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Abstract

The waste recycling is one of the smart methods to control the increasing demand for raw materials and environmental pollu-
tion. Photocatalytic biochars were prepared by carbonization of waste textiles that would not be reused in the industry. Virgin
and FeCl,, H,SO,, H;PO, impregnated waste samples were carbonized at 300—400 °C for varying times. The functional
groups and crystal structure of biochars were investigated by FT-IR and XRD respectively. SEM and BET analyzes were used
to examine the morphology and surface properties of the biochars. FeCl, and H;PO, impregnated samples presented well-
crystalline and porous structure. Formation of functional groups increased at lower temperatures due to the catalytic effect.
The highest dye removal by adsorption and photo catalytic effect were recorded as 25.65 mg/g and 97.8%, respectively. The
order of efficiency for dye removal according to pretreatment was determined as FeCl, > H,PO, > H,SO, > raw400 > raw350.
Adsorbent-photocatalytic biochars were prepared by carbonization of chemically pretreated waste materials with a simple
method. Environmental protection and economic production were achieved.
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1 Introduction

Most of the methods to obtain efficient carbon materials are
based on general well-known techniques such as pyrolysis,
hydrothermal carbonization, gasification, and torrefaction
[1]. Various raw materials could be used for activated car-
bon. Different pyrolysis temperatures were investigated for
rice straw and canola stalk at 450 °C. Among the applied
temperatures 550-650 °C [2] was found as the best condi-
tions to obtain high porosity and large pore sized activated
carbon. Mangrove pile were exposed to different amount
of H;PO, and it was heated at 300, 400 and 500 °C [3].
Highest yield was obtained when the impregnation ratio
of H;PO,: sample was 3. The AC3004 performed the best
methylene blue removal (it was 72.3 mg/g at the 150 mg/L
solution concentrations). The activated carbons having 976
and 1496 m?%/g surface area were prepared from bamboo and
its solid by CO, activation [4]. KOH and ZnCl, pretreated
waste truck tire and spent tea leaf were carbonized at 800 °C
[5]. Polyvinylidene chloride resin was activated by ZnO at
950 °C [6]. Phosphoric acid and iron III chloride exposed
carbonized coffee residue for bisphenol-A removal are the
examples for different biochars obtained with different acti-
vation agents of various sources [7]. Rice husk, wheat straw,
sawdust, sugar cane, cotton stalk, hemp stem, coconut leaf,
corn corps, and bamboo are also some of the other biomate-
rials used for the preparation of activated carbon at different
conditions such as activating agent, heating temperature, and
time, etc.[8—12].

Functionalized active carbon could be obtained by modi-
fication of the sample with different methods. Thus, more
effective adsorption, energy storage, and other applications
could be achieved [13]. Used malt rootlets were simply dried
and heated at 850 °C under limited air conditions. After that,
it was exposed to sodium persulphate (SPS) at different con-
centrations to obtain a modified activated carbon catalyst.
SPS modification dissolved inorganic and organic parts of
the activated carbon and its surface properties changed with
acidity. A functional-selective activated carbon was prepared
by steam activation of commercial beech wood charcoal with
K,CO; [10] for deoxynivalenol (DON) removal. The par-
ticles of 8 um sized with different pore volumes and pore
sizes were obtained. The importance of tuned pore sizes
was emphasized for 95% DON adsorption with 0.2 mg/ml
adsorbent (at 37 °C and 1 h contact time). 23.48 mg/g xylene
removal was achieved by palm kernel-based activated char-
coal [11]. Activated carbons modified after simple prepara-
tion presented good catalytic and adsorption efficiency.
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However, these multi-faceted preparation methods hap-
pen to have some disadvantages such as time, energy, and
chemical consumption. Instead of that, the single-step prepa-
ration route could be more useful to be utilized. As it is
known, activated carbon quality depends on parameters such
as preparation method, temperature, biomass content, heat-
ing time, and pretreatment conditions. The chemical agent,
amount, and pretreatment are significant importance to
obtain activated carbon with desired properties. Acid—base
and chemical pretreatment could be applied for the modi-
fication as well as separating the natural organic/inorganic
matters. Many different methods for activated carbon prepa-
ration were reported for various biomass [14].

Wheat straw was used to prepare activated carbon by
pretreatment and post-treatment with phosphate/magnesium
agent. The pretreated sample presented the highest Pb>*
adsorption performance [15]. Brewers draff-based biochar
(BCact) obtained at 650 °C was activated with 2 M KOH
solution [16]. A small amount of increase for Cu** removal
was recorded (10.3 mg/g whereas it was 8.77 for the non-
activated sample).

The preparation of effective carbon-rich materials from
biomass may be regarded as an economic route. Besides,
converting carbon-rich waste into functional carbon-rich
chemicals could provide a double effect, one of which is
free of charge raw materials and the other one is preserving
the environment. Fe (III) chloride impregnated waste cot-
ton textiles could be a good example of triple benefit. It was
concluded that the carbonization temperature of chemically
treated samples was 163 °C whereas it was 300 °C for raw
waste [17]. Fe (III) chloride treatment increased the CO,
and H,O releasing with decarboxylation. Obtained activated
carbon presented 267.12 mg/g Cr (IV) removal performance.
Mesoporous activated carbon with 1307 m? surface area was
obtained by the carbonization of MgCl, pretreated waste
polyester fabric at 900 °C [12]. Potassium salts of carboxym-
ethyl cellulose for oil adsorption were synthesized by using
purified wood wastes and cellulose-containing wastes of cot-
ton cleaning factory [18]. Waste textile materials that could
not be reused for weaving were used as unique biomass.
Pretreatment, activation, and carbonization parameters are
specific for only biomass that was handled.

Although adsorption is preferred due to its high efficiency
and easy operation of confining the impurities on to porous
surfaces, it does not signify the complete removal. In addi-
tion, desorption is required for the reuse of the adsorbent.
The efficiency tends to decrease in reuse due to blocking
of the adsorbent channels and deterioration inevitably. The
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decomposition of adsorbed substrates into harmless com-
ponents by an efficient mechanism is more interesting than
simple adsorption. While the carbon rich structure ensures
the adhesion of the substrate, an active agent integrated
into this structure can catalyze the pollution. UV sensitive
Fe,TiO5 modified biochar (Fe,TiOs/BC) was used to remove
methylene blue with ultraviolet (365 nm and 100 W) irra-
diation [19]. It was predicted that methylene blue adsorbed
on Fe-biochar and it interacted with reactive oxygen groups
formed by ultraviolet light. Dye decomposed in accordance
with the photo-fenton process. Effective hydroxyl radicals
were formed by interaction of hydrogen peroxide with chitin
biochar-ZnOFe,0 catalyst for Rhodamine-B (RhB) oxida-
tion [20]. The oxidation of methyl orange (MO), methyl red
(MR), methylene blue (MB) and different chemicals on the
Ag containing magnetic biochar with NaBH, are some of
the other examples for catalyst-doped-biochar applications
[21, 22]. Active metal-biochar composites induce the for-
mation of electron vacancies required for radical formation,
electron transfer, and electron acceptor or donor. In addi-
tion, the metals in the structure physically strengthens bio-
char and affects adjusting pore formation and pore number.
Carbonization of chemically pretreated biomass in one step
seems to be easy, economic and environmental method to
prepare light derived catalyst. The combination of carbon
in Ag;PO,-MWCNT composite increased the stability and
photocatalytic activity of the active catalyst thanks to the
synergistic effect [23]. The rapid electron transmission of
MWCNT on the photocatalyst surface could be done with
biochars.

99% photocatalytic removal of MB and Congo red (CR)
was achieved on the phosphate modified P-TiO,/BC compos-
ite [24]. Need for 500 W lights is one of the disadvantages
that reduces the system's efficiency. Biochar and carbon
nanotube support were effective in removing 15 mg/L rifa-
din antibiotic in 150W UV, 50W Led irradiation of Ni-Cr
photocatalyst. The carbon support increased the efficiency
with its large surface area and electron transfer [25]. Consid-
ering the conditions of 50 mg of photocatalyst, 20-25 mg/L
substrate for 1-4 h with 300-500 W power requisition, it
would be beneficial to improve its feasibility.

Although some studies were carried out for dye adsorp-
tion performances of the chemically pretreated waste tex-
tiles based biochars, studies investigating the adsorption and
photocatalytic performances of such biochars sequentially at
lower power light (30 W) were not encountered in literature
review.

This study aims to draw scientists’ attention to the impor-
tance of specific treatments of biomass for functional acti-
vated carbon preparation. Therefore, cost-free waste textile
materials that could not be reused in the textile industry were
chemically pretreated and carbonized in a controlled manner.
The effect of chemical treatment was investigated in terms

of characterization techniques of SEM, BET, XRD, and
FT-IR. The methyl orange (MO) model pollutant removal
mechanisms of the samples were investigated in terms of
adsorption and photocatalysis. Thanks to the optimum chem-
ical pretreatment and carbonization method, a large porous
biochar that could adsorb and catalyze impurities were
synthesized. Energy requisition and other conditions were
compared with the literature. A simple and green method
was adjusted for the preparation of functional biochar from
raw materials.

2 Experimental
2.1 Materials

Waste textile materials were obtained from Ugak Organized
Industrial Zone, Turkey. C,HsOH, HCI, H,SO,, H;PO,,
FeCl,.4H,0 were purchased from Sigma Aldrich and
used without any processing. Methyl orange (from Sigma
Aldrich) aqueous solution was used as an anionic model
pollutant [26].

2.2 Preparation of Chemically Activated Biochars

Carbonization of waste textile remnants was conducted as
above-mentioned. Waste textile samples were firstly washed
with ethanol in 70-80 °C hot water to remove dirt and dye. It
was dried at 60 °C for 24 h. 5 g sample was wetted by 25 ml
activating H,SO,, H;PO, or FeCl,.4H,0 agents. The mass
ratio for activating chemicals: waste textile was adjusted to
0.14/1.4-50 for 1-1.5 h. The samples immersed in chemi-
cal were washed and dried at 60 °C oven for 24 h before the
carbonization. Those were carbonized in a muffle furnace
at 10-15 °C/min at the temperature ranges 350-400 °C.
Static N, inert gas was infused in furnace before heating.
Control samples were prepared by carbonization of textile
samples at 350 and 400 °C without using any chemicals.
Having been weighted and grounded, carbonized samples
were passed through a 150 pm sieve. Prepared samples were
called with explanatory determination in accordance with its
activation procedure such as, [01/05/1]-[H2/H3/Fe]-[1/1.5]-
[350/400] with H2, H3, Fe-CTW and CTW-350, CTW-400
abbreviations. 01/05/1 stands for the concentration of chemi-
cals (mol/L) used for activation. H2, H3 and Fe represent
the chemicals used for pretreatment. 1/1.5 and 350/400 are
carbonization time (h) and carbonization temperature (°C)
respectively.

2.3 Characterization of Biochars

Crystallinity and functional groups of prepared biochars
were analyzed by XRD (Rigaku 2000) at 20 =2-80° with
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2°/min scanning speed and Perkin Elmer FT-IR over a range
of 4000400 cm™'. Morphological images were pictured by
scanning electron microscopy at 10 kV (Carl Zeiss ULTRA
Plus). Surface area of biochars was measured by TriStar II
3020 Version 3.02 BET device. Concentration of initial and
final dye solutions were analyzed by UV—-visible spectrom-
eter (Shimadzu, 2550) at 466 nm wavelength for MO. The
mass loss (ML%) percentages of carbonized samples were
calculated in order to determine carbonization process in
accordance with Eq. (1)

Wi— Wi
ML% = T x 100 €))]

F

W; and Wy, are initial and final mass (after carbonization)
of textile samples, respectively.

2.4 Dye Removal Experiments by Adsorption
and Photo Catalytic Effect

Dye removal performances of biochars were tested in a
cylindrical flask by the batch technique. Adsorption tem-
perature and pH of solutions was adjusted to 298-328 K
and pH=7.0 respectively by 0.05 mol/L HCL and NaOH
solutions. 100 mL MO aqueous solution (10-150 ppm) and
0.05 g adsorbent were put into adsorption cup, and stirred
at 150 rpm for 90 min. In order to find out whether the dye
removal mechanism is through adsorption or photo catalytic
effect, the adsorption behavior of the samples before ultra-
violet exposure was examined. The samples taken from the
solution medium in 5 min were separated from the adsor-
bent by centrifugation and the amount of MO was analyzed
by UV-vis spectrometer at 466 nm. As soon as each solu-
tion reached equilibrium, it was exposed to 30 W ultraviolet
radiation for 35 min at a distance of 15 cm. Light intensity
was adjusted 290 mW cm™2. At the end of the 35th min,

Table 1 Proximate analysis of CTW adsorbents

10x 107> mol/L hydrogen peroxide was added to the medium
and exposed to UV for 5 more minutes. Thus, the dye
removal efficiencies of biochars in adsorption, ultraviolet
and hydrogen peroxide-ultraviolet environments were inves-
tigated. To verify the precision of experimental results, each
part of the procedure was separately validated by repeating
three times. Dye removal capacity (Q., mg/g) and efficiency
(Eap, %) of samples were calculated by Egs. (2) and (3) for
adsorption and photo catalytic process [27].

_ CO_Ce \Ys
Qe—( = >>< @)

C,-C
E, (%) = <0C—0> X 100 3)

C, and C, are initial and equilibrium dye concentration
in mg/L respectively. M (g) and V (L) represent amount of
adsorbent and the volume of MO solution.

3 Result and Discussion
3.1 Characterization of Biochars

The biochars prepared at [05]-[H2/H3/Fe]-[1]-[350] con-
ditions with control samples obtaining at 350 and 400 °C
were identified as the investigation samples. The samples
were determined in terms of carbonization temperature,
characterization results, and adsorption performances. The
samples of CTW-350 and CTW-400 were prepared without
any chemical. Carbonization efficiency decreased with the
increasing temperature and 14% CTW-400 was obtained as
least yield (Table 1).

The carbonization of waste textile did not complete at
350 °C. The high amount of the chemical treated samples

Textile waste

(TW) CTW-350 CTW-400 Fe-CTW H2-CTW H3-CTW
Yield (%) 30 14 48 33 46
acidity
(in aqueous neutral neutral acidic + neutral-acidic acidic
solution)
appearance fragmentary, well Well carbonized,  Sticky structure Hardened
ppearan incomplete . Iron oxide due to acidic structure,
and grinding L carbonized . .
carbonization colored dissolution fragmentary
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depend on the amount of activation chemical which adheres
to the biochar structure. As could be understood from the
color of samples, iron added biochar contains iron oxide
species. Moreover, iron treatment induced the carbonization
even at lower temperatures. Thus, well carbonized biochar
was formed. Acid treatment did not increase the mass ratio
of the carbonized product. Rigid structure of H2-CTW and
H3-CTW could be partially seen from the images. Due to
anti-burn effect of PO,*~, highly hardened H3-CTW was
obtained. Therefore, the structure of H3-CTW prepared at
05-H3-1-400 conditions was almost similar to H3-CTW
obtained at 350 °C due to fire retardant effect of phosphate
groups [28].

The yields of acid treated waste consist of semi-carbon-
ized samples with fragmentary structure. Due to solvent
effect of H,SO, on the waste textile, sticky and insufficiently
carbonized materials formed. Before dye adsorption experi-
ments, biochars were added to deionized water to determine
their acidity. An interesting result was observed for water-
Fe-CTW mixture, due to high acidity, while the others’
pH was approximately neutral (pH 6.8-7.1). This situation
might be the result of releasing the acidic species from the

small amount of iron oxide reduction at the presence of car-
bon [29]. The content, activity, and yield percentage of car-
bonized samples could be adjusted as desired by scientific
methods to obtain efficient adsorbents-catalyst.

The crystal structure patterns which pointed out the for-
mation of biochar were presented in Fig. 1 for CTW-350,
CTW-400, H2-CTW, H3-CTW and Fe-CTW.

Clear evidence for carbonization was observed for bio-
chars obtained from both activated and non-activated waste.
A broad peak among the 20 =15-30 could be attributed to
characteristic crystalline structure of activated carbon [30].
Especially the peak at around 20 =25 became sharp for
CTW-400 and H2-CTW with a small shift to lower angles.
That implied to increasing crystallinity and increasing inter-
spaces [31]. Some of the peaks such as 29.18°, 36.12° and
58° observed at Fe-CTW diffraction patterns are due to iron
(II) oxide crystals formed as a result of Fe (II) cation impreg-
nation [32]. According to XRD diffraction patterns, activa-
tion methods in this study could be classified as temperature,
acidic and cationic induced. The crystallinity of biochars
obtained by temperature induction competes with those
obtained by chemical modification. CTW-350 and CTW-400
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Fig. 1 XRD patterns of CTW samples
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presented temperature differences for crystallinity while the
others showed chemical effect. The broad peak shown on the
H3-CTW diffraction pointed out the disordered structure and
low crystallinity due to of large phosphate groups disrupting
the crystal structure. The changes of chemical structure and
functional groups were analyzed by spectroscopic analysis
of FT-IR (Fig. 2).

From the spectrums of Fe, H2 and H3-CTW samples,
characteristic carbonization peaks pointed out carbonization
of cellulosic waste materials had been observed. The bands
at around 3400, 1700 and 1090 cm™! represent for OH, C=0
and C—O-C vibrations respectively. The spectrum of non-
activated CTW-350 and CTW-400 samples could be seen
in our other study [33]. The band at around 1610 cm~! was

assigned to C=C bond stretching of aromatic ring, and it
was observed for all samples [34]. The Fe activation resulted
in different FeO formations on the Fe-CTW structure. That
was inferred from the band at around 500-850 cm™! with
the 1083 cm™! band that corresponds C—O—C vibration. The
presence of different phosphate species could be understood
from the clear 998 cm™! bands of H3-CTW as much as the
absence of 1700 cm™' C=C band [35]. Surface morphology
of obtained biochars is shown in Fig. 3.

The spongy-like surface of CTW-350 structure became a
denser structure with the effect of temperature as could be
understood from the CTW-400 surface. Despite increased
temperature, the volatile matter of CTW-400 was not
removed sufficiently due to melting of components in the

Fig.2 FT-IR spectra of CTW
samples
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Fig.3 SEM images of CTW samples

waste and it covered the biochar surface even at 400 °C.
This indicated how important the temperatures with other
parameters for sufficient carbonization. The crystal for-
mations attributed to formation of iron oxide species with
sponge-like structure were observed on the Fe-CTW image.
Partially well-ordered pores and voids appeared in spite of
lower carbonization temperature at 350 °C for Fe-CTW.
Catalytic effect of iron species is considered as a dominant
for transformation of active agents to substrate easily.

H2 and H3-CTW exhibited very dense structure com-
pared with iron activated and non-activated samples due to
solvent effect of acid on the waste materials. Thus, pores
were covered with particles and chemicals dissolved during
the pretreatment. Those penetrated to voids and depressed
the pore formation. This effect could be understood from the
BET results of the biochars (Table 2).

| CTW-400 Jg

Table 2 BET surface area of (Sgpr) CTW adsorbents

Sample CTW-350 CTW-400 Fe-CTW H2-CTW H3-CTW

Sper (m¥g) 59 354 215 189 67

The largest surface was recorded for CTW-400 as 354
m?/g while it was only 67 for H3-CTW. A well-ordered
activated carbon with large pores was obtained with 4 ratio
H,PO, treated mangrove pile sample among 3-5 ratio and
300-500 °C temperature range in literature [3]. It is con-
cluded that sufficient parameters should be determined for
efficient carbonized yield by considering the waste mate-
rial. The EDS analysis results revealed that carbon content
reduced with increasing temperature and chemical treatment
as shown in Table 3 and Fig. S1.
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Table 3 EDS analysis results of CTW adsorbents

Atomic % CTW-350 CTW-400 Fe-CTW H2-CTW H3-CTW

CK 82.98 70.49 53.39 85.95 52.11
NK 0.10 18.59 5.95 9.73 2.35
OK 11.40 2.70 29.28 3.18 23.64
MgK 3.14 7.64 0.60 1.14 0.07
AIK 1.56 0.36 10.77 85.95 17.47
SiK 0.26 0.22 - - 0.86
TiK 0.54 - - - 3.50
FeL - - 14.04 - -

PK - - - - 63.73

The catalytic effect of Fe species with decreasing carbon
content compatible with explanations given at this section.
On the other hand, reducing carbon amount of H3-CTW
could be attributed to phosphate penetration to voids and
interaction with volatile matters. Thus, carbon structure
evaporates easily during the carbonization [3]. Presence of
Fe and P atomic structure could be understood from the EDS
graphs. That pointed out the formation of iron and phosphate
species. Sulfuric acid was concluded as the minimal carbon
reducing agent (with 85.95% carbon contents) for pretreat-
ment of waste textile material. It was probably dissolution of
waste textile samples with the effect of sulfuric acid rather
than exchange or elimination of carbon content. The highest
carbon content was obtained in CTW-350 and CTW-400
respectively proportional to the applied temperature.

3.2 Dye Removal by Adsorption and Photo Catalysis
3.2.1 Adsorption Properties

It was investigated whether the dye removal performances
of the prepared biochars were through adsorption or pho-
tocatalysis. In order to actualize that, 100 mL of MO
(10-150 ppm) solution and 0.05 g adsorbent were put into
adsorption cup, and stirred at 150 rpm for 90 min. Solution
pH was adjusted to: 7, before adsorption. This pH value
was chosen considering the anionic character of the model
pollutant and the approximately neutral pH of MO aque-
ous solution (=27.23). The anionic structure of MO has a
facilitating effect on the cationic adsorbent for adsorption
(Table S1). However, the change in the active groups of the
solid (surface charge) in acidic medium is vital importance.
Increasing the positive charges on the adsorbent surface
will increase the MO adhesion. Anionic stability of dye in
an acidic environment is also another important factor. The
adsorption of MO at different pH values is the subject of
other studies. Since the adsorption and photocatalytic effect
were investigated sequentially, the pH of the MO solution
was used directly at neutral pH value, excluding the different
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pH effect. Temperature effect was studied at 308, 318, and
328 K, however any remarkable increase was not observed
for MO adsorption. So, 298 K was decided as adsorption
temperature for this study. During the photocatalytic pro-
cess, the ambient temperature was kept at the determined
constant value with controlled cooling. The adsorption per-
formances of biochars in batch media were examined by UV
spectrometer taken 1 mL samples at regular intervals for
90 min. Afterwards, the solution was exposed to ultraviolet
irradiation (30 W) for 35 min in air circulation and for 5 min
in the presence of 0.01 mol/L H,O, consequently. Thus, the
dye removal performances of biochars were investigated in
terms of adsorption and photocatalytic effects.

Adsorption on biochar is a widely preferred method for
removing impurities in aqueous media. However, the cost
of the material and the process type are the parameters that
directly affect the efficiency. Since this study focuses on
the preparation of biochar with high dye removal by sim-
ple methods, the photocatalytic sensitivities of the samples
were investigated besides their adsorption performance. Dye
removal efficiencies of biochars were tested under basic and
least costly conditions consisting of approximately neutral
MO solution, 298 K temperature, 0.05 g adsorbent, 35 min
air and 5 min H,0,, Fig. 4.

The CTW-400 and H3-CTW samples showed increased
MO removal compared to the others. The adsorption effi-
ciency of Fe-CTW and H2-CTW started to decrease after
the 45th min and after the 75th min of the CTW-350. These
changes reveal the direct dependence of adsorption on sur-
face properties of biochars. Satisfactory dye removal effi-
ciency of CTW-400 can be explained by its large surface
area. The low surface area of CTW-350 with only tempera-
ture variable biochar resulted in low adsorption. However, it
is understood from both MO adsorption and characterization
results that the adsorption efficiencies of biochar prepared
without chemicals at 400 °C (CTW- 400) provide moder-
ate adsorbent properties. Although the gap between the
surface areas of CTW-400 (354 m2/g) and H3-CTW (67
m?/g) is very large, the high adsorption efficiency recorded
in H3-CTW is due to the presence of functional groups on
the surface. Its performance gradually increased and a dye
removal efficiency of 96.4% was recorded at 90th min. It
greatly exemplifies the possibility that more efficient adsor-
bents containing functional groups can be obtained at low
temperature through chemical treatment. Although Fe-CTW
and H2-CTW were obtained by chemical treatment, they
presented low adsorption efficiency. That can be explained
by small pores formed most of their large surfaces prevent
MO entrance partially. The proper voids and pores that
formed on the adsorbent surface after the chemical treat-
ment provided higher adsorption. It is understood from the
results that the large surface area alone is not sufficient to
achieve high adsorption. The proper pore diameters and the
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functional groups on the adsorbent surface are of undeniable
importance and, Fe-CTW and H3-CTW were concluded to
present these functional groups. On the other hand, adsorp-
tion performance of H2-CTW was less than the expected
correlation with others. The solubility of raw waste tex-
tile content particularly with a high percentage of cotton
in H,SO, resulted in preventing effect for the appropriate
carbonization. Acid treated samples was covered with sticky
slush and that increased during the carbonization. This struc-
ture prevented the efficient carbonization and formation of
functional groups and pores. It is important to note that, a
procedure for carbonization is specific for a handled raw
material even if it was the similar content.

The adsorption data versus time were applied to the
Langmuir and Freundlich isotherms to better understand the
adsorption mechanism [26, 33, 36] (Table S2 for equations
of isotherms and kinetic).

At this point, C, (mg/L), which is the MO concentration
in the aqueous solution after adsorption, and Q,,,,, which is
the maximum monolayer adsorption capacity of the sorbent.
K;and K, are the constants of the Langmuir and Freundlich

45 55 65 75 85 95 105 115 125 135
Contact Time (min.)

model isotherms, respectively. Adsorption isotherms are
important in terms of providing information about the adhe-
sion mechanism of dye molecules on the adsorbent surface.
Relying on the consistency of the related graphics, it can
be predicted whether the adhesion occurs as a single layer
on a homogeneous surface or a single or multiple layer on
a heterogeneous surface. The adsorption parameters were
presented in Table 4.

MO adsorption on the biochars could be explained by
Langmuir and Freundlich isotherms in generally. While
the values of CTW-350 and CTW-400 are suitable to be
explained by Freundlich isotherm, MO adsorption on bio-
chars prepared with chemical pretreatment can be explained
by Langmuir model in Fig. S2.

It is understood that the MO adsorption on the CTW-350
and 400 complies with the multilayer adsorption mechanism
on the heterogeneous surface. The adsorption on the Fe, H3
and H2-CTW can be explained by the monolayer homoge-
neous adsorption mechanism. The adsorption behavior of
biochars is compatible with their structural differences. The
maximum adsorption capacity was calculated as 59.17 and

Table 4 Isotherm and pseudo first order kinetic parameters of biochars for MO adsorption

Langmuir isotherm

Freundlich isotherm

Pseudo-firs order kinetic

Quax (Mg/g) K (L/mg) R’ K;(mg'™/gL"  1/n R? Qeexp ki Qea R
CTW-350 3436 0.01275 0.9541 1.31 07078 09747 1511 0083 1454 0977
CTW-400  59.17 0.01377 09602  14.43 0.7066 09769 2687  0.113 2582 0978
Fe-CTW 43.29 0.0181 0.981 1.42 0.6572 09664  37.01 0057 3217  0.725
H3-CTW  51.28 0.0186 0.9711 1.79 0.6439 09741 254 0.1 2461 0988
H2-CTW 2358 0.01766 0.9976 113 0.6194 09811 2041 0031 1721 08I

@ Springer



638

Chemistry Africa (2023) 6:629-642

51.28 mg/g for CTW-400 and H3-CTW respectively, under
the different MO concentrations. Considering the percent-
ages of dye removal efficiencies, the values calculated for
the low-cost adsorbents are quite reasonable. In addition,
the data obtained from the Freundlich equation shows the
adsorption of MO on the heterogeneous surface of CTW-
400. In this context, n> 1 value can be interpreted as het-
erogeneous surface efficiency is higher than homogeneous
surface.

Therefore, in accordance with the literature, it is under-
stood that the adsorption of MO usually fits both Langmuir
and Freundlich isotherms [28, 33]. The small differences
of isotherm models indicate that MO adsorption fits both
monolayer on homogeneous surface and multilayer on het-
erogeneous surface rather than a uniform model. Ouedrhiri
et al. exemplified that the maximum MO adsorption val-
ues on biochar samples prepared from different raw mate-
rials at 298 K temperature were in a wide range such as
18.8-461 mg/g [37]. The MO removal efficiencies of bio-
chars prepared under very economic conditions are consist-
ent and satisfactory with the literature data. The adsorption
efficiencies of all biochars at different initial MO concentra-
tions and optimal conditions are promising.

3.2.2 Photocatalytic Activity

The adsorption of MO for 90 min, and the change in the
amount of MO in the presence of UV light, is given in Fig. 4.
The contact time of 45 min was decided to be the optimum
value for adsorption of MO on all samples except H3-CTW
and CTW-400. The decrease in MO removal percentage
with increasing contact time, was due to MO desorption.
But, the MO amount in the aqueous solution containing
H2-CTW and Fe-CTW decreased with UV exposure after
desorption. Increased MO removal clearly indicates that the
photocatalysis of MO in the case of UV is not because of
new adsorption.

Adsorption and photocatalysis were carried out sequen-
tially in order to understand the removal of dye is caused by
free radicals that form on the surface of catalyst [38]. When
photocatalysis were applied separately, the solution and bio-
chars were mixed in the dark for 45 min before reaching
the equilibrium. The highest increase in MO% removal in
the presence of UV was recorded as 62.7% on the Fe-CTW
surface. This was followed by H2-CTW with 42.3% and
H3-CTW with 7.7%. Desorption tendency of CTW-350 and
CTW-400 in the UV conditions are proof that these struc-
tures provided no photocatalytic activity. The MO adsorp-
tion on CTW-400 remains constant in the presence of UV.
It increased for CTW-350 as a result of MO desorption from
the CTW-350 surface. The increase in the amount of MO
at the CTW-350 solution also shows that MO remains unaf-
fected even in the presence of UV light and peroxide. This

@ Springer

proves the need for the use of an effective photosensitive
catalyst for photocatalytic dye removal as well as UV light
and oxidizers. There was no change in the MO concentration
exposed to UV in the absence of any catalyst as a control
experiment.

Different mechanisms are suggested for the removal of
organic pollutants with the formation of radiation induced
radicals, using different light absorbents. In these processes,
which usually proceed over the electron-hole pair, the val-
ance band electron of the catalyst exposed to the beam is
excited to the conduction band. That results in valance gap
(h*) and conduction band electron (e”). This is followed by
the conversion of oxide, hydroxide, or peroxide derivatives
in the reaction medium into radicals which catalyze organic
impurities (Eqs. 4-9). If radical formation is provided by
the iron catalyst in the presence of radiation, this reaction is
called the photo-Fenton process [39, 40].

Fe/H2/H3 —CTW + hv - e~ +h* 4)
Fe’" + H,0, » Fe** + OH + OH™ )
H,0 + h* - OH + H' (6)
O,+ e =05 @)
H,0, + hv - 2°0OH (8)
‘OH + dye — dye,, ®

When the MO removal efficiencies of Fe-CTW in dif-
ferent oxygen sources are compared, it was seen that the
efficiency in the presence of peroxide increased by 43.7%
compared to that of in the air circulation. Examination of
MO removal in the presence of air and peroxide provided
a better determination of the tendency of biochars to form
radicals in the radiation. The high photocatalytic activity of
Fe-CTW despite its small pore structure indicates that the
reaction may proceed in the direction of providing radicals
to the solution rather than the elimination of MO on the bio-
char surface. A slight increase in the MO removal was noted
for H2-CTW and H3-CTW in the presence of peroxide.
This revealed the distinction between adsorption-based and
photo-induced dye removal as soon as better understanding
the effect of peroxide. This study aims to prepare light sensi-
tive biochars at low cost and to reveal their photocatalytic
activities. Another advantage of Fe-CTW is the absence of
Fe?" release into the solution medium. In Fenton processes,
Fe* and H,0, added directly to the aqueous medium inter-
act and the Fe-hydroxyl precipitation may cause the reaction
to proceed uncontrollably and create separation difficulties.
Biochar not only facilitates photocatalysis on the surface
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with MO adsorption but also prevents metal leaching. Good
adsorption is essential for highly productive photocatalysis.
Large surface area and pores large enough to trap the adsor-
bent may increase adsorption ratio. The biochar obtained
from the chemically treated carbon source allows the adjust-
ment of the desired pore structure. At the same time, the
active metal-large surface area couple provided an efficient
photocatalyst [41-43]. MO removal activities of biochars
were applied to pseudo first order and pseudo second order
kinetic models. The Q, versus time data for CTW-350, CTW-
400 and H3-CTW performed the kinetic model, but the high-
est Q, value was calculated for Fe-CTW. The rapid increase
in MO removal, which is an indicator of the photocatalytic
activity of Fe-CTW and H2-CTW, reduced the compliance
with kinetic model (Fig. S3). C, (mol/L), C, and k (min~h
represent the MO concentrations for initial and at time t with
the rate constant respectively. The rate constant 0.057 min~"
calculated for the Fe-CTW is consistent with the literature
data. The photocatalytic activity of H2 and H3-CTW is very
interesting and beneficial. The catalyst formed as a result
of the addition of H,SO, to TiO,, ZrO,, Al,O; derivatives
showed increased efficiency in NO, removal thanks to the
sulfate derivatives that increase the active surface oxygen
[41]. In addition, the surface acidity of the catalyst was
increased by SO, treatment in order to increase the surface
sulfate oxides. Thus NO removal efficiency increased in the
presence of NH; on CeO, [42]. CeO,-P and CeO,-S refer to
Ce catalysts containing phosphate and sulfate groups, and
these groups were reported to increase the defect sites of the
catalyst, called oxygen vacancy [42]. As seen in these exam-
ples, phosphate and sulfate groups are added to the catalyst
at the synthesis stage or afterwards to increase the surface
acidity or oxygen vacancies. Thereby the catalyst efficiency

increases with a synergistic effect. The role of phosphate and
sulfate groups in photocatalysis is quite evident, since photo-
catalytic reactions proceed through the formation of electron
vacancies with the effect of photons. H2-CTW and H3-CTW
prepared in this study are the examples of biochar-SO, and
biocahar-POj; couples respectively. The MO% removal of
these samples is the result of the photocatalytic activity.
Photocatalysis of MO with Fe-CTW according to the fen-
ton process is compatible with reactions using iron oxide
derivatives [43]. H2, H3 and Fe-CTW compounds prepared
by treating only certain chemicals offer a good cost-effective
option. On the other hand, biochars provided physical and
conductive support affect these metal-metal oxide groups.

Many studies have been reported on the adsorption and
catalytic removal of dye, organic pollution and heavy metals
using biochar-metal composition [46]. The removal rates of
the adsorbent/catalyst used in the study, application condi-
tions, preparation steps, substrate type and cleaning methods
are the proofs of the success of the application. Different dye
removal studies under similar conditions are given in Table 5
for comparison.

It is understood that the Fe-CTW, H2-CTW and H3-CTW
biochars prepared in this study require very low energy
compared to their counterparts for their remarkable pho-
tocatalytic efficiency. In addition, their preparation under
low energy and chemical conditions using waste textile are
the factors that enhance the preferability of the composites.
Double benefit obtained with the converting the waste tex-
tiles by chemical treatment and controlled carbonization to
metal-carbon material. One of them is the production of fine
chemicals from cost free raw materials with an economi-
cal route and the other one is controlling the environmental
pollution caused by disposal or burning of waste materials.

Table 5 Photocatalytic dye removal studies with different adsorbent-photocatalyst

Catalyst-Biochar precursor Amount Substrate and amount Power (W) Time Removal mechanism and References
efficiency
pCN/WFB/Bi-VO, (Wood 50mg 10 mg/L Rhodamine B 400-200 30 min Degradation 97.3% [44]
flour based)
ZnFe-BC (poplar saw dust 0.04g  Rhodamine B 25-35 mg/g Unknown 180 min Degradation 99.05% and [45]
based) and malachite green 98.08%
80-120 mg/g
Switch grass 2 g/l 2.5-320 mg/L Orange G - 15 min—24 h Adsorption 38.8 mg/L [46]
ZnO/biochar (bamboo based) 100 mg 160 mg/L methylene blue 250 ~200 min  Degradation 95.19% [47]
TiO,-biochar (waste walnut 10mg 20 mg/L methyl orange 500 150 min Degradation 96.98% [48]
shells based)
Fe-CTW 50mg 75 mg/L methyl orange 30W 35+ 10 min Degradation® This study
H2-CTW 87.4%
H3-CTW 77.6%
(FeCl,, H,SO, and H;PO, 98.4%

treated Waste Textile based)
biochar

*Stirred for 45 min to reach adsorption equilibrium
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4 Conclusions

Processing of industrial waste provides free of charge raw
material besides environmental protection. In this study
carbon-rich waste textile materials were handled in terms of
active carbon preparation process. FeCl,, H,SO, and H;PO,
pretreatment methods were applied to acquire more functional
and energy saving carbonization. Samples pretreated with
activating agents were carbonized at 350 °C. The heating at
400 °C was necessary to obtain minimal features biochar from
nonchemical-treated waste as control sample. The structure
of biochars was analyzed with FT-IR, SEM, XRD and BET
investigations. Some functional groups, porous structure and
large surface area were observed at chemical treated samples.
The dye removal of the biochars by adsorption and photo-
catalysis was sequentially investigated. The UV sensitivity
of the Fe, PO, and SO, groups were understood from their
performance in MO removal. The samples of Fe-CTW and
H3-CTW were concluded as convenient adsorbent-photocat-
alyst that obtained with 05-Fe/H3-1-350 carbonization condi-
tions. The highest MO removal performances of biochars by
either adsorption or photocatalyst were recorded as 25.65 mg/g
and 97.8% respectively. These results were highly acceptable
if the dye removal performances of commercial or lab scale
biochars at application conditions are taken into consideration.
All carbon-rich materials could be converted to fine chemicals
that could be used for adsorbent, biosensor or charging mate-
rials. However, the most feasible conditions should be scien-
tifically determined. Waste textile materials were converted
to activated carbon with cationic and acidic pretreatment and
functional Fe-CTW, H2-CTW and H3-CTW were prepared
with lower energy. These findings contain promising result
for waste management aimed environmental protection and
production of fine chemicals with economically.
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