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Abstract

Chemical modification and microwave activation are cost-effective and eco-friendly engineering methods to improve bio-
char’s physicochemical and adsorption performance. Therefore, a series of biochars samples was produced by pyrolysis
at 500 °C in the presence of phosphoric acid (H;PO,) without and with microwave (MW) irradiation of the raw tea waste
(RTW). Effect of acid and MW activation on the characteristics of biochar was compared with biochars produced from pyroly-
sis of RTW at 300, 500, 700, and 900 °C. Pyrolysis in the presence of H;PO, promoted the formation of oxygen-containing
functional groups and increased the surface area of the biochar product (931 m? g™ compared with 13.6 m? g™). Compared
with biochars obtained from acid-assisted pyrolysis, MW activation nearly doubled the measured surface area (1763 m? g™!)
by the formation of a micropore structure and required seconds instead of hours to perform. Heavy metal adsorption capacities
observed for the acid-activated chars were comparable to biochar samples produced in the temperature range of 500-900 °C,
but acid-promoted activation required much lower temperatures, and the effects of activation depended on the metal, the
solution pH, and the activation treatment. Specifically, acid promotion increased Cu and Cd sorption capacity, attributable
to the increased surface area and increased surface densities of oxygen functional groups (C=0 and OH). The results of
ternary-metal adsorption results demonstrated the competitive adsorption between three metals, and the affinity sequence of
biochar produced at 900 °C (BC900) was found as Pb(II) > Cd(IT) > Cu(Il). However, the metal affinity sequence of BC900
to single metal is Pb(II) > Cu(II) > Cd(II). FTIR and SEM-EDS results revealed that Pb(II) had the same adsorption sites
with Cu(II), but Pb(II) has a greater affinity than Cu(II). Kinetic measurements and spectroscopic analysis indicated that Pb,
Cu, and Cd form chemical complexes on the surface. These results provide new insight on the utilization of tea wastes for
heavy metal removal from aqueous streams.
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1 Introduction determine its performance for these different applications.
In turn, these textural, structural, and chemical properties
depend on the biomass feedstock characteristics and the

pyrolysis operating conditions, including heating rate, reac-

Biochar is the carbonaceous solid product formed from the
thermochemical conversion of biomass in the presence of

sub-stoichiometric oxygen concentrations. Biochar has been
proposed for soil improvement, carbon sequestration, pol-
lution control, energy production, and other applications
[1-3]. Pore network, surface area, and the density and types
of surface functional groups present on the biochar surface
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tion temperature, reaction time, type and flow rate of carrier
gas, the presence of catalyst, or additives [4].

Biochar has recently received considerable attention as
a renewable material for removal of heavy metals from the
environment [5] because of its relatively low cost (c.f., $246
ton™") [6] and the abundance of biomass materials produced
as agricultural and forestry wastes. The characteristics of the
biochar such as the carbon richness, high porosity and large
surface area, and presence of the various functional groups
(hydroxyl, carboxyl, alkyl, phenolic, and amino groups)
provide a great level of attraction/affinity for adsorption of
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metal ions (Ni, Co, Hg, Cr, Cu, Zn, Cd, Mn, and Pb) from
contaminated water [7].

Despite promise, biochar adsorption capacity is not com-
petitive with most activated carbons. To improve adsorp-
tion capacity, biochar has been modified by various physical
and chemical methods [8], with the targets typically being
to increase surface oxygen functional groups, surface area,
and pore volume. Physical activation is performed under
oxidizing gas environments such as CO, or steam at high
temperatures (> 800 °C) [9]. Chemical activation typically
involves impregnation of the biochar with solution contain-
ing either strong alkali (KOH, NaOH) or acidic components
(H;PO,, HNOy), followed by carbonization at 450-900 °C
[10]. Chemical modifications such as magnetic treatment
with FeCl; and impregnation with metal ions, such as ZnCl,
or KMnO, have been used to confer desirable properties in
biochar, such as recoverability [11, 12].

Both physical and chemical activation methods increase
the degree of aromatic condensation present in biochar and
improve its porosity and surface area. Chemical activation
proceeds at lower temperatures and faster rates than physical
activation [13], yet the requirement of a chemical activating
agent is a potential drawback. Among the various activa-
tion agents that have been reported to date, phosphoric acid
(H;PO,) treatment has several advantages: effectiveness at
relatively low pyrolysis temperature, low corrosivity, mini-
mal co-production of waste pollutants, and low cost [14].
Also, H;PO, activation may enhance biochar thermal stabil-
ity and surface acidity by the formation of oxygen—phospho-
rus surface groups [15] while simultaneously improving its
pore structure [16].

H,;PO, treatment has been used to activate biochars pro-
duced from several different sources with good results. For
example, Fernandez et al. (2015) studied H;PO, activation
of orange peel biochar, reporting improved sorption capac-
ity for organic contaminants [17]. Wu et al. (2017) showed
that H;PO, treatment of pomelo peel biochar produced at
450 °C increased its Cr(VI) sorption capacity [18]. Taha
et al. (2014) studied biochars obtained from rice straw bio-
char (BRc) and corn stover biochar (BCn) after and before
H;PO, treatment for pesticide from aqueous solution and
found that Hy;PO, treatment significantly increased the sur-
face functional group densities and aromatization for all of
the treated adsorbents [19].

Microwave irradiation offers distinct advantages com-
pared with pyrolysis as its rapid and uniform heating results
in greater retention of polynuclear aromatic hydrocar-
bon (PAH) than conventional heating [20, 21]. Therefore,
microwave heating has the potential to produce biochar with
favorable properties compared with those produced through
conventional pyrolysis, potentially with much less energy
use and much shorter time scales of seconds compared with
hours [22]. Liu et al. (2010) reported the synthesis of active
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carbon from bamboo using H;PO, as a chemical activation
agent and microwave heating [23]. They reported the transi-
tion of micropore to mesopore structure when irradiated at
400 W, ascribing their finding to a vigorous reaction between
carbon and H;PO, at these conditions. Yagmur et al. (2008)
studied microwave-promoted pyrolysis of tea waste for the
production of activated carbon impregnated with excess
H,PO, (H;PO,:tea waste =3:1), finding a maximum surface
area of 1157 m?g ™! at optimal conditions [24].

Previous works suggest that both H;PO, and microwave
promotion have potential for the production of activated car-
bon-type materials with favorable surface area and adsorp-
tion properties [25-27]. However, a major challenge is iso-
lating the benefits of H;PO, and microwave activations and
understanding if similar effects can be obtained simply by
optimizing pyrolysis temperature. Without this knowledge,
optimal conversion of waste feeds to valuable carbonaceous
solids requires trial-and-error study.

Tea has been produced as an agricultural product by many
countries including China, India, Sri Lanka, Kenya, Viet-
nam, and Indonesia [28]. Annual tea production in the world
was reported as almost 5.73 million tons in 2016, and large
amounts of tea waste were also produced [28]. For example,
about 18% of total tea production is results in waste genera-
tion [29], causing a solid waste disposal problem. Tea waste
mainly involves cellulose, hemicellulose, and lignin along
with polyphenols, proteins, vitamins, amino acids, major
elements, and trace elements [30], providing an opportunity
as an ideal feedstock, being widely available and low cost.

Given the abundance of tea waste, the development of
new methods for its utilization is essential. Among these
methods, biochar production for different applications has
been studied previously, including fuel production [31],
energy storage [30], and use as an adsorbent to remove vari-
ous pollutants from aqueous solutions, gases and sediments
including sulfamethazine [32], ciprofloxacin [33], 2,4-D
[34], carbofuran [35], caffeine [36] elemental mercury [37],
fluoride [38], phosphate [39], and Cd [40, 41].

Based on the aforementioned studies, conversion of RTW
to biochar to obtain new carbonaceous materials with spe-
cific physiochemical characteristics was evaluated.

RTW was selected as the feed due to its abundance, as
approximately 40,000 tons of RTW are produced each year
by the tea factories around the Eastern Black Sea of Turkey,
and lack of viable options for its valorization [42]. Specifi-
cally, the effect of activation with H;PO, and microwave
(MW) irradiation in the presence of H;PO, on the biochar
characteristics was determined. Despite studies reported in
the literature, here, the aim of MW irradiation is activation
of raw tea waste within a very short time, rather than the
hours of activation required by the energy intensive pyrolysis
activation method. To compare with acid and MW activa-
tion, biochars were produced by conventional pyrolysis over
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the temperature range from 300 to 900 °C. After comparing
the properties and characteristics of these different biochar
adsorbents, Cd, Cu, and Pb were studied as model adsorb-
ates to study the adsorption capacities of new porous biochar
materials to be further used in the removal of heavy metal
pollutants from aqueous solution. The present results pro-
vide new guidelines for selection of activation processes that
optimize adsorption performance.

2 Experimental method
2.1 Materials

Raw tea waste (RTW) was obtained from a tea plant located
in Salarha, Rize, Turkey. The RTW was ball-milled to par-
ticle size, ranging from 0.25 to 0.5 mm, and oven-dried at
100 °C for 12 h. The moisture content of samples was deter-
mined by weight loss at 105 °C at an air gas rate of 25 mL/
min. Ash content of samples was performed by heating of
samples (1.0 g) at 900 °C for 8 h in the air, and ash content
was calculated from differences between initial and final
sample mass. Volatile matter was determined by heating
samples in a crucible with lid to 900 °C in a limited oxy-
gen environment, holding it for 10 min. Amount of volatile
matter was the difference between the initial mass and final
mass. Fixed carbon (FC) amount of samples is calculated by
Eq. (1). Volatile matter contains humidity of samples. The
results obtained are listed in Table 1.

% Fixed Carbon (FC)=100-(volatile matter % + ash %) (1)

Metal solutions were prepared using 1000 mg L™! of Pb**
as Pb(NO;), (Carlo Erba), Cd** as Cd(NO;), (Merck), and
Cu”* as Cu(NO,),e3H,0 (Merck). HCl and NaOH solutions
were used to adjust pH.

2.2 Biochar production and characterization

The production schematic diagram of biochar from RTW
is summarized in Fig. 1. The dried biomass was pyro-
lyzed at 300, 500, 700, and 900 °C with a heating rate of
10 °C min~! for 1 h under N, (80 cm® min') using a quartz
reactor (20 mm [.D) in a Protherm split furnace shown in
Fig. S1. Pyrolyzed tea wastes, biochar (BC) are denoted as
BCx, where “x” indicates pyrolytic temperature. For H;PO,
activation, 2 g of the RTW was mixed with 6 g of 85 wt%
H,PO, (Merck) in PTFE® containers and then subjected to
microwave (MW) irradiation in a digestion system (Cem
Mars 6) for 30 s. The input power of the MW equipment
was 900 W, and the frequency was 2.45 GHz. After MW
activation in acid, the sample was dried in air. H;PO,-MW
activated samples are denoted as RTW-AMW where A
indicates the presence of acid and MW refers to microwave
irradiation. After MW activation, the sample was pyrolyzed
at 500 °C for 1 h under 80 cm® min™' N, flow. Samples are
denoted as BC-AMWS500 to specify MW activation in acid
and pyrolysis at 500 °C. For comparison with BC-AMWS500,
the RTW was mixed with H;PO, under the same conditions
as before and pyrolyzed at 500 °C for 1 h under 80 cm? min™!
N, flow without MW treatment. This sample is denoted as
BC-A500. All samples produced in the presence of phos-
phoric acid were washed several times with distilled water
to the removal of phosphate species.

Table 1 Compositions of samples (wt%) determined by an elemental analyzer before and after adsorption from solutions containing 50 mg/L of

Pb**, Cd**, and Cu®*

Sample Humidity  Ash Volatile FC Yield C+H C (6] N H S HC o/C (O+N)/IC
% (wt) % (wt) % (wt) % (wt) % (mol/mol) (mol/mol) (mol/mol)
(wt)
RTW 2.8 2.0 91.3 6.7 - 478 453 456 26 64 0.1 1.70 0.75 0.80
RTW-AMW 12.2 2.7 78.2 19.1 422 623 541 409 15 33 0.1 0.73 0.57 0.59
BC-A500 3.7 11.9 55.0 33.1 48.8 80.1 692 282 05 21 nd 036 0.31 0.31
BC-AMWS500 2.7 11.8 31.5 56.4 470 588 675 300 0.7 1.7 nd 030 0.33 0.34
BC300 3.6 5.6 68.3 26.0 480 549 607 335 27 51 0.1 1.01 0.41 0.45
BC500 4.5 8.2 47.1 44.7 310 724 682 262 25 29 0.1 0.51 0.29 0.32
BC700 43 10.9 41.7 474 294 707 695 267 2.1 15 02 0.26 0.29 0.31
BC900 4.0 12.8 394 47.8 28.1 69.0 725 249 18 0.7 nd 0.12 0.26 0.28
BC900-Pb - - - - 87.8 725 248 1.8 0.7 nd 0.12 0.26 0.28
BC900-Cd - - - - - 744 228 20 07 nd O0.11 0.23 0.25
BC900-Cu - - - - - 792 17.8 22 0.7 nd O0.11 0.17 0.19

n.d: Not detected.
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Fig. 1 Production diagram of
biochar from RTW

RTW

- N\

Acid modification

for24 h

RTW/H;PO4=1/3 (wt./wt.)

Conventional pyrolysis
300°C, 500 °C, 700 °C, and 900 °C for 1 h in N»
BC 300, BC500, BC700, and BC900

/

500 °C for 1 hin N2
BC-A500

Elemental composition (C, H, N, and S) of RTW and
the various carbonaceous products was determined by an
elemental analyzer (Thermo Scientific & Flash 2000/MAS
200R), and oxygen (O) content of samples was calculated
by mass balance. Elemental composition results are the
average of measurements obtained from two measure-
ments. The pH of samples was determined by prepar-
ing a suspension of a sample (1:100 w/v) in de-ionized
water, followed by analyzing using a digital pH meter
(ThermoFisher Scientific Inc., Waltham, MA, USA).
X-ray powder diffraction (XRD) patterns of the samples
were recorded on a Rigaku SmartLab X-ray diffractom-
eter using non-monochromotographic Cu Kal radiation
(40 kV, 40 mA, A=1.5 10%). Scanning was in the 20 range
of 5-65°. Surface functional groups were characterized by
Fourier transform infrared spectroscopy (FT-IR) (Bruker
Tensor II). The FT-IR measurements were performed by
mixing the sample with KBr (sample: KBr=1:100, w/w)
in the wavenumber range of 400—-4000 cm~!. A back-
ground spectrum was obtained using a pure KBr pellet.
Surface morphologies of all samples were examined using
a field emission scanning electron microscope (TESCON-
Mira III XMU) equipped with EDS (Oxford Inst. INCA).
Brunauer—-Emmett-Teller (BET) specific surface area
(SggT), total pore volume, and average pore diameter were
determined using a gas sorption analyzer (AUTOSORB
1C, Quantachrome Corp., USA).

Differential scanning calorimetry (DSC) of samples was
carried out using a DSC (DSC 60, Shimadzu, Japan) instru-
ment with TS-60WS software interface. About 5 mg of sam-
ples were put into aluminum pans and pressed. The sample
was heated at a constant heating rate of 10 °C/min from 35
to 550 °C under a flowing N, (25 cm® min™").

Zeta potential measurements were determined using
a zeta meter (Malvern Zetasizer Nano-Z). For each test,
0.005 g of the sample was suspended in 100 cm® of de-ion-
ized water followed by homogenization for 2 h in an ultra-
sonic bath. After ultra-sonication, the aqueous suspension
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MW at 900 W for 30 s
RTW-AMW

500 °C for 1 hin N»
BC-AMWS500

was equilibrated at different pH values for 30 min. Zeta
results obtained are an average of three measurements.

2.3 Batch adsorption experiments

Adsorption of Pb**, Cd?*, Cu®*, and their mixtures was
studied in a batch system. Single metal adsorption studies
were performed at a single concentration of 50 mg L™! at
initial pH values of 3.0, 7.0, and 9.0. Ternary metal adsorp-
tion studies were carried out in the concentration range of
50-150 mg L™! at pH=4. The adsorbent loading was 1 g
L~! for all adsorption experiments, and samples were equili-
brated for 6 h after preliminary tests indicated that this was
sufficient. Adsorption experiments were performed at 25 °C
while being mixed at 200 rpm in a magnetic shaker (IKA-
RT10). The resulting mixtures were filtered using 0.45 um
nylon syringe disposable filters (Chrom Xpert), and super-
natant liquids were kept in plastic centrifuge tubes prior to
analysis using ICP-MS (Thermo Scientific iCAP Q Series
ICP-MS). After adsorption, the carbon dissolved from
biochar samples was determined by total organic carbon
analyzer (Shimadzu, TOC-LCPN (SSM-5000A/ASY)). All
results are expressed as average values obtained from dupli-
cate tests. The adsorbents used in adsorption tests were dried
in air under ambient conditions and stored for further analy-
sis (SEM-EDS and FT-IR). The metal adsorption capacity
(g., mg g~!") was determined using the following equation:

.= (c,-c,)v @
m

where C, and C, are the initial and final concentrations of
metals (mg L), respectively, V is the volume of solution
(L), and m is the amount of adsorbent (g).

Kinetic studies were performed at 25 °C on the BC900
sample for removal of Pb** and Cu®>* at pH=4.0 and Cd**
at pH="7 based on ionic stability of metal ions. For each test,
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the supernatant liquid was extracted at regular time intervals
and analyzed for metal content using ICP-MS, as before.

3 Results and discussion
3.1 Characterization results
3.1.1 Composition of samples

Table 1 lists the elemental analysis results of all samples.
Carbon and oxygen are abundant constituents of all of these
materials; their combination always accounts for at least
90% of the material. Nitrogen is the next most abundant
element, typically accounting for 2.6% of the material. In
addition, RTW contains 0.1% S along with traces of Al, Cl,
K, Ca, Na, and Mg as seen in Table S1. The RTW involves
volatile matter (91.3 wt%) and fixed carbon (6.7 wt%) with
small amounts of moisture (2.8 wt%) and ash (2.0 wt%).
Pyrolysis decreased the oxygen and hydrogen content and
increased the carbon content of the materials, attributable to
release of CO, via decarboxylation and depolymerization
and H,O via dehydration reactions [43, 44] (Table 1 and
Fig. 2). Similarly, nitrogen content decreased slightly after
pyrolysis. Removal of nitrogen is consistent with deamina-
tion reactions [45] resulting in the liberation of HCN and
NH; gases. At 300 °C, the RTW was partially pyrolyzed,
and the resulting biochar contains a mixture of biochar and
unpyrolyzed RTW containing the more thermally stable
compounds such as cellulose and lignin that convert into

20 175 RTw, BC300, BC300, BC700, and BCO0O0
O BC-AMW500 4
1.6 1 m RTW-AMW S/
v~ /
A BC-A500 &/ )
‘%‘ 1.2 A
<
£
208 -
0.4 A
0.0 T T T T T T T
0 0.1 02 03 04 05 06 07 08

O/C [mol/mol]

Fig.2 Van Krevelen diagram for biochars derived from RTW under
different pyrolysis temperatures and acid activation

volatiles and the char at a temperature higher than 300 °C
[46]. By increasing pyrolysis temperature from 300 to
900 °C, the C content increased from 60.7 to 70.5%, and O,
H, and N contents decreased from 33.5 to 24.5%, from 5.1
to 1.8%, and from 2.7 to 1.8%, respectively. To character-
ize biochar yielded from the RTW, Van Krevelen plots are
drawn using elemental analysis results in Table 1 [47]. A
linear correlation (R?>=0.92) between H/C and O/C molar
ratios for biochars (Fig. 2) produced was determined.

The slope for H/C-O/C relation is 3.02, which is related
to raw material properties [48], allowing us to predict the
composition of biochar with pyrolysis temperature. Moreo-
ver, the H/C and O/C ratios give information about aroma-
ticity and stability of biochar. For this, Schimmelpfenning
et al. reported that the biochar with H/C < 0.6 and O/C < 0.4
shows long-term C sequestration [48]. Results in Table 1
and Fig. 2 show that the biochar samples pyrolyzed rang-
ing from 500 to 900 °C have these H/C and O/C ratios and
these values decrease with increasing pyrolysis temperature.
Similarly, the larger values of O/C and (O + N/C) are related
to a stronger level of hydrophilicity and polarity, respec-
tively [49]. Values of H/C, O/C, and (O + N)/C decreased
with increasing pyrolysis temperature from 300 to 900 °C,
consistent with increased aromatization.

MW irradiation in H;PO, of the RTW increased C con-
tent and decreased O, H, and N contents. Acid-assisted MW
irradiation increased ash and fixed carbon amounts and
decreased volatile compounds. Pyrolysis of RTW-AMW at
500 °C showed a similar trend with BC500 for carbon con-
tent, but MW-assisted acid treatment decreased slightly the
oxygen removal from the sample and increased N, H, and S
removal. In addition, ash content and char yield increased
with acid-assisted MW irradiation and acid-assisted pyrol-
ysis. The presence of phosphoric acid during pyrolysis at
500 °C insignificantly affected carbon content but decreased
prominently H and N content. These findings show that
phosphoric acid accelerates the deamination and dehydro-
genation reactions and inhibits the decomposition of organic
fractions in which the crosslink reaction between these polar
fractions and H,PO,, as esterification, leads to the formation
of alkenes structure in biochar as reported previously [16,
50]. Irrespective of MW irradiation, the acid treatment of
the RTW increased the yield of biochar by partial oxidation
of carbon with phosphoric acid.

3.1.2 XRD

Figure 3 shows the XRD patterns of the various RTW and
char samples. The characteristic peak at 22.5° shows the
(002) plane of cellulose [51, 52] and shoulders at 15° and
16.5° indicate lignin and hemicellulose, respectively [53].
Increasing pyrolysis temperature from 500 to 900 °C leads
to the disappearance of lignin and hemicellulose features
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Fig.3 XRD pattern of RTW, biochar, and acid activated biochars

from the diffractogram, a decrease of cellulose peak attrib-
utable to degradation of cellulose, and formation of graph-
ite-like structure of carbon with appearance of a feature
centered at 20 =26.5° and 43.5° [54]. Acid and MW treat-
ment of RTW removes the shoulder at 15° and decreases
intensity of the peak at 22.5° due to the decomposition
of hemicellulose, cellulose, and lignin in the presence of
acid. Similarly, pyrolysis of RTW-AMW at 500 °C and the
pyrolysis of the RTW in the presence of phosphoric acid
at 500 °C lead to the formation of graphite-like carbon
and removal of hemicellulose and lignin as seen in Fig. 3.
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3.1.3 SEMimages

The surface morphologies of RTW, biochars, and activated
biochars were examined using SEM, as illustrated in Fig. 4a.
The RTW surface is smooth, with few cracks or voids vis-
ible. When the RTW is pyrolyzed at 500 °C, the BC500
has cracks and crevices. Increasing pyrolysis temperature to
700 and 900 °C increases the microscale roughness of the
samples, consistent with the removal of hemicellulose and
carbonization of cellulose as seen using XRD. Interestingly,
pyrolysis of RTW at 700 and 900 °C produce a char with a
microscale honeycomb structure, as shown in Fig. 4a.
SEM images of samples obtained after MW irradia-
tion and pyrolysis of acid-impregnated RTW are shown in
Fig. 4b. MW treatment forms an irregular, heterogeneous
surface. The surface of RTW-AMW is pitted, similar to sur-
faces of acid-treated biomass previously described in the
literature [55]. Pyrolysis of RTW-AMW produced a material
with a smoother surface compared with the other pyrolysis
chars, the result of partial agglomeration of the structure and
shrinkage of the pores during carbonization. Pyrolytic treat-
ment of acid-impregnated RTW generated material with a
laminated texture consisting of porous surface morphology.

3.1.4 Surface area and pore characteristics

N, adsorption—desorption isotherms and the pore size distri-
bution curves of RTW and biochars are shown in Fig. 5. Irre-
spective of treatment, all samples exhibit type IV isotherm
according to the IUPAC classification, indicating a com-
bination of microporous and mesoporous structures and a
hysteresis loop associated with capillary condensation taking
place in mesopores [56]. The hysteresis loop became more
pronounced when pyrolysis temperature was increased from
500 to 900 °C, consistent with increased volume of adsorbed
nitrogen and increased average diameter of mesopores. The
isotherms were fit to determine textural properties, with val-
ues provided in Table 2. The surface area and average pore
diameter of the RTW and the BC900 are 10.4 m? g”! and
56 A and 14.0 m®> g and 80 A, respectively. SEM in Fig. S2
suggests the formation of macropores in the range 6—15 um
at pyrolytic temperatures > 700 °C, but N, adsorption does
not detect them probably due to the abundance of mesopores
in these materials.

Figure 5 shows adsorption—desorption isotherms obtained
from analyzing samples obtained after pyrolysis and MW
activation of the acid impregnated RTW. The presence of
acid during pyrolysis greatly increases the surface area of
the pyrolyzed product, primarily in the form of increased
microporosity (Table 2 and Fig. 5). The average pore diam-
eters of BC-A500 and BC-AMW500 are 23 A and 16.6 A,
respectively. Their pore size distributions in Fig. 4 are in the
range of 2.8-20 A, indicating that the samples are mostly
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Fig.4 a SEM pictures of RTW a
and biochars produced by
pyrolysis of RTW at different
temperatures. b SEM pictures
of samples produced by MW
irradiation and pyrolysis in the
presence of H;PO,

microporous. MW irradiation of the acid impregnated RTW
produced only modest increases in microporosity and sur-
face area, an observation that might be attributable to the
short microwave times (30 s) as reported by Rey-Raap et al.
(2014) [57].

Pyrolysis of the acid-impregnated and MW irradi-
ated sample increased its surface area due to formation of
micropores. Specifically, the surface area of BC-AMW500
is nearly two times greater than that of BC-A500, again con-
sistent with a beneficial interaction between acid, MW, and
pyrolysis treatments and similar to some previous studies
[24, 58-61]. Increased surface area observed after pyrolysis
of RTW-AMW is attributable to distortion and formation
of inhomogeneous microstructure in the presence of acid
and water vapor formed by reaction of oxygen-containing

functional groups with H;PO, [62]. Myglovets et al. (2014)
and Sun et al. (2015) reported that reaction of phosphoric
acid with carbon (4H;PO, + 10C P, + 10CO + 6H,0) creates
porous graphene “sheds” that can explain the effect observed
for the waste feed studied here [63, 64].

3.1.5 DSC

Figure 6 shows the DSC curves for RTW, biochar, and acid-
activated biochar. The negative heat evolution values for
RTW are observed between 50 and 150 °C, and these endo-
thermic phenomena could be due to the dehydration and
loss of physically adsorbed water and low molecular weight
organic compounds [65, 66]. Two endothermic peaks in the
BC500 are observed at around 115 and 150 °C, respectively.
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Fig.4 (continued)

In addition, the peak maximums shifted slightly higher tem-
peratures and widened. A single broad peak in BC700 is
observed at 97 °C, and a further increase of pyrolysis tem-
perature to 900 °C leads to the formation of a sharp peak at
97 °C. Widening and then narrowing of peaks with pyrolysis
could be due to the formation of pores with different size and
shapes in the biochar as seen in Fig. 4. The pore distribu-
tion and pore diameter are distributed heterogeneously, and
increasing pyrolysis temperature leads to the conversion of
micro- and mesopores to meso- and macropores as seen in
pore characteristics in Table 2 and Figs. 4 and 5.

The treatment and pyrolysis in the presence of phosphoric
acid shifted peaks below 200 °C to higher temperatures.
Namely, MW treatment in the presence of phosphoric acid
leads to shifting of the peak maximum at 97 to 126 °C due
to the formation of micropores by dissolution effect of acid
as seen in Table 2. After MW treatment in acid, the pyrolysis
at 500 °C led to the peaks to narrow and sharpen by open-
ing micropores with pyrolysis. Pyrolysis in the presence of
phosphoric acid showed a similar effect to the results of
biochar produced after acid-assisted MW, but the shifting at
peak maximum is lower. Based on the average pore diam-
eter results in Table 2, MW treatment of RTW in the acid
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BC-A500

enhances micropore formation of biochar by the formation
of gases and steam released from H;PO,-treated biochars
[16, 67, 68]

Three peaks between 250 and 500 °C in RTW are
observed. The shoulder between 250 and 315 °C is related
to the destruction of the hemicellulose which is the main
process in torrefaction in the RTW [69, 70]. The exother-
mic peak between 315 and 360 °C is assigned to cellulose
decomposition in RTW [69]. A broad peak above 360 °C
shows the decomposition of lignin, a complex three-dimen-
sional macromolecule. It is reported that its thermal degra-
dation starts at 200 °C and continues up to 900 °C depending
on the residence time [69]. These peaks detected in RTW
disappeared by pyrolysis irrespective of the presence of acid
and MW treatment. This is related to the decomposition of
hemicellulose, cellulose, and lignin in the presence of acid
and by increasing temperature.

3.1.6 FT-IR

Figure 7a shows FT-IR spectra obtained from analysis of
RTW and biochars. The aliphatic C-H stretching band
occurs at 2920-2855 cm™!, aromatic carbonyl/carboxyl
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Table 2 Surface area and pore characteristics of RTW, biochars, and acid activated biochars
Sample SBET;l (ng_ l) VTotalb (Cm3 g_ 1) VMicroC (Cm g_ 1) Dpd (‘&)
RTW 10.4 0.029 0.004 55.6
BC500 13.6 0.035 0.006 51.8
BC700 139 0.039 0.012 66.2
BC900 14.0 0.030 0.056 79.9
BC-A500 931 1.080 0.374 234
RTW-AMW 18.5 0.018 0.005 19.2
BC-AMW500 1763 1.460 0.764 16.6

Surface area calculated using multiple point BET; total volume calculated from volume at P/Po =0.95; “micropore volume calculated using the
Dubinin-Radushkevich (DR) method; “medium pore diameter calculated using density functional theory (DFT).

C=0at~ 1700 cm™! [71, 72], aromatic C=C and C=0
stretches at ~ 1600 cm™', and aliphatic C—O—C and alcohol
-OH at 1245-1050 cm™! [73]. Detailed peak assignments are
listed in Table S2. The distribution and intensity of vibra-
tional bands observed in RTW changed significantly with
increasing pyrolysis temperature. In RTW, an intense OH
stretch was observed at ~ 3400 cm™', attributable to surface
hydroxyl groups. The OH stretching band disappears after
pyrolysis, presumably due to dehydroxylation, dehydrogena-
tion, and aromatization of cellulosic and lignin components
[74]. In addition, the intensities of bands associated with

C=C in aromatic rings and C—H in methyl and methylene
groups decreased, and bands associated with C-H, C=0,
C=C, aliphatic C-O-C, and alcohol -OH disappeared after
pyrolysis at 500 °C. After pyrolysis at 700 and 900 °C,
bands associated with functional groups disappeared due to
removal of hemicellulose and lignin, consistent with previ-
ously presented XRD diffractograms and DSC results.
Figure 7b provides FT-IR spectra of biochars produced
after acid impregnation. After MW activation in the pres-
ence of H,PO,, the bands at 1560-1200 cm™! disappeared,
and other bands shifted position: C-O (from 1050 to
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Fig.6 Differential scanning
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1100 cm™), C=0 (1742 to 1710 cm™}), and -C=C (from
1649 to 1612 cm™). Collectively, these changes indicate
structural deformation in the presence of acid. Intensities
of OH and CH bands decreased after MW irradiation and
disappeared after pyrolysis irrespective of MW activation.
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Fig.7 a FT-IR spectra of RTW and biochars produced at varied tem-
peratures. b FT-IR spectra of RTW and acid-activated biochars.
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Acid-assisted pyrolysis did not impact C=0, C=C, and
C-O features. However, acid treatment followed by MW
irradiation decreased the intensities of C-O, C=C, and
C =0 features due to oxidation and partial decarboxylation
and decarbonylation.

A new band appeared at 750 cm™! after acid-assisted
pyrolysis, which may represent the symmetric stretch of
P-O-P in polyphosphate that cannot be removed by wash-
ing (Table S1). Comparing spectra obtained after acid-
assisted pyrolysis of RTW (Fig. 7b) with those obtained
after conventional pyrolysis (Fig. 7a) shows that acid treat-
ment increases the intensities of features associated with
—COOH and —OH groups, indicating the reaction of carbon
with H,PO, [62].

3.1.7 pH variation and pH , determinations of samples

pzc
Table S3 lists surface pH and isoelectric point obtained by
placing raw and pyrolyzed samples in water. RTW decreased
the pH of neutral distilled water from 7.00 to 5.15, consistent
with a surface bearing more acidic groups than basic groups
[75]. Pyrolysis of RTW yielded samples that increased the
pH of water that contacted them to extremely alkali levels,
consistent with leaching of alkali salts exposed after pyroly-
sis [76-78]. Pyrolysis resulted in a negligible change in the
point of zero charge (pH,,.). The sample produced by acid
promotion and MW activation decreased significantly the
pH of contacting water, due to acid removal and the effect
of surface acid functional groups.

The zeta potentials measured for RTW and biochars
are shown in Fig. S3. RTW, and biochars have zeta poten-
tials <—10 mV at pH values greater than 3.0, with the pH of
surface neutrality at a pH between 1.5 and 2.0. Acid treat-
ment results in particles with zeta potentials between 0 and
—10 mV, again with the pH of surface neutrality at approxi-
mately 2.0. Acid- treated materials more closely balance ani-
onic and cationic species than RTW or pyrolyzed materials,
resulting in zeta potentials much closer to zero.
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RTW and biochars contain oxygen-containing functional
groups (e.g. -COO™, -COH, -OH, and CO32_) as seen in
Fig. 7a. The presence of COO™ and OH™ on the biochar
surface strongly influences their surface charge. Pyrolysis
decreases or completely removes even these groups, shift-
ing the zeta-potential-pH curves to more positive values
(Fig. S3). Similarly, the MW activation and acid-promoted
pyrolysis of RTW shifted zeta potential-pH curves to the
positive region.

3.2 Metal adsorption characteristics of samples

To evaluate the adsorption performance of the RTW, bio-
chars, and acid-activated biochars, their adsorption capaci-
ties were tested for the uptake of Cd**, Cu**, and Pb** ions
from aqueous solutions at three different initial solution
pH values, and obtained results were shown in Fig. 8. At
pH=3.0, the adsorption capacities of the RTW and bio-
char samples for Cd>*, Cu*, and Pb** are low. When the
pH is increased from 3.0 to 7.0, their adsorption capacities
increase. Low adsorption capacity at lower pH was reported
by numerous studies [79, 80].

The effect of solution pH on adsorption capacity is mainly
due to protonation or hydroxylation of the biochar surface.

Namely, the abundance H* ions at lower pH leads to a more
highly positively charged surface, resulting in electrostatic
repulsion between Cu(II), Cd(II), and Pb(II) ions and bio-
char surfaces. When the pH of the solution increases, acidic
functional groups on the RTW and biochar surfaces depro-
tonate, resulting in more negatively charged surfaces desired
for adsorption of positively charged metal ions [80].

The other mechanism for removal of Cu(II), and Pb(II)
ions is hydroxylation of ions in the form Cd (OH)*,
Cu(OH)*, and Pb (OH)* when pH increases from 3.0 to
7.0, resulting in precipitation of metals on the surface [81].
Cu(II) and Pb(II) start precipitating at solution pH > 5.8
[82]. For this reason, the initial pH for adsorption studies
of Cu(Il) and Pb(Il) was determined as pH 4. However,
Cd** mostly forms of Cd(II) in the aqueous solution at
pH< 7.5, and Cd(OH)* begins to appear at pH> 7.5 [83].
Cd(OH),(aq) was estimated to precipitate at pH > 8.5. Thus,
to investigate the effect of pH on the adsorption of Cd(II),
pH 7 was chosen to avoid the disturbance of Cd(OH),(aq)
[83]. Further increasing pH from 7.0 to 9.0 increases Cu
capacity, decreases Cd capacity, and did not affect Pb capac-
ity. Similar trends between solution pH and metal removal
capacity are observed for biochars irrespective of pyrolysis
temperature.

Fig.8 Variation of adsorp- 60.0 60.0
tion capacity of samples as a Pb Cu
function of solution initial pH 50.0 4 50.0 4
[T=25 °C; initial metal concen-
s -1 e
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BC900 had the greatest adsorption capacity of all of the
samples tested here (Fig. 8). This result might be related
to its basic characteristic and slightly higher surface area.
Therefore, a detailed pH study for BC900 was performed,
subject to the restrictions of cation stability with respect
to pH. Figure 8 summarizes the results. Maximum removal
capacity values for BC900 were obtained at pH=4.0 for
Pb%* and pH 7.0 of Cu?* and Cd**.

For the most part, adsorption capacities provided in
Fig. 8 are comparable to previous reports [§4-86]. How-
ever, the Cd adsorption capacity of biochars produced at
500 and 700 °C is greater than that reported by Fan and
Zhang (2019), which may due to differences in the adsorp-
tion and pyrolysis operation conditions between the two
studies. As a general rule, the metal capacity of biochars
increased with increasing pyrolysis temperature, which
can be seen by comparison of BC500, BC700, and BC900
in Fig. 8. The effect of pyrolysis temperature on adsorp-
tion capacity must be attributable to chemical effects
since pyrolysis modestly increases BC surface area (see
Table 2). Instead, the effect of pyrolysis may be to remove
components (e.g., moisture evaporation, devolatilization,
fragmentation) from RTW that are ineffective adsorbents,
exposing more active surface area—or that the carbo-
naceous surface of the BC is preferred for heavy metal
adsorption compared with the more chemically complex
RTW surface (see especially Figs. 3 and 4a).

Activation typically increases the sorption capacity of
RTW, and the magnitude of the effect depends on the metal
ion, pH of adsorption, and the activation treatment. Acid
activation is especially effective at increasing the adsorp-
tion capacity of Cu, as seen by a comparison of BC-A500
with RTW and BC900. The sorption capacity of BC-A500
is superior to BC900, despite the 400 °C difference in acti-
vation temperature (500 vs 900 °C). Acid-promoted micro-
wave treatment is most effective for increasing Pb and Cu
capacity, as seen by a comparison of BC-AMWS500 with
RTW and BC900. The superior performance of the acid
and MW activated materials compared with the pyrolysis
chars is readily attributable to the aforementioned differ-
ences in surface areas (see Table 2). The fact that adsorp-
tion capacity does not increase proportionally with surface
area indicates the importance of surface chemistry—as
well as surface area—for determining adsorption capacity.

The data in Fig. 8 suggest that activation of RTW can
be tailored to achieve some selectivity for the removal
of a desired metal or family of metals. For non-selective
metal removal, combinations of adsorbents can be used—
for example, a combined bed consisting of BC-AMWS500
and BC-AS500 for effective sorption of Pb, Cu, and Cd.
To provide a rational basis for combining adsorbents, the
adsorption mechanism was studied using spectroscopic
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techniques, by investigating competitive adsorption, and
by measuring adsorption rates.

3.3 Adsorbate-adsorbent interactions

FT-IR was used to shed light on the adsorption mechanism
of metals to BC900, as shown in Fig. S4. Cd adsorption
decreased density of -OH and —CH groups appeared at
3400-3500 cm™! and 1456 cm™'. C—H peak observed at
870 cm™! decreased with Cd adsorption, and above 7.2 mg
Cd/g sorbent, the peak disappeared. Methyl C-H stretch-
ing compounds in 2850 and 2920 cm~! decreased after
higher Cd sorption (27.0 mg g~!). Harvey et al. reported
that heavy metals can be adsorbed to an oxygen-free biochar
surface by delocalized & electrons from y-CH and C=C [87].
In addition, the C-O peak detected at 1038 cm~! shifted
towards 1064 cm™! with increasing Cd adsorption as seen
in Fig. S4a. The wide peak between 1390 and 1600 cm™"
related with C=C decreased with increasing Cd adsorption.
These findings are in accordance with the different biochar
studies reported in the literature [40, 88-91]. Combined with
all results and compared with literature, the proposed mech-
anism for Cd** adsorption by BC900 includes ion exchange
(Cd** +CaS0,CdSO,+ Ca**), chemical precipitation (Cd
>* 4+ C0,27CdCO;), and complexation reaction of Cd**
with oxygen-containing functional groups (Cd,O(OH),);
Cd-COOH).

FT-IR spectrum in Fig. S4b shows that Cu adsorption
led to disappear the peaks at 873 and 1380 cm™' and a
decrease the peaks at 1038 cm™!, 1421 cm™!, 2851 cm™!,
2920 ¢cm™!, 3450 cm~!, and 3520 cm™! depending on Cu
sorption amount. These results showed a complexation reac-
tion between Cu®* and functional groups of ~OH, -CH, and
—COOH. Similar results were reported for various biochar
samples such as peanut straw char, soybean straw char, can-
ola straw char, glucose hydrochar [92], black carbon derived
from wheat residues [93], biochar derived from pistachio
green hull [94], halophyte biochar [95], and woodchip-
derived biochar [96].

Pb adsorption showed similar changes of functional
groups of the biochar with Cd and Cu as seen in Fig. S4c.
Prior studies indicated that ion exchange, electrostatic attrac-
tion, precipitation or co-precipitation, surface complexation
with functional groups, and physical adsorption may con-
tribute to heavy metals absorption on biochar [97, 98]. Based
on zeta potential (Fig. S3), FT-IR (Fig. S4), and SEM-EDS
(Fig. S5), the adsorption mechanism of Pb** and Cu®** on
biochar mostly involves precipitation with minor contribu-
tions possible from the other mechanisms. Cd** removal
mainly occurs due to complexation between the cation and
oxygen-containing functional groups.

To determine if the change of functional groups is com-
ing from metal-functional groups’ interaction or dissolution
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of functional groups, total organic carbon of supernatant
was determined. Total organic carbon amount after adsorp-
tion at pH 4.0 and pH 7.0 was determined as 51 ppm and
52 ppm, respectively. It indicates that solution pH affects
insignificantly dissolution of carbon. In addition, a decrease
in the carbon content of the biochar after metal sorption is
not detected in the elemental analysis shown in Table 1.

3.4 Competitive adsorption

Heavy metals often coexist in contaminated wastewater
systems, and their competitive behavior could affect the
adsorption capacity of biochar. To explore the competitive
behavior, a mixture of Pb**, Cu?*, and Cd** was prepared
at pH 4, and adsorption on BC900 was evaluated. Results
are shown in Fig. S6. The biochar exhibited much greater
adsorption capacity for Pb**, compared with Cu>* and Cd*",
suggesting that Pb has much greater affinity toward biochar
than other metals. The maximum adsorption capacity for
Pb** (6.0 mg g~!) was obtained at the initial metal concen-
tration of 50 mg L™!. These results indicate that Pb will be
preferentially removed before Cu and Cd, suggesting that a
sequential bed should be designed to first remove this metal
so that the others can then be removed. Adsorption capac-
ity and SEM-EDS results showed that the affinity to Cd
of BC900 follows Pb ions. The lowest adsorption capacity
of BC900 was found as 3.5 mg/g for Cu. Compared with
single metal adsorption results, affinity of BC900 to Cu
replaced with Cd, which might be due to adsorption of Pb
and Cd in the same activity sides. The affinity sequence of
Pb> Cd > Cu agrees with various biochar studies such as
activated wood biochar [99], activated bone biochar [100],
and wood derived biochar.

3.5 Adsorption kinetics

Adsorption rates of Pb>", Cd**, and Cu®* on BC900 were
measured for different initial metal concentrations at a con-
stant adsorbent charge (1 g L™") at 25 °C. Kinetic parameters
for each of these three metals were calculated from adsorp-
tion measurements over time (shown in Fig. S7), and the
parameters calculated are summarized in Table S5. Based on
the correlation coefficients (Rz) in Table S4, a pseudo-sec-
ond-order adsorption model captured the observed behavior,
indicating that adsorption rate is likely controlled by chem-
isorption [101]. The rate constant k, for metal adsorption
observed for BC900 followed the trend: Cd** > Cu?** > Pb**,
consistent with the aforementioned trend in their adsorp-
tion capacities. Moreover, trends in observed the adsorption
rates and capacities do not follow from trends in hydrated
ionic radius (Cd>* (4.26 A)>Cu* (4.19 A)> Pb**(4.01 A))
[102]. Instead, trends in adsorption capacity and especially

rate are indicative of chemisorption limiting phenomena,
rather than diffusion-limited behavior [103].

4 Conclusion

Biochars derived from raw tea waste (RTW) were produced
under different pyrolysis conditions. Pyrolysis increased
the carbon content and surface area of RTW. Addition of
H;PO, during pyrolysis led to formation of oxygen func-
tional groups on the resulting char. Microwave activation
in phosphoric acid significantly increased the number of
micropores of biochar and led to a significant increase in
the surface area of biochar. Biochar produced by pyrolysis of
RTW at 900 °C exhibited the greatest Pb>* capacity. On the
other hand, the greatest Cu?* and Cd** adsorption capaci-
ties were found on the biochars pyrolyzed in the presence of
phosphoric acid, which is attributable to the abundance of
various oxygen-containing functional groups and differences
in adsorption mechanisms for the different metals. FT-IR
analysis of metal impregnated chars revealed specific metal-
char interactions, suggesting at least partial chemisorption
to the surface. In all cases, metal uptake was best described
by a pseudo-second-order kinetic model, supporting the
conclusion of chemisorption limited uptake. These results
provide new insight into the use of RTW for environmental
applications.
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