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� Elevated temperature and activation increased aromaticity and condensed carbons.
� Activation effects on mildly-treated biochars (<350 �C) were more substantial.
� Activated 350 �C-biochar removed phenanthrene fast and effectively.
� Activated 700 �C-biochar showed stronger binding with phenanthrene.
� Possibility for designing specialized biomass-based adsorbents was proposed.
a r t i c l e i n f o

Article history:
Received 24 June 2013
Received in revised form 18 September
2013
Accepted 20 September 2013
Available online 29 September 2013

Keywords:
Biochar
Solid-state NMR
Activation
Activated biochar
Phenanthrene adsorption
a b s t r a c t

The relationship between physicochemical properties of biochar-based activated carbons and its adsorp-
tion was investigated using an aromatic model compound, phenanthrene. Solid-state 13C NMR analysis
indicated more condensed aromatic structures when pyrolysis temperature increased or after activation
process induced. The increasing aromaticity and non-protonated carbon fraction of the activated biochar
treated at 300 �C amounted to 14.7% and 24.0%, respectively, compared to 7.4% and 4.4% for biochar trea-
ted at 700 �C. The surface area and pore volume were reduced with the increase in pyrolysis temperature,
but increased after activation. Surface characteristics correlated with the initial sorption rate and equilib-
rium concentration of phenanthrene, but not with the aromaticity. Solid-state 2H NMR for phenanthrene-
d10 saturated activated biochars, however, showed substantial difference in molecular mobility, which
might be due to the high aromaticity of the activated biochars. Overall, these results provide an oppor-
tunity to manipulate the characteristics of biomass-based adsorbents based on the application needs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Thermochemical conversion of lignocellulosic biomass has been
considered as a viable option to produce intermediate liquid
streams for biofuels and biochemicals. During the conversion pro-
cess, biochar is generated as a byproduct of pyrolysis; its optimiza-
tion and application is essential to make the overall process
economically feasible. Pyrolysis engineers have traditionally
sought to minimize char production, as it has been considered as
a low-value fraction, decreasing the yield of bio-oil. Recently, there
is a growing interest in biochar due to the potential benefits of its
application to soil as carbon sequestration and soil amendment
(Chan et al., 2007; Novak et al., 2009; Woolf et al., 2010). It was
also shown that biochar has promising sorption properties for var-
ious contaminants of water including polycyclic aromatic hydro-
carbons (PAHs) and heavy metals (Chen and Chen, 2009; Kong
et al., 2011; Sun et al., 2011; Uchimiya et al., 2011). Biochar made
from renewable biomass has high surface area, ranging from 100 to
460 m2 g�1 and present diverse surface sites such as carboxylic,
phenolic, hydroxyl, and carbonyl groups (Novak et al., 2009). The
physicochemical and porous properties of biochar are highly
attractive for the development of effective and low-cost sorbents
for removal of water contaminants.

Biochar can also be used as a precursor of value-added activated
carbons. Recent studies have shown that steam activation of fast
pyrolysis biochar greatly enhances the surface area and porous
structure, and thus the sorption capacity for water contaminants
(Lima et al., 2010). Chemical activation using KOH increased the
surface area of biochar to values as large as 1500 m2 g�1, compara-
ble to those for commercial activated carbons (Azargohar and
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Dalai, 2008). Optimization of the activation process may further
improve porous structures and sorption capacity of activated bio-
char, which will help develop renewable alternatives to activated
carbons made from coal. According to ‘‘Global Activated Carbon
Market Forecast & Opportunities 2017’’, the demand for activated
carbon is expected to increase more than 10% per year for the next
5 years to make it a $3 billion market by 2017 (Global Activated
Carbon Market Forcast and Opportunities, 2012). The successful
utilization of biomass to produce biofuels as well as activated car-
bon will not only help relieve environmental problems caused by
coal mining, but also lower the production cost of effective sor-
bents that can be used in water treatment and wastewater
reclamation.

In this study, it was hypothesized that the porous structure and
sorption characteristics of activated biochar are dependent upon
the physicochemical properties of the precursor biochar as well
as the activation methods. In particular, aromatic structures in bio-
char may play an important role in the formation of porous net-
works during the activation process. The physicochemical
properties of biochar are strongly dependent upon the nature of
feedstock and pyrolysis conditions (e.g. heating temperature and
residence time). Thus, an investigation of the biochar properties
and sorption capacity of the activated counterparts is essential to
identify optimum pyrolysis conditions.

In this study, conventional analytical methods as well as ad-
vanced solid-state NMR techniques were employed to determine
the physicochemical properties of biochar prepared under different
conditions. Solid-state NMR was used as a proven and effective tool
for structural analyses of inhomogeneous solid samples. For exam-
ple, 13C solid-state NMR has provided quantitative structural infor-
mation related to the aromaticity and the size of aromatic clusters
(Brewer et al., 2009; Park et al., 2013). In addition, 2H NMR was
used to examine the dynamics of deuterated contaminants (phen-
anthrene) adsorbed on activated biochar, which provides valuable
information as to the pore size. The porous properties of activated
carbons such as surface area and pore volume have typically been
examined through N2 and CO2 adsorption. The probe molecules
are, however, much smaller than the actual water contaminants.
Thus, 2H NMR spectra from the actual sorbate allow detailed exam-
ination of pore size as well as binding affinity.

The present systematic investigation will help in the develop-
ment of value-added materials from various sources of biomass
and identify optimum processing conditions to produce biochars
and to maximize the sorption capacity of activated carbons from
the tailored biochars.
2. Methods

2.1. Sample production and activation

Debarked loblolly pine (Pinus taeda) chips were milled to pass
through 20–40 mesh sieves and air-dried before further treatment.
A porcelain boat containing 3 g of softwood mill was loaded into a
quartz-tube furnace (MTI Corporation, Richmond, CA); the tube
was purged for 10 min with nitrogen (1 L min�1 flow rate). During
the purging, the boat with samples was placed outside the heating
element of the furnace, then it was loaded into the preheated fur-
nace and treated for 15 min with continuous nitrogen flow
(1 L min�1) at different temperatures (300, 350, 500, and 700 �C).
Each treated sample was designated as ‘‘N-treatment temperature’’
(e.g. N-300 for the sample treated at 300 �C). After the heat treat-
ment, the boat was removed from the furnace, and cooled down
to ambient temperature under nitrogen flow. After weight loss
measurement, all samples were stored in a desiccator before fur-
ther treatment or analyses.
NaOH activation method was used to improve the sorption
properties of biochar. Thermally-treated biochar (3 g) was mixed
with 40 mL of 4 M NaOH aqueous solution and incubated at room
temperature for 2 h under intermittent shaking (15 min intervals).
After NaOH impregnation, the excess solution was discarded with
vacuum filtering and the chemically-treated solid was dried over-
night in an oven at 105 �C. The dried sample was heated in a
quartz-tube furnace to 800 �C with a heating rate of 3 �C min�1 un-
der inert atmospheric conditions (2 L min�1 N2 flow) for 2 h. After
activation, the samples were pulled out from the heating element
and cooled down to ambient temperature under nitrogen flow.
The activated samples were washed with 2 L of deionized (DI)
water followed by 0.1 M HCl solution (200 mL) and washed again
with DI water until the pH of filtrates was about 7.0. The washed
activated carbon samples were dried in an oven set at 105 �C and
stored in a desiccator for further analysis. Each activated sample
was denoted as ‘‘N-treatment temperature AC’’ (e.g. N-300AC for
activated carbon from N-300).

2.2. Characterization of biochar

Carbon, hydrogen, and nitrogen content in the thermally-trea-
ted and activated samples were analyzed by using a PerkinElmer
2400 Series II Elemental Analyzer (PerkinElmer, Waltham, MA).
Oxygen content was calculated by subtraction of CHN and ash con-
tent from the total mass. Proximate analysis was conducted
according to the ASTM standard D7582-10.

2.3. Solid-state 13C NMR

Solid-state NMR spectra for the biochar samples were acquired
with a Varian 3.2 mm MAS probe on a Varian Inova 500 spectrom-
eter. For the DP/MAS (direct polarization/magic angle spinning)
experiments, the sample was spun at a high frequency of 15 kHz.
A dephasing time of 68 ls was used for dipolar dephasing experi-
ments to determine non-protonated aromatic carbon fractions
(Brewer et al., 2009, 2011). For the quantitative DP/MAS experi-
ments, 1000–2000 FIDs were collected with a long acquisition de-
lay of 60 s. The 90� pulse-lengths for 1H and 13C were 3.0 and
2.7 ls, respectively. The two-pulse phase-modulated (TPPM)
decoupling scheme was employed with a radio-frequency field
strength of 80 kHz. Quantitative spectral analysis was performed
by integrating the assigned area of DP/MAS spectra and fractionat-
ing into three major categories – carbonyl, aromatic, and alkyl car-
bon fractions (Brewer et al., 2009). Quantification of the non-
protonated aromatic carbon fraction was carried out in the same
manner using DP/MAS and dipolar dephasing NMR spectra.

Long-range 1H–13C dipolar dephasing NMR experiments were
also carried out to probe the size of the aromatic clusters. The
QCPMG detection scheme (Larsen et al., 1998) was incorporated
into the dephasing experiment for signal enhancement.

2.4. Static 2H NMR

Solid-state 2H NMR spectra for stationary samples were ac-
quired using Varian Inova 500 spectrometer equipped with a Var-
ian 3.2 mm MAS probe. A quadrupole echo pulse sequence with a
refocusing delay of 30 ls was used. The 90� pulse-lengths for 2H
was 6.0 ls.

2.5. Surface characterization

BET (Brunauer–Emmett–Teller) surface area and pore-size dis-
tribution were measured by using N2 adsorption. The adsorption
of N2 at 77 K was determined with a Micromeritics Gemini VII
2390p apparatus and the adsorption data was analyzed using
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built-in calculation protocols. The BET surface area was calculated
from the linear fit of the adsorption data. Micropore volumes were
obtained by the t-plot method (Hu and Srinivasan, 1999), and the
total pore volumes were estimated from the adsorbed amount of
N2 at a relative pressure of 0.99.

2.6. Adsorption test with a representative PAH – phenanthrene

To investigate adsorption property of the thermally-treated/
activated samples with phenanthrene (Sigma–Aldrich, St. Louis,
MO), a fixed amount of powdered biochar samples (sieved through
200 mesh screen) was mixed with a phenanthrene solution, then
the concentration of phenanthrene was measured by UV–Vis spec-
trophotometer. 6.5 mg of phenanthrene was dissolved in 500 ml of
methanol (HPLC grade), and DI water was added to make a total
volume of 1 L solution. 30 mL of the prepared phenanthrene solu-
tion was mixed with 1 mg of the biochar sample and incubated at
25 �C for a fixed period of time. A commercial powdered activated
carbon (NORIT� GAC 1240) was used in similar experiments as ref-
erent sorbent. After incubation, 1 mL of aliquot was centrifuged at
13,000 rpm for 5 min and the supernatant was analyzed by UV–Vis
spectrophotometer at 251 nm wavelength to measure the concen-
tration of phenanthrene. UV absorbance at 251 nm for phenan-
threne solution with concentration between 0.05 and 6.5 mg L�1

was measured; the measured values showed a good linearity,
R2 = 0.999.

3. Results and discussion

3.1. Characterization of biochar before and after activation

Proximate analysis: The result of proximate analysis for the heat-
treated samples showed substantial changes in volatile matter and
fixed carbon (Table 1). With the increase in temperature, the con-
tent of volatile matter is substantially decreased from 87.4% in un-
treated feedstock to 10% in N-700, while the amount of fixed
carbon is increased. The thermal breakdown and release of volatile
matter are expected to be mainly from the carbohydrate fractions
that are less stable during the heat treatment (Yang et al., 2007).
Correspondingly, the content of fixed carbon increased with the
increasing severity of the treatment conditions.

After the activation process, the mass fraction of volatile matter
also decreased with the increased fixed carbon fractions. The
changes in the mass fraction were more prominent in the N-300
and N-350 biochar samples. During the activation process, the vol-
atile fraction in the biochar may be fused to more condensed aro-
matic structures and/or burned off, which may help to develop
Table 1
Proximate, atomic O/C ratio, and surface characteristics for the thermally-treated samples

Proximate analysisa (%) Atomic O/C ratio

Volatile matter Fixed carbon Ash

Raw 87.4 11.0 1.55 0.632
N-300 72.0 23.6 4.44 0.232
N-350 42.3 56.3 1.38 0.208
N-500 18.4 79.4 2.16 0.107
N-700 10.1 87.1 2.77 0.065
N-300AC 15.6 79.7 4.71 0.220
N-350AC 20.7 77.4 1.87 0.165
N-500AC 12.5 86.5 1.01 0.093
N-700AC 14.5 83.8 1.73 0.107

a Dry-basis.
b Calculated based on ultimate analysis.
c t-plot micropore volume.
d Calculated by subtracting t-plot micropore volume from total pore volume.
e Not determined.
porous structures. On the other hand, the changes in proximate
analysis become less substantial for the N-500 and N-700. These
results suggest that the biochar prepared under more severe pyro-
lysis conditions has more condensed structures resistant to ther-
mal degradation during the activation process.

Ultimate analysis: Atomic O/C ratio from ultimate analysis data
in Table 1 showed similar trends that those from proximate anal-
yses. Large reductions in oxygen content and relatively higher car-
bon content were observed in the more severely treated biochar
samples. This decrease in the oxygen content may arise from dehy-
dration reactions, as well as the loss of volatile organic products
and their release as gases (mostly of CO and CO2). The decrease
in O/C ratio after the activation process can also be explained by
similar mechanisms. Previous studies reported that the relative
content of acidic moieties on the surface decreases during activa-
tion processes (Chun et al., 2004; Li et al., 2009). The N-700 and
N-700AC, however, showed a different trend in the atomic O/C ra-
tio. This observation might be due to oxidation after the activation
process, as reported that activated carbon treated at high temper-
ature (1100 �C) for 1 h has relatively high oxygen content, presum-
ably due to the re-oxidation by exposure to the atmosphere
(Figueiredo et al., 1999).

3.2. Solid-state 13C NMR

Biochar: Solid-state NMR spectroscopy was employed to obtain
quantitative structural information of the thermally-treated ligno-
cellulosic biomass. Previous studies have shown that heat treat-
ment of biomass induces condensed aromatic structures in
biochar. The changes in the aromatic structures were investigated
with solid-state 13C DP/MAS and recoupled 1H–13C dipolar dephas-
ing NMR experiments, which was introduced to analyze woody
biomass and biochars (Brewer et al., 2009; Czimczik et al., 2002).
It was observed that the characteristic peaks of guaiacyl lignin in
softwood, such as methoxyl groups (56 ppm) and C3/C4 (about
146–148 ppm) (Holtman et al., 2006), were substantially de-
creased with the increasing heating temperature. On the other
hand, the NMR peak at around 130 ppm from the sp2 carbons be-
came more dominant at higher temperature in the 13C DP/MAS
spectra, suggesting that aromatic condensation took place after
the heat treatment of woody biomass.

The combined DP/MAS and dephasing spectra were analyzed to
obtain more quantitative structural information such as aromatic-
ity (% fraction of total aromatic carbons in Table 2) (Brewer et al.,
2009, 2011). The quantitative analysis of biochar samples indicated
that with the increase in temperature, the amount of non-proton-
ated aromatic carbons substantially increased, while the relative
and their activated counterparts.

b BET surface area (m2/g) Pore volume (cm3/g)

Microporec Meso- and macropored

0.38 n.d.e n.d.
1.41 0.000 0.009
7.37 0.000 0.028
239 0.076 0.075
321 0.129 0.045
1250 0.289 0.783
702 0.241 0.246
346 0.128 0.162
57.0 0.013 0.041



Table 2
Quantitative spectral analysis for solid-state 13C DP/MAS NMR of the thermally-treated samples and their activated counterparts. The values were calculated based on 100%
carbon in each biomass.

Carbonyls (%) Aromatics (%) Alkyls (%) Min. # of C in a clustera

C–O Protonated Non-protonated Total aromatic

Raw 4.1 4.7 ab bb 44.1 51.8 –
N-300 3.4 8.1 18.1 26.9 53.2 43.4 –
N-350 3.7 10.4 14.9 38.9 64.2 32.1 –
N-500 3.6 6.0 20.0 46.4 72.5 24.0 11
N-700 5.1 7.3 4.9 56.7 68.9 26.1 16
N-300AC 12.3 12.6 4.4 50.9 67.9 19.78 12
N-350AC 4.8 8.2 4.2 59.7 72.2 23.1 20
N-500AC 6.9 11.6 1.2 63.8 76.5 16.7 27
N-700AC 7.2 12.5 2.8 61.1 76.3 16.5 23

a Estimated minimal number of carbons in an aromatic carbon cluster.
b Non-protonated carbon fraction for raw sample was not determined due to the low signal intensity of NMR spectrum with dipolar dephasing. The total amount of

protonated and non-protonated aromatic carbon is 39.4% (a + b).
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content of alkyl carbons significantly decreased. Total aromatic
carbon fraction also increased, but after 500 �C, it slightly
decreased (Table 2). The increases in the non-protonated aromatic
carbon fraction suggest that the heat treatment induces a high
degree of aromatic condensation, which may result in aromatic
clusters of large sizes.

The size of the aromatic cluster was calculated from the quan-
titative NMR data in Table 2. Briefly, the number of carbons on
the edge of aromatic cluster was estimated with the assumption
that most dominant carbon species on the cluster edge are from
the aromatic C–H and C–O. The estimated edge fraction, combined
with the geometry of condensation, allowed us to calculate the
minimum number of carbons in a cluster (detailed description
can be found elsewhere (Brewer et al., 2009; Solum et al., 1989)).
For the biochar produced under low pyrolysis temperatures
<350 �C, it was impractical to estimate the cluster size due to the
low degree of condensation and relatively large fraction of the alkyl
carbons. The formation of aromatic clusters was observed at higher
pyrolysis temperatures >500 �C (N-500 and N-700) and the size of
the cluster was notably increased from N-500 to N-700 biochar
samples.

The aromatic condensation (size of the aromatic cluster) was
probed by long-range dipolar-recoupled dephasing experiments
(Mao and Schmidt-Rohr, 2003). In the dephasing experiment, the
NMR signal decreases during the dephasing time due to 1H–13C
dipolar interactions (Fig. 1). The slower decay for the sample trea-
ted at a higher temperature indicates weaker dipolar interactions,
and thus a larger average distance between the two nuclei. The rel-
ative content of the non-protonated carbons inside the cluster
Fig. 1. Quantitative 13C NMR analysis with long-range dipolar-recoupled dephasing
experiments. Total aromatic carbon fraction includes non-protonated aromatic
carbon and protonated aromatic carbon fractions.
would increase in a larger cluster, leading to the slower signal de-
cay because of the weaker dipolar interactions. Thus, the slower
signal change at higher temperature clearly suggests that the size
of the aromatic cluster increased during the heat treatment, lead-
ing to a higher degree of aromatic condensation, as predicted from
the non-protonated carbon fractions and the number of carbons in
the cluster (Table 2).

Activated biochar: After the activation process, the NMR signals
from the aliphatic carbons further were decreased, particularly for
the N-300AC and N-350AC samples. The broader peak observed in
activated samples at around 130 ppm indicates that more complex
aromatic structures might be developed during the activation pro-
cess. The quantitative analyses of the NMR spectra showed that the
chemical activation using NaOH increased aromatic carbon frac-
tions as well as the non-protonated carbon content (i.e. size of
the cluster), indicating that more condensed aromatic structures
were developed during the activation. These changes in carbon
structure were more substantial when the woody biomass was
treated at lower temperature prior to the activation process. These
results suggest that the post-heat treatment of biochars induces
the development of more condensed aromatic carbon structures
by burning off the volatile carbon fraction and thermal transforma-
tion of structures, making solid products with higher aromaticity
than their precursor biochars.

As for N-500AC, the number of carbons in a cluster was in-
creased more than 2-fold, from 11 to 27. This substantial increase
imply that despite the high aromaticity (72.5%), the carbon struc-
ture inside N-500 is amenable to further structural alteration,
resulting in larger size of aromatic clusters. This larger cluster
might be from condensation of non-aromatic carbon structures
in N-500 or fusion of existing clusters. Compared to N-500AC,
N-700AC showed a relatively lower increase in the number of
carbons inside clusters, from 16 to 23. This might be due to that
the N-700 has a more rigid structure and consequently less flexibil-
ity toward further structural changes, even with severe chemical
and thermal treatment, like NaOH-activation.

3.3. Surface area and pore volume

Biochar: The surface area and pore volume of the biochars were
measured before and after activation (Table 1). For the biochar
samples, the BET analysis of N-300 and N-350 yielded very low val-
ues, less than 10 m2 g�1. Biochars prepared at higher temperatures
(N-500 and N-700) exhibited higher BET surface areas, 239 and
321 m2 g�1, respectively, which are about one-third of those typi-
cal of commercial activated carbons.

Activated biochar: It has been shown that physical or chemical
activation increases the surface area and pore volume of
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carbonaceous materials (Chen and Chen, 2009; Chun et al., 2004).
In fact, the surface area and pore volume greatly increased after
the activation (Table 1). In particular, the activated counterpart
from biochar prepared at a low pyrolysis temperatures (N-
300AC) exhibited a surface and pore volume higher than those of
the reference, commercial activated carbons (NORIT). It is also
notable that activated counterparts from the biochar produced at
a higher pyrolysis temperature have lower surface area and pore
volume. As for N-700AC, there is a substantial decrease in surface
area after the activation process, from 321 to 57 m2 g�1. This might
be due to the thermal condensation of carbon structures inside the
biochar. Our structural analyses showed that the low temperature
pyrolysis biochar has a lower aromaticity and smaller aromatic
cluster (Table 2 and Fig. 1). It was also shown that the N-300 bio-
char contains higher amount of alkyl carbons and volatile matter.
The volatile carbon fraction almost completely disappeared after
the activation process, implying the formation of highly porous
structures by the thermal degradation of volatile carbons.
Condensed aromatic structures might be more resistant to thermal
degradation, and thus the pre-formed aromatic structures in
biochar produced at a high pyrolysis temperature (>500 �C) may
inhibit development of surface area and porous structures during
the activation process.
3.4. Adsorption of phenanthrene on thermally-treated biomass

Biochar: The sorption ability of the biochar was tested for
hydrophobic PAH (phenanthrene) (Fig. 2). It was expected for the
biochar with a higher aromaticity to be better sorbent for aromatic
compounds such as the PAHs, due to more favorable hydrophobic
and p–p interactions (Boving and Zhang, 2004; Moreno-Castilla,
2004). In our study, biochar produced at higher temperatures
had a higher aromaticity as well as larger surface area. However,
the sorption capacity of N-700 for phenanthrene was very close
to that of N-300 with much lower aromaticity and smaller surface
area. These sorption results suggest that the BET surface area alone
might not govern the adsorption of phenanthrene. Aliphatic re-
gions of the biochar, as well as other structural or chemical prop-
erties of adsorbents may also contribute to the binding of the
hydrophobic contaminant.

The adsorption kinetics of the biochar displayed similar trends.
After the relatively efficient initial adsorption, the adsorption pro-
cess was significantly slowed down over the longer incubation
times. These results suggest that the binding sites of the biochar
are not readily available to the adsorbents, which requires a long
time to be saturated.
Fig. 2. Adsorption of phenanthrene onto thermally-treated biomass samples –
removal of phenanthrene after different incubation time.
Activated biochar: The chemical activation of the biochar greatly
enhanced sorption ability of the PAH (Fig. 2), particularly for the
biochars prepared at lower pyrolysis temperatures (300 and
350 �C). It is also noted that N-300AC almost immediately adsorbs
the hydrophobic contaminant, in a very short period of time
(<3 min), which is ideal for water remediation. The activated bio-
char (N-300AC) also exhibited a good initial sorption efficiency
(156 mg g�1) after 30 min, which compares favorably against val-
ues for commercially available activated char prepared from coal
(NORIT, 129.8 mg g�1). However, when the lignocellulosic biomass
was treated at a higher pyrolysis temperature followed by activa-
tion, no substantial changes in adsorption performance were
observed.

To compare the adsorption kinetics of the generated samples, a
pseudo-second order adsorption model was applied to the phenan-
threne measured adsorption data (Fig. 2). This model can be
expressed as below:

t=q ¼ 1=ðk2 � q2
e Þ � ðt=qeÞ

where k2 is the equilibrium rate constant of pseudo-second order
sorption (g mg�1 min�1) and qe is the amount of adsorbed sorbate
at equilibrium (mg g�1) (Ho and McKay, 1998). The linear plot of
t/q vs. t was fitted with the measured data to obtain the model
parameters. N-500AC showed about 11% increase in qe for phenan-
threne removal, compared to the N-500 sample, and N-700AC
showed less than 6% of difference with the N-700 sample. To find
any correlation between the properties of adsorbents and the
adsorption kinetics, several plots were tested along with linear
regressions. Based on these observations, the total aromaticity of
the thermally-treated samples is not well-correlated to the adsorp-
tion kinetics for phenanthrene, in both non-activated and activated
samples (R2 < 0.06). In contrast, BET surface area and total pore vol-
ume showed relatively good correlations with the amount of
adsorption at equilibrium (R2 = 0.89 and 0.86, respectively) and
the initial adsorption rate (R2 = 0.61 and 0.81, respectively).

The sorption kinetics of the activated biochar seems to be gov-
erned largely by other structural characteristics of the surface, such
as BET surface area and pore volume. Furthermore, it may also be
affected by the size of adsorbents. N-300AC was shown to have lar-
ger surface and pore volume, particularly pores larger than microp-
ores, compared to other activated carbons (Table 1). The larger
surface area may originate from the larger pores with diameters
greater than 2 nm. The activated carbon with larger pores would
be more efficient for removal of larger size contaminant, especially
during the initial adsorption stage. If the size of target sorbate is
large enough to slow down the access to micropores with diame-
ters of less than 2 nm, then it will affect negatively the overall
adsorption performance, as well as the correlation to the surface
area and total pore volume. The larger pores may play an impor-
tant role in the sorption for the large contaminant molecule. Val-
derrama and coworkers reported that the removal of organic
molecules by activated carbon largely depends on the size of the
organic compounds. It was shown that a large micropore (high sur-
face area) is more efficient for the removal of small molecules, but
for larger molecules such as PAHs, mesopores and macropores play
more important roles in the adsorption (Valderrama et al., 2008).

Activated biochars prepared in this study are shown to have
large surface area and pore volumes comparable to the commercial
activated carbons. In particular, N-300AC has a large surface area
and a much bigger fraction of pore volume from larger pores (Ta-
ble 1). Although our NMR analyses showed that the activated car-
bon containing more mesopores has lower aromaticity, it exhibited
better sorption capacity for the hydrophobic phenanthrene
(3.6 � 7.0 Å). These results suggest that the larger pores consisting
of smaller aromatic clusters in N-300AC may be more effective for
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the phenanthrene adsorption than micropores with bigger clusters
in the other activated biochars.

Combined with the effective removal of phenanthrene by
adsorption using activated biochars, there could be more possibil-
ities that can extend the application of these adsorbents for biore-
mediation. Since the physical and chemical adsorption cannot
degrade pollutants into non-toxic substrates, bioremediation has
been considered as a complementary process to remove pollutants
by physical and chemical remediation (Peng et al., 2008; Sarkar
et al., 2012). It has been reported that the activated carbon could
be used as a microbial carrier to adsorb and degrade pollutants
in a single system (Voice et al., 1992) and a recent study demon-
strated the effective removal of phenanthrene using an adsorbent
from a natural clay mineral, e.g. bentonite (Huang et al., 2013).
Combination of sorption and biodegradation of pollutants using
activated biochar, therefore, can be an interesting and promising
application for bioremediation.

3.5. Solid-state 2H NMR for phenanthrene-d10-saturated samples

The surface area and pore volume of activated carbons have
been typically measured by adsorption of N2 and CO2. The probe
molecules are, however, much smaller than the actual contami-
nants and have different physical properties than the contaminants
containing aromatic side chains. Thus, the surface area measured
from the small molecule adsorption may not represent real binding
sites for large contaminants with different physical properties.

Deuterium (2H) is a spin I = 1 nucleus with an electric quadru-
pole moment that can interact with electric field gradients. The
anisotropic interaction gives rise to a broad NMR spectrum span-
ning 100–200 kHz for stationary samples. The 2H NMR line shape
is strongly sensitive to the dynamics of the molecule (Eastman
et al., 2011; Rice et al., 1981; Spiess, 1983; Vold, 1994). Thus, the
line width of the 2H NMR spectrum can be an indicator of the pore
size and binding affinity. The static 2H NMR spectra were acquired
for the deuterated phenanthrene adsorbed on activated biochar.
The broad NMR spectra spanning �200 kHz are a characteristic
static 2H NMR spectrum from rigid molecules, which were ob-
served in the spectra from N-500AC and N-700AC, suggesting that
phenanthrene is tightly bound to these activated biochars. On the
other hand, the deuterated sorbate on N-300AC exhibits much nar-
rower line-shape with stronger signal centered at 0 Hz. The narrow
2H NMR spectrum clearly indicates that the sorbate molecule
undergoes more significant motions on the surface of N-300AC.
The less tightly bound phenanthrene on the N-300AC appears con-
tradictory to the higher sorption efficiency of the N-300AC biochar,
since the more dynamic sorbate molecule suggests weaker interac-
tions between the sorbate and biochar.

The tighter binding on the N-500AC may be just because of the
restricted motions of the sorbate molecules trapped in smaller
pores with limited surface area. However, the 2H NMR spectra
were collected after 3 min adsorption where small amount of sor-
bate (26 mg g�1) is adsorbed on the activated biochar. In addition,
the 2H NMR spectrum measured from the fully saturated sample
was identical to those from the sample incubated for 3 min. These
results indicate that the tight binding on the N-500AC arises from
the stronger interaction between the biochar and the sorbate
rather than from more limited space available for the sorbate.
Our quantitative structural analyses showed that N-500AC has a
higher aromaticity and a larger aromatic cluster based on the
non-protonated carbon fraction than N-300AC (Table 2), suggest-
ing that the hydrophobic phenanthrene is more tightly bound to
N-500AC with stronger p–p interactions. Thus, the better sorption
capacity and the higher initial adsorption rate of N-300AC particu-
larly at the short incubation time may arise not only from its larger
surface area and pore volume (mesopore), which may
accommodate more sorbate molecules, but also from the smaller
entropy change. The binding of the free molecule to the surface
is highly unfavorable in terms of entropy, and adsorption on the
larger surface area (pore) may minimize the loss of entropy, com-
pensating for the weaker interactions (enthalpy–entropy compen-
sation). In addition, the larger pores in N-300AC may be more
readily accessible to the contaminants than those in other
activated carbons tested in this study. The tighter binding of the
sorbate molecule on N-500AC and N-700AC may also lead to the
slow diffusion of sorbates and subsequently less adsorption
efficiency of the activated biochars.
4. Conclusions

The NMR analysis and surface characterization exhibited more
substantial changes in carbon structure and surface properties of
the activated biochars, when they were pretreated at lower pyroly-
sis temperature. The results imply that the condensed carbon
structure in severely-treated biochars might be not suitable to
make activated carbons with larger surface area and pore volume.
The activated carbon from N-300 biochar presented the faster ini-
tial sorption rate and the higher equilibrium concentration for
phenanthrene adsorption, but the activated N-700 biochar exhib-
ited stronger binding with the sorbate. These observations suggest
the possibilities of designing appropriate adsorbents for special-
ized application needs.
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