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ABSTRACT: Carbon−alumina composites are prepared for the
efficient removal of Cr(VI) from wastewater. Pristine and acid-
treated alumina dross (AD and AAD) are copyrolyzed with pine
sawdust to form the respective composites, ADPC and AADPC.
Excellent absorption properties with Cr(VI) removal efficiency of
95.08% are demonstrated at 60 °C for an initial concentration of 6
μg/mL. The composites combine the merits of char, which
provides a high surface-to-volume ratio with abundant functional
groups on the surface, and alumina, which provides metal ions for
coprecipitation. Carbon structures of pine, char, and composite
were analyzed semiquantitatively using 13C NMR by a curve-fitting
method. Cr(VI) adsorption is accurately described with chem-
isorption by the Langmuir isotherm model and a pseudo-second-order kinetic model. The results show that AADPC has more
alcohol hydroxyl groups substituted to glucosyl units in amorphous cellulose assigned to the peak at 80 ppm and hemicellulose
assigned to peaks at 97 and 101 ppm. Also, it has more phenolic groups in lignin distributed at syringyl units assigned to peaks at 129
and 146 ppm. These oxygen-containing functional groups have a significant influence on Cr(VI) adsorption and reduction to Cr(III)
governed by the mechanisms of diffusion, adsorption, complexation, reduction, and coprecipitation. The results of this work provide
a new direction for the reuse of biomass and industrial solid wastes to fabricate higher value-added products, i.e., adsorption
materials for Cr(VI) removal and stabilization.

1. INTRODUCTION
Water pollution by heavy metals is a major concern for public
health. The common processes for removal of heavy metals are
hydroxide precipitation, coagulation−flocculation, absorp-
tion,1−3 ion exchange, and membrane separation.4 Activated
alumina is a state-of-the-art sorbent for its low cost, porous
structure, and activated hydroxyl sites.5,6 One of the wastes
generated from the aluminum production industry, alumina
dross (AD),7 is also used directly as a sorbent for water
purification by other researchers.8 However, the exchangeable
form of heavy metals in the AD may bring about land and
water contamination.9,10 It is necessary to convert the
exchangeable form of heavy metals into an immobilized
residual form for harmless treatment of AD before application
in water purification.
Some research studies discussed the disposal of heavy metals

in sorbents using chemical solidification,11 melting stabilization
by thermal plasma,12 heavy-metal extraction,13 etc. These
methods have some shortcomings, for instance, chemical
solidification and heavy-metal extraction cost too much. The
technique of melting stabilization by thermal plasma needs to
be carried out at high temperatures. A number of research
studies on carbonation of sewage sludge14−17 demonstrated
that sewage sludge char produced from the codisposal of
sewage sludge and municipal solid waste incineration fly ash

can restrain the leaching of heavy metals. Moreover, Leng et
al.18 showed the coliquefaction of municipal sewage sludge and
lignocellulosic biomass, which could enhance the immobiliza-
tion of heavy metal in biochars. Huber et al.19 also promoted
thermal cotreatment of combustible hazardous waste and
waste incineration fly ash in a rotary kiln to convert hazardous
waste into nonhazardous wastes. The above suggests that the
codisposal of organic and hazardous waste through carbo-
nation is a feasible and effective alternative for heavy metal
immobilization.
Additionally, char produced from biomass pyrolysis has been

used in wastewater treatment as a low-cost sorbent replacing
activated carbon. It removes various contaminants from water
such as nutrients, trace metals, pharmaceuticals, pesticides,
dyes, metal(loids), volatile organic compounds, and polycyclic
aromatic hydrocarbons20−25 because of its multifunctional
characteristics, including high stability, high extent of oxygen-
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containing functional groups (OcFGs), high surface area, and
high microporosity.26 Many researchers studied the biochar
from sludge as sorbents27−30 because it contains considerable
organic functional groups and inorganic active mineral oxides,
both making significant contributions to metal sorption
behavior. Premarathna et al.31 reviewed biochar-based
engineering composites for sorptive decontamination of
water, showing that biochar composites prepared by the
combination of biochar with different additives, including
metals, metal oxides, clay minerals, and carbonaceous
materials, exhibit better physicochemical properties and
broadened adsorption potential for a wide range of aquatic
contaminants. Zhang et al.32 suggested that biochar can be
modified to produce biochar/iron oxide composites with good
methylene blue removal capacity. Compared with the biochar,
the composite modified using Fe,33,34 Ca,34 Mg,35 Mn36 or
other natural solids37−40 demonstrates higher affinity to
contaminants. Karmacharya et al.41 showed efficient adsorp-
tion and rapid removal of As(III) and As(V) using rubber-tire-
derived activated carbon modified with the alumina composite.
Moreover, the synergistic effect of alumina and biochar can
significantly affect the immobilization pathways of metals in
contaminated soils.42

Cr(VI) is of particularly environmental concern due to its
toxicity and mobility and is challenging to be removed from
industrial wastewater.27 The “adsorption-coupled reduction”
mechanism that reduces Cr(VI) to Cr(III) with carbon
materials under acidic conditions is widely accepted.43−47

The viewpoint inferred here is that carbonation of AD and
biomass may not only make the AD harmless but also prepare
a very effective environmental sorbent synergizing the merits of
alumina and carbon. The “adsorption-coupled reduction”
reaction for Cr(VI) removal can be enhanced. The interaction
between biomass and AD during pyrolysis is also hardly ever
elaborated for preparing the carbon−alumina composite.
The carbon−alumina composite is prepared from AD and

pine sawdust through pyrolysis to make AADPC in this study.
AD is pretreated by organic acid to optimize the surface
structure. The adsorption characteristics of Cr(VI) on the
carbon−alumina composite are studied in batch systems with
varying parameters of solution pH, initial Cr(VI) concen-
tration, and temperature. The mechanism of Cr(VI) removal
using the new carbon−alumina composite was also inferred
from the adsorption characteristics. These results demonstrate
the method of waste control by waste, which achieved the dual
benefits on the environment and economy and will put forward
a new direction for disposal and utilization of industrial
hazardous wastes.

2. RESULTS AND DISCUSSION
2.1. Effect of AD on Char Carbon Structure from the

Process of Preparing the Composite. The main organic
carbon structural parameters of char with and without alumina
analyzed by 13C NMR are listed in Table 1 (fitted 13C NMR
spectra and all of the carbon structures assigned to the
chemical shift of biochar are shown in Figure S1 and Table
S1).
With the temperature increasing toward 700 °C, the

decrease in signals at 68−110 ppm, as shown in Table S1, is
the result of carbonate pyrolysis in cellulose and hemicellulose.
The representative carbon structures (carbon in cellulose and
hemicellulose marked as C1−C6 and the guaiacyl unit (G1−
G6) and syringyl unit (S1−S6) marked in lignin) of biomass

components are shown in Figure S2. The side chains of
aromatic rings in lignin are broken to a certain extent as
illustrated by an increase of signal at 116 ppm, which
corresponds to proton aromatic carbon. OcFGs, such as
ester, carbonyl, and hydroxyl in char, are the main components
for the cross-linking reaction to form char so that the signal at
178 ppm increases with increasing temperature. When the AD
is added, the area percentage of signals in char at 97, 72, and
15 ppm increases markedly. These C−O bonds in char
increase during catalytic pyrolysis, i.e., the area percentage of
the signal at 97 ppm, assigned to C4 in hemicelluloses,
increases from 3.04% (in PC) to 5.50% (in ADPC), that of the
signal at 72 ppm assigned to Cα-substituted aromatic carbon in
lignin increases from 0% to 14.38%, and that of the signal at 15
ppm assigned to CH3−COO− in hemicelluloses increases
from 0% to 10.91%. However, the area percentage of the signal
assigned to the side chains on aromatics, such as signals at 129
and 146 ppm, increases from 10.51% of pine char to 20.78% of
the composite. Meanwhile, the aromatic carbon assigned to
116 ppm in char decreases. These data indicate that AD
addition selectively sustains C−O bonds, mostly in hemi-
cellulose in pine.
The pretreatment of AD by organic acid has little impact on

the mineral composition of AD, as shown in Table 1. However,
the Brunauer−Emmett−Teller (BET) surface area increases
from 9.41 to 25.65 m2/g, as shown in Table 2. The pore size
and volume also increase obviously. The change in surface
structure results in different carbon structures of AADPC from
those of ADPC, as shown in Table 1. As a result of the surface
area and pore size increment on AD, more active sites on AD

Table 1. Main Carbon Structural Parameters Assigned to
Chemical Shift with Area Percentage of the Biochar and
Composite

chemical
shift
(ppm) assignments pine PCa ADPCb AADPC

178 carbohydrates:
−COO−R and
CH3−COO−

0.49 20.26 16.14

146 lignins: Ge1(e),
G4(ed), Sc3(nef), and
S5(ne)

5.84 10.51 15.07

129 lignins: G1(e), S1(ne),
and S4(ne)

7.40 20.78 9.28

116 lignins: G6, G2, S6, and
S2

3.79 41.91 16.98 26.06

97 hemicelluloses: C4 1.55 3.04 5.50 6.47
80 amorphous celluloses:

C4; lignin: Cβ
6.84 1.90 12.71

72 hemicelluloses and
cellulose: C2, C3, and
C5; lignins: Cα

17.20 14.38

15 hemicelluloses:
CH3−COO−

3.44 10.91 7.16

aPC is from pine pyrolysis at 700 °C. bADPC is char from pyrolysis of
pine and aluminum with a mass ratio of 1:1 at 700 °C. cS is syringyl
unit. de is etherified. eG is guaiacyl units. fne is nonetherified.

Table 2. Some Physical Properties of Raw and Treated AD

samples
BET surface area

(m2/g)
average pore size

(nm)
pore volume
(cm3/g)

AD 9.41 15.06 0.037
AAD 25.65 18.97 0.116
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are produced for char formation on its surface. AADPC has
more side chains substituted to aromatics, as indicated by the
higher signals at 146, 129, and 80 ppm. Meanwhile, the C−O
bonds, that is, those indicated by signals at 101 and 97 ppm,
are restrained to break during pyrolysis. Additionally, AADPC
has the highest phenolic-OH content assigned to 146 ppm.
The conjugated CO bonds, that is, those indicated by the
signal at 178 ppm in AADPC, are decomposed during
pyrolysis. The treated AD accelerates the cleavage of CO
bonds but suppresses C−O bond breakage to form carbon−
oxygen−metal (C−O−M) structures. The carbon−alumina
composite is prepared with higher carbon content in side
chains on aromatics combined with metal, i.e., C−O−M
structures, from AD.
Furthermore, the concentrations of Cu, Zn, Pb, and Cr in

the leachate extracted, shown in Table 3, from the composite
of AD and biochar were far under the threshold values required
in GB5085.1-2007 and GB16889-2008. The heavy metal was
immobilized in the composite.

2.2. Effects of Operating Conditions on Cr(VI)
Removal. 2.2.1. Absorbent Type. The absorption experiments
of composites prepared at different temperatures in Figure 1a
show that the removal rate of Cr(VI) increases with increasing
pyrolysis temperature in the range from 400 to 700 °C. In
contrast, the removal efficiency by PC decreases with
increasing temperature. Absorption of Cr(VI) is a complex-
ation process influenced by the OcFGs and the minerals on the
surface of sorbents. With increasing temperature, the OcFGs
decompose during pyrolysis. The OcFGs in hemicellulose,

such as those assigned to 15 ppm, are not detected by 13C
NMR in PC. The C−O bonds in amorphous cellulose, that is,
those assigned to 80 ppm, disappear from PC. These OcFGs
are not decomposed during pyrolysis at 700 °C and persist in
ADPC. When the temperature increases to 700 °C, it has a
weak CrO4

2−−π interaction combined to aromatics in PC
during absorption. AD has abundant minerals that assist in
enhancing Cr(VI) absorption by precipitation. The removal
efficiency reaches to 77.20% (maximum value) using
composite pyrolysis at 700 °C. The removal efficiency of
AADPC for Cr(VI) is 88.47%, as shown in Figure 1b. It
indicates that the optimum absorbent for removal of Cr(VI) is
the composite from pyrolysis of pine with AD treated by
organic acid. Some OcFGs remain in AADPC analyzed, as
listed in Table 1. The available sites for absorbing Cr(VI) by
AADPC are more than those by ADPC and PC. The
adsorption capability of AADPC is greater than those of
ADPC and PC, as shown in Figure 1b.

2.2.2. Adsorption Kinetics. Cr(VI) adsorption on the
composite in solution follows a three-step mechanism: film
diffusion, intraparticular diffusion, and adsorption equilibrium.
The adsorption kinetic models that are the best fit for Cr
adsorption on biochar are the pseudo-first-order and pseudo-
second-order kinetic models in the previous study. These
models are described in Table 4. The effect of contact time on
Cr adsorption by ADPC and AADPC, as shown in Figure 2a,
shows that the equilibrium time is about 60 min. The fitting
curves by pseudo-first-order and pseudo-second-order kinetic
models according to data in Figure 2a are shown in Figure
2b,c.
Judging from the correlation coefficient (R2) values in Table

5, the preferable model is the pseudo-second-order kinetic
model for both ADPC and AADPC (R2 > 0.99). The
assumption of the pseudo-second-order kinetic model is that
the rate of Cr(VI) adsorption on the composite is proportional
to the number of active sites on the composite surface, which
implies that the rate-limiting step may be a chemical sorption
(complex reaction with functional groups and precipitation
with minerals) between Cr(VI) and the composite. The
calculated value of qe is consistent with the experimental value.

Table 3. Heavy Metal Leaching Concentration in the
Composite

sample Cu Zn Pb Cr

compositea (ppm) 3.20 0.21 0.020
GB5085.1 (ppm) 100 100 5 5
GB16889 (ppm) 40 100 0.25 4.5

aThe composite is pine char catalyzed by AAD, which is called
AADPC.

Figure 1. Effect of absorbent type on the removal efficiency for Cr(VI) with an initial concentration of 2 μg/mL: (a) comparison of PC and ADPC
for Cr(VI) removal with increasing pyrolysis temperature and (b) comparison of PC, ADPC, and AADPC for Cr(VI) removal at the same
condition.
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The k1 and qe values of the pseudo-second-order model for
AADPC are greater than those for ADPC, as illustrated in
Table 5. In the case of rate-limited chemisorption fitted by the
pseudo-second-order model, data suggests that inner-sphere
complexation and precipitation involved the metal ion
sorption. Acid-treated AD (AAD) produces composites with
more OcFGs and metal ions for inner-sphere complexation
and precipitation. The absorption efficiency for Cr(VI) by
AADPC is better than that by ADPC.
2.2.3. Adsorption Isotherms. The Cr(VI) adsorption data

of ADPC and AADPC were analyzed using the Langmuir and
Freundlich isotherm models, as shown in Figure 3, with the
relevant isotherm parameters presented in Table 6.
Taking into account the correlation coefficient (R2), it is the

highest for the Langmuir model, indicating that the adsorption
process is best described by this model. The results show that

it is valid for monolayer sorption onto a surface with a finite
number of identical sites on the composite. The values of the
separation factor, RL, indicating the nature of the adsorption
process, are also presented in Table 6. They can be classified as
follows: RL > 1 unfavorable, RL = 1 linear, 0 < RL < 1 favorable,
RL = 0 irreversible. The RL of AADPC is 0.011, lower than
0.107 of ADPC. The adsorption of Cr(VI) onto AADPC is
more favorable. The qm for Cr(VI) absorption on AADPC is
greater than that on ADPC. The parameters n and KF in the
Freundlich model of AADPC are also greater than those of
ADPC.

2.3. Correlation of the Microstructure in the Carbon−
Alumina Composite to Cr(VI) Removal. Cr(VI) adsorption
is a complex mechanism influenced by the surface structure of
the composite. Cr(VI) contacted the composite first to induce
the “adsorption-coupled reduction” reaction through direct

Table 4. Adsorption Models Used in This Work and Their Parameters

model equation linearized form parameters

isotherm models

Langmuir q
q K C

K C1e
m L e

L e
=

+

C
q q K

C
q

1e

e m L

e

m

= +

R
K C
1

1L
L 0

=
+

qe (μg/g): amount of metal ion adsorbed at equilibrium
qm (μg/g): complete monolayer adsorption capacity
Ce (μg/L): equilibrium concentration
KL (L/μg): Langmuir adsorption constant
C0: highest initial concentration of the adsorbate in the solution (μg/L)
RL: shape of the isotherm

Freundlich q K C n
e F e

1/= q K
n

Cln ln
1

lne F e= +
n: empirical parameter related to the adsorption intensity, which varies with the
heterogeneity of the material (dimensionless)

KF ((μg/g)(L/μg)
1/n): Freundlich adsorption constant

Dubinin−
Radushkevich
(D−R)

q q exp( )e m
2βε= −

q Kln lne F
2βε= −

i
k
jjjjj

y
{
zzzzzRT

C
ln 1

1

e
ε = +

β (mol2/kJ2): adsorption energy constant

ε: Polanyi potential

kinetic models

pseudo-first-order
q

t
k q q

d

d
( )t

t1 e= − q q q k tln( ) lnte e 1− = −

qe (μg/g): adsorption capacity at equilibrium
qt (μg/g): adsorption capacity at time t
t (min): contact time
k1 (1/min): rate constant of pseudo-first-order adsorption

pseudo-second-order
q

t
k q q

d

d
( )t

t2 e
2= −

t
q k q

t
q

1

t 2 e
2

e

= + qt (μg/g): adsorption capacity at time t

k2 (g/μg min): rate constant of pseudo-second-order adsorption

Figure 2. Effect of contact time on Cr(VI) sorption (a) and kinetic analysis by pseudo-first-order (b) and pseudo-second-order (c) models for
ADPC and AADPC.

Table 5. Kinetic Parameters of Pseudo-First-Order and Pseudo-First-Order Models

pseudo-first-order model pseudo-second-order model

sorbent qe (exp) qe k1 R2 qe k1 R2

ADPC 43.06 150.46 0.1196 0.890 50.63 0.0017 0.991
AADPC 56.61 147.68 0.1278 0.909 60.20 0.0038 0.999
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and indirect reduction in the solution. The direct reduction of
Cr(VI) to Cr(III) proceeds in the aqueous phase by contacting
with the electron-donating groups,43−45 such as phenolic,
methoxy, and carbonyl functional groups on the composite.
Cr(III) ions then coprecipitate with metal cations to form
complexes as the Cr-binding groups and precipitate on the
surface of composites. The indirect reduction can be divided
into three steps,46,47 including (a) anionic Cr(VI) cross-links
to OcFGs on the composite surface, (b) Cr(VI) reduces to
Cr(III) by adjacent OcFGs, and (c) complexation or
precipitation of Cr(III) on the composite surface. According
to analysis of adsorption behavior, Cr(VI) adsorption fits
chemisorption with monolayer sorption onto the composite
surface. Chemisorption is mainly induced by complexation
with OcFGs, coprecipitation with metal ions on the composite,
and the cation-exchange reaction. Cr(VI) adsorption and
reduction to Cr(III) through the diffusion, adsorption,

complexation, reduction, and coprecipitation steps for its
removal are shown in Figure 4.
Cr(VI) removal involves diffusion with absorbents from

external channels to inner channels, adsorption with OcFGs in
the inner channel, enhanced complexation and coprecipitation
with metal ions on absorbents, and reduction to Cr(III) by
absorbents.
First, compared with PC, composites, such as ADPC or

AADPC, have more OcFGs analyzed by 13C NMR. Cr(VI)
adsorption and reduction are enhanced by complexation with
OcFGs on biochar, as shown in eqs 1−3

Figure 3. Adsorption isotherms of Cr(VI) onto ADPC and AADPC: (a) adsorption isotherm, (b) Langmuir isotherm model, (c) Freundlich
isotherm model, and (d) Dubinin−Redushckevich (D−R) isotherm model.

Table 6. Isotherm Model Data

Langmuir model Freundlich model D−R model

sample qm (μg/g) kL (L/μg) RL R2 n kF (L/μg) R2 qm (μg/g) E (kJ/mol) R2

ADPC 60.31 0.00084 0.107 0.984 2.15 1.04 0.904 42.90 0.008 0.838
AADPC 87.26 0.00865 0.011 0.994 3.23 9.04 0.976 61.32 5.58 0.695
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Cr(VI) H Ph OH Ph O Cr(III) H O2+ + ‐ → ‐ ‐ ++
(3)

OcFGs acting as electron donors are responsible for Cr(VI)
reduction to Cr(III) and formation of complexes. The XPS
spectra of Cr 2p are shown in Figure 5.
From Figure 5, it can be seen that Cr(VI) absorbed onto the

composite can be reduced to Cr(III). The reduction of Cr(VI)
to Cr(III) is more favorable for ADPC and AADPC than PC.
The area percentage of Cr(VI) and Cr(III) based on XPS
spectra of Cr 2p, shown in Figure 6a−c, of the char and
composite is given in Table 7.
As discussed above in Table 1, the metallic oxide in AD

combines with biomass components and organic products by
van der Waals forces and hydrogen bonds to form C−O−M
intermediates during copyrolysis. The C−O−M intermediates
assist the complex formation during absorption. OcFGs, such
as the alcohol hydroxyl group substituted to glucosyl units in
amorphous cellulose and hemicellulose, assigned to 70−110
ppm, and the phenolic group in lignin, assigned to 120−150

ppm, remain in the ADPC composite. These functional groups
have significant influence on the “adsorption-coupled reduc-
tion” reaction of Cr(VI) removal from a solution. The reaction
pathway is illustrated by eqs 3−7

The carbonyl group in hemicellulose assigned to 15 ppm
also contributes to absorption of Cr(VI) induced by eqs 6 and
7

The above results show clearly the preferable Cr(VI)
adsorption of ADPC in comparison to PC. As for AADPC,
the copyrolysis product from pine and AAD has also more
alcohol hydroxyl groups substituted to glucosyl units in
amorphous cellulose and hemicellulose, assigned respectively
to 80, and 97 and 101 ppm, as illustrated in Table 2. Also, it
has more phenolic groups in lignin distributed at syringyl units
assigned to 129 and 146 ppm. These organic carbon structures
aid to the excellent Cr(VI) removal of 95.08% at 60 °C for 60
min with an initial concentration of 6 mg/L. In total, 41.08% of
Cr(VI) from the solution is reduced to Cr(III), as shown in
Table 7.
Second, the main composition in AD is Al2O3. Al2O3 is used

as a water purifying agent for its flocculating property in the
solution; it reacts with water to form Al(OH)3, as shown in eq
8

Al O H O Al(OH) H2 3 2 3+ → + +
(8)

Figure 4. Mechanism on Cr(VI) removal from the aqueous solution
by AADPC.

Figure 5. Valence state variation of Cr 2p on the surface of the char and composite: (a) PC, (b) ADPC, and (c) AADPC.
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The composite of AADPC not only has abundant OcFGs to
provide active sites for Cr(VI) removal on char surface but also
has metal cations for coprecipitation. AADPC has higher
hydrophilicity and reducing potential with more OcFGs.
Hydrated chromium ions diffuse into micro- or ultra-
micropores in the composite and combine with OcFGs.
Chromium ions can adsorb on these micropores and
composite surface. However, according to data in Table 1,
the OcFGs in PC are fewer; there are almost pure, solid,
hydrophobic carbons on the pore wall surfaces, so water
cannot diffuse into that solid. Compared with the scanning
electron microscopy (SEM) images of PC and AADPC shown
in Figure 6, AADPC has more floccular lamella on the
composite surface after adsorption, evidencing the coprecipi-
tation of metal cations with chromium ions.
The C−O−M structures are more favorable for forming

complexes with Cr(VI) by flocculation and coprecipitation.
Furthermore, the PC surface is smooth and AADPC is rough
with many floccular pellets, as shown in Figure 6. The pellets
provide more active sites on the surface for Cr(VI) adsorption.
In short, the “adsorption-coupled reduction” reaction for

Cr(VI) removal from the solution, including diffusion,
adsorption, complexation, reduction, and coprecipitation, is
influenced by OcFGs and metal ions on the surface of AADPC.
The number of active sites on AADPC is greater than those on
ADPC and PC with higher OcFGs.

3. CONCLUSIONS
OcFGs in the composite have a significant influence on Cr(VI)
removal and stabilization with the “adsorption-coupled
reduction” reaction. AADPC with higher OcFGs is prepared

by copyrolysis of pine and AD pretreated with organic acid.
The organic acid is the byproduct from biomass pyrolysis and
reused for activation of AD. Based on the results discussed, the
conclusions are as follows:

(1) AD addition selectively sustains C−O bonds to prepare
the C−O−M composite with higher OcFGs. AADPC
has more alcohol hydroxyl groups substituted to glucosyl
units assigned to 80 ppm (12.71%) in amorphous
cellulose and 97 ppm (6.47%) and 101 ppm (7.66%) in
hemicellulose. Also, it has more phenolic groups in
lignin distributed at syringyl units assigned to 129 and
146 ppm, with a total content of 24.35%. These organic
carbon contents are all higher than those in PC and
ADPC.

(2) AADPC is an excellent sorbent for Cr(VI) removal and
stabilization. The Cr(VI) adsorption process is described
with the Langmuir thermodynamic model and the
pseudo-second-order kinetic model. The optimal re-
moval is 95.08% at 60 °C for 60 min with an initial
Cr(VI) concentration of 6 mg/L.

(3) AADPC synergizes the functions of biochar and metallic
oxide to induce a series of processes, including diffusion,
adsorption, complexation, reduction, and coprecipita-
tion, for Cr(VI) removal and immobilization.

These results provide a new direction for the reuse of
organic and industrial solid wastes to realize the goal of
comprehensive utilization of various waste materials for high-
performance adsorption material production.

4. MATERIALS AND METHODS
4.1. Materials. Pine sawdust collected from south of Anhui

Province in China was used as the raw material and ground to
<0.2 mm. AD was produced from the dross recycling process
in secondary smelters in Changzhou smashed to <0.2 mm. The
main chemical composition of AD as analyzed by an X-ray
fluorescence (XRF) spectrometer (S8 Tiger, Bruker AXS,
Germany) is shown in Table 1.

Figure 6. SEM images of PC and AADPC before and after adsorption: (a) PC before adsorption, (b) PC after adsorption, (c) AADPC before
adsorption, and (d) AADPC after adsorption.

Table 7. Area Percentage of Fitting Curves from XPS
Spectra of Cr 2p on the Surface of Char

sample PC ADPC AADPC

Cr(VI) 70.53 66.13 58.92
Cr(III) 29.47 33.87 41.08
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4.2. AD Pretreated with the Liquid Product from Pine
Pyrolysis (AAD). AD (20 g) was uniformly mixed with 20 mL
of liquid product, whose main composition was organic acids
from pine pyrolysis, and then calcined in a muffle furnace at
550 °C for 2 h. AAD was prepared, and the chemical
composition of AD and AAD as analyzed by XRF spectrometer
is presented in Table 8.
4.3. Pyrolysis. AD or AAD was mixed with pine sawdust by

mass ratio using mechanical stirring. Pyrolysis tests were
carried out in a vertical quartz tubular reactor. The gas−liquid
separator was connected with the reactor through ground glass.
Pure pine sawdust or a 1:1 mixture of pine sawdust and AD (or
AAD) was placed in the reactor. N2 was led into the reactor at
90 mL/min as a carrier gas. The reactor was heated to the set
temperature at a heating rate of 10 °C /min. The char from
pine pyrolysis was denoted PC, the composite from copyrolysis
of AD and pine was denoted ADPC, and the composite from
copyrolysis of AAD and pine was denoted AADPC. The
schematic diagram of the pyrolysis experiment is shown in
Figure 7.
4.4. Cr(VI) Analysis and Adsorption Experiments.

4.4.1. Cr(VI) Analysis. In this experiment, 2 μg/mL standard
stock solutions of Cr(VI) were prepared by dissolving specific
amounts of K2CrO4 in pure water. In a set of 100 mL
volumetric flasks, 0, 1.00, 2.00, 4.00, 7.00, and 10.00 mL of
standard stock solution of Cr(VI) were added. Sulfuric acid
solution (1 mL) was then added, followed by predilution with
water to about 90 mL; 3 mL of diphenyl carbazide ethanol
solution was then added and finally diluted to 100 mL with
water under vigorous shaking and mixing. The absorbance was
measured using a UV spectrophotometer at a wavelength of
540 nm. The working curve was drawn by taking the
chromium content as the abscissa and the corresponding
absorbance as the ordinate. The concentration of Cr(VI) was
calculated by the working curve.
4.4.2. Adsorption Experiments. Adsorption experiments

were carried out in a series of beakers containing 10 mL of
Cr(VI) (2, 4, 6, 8, and 10 μg/mL) using PC, ADPC, and
AADPC samples (1.0000 g). The experiments were performed

on a magnetic stirrer under the experimental conditions of 100
rpm and 60 °C to a state of equilibrium (about 60 min).
Therein, 6 μg/mL Cr(VI) solution was used to analyze the
effect of adsorption time (15, 30, 45, 60, and 75 min) on the
amount of adsorbate for the adsorption kinetic study. The
absorbance of the solution was measured using a UV
spectrophotometer and calculated by working curves after
filtration using a 0.45 μm membrane. The removal efficiency
was calculated by eq 9

C C
C

removal efficiency (%)
( )

1000 e

0
=

−
×

(9)

The amount of the adsorbate removed by the adsorbent, q
(μg/g), was calculated using eq 10

q
C C
m V

( )
e

0 e=
−
× (10)

where C0 (μg/L) and Ce (μg/L) represent the initial and
equilibrium concentrations of Cr(VI), respectively, V (L) is the
volume of the solution, and m (g) is the mass of the adsorbent.

4.5. Analytical Methods. 4.5.1. Characterization of
Carbon Structures and Surface Properties of Solid Products.
The organic carbon structures of pine, PC, ADPC, and
AADPC were investigated by 13C NMR. 13C MAS NMR
experiments of biomass were performed on an Agilent 600
DD2 spectrometer at a resonance frequency of 150.15 MHz, as
described in our previous work.48 The surface microstructures
of PC and AADPC were characterized by SEM. The BET
surface areas and the total pore volumes of AD and AAD were
calculated based on the N2 adsorption−desorption isotherms
measured by a gas sorption analyzer (ASAP2460, USA).

4.5.2. Leaching Behavior of Heavy Metals in Solid
Products from Pyrolysis. Samples were first analyzed to
obtain general element species and contents by XRF
spectroscopy. Then, the leaching tests were performed
according to the “Chinese Standard Solid Waste Extraction
Procedure for Leaching Toxicity-Acetic Acid Buffer Solution
Method” (HJ/T300-2007); after the preliminary evaluation of

Table 8. Chemical Composition of AD and AAD

compound Al2O3 SiO2 Na2O MgO CuO Fe2O3 K2O CaO ZnO

AD 80.38 6.12 4.46 4.53 0.68 0.83 0.54 0.39 0.20
AAD 78.61 7.61 4.55 4.18 0.89 0.99 0.66 0.51 0.23

Figure 7. Schematic diagram of the pyrolysis experiment.
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the pH characteristic of the sample, CH3COOH solution (pH
= 2.64 ± 0.05) was chosen as the exaction fluid for the
experiment. This fluid was prepared by adding 17.25 mL of
glacial acetic acid into 1 L of deionized water. Then, 1 g of
sample was placed in a 50 mL centrifugal tube, and 20 mL of
extraction fluid was added to each tube (including the control
sample). The samples were then agitated for 18 h with an
electric stirrer. The suspension was filtered through a
polypropylene filter (0.45 μm) and acidified with concentrated
nitric acid to decrease the pH of the obtained water sample
between 1 and 2 and then were analyzed using an atomic
absorption spectrophotometer (AAS300, Analytik Jena,
Germany). The leaching method was similar to the toxicity
characteristic leaching procedure.
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