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Abstract

Four biochars from pyrolysis of poplar wood (biochar P) and tea (biochar T) at 450 and
750°C have been tested in a first time as adsorbents for trichloroethylene (TCE) removal in
groundwater. The physico-chemical properties of biochars were systematically investigated
with organic elemental analyser, scanning electron microscopy, N> adsorption measurement,
IR spectroscopy and X-ray photoelectron microscopy. Three kinetic models were used to
follow the TCE removal by biochars. The best kinetic performances were obtained with
biochars P with the smallest particle size diameter (50 — 100 um) due to their porosity and the
mass transfer limitation for the TCE remediation. Remediation of a real sample of
groundwater polluted by chlorinated organic compounds showed that biochar P produced at
750°C is more efficient to remove vinyl chloride (65% adsorbed) than commercial activated
carbon powder (40%). The TCE sorption capacity is similar in pure water and in polluted
groundwater. The results also highlighted better retention capacity for the most substituted

molecules (tri and tetrachloroethylene) for biochar P750.

Keywords: biochars, organic contaminants, sorption kinetics, water pollution remediation.
Abbreviations:

Biochar P: poplar wood biochar (P750, produced at 750°C)

Biochar T: tea biochar

CI-VOC: Chlorinated Volatile organic compound

IPD: Intra-particle diffusion model

PFO: Pseudo-first order

PSO: Pseudo-second order

TCE: trichloroethylene



Highlights:

e The biochar with the smallest particle size exhibits higher kinetic performances
e Poplar wood biochar can be a promising adsorbent
* The trichloroethylene sorption capacity is the same in pure and polluted waters

* Biochar presents higher vinyl chloride remediation than an activated carbon

1. Introduction

Organic contamination represents a serious threat for both the human health and the
environment (Genthe et al., 2018; Loflen et al., 2018; Zhang et al., 2017). Due to a rapid and
massive worldwide industrialisation, pollutants bioaccumulate in soils, surface waters and
ground waters in addition to presenting a high toxicity (Khan et al., 2009; Kushwaha et al.,
2018; Trama-Freitas et al., 2017). Different technologies have been developed for the
treatment of contaminated water such as filtration, flocculation, ion exchange resins,
evaporation, membrane processes, adsorption, etc. Among all the potential sorbent, activated
carbons exhibit a valuable pollutant removal capacity and an important versatility (Erto et al.,
2010; Largitte and Pasquier, 2016; Lian et al., 2012). Hence activated carbons is considered
as a reference for the water pollution remediation, several reviews approached the use of low-
cost adsorbents to replace the activated carbons with the double objectives of giving to green
wastes such as agricultural waste a second life while decreasing the cost of water and
wastewater treatments (Ali et al., 2012; De Gisi et al., 2016). One of the main issues however
is to ensure consistent performances over time since one has to deal with a large variability of

green waste composition and properties.

Much attention on the biochar which is a solid residue from the thermal-conversion (roasting,
pyrolysis, gasification) of various biomasses. Biochars are carbonaceous materials potentially
porous and containing a non-negligible amount of minerals (Ca, Na, K, Mg). The advantage
of this materials is its cost and the possible adjustment of the surface properties (surface
functionalities, porosity, surface acidity) by the selection of the feedstock and the production
process (Ahmad et al., 2012; Yaashikaa et al., 2019). Different studies already proved the
biochar remediation capacity for aqueous solutions (Ahmad et al., 2014; Tan et al., 2015;

Saleh et al., 2016). The biochars remediation mechanisms depends on both the biochar and

3



the pollutant. In the case of a non-polar organic compounds as trichloroethylene (TCE), the
contaminant interacts with hydrophobic sites of the biochar surface in the absence of H-
bonding between water and O-containing functional groups (Ahmad et al., 2014; Sigging et
al., 2020). TCE is a carcinogenic and mutagenic chlorinated volatile organic compound (Cl-
VOOQ). Its accepted upper level is fixed at 5 ug L'! in the drinking water (Luo et al., 2016) and
its pollution sources are mainly the textile, refrigeration, metal industry degreasing, lubricants
and adhesives industries. TCE remediation is difficult due to its intrinsic characteristics since
it is a volatile compound with a moderate solubility. The TCE sorption capacity in various

environments (pure and real polluted water) is not given.

In the present study, biochars were produced at 450°C and 750°C from poplar wood and tea
waste. For the first trials, biochars have been examined for the treatment of TCE in pure
water. The emphasis will be put on the effect of the feedstock, pyrolysis temperature and
particle size on the kinetic sorption. Then for the latest trials, the most efficient biochar was
tested and compared with a commercial activated carbon over a chlorinated polluted
groundwater. The TCE sorption capacity will be determined und underlined in various

environments.



2. Materials and methods

2.1. Biochars production and characterisation

Poplar wood biochar samples (referred as biochar P) and tea biochar samples (referred as
biochar T) were provided by VTGreen Inc. (Saint Bonnet de Rochefort, France). Biochars
was produced by the patented process Biogreen® using the Spirajoule® technology.
Biogreen® is one of the leading pyrolysis process in Europe, developed since 2003. A module
is designed to process up to 2.5 m’/hr. Mass capacity is linked to the treatment time of
biomass and the density. Briefly, the biomass is continuously introduced into the reactor and
conveyed along the pyrolysis chamber thanks to a heated worm screw conveyor with a
residence time fixed at 15 min. Biochars were firstly produced at 450°C (P450 and T450) and
750°C (P750 and T750).

Elemental composition (C, H, N, S, O) was performed on 1 g of dried sample using an
organic elemental analyser (Thermo Scientific™ Flash 2000). The ash content was
determined by heating 1 g of sample up to 550°C with a 5°C/min heating rate. The particle
size distribution was realised on 15 g of biochars using a set of sieves (50 to 2000 um mesh).
Biochar morphology was investigated using scanning electron microscopy SEM (SH400M,
Hirox). The porous structure of the biochars was examined on an ASAP 2020, Micromeritics
(USA) by N2 adsorption at 77 K. From the N> adsorption isotherm, the specific surface area
(SSA) and the pore distribution were determined using respectively the BET equation and the
DFT method. All the samples were outgassed at 300°C for 720 min prior to the
measurements. FTIR spectra were generated by implementing the attenuated total reflection
(ATR) method. IR spectra were collected between 500 and 4000 cm™ with a resolution of 4
cm’!. The X-ray photoelectron microscopy (XPS) were performed on a Kratos Analytical
AXIS Ultra DLD spectrometer using polychromatic Al Ka X-ray radiation (1486.6 eV) with
pass energy of 20 eV. All survey and high-resolution scans were realised with the neutraliser

and all samples were incrusted onto Indium foil.

The pH of the biochar was measured using a 1/2.5 w/v ratio with either ultra-pure water or 1
M KCI (ISO 10390). Point of zero charge (pHzpc) was measured using the immersion
technique (Fiol and Villaescusa, 2009). It consisted in adding 0.75 g of biochar to 30 mL of
0.03 M KNO:s solution sets at different pH values under agitation for 24h. The pHzpc was the

pH at which the difference between the initial and the final pH values was the lowest. The
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cationic exchange capacity (CEC) was measured according to the Metson method (NF X31
130). Briefly, 10 g of sample is saturated in NH4" using a 1 M ammonium acetate pH 7
solution. The sample is then washed with 100 mL of ethanol to removed ammonium excess.
The sample is then percolated with 250 mL of 0.1 M NaCl. The NH4* distilled and recovered

in a sodium hydroxide solution is then titrated using a 0.1 M H2SOy4 solution.

2.2. Sorption experiments

TCE (99.5%) was purchased from Sigma-Aldrich. Ultra-pure water from Millipore Milli-Q

system (resistivity 18 MQ cm, DOC < 0.1 mg L") was used for the solutions preparation.

A stock solution of TCE (500 mg L) was prepared using ultra-pure water and agitated
overnight. Kinetic experiments were performed using a 20 mg L' solution and a w/v ratio of
1/700 in amber flask with no headspace to avoid TCE photodegradation and evaporation (50
mg of biochar and 40 mL of TCE solution). Concerning the sorption isotherm, they were
performed using an equilibrium time of 24h. The flasks were agitated with magnetic stirrers at
250 rpm and a flask was sacrificed for each measurement time. Aliquots were filtered through

0.45 um PTEE filters and stored at 4°C with no headspace before analysis.

Adsorption tests were also performed on a groundwater sample contaminated by various
chlorinated volatile organic compounds (Cl-VOCs) (Table 1) and supplied by Biobasic
Environnement Inc. (Saint - Beauzire, France). The sample is a contaminated industrial real
groundwater. Activated carbon (Norit SAE Super activated carbon powder from Cabot
company) was used as a comparison. The activated carbon powder presented an apparent
density of 25 kg m™, a specific surface area of 1050 m? g'! with mainly meso- and macro-

porosity and a particle size of 90 um.



Table 1: List of the chlorinated pollutants in the real groundwater, their abbreviations, log

Kow, concentration (ug L'!) in the water sample and their respective molar volume (cm?).

Pollutants Abbreviation Structure Log Kow' | Molar volume | Concentration
?I
Dichloromethane DCM C 1.25 67.8 1300
S
CI” = H
H
H
Trichloromethane TCM Cl/k' I 1.97 79.5 130
/
cf
CI,|"| /H
1,1-dichloroethane 1,1-DCA "'C—C., 1.79 84.6 520
/ \,
Cl HH
Cl H
N\ 4
1,2-dichloroethane 1,2-DCA —cC 1.48 84.3 550
7/ \
H Cl
Cl
1,1,1-trichloroethane 1,1,1-TCA 2.49 95.7 57000
Cl
I
H /CI
Vinyl chloride cv C=C 1.46 68.0 550
/
H H
H H
1,2-cis- cis 1,2-DCE \C —C 1.86 77.9 96000
dichloroethylene ’ / \ ' '
Cl Cl
Cl /H
1,1-dichloroethylene 1,1-DCE CZC\ 2.13 79.2 2900
Cl H
Cl Cl
Trichloroethylene TCE 2.61 89.1 41000
Cl H
Cl Cl
Tetrachloroethylene PCE 3.40 100.3 4900
Cl Cl




2.3. Analysis

The TCE concentration was determined using a high-performance liquid chromatography
(LC-10AT Shimadzu) — UV detection equipped with a C18 column (EC 250/4 NUCLEOSIL
100-5 from Macherey Nagel). The samples injected (10 pL) were eluted with a mixture of
acetonitrile and water (85:15) at 1.0 mL min™'. The TCE absorbance was measured at 198 nm.
Polluted groundwater samples were analysed by GC-MS (6890N Agilent) according to the
NF EN ISO 10301.

2.4. Sorption models

Three kinetic models were introduced for the data interpretation: (1) the pseudo-first order

(PFO), (2) the pseudo-second order (PSO) and (3) intra-particle diffusion model (IPD):

() qr= q.(1—efab)

kpqdt
1+k2qet

2) qc =

(3) e =kigt™* +6

Where k; (min™), ko (g mmol™! min') and kiq (min"®®) represent the kinetic constants of
respectively PSO, PFO and IPD models, . and q (mmol g') the amount adsorbed at

equilibrium and at time t (min) and 0 a constant related to the intra-particular diffusion model.

The sorption isotherm data were fitted to the Langmuir isotherm (4) as follows:

_ SmaxKC
T 1+KC

“4)

Where Smax denotes the maximum sorption capacities, K the Langmuir constant and C the
concentration of TCE in solution. The Langmuir parameters was obtained from the Bolster

and Hornberger (2007) spreadsheet.



P450
P750
T450

T750

3. Results and discussion

3.1. Biochars characterisation

SEM images of the different biochars presented different morphology with irregular shapes
depending on the raw feedstock (Fig. 1). Whereas biochar originating from tea feedstock are
more strip-like shapes (T450 and T750), biochar originating from poplar wood feedstock
presents irregular porous shapes (P450 and P750). No significant differences appear between

biochar produced at different pyrolysis temperature.

Properties of the biochars are given in Table 2. Their chemical compositions differ depending
on the raw feedstock and the pyrolysis temperature. The biochar P750 present the highest
carbon content (94.7%) whereas its oxygen content is the lowest (4.3%). Increasing the
pyrolysis temperature decreases the atomic H/C and O/C ratio of the biochars due to carbon
graphitisation into well-organised layers associated with a dehydration and a deoxygenation
of the biochar, which is consistent with the literature (Ahmad et al., 2014; Bogusz et al., 2015;
Li et al., 2017). The evolution of the H/C ratio gave indications about the carbonisation and
aromaticity of the biochars whereas the decrease of the O/C ratio results in an increase of the
hydrophobicity of the biochars (Mohammed et al., 2018). The ash increases along with the
pyrolysis temperature. Biochars T exhibited higher ash amount compared to biochar P which

indicate that they present a higher inorganic content.

Table 2: Elemental composition, molar atomic ratio, ash content in dry sample, specific
surface area (SSA), total pore volume (Viot), pHu20, pHkcl, pH of zero-point charge (pHzec)
and cation exchange capacity (CEC) of the studied biochars.

Elemental composition (wt.%) Atomic ratio Ash pHm2o pHka pHzec CEC
c? H*? o? N*? S# H/C o/C (wt.%) (meq kg'l)
847 29 121 02 0 0.41 0.11 54 8.9 8.4 9.0 40
947 0.8 4.3 0.2 0 0.10 0.03 5.6 11.2 9.9 10.5 10
72.6 37 19.1 4.6 0 0.61 0.20 13.7 9.4 8.6 8.5 68
835 14 115 3.6 0 020 0.10 14.9 12.2 9.8 10.5 7.4

2ash and moisture free

All biochars exhibit an alkaline pH that increases with the pyrolysis temperature. This
increase is possibly due to the alkali salts separation from the organic matrix (Trakal et al.,
2014). Furthermore, as shown in Table 2, Biochar T450 presents the higher CEC (68 meq kg
1) possibly due to its higher O content, the CEC being strongly dependent from the O-
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containing groups content (carboxylic acids, hydroxides, ect.) (Harvey et al., 2011). The
decrease of the O-containing groups could also explain the decrease of the CEC with the

pyrolysis temperature increase.

Table 3: Specific surface area (SSA), total pore volume (Vio), micropore volume (Vmicro),
mesopore volume (Vmeso) and distribution of biochar particle size between <50 um and 2000

pum.
SSA Viot Vmicro Vineso Particle size distribution (%)
m’gh (em’gh (em’gh (emigh <50 50-100 100-500 500-1000 1000 -2000
P450 91.4 0.04 0.03 0.01 0 0.7 30.0 49.8 19.5
P750 341.0 0.14 0.13 0.01 1.7 8.5 48.6 324 8.8
T450 33 - - - 0 2.1 34.7 45.8 17.4
T750 53 - - - 0 2.5 53.8 38.2 5.5

The SSA, pore volume and particle size distribution are presented in Table 3. Pore size
distribution for P450 and P750 are shown in Fig. S1, no results are however presented for
T450 and T750 as they are low porosity materials. Biochar P450 exhibits a SSA of 91.4 m? g
'and a total pore volume of 0.04 cm® g'!. At a higher pyrolysis temperature (from 450 to
750°C), pore development is more important since SSA and total pore volume reach 341.0 m?
gl and 0.14 cm?® g! respectively for P750. This increase is possibly due to the exposure of the
aromatic lignin core, the higher the pyrolysis temperature the higher the pore development
(Ahmad et al., 2014). In fact, Lehmann (2007) reported an optimal pyrolysis temperature
range (i.e. 450-550°C) for the specific surface development of biochars produced from the
pyrolysis of dried wood Robinia Pseudacacia. This optimal pyrolysis temperature is however
highly dependent from the biomass feedstocks and the pyrolysis operating conditions. As a
direct example, the two biochars T (produced at 450 and 750°C) have a low SSA (being lower
than 5 m? g!). Porosity distribution shows that micro porosity increases in the biochar
structure with an increase of the pyrolysis temperature. For P450, micropores represent 75%
of the total pore volume whereas they represent 93% for P750. This increase can be related to
the decrease of the particle size. It is also noticeable that the particles size is smaller than 2000
um with 80% of the particles in the range 100 - 1000 um. An increase of the pyrolysis

temperature tends to decrease the particles size.

As shown in the FTIR spectra (not shown, see Additional data), the biochars produced at
450°C present similar patterns with typical peaks at 1160 cm™ (C-O stretch), at 1590 cm™
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(C=C stretching in aromatic ring) and at 1690 cm™! (C=0 stretching) (Lam et al., 2016; Smith
et al., 2016). The decrease in the number of spectral features when increasing the pyrolysis
temperature is also visible due to the graphitisation of the biochars and to the dehydration and
deoxygenation during the process. This associated with the decreased in the oxygen content
(Table 2) can explain the disappearance of the functional group peaks in the FTIR spectra for

a same biomass feedstock.

The difference in surface properties observed on FTIR spectra are also confirmed by the high-
resolution Cls and Ols XPS spectra (Fig. 2). The Cls peak was deconvoluted into three
peaks representing C-C/C-H at 284.5 eV, C-O at 286.2 eV and C=0 at 288.4 eV. The
deconvolution of Ols peak results into three peaks at 531.1 eV (=0), 532.5 eV (-O) and 533.7
eV (-OH provided by physisorbed water). The Cls spectra show that biochars produced at the
same temperature present similar distribution. It is moreover noticeable that the increase of
the pyrolysis temperature results in an augmentation of the C-C/C-H relative content and in
the decrease of oxygen-bearing functional groups (C-O and C=0), which is in accordance
with FTIR spectra and O/C atomic ratio (Table 2). Concerning the Ols XPS data, biochar
from poplar wood and tea present different distribution with higher density of =O group for
T450. When increasing the temperature, the Ols tends to the same distribution, which is in

agreement with results observable in the literature (Smith et al., 2016).

3.2. TCE sorption

3.2.1. Influence of the precursors type and the pyrolysis conditions on

TCE remediation

The sorption experiments allowed to determine the removed concentrations of TCE with
liquid chromatography. TCE adsorption kinetics with PFO and PSO models are then
proposed. Fig. 3 shows the effect of contact time on the removal of TCE for the biochars P
and T produced at 450°C and 750°C. The sorption kinetics can be decomposed into two
phases: a fast step of 25 min followed by a relatively slow phase. This behaviour is commonly
observed and is due to the availability of the sorption site which become less available and
saturated (Ahmad et al., 2013a) . The poplar wood feedstock biochars are more efficient for

TCE removal than tea biochar. The TCE sorption on biochars T reached the equilibrium at
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160 min, removing 40% of the initial TCE while on biochars P, the equilibrium is attained
only after 50 min with 98% of the TCE sorbed. Compared to biochar produced at higher
pyrolysis temperature, no significant differences in the efficiency appear. The kinetic
parameters resulting from the application of pseudo-first order (PFO), pseudo-second order

(PSO) and intraparticle diffusion (IPD) model are presented in Table 4.

Table 4: kinetic parameters for the TCE removal by biochars P450, P750, T450 and T750.

PFO PSO IPD
TCE  Qexp ki Qe R? k2 Qe R? R?
P450 0.101 0.065 0.073 0.9541 2.12 0.104 0.9990 0.6298
P750 0.100 0.022 0.071 0.8644 0.59 0.103  0.9989 0.5572
T450 0.040 0.022 0.036 0.9682 0.93 0.043 0.9932 0.8370
T750 0.045 0.012 0.041 0.9641 0.23 0.056 0.8923 0.9047
Qexp and ge: mmol g! ki:min?  ko: g mmol! min’!

TCE data are globally well fitted by PFO and PSO, indicating that both physisorption and
chemisorption are involved in the sorption mechanisms. The experimentally determined
amount of TCE sorbed by the biochars are however better estimated using the PSO indicating
that more than one sorption mechanisms are involved. Moreover, it is also noticeable a
decrease in kinetic constant when increasing the pyrolysis temperature. This phenomenon was
already observed by Ahmad et al. (2013a). However, in the case of phenol adsorption on pine
fruit shells biochar, the kinetic constant increase along with the pyrolysis temperature
(Mohammed et al., 2018). This indicates that the trend seems to depends of the biochar
properties as the surface composition, the SSA and the pore volume distribution of the

biochars at the different pyrolysis temperature.

The sorption can however also be limited by the intraparticle diffusion. As shown in
additional data, the IPD model can describe the TCE sorption on the biochars. However,
when the data can be fitted with two straight lines (P450 and P750), this indicates that
macropore and mesopore diffusion occur in a first place followed by micropore diffusion
(Fierro et al., 2008). Results show that biochars from poplar wood are more efficient for TCE
removal than tea biochars. Surface properties are one of the main reasons of this efficiency.
The mechanisms involved are the electrostatic attraction, polar organic attraction, non-polar

organic attraction and partition in non-carbonised phase (Ahmad et al., 2014). These
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mechanisms are directly dependent on the biochar surface properties as the surface polarity,
aromaticity, type and number of functional groups. As a non-polar compound, TCE retention
is mostly affected by the biochar SSA, porosity and the carbon extent (Schreiter et al., 2018).
As presented in Table 3, biochars P present a higher carbon content (84.7 to 94.7 wt%) than
biochars T (72.6 to 83.6 wt%) but more importantly, biochars P are porous sorbents with a

SSA higher than 90 m? g'! while biochars T have low porosity.

It is also interesting to examine the influence of the pyrolysis temperature on the biochars
adsorption efficiency. Ahmad et al. (2013a) showed that an increase of the pyrolysis
temperature allowed to obtain biochar with a higher specific surface which are consequently
more efficient for TCE removal than the ones produced at lower temperature. In our case,
biochars P450 and P750 present a similar TCE sorption kinetics. However, they do not
present the same specific surface area and pore volume distribution. The total mesopores
volume is similar for the two biochars P (0.01 cm® g! for P450 and P750 respectively).
However, the total micropores volume is 3 times higher for P750 compare to P450. Hence the
increase of the pyrolysis temperature tends to develop the micro-porosity (porosity < 2 nm).
Additionally, TCE presents a planar shape with calculated molecular dimensions of
0.66*0.62*%0.36 nm. The TCE dimension was determined by Karanfil and Dastgheib (2004)
using the molecular dynamics force filed method in PCMODEL version 9 (Serena Software).
Consequently, the TCE molecules may not able to penetrate intro ultramicropores (< 0.7 nm).
An optimal pore diameter, rather mesoporous pores, seems to be required to enhanced TCE
sorption. This is in accordance with other studies which highlighted that highly mesoporous
carbonaceous adsorbents were more efficient than microporous sorbents (Lian et al., 2012).
Hence, from an economical point of view, it is interesting to notice that the pyrolysis
temperature should be carefully set to obtain the most efficient biochar with the lowest energy

cost as possible.

3.2.2. Influence of the biochars particles size on TCE remediation

Fig. 4 compares TCE adsorption efficiency according to the particles size distribution for the
biochar P750, the most efficient biochar tested. Four classes of particles have been examined:

50 - 100, 100 - 500, 500 - 1000 and 1000 - 2000 um (distribution is presented in Table 5).
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The use of smaller particles size enhanced the sorption kinetic for TCE. The two biggest
classes of particles show the less efficient TCE adsorption. After 30 min, 65% of TCE was
removed against 90% for the medium class (100 - 500 um). The best performances however
were observed for particles with a diameter lower than 100 um with 90% of TCE removal in

10 minutes.

Table 5: kinetic parameters for the TCE removal by different particle size distribution (um) of

P750.

PFO PSO IPD
Size distribution  Qexp ki Qe R? k2 Qe R? Kid R?
50 - 100 0.104 0.016 0.016 0.2982 488 0.104 0.9998 0.3467
100 - 500 0.105 0.044 0.058 0.8045 221 0.107 0.9997 0.5820
500 - 1000 0.105 0.017 0.073 0.8605 0.52 0.110 0.9980 0.8075
1000 - 2000 0.103 0.032 0.085 0.9913 0.77  0.107 0.9992 0.7104
Qexp and ge: mmol g! ki:min?  ko: gmmollmin?  kig: min®?

The TCE kinetics can successfully be fitted with the PSO (R2: >0.998) but only the fraction
1000 — 2000 um exhibits a good fit with the PFO (R%: 0.9913). This tends to indicate that the
sorption is limited by the number of active site on the biochar (Mohammed et al., 2018). The
IPD model did not fit the kinetic data. As shown in additional files, however, the data can be
fitted with two linear plots, which indicates that several mechanisms could influence the
sorption. The first linear plot can represent the influence of the external resistance to the mass
transfer which is also dependent from the adsorbent particle size among other parameters
(Erto et al., 2013). The second can represent the influence of the intraparticle diffusion on the
sorption (Fierro et al., 2008). As observed in Fig. 4, decreasing the particle size increase the
PFO constant, highlighting thus the increase of the kinetic rate. This result is of great
importance since it shows the competitiveness of poplar wood biochars for these kind of
applications. In fact, Luo et al. (2016) estimated at 0.35 g mmol™ min"! the TCE uptake on
green synthesised agarose-Fe nanoparticles hydrogel at 20°C using the PSO model. Xin et al
(2015) tested xanthan gum-modified microscale zero-valent iron particles for TCE, adsorption

but they did not present calculations of kinetics constants.
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3.2.3. TCE sorption isotherm

Compared to the other biochar, P750 showed the best remediation property for TCE.
Additionally, the particle size fraction 50 — 100 um exhibited the higher sorption rate.

Consequently, this fraction was described using sorption isotherm (Fig. 5).

The sorption isotherm of TCE onto biochar P750 exhibits two steps that can be fitted using
the Langmuir model. The two steps can be representative of different adsorption sites present
at the biochar surface or the possible TCE multilayer adsorption of TCE (Liu, 2015). The
biochar presents a maximum sorption capacity of 746 mg g!. Biochar originating from pine
needle exhibited maximum sorption capacity between 90 and 113 mg.g' depending the

pyrolysis temperature (Ahmad et al., 2013b).

3.3. Remediation of groundwater polluted by various Cl-VOCs

The biochar was tested for the remediation of a groundwater sample contaminated by various
chlorinated volatile organic compounds (CI-VOCs) identified in Table 1. Additionally, the
biochar was compared to an activated carbon powder used for water de-contamination (Norit
SAE Super activated carbon powder). The CI-VOCs properties and contaminant
concentrations are also visible in Table 1. The water sample contained amongst other
contaminants trans 1,2-dichloroethylene and tetrachloromethane but at concentration lower
than the quantification limit of the method (50 pg L!). The Cl-VOCs concentration ranged
from 130 ug L' (trichloromethane, TCM) to 96 mg L! (1,2-cis-dichloroethylene, 1,2-cis-
DCE) and contains 49 mg L of TCE. Fig. 6 shows the adsorption kinetic with P750 or AC
for various organic products in the polluted groundwater sample. It appears that CI-VOCs
exhibit different behaviour with the biochar or the activated carbon powder. Trichloromethane
(TCM) is not included in the Fig. 6 for the activated carbon powder due to be under

quantification limit after 15 min (< 50 ug L").
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Figure 1: adsorption kinetic of groundwater polluted by chlorinated volatile organic
compounds (CIl-VOCs) (Table 1) on biochar P750 (particle size fraction: 50 - 100 um) and

activated carbon powder (AC).

The sorption efficiency varies in the following order:
- For biochar P750

PCE > TCE > cis 1,2DCE > CV = 1,1DCE > 1,2DCA > DCM > TCM > 1,1,1TCA > 1,1DCA
- For activated carbon powder

TCE =PCE > 1,1,1TCA > 1,1DCE > cis 1,2DCE > 1,1DCA > 1,2DCA > CV > DCM

For the biochar, the higher removal rate is obtained for the PCE and the TCE which is in
accordance with the high octanol-water partition coefficient (Kow) values of these molecules.
The molecules parameters as the Kow is known to significantly impact the sorption efficiency
with higher sorption rate for molecules presenting higher Kow (Chen et al., 2018). On another
hand, cis 1,2-DCE is more highly removed than 1,1-DCE despite that 1,1-DCE exhibits a
higher Kow value. This is potentially due to the competition phenomenon between both
molecules, the concentration of cis 1,2-DCE being forty times higher. It is also noticeable that
substituted double C=C bounding (ethene) molecules are preferentially sorbed over single
bounding C-C (methane and ethane) despite the high concentration of the single bounding C-
C 1,1,1-TCA (57 mg L"). Single C-C molecules adsorption does not exceed 30% at 250
minutes whereas double C=C bounding molecules adsorption is comprised between 60 and
90%. The TCE kinetic rate, when compared with the TCE alone, shows a decrease. Whereas

the equilibrium is reached after 30 min for TCE alone, more than 250 min are needed to reach
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the equilibrium for TCE in a mixture of other pollutant. This highlighted the importance of
the real conditions for the design of water treatments. Additionally, the sorption isotherm
showed a maximum sorption at 746 mg g for TCE (Fig. 5). After reaching the equilibrium
state, the biochar adsorbed 752 mg g! which is close to the value obtained with the sorption
isotherm. However, this demonstrated that despite the biochar sorbed its maximum amount of
TCE, it still able to adsorb the others CI-VOCs. Despite a possible competition for the
sorption sites, the CI-VOCs sorption behaviour can also be control by different phenomena as
the steric effect (due to the pore and molecule sizes) and the specific interactions (Schreiter et

al., 2018).

Concerning the activating carbon powder, the sorption capacity increase with increasing the
Kow values, Kow known to be an important parameter in the molecule behaviour (Chen et al.,
2018). Due to its high SSA, the competition between CI-VOCs is not a preponderant
phenomenon. In fact, adsorption stationary state is observed after 15 minutes. In addition, for
most of the molecules tested, adsorption reaches at least 70% from after 15 minutes except for
dichloromethane and vinyl chlorine, the two less substituted molecules. Another important
observation is that biochar is more efficient for vinyl chloride adsorption than activated
carbon. At the end of the adsorption test, 65% of vinyl chloride has been removed by biochars

whereas only 40% by activated carbon.

17



4. Conclusions

Among the four studied biochars, the largest surface area was obtained for biochar P750 (341
m?/g). An increase of the pyrolysis temperature decreases the particle size. P750 presented
the highest carbon content (94.7%). T450 exhibited the higher cation exchange capacity. XPS
data confirmed that oxygen-bearing functional groups (C-0 and C=0) were in lower quantity
at 750°C. TCE adsorption kinetics with PFO and PSO models were proposed. The calculated
amount of TCE sorbed were better estimated using the PSO model. Both physisorption and
chemisorption were involved in the sorption mechanism for biochars P and T. The particle
size fraction (50-100 pm) exhibited the higher sorption ratio for P750. Biochars P are finally
the most efficient for TCE removal due to their higher porosity. P750 adsorbed 80% of TCE
in 60 min and stabilised 98% of TCE after 250 min with smaller fraction presenting higher
kinetic sorption rate. Tests on groundwater polluted by several ClI-VOCs showed that biochar
is more efficient to adsorb substituted double C=C boundings molecules rather than single
bounding C-C whereas sorption order follows the CI-VOCs Kow values for the activated
carbon powder (AC). Additionally, P750 presents a TCE sorption capacity similar (746 mg g’
") whereas its use in pure TCE solution or in the polluted groundwater. P750 exhibited higher

removal capacity for vinyl chloride than the AC.
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FIGURES

Figure 1. Scanning electron microscopy of biochar produced at 450°C from (a) poplar wood

(P450) and (b) tea (T450) and at 750°C from (¢) poplar wood (P750) and (d) tea (T750).
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Figure 2. XPS high resolution survey scans of Cls (a,b,c,d) and Ols (e.f,g,h) region of (a,e),
poplar wood biochar prepared at 450°C (P450) and (b,f) 750°C (P750), (c¢,g) tea biochar
prepared at 450°C (T450) and (d,h) 750°C (T750).
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Figure 3. Trichloroethylene (TCE) adsorption kinetic to (a) poplar wood biochar prepared at
450°C (P450) and (b) 750°C (P750), (c) tea biochar prepared at 450°C (T450) and (d) 750°C
(T750). Each data sets were modelled using pseudo-first order (PFO) and pseudo-second
order (PSO).
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Figure 4. Trichloroethylene (TCE) adsorption kinetic on different particle size distribution of
biochar P750. (a) 50 to 100 um, (b) 100 to 500 um, (¢) 500 to 1000 um and (d) 1000 to 2000
pum. Each data sets were modelled using pseudo-first order (PFO) and pseudo-second order
(PSO).
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Figure 5. Sorption isotherm of trichloroethylene (TCE) to poplar wood biochar prepared at

750°C (P750) (particle size 50 — 100 pum). Data were fitted with the Langmuir model.
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Figure 6. Adsorption kinetic of groundwater polluted by various chlorinated volatile organic

compounds (CI-VOCs) (Table S1) on (a) poplar wood biochar prepared at 750°C (P750)

(particle size fraction: 50 - 100 um) and (b) activated carbon powder.
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