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Fluorescence excitation-emission matrix (EEM) spectroscopy coupled with parallel factor analysis (PARAFAC)
enables better understanding of the nature of dissolved organic matter (DOM). In the current study, we char-
acterized 10 biochar samples produced from different feedstocks using EEM/PARAFAC analysis. The composi-
tion and distribution of DOM substances present in biochar varied significantly according to feedstock, activa-
tion, and pyrolysis temperature. The integration of proximate and ultimate analyses of the solid phase together

with water extractable organic matter (WEOM) phase of biochar provided new insights into the characterization
of biochars, including nature and functionality. Characterization of both WEOM and solid phases is re-
commended for biochar research before large-scale production for various environmental and industrial appli-

cations.

1. Introduction

Biochar, a carbon-rich by-product produced by the incomplete
combustion of biomass, has recently gained great interest for a variety
of environmental applications (Lehmann and Joseph, 2009). Biochar
can be used in the environment for carbon sequestration (El-Naggar
et al,, 2018a, 2018b; Kuzyakov et al., 2009; Matovic, 2011), im-
mobilization of contaminants (Ahmad et al., 2014; Zhang et al., 2013),
reduction of greenhouse gas emissions (Sethupathi et al., 2017; Woolf
et al., 2010), improvement of soil fertility (Ding et al., 2016), and re-
mediation of contaminated water and soil (El-Naggar et al., 2018c;
Mayakaduwa et al., 2017; Rajapaksha et al., 2014, 2016). Being an
emerging material that can be sustainably produced, interest in biochar
research, including the comprehensive characterization of biochar
samples, has quickly expanded.

The dissolved organic matter (DOM) content of biochars plays an
important role in determining their application potential for
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environmental uses. However, release of DOM from biochars to the
environment and the corresponding risk of contaminant transfer should
be carefully considered when biochars are used as soil and water
amendments because contaminants tend to attach to the DOM fraction
of biochars (Wang et al., 2017). These processes affect microbial ac-
tivities, carbon balance, and physiochemical properties of the ecosys-
tems (Smith et al., 2016). However, little is known about the char-
acteristics of soluble organic fraction of biochars (Jamieson et al., 2014;
Lin et al., 2012; Uchimiya et al., 2013; Wu et al., 2018), and hence
further investigations are warranted.

Fluorescence excitation-emission matrix (EEM) spectroscopy cou-
pled with parallel factor analysis (PARAFAC) has been widely applied
as a reliable technique to better understand the nature of DOM
(Jamieson et al., 2014; Uchimiya et al., 2013). PARAFAC can be used to
resolve the dominant fluorescent DOM components based on their ex-
citation and emission (Ex/Em) maxima (Cuss and Guéguen, 2012; Ishii
and Boyer, 2012). Various parameters of biochars, such as H/C and O/C
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ratios, proximate contents, surface area, and pore volumes, are com-
monly used to correlate efficiencies of environmental applications
(Ahmad et al., 2013; Sun et al., 2017). The importance of analyzing
dissolved organic carbon (DOC) contents of biochars has been high-
lighted in previous studies (Jamieson et al., 2014; Lin et al., 2012;
Uchimiya et al., 2013). Uchimiya et al. (2013) suggested the possibility
of releasing DOC enriched with carboxyl and phenolic functionalities in
biochars pyrolyzed at 350°C —500°C. Moreover, Jamieson et al.
(2014) observed clear differences in the behavior of DOM in biochars
made from the same feedstock under different pyrolytic conditions.
However, data on the integration of proximate and ultimate analyses of
the solid phase together with water extractable organic matter phase
(WEOM) of biochars are very limited. The effects of feedstocks and
production conditions on the properties of DOM have not been fully
understood. Thus, there is an urgent need to characterize the DOM of
biochars due to its changes with biochar production conditions. In this
study, ten biochar samples produced from different feedstocks were
characterized using EEM/PARAFAC to evaluate feedstocks and pro-
duction temperature dependencies on the compositional features of
DOM. The variations in compositions and qualitative characteristics of
DOM of biochars were also assessed using principal component ana-
lysis.

2. Materials and methods
2.1. Biochar production and characterization

Ten types of biochars derived from different feed stocks (i.e., soy-
bean stover, garlic stem, rice husk, tea waste, perilla, wood pine chip,
and oak wood) and produced under different conditions were used in
this study. The powdered biomass samples were pyrolyzed at different
temperatures (i.e., 300, 500, 400, and 700 °C) with a heating rate of
7°C min~! using a muffle furnace (N11/H Nabertherm, Lilienthal,
Germany). To assure complete carbonization process, a holding time of
2h was applied for each peak temperatures. For steam activation pro-
cess, the pyrolyzed samples were treated with steam at a flow rate of
5mLmin~! for 45min, under the peak temperature (i.e., 300 or
700 °C). Korean Oak wood biochar produced at 400 °C was purchased
from the Gangwon Charmsoot Company located in Hoengseong-gun,
Gangwon Province, Korea.

2.1.1. Proximate analysis

The modified thermal analysis methods by McLaughlin et al. (2009)
were used to calculate moisture, mobile matter, ash, and resident
matter contents. Moisture content was determined by calculating the
weight loss after heating the biochars at 105 °C for 24 h to a constant
weight. Mobile matter (analogous to volatile matter), which reflects the
non-carbonized portion in biochars, was determined as the weight loss
after heating in a covered crucible at 450 °C for 30 min. Ash content was
also determined as the remaining residue after heating at 700 °C in an
open-top crucible. The resident matter, representing the portion of the
biochar that is not ash, was determined by the difference in moisture,
mobile matter, and ash. Each sample was analyzed in duplicate.

2.1.2. Surface area and morphological analysis

Surface areas of biochars were measured from N, isotherms at 77 K
using a gas sorption analyzer (NOVA-1200; Quantachrome Corp.,
Boynton Beach, FL, USA). The samples were degassed for 6 h under
vacuum at 473 K prior to conducting adsorption measurements. The N,
adsorbed per gram of biochars was plotted versus the relative vapor
pressure (P/P,) of N, ranging from 0.02 to 0.2, and the data were fitted
to the Brunauer-Emmett-Teller (BET) equation to calculate the surface
area. Total pore volume was estimated from N, adsorption at P/P,
~0.5. The Barrett-Joyner-Halenda method was used to determine the
pore size distribution from the N, desorption isotherms (Park and
Komarneni, 1998).
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2.1.3. Elemental analyses

The elemental composition of biochars, including C, H, N, S, and O,
was determined by dry combustion using an elemental analyzer
(EA1110, CE Instruments, Milan, Italy). The molar ratios of H/C, O/C,
(0O+N)/C, and (O+N+S)/C were calculated. The pH and electrical
conductivity of each biochar were determined in a suspension of bio-
char tp deionized water (1:5; w:v) using a digital pH meter (Orion
A211, Thermo Electron Corp., Waltham, MA, USA) and a conductivity
meter (Orion 555A, Thermo Electron Corp., Waltham, MA, USA) based
on Lou et al. (2016) and Li et al. (2013) methods, respectively. The
suspension was shaken for 1 h before measurement.

2.2. Excitation-emission spectra of biochars and PARAFAC modeling

For the qualitative characterization of soluble organic matters from
biochar samples, EEM was investigated. To solubilize organic matters in
a biochar, 0.4g of each biochar sample was mixed with 30 mL of
deionized water and then gently tumbled in sonication bath (Watson,
USA) at the power of 30 W for 1 h. Each mixture was then set on the
table for 30 min to settle down biochar particulates, and the super-
natant was filtered through 0.45 pum membrane filter (Millipore, USA).
For the EEM analysis, each filtrate was either diluted or concentrated
until the DOG concentration reached 1 mgL~>.

The EEM of each organic solution from a biochar was generated by
scanning emission spectra from 250 nm to 600 nmat 1 nm intervals,
with 5nm increments of the excitation wavelength from 220 nm to
400 nm using a fluorescence spectrophotometer (RF5301PC, Shimadzu,
Japan). To standardize the fluorescence signal, the signal was prepared
from ultra-pure water and compared with sample signal at the Rayleigh
scattering region as suggested Chen et al. (2003). The obtained EEM
data were used in PARAFAC modeling using the DOMFluor (version
1.7) toolbox in MATLAB 7.6 (MathWorks, Natick, MA, USA). The effects
of scatter lines of the EEMs were minimized by utilizing several im-
portant preprocessing steps: 1) the EEM of the ultra-pure water blank
was subtracted from each sample's EEM; 2) a series of zero values was
inserted in the region of no fluorescence (Ex<Em) for the sample EEMs;
3) the residual Rayleigh and Raman scatters were regulated using in-
terpolation methods derived from Bahram et al. (2006). The two-to
seven-component model in PARAFAC was utilized to analyze for the
samples' EEMs. Ex and Em loadings were constrained non-negative
values and the residual analysis and split half analysis were used as
indicators to identify the appropriate numbers of individual PARAFAC
components (He et al., 2016). The maximum fluorescence intensities
(Fmax) were used to assess the relative concentration of each PARAFAC
component (Yu et al., 2015).

2.3. Statistical analysis

The statistical analyses were performed using IBM SPSS Statistics 23
(NY, USA). The values were tested by Pearson and Spearman's corre-
lation coefficient (r) at significance levels of 0.01 and 0.05. The re-
gression equations and the coefficients of determination (R%) were
carried out using OriginPro9.1 b215 (Origin Lab Corporation,
Northampton, USA).

3. Results and discussion

3.1. Proximate and ultimate analysis, and elemental composition and
surface functional group analysis of biochar samples

Table 1 summarizes the chemical and physical characteristics of
biochars. All the biochars were in the alkaline pH range due to se-
paration of alkali salts from the organic matrix in the feedstocks
(Shinogi and Kanri, 2003). Ash content ranged from 5.03% to 45.62%
in different biochars depending on feedstock types and production
temperatures. The increase in production temperature resulted in high
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Fig. 1. Fluorescence EEMs of biochar samples. (a) Garlic stem BC300 (300 °C), (b) Steam activated tea waste biochar BC700 (700 °C), (c) Perilla BC700 (700 °C).

ash content due to the concentrations of minerals and organic matter
combustion residues (Ahmad et al., 2012; Cao and Harris, 2010). The
surface areas of biochars produced at 700°C (i.e., soybean stover
BC700: 420.30; garlic stem BC700: 201.72) were extremely high
compared with that of biochars produced at 300 °C (i.e., soybean stover
BC300: 5.61; garlic stem BC300: 1.49). This is due to the removal of
volatile materials, thereby increasing the pore volumes of biochars
(Ahmad et al., 2012). The low molar ratios of H/C indicated that bio-
chars produced at high temperature (e.g., 700 °C) are highly carbonized
than those produced at low temperature (e.g., 300°C and 400 °C).
Moreover, the relatively low O/C ratio values of biochars produced at
700 °C indicated that they are less hydrophilic compared with those
produced at 300 °C and 400 °C.

The surface functional groups analysis using Fourier-transform in-
frared spectroscopy (FTIR) have confirmed the highly aromatic nature
of high temperature produced biochars (Ahmad et al., 2012;
Mayakaduwa et al., 2017; Rajapaksha et al., 2014). The biochars pro-
duced at 300 °C (i.e., soybean stover BC300, tea waste BC300, and
garlic stem BC300) showed the bands at the region from 3200 to
3500 cm ™, which correspond to the stretching vibration of the ~OH
group of bonded water and bands at the region from 2820 to
2980 cm !, which corresponds to aliphatic —-CH, stretching variations

396

(Ahmad et al., 2012; Rajapaksha et al., 2014). These peaks were no-
ticeably decreased in biochars produced under high temperature, in-
dicating the loss in labile aliphatic compounds. However, comparison of
steam activated biochars with non-activated biochars produced under
same temperature indicated that surface functional groups were almost
same. Physical activation process under same temperature showed lack
of significant changes of surface functional groups (Rajapaksha et al.,
2014).

3.2. Fluorescent components identified by EEM-PARAFAC modeling

The EEMs of different biochar samples showed various fluorescence
characteristics and provided for compositions associated with humic-
like, fulvic-like, and protein-like substances (Fig. 1 and Fig. S1). The
fluorescence EEM data were applied to PARAFAC modeling to distin-
guish the various fluorescent components in all biochar samples based
on their origins (Figs. 2 and 3). EEM-PARAFAC identified four fluor-
escent components (i.e., C1 - C4). Component 1 (C1), which assigned as
a UVA humic-like component, had a primary and a secondary peak at
340/430 nm (Ex/Em) and 260/430 nm (Ex/Em), respectively. Compo-
nent 2 (C2), which assigned as a protein-/tannin-like component, ex-
hibited two maxima at 220/370 nm (Ex/Em) and 280/370 nm (Ex/Em).
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Fig. 4. Distribution of PARAFAC components (C1: UVA humic-like component,
C2: protein/tannin-like component, C3: fulvic acid-like component, C4: ter-
restrial humic-like component) of different biochar samples (GS 300: Garlic
stem BC300, GS 700: Garlic stem BC700, OW400: oak wood BC400, PE 700:
Perilla BC700, RH 700: Rice husk BC700, SA-RH 700: Steam activated rice husk
BC700, SA-TW 700: Steam activated tea waste BC700, SS 300: Soybean stover
BC300, SS 700: Soybean stover BC700, WP 500: Wood pine chip BC500).

Table 2
Exponential regression analysis of PARAFAC components (i.e., C1, C2, C3, C4)
and DOC and pH of different biochar samples.

Element Equation R? P n
DOC

Cl% Y = 8.6 + 0.08X-7.1E-5X> 0.40 =0.01 10
C2% Y = 37.5 + 0.012X-6.83X> —-0.02 ns 10
C3% Y = 47.2-0.12X +7.9E-5X* 0.20 =0.05 10
C4% Y = 6.6 + 0.02X-1.96X> 0.06 =0.005 10
pH

Cl1% Y = 5.3 + 0.67X-0.02X> 0.20 < 0.05 10
C2% Y = 10.6-0.10X +9.87E-4X* -0.31 =0.05 10
C3% Y = 8.5 + 0.2X-0.004X> 0.35 =0.01 10
C4% Y = 7.31 + 0.15X+8.8X> -0.19 = 0.05 10

DOC = dissolved organic carbon; ns = non-significant.

This result indicates the presence of tryptophan and/or phenolic-like
substances. Component 3 (C3) that assigned as a fulvic acid-like com-
ponent showed a maximum peak at 260/440. Component 4 (C4) that
assigned as a terrestrial humic-like component was found at extended
Ex/Em of 270/490 nm and 350/490 nm.

3.3. Fluorescence characteristics of water extractable organic matter
(WEOM)

The vast disparity in biochar production conditions and feedstocks
led to a variance of WEOM characteristics among the different biochar
samples. The highest relative abundance of humic-like substances (i.e.,
C1 and C4) was found at the garlic stem BC300 (37% and 21%, re-
spectively). However, garlic stem biochars lost these humic substances
under high pyrolysis temperature (i.e., 700 °C) (Fig. 4). A similar ob-
servation was found in soybean stover biochars. Soybean stover BC300
showed higher existence of humic substances, C1 and C4 (29% and 9%,
respectively) than soybean stover BC700 (18% and 0%, respectively) in
the WEOM phase. The high red-shifted Ex/Em maximum in both bio-
chars (i.e., garlic stem BC300 and soybean stover BC300) demonstrates
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the high aromaticity and high molecular weight of those biochars (Fig.
S1). However, the red-shifting of fluorescence emission did not appear
with the same feedstock under higher pyrolysis temperature (i.e.,
700 °C). The increased pyrolysis temperature could influence the re-
lative contribution of PARAFAC components. The humic-like sub-
stances, consisting of (poly)phenolics and other aromatic structures,
may decompose under high pyrolysis temperature. Therefore, the re-
lease of humic-like DOM substances may be enhanced under high
pyrolysis temperature. These results indicate the vital role of pyrolysis
temperature on DOM fraction characteristics in biochars. Steam acti-
vation appeared as another potential factor affecting the existence of
humic-like substances in biochars. For instance, the steam activation of
rice husk BC700 led to the loss of its humic-like substances (Fig. 4).

Humic-like substances in biochar samples reflect the existence of
humification process into the biomass. Humification process occurs via
the biodegradation of fresh organic matter by microorganisms (Zhang
et al.,, 2014). This process converts lower molecular weight organic
compounds in substances into higher molecular weight polymers and
compounds. The existences of humic acid-like substances in some bio-
char samples reflect the stability of these biochar samples (Zhang et al.,
2014).

The phenolic-like and fulvic-like substances have lower molecular
weight and a higher degree of solubility than humic acid-like sub-
stances. The highest ratio of tryptophan and/or phenolic-like sub-
stances was recorded in oak wood BC400 (100%), where no other DOM
components were detected (Fig. 4). The results from this study sug-
gested that the feedstock affects the existence of protein-like compo-
nents in biochars than other factors, such as pyrolysis temperature and
activation. In term of fulvic-like components, they exhibited the op-
posite behavior with humic-like substances, as they increased under
high pyrolysis temperature of the same feedstock compared with low
pyrolysis temperature (Fig. 4).

3.4. Interactions of fluorescence components and biochar characteristics

Analysis of the solid and WEOM fractions was employed to elucidate
the interactions between biochar properties and its DOM fractions.
Protein-/tannin-like component (C2) was correlated with S%
(r = +0.81, P < 0.05) in biochar samples, which could be attributed
to the affinity of sulfur with protein substances (e.g., sulfur-containing
proteins). Protein-/tannin-like component was also correlated with
molar O/C ratio (r +0.81, P < 0.05) in biochar samples. This re-
lation indicates that the presence of tryptophan and/or phenolic-like
groups increase with less carbonization ratio.

DOC had a positive correlation with the humic-like components, C1
(r> = 0.4) and C4 (r? = 0.06), in biochar samples (Table 2). On the
other hand, DOC was negatively correlated with the fulvic-like com-
ponent, C3 (r? = 0.2), while the relationship was not significant be-
tween DOC and C2. These results demonstrate that humic-like com-
ponents in the WEOM phase of biochar are more dominant in biochar,
which contain higher DOC in its solid phase.

The current study found some variations in the different biochar
properties between both WEOM and solid phases. For instance, soybean
stover BC300 showed lower carbon and aromatization levels than
soybean stover BC700 in the solid phase (Table 1). However, soybean
stover BC300 was observed to contain more humic-like components
than soybean stover BC700 in the WEOM phase. This is in line with the
results reported by Zhang et al. (2014). They detected a lack of humi-
fication substances in the WEOM phase of bamboo biochar sample;
however, its solid phase had very high carbon content at high ar-
omatization level. Based on this finding, we recommend the biochar
characterization research to include the WEOM phase of biochar as well
as its solid phase. In this aspect, the characterization of DOM using the
EEM-PARAFAC modeling allows us to identify the biochar substances in
the dissolved phase.
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4. Conclusion

Four fluorescent components (i.e., C1: humic-like component, C2:
protein-/tannin-like component, C3: fulvic acid-like component, C4:
terrestrial humic-like component) were identified in different biochars
using PARAFAC modeling. Pyrolysis temperature, activation, and
feedstock were the major factors affecting the presence of different
DOM substances. The abundance of protein-/tannin-like component in
the WEOM phase of biochar was influenced mainly by feedstock and it
was increased in biochar with less carbonization and higher sulfur
content in the solid phase. Humic-like substances were affected mainly
by biochar pyrolysis temperature and activation. On the other hand,
fulvic-like component was affected by pyrolysis temperature and ne-
gatively correlated with the DOC. The results in this study suggested
that the integration between the biochar characterization in WEOM and
solid phases provides better understanding of biochar nature and
functionality. EEM-PARAFAC modeling is recommended to use as a
promising tool for the identification of different components in the
dissolved phase of biochars.
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