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Abstract

This study aims to demonstrate a novel method for removing toxic chem-

icals using soot produced from wood and herbaceous biomass pyrolyzed in

a drop tube reactor and tire pyrolytic carbon black. The influence of ash

content, nanostructure, particle size, and porosity on the filter efficiency of

steam activated carbon materials was studied. It has been shown for the

first time that steam activated soot and carbon black can remove phenol and

chloride with the filter efficiencies as high as 95%. The correlation of the

filter efficiency to material properties showed that the presence of alkali and

steam activation time were the key parameters affecting filter efficiencies.

This study shows that steam activated biomass soot and tire carbon black

are promising alternatives for the wastewater cleaning.
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activation, pyrolysis

1. Introduction

Clean water is an essential resource for human life and surrounding

ecosystem. Population growth and climate change had a large impact on

fresh water scarcity [1]. Recovery and recycling technology of wastewater has

become a growing trend in the past decades to achieve water sustainability.

Polycyclic aromatic hydrocarbons (PAH) and phenols are considered to be

priority organic pollutants since they can harm humans and aquatic life at

low concentrations [2–5]. Safe drinking water is vital for human consumption

and thus, requires disinfection using chlorine that can react with the organic

matter to form toxic products [6, 7]. The limits of phenol (2mg l−1) and

chlorine (2mg l−1) in drinking water [8, 9] and less than 0.5mg l−1 of phenol

and 0.2mg l−1 in industrial wastewater are acceptable [10].

The removal of phenol and chlorine from drinking water and wastewater

is of great importance. A number of methods i.e. coagulation, filtration,

precipitation, etc. have been used for the removal of organic pollutants and

chlorine from polluted drinking water and wastewater [2, 11–15]. Filtration

using solid activated sorbents is the most efficient method for the removal of

organic contaminants and chlorine in drinking water and wastewater [16–19].

The most important properties of carbonaceous materials for the removal

of organic pollutants and chlorine are high packing density, high micropore

volume and low ash content [20]. In the previous studies, the activated car-

bon, carbon nanotubes and nanofibers (CNFs), industrial fly ash and biochar

were used as alternative sorbents to remove toxic chemicals from the wastew-
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ater [21–24]. The activated carbons are characterized by a large specific sur-

face area, well-developed porosity and tunable surface-containing functional

groups. However, commercial activated carbons are very costly [2]. Locally

available carbon materials such as biomass, agricultural and industrial wastes

can be used as low-cost and environmentally friendly sorbents [25]. Soot with

the fullerene onion-ring structure is a more effective sorbent of organic im-

purities in aqueous phase than traditional activated carbons because soot

has low ash content and small pore size [26]. In recent years, the disposal

of waste tires has become an important issue. The liquid hydrocarbons and

solid char residue from thermal conversion of waste tires have potential to

be used as environmentally benign fuel and activated carbon [27]. The post-

carbonization of steam activated tire carbon black resulted in an excellent

adsorption capacity for the removal of phenol and trace oils from wastewa-

ter [28]. Pyrolytic carbon black possesses relatively high adsorption capacity

for aqueous species of large molecular weight [29]. In addition, pyrolytic car-

bon black exhibited greater adsorption capacity for acetone (≈ 67%) in gas

cleaning applications compared to other commercial active carbons [20]. Pre-

vious studies showed that activated carbon from corncobs and palm seed coat

can be produced in one-step using a physical activation method in steam or

carbon dioxide [30, 31]. The corncobs char was steam activated at 850◦C for

1 h, whereas the palm seed coat was initially carbonized with dolomite at

500◦C for 3 h, washed with HCl and water to remove contaminations, dried

at 110◦C and activated in a carbon dioxide at 850-900◦C for 30min. The

results of fullerene steam activation indicated that the heat treatment tem-

perature and time are the dominating parameters to control the development
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of porosity and specific surface area [32, 33]. Similarly, both steam and CO2

activation of pyrolytic tire carbon black increased the surface area from 60m2

g−1 to the range of 272-1118m2 g−1 [28, 34]. Similar sizes of specific surface

area of the pyrolytic tire carbon black were obtained for the same conversion

for both activation media, however, the steam activation was two or three

times faster than CO2 activation [35, 36].

High soot formation is a major technical challenge in the entrained flow

biomass gasification. Soot yields obtained in CO2 gasification of biomass

vary from 4 to 16wt.% and depend mainly on the feedstock composition

and heat treatment temperature [37, 38]. In order to improve the economic

performance and reliability of entrained flow gasification, biomass soot has

the potential to be captured, activated and further used as an sorbent to re-

move a broad range of pollutants from wastewater. The renewable biomass

soot-based sorbents as the waste products of gasification have a clear environ-

mental advantage over coal-based carbons in filtering technology. To address

this knowledge gap, soot from wood and herbaceous biomass was produced in

a drop tube reactor at 1250◦C. The pyrolytic tire carbon black and soot were

steam activated, and then thoroughly investigated for the removal of phenol

and chlorine from aqueous solutions. The use of steam activated biomass

soot and tire carbon black has not been previously investigated. There, the

specific objectives of this study were to: (1) to investigate the filtration per-

formance of activated biomass soot and pyrolytic tire carbon black and (2) to

correlate the material properties to the filtration performance. The results

of this study provide a clear basis for understanding the steam activation

effects on the design and operation of activated soot-based filters.
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2. Materials and methods

2.1. Soot and tire carbon black characterization

Elemental analysis. The elemental analysis of samples was performed on El-

emental Analyser 2400 CHNS/O Series II (Perkin Elmer, USA). Acetanilide

was used as a reference standard. The ash content was determined using a

standard ash test at 550◦C, according to the procedure described in DIN EN

14775.

Proximate analysis. The moisture and volatile content of samples was per-

formed according to the procedures described in DIN EN 14774-1 and DIN

EN 51720.

Ash compositional analysis. Prior to ICP analysis, samples were pre-heated

in oxygen at 5◦Cmin−1 up to 550◦C and kept at that temperature for 7 h. The

ash sample was dissolved in ultrapure water at 120◦C for 1 h, and then the

solution was filtered and analyzed by ICP-OES/IC, according to procedures

described in DIN EN 51719 and DIN EN 15289.

Transmission electron microscopy. Soot nanostructure and particle size were

studied using a FEI Titan transmission electron microscope operated at

120 keV. The particle size of soot samples was estimated manually from

TEM images using the ImageJ software [39, 40]. Only clearly visible pri-

mary particles were selected for accurate analysis. The data were assessed

to establish particle size distributions. For size analysis, soot particles were

assumed spherical. Particle size analysis was conducted on 200 particles at

each operating condition. The length of graphene layers, separation distance
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between layers and curvature of soot and tire carbon black samples were

characterized using TEM. Standard deviation was calculated for curvature,

fiber length (see definition below) and separation distance of graphene layers

as described in the supplementary material (equation 1). The curvature of a

single graphene sheet was calculated as shown in the supplementary material

(equation 2).

N2 physisorption analysis. The specific surface area (SSA) of biomass soot

was determined based on N2 physisorption (77K). The samples were degassed

at 350◦C for 42 h. The surface area was determined by Brunauer-Emmett-

Teller (BET) by Nova 4000e (Quantachrome, Germany) instrument. The

micro and mesopore size distributions were determined by Density Func-

tional Theory (DFT) method under the assumption of a slit-shaped pore [41].

The pores were classified into three types: macropores (≥ 50 nm), mesopores

(2-50 nm), and micropores (≤ 2 nm) [42]. Porosity (φ) was estimated in equa-

tion 1:

φ =
Vcum

Vcum + V
(1)

In equation 1, Vcum is the total cumulative pore volume (cm3 g−1). V is

the specific volume that was calculated under the assumption of density of

carbon black (2.246 g cm−3) [43].

2.2. Fast pyrolysis in drop tube furnace

Wood and herbaceous biomass were reacted in the drop tube furnace

(DTF) at 1250◦C. The high heating rate and short residence times obtained

with the drop tube furnace simulate the conditions in entrained-flow gasifiers.

Based on previous work [44], operation at 1250◦C was selected to maximize
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the soot yield. The reactor consists of an alumina tube (internal diame-

ter: 54mm, heated length: 1.06m) heated by four heating elements with

independent temperature control, as shown in Figure 1.

Figure 1: Schematic view of the drop tube reactor.

Gas flow rate into the reactor is regulated by mass flow controllers (EL-

FLOWr Select, Bronkhorst High-Tech B.V.). The feeding system is based

on a syringe pump that displaces a bed of fuel that falls directly into the

high temperature zone in the reactor through a water-cooled probe. The

syringe pump was vibrated to ensure stable feeding of the fuel particles. In

each experiments, ≈ 5 g of biomass were fed to the reactor at a rate of 0.2 g

min−1. Both primary (0.18 l min−1 measured at 20◦C and 101.3 kPa) and
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secondary (4.8 l min−1 measured at 20◦C and 101.3 kPa) feed gases were N2.

The residence time of fuel particles was estimated to be about 1 s, taking

into account density changes during pyrolysis. Reaction products were sepa-

rated into coarse particles (mainly char and fly ashes), fine particles (mainly

soot and ash aerosols), permanent gases, and tars. Course particles were

captured in a cyclone (cut size 2.5µm). Soot particles exited the cyclone

and were collected on a grade QM-A quartz filter with a diameter of 50mm

(Whatman, GE Healthcare Life Science). Soxhlet extraction using acetone

as the solvent was performed on soot samples from pyrolysis of wood and

herbaceous biomass by extracting 0.1 g of the solid placed within a 100ml

Soxhlet apparatus for 12 h.

2.3. Steam activation

The steam activation experiments were performed in a tubular reactor

that can be operated up to 1100◦C, as reported by Schröder et al. [45]. The

tubular reactor consists of a high-temperature resistant stainless steel tube

(1), which is located in a tubular, electrically heated furnace, as shown in

Figure 2. The steel tube is equipped with a removable inner tube (2) made

of the same material. Gas supply is attached to the inner tube and at its

lower end a small, removable case (40mm inner diameter, 70mm length) is

fixed. The bottom of this case is porous which allows sufficient flow per-

fusion. The soot samples were placed onto the porous bottom of the case

prior to the experiment by taking the inner tube out of the furnace. After

replacing the inner tube into the preheated furnace, the sample was purged

with nitrogen. Once the activation temperature of 900◦C was reached, the

gas flow was switched from N2 to steam with a flow rate of 150-300ml min−1,
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which was produced by a steam generator (HG2000-4, TWD Dampftechnis-

che Produkte). The activation was terminated by switching the steam flow to

nitrogen flow. Then the inner tube was removed from the furnace and cooled

to room temperature while the N2 flow was maintained to avoid oxidation of

the carbon material.

N
2
, steam

furnace

soot

9
0

0
°C

(1)

(2)

Figure 2: Schematic view of the tubular reactor for soot and carbon black activation

at KIT, IKET.

The sample mass was measured prior to and after the activation exper-

iments to determine the conversion that is defined in equation 2 [45]:

Xsf =

(

1−
m

m0

)

· 100 (2)

In equation 2, m0 and m are the initial sample mass and actual sample mass.
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The BET and pore size of non-treated and activated carbon samples were

determined.

2.4. Filtration

The vacuum filtration was performed on 10mm diameter glass Büchner

microfunnel P4 (Witeg, Germany), as shown in the supplemental material

(Figure S-2). Prior to filtration, phenol and chlorine were dissolved at once in

deionized water and stirred for 30min. 125ml of water containing phenol and

chlorine was passed through the 5mm-deep densely packed activated carbon

bed. Two stainless steel mesh circular-cutten pieces (316L, TWP Inc., mesh

width of 42µm) were placed at the top and at the bottom of a carbon bed to

hold soot or pyrolytic tire carbon black particles. The filtration experiments

were repeated two times.

2.5. Analysis of filtrate

The collected aqueous filtrate was analyzed to determine the concentra-

tions of remaining phenol and chlorine in the water. The solution of phenol

and chlorine mixtures of different concentrations (1, 2 and 3mg l−1) was pre-

pared. The analysis of phenolic compounds and chlorine were performed at

Eurofins Germany.

Prior to GC analysis, phenolic compounds were converted to acetates

by the addition of acetic anhydride and subsequently extracted with n-

hexane [46]. The phenolic compounds were annotated using a dual detector

system GC-MS 5975C TAD Series / GC-FID 7890A (Agilent Technologies,

USA) and ZB5MS capillary column (30m length, 0.25mm internal diam-

eter, 0.25µm film thickness) in accordance with DIN EN 12673 standard.
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The injection volume was 2µl. Samples were automatically injected using

the splitless-injection mode. The temperatures of the injector and transfer

line of the GC to the MS were kept at 250◦C and 270◦C, respectively. The

column temperature program ran from 120 to 260◦C. After holding the oven

temperature at 120◦C for the first 1min the temperature was increased to

230◦C at a rate of 15◦C min−1, then to 260◦C at a rate of 30◦C min−1, and

hold for 8min. Helium was used as a carrier gas with a constant flow rate

of 1ml min−1. The mass spectrometer with a quadrapolar type analyzer

scanned the range from m/z 50 to m/z 550 for the qualitative determina-

tions and it was operated in selected ion-monitoring (SIM) mode during the

quantitative analysis. The mass spectrometer was operated at unit mass res-

olution. A solvent delay time of 3.5min was used to protect the ion multiplier

of the MS instrument from saturation. For the semiquantification of anno-

tated chlorophenols and alkylphenols, the external standards (13172-ME5

and 13147-ME5, NEOCHEMA Germany) were used. The internal standards

(2,4,6-tribromophenol and 2,4-dibromophenol) were added in an aliquot of

the concentrated extract to quantify the non-reacted phenol in the wastew-

ater.

The quantification of chlorine in deionized water was performed on an

ion chromatograph IC 930 Compact Flex (Metrohm AG, Switzerland) with

Metrosep A Supp 5 anion column (4x150mm, 5µm particle size) that was

safeguarded with Metrosep A Supp 4/5 Guard precolumn in accordance with

DIN EN 10304-1 standard. The mobile phase (Na2CO3: 3.2mmol l−1 and

NaHCO3: 1mmol l−1) was degassed and filtered. The injection volume was

10µl. The flow rate of the mobile phase was set at 0.8ml min−1. Water
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was used as a diluent. Data acquisition and processing were performed using

MagicNet 3.2 (Metrohm AG, Switzerland).

3. Results

3.1. Feedstock characterization

The Scots pinewood (Pinus sylvestris L.) and beechwood (Fagus sylvat-

ica) were harvested in Jylland (Denmark) and Hannover (Germany). Both

heartwood and early wood were used in the present study. The wheat straw

(Triticum aestivum L.) originates from Denmark (Aabenraa plantage). The

fuels were milled on a Retsch rotor mill RZ200 and sieved to particle size

fractions of 0.05-0.2mm and further reacted in a drop tube reactor. Py-

rolytic tire carbon black was supplied by Scandinavian Enviro Systems AB.

The ultimate and proximate analysis of the soot and pyrolytic carbon black

was carried out at Eurofins Freiberg. The results are shown in Table 1. The

iodine adsorption number of the pyrolytic tire carbon black was in the range

83-102mg kg−1. The ash composition was calculated on the dry basis.
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Table 1: Proximate, ultimate and ash analyses of biomass soot and pyrolytic tire

carbon black. The proximate and ultimate analysis is based on the ash containing

soot and tire carbon black (wt.% on dry basis).

Fuel
Pinewood Beechwood Wheat straw Pyrolytic tire

soot soot soot carbon black

Proximate and ultimate analysis, (wt.% on dry basis)

Moisture (as received) 0.1 0.1 0.1 0.3

Ash (550 ◦C) 0.3 3 6 21

C 99 96.4 87.3 70

H 0.4 0.4 0.6 0.6

O 0.3 0.2 5.5 5.3

N n.d. n.d. n.d. 0.3

S <0.01 <0.01 0.6 2.8

Cl <0.01 <0.01 0.5 0.08

Ash compositional analysis, (mg kg−1 tires/biomass on dry basis)

Al n.d. n.d. n.d. 2000

Ca 1200 7100 8300 9500

Fe n.d. n.d. n.d. 8500

K 650 10600 11400 1600

Mg n.d. n.d. n.d. 1100

Na 50 2000 1200 2300

P n.d. n.d. n.d. 100

Si 300 2500 28300 51000

Ti n.d. n.d. n.d. 300

Zn n.d. n.d. n.d. 20000

Soot and tire carbon black after steam activation, wt. % (g g−1 soot/tire carbon black)

Ash (550 ◦C) 0.4 3.5 7.1 25.2

3.2. Soot and tire carbon black steam activation

Figure 3(a) shows the BET surface area as a function of tire carbon

black and soot conversion resulting from the steam activation. The specific

surface areas of soot and tire carbon black increased with the increase of

carbon conversion using equation 2. The pinewood soot and tire carbon black
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reached a maximum conversion of 70%, resulting in a specific surface area

decrease due to the lack of carbon. The steam activation of soot, particularly

beechwood and wheat straw soot samples, was mainly kinetically controlled,

and to a minor extent controlled by the external diffusion, as shown in the

supplementary material (Table S-1).

3(a): Surface area over conversion 3(b): Activation time over conversion

Figure 3: (a) Surface area over conversion and (b) Activation time (min) over

conversion of tire carbon black and pinewood, beechwood and wheat straw soot in

the tubular reactor using steam at 900◦C.

The results showed that pinewood soot and tire carbon black required

the activation time to be in the range of 40-50min to obtain the highest

specific surface area of 470m2 g−1, as shown in Figure 3(b). The 5-20min

steam activation of beechwood and wheat straw soot led to the higher specific

surface areas (260 and 400m2 g−1) at about 90% carbon conversion compared

to the activation of pinewood soot and tire carbon black at lower conversion

rates. The residence time for the tire carbon black and soot activation varied

due to the differences in sample properties (bed height, particle size) and

steam flow which influence the heat and mass transfer in the tubular reactor.
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In the present work, the residence time was a less explicit descriptor for the

characterization of soot activation than the conversion due to the coupling

of surface formation with the carbon reaction.

Table 2 summarizes the pore characteristics of non-treated and activated

tire carbon black, pinewood and beechwood soot with regards to the size of

micro- and mesopore and total porosity.

Table 2: Pore size analysis and porosity of tire carbon black, pinewood, and beech-

wood soot samples, determined by Density Functional Theory (DFT) method using

N2 physisorption data.

Sample

Activation Cumulative pore volume Mean pore diameter Porosity

Micropore Mesopore

min cm3 g−1 nm %

Tire carbon black

0 0.4 19.2 47.4

10 0.4 1.6 20.1 47.6

65 0.6 1.5 19.2 55.1

Pinewood soot

0 0.3 1.5 17.5 41.1

10 0.7 1.5 17.5 61.8

30 1.3 1.5 12.2 73.7

Beechwood soot
0 0.4 1.5 19.2 44.3

10 0.5 1.5 17.5 53.8

The porosity of all carbon samples increased during steam activation.

The pinewood soot attained a higher porosity (73.7%) than the beechwood

soot (53.8%) and tire carbon black (55.1%) at maximal conversion of steam

activation, as shown in the supplementary material (Figures S-4 and S-5).

The porosities of non-treated and activated tire carbon black and beechwood

soot changed only slightly, while the porosity of pinewood soot increased

significantly more from 41.1 to 73.7% in comparison to other soot samples.
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The non-treated pinewood and beechwood soot exhibited type I adsorption

isotherms, indicating that these samples contain a large fraction of micro-

pores, as shown in the supplementary material (Figure S-4) [42]. The non-

treated carbon black showed also type I adsorption isotherm, but probably

contained less micropores than soot particles. The long steam activation of

the pinewood soot led to the increased formation of both micro- and meso-

pores following the type II adsorption isotherm. The activated beechwood

soot and tire carbon black possessed the type I adsorption isotherm, indicat-

ing the increased microporosity with the presence of few mesopores.

The micropore mean diameter of all samples remained unchanged dur-

ing steam activation. This is probably due to the detection limits of mi-

cropore size with N2 physisorption. The mesopore mean diameter of acti-

vated pinewood soot at maximal conversion decreased from 17.5 to 12.2 nm,

whereas a mesopore volume increased from 0.39 to 1.25 cm3 g−1, probably

due to the increased number of pores [47]. The mesopore size of beechwood

soot and tire carbon black decreased only slightly during steam activation.

This indicates a major influence of carbon origin on the pore formation and

characteristics.

3.3. Particle size and nanostructure analysis

The size distribution of the tire carbon black and primary soot particles

was plotted as a fraction of the number of particles in each size range as

shown in Figure 4.
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4(d): Activated pinewood soot
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4(f): Activated beechwood soot
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4(g): Wheat straw soot
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4(h): Activated wheat straw soot

Figure 4: Particle size distributions of non-treated and steam activated (5-10min)

tire carbon black, pinewood, beechwood and wheat straw soot samples.
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The calculated geometric mean diameters of non-treated and steam ac-

tivated samples varied from 20.6 to 78.6 nm, and were similar to the values

reported for biomass smoke (30-50 nm) in other studies [48, 49]. The differ-

ences in particle size of non-treated and activated samples were small, except

for the tire carbon black. The geometric mean particle diameter of activated

carbon black increased from 20.6 to 53.7 nm, as shown in Figures 4(a)-4(b).

This indicates that feedstock has a strong influence on the observed differ-

ences in particle size during steam activation.

No large differences in the particle clustering were determined among

non-treated and activated tire carbon black and soot, as shown in Figure 5(a)-

5(b) and previous studies [44]. TEM images of non-treated tire carbon black

showed clustering of individual particles without clearly defined boundaries.

The particle size of non-treated tire carbon black was difficult to determine

due to the mixture of spherical and irregular-shaped particles.

The nanostructure of the non-treated and activated tire carbon black

and soot was studied by TEM, as shown in Figures 5-6. The soot particles

appeared as agglomerates. All primary tire carbon black and soot particles

exhibited a core-shell structure, with both single and multiple cores, confirm-

ing the previous results of Trubetskaya et al. [38]. The primary particles in

wheat straw soot consisted of mostly single core particles with a large core,

whereas pinewood soot and tire carbon black contained mostly multiple core

particles. The primary particles in beechwood soot possessed a mixture of

single and multiple core structures. Compared to the cores of pinewood soot

and tire carbon black, the multiple cores of beechwood soot particles were

located closer to each other due to particle coalescence at an earlier stage of

18



the particle formation. Liati et al.[50] related the multiple structure to an

early phase of soot formation by nuclei coalescence and further development

as a single particle.

0.32 nm

5(a): Tire carbon black 5(b): Tire carbon black

5(c): Activated tire carbon black 5(d): Activated tire carbon black

Figure 5: TEM images of non-treated and steam activated (5min) tire carbon

black. The purple rectangle indicates the sulfur crystals over the tire carbon black

surface.
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6(a): Pinewood soot 6(b): Activated pinewood soot

6(c): Beechwood soot 6(d): Activated beechwood soot

6(e): Wheat straw soot 6(f): Activated wheat straw soot

Figure 6: TEM images of non-treated and steam activated (5-10min) pinewood,

beechwood and wheat straw soot samples. The blue rectangle shows multiple cores

which are located very closely. The orange rectangle indicates a different type of

soot particle. 20



The multiple core structure of pinewood soot and tire carbon black re-

flects formation by coalescence of several smaller particles, with this process

governed by the particle concentration [51]. Both fine and large primary soot

and tire carbon black particles consisted of graphene sheets, which grow cir-

cumferentially from the particle core. The nanostructure that is closer to

the outer surface of smaller and larger particles seems to be similar as shown

in Figures 5-6. All soot samples exhibited a well-ordered graphitic structure,

whereas the tire carbon black showed two different carbon structures. The

straight graphene layers of the neighboring particles appear to be merged,

forming a continuous surface over a large number of crystallites, as shown

in Figure 5(a). Another type of carbon structure with more curved and less

elongated graphene layers was found in the non-treated tire carbon black

which disappeared with steam activation, as shown in Figure 5(b). In addi-

tion, the sulfur crystals with a separation distance of 0.32 nm were detected

over the carbon structure of non-treated and activated tire carbon black [52],

as shown in Figure 5(a).

Table 3 summarizes the characteristics of different soot samples with re-

gards to single or/and multiple cores, curvature and separation distance of

graphene layers. The graphene segments of the non-treated tire carbon black

and soot were well ordered and flat with the smaller curvature of an aver-

age particle size (0.85-0.88; flat graphene ≈1 [53]). However, the graphene

segments of the activated tire carbon black and soot were slightly less or-

dered. The mean separation distance of activated tire carbon black and

soot graphene segments (0.33-0.34 nm) was similar to that that of graphite

(0.335 nm), indicating the high degree of crystallinity [50]. The mean sep-
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aration distance of activated beechwood and wheat straw soot decreased

slightly, indicating a further decrease in oxygenated groups during steam ac-

tivation [54]. The length of graphene segments was also similar to graphite

and remained unchanged after steam activation.

Table 3: Summary of tire carbon black and pinewood, beechwood, and wheat straw

soot characteristics (cure, curvature, separation distance).

Sample

Non-treated Activated

Fiber length Curvature2 dsep1,2 Core3,4 Fiber length Curvature2 dsep1,2 Core3,4

nm nm nm nm

Carbon black 3.4±1.6 0.87±0.05 0.33±0.01 mostly m 3.5±1.6 0.85±0.06 0.34±0.01 mostly m

Pinewood soot 2±0.8 0.88±0.02 0.33±0.01 mostly m 2.4±0.7 0.86±0.04 0.33±0.01 mostly m

Beechwood soot 3.1±1.1 0.88±0.02 0.35±0.02 m & s 3.1±1.4 0.84±0.06 0.33±0.01 m & s

Wheat straw soot 2.7±0.9 0.85±0.05 0.35±0.02 mostly s 2.8±0.9 0.83±0.04 0.34±0.01 mostly s

1 Separation distance

2 Calculation of mean curvature and dsep of graphene layers measured only on crystallites

3,4
s - single core and m - multiple cores

The activated beechwood and wheat straw soot possessed a mixture

of particles with the tightly curved graphene segments or disordered porous

nanostructure, as shown in Figures 6(d)-6(f). The less ordered activated soot

particles exhibited a lower packing density of graphene segments than the

non-treated soot samples [55]. This probably indicates the increased macro-

porosity of beechwood and wheat straw soot during steam activation [56].

The pore edges of activated beechwood and wheat straw soot are irregular-

shaped because the steam activation led to the collapse of pore structures.

The macropore size of steam activated beechwood and wheat straw soot was

not possible to determine due to the two dimensional outline of particles

using TEM.
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3.4. Filtration

Figure 7 shows the effects of sorbent type, duration of steam activation

and initial phenol/chlorine concentrations on the water purity. The use of

tire carbon black and biomass soot as sorbents decreased the phenol and

chlorine concentrations almost by 20 times. The longer activation time of

pinewood soot led to the complete removal of phenol from aqueous solutions,

and thus, affected the water purity more than the increased activation time

of tire carbon black. The phenol concentrations in filtrates using tire carbon

black and pinewood soot as sorbents did not change significantly with the

decreased initial phenol concentrations. The sorbent type, activation time,

and initial chlorine concentration had no significant influence on the chlo-

rine level remaining less than 1mg l−1. The high chlorine content (29mg

l−1) was determined in the filtrate using wheat straw soot as a sorbent due

to the significant levels of Cl in the original material (0.5wt.%). The GC

analysis showed that non-reacted phenol and chlorine were mostly present

in filtrates, confirming the previous results of White et al. [57]. The phenol

and chlorine contact time in the present study was less than 2 h and thus,

the concentrations of chlorophenols and alkylphenols were low. The highest

concentrations of 2-, 3-, and 4-chlorophenol (4.8mg l−1) were measured in

the extract using wheat straw soot as a sorbent.
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7(a): Phenol concentration
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7(b): Chlorine concentration

Figure 7: Phenol and chlorine concentrations (µg l−1) in filtrates using non-treated

tire carbon black and activated tire carbon black, pinewood, beechwood and wheat

straw soot as sorbents.
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The use of non-treated tire carbon black as a sorbent removed chlorine

and phenol from aqueous solution with the efficiency of 81.6% and 73%,

whereas the activated carbon samples showed the filtration efficiency of about

95% for both compounds.

4. Discussion

No previous work has looked into the effect of steam activation on the

filter efficiency of biomass soot (and tire carbon black) and therefore it is

difficult to compare the results obtained here (i.e. the influence of steam

activation) with previous literature. This is the first time that steam activa-

tion experiments demonstrated significant differences in filtration efficiency

of biomass soot and tire carbon black. In principle, the filtration efficiency of

carbon materials can be affected by differences in particle size, soot nanos-

tructures, ash composition, duration of steam activation, sorbent type, phe-

nol and chlorine concentrations in wastewater. The particle size of steam

activated pinewood, beechwood and wheat straw soot (46-77.7 nm) was sim-

ilar to that of non-treated soot samples (44.6-78.6 nm), whereas the particle

size of steam activated tire carbon black (53.7 nm) was almost twice as large

as that of non-treated material (20.6 nm), as shown in Figure 4. However,

the filtration efficiency of both steam activated pinewood soot and tire car-

bon black (95%) was similar and at maximal conversion greater than that of

steam activated beechwood and wheat straw soot samples (81.6 and 73%).

TEM analysis showed that all non-treated and steam activated soot and

tire carbon black samples exhibited a nanostructure resembling carbon black

based on the curvature (0.83-0.88) and separation distance (0.33-0.35 nm), as
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shown in Table 3. This indicates that neither particle size nor nanostructure

had a strong influence on the observed differences in filtration efficiency.

Previous work has shown that the surface area and porosity of biocar-

bons are prominent factors in determining their sorption properties [58, 59].

In the present study, the porosities of non-treated soot and tire carbon black

samples were similar to porosities of steam activated samples with the excep-

tion being pinewood soot. These results are interesting and have not been

previously looked into. The activated pinewood soot had a greater porosity

with the largest total pore volume (1.3 cm3 g−1) than activated beechwood

soot and tire carbon black at maximal conversion of steam activation. The

beechwood soot and tire carbon black samples were less porous due to the

small pore volume ranging from 0.4 to 0.6 cm3 g−1. However, TEM analysis

showed that activated beechwood and wheat straw soot exhibited a nanos-

tructure with the high macroporosity, whereas pinewood soot and tire carbon

black particles did not contain macropores. This indicates that the differ-

ences in macroporosity could have a significant influence on the filtration

efficiency.

The activation time of biomass soot and tire carbon black was the main

factor influencing the filtration efficiency. The differences in filtration effi-

ciency of soot and tire carbon black samples activated for 10 or 40min were

significant and were attributed to feedstock differences. The long steam ac-

tivation led to an increase in surface area of carbon samples and formation

of new macropores in the surface due to the high diffusion rate of steam

molecules into the carbon particle interior [2]. The rate of pore structure for-

mation exceeded that of pore destruction due to the pore enlargement and
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collapse at the earlier activation stage (10min) and vice versa at the later

steam activation stage (40min) [60]. The surface areas of pinewood soot

(326m2 g−1) and tire carbon black (396m2 g−1) were similar after 40min of

steam activation leading to similar filtration efficiencies of both sorbents. The

beechwood and wheat straw soot samples obtained the highest surface area

after 10min of activation that varied from 341 to 407m2 g−1. The mass loss of

organic compounds after Soxhlet extraction of biomass soot using methanol

as a solvent was in the range 0.01 to 0.02wt.%, confirming the previous

results of Trubetskaya et al. [38]. The previous results showed that the dif-

ferences in nanostructure of wood and wheat straw soot were small, except

for presence of single and multiple cores [44]. The potassium that is present

as water-soluble alkali (i.e. KOH, KCl, K2CO3) contributed to the higher

reactivity of ash rich beechwood and wheat straw soot in CO2 gasification

and to the formation of larger surface area of biocarbons [61, 62]. The potas-

sium content in non-treated beechwood and wheat straw soot (1.1wt.%) was

greater than in non-treated tire carbon black (0.2wt.%) and pinewood soot

(0.07wt.%), as shown in Table 1. Therefore, the high content of alkali met-

als in beechwood and wheat straw soot caused the formation of the highest

surface area and large macropores during the first 10min of steam activation

leading to almost complete removal of phenol from the water. Interestingly,

the presence of silicon in carbon samples had less influence on the filter per-

formance than the alkali metals due to the similar filter efficiencies of low

ash containing pinewood soot and silicon rich tire carbon black. Waste tyre

carbon can be used as a precursor for the production of high quality acti-

vated carbons with the surface area ranging from 418 to 1022m2 g−1 [29].
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Previous studies showed that inorganic impurities such as sulfur and zinc

retained in the activated tire carbon black during leaching emphasizing ex-

cellent properties of tire carbon black as a sorbent. In contrast, the present

results also showed that the differences in initial phenol and chlorine con-

centrations did not affect the filter performance, probably due to the low

concentrations selected in this study. The higher concentrations of phenol

(> 3000µg l−1) might affect the filter efficiency using biochar as a sorbent

based on the previous studies [2, 24].

In the present study, sorbents using pinewood and tire carbon black

which were activated 40min completely removed phenol and chlorine from

water, indicating a major influence of activation time on the filter efficiency.

This has not been previously observed and provides key insights into the use

of steam activation for enhancing the filter efficiency of soot as compared

to non-treated soot materials. The carbon type affected the filter efficiency

less than the presence of alkali metals which lead to the formation of greater

surface area and higher amount of macropores. This shows that the filtering

performance depends mostly on the ash compositional differences of sorbents

using biomass soot and tire carbon black. The filtration efficiency of activated

biomass soot was similarly to sugarcane bagasse based activated carbon (>

90%) [2]. Adsorption equilibrium for phenol removal from aqueous solution

on activated palm seed coat and rattan sawdust was reached within 3 h for

phenol concentrations 10-60mg l−1 [31, 63]. In the present study, adsorption

equilibrium was reached within < 2 h. Both bio-based sorbents are more

meaningsful for efficient water treatment than the non-renewable sorbents

which showed a low filtration efficiency ranging between 30 and 85% [64–67].
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5. Conclusion

This work has demonstrated a novel method for removing toxic chem-

icals - phenol and chlorine - from water using steam activation. Impor-

tantly, it has been shown for the first time that steam activation of biomass

soot and tire carbon black leads to significantly higher filter efficiencies com-

pared to untreated materials for the removal of phenol and chlorine - with

filter efficiencies as high as 95% (both phenol and chlorine) for steam acti-

vated pinewood soot and tire carbon black compared to 81.6% (chlorine) and

73% (phenol) for the untreated material. A twenty-fold decrease in phenol

and chlorine concentrations was observed using carbon black and pinewood

biomass soot. Furthermore, an in-depth study correlating the filter efficiency

to material properties was done; with results indicating that the presence

of alkali metals and steam activation time were the key parameters affecting

filter efficiencies. Increasing the steam activation time led to almost complete

removal of phenol and chlorine from water using pinewood soot and tire car-

bon black due to the formation of greater surface area and higher amount

of macropores. Therefore the work described here shows great promise for

using these waste streams as cheaper alternatives for cleaning wastewater,

which is of great importance for water remediation issues.
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