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Surface Functionalizing Woody Biochar with UV
Irradiation to Promote Adsorption of Heavy Metals
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To promote adsorption capacity of biochar as engineering material,
pinewood biochar (PC) and bamboo biochar (BC) were prepared by slow
pyrolysis (700 °C) and then directly irradiated with UV light at room
temperature. The elemental analysis, SEM, FTIR, XPS, and Boehm
titration measurements showed that UV irradiation significantly increased
the BET surface area, porosity, and surface oxygen functional groups of
the biochar. After UV treatment, the BET surface areas of PC and BC were
increased by 63.0% and 217%, while the amount of total (acidic) groups
increased by 62.0% (155%) and 24.9% (28.2%), respectively. FTIR and
XPS measurements suggested that photochemical reactions, including
photodegradation and photooxidation processes, may play primary roles
in altering biochar the pore structure and surface functional groups of
biochar. The Langmuir model capacities (gmax) of modified PC and BC
were increased by 94.5% and 50.5% for Pb (ll), 18.5% and 13.7% for Cd
(1), respectively, compared to their unmodified counterparts. This study
examined the effects of UV irradiation on the surface properties of biochar
and demonstrate its potential as an effective, simple, and green method
for functionalizing biomass material.
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INTRODUCTION

Industrial activities related to mining operations, metal plating, petroleum refining,
tanneries, batteries, pesticides, paints, and pigment manufacturing generate a large amount
of waste streams containing high concentrations of heavy metals (Asuquo et al. 2017).
Heavy metals (HMs) such as lead (Pb), cadmium (Cd), copper (Cu), mercury (Hg), and
chromium (Cr) are highly toxic to many living organisms due to their acute and chronic
lethal effects (Singh et al. 2021). Therefore, wastewater containing HMs must be treated
to reduce the concentration to a prescribed level prior to being discharged into the
environment. Technologies have been established to remove heavy metal ions from
aqueous solutions, including chemical precipitation, ion exchange, flotation,
electrochemical techniques, membrane separation and adsorption (Singh et al. 2021; Zeng
et al. 2024). Among the mentioned treatments, adsorption is an attractive process with the
advantages of wide adaptability, simple operation, and the possibility of metal recovery.
Many inorganic minerals and organic carbon materials have been currently used as
sorbents for HMs removal (Xiao et al. 2017). The sorbent has a crucial impact on the

Wang et al. (2024). “UV irradiated biochar for metals,” BioResources 19(4), 7566-7590. 7566



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

economic and performance aspects of the adsorption process. Therefore, the development
of high efficiency and low-cost materials is still needed. Biochar is a carbonaceous material
that can be produced from biomass by a pyrolysis process. It has a unique structure and
physicochemical properties that are receiving attention as an emerging sorbent for the
removal of organic pollutants, nutrients, and HMs (Liu and Zhang 2009; Liu et al. 2019;
Yin et al. 2018; Hou et al. 2022) in water. Biochar products are considered affordable and
sustainable because they can be produced from a wide range of renewable sources in
agriculture, forestry and municipal industries such as crop straw, livestock manure, branch
and sawdust, and sewage sludge (Li et al. 2017). Unfortunately, biochar generally has a
low specific surface area and fewer chemical groups, such that it exhibits a relatively low
adsorption capacity. Therefore, exploring appropriate modification methods to enhance the
adsorption performance of biochar is of great interest.

Over the past decade, physical and chemical modifications have been investigated
to improve biochar adsorption performance on HMs. Physical methods are usually
performed by heating or soaking with gaseous CO:2 or steam under relatively high
temperatures, which significantly increases the surface area and pore volume of biochar
(Zhang et al. 2014; Li et al. 2017). However, thermal treatment is energy-intensive and
eliminates some of the surface functional groups because these moieties could be
decomposed under high temperature conditions (Zhang et al. 2014). In contrast, chemical
treatments have been extensively studied because, in many cases, they improve the porous
structure as well as enrich the surface chemical groups (Chu et al. 2019; Kumar et al. 2022).
The most commonly used chemical methods include acid and alkali treatment, surface
oxidation, functional substance coating, and functional group anchoring (Hou et al. 2022;
Kumar et al. 2022). However, conventional chemical treatments involve relatively
complicated operations and result in secondary pollution.

Recently, UV irradiation has attracted great attention for its application in materials
science. Previous studies have demonstrated that UV irradiation can alter the
microstructural, chemical, and mechanical properties of organic material as an applicable
method for material synthesis, performance evaluation and surface modification (Parekh
et al. 2006; Cheng et al. 2012; Wang and Liu 2013; Raja 2015). These efforts reveal that
UV irradiation has remarkable influences on the surface chemistry of carbonous materials.
For example, under the exposure of UV irradiation, —CH2 was gradually depleted,
accompanied by the increase of carbonyl and hydroxyl groups on the surface of a styrene-
butadiene-styrene copolymer (Tan et al. 2010). UV irradiation also gave rise to the
formation of carboxylic functional groups on the surface of carbon nanotubes (Raja 2015).
The results implied that UV light has potential applications to functionalize the biochar by
changing the surface properties. In addition, UV modification has many advantages, such
as a simple procedure, room temperature reactions, integrated operation settings, and no
additional chemicals. The authors’ previous research showed that UV irradiation
substantially affected the surface properties of biochar and promoted the adsorption
capacity for gaseous benzene and toluene (Li et al. 2016). Peng et al. (2018) reported an
18-fold increase in the sorption of aqueous Cr (V1) on the UV modified biochar compared
to the pristine biochar. These investigations indicated that UV irradiation increased both
the specific surface area and oxygen functional groups of biochar. However, the study of
modification mechanisms on biochar surface under UV irradiation has been limited.
Meanwhile, research on biochar from woody biomass is lacking, which is different in
texture and physicochemical nature from the reported biochar from fruit shell (Li et al.
2016) and herbaceous biomass (Peng et al. 2018). The knowledge gained will be conducive
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to further understanding and evaluating the potential of UV irradiation for functionalizing
biochar.

In this study, bamboo biochar and pinewood biochar were employed to compare
the outcomes of UV irradiation. The interfacial chemical behavior with respect to UV
photochemical reactions on different biochar materials was then analyzed through surface
physicochemical property measurements. Adsorption experiments were conducted to
evaluate the effect of UV modification on HMs removal of biochar. The main objectives
of this study are to explore the physical and chemical characteristics of biochar modified
by UV light irradiation and the reaction mechanisms. Additionally, the influences of UV
modification on the Pb (1) and Cd (II) ions adsorption performance of biochar are also
considered.

EXPERIMENTAL

Biochar Preparation

Pinewood and bamboo strips were obtained as feedstock from a local timber
processing plant in Chongging, China. After being rinsed with pure water and oven dried
(80 °C for 24 h), the feedstocks were fed into a tubular furnace (KFT, Qianjing Corp.,
China) where nitrogen gas was purged at the flux of 300 mL min to expel oxygen during
carbonization. The biomass was carbonized at pyrolytic temperature of 700 + 1 °C for 1.0
h. Then the solid residues (i.e., biochar) were crushed for sieving to 0.20 to 0.35 mm
particle size. The granular biochar samples were mixed with a 10% (v/v) hydrochloric acid
solution for 12.0 h and rinsed three times with pure water to remove impurities. Finally,
the products were oven dried at 105 + 1 °C for 24 h and stored in a desiccator as original
biochar for future use.

UV Modification

UV modification was performed in a chamber with a 1000 W high-pressure
mercury lamp (XZC1000, Xingzhucheng Corp. China). The wavelengths of the lamp
ranged from 350 to 450 nm with a major peak at 365 nm. A pre-weighed 10.0 g amount of
original biochar was layered in a flat bottom ceramic disc (diameter = 7.0 cm), and then
the disc was placed under the UV lamp at a distance of 8.0 cm. The biochar samples were
irradiated for 16.0 h according to the result of an iodine value assessment carried out
previously (Fig. S1). The samples were then re-sieved to a particle size of 0.20 to 0.35 mm
and were ready for testing without further treatment. The biochar samples were referred to
pinewood char (PC), bamboo char (BC), modified pinewood char (MPC) and modified
bamboo char (MBC), respectively.

Biochar Characterization

The pH of the biochar was measured using a model PHS-3E pH meter (Shanghai
INESA Corp., China). The pH was evaluated for the solution in which the biochar was
mixed with 1:20 solid to water ratio for 0.5 h of shaking. Elemental analysis of the biochar
bulk was performed using a CHONS elemental analyzer (Vario EL Ill, Elementar
Company, Germany), calculating O content by weight difference between the sample and
the sum of C, H, and N. The elemental composition of the biochar surface was determined
by X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher, USA). The
survey scans and high-resolution scans for C 1s and O 1s were achieved by monochromatic
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Al Ka radiation. The binding energy of the spectra was calibrated by setting the C 1s sp?

hybridized electrons to 284.8 eV. The spectra were fitted using the Avantage software
package V5.976 (Thermo Fisher Scientific Corp., USA). Cation exchange capacity (CEC)
was determined following the ammonium acetate (NH4OAc) method, as described in
reference (Carter and Gregorich 2006). The Brunauer-Emmett-Teller (BET) surface area,
pore volume, and pore size distribution were determined using a Micromeritics ASAP 2020
nitrogen adsorption apparatus (Micromeritics, Co., USA) at 77 K. Fourier transform
infrared spectroscopy (FTIR) analysis was performed using a Nicolet 5DXC FTIR
spectrometer (Thermo Scientific Company, USA) to characterize the surface functional
groups. The infrared spectra were collected in a range of 400 to 4000 cm™ with a resolution
of 4.0 cm™. The Boehm titration method was used to quantitatively determine the oxygen
containing functional groups on the biochar surface based on the reference (Karthik et al.
2023). The physical morphology of biochar surface was examined using a scanning
electron microscope (Nava 400 FEG-SEM, USA) under an acceleration voltage of 10.0
kV.

Adsorption Experiments

All chemicals were analytical grade. Stocking solutions of Pb (11) and Cd (I1) ions
were prepared by dissolving Pb (NOs)2 and Cd (NOs)2 in deionized water at metal
concentrations of 1000 mg L. In batch sorption experiments, 0.15 g of sorbent was added
to a 50 mL stoppered polypropylene vessel containing 25.0 mL of Pb (11) or Cd (l1)
solution. The initial solution pH was adjusted with 0.1 M HNOs or NaOH solutions. The
vessel was agitated on a shaker at 150 rpm under 25+1.0 °C. For the adsorption Kinetic
study, the initial pH was adjusted to 5.0 and the concentrations of Pb (Il) and Cd (1)
solution were of 200.0 mg L and 100.0 mg L%, respectively. The suspension in the vessel
was extracted and filtered through a 0.45 um nylon membrane at predetermined time
intervals. The concentration of the remaining metal ions in solution was determined using
a TAS-990 atomic absorption spectrophotometer (Persee Corp., China). Adsorption
isotherms were carried out at initial pH of 5.0 and initial concentrations of Pb (I1) and Cd
(11) ranging from 30.0 to 800.0 mg L* and from 10.0 to 500.0 mg L™, respectively. The
mixture was agitated at 150 rpm, and the equilibrium was reached in 24.0 h. The effect of
initial pH value (2.0 to 6.0) on the sorption capacity was also investigated.

Data Analysis
The adsorption capacity of biochar for HMs ions removal was calculated as follows,

g, =5 (1)
where ge is the HMs amount per unit weight of biochar sorbing at equilibrium (mg g2); Co
and Ce are the initial and equilibrium sorbate concentration in solution (mg L™); W is the
mass weight of biochar (g), and V is the solution volume (L).

The sorption kinetics was simulated using three mathematical models, i.e., pseudo-
first-order, pseudo-second-order, and simple Elovich models (Jin et al. 2014), as follows,

First-order: In (ge — qt) = Inqge — kat (2
t 1 1

Second-order: —= + —¢ 3
4, kg g, @)

Elovich: qt=a + fnt 4)
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where q: is the mass of metals adsorbed onto biochar at time t (mg g2), ki (h) and k2 (g
mgh?) are the first-order and second-order sorption rate constants, o (mg g*h?) is the
initial adsorption rate and 8 (mg g}) is the Elovich constant.

The Langmuir, Freundlich, and Temkin models were used to fit the experimental
data of the sorption isotherms (Manfrin et al. 2021),

. . _ quLCe
Langmuir model: ~ g,= {2 )
Freundlich model: ¢ =KzC: (6)
Temkin model: ¢ = bin(K+C,) @)

where gm is the Langmuir maximum sorption capacity (mg g?), K. is the Langmuir
constant related to sorption energy (L mg™), Kr is the Freundlich affinity coefficient (mg
@m L g1y, n is the Freundlich linearity constant, b is the Temkin isotherm constant, and
Kr is the isotherm equilibrium binding constant (L g?). The essential features of the
Langmuir isotherm was expressed in terms of separation parameter R., which could be
used to evaluate whether an adsorption system is favorable or unfavorable (Zhao et al.
2021). The Re value indicates that the sorption is either irreversible (RL=0), favorable (0 <

RL < 1), linear (RL=1), or unfavorable (RL > 1).

R, =— ®)

T 1+ KCe

All sorption experiments were carried out in duplicate, and the mean values were
reported. The model of the best fit was determined by the coefficient of determination (R?)
which was calculated according to linear regression analysis of the models. The normalized
standard deviation (NSD) was calculated in to compare the prediction accuracy of different
kinetic models (Wang et al. 2015),

2
2 [(qt,exp_ qt,pred)/qt,exp:|

n-1

NSD =100x\/ 9)

where Quexp and Qepred are the experimental value and the calculated value of models
corresponding to reaction time, respectively, and n is the number of data point.

RESULTS AND DISCUSSION

Characterization of UV Irradiated Biochar
Elemental composition

UV irradiation substantially increased oxygen contents of the biochar, which was
confirmed by elemental analysis (Table 1). Original biochar BC and PC were carbon-rich
with carbon contents over 88%, but less oxygen, hydrogen, and nitrogen, indicating that
the feedstock biomass had become highly carbonized at the 700 °C pyrolytic temperature.
The carbon contents were found to decrease significantly after UV treatment. In contrast,
the oxygen contents increased dramatically from 8.21% (BC) to 12.85% (MBC), and from
8.51% (PC) to 19.15% (MPC), respectively. The variation of carbon and oxygen contents
in biochar suggested the occurrence of oxidation on biochar during UV irradiation. It was
noteworthy that the molar O/C ratios of MBC and MPC increased by 65% and 160%,
respectively, compared to PC and BC, indicating more hydrophilic and higher polar groups
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on modified biochar (Karthik et al. 2023). The hydrogen and nitrogen contents of modified
biochar were slightly lower than those of the pristine. No significant differences in the
molar H/C ratio were found between the original and modified chars. The low H/C ratios
(0.003 to 0.013) indicated that all samples retained high aromatic structures (Chen et al.
2008).

Table 1. Summary of Characteristics of the Materials

Properties BC MBC PC MPC
C (%) 88.76 84.29 88.95 76.78
N (%) 1.30 1.18 1.46 1.35
O (%) 8.21 12.85 8.51 19.15
H (%) 1.17 1.06 0.31 0.20
ratio O/C 0.093 0.152 0.096 0.249
ratio H/C 0.0132 0.0126 0.0035 0.0026
Seer (M?-gY) 141.73 449.13 280.86 457.72
2Smicro (M?-g4) 119.34 341.44 241.40 356.41
PSexter (M?-gh) 22.39 107.69 39.46 101.31
Viotal (M3-g1) 0.07 0.25 0.14 0.27
NVmicro (M3-g1) 0.06 0.16 0.11 0.16
€Daver (NM) 2.07 2.21 1.95 2.32
pH 6.21 5.90 7.60 6.56
CEC (cmol-kg™) 1.73 4.35 1.47 4.00
Carboxylic (mmol g2 0.561 0.584 0.211 0.351
Phenolic (mmol g?) 0.073 0.080 0.040 0.071
Lactonic (mmol g1) 0.204 0.410 0.119 0.522
Acidic (mmol g'!) 0.838 1.074 0.370 0.944
Basic (mmol g1) 0.197 0.219 0.527 0.509
Total (mmol g %) 1.035 1.293 0.897 1.453
aSmicro: Micropore area determined by t-plot method.
bSexter: External surface area determined by t-plot method.
“Viotal: Total pore volume determined at P/Po = 0.99.
9Vmicro: Micropore volume determined by t-plot method.
®Daver: Average pore diameter obtained from BJH equation using N2 isotherms at -196°C.

Surface functional groups

The distribution of functional groups on the biochar surface was revealed by FTIR
measurement, as shown in Fig. 1. The infrared spectra of MBC (BC) were very similar,
with four principal bands at wavenumbers of 3445 (3455) cm™, 1631 (1631) cm™, 1117
(1120) cm™, and 621 (625) cm™. The broad band near 3450 cm™ was ascribed to — OH
stretching vibrations in phenolic hydroxyl groups (Zhao et al. 2021). The peak located at
1631 cm™* was assigned to C = O stretching vibration of carboxyl/carbonyl groups (Peng
et al. 2018). The peak at about 1120 cm™ was attributed to the aliphatic ether asymmetric
C — O - C stretching or the alcoholic C — O stretching absorptions. The band at about 625
cm! was attributed to the N — H out-of-plane bend. The FTIR spectra of pinewood biochar
presented more absorption bands and peaks than those of bamboo biochar (Fig. 1). The
presence of abundant surface functional groups can be attributed to the different chemical
constitutions of the feedstocks. In addition to the hydroxyl group band at near 3450 cm,
the bands at 2924 cm™ (PC) and 2923 cm™ (MPC) were attributed to the asymmetric
vibration of — CH2 associated with methyl and methylene groups (Raja 2015). The other
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peaks that appeared in all pinewood biochar spectra were associated with C — H bending
vibration (1384 and 1385 cm™) of aldehydes, C — O — C stretching vibration (1102 and
1094 cm™) of ethers, and C — H out-of-plane bending (870 and 872 cmt) of aromatics (Jin
et al. 2014), respectively. A remarkable peak at 1543 cm™* appeared only in MPC with the
co-occurrence of the peak at 1385 cm, indicating that carboxylate anion groups — C( =
0)2” were formed under UV irradiation. Moreover, the intensities of bands at 2924 cm™,
1385 cm™ and 870 cm™ in biochar PC decreased dramatically after UV treatment. This
implied the elimination of some C — H groups on account of photochemical reaction on the
biochar surface.

3450 1385

% Transmittance

3455

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Fig. 1. FTIR spectra of biochars before and after UV irradiation

The Boehm titration data (Table 1) provided the quantitative analysis of surface
functional groups, which resulted in the apparent surface acidity and basicity of the biochar
(Karthik et al. 2023). The acidic groups on the UV irradiated biochar increased, while the
basic groups had no significant change compared with those on the original biochar. For
example, the amount of acidic groups increased by 28.2% for BC and 155.2% for PC,
respectively. As expected, the pH values of the modified biochar were lower than their
pristine forms. The acidic groups were oxygen containing functional groups such as
carboxyl, carbonyl, quinone, hydroxyl, carboxylic anhydride, and lactone. Therefore, UV
irradiation generated more oxygen-containing groups on the pinewood biochar than on the
bamboo biochar, which was responsible for a greater pH decrease of MPC than MBC. The
CEC values of modified biochar increased remarkably, which was ascribed to the
increasing content of carboxylic groups (Trakal et al. 2014). It could be concluded that UV
irradiation significantly increased the amount of oxygen containing functional groups,
which had a great impact on the surface chemistry of biochar.
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Surface area and pore distribution

As shown in Table 1, the BET surface area and pore volume of biochar were
increased after UV modification. The Sser of MBC and MPC were 217% and 63% higher
than those of BC and PC, respectively. Meanwhile, both total pore volume and micropore
volume increased. The increase in surface area and pore volume was mainly attributed to
the development of pore structure as a result of UV irradiation. The average pore diameter
of BC (2.07 nm) and PC (1.95 nm) mainly reflected the micropore and mesopore
characteristics of the original biochar. After modification, about 10% increase in the
average pore diameter of MBC (2.21 nm) and MPC (2.32 nm) was observed. The results
indicated the transition from average micropore to mesopore on the surface of modified
biochar. The differences between modified and pristine biochar were revealed by the
nitrogen sorption isotherms shown in Fig. S2(a). The pristine biochar exhibited the Type |
isotherm of the BDDT classification system (Brunauer et al. 1940). The Type | isotherm
suggested the character of a microporous material where micropores were filled rapidly in
a relatively low partial pressure (P/Po) region. The modified biochar, however, exhibited
Type 1V isotherms. This isotherm type indicated a dominant mesopore structure on solid
surface. The cumulative volume versus pore width (A) curve (Fig. S2(b)) showed that the
pore volumes of micropore and mesopore in modified biochar increased distinctly.
However, the micro- and mesopore occupied a large proportion of the total pore volume
both of pristine and modified biochar. Therefore, the increase in surface area after UV
modification was due to the formation of both micropores and mesopores that augment the
porosity of biochar.

Surface morphology

The visual physical changes of the biochar surface caused by UV irradiation were
described by scanning electron microscopy (SEM) measurement (Fig. 2). The SEM images
(5000x%) of MBC and MPC showed that the modified biochar had a more intense porous
structure on the surface than that of the unmodified biochar. The etching pits (marked
yellow circle) were also found on the surface of MBC (Fig. 2d). Generally, the SEM
measurements supported our conclusion that UV modification could promote the porosity
of biochar and thus increased the surface area of biochar. The results were consistent with
the findings reported in other publications (Li et al. 2016; Peng et al. 2018).

Surface oxidation on biochar

XPS analysis was conducted to further investigate the surface chemical changes of
pinewood biochar under UV irradiation. The full XPS survey showed that both PC and
MPC were composed of C 1s, O 1s, N 1s, and Si 2p (Fig. S3). The relative atomic
percentage of each constituent element was quantitatively calculated from the
deconvolution peak area of the fitted curve. The PC exposed to UV irradiation showed an
increasing amount of oxygen from 8.9 at% to 17.9 at%, while the amount of carbon
decreased from 87.4 at% to 77.4 at%. The O/C ratio (0.31) in the MPC surface almost
tripled as the ratio (0.11) in the MPC bulk shown in Table 1. It suggested that the oxidation
during UV irradiation occurred mainly on the biochar surface. The spectra of C 1s and O
1s regions for the PC and MPC are shown in Fig. 3. The possible species and their
percentages are identified in Table 2 (Beamson and Briggs 1992; Kwan et al. 2015). As
can be seen from the C 1s spectra (Fig. 3), both PC and MPC had peaks at the binding
energy of ~284.7 eV, ~286.1 eV and ~288.4 eV which were assigned to C — C (graphitic),
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C — O (hydroxyl)/C — O - C (ethers, epoxy) and O — C = O (ester, carboxyl), respectively.
After UV irradiation, the content of C — C in PC surface had a remarkable decrease from
76.8% to 54.0%; meanwhile the content of C — O/C — O — Cand O — C = O increased from
6.02% and 1.91% to 10.17% and 3.50%, respectively. The results indicated that the
oxidation reaction primarily occurred at the carbon-carbon bonds to form carbon-oxygen
bonds. The XPS measurement was consistent with the FTIR measurement (Fig.1).
Compared with the PC (Fig.3a), the MPC (Fig.3b) had two additional peaks at the binding
energy of 288.0 and 289.9 eV, which were assigned to C — O — C (ethers)/C = O (ketones)
and O=C -0 - C=0 (anhydride)/O — (C=0) — O (carbonate). It suggested the further
degradation or transformation of chemical groups during UV irradiation. The XPS O 1s
spectra of PC and MPC showed the increasing content of oxygenic functional groups on
biochar after UV irradiation, which was in accord with the results of C 1s spectra.

Fig. 2. SEM images of biochar (5000x): (a) PC, (b) MPC, (c) BC, (d) MBC

The conspicuous effects of UV irradiation on the surface of carbonaceous materials,
i.e., the formation of the oxygen-containing groups, have been observed by other
researchers (Osbeck et al. 2011; Raja 2015; Peng et al. 2018). A previous study indicated
that the elemental composition and the surface functional groups of biochar were little
changed by UV irradiation under air isolation circumstance (Li et al. 2016). This suggested
that oxygen played a main role in UV modification. In addition, the temperature of the
biochar surface was increased to around 100 °C under the UV irradiation. In order to
identify the effect of high temperature on surface properties variation, the original biochar
was heated in the oven under 100 °C lasting the same as the UV irradiation and the iodine
value assessment was carried out. The iodine value exhibited almost constant value versus
the heating time (Fig. S1). Thus, high temperature by itself did not play a main role in
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changing the surface properties of biochar. It could be speculated that oxygen atom [O]
and ozone (Os), derived from the photochemical reaction of oxygen molecule with UV
irradiation, adhered to the surface of biochar, and lead to break the C — C bonds in the ring
structure or oxidize the aliphatic sites to form carbon-oxygen bonds (Osbeck et al. 2011).
One of the mechanisms could be elucidated as ozone addition to unsaturated sp? carbon
bonds to form a primary ozonide, which followed bond cleavage to produce carbonyl
compounds and a Criegee intermediate (Parekh et al. 2006). The products were
subsequently decomposed, resulting in the formation of ester groups (O — C = O) and the
release of gaseous CO2 (Krysak et al. 2007). These reactions could be confirmed in the
present study by the XPS analysis results that the contents of the O — C = O (ester,

carboxyl) and C = O (ketones) in biochar increased after UV modification as shown in

Table 2. Furthermore, anhydride/carbonate groups on MPC (289.9 eV) were detected.
These moieties were the most oxidized form of bound carbon before the formation of
carbon dioxide (Parekh et al. 2006).
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Fig. 3. C 1s and O 1s XPS spectra of the biochar: (a) C 1s of PC, (b) C 1s of MPC, (c) O 1s of PC,
(d) O 1s of MPC
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Table 2. Assignment of C 1s and O 1s Peaks by Binding Energy for BC and MBC

Binding energy (eV), Peak ) Atomic (%)
Element Functional groups
PC MPC PC MPC
C1s 284.64, 1
284.65, 1 c—C 76.80 | 54.02
284.75, 2
/
286.33, 3 285.94, 2 C—OH,C—0—C, C—C 6.02 10.17
ND 286.98, 3 C—0—C,C=0 - 3.53
288.30, 4 288.57, 4 O0—C=0, 1.91 3.50
ND 289.93,5 0=C—0—C=0,0—(C=0)—0 - 1.04
293.24,5 ND Energy loss 1.26
O1ls |530.98 530.50 C=0 1.40 1.84
ND 531.68 O0—C—0,—C(=0)—0 - 7.19
532.30 532.82 C=0,C-0-C 4.66 6.19
533.49 533.75 O0=C—0—C=0,0—C=0 2.45 4.84

UV irradiation had significant effects on the surface texture of biochar (Fig. 2).
However, the mechanism of pore structure development on biochar surface under UV
irradiation has not been extensively discussed. Based on the surface properties
measurements and the previous studies, it is proposed that the formation of pores on treated
biochar could be attributed to the result of photo oxidation induced by UV irradiation.
These photochemical reactions involved photo degradation process and photo oxidation
process. The wavelength of UV light adopted in this study was dominant in 365 nm, the
energy generated by photon of this range was 328 kJ mol™. The C — C bond strength of

polymer molecules is in the range 300 to 720 kJ mol™ (Asmatulu et al. 2011). Thus, the
UV light could initiate direct photo dissociation on the biochar surface because the UV was
energetic enough to break the partial C — C and unsaturated aromatic bonds (Ghasemi-

Kahrizsangi et al. 2015). The secondary gasification reaction occurred directly towards the
edges and the defects, in the presence of oxygen, to form oxidation products such as CO
and COz. Then, the vacancies (holes) on the biochar surface were generated from the defect
area. As the UV irradiation continued, the holes grew and the volatiles, CO2 and CO
molecules were released from the biochar, resulting in the formation of additional pores
(Cheng et al. 2012). The photooxidation process was conducted by active oxygen species
such as [O] and Os produced by UV irradiation (Krysak et al. 2007; Raja 2015). Initially,
the active oxygen species added across unsaturated bonds to form epoxy groups that
weakened the previous C — C bond, resulting in the scission of the C — C bond (Li et al.
2006). The further attack by active oxygen atoms at defective sites induced the formation
and subsequent release of CO and CO:2 molecules, which generated the oxidized
monovacancies (Cheng et al. 2012). The consecutive oxidation process could enlarge the
vacancies to form bigger holes. This would explain the formation of extra pores observed
on the surface of modified biochar (Fig. 2b and 2d). However, the increase in pore size was
restricted because the active oxygen species were eliminated through reverse reaction. For
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example, the Os reacted with [O] to form Oz as Os + [O] = 202, and O3 was also
decomposed to Oz under the catalysis of carbon as 203 + C = 302 + C. The concentration
of active oxygen species decreased and the intensive oxidation reactions could not be
sustained. Meanwhile, the formation of C — O — C bonds replacing C — C bonds increased

the resistance to photo oxidation (Parekh et al. 2006). The primary photochemical reactions
on the biochar surface under UV irradiation are shown in Fig. 4. However, the
photooxidation involved not only the dissociation of carbon bond, but also the degradation
or transformation of chemical groups on biochar. Moreover, the UV light is commonly
subdivided into three regions: UVA (315-400 nm), UVB (280-315 nm) and UVC (100-280
nm). The photochemical effects of different wavelengths on biochar are unclear. Thus,
further investigation of this topic is of interest.

UV lamp

=atomic oxygen © 0Xxygen molecule

@ ozone UV irradiation

formation
micropore —

formation -~
macropore

formation interior
micropore

Original biochar Modified biochar

Fig. 4. lllustration of the photooxidation mechanism of UV irradiation on biochar surface -- pore
development and oxygenic groups generation

Adsorption Studies
Adsorption kinetics

The effect of reaction time on metal ions adsorption by biochar is shown in Fig. 5.
Typically, all biochar samples presented rapid initial sorption corresponding to 60% to
90% of the final adsorption within the first 3.0 h of reaction., and then the sorption
increased slightly to approach equilibrium after 24.0 h. No further significant sorption
occurred between 24.0 and 48.0 h. Compared with PC and BC, the metal ions sorbed by
MPC and MBC at equilibrium increased by 134% and 73% for Pb (II) ions, 14.1% and
25.5% for Cd (Il) ions, respectively. The increase in sorption was attributed to the
ascending surface area and chemical groups, which created more binding sites on the
modified biochar. The experimental data were fitted to three kinetic models, namely
pseudo-first order, pseudo-second order, and Elovich equations to analyze the adsorption
processes. The kinetic parameters of each model obtained from the regression results are
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summarized in the supplementary materials (Table S1). Consistent with the previous
research (Mohan et al. 2014), the determination coefficient (R?) value of the second-order
model was higher than other models for all tests. Meanwhile, the second-order model had
the smallest NSD values among three models from data fitting in Pb(ll) adsorption
experiments. Therefore, the sorption of Pb (I1) on all biochar samples was better described
by a second-order model, suggesting a diffusion-limited mechanism determining the
reaction rate (Hubbe et al. 2019). However, in Cd (I1) adsorption, the Elovich model had
smaller NSD values than other models, so the Elovich model was considered the best fit
for Cd (1) adsorption. The Elovich model has also been widely used to describe chemical
adsorption occurring on the sorbent surface (Wu et al. 2009). The result of the model fitting
implied the discrepancy in the interfacial behaviors between Pb and Cd, which may be
related to their hydrated radius, species in solution, and electron affinity. For instance, the
hydrated radii of Pb (4.01 A) were smaller than that of Cd (4.26 A) (Nightingale 1959), it
allowed Pb ions to enter smaller pores or penetrate through the porous surface to interact
with the binding sites on the subsurface, therefore it had effects on the rate of binding
process and adsorption capacity.
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Fig. 5. Sorption kinetics of pristine and modified biochar: (a) Pb (I1), (b) Cd (ll)

Adsorption isotherms

The adsorption isotherms of Pb (1) and Cd (Il) are plotted in Fig. 6. The shapes of
the data curves of the biochar were similar to those observed in previous studies (Mohan
et al. 2014). The amounts of metal ions sorbed on the modified biochar were obviously
higher than the pristine at all concentrations. An interesting finding was that at an initial
Pb(I1) concentration below 200 mg g™, the ratios of adsorption capacity (ge) of modified
biochar vs. pristine biochar increased with increasing initial concentration. The maximum
ratio value was reached at the initial concentration of 200 mg g, after which the ratio
values decreased slightly. For example, when the initial Pb(11) concentrations were 30, 200,
and 600 mg g%, the ge (MPC)/qe (PC) ratio and ge (MBC)/ge (BC) ratio were 1.22, 2.34,
2.05, and 1.25, 1.72, 1.59, respectively. The data indicated that modified biochar was
competitive in removing Pb(ll) at relatively high concentration. The Cd(Il) sorption was
different from that of Pb(ll), with the ratio values being almost constant over the
concentration range. Adsorption isotherm models revealed the adsorption mechanism and
expressed the surface properties of sorbents.

In this study, the experimental data were fitted by Langmuir model, Freundlich
model, and Temkin model. The calculated parameters as well as the regression coefficients
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are shown in Table 3. Three models described the experimental data well, but the Langmuir
isotherm model fitted better than others due to the highest R? value. Meanwhile, the values
of the separation parameter RL for the experimental data were between 0 and 1 (Fig. S4),
indicating the favorable adsorption system of heavy metals on biochar (Zhao et al. 2021).
The maximum adsorption capacities obtained from Langmuir isotherm equations showed
that Pb(I1) binding on MPC and MBC were increased by 94.5% and 50.5%, while Cd (I1)
sorption of MPC and MBC were increased by18.5% and 13.7%, comparing with their
original. The pinewood char showed a stronger affinity to HMs than the bamboo char after
modification. This was probably due to more functional groups and active surface area on
pinewood char than on bamboo char after UV irradiation (Table 1). The proper irradiation
parameters should be considered when UV irradiation is applied to functionalize biochar
from various raw materials. A comparison of Pb and Cd adsorption capacities of sorbents
reported in other literature (Table S2 and S3), indicating that MPC and MBC had
comparable adsorption performances to many other biochar produced from ligneous plant
biomass.
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Fig. 6. Sorption isotherms of pristine and modified biochars: (a) Pb (I1), (b) Cd (lI)

Table 3. Isotherm Parameters of Pb (1) and Cd (II) Adsorption onto Biochar

Langmuir Freundlich Temkin
Heavy Biochar
metal CImaxl KL ) R2 1/n 1KF . R2 b KT1 R2
(mg g*) | (L mg™) (mg“VLng?) (Lg?
Pb (1) PC 15.40 0.025 [0.991 |0.256 2.911 0.974 |1.016 |2.223 0.992
MPC 29.95 0.140 (0.999 |0.225 8.218 0.943 [15.281 |3.373 0.977
BC 11.37 0.032 [0.987 [0.194 3.196 0.903 |3.637 [1.393 [0.963
MBC 17.15 0.083 [0.997 |0.152 6.678 0.860 [76.090 [1.574 [0.946
Cd (1) PC 12.98 0.023 |0.983 |0.406 9.612 0.977 |0.550 |2.120 0.930
MPC 15.38 0.035 |0.979 |0.320 9.519 0.974 |2.435 |2.000 0.878
BC 8.04 0.013 |0.996 |0.523 9.918 0.966 [0.189 |1.541 (.981
MBC 9.14 0.029 |0.987 |0.307 9.709 0.983 [1.281 |1.299 [.932
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CONCLUSIONS

1. The UV-irradiated biochar exhibited greater hydrophilicity, lower pH, larger surface
area, increased porosity and abundant oxygen-containing functional groups in
comparison to the original biochar.

2. The modification was mainly attributable to the photooxidation mechanism. The
photochemical reactions were responsible for the dissociation of the carbon-carbon
bond and the formation of the carbon-oxygen bond on the biochar surface, resulting in
the development of the pore structure and the formation of oxygenic groups.

3. The UV-modified biochar showed a significant increase in the adsorption capacity of
metal ions in water. The kinetics and isotherms of biochar sorption could be well
described by the pseudo-second-order model and the Langmuir model, except that the
Cd(II) adsorption could be better predicted by the Elovich model.

4. The UV-modified biochar had comparable adsorption performances to many other
biochar produced from ligneous plant biomass. The effects of UV irradiation at
different wavelengths on the surface properties of biochar deserve further investigation.
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APPENDIX

Supplementary Information

Table S1. Dynamics Parameters for Pb (II) and Cd (lI) Adsorption on Biochar

Metal Pb Cd

Biochar PC [mMPCc | BC [ mMBC| PC [ MPC | BC [ MBC

(rﬂ;’egfl) 10.56 | 24.69 | 8.49 |14.71| 581 | 6.63 | 3.49 | 4.38

First- | geca(mgg?®) | 4.98 [2039] 627 | 587 | 156 | 1.61 [ 0.67 | 0.66
order ki(hh) 0.004 [ 0.003 [ 0.005 [ 0.003 [ 0.134 [ 0.158 [ 0.164 | 0.121
model R2 0.854 | 0.985 | 0.895 | 0.831 | 0.791 | 0.790 | 0.971 | 0.867
NSD(%) 70.40 | 34.47 [ 61.00 | 78.44 | 95.17 | 95.60 | 97.88 | 100.84

Jecal (Mg g?) [ 10.93 [ 26.18 ] 8.80 [15.04 | 584 | 6.67 | 351 | 4.39

ngggrd k2(gmg'h?) | 0.073 [ 0.018 | 0.085 | 0.073 | 0.421 | 0.461 | 1.158 | 1.072
nodel R2 0.999 [ 0.998 [ 0.999 [ 0.999 [ 0.999 [ 1.000 [ 1.000 | 1.000
NSD(%) 28.69 [ 18.10 | 13.81 | 25.78 [ 13.83 [ 11.28 [ 16.72 | 14.69

Elovich a(mg g?) 491 | 955 | 3.87 7.67 | 4.06 473 | 2.92 3.72
model | B(mgg*h?) [ 1.932 [4.800 | 1.514 [ 2.433 | 0.576 | 0.653 | 0.176 | 0.208
R2 0.890 [ 0.958 | 0.940 | 0.860 [ 0.880 [ 0.860 [ 0.964 | 0.940

NSD(%) 39.46 [ 20.17 | 16.65 | 49.97 | 8.69 | 9.23 [ 1.95 | 2.53
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Table S2. Comparison of Pb (1) Adsorption Capacities of Various Biochar

Biochar pH | Temp. | Reaction time | Surface area| Adsorption Reference
(°C) (h?) (m?g ) capacity
(mgg™)
Magnetic oak| g o | 55 48 6.1 10.13 | (Mohan et al. 2014)
wood char
Bamboo | ;| 55 48 15.5 25.03
charcoal
nf(')\g?f%a (Wang et al. 2012)
50| 25 48 172.3 55.56
bamboo
charcoal
P'”Ceh";’f‘)d 50| 25 24 2.73 413
Oak wood (Mohan et al. 2007)
5.0 25 24 2.04 2.62
char
Pinewood .
biochar 5.0 25 24 -- 3.89 (Liu & Zhang 2009)
Pinewood | ;5 | 55 48 369 18.13
biochar
HMO-loaded (Wang et al. 2015)
Pine 5.0 25 48 194 91.98
wood biochar
Chitosan
’g“’d'f'ed 45| 22 32 169 14.3 (Zhou et al. 2013)
amboo
biochar
Pinewood | 5 | 55 24 280.86 15.40 This work
biochar
UV irradiated
pinewood | 5.0 | 25 24 457.72 29.95 This work
biochar
Bamboo | o, | o5 24 141.73 11.37 This work
biochar
UV irradiated
bamboo 5.0 25 24 449.13 17.15 This work
biochar
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Table S3. Comparison of Cd (Il) Adsorption Capacities of Various Biochar

Biochar pH [Temp.| Reaction Surface | Adsorption Reference
('C) time area capacity
(h™) (m?g™) (mgg™)

Pine
sawdust 65| 25 5 321 6.09 (Liu et al. 2019)
biochar
Oxidized
bamboo 6.0| 25 3 1120 30.3 (Chu et al. 2019)
biochar
Magnetic
oak 5.0 25 48 6.1 2.87
anﬁgigt?:r (Mohan et al. 2014)
oak 50| 25 48 8.8 7.40
bark char
Oak wood 50| 25 24 2.04 0.37
char
Cohae':r bark 50| 25 24 25.4 5.40 (Mohan et al. 2007)
Pine bark 50| 25 24 1.88 0.34
char
E.'”e""o"d 50| 25 24 280.86 12.98 This work

iochar
UV irradiated
pinewood 50| 25 24 457.72 15.38 This work
biochar
Bamboo 50| 25 24 141.73 8.04 This work
biochar
UV irradiated
bamboo 50| 25 24 449.13 9.14 This work
biochar

Wang et al. (2024). “UV irradiated biochar for metals,” BioResources 19(4), 7566-7590.
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Fig. S1. lodine value of biochar versus UV irradiation time (Initial iodine concentration: 0.1 mol/L, oven
temperature: 100 °C, adsorption time: 15 min)

Wang et al. (2024). “UV irradiated biochar for metals,” BioResources 19(4), 7566-7590. 7587



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

180
o PC ) (a)
= & BC gpfaas
A4 MBC gat?
140 panttt

-
N
o

»

-
o
o

o@ooooooooooooooooooooooo@
o

(<23
o

A A A A DAAAAAADS
MMM AA A DA DA

Quantity Adsorbed (cc/g S
~ o
o o

N
o

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative Pressure (P/Pg)

0.10
ok, o PC b
g’ '.. e MPC m

A BC
E 008 a° A MBC
Q A‘o
£ A®
E A%
S 0.06 |
> ‘A.°.
: L,
a 0.04 W e
o A ®
E AA ...
© A °
S 0.02 La, @
E AA ®
= M@Qégg “a g
° 000 o0eo s B i
10 100 1000 10000

Pore Radius (A)

Fig. S2. Adsorption isotherms (a) for N2 at 77K and pore size distribution (b) of biochars (outgas
temperature: 300°C, outgas time: 10.0 h)
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Fig. S3. XPS full survey scan of PC and MPC: (a) PC; (b) MPC (C 1s = 284.80eV)
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Fig. S4. Separation parameter R. of adsorption isotherms: (a) Pb?*, (b) Cd?* (sorbent dosage: 69
L1, temperature: 25+1.0°C, initial pH: 5.0, equilibrium: 24 h)
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