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Abstract: Diethyl phthalate (DEP), one of the six typical PAEs priority pollutants declared by the
US EPA, has attracted tremendous attention due to its widespread pollution and was selected as
the adsorbate in this study. Properties of biochar samples obtained from three different feedstocks,
i.e., sawdust (SDBC), rice straw (RSBC), and giant reed (GRBC), pyrolyzed at 400 °C as well as
their ability to adsorb DEP from an aqueous solution were investigated. The results showed that
the adsorption kinetics were well fitted with the pseudo-second-order model (R* > 0.99) and the
intraparticle diffusion model (R? > 0.98). The maximal adsorption capacity of the DEP by the prepared
biochar was in an order of GRBC (46.04 mg g~!) > RSBC (31.54 mg g~ !) > and SDBC (18.39 mg g 1).
The higher adsorption capacity of DEP by GRBC is mainly attributed to the higher surface area. The
reduction in adsorption capacity of the biochar against DEP with an increase in the solution pH
(from 2.5 to 10.0) was possibly due to promoting the electrostatic repulsion between the DEP and the
surface of the biochar. However, the increasing sodium ionic strength promoted the adsorption of the
biochar, which could be interpreted by the reduced solubility of the DEP due to enhancing “salting
out” effects as increasing sodium concentration. In addition, it was favorable for the adsorption
of DEP onto the biochars at a lower temperature (15 °C) and the calculated AGY was less than
zero, indicating that the adsorption was a spontaneous and exothermic process. These experiments
designate that these derived biochars can be used as an inexpensive adsorbent for the purification of
PAEs contaminated water.

Keywords: biochar; diethyl phthalate adsorption; adsorption; exothermic process

1. Introduction

Phthalates are man-made chemicals that are commonly used in personal care products,
such as cosmetics, lotions and perfumes, indoor housing goods including flooring made
of polyvinyl chloride (PVC), shower curtains, consumer materials (toys, electronics, food
packaging, food containers), and medical equipment. There are two types of phthalates,
i.e., (i) high-molecular-weight phthalates (2-methylphenyl) phthalate (DEHP) and butyl
benzyl phthalate (BBzP) which are mainly used in PVC flooring, food packaging, and
food containers, (ii) low-molecular-weight phthalates including diethyl phthalate (DEP)
and dibutyl phthalate (DBP) are mostly used in personal care product [1]. As a result of
extensive utilization of goods and materials having phthalates, biomarkers of exposure to
these chemicals, namely, phthalate metabolites in urine, are broadly spotted in the general
population [2,3].

Phthalate esters (PAEs) were widely used as plasticizers to increase the flexibility,
durability, and longevity of polymer materials [4]. However, PAEs could not connect
with these polymers through chemical interactions; thus, they were intended to release
into the atmosphere, freshwater, sediments, soils, and landfills secondly [5]. Ultimately,
most of PAEs migrated and transformed in water through direct discarded, rain wash,
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or run-off [6,7]. PAEs could interfere (with) the normal hormone-regulated processes of
the animals, it is proven that they have potentially carcinogenic and mutagenic effects on
human beings [8,9].

The current treatment methods for DEP include abiotic membrane filtration, pho-
todegradation [10], advanced oxidation [11], biodegradation [12], and adsorption [13].
Among these approaches, biodegradation and adsorption are considered to be the most
effective ways, but the former is limited by bacteria cultures, oxygen content, and a
pretty long period [14,15]. As an operability without a highly efficient, environmentally
friendly, and low-cost technology, adsorption has been widely used to adsorb PAEs in
recent decades [16,17]. The adsorbents used in PAEs adsorption included many carbon-
based adsorbents such as activated carbons [18], carbon nanotubes [19], biochar [20], and
graphene oxide [21].

Contamination of soil and water has become extremely complicated. For example,
water by organic contaminants including phthalate esters has recently become a critical
issue [22]. As a result, there is an urgent need for remediation of contaminated water
using environmentally safe and low-cost sorbents such as biochar. Biochar is produced by
thermochemical conversion of organic substances in oxygen-limited environment. Biochar
has rich and stable carbon content and can be used alone as an additive. It has a signifi-
cant effect on improving the soil environment and improving fertilizer utilization. As a
promising remediation amendment, biochar is a solid, carbon-rich material, produced from
biomass through thermal decomposition in a closed system with little or no oxygen [23].
There are studies about the adsorption of PAEs by biochars in recent years. Sun et al. [24]
prepared a series of chars using grass and wood as feedstock materials, with different
treatment temperatures (200 to 700 °C), to check the PAEs adsorption performance. The
sorption capacity of amorphous biochar (HTT = 400 °C) was maximum, mainly because
of hydrophobic partitioning and specific H-bonding jointly. Their findings showed that
feedstocks influence PAE sorption intensity and mechanism. Abdul et al. [25] explored
the DMP, DEP, and dibutyl phthalate (DBP) adsorption behaviors and performances by
biochar and biochar—graphene (BG) nanosheet composites and concluded that the BG
composites had a higher adsorption capacity comparatively to biochar dominated by the
-1t EDA donor—acceptor interaction and pore-diffusion mechanisms. In addition, the
effects of environmental reaction conditions on adsorption behavior by different ingredients
biochar with significant differences in physicochemical properties remain unclear. Biochar
properties are affected by several technological parameters, mainly pyrolysis temperature
and feedstock kind, which differentiation can lead to products with a wide range of values
of pH, specific surface area, pore volume, CEC, volatile matter, ash, and carbon content.
High pyrolysis temperature promotes the production of biochar with a strongly developed
specific surface area, high porosity, pH as well as the content of ash and carbon, but with
low values of CEC and content of volatile matter. This is most likely due to a significant
degree of organic matter decomposition. Biochars produced from animal litter and solid
waste feedstocks exhibit lower surface areas, carbon content, volatile matter, and high
CEC compared to biochars produced from crop residue and wood biomass, even at higher
pyrolysis temperatures. The reason for this difference is considerable variation in lignin and
cellulose content as well as in moisture content of biomass. The physicochemical properties
of biochar determine the application of this biomaterial as an additive to improve soil
quality [26]. Favorable properties of biochar include its high surface area and porosity, and
ability to adsorb a variety of compounds, including nutrients, organic contaminants, and
some gases. Physical and chemical properties of biochars are dictated by the feedstock
and production processes (pyrolysis or gasification temperature, conversion technology,
and pre- and post-treatment processes, if any), which vary widely across commercially
produced biochars [27]. Several commercially available biochars derived from waste wood
are characterized for physical and chemical properties that can signify their relevant en-
vironmental applications. Parameters characterized include: physical properties (particle
size distribution, specific gravity, density, porosity, surface area), hydraulic properties
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(hydraulic conductivity and water holding capacity), and chemical and electrochemical
properties (organic matter and organic carbon contents, pH, oxidation-reduction potential
and electrical conductivity, zeta potential, carbon, nitrogen and hydrogen (CHN) elemental
composition, polycyclic aromatic hydrocarbons (PAHs), heavy metals, and leachable PAHs
and heavy metals) [28]. A wide range of fixed carbon (0-47.8%), volatile matter (28-74.1%),
and ash contents (1.5-65.7%) were observed among tested biochars. A high variability in
surface area (0.1-155.1 g/m?) and PAH and heavy metal contents of the solid phase among
commercially available biochars was also observed (0.7-83 mg kg’l), underscoring the
importance of pre-screening biochars prior to application [29].

In the present study, we have combined the experiments to investigate the adsorption
behavior and mechanism of PAEs on biochars. We choose three biochars derived from
different feedstock materials as adsorbents and select DEP as a model adsorbate of PAEs.
Adsorption experiments and adsorption influence factors were employed to analyze the
adsorption behavior and to predict the adsorption mechanisms [30,31]. Therefore, the
specific aims are: (1) to elucidate the DEP adsorption capacities on biochars derived from
different biomass feedstocks; (2) to investigate the influence of pH, ionic strength, and
temperature in the reaction system on the DEP sorption capacity; (3) to explore how the
composition of biochars determines the characteristic and further affects the adsorption
effect of DEP; and (4) to figure out the underlying adsorption mechanisms [32]. This work
can help to understand the relationship between the physicochemical properties of biochars
and the mechanisms of DEP sorption onto biochars, thereby presenting the necessary data
for screening the biochar adsorbents for effective DEP removal [33,34].

There are two main innovations in the research. Firstly, the adsorption properties of
various biochar on DEP in solution are analyzed, and the adsorption effects of biochar on
dep under different conditions are discussed. At the same time, the biochar is compared
with activated carbon and graphene. Secondly, a continuous adsorption column experiment
and desorption experiment were used to simulate the adsorption of DEP by the adsorbent,
so as to understand the adaptability and stability of biochar.

2. Materials and Methods
2.1. Materials Collection and Processing

Guarantee grade reagents DEP was purchased from Sigma-Aldrich Co. DEP >99.9%.
For comparison, coal-based activated carbon (CBAC), coconut shell-based activated carbon
(CSACQ), and graphene nanosheets (GR) were selected as reference materials. In this study,
three kinds of biomass waste namely sawdust, giant reed, and rice straw were chosen
and collected locally. The collected feedstock materials were dried, milled, and sieved
to achieve a homogenized particle size fraction in the 50-100 mesh range. Nearly 1 g of
biomass sample was taken onto an aluminum tray, and the sample was heated to constant
weight at 105°C under a halogen lamp. The dried sample was used for further research.

2.2. Biomass Pyrolysis and Experimental Process

Slow pyrolysis was carried out at 400 °C by placing 30 g of biomass content in a
hyper-quality quartz boat within the reactor tube’s core for a residence time of 2 h. During
pyrolysis experiments, N, gas was flowed as a purge gas into the tubular reactor to purge
the residual air, and its flow rate was fixed at 500 mL min~! by using a mass flow controller.
Ceramic tube blocks were positioned on both ends of the sample quartz boat to avoid
energy loss from the tube chamber. The temperature was raised at a rate of 10 °C/min by
an automated PID controller. The sample was held for 60 min after reaching the selected
highest heating temperature (400 °C). The biochar sample was cooled to room temperature
before being removed from the furnace chamber. The prepared biochar was labeled as SDBC
(sawdust biochar), GRBC (giant reed biochar), and RSBC (rice straw biochar), respectively.
Before further study, all the samples were milled to move through a 60-mesh sieve.
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2.3. Physico-Chemical Characterization

The mass balance technique was used to determine the biochar yield (recovery rate).
The CHN elemental analyzer (MicroCube, Elementar, Germany) was used to assess the
elemental composition (C, H, N, O, S) of biochar. A 1:10 (w/v) ratio of KCI solution
(1.0 mol/L) was used to assess the pH values of all samples. Proximate tests of feed-
stock materials were conducted according to ASTM International using a muffle furnace.
The most relevant modified ASTM D1762-84 approach to biochar was applied for prox-
imate analysis of biochar. Using the following Equation (1), FC content was measured
by difference.
Fixed carbon(%) = 100 — (MC + Ash + VM) 1)

The zeta potentials of the biochars at various pH values were measured using a
Zetasizer 3000 HSA system. The elemental results obtained were used to measure the
atomic H/C, O/C, and (O + N)/C ratios, which are representative of aromaticity, bonding
mechanism carbonization strength, and polarity [35]. The characterization details (yield,
Ash, FC, VM, pH, SABET, and detailed description of elemental composition) of biochar
samples are given in Table 1.

Table 1. Bulk elemental composition, ash content, atomic ratio, pH, and EC for raw biomasses
and biochars.

/ Raw SD SDBC RawGR  GRBC Raw RS RSBC CSAC CBAC GR
Yield (%) - 44.26 - 36.58 - 43.7 - - -
C (%) 475 68.2 48.38 77.01 38.17 51.7 89.69 86.01 98.13
H (%) 0.4 2.85 495 2.36 543 2.62 0.6 0.89 0.52
N (%) 432 1.28 0.34 0.12 0.64 0.6 0.01 0.19 0.3
S (%) 0.21 0.01 0.01 0.01 0.06 0.07 0.04 0.01 0.02
O (%) 10.1 4.19 39.76 9.64 52.13 143 7.36 2.56 0.21
Moisture 241 1.23 75 3.2 6.43 2.92 - - -
Ash 0.7 2347 487 9.85 14.23 30.6 231 10.34 0.84
VM 94.8 69.52 68.12 14.17 73.22 214 - - -
FC 2.01 5.78 19.51 72.78 6.12 449 - - -
H/C 0.09 0.4 113 0.34 1.69 0.6 0.07 0.01 0.05
o/C 0.15 0.04 0.59 0.14 1.02 0.2 0.082 0.03 0.02
(O +N)/C 0.7 0.27 0.62 0.24 1.07 0.24 0.083 0.03 0.05
pH 6.1 8.81 5.68 9.59 6.56 9.72 10.15 9.1 5.19
EC (dSm-—1) 0.81 0.89 36.1 2.02 2.11 11.8 - - -

2.4. Surface Area and Porosity

The surface area was calculated using a Brunauer-Emmett-Teller model based on the
N2 adsorption isotherm. All the samples were degassed at 250 °C for four hours under
vacuum before analysis. The surface area was calculated using the Brunauer, Emmett, and
Teller (BET) approach from adsorption data with relative pressures (P/Po) ranging from
0.02 to 0.22. Total pore volume (Vot) and average pore diameter (Dayvg) were determined at
P/Po=0.99. Vinico and Vimeso are the micropore and mesopore volume, and Dyy;cro is the
average micropore diameter, which were analyzed by the NLDFT method.

2.5. Morphology and Functional Groups Analysis

The morphologies and microstructures of all derived biochar samples were investi-
gated by using scanning electron microscopy (SEM, 54800, Hitachi, Tokyo, Japan), coupled
with electron dispersive X-ray analysis (EDX, Hitachi, Japan). A Fourier transformed
infrared spectrometer (FI-IR, Spectrum One, PerkinElmer, Waltham, MA, USA) with a
resolution of 4 cm~! was used to validate the functional groups on the surface of derived
biochars before and after adsorption.
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2.6. Adsorption and Desorption Experiments

The sorption kinetics and DEP isotherms by derived biochars were determined us-
ing a batch equilibration technique. Adsorption tests for biochars and GR were carried
out in 20 mL glass vials, while 60 mL glass vials with Teflon-lined screw caps were
used for activated carbon (AC). The kinetic adsorption experiment was carried out from
24 to 360 h at room temperature (298 K) with an initial DEP concentration (Cp) of 20 mg L1
Adsorption isotherms were performed with DEP initial concentrations ranging from
100 to 1000 mg L~!. Defined quantities of sorbents were applied to DEP solutions in
20 mL (biochars and graphene) or 60 mL vials (ACs) to achieve 20-80% uptake of the ini-
tially applied sorbate at equilibrium. The vials were shaken for 5 days at room temperature
without adjusting the initial solution pH values (6.8-7.0) and ionic strength. The vials
were shaken in the dark at 140 rpm until they reached equilibrium. During this process,
samples were taken out at interval times to find out the DEP concentration in the solution
for adsorption kinetics analysis. For investigating the effect of pH on DEP adsorption, it
was carried out by adjusting the initial solution pH value at a range of 2.5-10. For the
effect of ionic strength on DEP adsorption, the initial solution of NaCl concentration was
previously set at a range of 0.001-0.2 M. Blank experiments were conducted following the
adsorption experiment procedure except that no sorbents were added. DEP losses due to
photodegradation adsorption to the vials were found to be less than 3% of the DEP dosed.

For desorption kinetics, DEP-loaded sorbents were firstly prepared by mixing sorbents
and DEP solution with the same solid-to-solution ratios in adsorption kinetics. After
loading with DEP, the derived DEP-coated sorbents were filtered and freeze-dried. Similar
to adsorption kinetics, fixed amounts of DEP-loaded sorbents were added into either 20 mL
(biochars and graphene) or 60 mL vials (ACs), and the vials were shaken in the dark at
140 rpm for 10 d. During this process, the DEP concentration in the solution was determined
at interval times. Desorption kinetics was also conducted on the basis of batch experiments.

The adsorption experiment was used to investigate the potential application ability of
biochar to DEP, and the desorption experiment was used to analyze the desorption kinetics.
The desorption kinetics of DEP on biochar adsorbent is shown in Formula (2).

St K fastt —Kejowt

So = Fpaste /%" + Fypgppe™ v @)
where Sy represents the dep concentration attached to the adsorbent before desorption; S;
represents the dep concentration attached to the adsorbent after ¢ time desorption; Fyg;.
Fi10u represents the distribution ratio of fast and slow desorption, and the sum of the two is
1; kfast- ksiow is the reaction rate constant.

2.7. Analysis of DEP

To avoid any cosolvent influence, the volume proportion of methanol for each vial’s
ultimate solution was held below 0.1 percent (v/v). The concentration of DEP was measured
by HPLC (1260 Series, Agilent Technologies, Japan) equipped with a reversed-phase C18
analytical column (4.6 mm x 250 mm, 5 um) and a UV detector. The detection wavelength
for DEP was set at 228 nm after determining its maximum adsorption. The mobile phase
solvent profile was 8:2 (v:v) of methanol and ultrapure water at a constant flow rate of
1 mL min~!. The temperature of the column was kept at 40 °C, whereas the injection
volume was 20 pL and the retention time of DEP was 3.9 min.

2.8. Statistical Analysis

The adsorption amount (Q;) was calculated according to:

(Co—CHV
m

Qr= 3)
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where Q; represents DEP adsorption quantity at time ¢ (mg g 1), m denotes biochar mass (g),
V is the solution volume (L), and Cy and C; are the initial concentration and concentration
at time t, respectively, of DEP in solution.

The adsorption isotherms of DEP sorption onto biochars were described using Lang-
muir (Equation (4)) and Freundlich (Equation (5)) models:

_ QmKLCe
Qe = m 4)
Qe = KpC,' ®)

where C, is the equilibrium aqueous concentration of DEP (mg L™!), Q, is the equilibrium
adsorbed concentration of DEP (mg g~!). The parameters K; (L mg~') and K¢ (mg g~ 1)
(mg L~1)~N are the adsorption coefficients of Langmuir and Freundlich, respectively.
Qm (mg g~1) is the maximum adsorption capacity of DEP. The N is often used as an
indicator of isotherm nonlinearity.

The kinetics of DEP sorption onto biochars and desorption from biochars was fitted
using pseudo-first-order kinetic equation (Equation (6)), pseudo-second-order kinetic
model (Equation (7)), intra-particle diffusion model (Equation (8)), and two-compartment
first-order kinetic model (Equation (9)), which are presented as follows:

Q= Qe(1—e M) ©6)
ko Qi
=T kQ 7
Qr = kst™+b )
% = ffast (1 — @_kfﬂsf‘t) +fSlUZU (1 _ e*ksluw't) (9)

where ki (h™1) is the pseudo-first-order rate constant, k; (g rng’l h~1) is the rate constant
of the pseudo-second-order adsorption, k3 (mg g~! h~09) is the intraparticle diffusion rate
constant, and b is a constant. fg and fy,;, are the distribution ratios of fast desorption
and slow desorption, respectively, and fust + fsiow = 1, Kast (h™1) and kg, (h™1) are the
rate constants of the fast and slow desorption process. Q; is the desorption amount of
DEP at t time and Q, (mg g~ ') is the equilibrium adsorption concentration of DEP. The
thermodynamic process of DEP sorption on biochars was described using the equations
below [36,37].

AGO = —RT InK (10)

1 AH
ll‘la = 1I1K+ (RT) (11)
AGO = AHO — TASO (12)

where K is the thermodynamic equilibrium constant without units and estimated to be
Ky approximately, R (8.314 J-mol~!-K~1!) is the gas constant, and T (K) is the absolute
temperature. AG? is the Gibbs energy change, AH is the enthalpy change, and AS? is the
entropy change. AH” can be calculated from the respective slope of the plot of In 1/C,
against 1/T theoretically yields straight lines.

The contribution ratios of adsorption and partitioning of DEP sorption on biochars
were calculated using the dual model:

Qr = Qua +Qp = T L KpC (13)

where C, (mg L™1) is the equilibrium aqueous concentration of DEP. Q,; (mg g~ ') and
Qp (mg g~ 1) are the adsorptions and partition portions, respectively, Qs (mg g~?) is the
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equilibrium adsorption capacity of DEP, K, (L mg’l) and K, (L mg’l) are the absorbed
coefficient and the partitioning coefficient, respectively.

3. Results and Discussion
3.1. Characteristics of Feedstocks

Biomass is a complex biological fuel that is developed from organic or non-organic
materials, a renewable and sustainable source of energy [38]. Woody and non-woody
biomass are the two types of biomass. Woody biomass is mainly made up of forestry and
tree residues. Low moisture, low ash, high calorific value, high bulk density, etc., are all
features of woody biomass. On the other hand, for non-woody biomass (agricultural crops
and residues, livestock waste, municipal, and industrial solid waste), vice versa phenomena
are found [39]. The physicochemical properties of biomass have a major impact on the
quality of derived biochar. The moisture, ash, VM, and FC contents of the feedstock SD
were 2.41, 0.7, 94.88, and 2.01%; for feedstock GR were 7.5, 4.87, 68.12, and 19.51%, and for
feedstock RS were 6.43, 14.23, and 73.22, respectively. All the feedstock materials contain
lower content of carbon (<50 wt%) than their corresponding biochars derived at 400 °C.

3.2. Characteristics of Biochars
3.2.1. Mass Yield, Proximate and Elemental Composition

In this study, the biomasses used were significantly different from each other. Table 1
lists results from the basic analysis and physicochemical characteristics of feedstock and its
biochars produced at 400 °C. The yield of biochar ranged from 44.26% (SDBC) to 33.37%
(corn straw). The trends in mass yield were slightly different depending on the kind of
feedstock; although, the treatment temperature during pyrolysis was the same. The loss in
mass yield of agricultural feedstocks is usually greater than that of woody biomass because
of their higher hemicellulose level [40].

The proximate analysis results indicate that the VM of all derived biochars declined,
and FC boosted up differently based on feedstock type and especially the ash content of
biomass. As predicted, the removal of VM and inorganics accumulation in biomasses
resulted in increased ash content in all derived biochars as the temperature reached 400 °C.
The processing of biochars with various physicochemical properties is facilitated by a wide
range of moisture and ash content in biomass.

The biochars varied widely in their elemental composition largely because of the differ-
ences in the feedstock. The C and H content in the derived biochar would greatly affect its
pyrolysis activity. After pyrolysis, the C and H contents in all derived biochars were found
to increase. The C content ranged from 51.70% (for RS) to 77.01% (for GR), indicating that
different biomass materials have different degrees of carbonization at the same treatment
temperature. Almost all derived biochars had a lower range of N and S material, which
was largely determined by the feedstock and pyrolysis temperature. This phenomenon of
N loss by the obtained biochars may be attributed to volatilization and is consistent with
previous findings. The worthiness of a biochar can be assessed by measuring aromaticity,
carbonization degree, and maturation level, conducted by calculating molar ratios of H/C
and O/C [41]. The aromaticity (H/C) and bulk polarity (O=N/C) for all derived biochars de-
creased as compared to their corresponding feedstock material. As per the European Biochar
Certificate (EBC), biochars are described as pyrolyzed materials that contain >50 percent
total carbon, <0.7 H/C, and <0.4 O/C [42]. Therefore, based on EBC guidelines, all py-
rolyzed biomasses derived were biochars.

3.2.2. Surface Morphology

Scanning electron microscope (SEM) micrographs were used to examine the visual
biochar display. The porous structure of produced biochar is demonstrated by the surface
morphology. More pores on the surfaces were clearly witnessed in all derived biochars.
As the volatiles were released during pyrolysis, the solid matrix of biomass components
(hemicellulose, cellulose, lignin, and extractives) became softened, resulting in the devel-
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opment of swollen structures and bubbles [43]. The surface of the rod-shaped biochars
was relatively flat and abundant in the micro-porous structure, and the surface of the husk
biochar was rough. Volatiles obstruct some pores, and the ash content may minimize
pore volume.

3.2.3. Change in Surface Functional Groups (FTIR Spectroscopy)

FTIR spectra were used to examine the qualitative and quantitative proportions of
surface functional groups. Figure 1 indicates the FTIR spectra of all derived biochar samples
treated at the same temperature. The typical spectrum of FTIR for biochar materials affirms
various absorbance bands and variations in the distribution of several functional groups.
Several bands around 3400 may be assigned to the aliphatic O-H stretching, from 1610
to 1640 cm ™! for carboxyl O-C=0 stretching, from 1080 to 1110 cm~! for alkoxy C-O
stretching, at 1644 em !, 1420 cm ! and 618 cm ! for benzene ring C=C, -CHj, and C-N
stretching were observed. The peak intensities at 1610 were progressively enhanced with
increasing aromaticity, indicating an augment of C=0O bonds following the decomposition
and dehydration process. Moreover, studies showed that when the pyrolysis temperature
was lower than 500 °C, the aromatic C=0O bond was greatly retained [44].

-OH c-0 -C-O CN
3415 1610 1110 618
GR : LN
CSAC ™™
- A

CBAC

RSBC

=

Transmittance

DI

./_\
=
ﬁ

SDBC

|

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm)

Figure 1. Characterized biochars FTIR spectra of biochars.

3.2.3.1. pH, Electric Conductivity, Surface Area, Porosity

The amount and structure of inorganic mineral components determine the chemical
features (pH, EC) of biochar. The pH and EC of all derived biochars were higher compared
to their corresponding feedstock.

The surface area of Biochar (BET) is a critical factor in determining its ability to adsorb
and retain contaminants and nutrients. The surface area of all obtained biochars increased,
especially that of the giant reed biochar which increased from 3.21 to 49.63 m? g~ (Table 2).
Increased treatment temperature results in precipitation of VM, which later raises the
number of micropores, causing an increase in the specific surface area and pore volume [45].
In general, the surface area of derived biochar increases with the pyrolysis process, due
to the generation of porosity [46]. Moreover, the surface area of CBAC was as high as
798.50 m?/g. The micropores for GRBC and RHBC were abundant, and for other biochars
were very limited. Overall, the interactions between different biochars and DEP at the
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solid-water interface could be influenced by significantly different pore structures and
physicochemical properties of biochars.

Table 2. Pore structure parameters of the adsorbents.

/ Raw SD SDBC Raw GR GRBC Raw RS RSBC CSAC CBAC GR
B
(SrfET/g) 11.07 7.35 49.63 6.74 36.53 549.90 798.50 35.11
Smicro - 2.72 - 30.63 - 15.87 773.80 934.60 35.76
Smeso - 6.64 - 36.71 - 10.23 52.68 78.01 24.05
Viot cm®/g) - 0.01 - 0.05 - 0.02 0.34 0.45 0.05
Vmicro - 0.01 - 0.01 - 0.02 0.28 0.33 0.01
Vineso - 0.01 - 0.05 - 0.02 0.07 0.11 0.04
Davg (nm) - 4.83 - 4.65 - 523 2.50 227 5.30
Dpmicro - 2.38 - 1.56 - 1.96 141 1.30 2.35
The pH of all biochar ranged from 8.81 (SDBC) to 9.72 (RSBC), which was mainly due
to the ash content and high aromaticity of biochar [47]. The ash content of different biochars
ranged from 10.85 to 31.37, and it could be found at 30.68 and 31.37 for RSBC and GRBC.
3.3. Adsorption Isotherms of DEP on Biochars
The adsorbed isotherms could be applied to type-I (simple L-shaped) according to the
IUPAC, which usually happened upon the interface of the microporous [48]. Therefore,
the Langmuir model (LM) and the Freundlich model (FM) were used to describe the
isotherms. The fitting parameters are listed in Table 3. It seemed that the FM fitted better
than LM with an adjusted coefficient radjz above 0.989. The N values ranked in the order of
RSBC < GRBC < CSBC < SDBC (0.79). Lower N values indicated less heterogeneous and
a wider adsorption site distribution while higher N values implied a more homogeneous
surface with a limited sorption site on the biochars surface [49], implying that there were
more potential sites on the RSBC surface, thereby improving the adsorption of DEP on it.
Table 3. Parameters of DEP sorption isotherm on different biochars fitted by Langmuir and Fre-
undlich models.
Langmuir Model Freundlich Model
Samples K;(Lg™h) Kr (me -1 K
-1 -1 2 Ce=05 Ce=5 Ce=50 f'm8E n 2 Ce=05 Ce=5 Ce=50
Qnmgg™D 1 Lmg™D  Ruy® TE527  mgl  mgrr  mgL-™ N' Ra® (5507 017 mgl
SDBC 18.39 0.53 0.98 0.09 0.09 0.07 0.17 0.79 0.98 0.20 0.12 0.08
GRBC 46.04 0.01 0.99 0.60 0.57 0.36 1.13 0.71 0.99 1.38 0.70 0.36
RSBC 31.54 0.01 0.97 0.57 0.53 0.30 1.30 0.62 0.99 1.69 0.71 0.29
CSAC 261.04 6.96 0.96  406.01 50.70 521 186.01 0.10 0.84 348.00 43.60 5.46
CBAC 359.58 1.98 0.80  358.01 65.30 7.12 215.01 0.15 0.98 387.00 55.10 7.84
GR 10.94 0.37 0.93 3.42 1.42 0.21 442 022 0.96 7.57 1.27 0.21

The sorption coefficient K4 values were calculated by the given Ce and corresponding
Qe (Kg=Qe/Ce, L g_l). It represented the bulks for biochar’s sorption and as the Ce values
increased, the Ky values for all the adsorbents dramatically decreased. The K4 values were
lower ranked in the order of CSBC < SDBC < WSBC < RHBC < GRBC < RSBC under low
concentration (Ce = 0.5 mg L™!), compared with the K4 values at a high concentration
(Ce =50 mg L~!) which ranked in the order of CSBC < SDBC < WSBC < RHBC < RSBC < GRBC.
This phenomenon could mainly be attributed to the different adsorption mechanisms at
various DEP concentrations. The maximal adsorption capacity of the DEP by the biochars
was in an order of GRBC (46.04 mg g~ ') > RSBC (31.54 mg g~ !) > SDBC (18.39 mg g~ ')
> RHBC (11.40 mg g~ !) > WSBC (10.28 mg g~ !) > CSBC (5.08 mg g~ !). Interestingly, the
Qe was relatively high for SDBC, which had relatively low K values, thus it had further
proved the different adsorption mechanisms among biochars. As shown in Table 1, the
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O/C and (O + N)/C ratios of SDBC were far less than other biochars, which means less
aromaticity and polarity, but a strong hydrophobic interaction that might dominate the
adsorption of insoluble DEP on SDBC. Moreover, this finding was consistent with previous
research that wood biochar was found to have stronger hydrophobic partitioning into soft
alkyl carbon of PAEs in comparison to grass biochars.

The adsorption capacities of two kinds of activated carbon on DEP were much higher
than in other carbonaceous materials. For example, the Qn, (359.58 mg g~ 1) of CBAC is
7.81 and 70.78 times of GRBC. What is more, similar studies were found in the adsorption
coefficient Kd, which was also much larger than other adsorbents. These results together
demonstrated the superiority of adsorption capacities in adsorbing DEP of ACs relative
to biochars.

3.4. Effect of pH, Ionic Strength, and Temperature on Adsorption

Adsorption of PAEs on carbonaceous materials (e.g., activated carbon, coal-chitosan
composites) was highly dependent upon pH values, which influenced the properties of
sorbent surfaces and pollutants [50,51]. Batch sorption experiments were carried out at
pH values ranging between 2.5 and 10 to estimate the adsorption capacities of DEP. The
equilibrium absorption capacity (Q.) is depicted in Figure 2a. Obviously, the process
of DEP adsorptive was decided by the pH from the data. The best adsorption capacity
was observed at acidic pH 2.5, and the Q. decreased markedly with the initial pH value
increased except for CSBC.

1
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Figure 2. Effect of pH and ionic strength on DEP adsorption by absorbents.(a) Effect of pH on the
adsorption of SDBC, RSBC and GRBC; (b) Effect of pH on the adsorption of CBNC, CSAC and GR;
(c) The ionic strength (IS) influences on the adsorption of SDBC, RSBC and GRBC; (d) he ionic strength
(IS) influences on the adsorption of CBNC, CSAC and GR.
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To investigate the effect of pH on the adsorption process, we examined the electrical
properties of the adsorbents and DEP. Surfaces of biochars were electronegative throughout
the pH range, which may be due to the protons being abstracted from the -COOH group
of biochars to form the carboxylate group in solution, whereas the RHBC's highest elec-
tronegativity may be attributed to the existence of a large number of silicate groups [52]. In
contrast, the ACs and GR experienced a change in surface charge from positive to negative
with pH increased. In the case of DEP, one hydrophobic group (aromatic) and two car-
boxylic groups (pK,1 = 3, pK,2 = 5.4) are present in phthalic acid, respectively [53]. Because
of the high H* ion concentration in solution, it occurred in the shape of phthalic acid at
lower acidic pH values. The negative groups of phthalic acid (H,-PA) molecules existed
when it comes to a pH of more than 3. For a pH between 3 and 5.4, it was H,-PA/H-PA™,
and for a pH greater than 5.4, it was presented as Hy-PA/ H-PA2~. Therefore, it means
diverse interactions between DEP and adsorbents with different charges. As revealed by
Ayranci and Bayram [54], it was attributable to electrostatic interactions between DEP and
ACs. However, the DEP adsorption on biochars could be attributed to hydrophobicity and
dispersion, and the increase in hydroxyl ions at a basic pH range dominated to form aqua
complexes thereby restraining the sorption process.

The ionic strength (IS) influences on the adsorption of DEP to all derived biochars are
depicted in Figure 2c. The adsorption of DEP to biochars was significantly increased by
18.32% to 68.45% with an increasing NaCl concentration from 1 mM to 200 mM, indicating
that it was favorable for adsorption with a higher IS concentration. A number of studies
have shown that ionic strength can promote the accumulation of carbon materials to form
a highly dense framework because of the squeezing-out impact, thereby inhibiting the
binding of organic contaminants [55,56]. On the other hand, other studies found that
the K4 value of organic solute sorbed to non-aqueous phases increased as ionic strength
increased [57,58], and the sorption capacities were significantly connected with the presence
of dissolved ions, which had an influence on solute solubility in neutral aqueous, because
of the salting-out and electrostatic screening effects [59,60]. Nevertheless, there is no
significant effect of IS on DEP adsorption to K/Ca-clay minerals. Therefore, the effect of IS
on adsorption capacities depended on the virtual input of these two differing effects. The
little effect on the adsorption of DEP by GR suggests that the two kinds of effects might be
too mild since no squeezing-out effect on graphite was found [61]. Therefore, it was highly
dependent on the solubility of the organic pollutant adsorption process; with the increased
NacCl concentration, the solubility of DEP was reduced, which made it certain that more
adsorption would occur between DEP and biochars due to the “salting-out effect”.

Estimations of the free energy AG® during the adsorption process were calculated us-
ing the LM isotherm. Then, the AH? and AS values were obtained derived from the Van't
Hoff equation. The variation of the values at different temperatures means the adsorption
thermodynamic process. As shown in Figure 3, from the DEP adsorption isotherms at three
different temperatures (15 °C, 25 °C, and 35 °C) of adsorbents, it could be clearly seen that
a lower temperature facilitated DEP adsorption, and the calculated AGY was less than zero,
indicating that the adsorption processes were spontaneous. The different negative values
of AH indicate the adsorption processes of the heterogeneous surface of the biochars.
Initially, a more negative AHY means that DEP molecules adsorb on the adsorbent surface
at high-energy sites, but with the increasing adsorbate concentration, the high-energy sites
on the surface were occupied, and the AH? value was less negative, meaning that DEP
molecules had to adsorb on the relatively low-energy sites surface [62]. The big changes
in AH? and ASY values for GRBC mean that it was a complicated combination of micro-
pore filling, hydrogen bonding, and 7— interactions together for the adsorption of DEP
on GRBC.
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Figure 3. Effect of temperature on DEP adsorption onto absorbents.

3.5. Adsorption and Desorption Kinetics

The adsorption kinetics reflected the solid-liquid interface reaction rate and revealed
the chemical adsorption mechanism to some extent. Adsorption kinetics was studied
using pseudo-first-order and pseudo-second-order kinetic models. The Pseudo-second-
order kinetic model looks perfect with high correlation coefficients (Rzadj > (0.916) than the
pseudo-first-order model. It reached adsorption equilibrium within approximately 196 h,
a much slower adsorption rate than ACs and GR. The adsorption rate (k) of biochars
decreased as followed by CSBC > WSBC > RHBC > RSBC > GRBC > SDBC, and it seemed
that different biochars’ porosities and variations may trigger diffusive interaction time at
the start of the sorption process. Due to ample pore structure in the CSBC surface trap, the
higher k, obtained results for CSBC indicated maximum movement of DEP molecules on
biochar surfaces in a short period of time (Figure 1). However, the Q, of CSBC was the
lowest, which might be due to its relatively low SA and total pore volume.

In pursuance of making the adsorption mechanisms and rate-controlling
measures more understandable, the intra-particle diffusion model was also used to match
the adsorption kinetics. =~ The GRBC showed the highest k3 value following
RSBC > RHBC > WSBC > SDBC > CSBC, the contrast rank between k3 values and k;
values means that biochars that had fast adsorption capacities might have a simple surface
diffusion effect, mainly dominated by the less layered porous structure internally for the
diffusion and transport of DEP molecules. On the contrary, there were plenty of adsorbed
sites on GRBC for working initially when the concentration of DEP was relatively high.
The contaminant diffused, migrated to the surface of the biochars immediately, and the
adsorption sites to the surface of biochars were consumed. Then, the DEP molecules
with functional groups started spreading and coupled with the GRBC internal channel
with different functional groups; this was a relatively slow and long adsorption process.
Thereby, intra-particle diffusion was the dominant factor during this progress. Eventually,
the adsorbed sites of the biochars were all completely taken up and it would reach the
adsorption equilibrium.

The desorption kinetics of DEP is displayed in Figure 3, and the desorption parameters
including fast and slow rates were analyzed by the two-compartment first-order model, as
listed in Table 3. The desorption process was relatively slow. The Fg; values were less than
0.25, much lower than Fj,,,, while the slow desorption rate constants (kg,,,) were much
smaller (three or four orders of magnitude) than fast desorption rate constants (kgs;). On
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the other hand, the DEP equilibrium desorption efficiency was less than 10.5%, except for
CSBC, meaning that it was stable for the DEP adsorption on biochars.

3.6. Adsorption Mechanisms

The dual model was used to assess the contributions of adsorption and partitioning of
DEP on biochars, as shown in Figure 3. It fitted well for all the biochars with the adjusted
coefficient radjz above 0.99. The amount of adsorption (Q,,) and partitioning (Q,) of DEP
on biochars was calculated based on the calculated Q,;;, and constants with different initial
DEP concentrations. The adsorption (79.25-93.72%) of DEP was greater than partitioning at
a low concentration range; however, the partitioning (56-84.13%) dominated the adsorption
process at a higher DEP concentration, except for GRBC which held a relatively high Q,;
(89.61-93.82%) at all stages. This might be due to the occupied adsorption site with the
increased DEP concentration, and partitioning into the hydrophobicity and a polarity
structure of biochars [63]. The Q,; values increased SDBC < RSBC < GRBC at the low
concentration and this result is consistent with the Kd values calculated from the FM model.
Surface polarity might have a high effect on the adsorption affinity; however, there was
no virtual correlation between the values of Kd and (O + N)/C, because the character of
biochars derived from different raw materials might vary greatly. Therefore, the mechanism
was complex, and pore filling was not the only adsorption mechanism.

3.7. Comparison of Adsorption Effect

The agricultural waste biochar was made from sawdust, reed, and rice straw. In order
to specifically analyze the difference in adsorption effect between the proposed biochar and
other biochar, a comparative experiment was constructed, as shown in Figure 4. It can be
seen that comparing the adsorption effect between agricultural waste biochar and other
biochar shows that the curve change trend between them is consistent.

1.0

— Agricultural waste

— Other wastes

09 F

SSo

0.8 F

07 1 1 1 1
2 50 100 150 200 250

Time (h)
Figure 4. Comparison of biochar source types.

4. Conclusions

Dep is a control pollutant in the quality standard of drinking water in China, so
effective adsorption of DEP in water is the key to ensuring the quality of drinking water. In
the study, biochar was used to treat DEP in water. In order to analyze the removal effect
of biochar on DEP in water, sawdust, reed, and rice straw were pyrolyzed into biochar at
400 °C. The experiment showed that the surface area of biochar participating in the test
significantly increased. The surface area of CBAC was as high as 798.50 m?/g. The higher
surface area increased the adsorption capacity of biochar; that is, a more efficient adsorption
performance. It was found that the higher the pH, the lower the adsorption capacity. When
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the pH value was 2.5, the adsorption effect was the best. In addition, with the increase
in NaCl concentration, the solubility of DEP decreased under the action of biochar. The
stability of DEP adsorption on biochar was determined by the desorption experiment. The
results showed that the equilibrium desorption efficiency of DEP was less than 10.5%,
indicating that the adsorption of DEP on biochar was stable. Finally, the difference in the
adsorption effect between biochar made from agricultural waste and other biochar was
compared. The results showed that the adsorption effects of the two biochar were similar.
Therefore, from the research results, it can be seen that pyrolysis of agricultural wastes and
other biomass wastes into biochar as an adsorbent for organic pollutants is an effective
technology to utilize typical waste resources.
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