and  more  abundant
micropores.  The  obtained  porous  carbon  possessed
abundant  micropores  and  high  specific  area,  with  the
highest  up  to  2882  m2·g–1.  This  study  can  promote  the
high-value  utilization  of  biomass  waste  and  provide  a
reference  for  selecting  suitable  feedstock  to  synthesize
porous  carbon  with  better  porosity  for  effective  VOCs
removal.
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