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Abstract

The co-pyrolysis technology was applied to municipal sewage sludge (MSS) and hazelnut shell with alkaline activating agent K,
COj; under N, atmosphere. The innovative bio-char produced by co-pyrolysis had significant physical and chemical character-
istics. The specific surface area reached 1990.23 m*/g, and the iodine absorption number was 1068.22 mg/g after co-pyrolysis at
850 °C. Although hazelnut shell was a kind of solid waste, it also had abundant cellulose resource, which could contribute to
porous structure of bio-char during co-pyrolysis with MSS and decrease total heavy metals contents of raw material to increase
security of bio-chars. Meanwhile, the residual fractions of heavy metals in bio-char were above 92.95% after co-pyrolysis at
900 °C except Cd to prevent heavy metals digestion, and the bio-char presented significant immobilization behavior from co-
pyrolysis technology. Moreover, the yield and the iodine absorption number of bio-chars under different process variables were
analyzed, and it was confirmed that appropriate process variables could contribute the yield and the iodine absorption number of
bio-char and prevent to etch pore structure excessively to collapse. The changes of surface functional groups and crystallographic
structure before and after co-pyrolysis were analyzed by FTIR and XRD, respectively. The hierarchical porous structure of bio-
char was presented by SEM and N, adsorption-desorption isotherm. The Cu(Il) adsorption capacity of the bio-char was
42.28 mg/g after 24 h, and surface functional groups acted as active binding sites for Cu(Il) adsorption. Langmuir model and
pseudo-second-order model can describe process of Cu(ll) adsorption well.

Keywords Co-pyrolysis - Alkaline activating agent - Porous structure - BCR sequential extraction - Cu(II) adsorption

Introduction

The number of municipal wastewater treatment plants in-
creases gradually in recent years as urbanization accelerating.
Municipal sewage sludge (MSS) is a kind of by-product gen-
erated from municipal wastewater treatment plants and con-
tains numerous harmful substances, such as heavy metals
(Fang et al. 2016), microorganisms (Fernando and Fedorak
2005) and eggs of parasitic organisms (Fytili and Zabaniotou
2008). Improper disposal of MSS will release contaminants to
the environment including soil and water and threat to human
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health (Bondarczuk et al. 2016). However, MSS is also a spe-
cies of potential bio-resource due to high content of organic
matters (Wei et al. 2011). Therefore, it is very important to
develop a proper technology to combine disposal and
recycling at the same time.

Pyrolysis technology offers a practical and effective meth-
od for stabilization and resource utilization of sewage sludge
at the same time (Chen et al. 2014). Pyrolysis will minimize
the volume of sludge, kill microorganisms and eggs of para-
sitic organisms, and the organic matters will be converted into
bio-char (Zhao et al. 2018). Potentially useful bio-oils and
pyrolysis gas will be produced for reuse (Cao and
Pawlowski 2012). In recent years, the bio-char has received
extensive attentions due to its wide availability, low cost, and
favorable physical/chemical surface characteristics for pollut-
ants’ removal. Especially, the previous study indicates that
heavy metals in MSS can be transformed from weakly bound
to stable state via pyrolysis process to ensure the security of
application (Jin et al. 2016). Meanwhile, it is feasible that
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adding other biomass as a kind of carbon source without
heavy metals can further decrease the total content of heavy
metals and the environmental risk for the land application.

Hazelnut shell is a kind of solid waste from hazelnut pro-
duction. As biomass, hazelnut shell has above 40% cellulose
(Hosgiin et al. 2017). Compared with wheat straw, olive ba-
gasse, hazelnut shell has lower ash content in favor of
retaining higher yield of bio-char (Bakisgan et al. 2009).
Hazelnut shell also has abundant cellulose resource, which
can be transformed to porous bio-char by pyrolysis as tradi-
tional wood. Thus, hazelnut shell is selected to co-pyrolysis
with MSS to increase porous structure and environmental
friendliness for bio-chars.

In order to increase specific surface area of the bio-char,
chemical activation has been tried during pyrolysis simulta-
neously. Notably, chemical activation reagents have a strong
impact on characteristics of the bio-char. The most widely
used activation reagent includes zinc chloride (ZnCl,), phos-
phoric acid (H3PO,), and potassium hydroxide/carbonate
(KOH/K,COs3). K,CO; played an important role in the devel-
opment of porosity during pyrolysis. Tran et al. (2017) used
golden shower with K,COs to produce activated carbon, and
the activated carbon had 1846 m?/g of Langmuir surface area.
In the adsorption/desorption isotherms, micropore and
mesopore structures of the activated carbon presented
hysteresis loop. Okman et al. (2014) used grape seed with
K,CO5 and KOH to produce activated carbon. The activated
carbon with the highest surface area of 1238 m*/g was obtain-
ed at 800 °C in K,CO;, while KOH produced the activated
carbon with the highest surface area of 1222 m%/g in at 800 °C.
Furthermore, the chemical activation agents must play an en-
vironmentally friendly role in industrial and environmental
applications. Compared with ZnCl,, K,COj3 does not have
heavy metals, and it is frequently used in food additives.
Therefore, K,CO5; was used as chemical activation agent in
this work.

In this work, co-pyrolysis of MSS and hazelnut shell can
decrease the total heavy metals content of raw materials effec-
tively and produce the eco-friendly bio-char. Hazelnut shell
and alkaline-activating agent K,COj3 contribute to produce
larger surface area for adsorption application. Different pro-
cess variables were used to analyze impact trend of the yield
and the iodine absorption number for bio-chars. The changes
of surface functional group by co-pyrolysis were analyzed by
Fourier transform infrared spectrometer (FTIR). X-ray diffrac-
tion (XRD) analysis was used to identify crystallographic
structure of the bio-char sample. The micromorphology was
observed by scanning electron microscope (SEM), N,
adsorption-desorption isotherm, and specific surface area
analysis to confirm hierarchical porous structure and remark-
able specific surface area. In order to evaluate the risk of heavy
metals in bio-char by co-pyrolysis, BCR sequential extraction
of heavy metals was applied based on distribution of the
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chemical species. The adsorption experiments of the bio-
char for Cu(Il) were used to analyze adsorption capacity, equi-
librium model, and kinetic model to assess adsorption
application.

Experimental
Raw materials

The MSS was obtained from dewatering room of an urban
municipal wastewater treatment plant in Liaoning Province,
China. Activated sludge system was used as the secondary
treatment to wastewater. The MSS was submitted to stabiliza-
tion treatment by adding polyacrylamide 4 wt%o and then
dehydration. Hazelnut shell was solid waste produced by ha-
zelnut production and air dried. Before pyrolysis, the MSS
was heated at 105+ 5 °C for 24 h to remove free water. The
raw materials of MSS and hazelnut shell were milled before
co-pyrolysis (diameter equal to 1 mm) and packed in sealed
plastic bags in a desiccator for further use. The proximate and
ultimate analyses of raw materials are shown in Table 1. The
moisture, volatile matter, and ash content were measured ac-
cording to the method of coal industry analysis in China
(Chinese standard methods, GB/T 212-2008). The total car-
bon (C), hydrogen (H), nitrogen (N), and sulfur (S) contents of
MSS were determined using the elemental analyzer
(Elementar Analysensysteme GmbH, vario EL cube V 1.2.1).
The heavy metal element (Cu, Zn, Ni, Pb, Cr, and Cd)
contents of MSS were measured by inductively coupled plas-
ma (ICP) instrument (LEEMAN, Prodigy XP) according to
Chinese standard methods (GB18918-2002) after digested by
HNO5/HCIO4/HF (3:1:1) solution, as shown in Table 2.

Table 1  Proximate analysis and ultimate analysis of raw materials
Description MSS Hazelnut shell
Proximate analysis (wt%)
Moisture® 79.54 8.22
Volatile matter” 60.34 76.57
Ash® 33.43 123
Fixed carbon” 1.13 13.98
Low heating value (MJ/kg)® 14.90 27.82
Ultimate analysis (Wt%)®
Carbon content 36.88 48.11
Hydrogen content 4.94 2.62
Nitrogen content 5.03 0.41
Sulfur content 1.14 2.94
Oxygen content® 52.01 45.92

#Received basis after adding polyacrylamide (0.4 wt%) and dehydration
® Dry basis after heating at 105+5 °C for 24 h

¢ Calculated by mass balance



Environ Sci Pollut Res (2018) 25:19423-19435

19425

Table 2  The contents of heavy metal in MSS
Element  Heavy metal element  Threshold values®

content (mg/kg)

China pH< 6.5  China pH>6.5

Cu 117.53 800 1500
Ni 77.27 100 200
Zn 666.67 2000 3000
Pb 110.28 300 1000
Cr 61.38 600 1000
Cd 6.30 5 20

# According to Chinese standard methods (GB18918-2002).

Preparation raw materials for co-pyrolysis

MSS and hazelnut shell blend were impregnated by alkaline
activating agent K,CO; with different concentration solutions
for 24 h. The impregnated weight ratio of raw material and K,
COj; solution was 1:1.5. Because of the environment pollu-
tion, K,COj; solution was recycled and increased to the target
concentration for reuse. After K,COj; activation, the raw ma-
terial of MSS and hazelnut shell blended with different weight
percents was dried at 105+ 5 °C for 24 h to remove surface
water before co-pyrolysis. Co-pyrolysis of sewage sludge and
hazelnut shell blend was conducted in a vacuum tube furnace
(MTI, OTF-1200-x). Figure 1 shows schematic diagram of
pyrolysis apparatus. The blend in a quartz boat was placed
in the middle of quartz tube, and the pyrolysis system was
presented in the previous work (Xu et al. 2017). Inert atmo-
sphere was achieved by carrier gas (N,) sweeping (0.3 L/min).
The tube furnace was heated to target pyrolysis temperature
with heating rate of 10 °C/min for pyrolysis time and then
cooling to room temperature. The bio-char was obtained via
diluted hydrochloric acid and deionized water washing to re-
move impurities and then drying and grinding to 1 mm (18
mesh). The bio-chars were transferred to sealed plastic bags
for further analysis. The co-pyrolysis conditions of single-
factor experiments are named in Table 3.

Physico-chemical properties of the bio-char
The yield of bio-char

The yield of bio-char was calculated from the following equa-
tion:

Wbio—char

Yield of bio-char (wt%) = x 100% (1)

Wraw materials

where Wyio-char a1d Wiaw materials @re weight of bio-char and
raw materials, respectively. The yield was based on the dry
basis weight of raw materials to evaluate the weight loss of
thermal decomposition after co-pyrolysis.

The iodine absorption number

The iodine absorption number showed the development of
pore structure of the bio-char below 1.0 nm according to the
test methods of wooden activated carbon determination of
iodine absorption number (GB/T 12496.8-1999). The iodine
absorption number also represented the adsorption ability for
small molecule impurities below 1.0 nm diameter. The test
steps are shown in Table 4. The iodine absorption number
was calculated by the following:

5x10(C{—1.2C,V 127
A= X (1M22)>< %

D )

where A is the iodine number (mg/g), C; is the concentration
of iodine solution (mol/L), C, is the concentration of sodium
thiosulfate (mol/L), V is the titration reading (mL), M is ad-
sorbent mass (g), and D is the correction factor.

Surface functional group and crystallographic structure

The functional groups of MSS, hazelnut shell, and the bio-chars
were analyzed by FTIR (NICOLET, 380). The pellet was made
with 1 wt% of the sample dispersed in KBr. The spectra were
investigated in the range of 4000 to 400/cm with a resolution of
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Fig. 1 Experimental apparatus for pyrolysis: 1—inert gas (N,); 2—valve; 3—pressure gage; 4—flow meter; 5—online temperature monitoring; 6—
vacuum tube furnace; 7—acid gas washing bottle; 8—alkaline gas washing bottle; 9—active carbon filter; 10—vacuum pump
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Table 3 The named method of
produce bio-chars by different

Type of bio-char Type of bio-char

process variables
Target pyrolysis 500

temperature (°C) 600

700

800

900

Concentration of activating 1
agent (mol/L) 15

2.5

35

T500 Pyrolysis time (min) 30 30
T600 45 45
T700 60  t60
T800 75 {75
T900 90 90
Cl Additive percentage of 5 A5
Cl5 hazelnut shell (Wt%) 19 A10
C2 15 Al5
C25 20 A20
C3 25 A25
C35 30 A30

4/cm. The baseline of the raw data was adjusted and then the
modified data was normalized. XRD (PANalytical B.V., X’ Pert
PRO) analysis was carried out to identify crystallographic struc-
ture of the bio-char sample. The bio-char had been grinded to
200 meshes. The data was collected over a range of 5°-80°
using the Cu K« radiation at a scan rate of 2°/min.

Micromorphology and specific surface areas

The micromorphology was observed by SEM analysis (ZEISS
Ultra&Plus, OXFORD X-Max 50 mm® (S/N: 52519)). SEM
images were recorded to visualize sample morphology, pore
structure, and structural changes. The measurements of specif-
ic surface areas of the bio-char were made by N, adsorption (at
77 K), using a surface analyzer (Micromeritics, ASAP 2020).
The bio-char had been pretreated by metal spraying. Specific
surface area and N, adsorption-desorption isotherm were de-
termined to verify morphology and pore development of the
bio-char. Before adsorption/desorption procedure, the bio-char
was degassed at 110 °C for 12 h under vacuum to a final
pressure of 0.33 Pa. N, gas adsorption/desorption isotherms
at 77 K were obtained at the relative pressures (P/Py) that

Table 4  The test steps for determination of iodine absorption number

Test Operation

step

1 About 0.2-0.5 g of bio-char was mixed with 10 mL of HC1 (V
1+9) and lowly heated for about 30 s

2 The samples were cool down to room temperature. Then, the
samples were shaken with 50 mL of 0.1 mol/L iodine
solution for 15 min

3 The dilute filtrate was titrated with 0.1 mol/L sodium thiosulfate
until the solution turned pale yellow

4 2 mL of 1% starch indicator solution was added and titrated

until the solution was colorless
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range from 0.01 to 0.99. The specific surface area was calcu-
lated according to the method of Langmuir surface area, and
average pore volume was calculated according to the Barrett-
Joiner-Halenda (BJH) method.

BCR sequential extraction experiment

The heavy metals in MSS and bio-chars were sequentially
extracted by the modified version of BCR-three step sequen-
tial extraction procedure aimed to test the long-term stability
of material. The applicability of an improved version of the
BCR three-step sequential extraction procedure on the sewage
sludge was used (Rauret et al. 2000). It has been widely ap-
plied in quantifying chemical speciation distribution of heavy
metals in sludge, soil, and sediment. The contents of heavy
metals were measured by ICP instrument. The fractions of
heavy metals can be divided into four categories: acid
soluble/exchangeable (F1), reducible (F2), oxidizable (F3),
and residual (F4) fractions through BCR sequential extraction.
The concentrations of heavy metals in acid soluble/exchange-
able, reducible, and oxidizable fractions can be determined
directly by ICP instrument. The residual fraction of bio-char
samples were digested in 20 mL aqua regia with microwave
assistance according to the method of Katherine and Christine
(2003) before detection by ICP.

Adsorption experiments

Adsorption experiments were conducted to determine adsorp-
tion capacity, equilibrium model, and kinetic model of the bio-
char for Cu(Il) adsorption. The bio-char had been grinded to
200 meshes. Cu(II) solutions used in adsorption capacity and
adsorption isothermal model experiments were prepared by
deionized water and CuSO4-5H,0, and Cy,=0, 20, 40, 50,
60, 75, 80, and 100 mg/L. The bio-char dosage was 1.25 g/
L, and Erlenmeyer flasks were sealed and shaken at a constant
speed of 110 rpm at 25 °C for 24 h. For kinetic model
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experiment, the initial concentration of Cu(Il) was 55 mg/L.
The bio-char dosage was 1.25 g/L, and Erlenmeyer flasks
were sealed and shaken at a constant speed of 110 rpm at
25 °C for 0 min, 10 min, 30 min, 1 h, 2 h, 5 h, 10 h, and
24 h. After the solid-liquid separation by a filter membrane
(0.45 um) at the end of adsorption, Cu(Il) concentration was
measured by ICP instrument. The adsorption capacity of the
bio-char was calculated according to Eq. (3),

(Co—C.)V

.=

(3)
where Q, (mg/g) is adsorption quantity; Cy (mg/L) and C,
(mg/L) are initial and equilibrium concentration, respectively;
V(L) is volume of solution; and M (g) is mass of the bio-char.

Results and discussion

The yield and the iodine absorption number
of bio-chars by different process variables

The yield and the iodine absorption number of the bio-chars
under different process variables, such as final pyrolysis tem-
perature, pyrolysis time, concentration of activation reagent
K,COs, and additive percentage of hazelnut shell, are shown
in Fig. 2. The yield of the bio-chars decreased with increasing
of the final pyrolysis temperature, as shown in Fig. 2a, from
61.00 to 34.87% after increasing temperature from 500 to
900 °C. This result is similar to previous studies (Agrafioti
et al. 2013), in which the increase in pyrolysis temperature
resulted in a significant decrease in bio-char yield. Due to
gradual decomposition of organic and non-organic substances
in raw materials, the yield of bio-char also decreased from
43.95 to 36.78% with increasing of pyrolysis time. The mass
loss is derived from the content volatile matter of raw mate-
rials. Pyrolysis temperature increasing and time extension
cause further decomposition of organic and non-organic sub-
stances. In a similar way, increasing additive percentage of
hazelnut shell will cause decrease of the yield because of the
higher volatile matter of hazelnut shell than MSS. Thus,
30 wt% hazelnut shell contributes to both yield and control
of heavy metal contents. However, the concentration of acti-
vation reagent K,CO3 does not significantly influence on
yield, only 2.32% mass loss from 1 to 4 mol/L shown in
Fig. 2c.

The iodine absorption number is used to determine mi-
croporous characteristic and micromolecule adsorption ca-
pacity of bio-char. High iodine absorption number means
that the bio-char has abundant microporous constructions
and further adsorption application prospect. Four kinds of
process variables all have significant influences on the io-
dine absorption number, as shown in Fig. 2. Simply

increasing final pyrolysis temperature or pyrolysis time can-
not bring higher iodine absorption number. Appropriate
process variables can contribute the yield and the iodine
absorption number of bio-char and prevent to etch pore
structure excessively to collapse. The bio-char derived by
850 °C and 45 min had the iodine absorption number of
1068.22 mg/g, which is higher than that of the other condi-
tion of process variables. Increasing additive percentage of
hazelnut shell can also contribute to micromolecule adsorp-
tion capacity, and iodine absorption number increased
362.09 mg/g from 0 to 30%. Varying the concentration of
activation reagent K,CO3 from 1 to 4 mol/L, the iodine
absorption number showed an uptrend from 270.75 to
812.41 mg/g, which means that K,CO; significantly im-
proves adsorption capacity. In the case of K,COj activation,
during the carbonization, the K,CO3 was decomposed in the
inert atmosphere by the edge carbons to form atomic K and
CO, and the reaction of that is shown in Eq. (4) (Hunsom
and Autthanit 2013)

K»CO; + 2C—2K + 3CO (4)

The activation mechanism of K,COj is expounded that K,
CO;3; molecules reacts with C to etch raw materials and de-
composes CO to develop pore structure when heated in tubu-
lar furnace. However, higher temperature and longer pyrolysis
time might widen the micropore to mesopore or macropore
because of the further etching effect, which will not increase
but decrease the iodine absorption number, even the specific
surface area of bio-chars.

FTIR spectra and XRD of bio-chars

FTIR spectrometry is used to qualitatively determine the
changes of surface functional groups and deduce chemical
reactions. The bio-char samples were made by raw materials
(the weight of hazelnut shell is 30% and concentration of
activating agent is 4 mol/L) at different final pyrolysis tem-
peratures with =10 °C/min and hold the target temperature
for 60 min during co-pyrolysis. The FTIR spectra demonstrat-
ed that the functional characteristics of bio-chars are similar,
but different from the raw materials, especially hazelnut shell
(Fig. 3). Compared with MSS, hazelnut shell had some peaks
from 1513 to 1263/cm, indicating that hazelnut shell has more
functional groups than MSS.

Pyrolysis led to important changes in the organic matter
of raw materials. The peaks at 3423/cm showed O-H struc-
ture of all samples, and O-H structure was derived from
carbohydrate, alcohol, and molecular water in bio-char and
raw material samples. For raw materials, the peak at 2923
and 2858/cm represented alkane C-H symmetrical
stretching vibrations and antisymmetric stretching vibra-
tions. The stretching vibrations disappeared from raw
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materials to bio-char after pyrolysis at 700 °C, which
means that with temperature increasing, hydrocarbon is
decomposed to short chain and released gradually. For
the bio-char samples under different temperatures, the peak
at 1643/cm appeared with pyrolysis temperature increas-
ing, which represents C=0 stretching vibrations from ke-
tone, aldehyde, lactone, and carboxyl. The double peaks at
1479 and 1413/cm appeared in bio-char samples and rep-
resented CO5>~ symmetrical stretching vibrations because
of addition of activating agent K,CO5;. And the peaks at
688/cm that appeared in bio-char samples also mean CO5>~
in-plane bending vibration. During pyrolysis, various
forms of oxygen in raw materials banded with carbon ele-
ment and the C-O stretching vibrations at 1035/cm repre-
sented aromatic esters, aliphatic ester, and fat fractions.
The fingerprint spectra below 1000/cm were quite identical
in bio-char samples due to the mineral content pyrolyzed.
These oxygenated functional groups were normally related
to the acidity of samples (Martin et al. 2003).
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The crystal structure of MSS and the bio-char co-pyro-
lyzed at 800 °C with alkaline activating agent K,CO3; was
measured by XRD and is presented in Fig. 4. As shown in
Fig. 4a, MSS had inorganic elements of Ca, Al, Fe, Si,
and O. Before pyrolysis, the simple inorganic ingredients
were constituted by inorganic elements and the major
crystal structures were from SiO,, CaSQy, Fe,03, and
Ca(Al,Si,0g). However, after pyrolysis, the obvious dif-
fraction peaks appeared at 20 =24°and 43° as shown in
Fig. 4b. These two peaks that appeared at (002) and (100)
are typical characteristic peaks of carbon (Baek et al.
2016). After co-pyrolysis at 800 °C, the diffraction peaks
became strong and broad and appeared amorphous struc-
ture. Because of high pyrolysis temperature, raw materials
were decomposed substantially, and the bio-char was
transformed into graphitization. Song et al. (2017) found
similar diffraction peaks, and it was derived that the car-
bon gradually transformed into graphite under high tem-
perature. Combined with the surface area results in the
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“Micromorphology and specific surface areas of bio-
chars” section, the formation of amorphous structure
was from excessive thermal decomposition of raw mate-
rial under high temperature, which made carbon skeleton
graphitization. However, the amorphous structure was
conductive to the formation of micropore and pore vol-
ume contributing to adsorption application.

Micromorphology and specific surface areas
of bio-chars

SEM images present visual understanding of micromorphology.
SEM images of MSS and different bio-chars are shown in Fig. 5
at the optimum operating condition with x 5000—10,000 mag-
nifications. There was no pore structure in raw MSS (Fig. 5a).
As shown in Fig. 5b, there were insufficient micropores and
mesoporous, but nucleation and crystallization in the bio-char
without chemical activation.

After chemical activation of K,CQj3, the bio-char shown
in Fig. 5c, d had abundant pore structure, which is from
micropores (< 2 nm) and mesoporous (2-50 nm) mainly.
During co-pyrolysis, activating agent K,COj3 released

(b)
Fig. 4 XRD of MSS (a) and the bio-char (b) (30 wt% hazelnut shell and
70 wt% MSS) with 3= 10 °C/min to 800 °C for 60 min

gaseous molecule and reacted with C to etch pore. These
two reasons contributed to produce and extend pore struc-
ture for the bio-char together. The homogeneous
dispersibility provided by hazelnut shell made pore struc-
ture that grows uniformly and produced a uniform micro-
structure. After washing by dilute hydrochloric acid solu-
tion and deionized water to remove pyrolysis impurities,
pore structure became clear, and the micropores and meso-
porous brought remarkable specific surface area.
Combined with the iodine absorption number of bio-chars,
SEM images confirmed that the further chemical activation
will extend pore structure to collapse with increasing of
pyrolysis temperature and time. The collapse of pore struc-
ture will influence surface area of bio-char. Langmuir sur-
face area also confirms this viewpoint in Table 5. The sur-
face area of the bio-char reached 1990.23 m?/g after
850 °C with activating agent K,COj3. The variation trend
is in accordance with the iodine absorption number of bio-
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Fig. 5 SEM micrographs of MSS (a), the bio-char from MSS after pyrolysis for 500 °C and 90 min without chemical activation (b), and the bio-char
from MSS and hazelnut shell blend after co-pyrolysis for 850 °C and 45 min with 4 mol/L activating agent K,CO; (¢, d)

char under co-pyrolysis temperature condition in the “The
yield and the iodine absorption number of bio-chars by
different process variables” section. For pore structure of
bio-chars, pore diameter was close to micropore, and pro-
portionable micropore volume can be used for further ad-
sorption application. The data on surface area and pore
volume of bio-chars is in agreement with previous studies
using similar feedstocks (Yuan et al. 2013), which con-
firms that MSS can be transformed to valuable carbon ma-
terial and applied to the adsorption of pollutant.

BCR sequential extraction experiment of heavy
metals

The chemical speciation of heavy metals decides the bio-
availability and toxicity in the environment (Huang and
Yuan 2016), and the modified BCR sequential extraction is
used to assess the chemical speciation of heavy metals. The
heavy metals can be categorized into four fractions by BCR
sequential extraction. From F1 to F4, the degree of immobili-
zation of heavy metals increases gradually, and the bio-

Table 5 Microstructure

Langmuir surface area(mz/g)

Micropore volume(cc/g) Pore diameter(nm)

properties of bio-chars under dif- Sample

ferent pyrolysis temperatures
BC-T500 874.61
BC-T600 1285.47
BC-T700 1612.24
BC-T800 1784.45
BC-T850 1990.23
BC-T900 1456.63

0.442 4.10
0.458 3.89
0.426 3.58
0.414 3.57
0.589 3.05
0.435 3.94
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availability and toxicity can be decreased (Chen et al. 2015).
Heavy metals distributed in F1 and F2 are easily available
uptake by plants and animals to enter the biological chain,
and so it is identified as directly toxic and bio-available frac-
tions. The F3 fraction, as the potentially bio-available fraction,
can be degraded and leached under very rigorous conditions
(highly acidic conditions and oxidizing atmosphere). The F4
fraction is recognized as non-toxic and non-bio-available, be-
cause the heavy metals are immobilized in the crystalline
structures (Jin et al. 2017).

The raw material and bio-chars of co-pyrolysis by 70%
MSS and 30% hazelnut shell were obtained at different
final pyrolysis temperatures. The species distribution of
heavy metals obtained by BCR sequential extraction is pre-
sented in Fig. 6. For the raw material, the concentration of
Cu was 38.59% in F3 fraction, which may be attributed to
the high stability of Cu-organic matter complexes in MSS
(Shi et al. 2013). Cr and Zn were mainly present in the F2
fraction (39.44 and 63.61%, respectively), and Cu, Ni, Cd,
and Pb had higher concentrations in the F4 fraction (44.83,
42.93, 41.88, and 74.33%, respectively). Final pyrolysis
temperature is the crucial factor of migration and stabiliza-
tion of heavy metals. Compared with the previous work of
our team (Zhao et al. 2017), higher temperature changes the
heavy metal distribution of chemical speciation, and from
600°C to 1000°C, the degree of immobilization increased
observably. After co-pyrolysis at 600 °C, the F3 fraction of
Cu was 9.13% and the F4 fraction of Cu was 90.83% of the
bio-char. The sum of F3 and F4 fraction of Cu exceeded
94.90% above 600 °C. Yuan et al. (2011) indicated that Cu
is associated with strong organic ligand and probably
contained in minerals like feldspars and quartz with less
mobility and potential bio-availability. Ni had an excellent
behavior of immobilization. After co-pyrolysis at 600 °C,
the F4 fraction of the bio-char increased 52.13% compared
with the raw material and retained above 89.43% from 600
to 1000 °C. For Ni, the fractions of F1 and F2 were 0.87 and
0.86% respectively at 1000 °C. After pyrolysis, Cr present-
ed residual fraction from 87.51 to 97.33% with temperature
increasing from 600 to 1000 °C, which also achieves out-
standing immobilization behavior. However, the F4 frac-
tions of Cd decreased 5.47% from 600 to 1000 °C.
Because of lower boiling point of Cd (765 °C), it is con-
cluded that during the co-pyrolysis process of decomposi-
tion and conversion of the raw material, the F3 and F4
fractions of Cd transfer to gas production, which has the
same conclusion with other researcher (Shao et al. 2015).
Specifically, Pb and Zn had similar immobilization behav-
ior, the fraction of F1 and F2 can be negligible nearly above
800 °C, and the fraction of F4 exceeded 95% already. For
Zn, the fraction of F1 and F2 decreased by 0.60 and 4.51%
from 600 to 1000 °C. And after 1000 °C co-pyrolysis, the
fractions of FI and F2 can be ignored nearly. For Pb, the

bio-char had just 0.42% of F1 fraction and 1.42% of F2
fraction after 1000 °C. The residual fractions of heavy
metals were above 92.95% after co-pyrolysis at 900 °C ex-
cept Cd, and the bio-char presented significant immobiliza-
tion behavior.

In summary, heavy metals have different behaviors in im-
mobilization process. The heavy metals of the directly toxic
and bio-available fraction (F1 + F2) in the raw material de-
creased significantly after co-pyrolysis above 600 °C.
Addition of hazelnut shell leads to decrease of the content
heavy metals, and high temperature further transforms the
bio-char to a more stable form. Co-pyrolysis has positive ef-
fects on immobilization of heavy metals in the raw material,
and final pyrolysis temperature has significant influence on
the stabilization in the bio-chars, which helps bio-chars to
decrease the toxicity of heavy metals for further application.

Isothermal adsorption model and kinetic model
of Cu(ll) by the bio-char

The different initial concentrations of Cu(ll) ranging from 20 to
100 mg/L were used to analyze adsorption capacity of the bio-
char. The bio-char was produced by co-pyrolysis with 30%
hazelnut shell at 850 °C for 45 min after 4 mol/L K,COs acti-
vation, which has the surface area of 1990.23 mz/g. After 24 h
adsorption process, Cu(Il) equilibrium concentration in solu-
tion is shown in Fig. 7a, and the N, adsorption-desorption
isotherm of the bio-char is shown in Fig. 7b. As shown in
Fig. 7a, the maximum adsorption capacity of bio-char for
Cu(Il) was 42.28 mg/g after 24 h when initial concentration
was 100 mg/L. According to IUPAC classification (Sing et al.
1985), the N, adsorption-desorption isotherm of the bio-char
was similar to type IV isotherm and type H2 hysteresis loop.
The behavior indicates that the pores of the bio-char are mainly
mesopores, which is also verified by SEM images in Fig. 5, and
has bigger volume of pore structure. The capillary condensa-
tion would occur in the pores, and the pores had narrow necks
and wide bodies, often referred to as ink bottle pores.

To express maximum adsorption capacities of Cu(ll) and
adsorption mechanism, the adsorption isotherms were ana-
lyzed by two established fundamental models, Langmuir mod-
el and Freundlich model. The Langmuir isotherm model is
used to describe the monolayer adsorption process, and all sites
on specific surface participate in adsorption (Xue et al. 2013).
The Freundlich isotherm model assumes that adsorption pro-
cess occurs on specific surface through multilayer adsorption
(Wang et al. 2017). The equations are given as follows:

C, 1 C,

Langmuir isotherm : — = + 5
Q. kiQn On )

where C, (mg/L) is equilibrium concentration of adsorbate, O,
(mg/g) is adsorption quantity of equilibrium, Q,, (mg/g) is
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Fig. 6 The BCR sequential extraction of the raw material and bio-chars about Cu, Ni, Cr, Cd, Pb, and Zn

theoretical maximum monolayer adsorption capacity of adsor-
bate, and 4y (L/mg) is the Langmuir isotherm coefficients.

nC,

|
Freundlich isotherm : InQ, = Inkg + —— (6)
n

where kr (L/mg) is the Freundlich isotherm coefficients, and n
is the adsorption constants of Freundlich.

The fitting parameters of Cu(Il) adsorption process by
the bio-char are listed in Table 6. The linear correlation

coefficient R?

indicated that the Langmuir model was

fitting well to the isotherm data with higher R* value com-
paring to Freundlich model, due to homogeneous
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distribution of active sites on the bio-char surface. The
Cu(II) theoretical maximum monolayer adsorption capaci-
ty of the bio-char was 43.54 mg/g, which was a little more
than the Q, after 24 h adsorption process. A good fit with
the Langmuir model is in good agreement with the studies
of other author (Bogusz et al. 2017). The results of
Langmuir model demonstrate that homogeneous monolay-
er Cu(Il) is covered on the surface of bio-char particles.
Furthermore, the adsorption of Cu(Ill) was a dynamic
chemisorption process by the adsorption affinity of physi-
ochemical heterogeneity from surface functional groups of
the bio-char. The values of #n in Table 6, between 1 and 10,
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Fig. 7 Cu(Il) equilibrium concentration (a), N, adsorption-desorption isotherms (b), and fitting of kinetic model (¢) of the bio-char

indicate heterogeneity of the adsorbents (Zhang et al.
2005). Although, the adsorption capacity of the bio-char
derived from MSS and hazelnut shell is not the highest
one, it can be obtained cheaply in large quantities and

determine the relationship between the amount of adsorbate
and reaction time. The two equations were expressed as fol-
lows:

safety. S . Pseudo-first-order model : 1g(Q,—Q,) = nge—Lt (7)
The adsorption kinetics is investigated to detect the adsorp- 2.303
tion progress and the control factor of chemical or physical
mechanism (Cao et al. 2014). The kinetic models of pseudo- Pseudo-second-order model : r _ ; + v (8)
first-order model and pseudo-second-order model are used to 0, koS 0O
Table 6 The fitting parameters of
equilibrium model and kinetic Langmuir isotherm model Freundlich isotherm model
model On (mg/g) 43.54 ke (L/mg) 19.29
k. (L/mg) 0.62 n 4.19
R 0.99963 )ig 0.77546
Pseudo-first-order model Pseudo-second-order model
0. (mg/g) 5.72 0, (mg/g) 40.75
ki () 0.28 k» (mg/g h) 021
R 0.90442 )ig 0.99989
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where O, (mg/g) is adsorption quantity of equilibrium; Q, (mg/
g) is the adsorption quantity of time ¢ (h); and 4 (1/h) and k,
(mg/g h) are the equilibrium rate constant of pseudo-first-order
adsorption and pseudo-second-order adsorption, respectively.

As shown in Fig. 7c, variation tendency of adsorption
quantity over 24 h was flat gradually, and the adsorption quan-
tity of 24 h achieved 40.60 mg/g. After adsorption process of
1 h, the adsorption quantity increased to 37.56 mg/g. The
adsorption of Cu(Il) during initial time is rapid because of
the abundant vacant active sites until these activated site are
further saturated. These results are similar to those of bio-char
derived from other agricultural residue (Pellera et al. 2012).
The values of k1, &, O, and R? of kinetic model are shown in
Table 6, and the linear correlation coefficient R* of pseudo-
second-order model was higher, which suggests that it can be
applied for the entire adsorption process. The adsorption
quantity of equilibrium of pseudo-second-order adsorption
was 40.75 mg/g, which is approximate to the adsorption quan-
tity of 24 h and the theoretical maximum monolayer adsorp-
tion capacity of Langmuir isotherm model, just a small inter-
val between Q.(exp) and Q,(cal). As the result of Langmuir
isotherm model shown, it is also confirmed that the chemi-
sorption is the rate-limiting mechanism for the adsorption of
Cu(Il) of the bio-char. Similar results were reported in Cu(Il)
adsorption by the bio-chars produced from Spartina
alterniflora (Li et al. 2013). For bio-char adsorbents, the struc-
tural properties such as micromorphology, surface areas, pore
type, and pore volume could affect the adsorption perfor-
mance synthetically. And surface functional groups also act
as active binding sites for adsorption. A possible mechanism
of'adsorption of Cu(Il) is complex. The adsorption mechanism
of binding with surface functional groups containing oxygen
belongs to surface chemistry adsorption, which is in accor-
dance with Langmuir model. Determining the predominant
mechanism depends on the type of bio-char. In the “FTIR
spectra and XRD of bio-chars” section, the presence of O-H,
C-0O, and C=0 stretching vibrations had been confirmed on
the surface of bio-chars, which is from complex biomass ma-
terial pyrolysis. Therefore, it is deduced that Cu(Il) is
adsorbed on surface of the bio-char particle via chemical in-
teraction and surface functional groups bond, which requires a
long time to achieve equilibrium.

Conclusion

Higher temperature and longer time decreased the iodine ab-
sorption number of bio-chars because of the further etching
effect. Pyrolysis temperature led to important changes of func-
tion groups and the bio-char transformed into graphitization
above 800 °C. The surface area of bio-char reached
1990.23 mz/g after 850 °C by abundant micropore and meso-
porous structure. Co-pyrolysis promoted heavy metal

@ Springer

transformation from mobile fraction to stable fraction and pre-
sented significant immobilization behavior above 900 °C.
Surface functional groups acted as active binding sites for
Cu(Il) adsorption, and the process can be described by
Langmuir model and pseudo-second-order model.
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