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Abstract

Wastewater containing dyes are released into water bodies generating serious problems in human health and marine life. To
contribute to the solution of this problem, a novel activated carbon was prepared from untreated pine (Pinus radiata) sawdust
by dry chemical activation with ZnCl, and was used for wood dye adsorption. The carbon was characterized by point of zero
charge, N, and CO, adsorption isotherms, SEM-EDX, and FTIR. N, and CO, surface areas were 471.4 and 319.5 m*> g™/,
respectively, with 91% of micropores. Wood dye adsorption was studied in function of pH (2—-12), adsorbent dose (0.1-4 g
LY, time (up to 48 h for blue and red and 12 h for black), and initial concentration (5-500 mg LY. The equilibrium data
for the blue and black dyes were satisfactorily fitted to the Freundlich model while those for the red dye to the Langmuir
model. Kinetic data were explained by the pseudo-second order (chemisorption process) and intraparticle diffusion models.
At 5 mg L™!, a 100% removal efficiency was achieved at all pH for the blue dye, whereas for the red and black, natural pH
(5.1) and pH = 2, respectively, led to the best removal efficiencies, 96 and 56%. Increasing concentration above 25 mg L™!
significantly reduced adsorption efficiency for blue and red dyes. For the black dye increasing the dose to 1 g L™!, the adsorp-
tion efficiency reached 82% at 25 mg L~!. High removal efficiencies were achieved for all dyes at 25 mg L' and 4 g L.
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1 Introduction

A problem that has persisted over the years and has attracted
the attention of many researchers is water pollution. With the
huge expansion of industrialization (such as textile, wood,
rubber, and dye industries), the volume of untreated waste-
waters that are discharged into streams and water bodies also
increased. Among the wastewater contaminants, particularly
dyes can generate serious problems in human health due
to their toxicity, mutagenicity, and carcinogenicity even at
low concentrations. Moreover, they are highly resistant to
light, aerobic digestion, and oxidizing agents due to their
chemical stability [1-3]. Therefore, wastewater treatment
is essential and various technologies have been employed
for dye removal such as electrocoagulation; photocatalytic,
oxidative, and biochemical degradation; and adsorption.

0< Julia Gonzdlez-Alvarez
julia.gonzalez@usc.es

Department of Chemical Engineering, School

of Engineering, Universidade de Santiago de Compostela,
15782 Santiago de Compostela, Spain

Published online: 31 March 2023

Adsorption has received special attention due to its simplic-
ity, high efficiency, including the treatment of concentrated
dye effluents, low cost, and the possibility of reusing the
adsorbent through its recovery and regeneration [4, 5].
Adsorption on activated carbons (AC) has been widely
used for dye removal due to their high porosity, surface area,
physicochemical stability, mechanical strength, and surface
reactivity. However, due to their high cost and regeneration
difficulty, numerous investigations have focused on their pro-
duction from natural, abundant, safe, and low-cost precur-
sors [6—8]. Activated carbons can be prepared by physical
(in which steam, nitrogen, or carbon dioxide can be used for
moderate reduction of the carbonaceous matter) or chemi-
cal activation (a chemical dehydrating agent is employed to
activate the biomass or char) by one- or two-step processes.
Usually, activated carbon prepared by chemical activation
presents higher surface area, smaller pore size, and has wider
use in many applications [9, 10]. Agarwal et al. [4] reported
the two-step process as the most effective due to the high
porosity developed: (1) carbonization of the material under
an inert atmosphere which enables the removal of moisture,
volatile compounds, and other aromatic and then resulting
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in a char with high carbon content; and (2) activation at
elevated temperature to degrade the cellulosic materials in
the precursor and to attain specific characteristics which
will depend on the process conditions used. Carbonization
depends on several factors such as the existence of an inert
atmosphere, the heating rate, the carbonization temperature,
and time [5, 10]. The resulting char can be activated through
chemical activation that could be performed by impregnation
(wet oxidation) or by mixing the char with the solid activat-
ing agent (dry oxidation) [11-13]. Regarding the activating
agents, they act as dehydrating agents which influence the
decomposition by pyrolysis and inhibit the formation of tar.
Additionally, the activation agent will strongly influence the
properties of the activated carbon. Among the most used
activating chemical agents such as ZnCl,, KOH, H;PO,, and
K,COs, which present an enhanced effect on carbon surface
area and porosity, ZnCl, stands out as an excellent activating
agent [4]. The activation process using ZnCl, increases the
yield due to polymerization and operates as a Lewis acid
favoring the creation of certain large-ring aromatic com-
pounds, produces a template effect inducing the formation of
uniform micropores and could be more selective [3, 11, 14,
15]. Moreover, the carbon activated with this agent usually
presents outstanding properties such as large pore volume
with smaller pore size, higher surface area, and abundant
reactive groups for contaminant uptake. Additionally, it has
been reported that activated carbons prepared using ZnCl,
as activating agent showed good results particularly for dye
removal [16, 17]. Activated carbon, as general adsorbent,
has a long history of manufacture and application, although
there are still various production aspects that could be con-
siderably improved [18].

Waste biomass from agricultural or forest byproducts has
arisen as the best alternative since these raw materials can
be used as adsorbents without treatment, or by carbonization
and activation, improving their adsorption capacity. Besides,
unwanted and abundant wastes can be converted into useful
and valuable adsorbents [19]. There has been demand for cost-
effective precursors for the production of activated carbon
and recent research have reported the preparation of AC from
materials such as grape stalk, semi-coke, coconut shell, slash
pinewood, and Sterculia alata nutshell [5, 9, 14, 19, 20]. This
type of carbon-based materials demonstrates characteristics
such as high surface area, stability, range of functional groups,
and a porous structure [5]. Nevertheless, depending on the
nature of the biomass and the pyrolysis/activation conditions,
biochar with a porous structure and different carbon content
having a high surface area can be produced [21]. Both chemi-
cal structure and surface chemistry depend not only on the
type of biomass but also on the parts of the biomass. Cellu-
losic biomass usually consists of cellulose, hemicelluloses, and
lignin but the proportions change depending on the material
which will influence the characteristics of activated carbons
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[22, 23]. Furthermore, in most of the studies [5, 14, 19, 20], the
raw material is washed or pre-treated which increases the use
of chemicals in the production of activated carbon. Different
waste biomass has been converted into activated carbon and
has been successfully used to remove acid dyes from waste-
waters: Paulownia tomentosa wood to remove acid red 4 [24],
apple wood to remove acid red 337 and acid blue 349 [25],
walnut and poplar woods to remove acid red 18 [26], pine-cone
to remove acid black 1 and acid blue 113 [27].

Pine trees of different species are present in large amounts
around the world and are among the most commercially valu-
able tree species for timber or wood pulp [28]. Pine sawdust, a
byproduct from the wood industry, is a lignocellulosic material
containing hemicellulose, cellulose, lignin, and some func-
tional groups (e.g., carboxyl, phenolic, hydroxyl) which makes
it a good precursor to produce activated carbons [6]. Pine saw-
dust from Pinus radiata, an abundant species in the northwest
of Spain, could be an exceptional choice from an economic
and environmental viewpoint due to its availability and low
cost. To the best of our knowledge, pine sawdust from Pinus
radiata has never been applied as raw material for the produc-
tion of activated carbon for dye adsorption [28, 29].

Due to the great concern with the discharge of wastewater
containing dyes into water bodies that pose a diversity of haz-
ards for humans and marine life, the present study was focused
on the production and characterization of a novel activated car-
bon based on untreated pine (Pinus radiata) sawdust (PS). The
carbon was activated by direct mixing with ZnCl, and used for
the removal of acid wood dyes from aqueous solutions. Thus,
a double objective is achieved, to replace expensive commer-
cial activated carbons and at the same time reduce the costs of
biomass waste management, in addition to proposing an alter-
native for solving the challenge of dye wastewater pollution.
Batch adsorption experiments were performed to evaluate the
influence of various operating conditions such as pH, adsorbent
dose, and initial dye concentration on the removal efficiency.
The carbon was characterized for its structural and surface
properties, by the point of zero charge (pHp,), BET surface
area obtained from nitrogen (N,) and carbon dioxide (CO,)
sorption isotherms, and pore volume. Also, Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy
coupled with energy dispersive X-ray analysis (SEM-EDX)
were performed before and after adsorption. Kinetic and equi-
librium studies were carried out under selected conditions in
order to analyze the adsorption mechanism.

2 Experimental section
2.1 Materials

Pine (Pinus radiata) sawdust (PS) was provided by a
regional sawmill (Lugo, Spain). After air-drying to
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equilibrium moisture content (11.61 wt%), PS was sieved
and the fraction between 0.5 and 1 mm was selected,
stored in a plastic container, and used directly for the AC
production.

Acid wood dyes were used: Blue for wood AGN-270%,
Red for wood GRA-200%, and Black Hispalan M-RN-
140%. Dye solutions were prepared by dilution of a stock
aqueous solution of 1000 mg L~! with distilled water.
Natural pH was determined for each dye at 5, 25, and 500
mg L~! using a digital pH meter (Hanna edge).

Zinc chloride (ZnCl,, 98%, Scharlau), sodium chloride
(NaCl, 99.5%, Probus), sodium hydroxide (NaOH, 98%,
Sigma-Aldrich), and hydrochloric acid (HCI, 37%, Sigma-
Aldrich) were used.

2.2 Production of activated carbon

To analyze the transformations of pine sawdust during
the thermal treatment, thermogravimetric analysis was
performed from 50 to 1000°C under N, atmosphere at
25 mL min~'. According to the results (Fig. S1), 600°C
was selected as carbonization temperature since cellulose,
hemicelluloses, and lignin decomposition usually takes
place below this temperature [15, 30] and no weight loss
occurred at higher temperatures.

PS was carbonized at 600°C for 1 h under a N, atmos-
phere (10 mL min~') in a horizontal tubular furnace
(Carbolite, Sheffield) applying a ramp of 5°C min~! up to
600°C. Afterward, it was cooled down to room tempera-
ture. Thereafter, the biochar produced after carbonization
was mixed by milling with ZnCl, at a weight ratio of 1:4
(w/w) and activated in the furnace at 850°C for 2 h under
a constant N, flow rate (10 mL min~") using a heating rate
of 5°C min™" (AC,,cp.g50)- After activation, the obtained
material was washed with HCI 0.1 M under stirring, and
later with distilled water under vacuum filtration up to neu-
tral pH. Finally, the washed sample was dried overnight
at 105°C [12].

2.3 Activated carbon characterization

The point of zero charge (pHp,) was evaluated according
to the method described by Carabineiro et al. [31]. Briefly,
20 mg of AC,,c1p.g50 Was put in contact with 20 mL of a
0.01 M NaCl solution at 200 rpm for 48 h to assure equi-
librium. The pH of solutions was adjusted between 2 and
12 by adding HC] or NaOH with concentrations between
0.5 and 2 M.

The pore volume, surface area, and structural properties
of AC,,c1p.350 Were characterized by N, and CO, adsorp-
tion isotherms using an ASAP 2020 sorption analyzer

(Micromeritics). N, and CO, adsorption isotherms were
recorded at —196°C and 0°C, respectively. Before measure-
ments, a degassing procedure was carried out under vacuum
at 300°C for 1 h. N, and CO, surface areas were determined
using the Brunauer-Emmet-Teller (BET) equation and the
mesopore volume and pore size distribution were determined
by Barrett-Joyner-Halenda desorption isotherm. Total pore
volume was determined at a relative pressure of 0.99 and this
value was used to calculate micropore volume on the basis of
mesopore volume neglecting the macropore volume (from the
BJH equation) [19].

ACy, c1n.g50 Was analyzed by a scanning electron micro-
scope coupled with EDX (ZEISS EVO LS 15 microscope) to
study its morphological features and to determine its elemental
composition before and after adsorption. Additionally, Fourier
transform infrared (FTIR) spectra of ACy, g5, before and
after adsorption were recorded with a VARIAN FTIR 670
spectrometer to characterize the fundamental sample func-
tional groups.

2.4 Adsorption kinetic experiments

To optimize the adsorption process, batch experiments were
performed at different pH (2, natural pH, 7, 9, and 12), ini-
tial dye concentration (5, 25, and 500 mg L_l), and adsorbent
dose (0.1-4.0 g L_l) to study the removal of acid blue, red,
and black industrial wood dyes by the AC,, ,g50 prepared.
An agitation speed of 210 rpm and a temperature of 25°C
were ensured by a shaking water bath (H20 SOW-LAUDA).
Samples were withdrawn at predefined times and centrifuged
(Centronic, P Selecta) for 15 min at 4000 rpm. Dye concen-
tration was determined by measuring the absorbance of the
supernatant at the maximum dye wavelength, 4., using a
UV/VIS spectrophotometer (V-630, Jasco), namely 602 nm
and 572 nm for blue and black dyes, respectively, and for the
red one at 506 nm from pH 2 to 7, 499 nm at pH 9 except at
500 mg L~! which maintains at 506 nm and 483 nm at pH 12.

The sorption efficiency was calculated using Eq. (1) as
the percentage of dye adsorbed. The amount of dye adsorbed
in mg g~! was calculated following Eq. (2).

% Adsorption = (C, — C)/C, % 100 1)

g=(Co—C)V/m @)

where C, and C are the initial and residual dye concentra-
tions (mg L™, ¢ is the adsorption capacity (mg g7'), V is
the volume of the dye solution (L), and m is the dry mass of
adsorbent used (g).

The kinetic models applied for the study of the adsorption
process and the interaction mechanisms were the pseudo-
first-order and pseudo-second-order kinetic models and the
intraparticular diffusion model.
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The pseudo-first-order kinetic model is related with the
solid capacity and solution concentration and is applicable
only during the initial stage of the adsorption process. It is
given by:

log (g, — q,) = log g, — k;1/2.303 3)

where g, and g, are the amounts of dye adsorbed (mg g Mat
time ¢ (min) and at equilibrium, respectively, and k, repre-
sents the first-order rate constant (min~") [32].

The pseudo-second-order kinetic model can predict the
behavior over the whole range of the adsorption process,
and it is based on a solid phase sorption, usually related with
chemisorption mechanism [32, 33]. The linearized form of
the model is:

t/q, = (1/k,q2) +1/q, (4)

where k, (g mg~! min™") is the pseudo-second-order rate
constant.

The intraparticle diffusion model distinguishes different
diffusion mechanisms and usually four steps are described
to control the rate of adsorption process. These include (1)
molecular diffusion from the solution to a film layer encir-
cling the adsorbent; (2) diffusion occurring from the film to
particle surface; (3) migration inside the adsorbent particle
by “surface diffusion” or “pore diffusion”; and (4) adsorp-
tion uptake by many interaction mechanisms such as chem-
isorption, physisorption, complexation, or ion exchange. The
intraparticle diffusion equation is as follows:

q, = kyt'* + C )

where C (mg g') is the intercept and k;, 1s the rate constant
of intraparticle diffusion (mg g~! min~"?) [4, 34].

2.5 Adsorption equilibrium experiments

Equilibrium data were obtained through batch experiments
in which 2 g L™ of ACy, 555 for black and 4 g L™ of
AC,, 1350 for blue and red dyes were added to 25-500 mg
L~! of dye solution at pH = 2 and 25°C for the equilibrium
time (48 h) for blue and red dyes and 12 h for black dye to
assure stability.

Langmuir and Freundlich isotherm models were
employed to analyze the experimental data since they are the
most commonly used for the study of equilibrium data [35].
According to the Langmuir’s isotherm model, the uptake of
adsorbate molecules takes place on a homogeneous surface
with a limited number of adsorption sites giving rise to the
formation of a monolayer and not including the interaction
between adsorbed molecules. The linearized isotherm equa-
tion is represented by Eq. (6).
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C./q.=C./q,+1/q,K_ (6)

where C, (mg L) is the equilibrium dye concentration,
g, (mg g~ is the amount of dye at equilibrium, g,, (mg
g1, and K, (L mg~!) are the Langmuir constants related
to adsorption capacity and adsorption energy, respectively.

Dimensionless constant separation factor or equilibrium
parameter, one of the essential characteristics of this model,
can be expressed by the following equation:

R, =1/(1+K,Cy) ()

where C, is the initial dye concentration (mg L™"). R, indi-
cates if the adsorption process is irreversible, linear, or
favorable accordingly with the R; value, R; =0, R; =1, and
0 < R; < 1, respectively.

The Freundlich isotherm model assumes that multilayer
adsorption occurs in a non-uniform way with different values
of heat of adsorption and with variable affinity to heteroge-
neous surface. The linear form of Freundlich isotherm model
is described as follows:

Ing, =InK; +1/n(InC,) 8)

where K (L mg~!) indicates the adsorption capacity and
1/n the adsorption intensity. If 1 < n < 10 indicates that
adsorption is favorable, if n < 1 is irreversible and n > 10 is
unfavorable [4, 5].

2.6 Statistical analysis

All the experiments were done in triplicate and the values
averaged. The existence of significant differences among the
results for adsorption efficiency of AC,, -, g5, for all dyes
was analyzed. In this regard, the one-way analysis of vari-
ance (ANOVA) was used, followed by Tukey or T3 Dunnet
test according to the significant level. All statistical tests
were performed at a 5% significance level using IBM SPSS
Statistics 25 software.

3 Results and discussion

3.1 Effect of concentration on the natural pH of dye
solutions

Natural pH was determined for each dye at concentrations
of 5, 25, and 500 mg L~ and changes were noticed with
increasing concentration, but more remarkably for the red
dye (Table 1).

pH is an important parameter that could influence the
adsorption process and the pH effect on the adsorption will
be evaluated
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Table 1 Natural pH for blue, black, and red dyes at different concen-
trations

Natural pH
5mgL™! 25 mg L™ 500 mg L~!
Blue 6.0 5.1 6.6
Black 4.8 5.7 6.7
Red 5.1 6.7 9.0
14
12 4
10 4
= 8
=3
=
& 6
4 .
2 .
0 T T T T T T
0 2 4 6 8 10 12 14
initial pH

Fig. 1 Determination of pHp, for AC,, 15 g50
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3.2 Activated carbon characterization
before adsorption

The yield of AC,,1,.g50 Was calculated after activation and
washing and it was 19.3+1.3% (based on pine sawdust on
dry basis).

pHp,c is the pH value at which the final pH is equal to
the initial pH and represents when the net surface charge
of the adsorbent is zero. Particularly, the pHp,- reflects the
acid or basic character of the adsorbent surface since the
surface charge below the pHp, is positive and above this
value is negative. Thus, pHp, is an important parameter to
understand the interfacial properties and interactions dur-
ing adsorption studies, indicating the ability of the activated
carbon for the removal of anionic, cationic, or molecular
pollutants since pHp, indicates the presence of acidic or
basic surface functional groups [14, 15, 36]. Figure 1 shows
the pHpy of the AC,, 5 550 to be 7.8.

This value falls in the basic region and the value of
pHpyc > 7 demonstrates the prevalence of basic groups
over acidic groups. Acid wood dyes are negatively charged
which implies that when the pH is lower than pHp,, the
AC,, cp-350 could have more affinity with dyes.

BET surface areas were calculated from N, and CO,
adsorption isotherms presented in Fig. 2, and with total and
mesopore (2-50 nm) volumes and average pore diameter
calculated from N, adsorption-desorption isotherm of the
AC;, 1850 are shown in Table 2.

Nitrogen adsorption-desorption isotherms of AC,, > gs0
show a reversible type I isotherm according to the [TUPAC
classification, suggesting that the carbon is particularly
microporous since the significant uptake of N, at lower

(b)
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N
L
>

>

0,4 (mmol/g)
o
1
>
>

._.
n
1

A CO:2adsorption

0 0.01 0.02 0.03

Fig.2 Adsorption isotherms of (a) nitrogen and (b) carbon dioxide by AC, 5 g50
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Table 2 Surface characterization of the activated carbon prepared

Parameters ACy -850
BET surface area N, (m? g’l) 471.4
BET surface area CO, (m? g’l) 319.5
Total pore volume (cm® g™1) 0.26
Mesopore volume (cm® g™1) 0.03
Micropore volume (cm? g™') 0.23
Average pore diameter (nm) 2.26

pressures is characteristic for the adsorption in micropores
[37]. The initial sharp uptake could be also related with
the presence of small mesopores [16]. Type I isotherms
can be further subdivided into two types, I(a) and I(b), and
from the analysis of Fig. 2a, it can be concluded that, in
this case, it corresponds to a type I(a) isotherm which is
characteristic of materials with pore size smaller than 1 nm
[37, 38]. Additionally, the low amount of nitrogen adsorbed
on the surface in the range of partial pressures used for
BET area determination is related to the existence of a
low surface area (Table 2). Previous studies have shown
similar or higher surface area values in activated carbons
produced from wood-based biomass [10]. Furthermore, the
surface analysis has been completed by performing CO,
adsorption (Fig. 2b) since the N, adsorption-desorption
isotherms analysis can be limited due to micropore pres-
ence and low diffusivity [39]. The high CO, adsorption
capacity, in comparison with similar fabricated carbons
[9, 40], can be attributed to the activated carbon micropo-
rous nature. In addition, the low value of the surface area
determined by nitrogen adsorption in comparison with the
corresponding CO, surface area indicates an important
presence of ultramicroporosity (pore diameter lower than
0.7 nm), together with a significant presence of micropores
(with pore diameters higher than 0.7 nm) and low amount
of mesopores. This pore size distribution agrees with the
average pore size of the carbon [41-43].

The high microporosity percentage (91%) combined with
the high BET surface area calculated with CO, reveals the
important role of microporosity on gas adsorption. This per-
centage also indicates that the chemical activation process
generates a high-quality carbonaceous material in which
micropores are predominant [25].

The type of starting material and carbonization and
activation conditions are the most important factors that
influence the features of activated carbon porosity [7].
The total surface area of ACy,cp.g50 is 471.4 m* g~! of
which 91% corresponds to micropores (< 2 nm) due to
the effect of ZnCl, on micropore formation that inhibits
the development of tar and favors the release of volatiles
[35, 36]. Moreover, as seen the activated carbon prepared
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with ZnCl, as chemical activator has a well-developed
microporosity. A preceding study on the preparation of
activated carbon from Eucalyptus camaldulensis wood
showed that the type of activation agent and its concen-
tration influence the surface area and pore volume and
the BET surface area and porosity increased in the sub-
sequent order: KOH > H;PO, > ZnCl,. ZnCl, and its
hydrates mainly cause the formation of small and uni-
form size micropores due to its minuscule particle size
[10, 16]. Previous studies using agricultural wastes with
the same activation agent reported similar values for sur-
face area [5, 19] and microporosity [14, 44].

SEM micrographs of AC,, g5, are presented in Fig. 3.
The development of pores was observed in the activated car-
bon prepared, suggesting a high surface area and supporting
the information provided by the surface area and porosity
analysis. As mentioned before, the pores on the surface of
the carbon were probably due to the ZnCl, evaporation dur-
ing the activation process and to the catalytic effect of the
ZnCl, on the pyrolytic decomposition [15]. Moreover, the
SEM image at 1000x magnification (Fig. 3a) shows a promi-
nent honeycomb structure originated from the cell wall of
the raw sawdust [5, 12].

The elemental composition of AC,, -, 50 1S shown in
Table 3. High carbon content is observed that may be due to
the decomposition of cellulose and hemicelluloses (between
200 and 400°C) and lignin (between 150 and 750°C) [10,
15]. Oxygen, one of the main components of sawdust,
showed the opposite behavior. The presence of zinc and
chloride atoms indicates that during the activation process,
ZnCl, reacted with PS revealing the activation efficiency
[14, 45].

Up to now, various papers can be found in literature
on ZnCl,-activated carbons from biomass feedstocks, but
apparently none of them prepared through a dry activation
process by milling, but through impregnation with a ZnCl,
dissolution [7, 11]. Therefore, it can be concluded that the
dry activation technique is also efficient, faster, and with no
formation of aqueous chemical residues. EDX results after
adsorption will be discussed in Section 3.3.5.

To obtain a greater insight into the functional groups
on the surface of the material before and after adsorp-
tion, the FTIR spectra were collected. The FTIR spectra of
AC,, c1n-gs50 before and after dye adsorption are shown in
Fig. 4.

The occurrence of a strong and broad peak around
3400 cm™! which is ascribed to a stretching vibration of
hydrogen-bonded (O-H) hydroxyl groups from carboxyl,
phenols, alcohols, or surface bonded water is observed.
The adsorption small bands between 2919 and 2852 cm™!
correspond to asymmetric and symmetric C-H stretch-
ing vibrations of alkyl side chains. The two small peaks
around 2300 cm™! could be attributed to the alkyne group
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Fig.3 SEM images of AC,, .55 at (a) 1000 and (b) 5000x magni- ¢ L7! for blue, 0.5 g L™! for red, and 1 g L™! for black dyes; contact
fications before adsorption and after adsorption with (¢) blue, (d) red, time: 48 h for blue and red dyes and 12 h for black dye; temperature:
and (e) black wood dyes (500 mg L™'; pH = 2; adsorbent dose: 0.4 25 °C; agitation speed: 210 rpm) at 5000x

Table 3 Elemental composition
of dyes and ACy, -, g5 before
and after adsorption (500 mg

wi% ACzci2850 Blue dye Black dye Red dye AC7 12850 ACz 12850 ACznci2-850
+blue dye +black dye +red dye

3:; PF_ 1=f2; Eiisorgesm f}f_slei C 90.4 62.1 27.5 49.7 90.7 927 93.3
. fe y am‘l’rl g“]f’_l .forgblack; o) 2.6 18.4 18.4 283 72 52 4.1
contact time: 48 h for blue and Zn 23 - - N 0.6 - -
red dyes and 12 h for black dye; S 2.1 6.7 21.3 7.1 1.8 0.1 0.2
temperature: 25 °C; agitation F 1.6 _ _ _ _ - _
speed: 210 rpm) 1 0.6 0.4 - 0.9 0.9 1.8 23
Si 0.1 - - - 0.1 0.03 0.03
Ca 01 - - - 0.3 0.1 0.1
N - 7.2 - 34 - - -
Na - 4.8 11.1 10.1 - . .
Br - 0.2 - - - - -
Cu - 0.1 1.6 0.1 0.1 0.2 0.3
P - - - 0.4 - - -
Cr - - 20.0 - - 0.1 -
Mg - - 0.1 - - - -

(C=C). The spectral bands at 1650 and 1540 cm™' cor- 3.3 Adsorption experiments

respond to the C=C aromatic ring. Likewise, the small

band at 1380 cm™! is associated to C=C stretching aro-  3.3.1 Effect of pH

matic rings polarized by oxygen atoms bound near of the

carbon atoms [16, 37]. Finally, a broad band at 1047 cm™'  Initial pH plays an essential role in the adsorption process,
is assigned to C-O stretching alcohols. affecting not only the chemistry of dye molecules but also
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Fig.4 FTIR spectra of AC, g5 before and after adsorption with
blue, red, and black dyes (500 mg L pH = 2; adsorbent dose: 0.4
g L for blue, 0.5 g L™! for red, and 1 g L™ for black dyes; contact
time: 48 h for blue and red dyes and 12 h for black dye; temperature:
25°C; agitation speed: 210 rpm)

the carbon surface binding sites [4, 33]. The pH effect was
evaluated (Fig. 5) at an initial dye concentration of 5 mg L™},
an adsorbent dose of 0.5 g L~', and a contact time of 48 h
to assure equilibrium, except for the black dye that was not
stable for times greater than 12 h as determined in a previous
work (accepted for publication).

Figure 5 shows that the total removal of the blue dye
was achieved at all pH values essayed. For the red dye, the
highest removal was obtained at pH = 2 (96.8%) and natu-
ral pH (96.0%) but decreased when pH was increased from
7 to 12. Regarding the black dye, the removal percentages
were much lower than those for the red and blue ones. The
greatest elimination was achieved at pH = 2 (55.6%) and
progressively fell by increasing pH from 2 to 12. Possibly,

the increase of dye adsorption at pH lower than pHp, is
because the activated carbon surface is positively charged
and becomes highly protonated; hence, acid dye anion
adsorption increases through electrostatic attraction and
hydrogen bonding [4, 5]. Therefore, according to these
results, the influence of the adsorbent dose was analyzed at
the most favorable pH, natural pH for blue and red dyes, and
pH = 2 for the black one.

In a previous study (accepted for publication), the
removal of wood dyes by pine (Pinus radiata) sawdust was
evaluated as function of pH. It was found that at an initial
dye concentration of 5 mg L™! and the optimum conditions
(pH = 2 and an adsorbent dose of 6 g L™!), adsorption capac-
ities of 0.70, 0.75, and 0.72 mg g~ and removal percentages
of 100, 92.4, and 99% were obtained for the blue, red, and
black dyes, respectively. It is important to point out that
the values of adsorption performance depend on the condi-
tions used and it is not possible to compare them directly.
In addition, the removal of the three dyes by pine sawdust
biochar at the same conditions than for AC,, 5.¢50 (5 mg
L', pH = 2, adsorbent dose of 0.5 g L™!) was analyzed and
maximum adsorption capacities of 2.13, 2.55, and 1.94 mg
g_l and removal percentages of 19.7, 25.1, and 23.2% for
blue, red, and black dyes, respectively, were achieved. These
results confirm the efficacy of the activation process, since
the adsorption capacities for PS and biochar were lower than
for AC,,cpp.g50 (10.15, 9.36, and 5.52 mg g~ for blue, red,
and black, respectively).

3.3.2 Effect of adsorbent dose
The effect of adsorbent dose on dye adsorption was studied

and the results are presented in Fig. 6. For the blue and red
dyes that showed high removal efficiencies at natural pH

Fig. 5 Effect of pH on adsorp-
tion of blue, red, and black 100
wood dyes onto ACy,c1p-g50
(natural pH: 6.0, 5.1, and 4.8
for blue, red, and black dyes,
respectively; dye initial con-
centration: 5 mg L~ adsorbent
dose: 0.5 g L~ contact time:
48 h for blue and red dyes and
6 h for black dye; temperature:
25°C; agitation speed: 210
rpm). For each dye, differ-

ent letters indicate significant
differences (p < 0.05) between
samples
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Fig.6 Effect of adsorbent

red, and black wood dyes onto

ACy, 1350 (PH: 6.0 and 5.1 for

blue and red dyes respectively 80
and pH = 2 for black dye; dye
initial concentration: 5 mg L™},
contact time: 48 h for blue and
red dyes and 6 h for black dye;
temperature: 25°C; agitation
speed: 210 rpm). For each dye,
different letters indicate sig-
nificant differences (p < 0.05) ]:
between samples
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and 5 mg L™!, the adsorbent dose was reduced to 0.1 g L™,
For the black dye, given the poor results at 0.5 g L™!, the
adsorbent dose was increased up to 1.0 g L',

For the blue colorant, a 100% removal percentage was
maintained by reducing the dose from 0.5 to 0.4 g L™!, but
there was a significant decrease to 31.8% when the adsorbent
dose was lowered to 0.1 g L™!. Regarding the red colorant, it
was not possible to reduce the adsorbent dose ensuring the
total removal of dye since the percentage decreased to 18.5%
and 14.0% at 0.4 g L™' and 0.1 g L™}, respectively. Finally,
for the black dye, an increase in the adsorbent dose from 0.5
to 0.75 and 1.0 g L™! increased the dye removal percentage
from 55.6 to 78.4% and 86.5%, respectively. In general, this
behavior can be explained by the increase of the adsorption
sites available with increasing the adsorbent dose, and by a
high ratio of dye molecules to empty sites [4, 33]. Regarding
the equilibrium adsorption capacity (g,,,,)- it decreased from
17.2 to 10.2 mg g™ for the blue and from 9.3 to 6.8 mg g~
for the red with increasing the adsorbent dose from 0.1 to 0.5
g L', For the black dye, Gmax decreased from 5.5 to 4.2 mg
g~ ! with increasing the adsorbent dose from 0.5 to 1 g L™".

3.3.3 Effect of initial dye concentration

The influence of the initial dye concentration (25 and 500
mg L™!) on dye removal at different pH was studied at the
adsorbent doses selected from the previous experiments
(0.5 g L™! for the blue and the red dyes and 1 g L™! for the
black one) and the obtained results are presented in Fig. 7.
Adsorption percentage decreased with increasing initial dye
concentration due to the saturation of the adsorbent surface
while adsorption capacity increased due to the higher con-
centration gradient which acts as a driving force to overcome

0.3 0.4 0.5

0.75 1.0
Adsorbent Dose (g L)

ERed mBlack

resistances to dye mass transfer between the aqueous phase
and the solid phase [46].

With respect to the blue wood dye, the highest adsorp-
tion percentages were obtained at pH = 2 at both initial
dye concentrations and the maximum adsorption capacity
was 6.27 and 97.56 mg g~! for 25 and 500 mg L™, respec-
tively. Regarding the red dye, the natural pH increased
significantly with increasing the initial dye concentra-
tion (Table 1). Therefore, the higher removal percentage
occurred at different pH depending on initial dye concen-
tration and decreased with increasing dye concentration.
It was 30% at pH = 9 for 25 mg L™! with an adsorption
capacity of 16.46 mg g~! and 9.1% at pH = 2 for 500
mg L~! with an adsorption capacity of 86.61 mg g~!. As
mentioned above, usually when the pH is less than pHp,,
there will be more H* ions and will balance the charge of
anionic groups in the adsorbent surface favoring anionic
adsorption due to an electrostatic interaction and hydro-
gen bonding. At 25 mg L™, this behavior was not veri-
fied which suggests that the adsorption process is prob-
ably ascribed to other mechanisms [20]. In previous work
above mentioned, it was found that the pKa for these dyes
is around 10 which means that pH = 9 is above the pHp,
and below the pKa, then, the molecules are protonated and
Lewis acid-base, n-n bond, or hydrophobic effects could
also occur [47]. For the black dye, at 25 mg L~!, the maxi-
mum removal (82.4%) was obtained at pH = 2 with an
adsorption capacity of 19.71 mg g~!, following the same
trend with the pH increase as for the low concentration.
Then, the initial concentration was increased to 500 mg
L~! at pH = 2 and the removal percentage decreased to
13.9% with an adsorption capacity of 62.73 mg g~'. Simi-
lar results in which the removal percentage decreased with
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Fig.7 Effect of initial dye 90
concentration at different pH (a) 82.4a
values on adsorption of blue, 80 -
red, and black wood dyes onto
ACyucpg50 at (a) 25 mg L™ 70 1
and (b) 500 mg L~! (natural pH
at 25 mg L *5.1, **6.7, and — 60 1
*5.7; natural pH at 500 mg L' ‘§
*6.6 and **9.0 for blue and red 2 50 1
dyes, respectively; contact time: é
48 h for blue and red dyes and T 40 1
12 h for black dye; temperature: £
25°C; agitation speed: 210 30 A
rpm). For each dye, differ-
ent letters indicate significant 20 A1
differences (p < 0.05) between
samples 10 A
0
16
(b) 13.9
14 - [
12 1

10 A

% adsorption
o]

Blue 0.5 gL™
ERed0.5gL™
EBlack 1 gL

7.0a

6.5 5.4ab
2.
gf 0.9b

increasing the initial dye concentration have been reported
in literature for dyes removal by activated carbons [4, 44].

In view of the good results obtained for the blue
and red dyes with 5 mg L™! and pH = 2 at an adsor-
bent dose at 0.5 g L' (Fig. 5), the initial concentration
was increased maintaining the dose and a considerable
decrease in the adsorption efficiency was obtained as
seen in Fig. 7. Then, the effect of the adsorbent dose
(0.5,1,2,and 4 g L‘l) was analyzed for an intermediate
concentration of 25 mg L™!. For both dyes, the removal
percentage increased to around 55% using 1 g L™!, and
to 91 and 95% for blue and red dyes, respectively, with
2 g L7!, and the complete removal was achieved for 4 g
L~!, as observed in Fig. 8.

For the black dye, in an attempt to achieve the total dye
removal for an intermediate concentration of 25 mg L™

@ Springer
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and pH = 2, the adsorbent dose was increased to 2 g L™".
This increase in the adsorbent dose was effective since it
increased the dye removal percentage from 82.4 to 98.1%
with complete color removal (Fig. 8). As mentioned before,
the increase on the adsorption percentage can be related with
the surface area and the availability of more adsorption sites.

Additionally, in order to check the existence of size
exclusion affecting dye adsorption, the highest distance
between two extreme atoms of each dye molecule was
measured through ChemDraw 21.0.0 software. These val-
ues, shown in Fig. 9, were 1.37, 1.28, and 1.53 nm for
blue, red, and black dyes, respectively, which are lower
than carbon average pore diameter, 2.26 nm (Table 2),
although the important presence of microporosity (91%)
should be considered. In addition, the value of surface
area determined with CO, at 0°C (319.5 m? g_l) indicates
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Fig.8 Effect on color intensity with the maximum dose of adsorbent
on dye removal (pH = 2; initial dye concentration: 25 mg L™'; adsor-
bent dose: 4 g L™! for blue and red dyes and 2 g L' for black; contact

Fig.9 Chemical structures with
distance between two extreme
atom measurements of (a) blue
dye, (b) red dye, and (c¢) black
dye (H = white, C = grey, N =
blue, S = yellow, O =red, F =
green, Na = dark grey)

the high presence of pores in the ultramicroporosity
range (lower than 0.7 nm) which hinders the access of the
dye molecules. Therefore, considering the results found
in this work, where for given conditions the adsorption

time: 48 h for blue and red dyes and 12 h for black dye; temperature:
25°C; agitation speed: 210 rpm)

performance depended on the dye essayed, it cannot be
concluded that only limitation by sizes exists but distinct
interactions between the carbon and the different dye
molecules.
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3.3.4 Adsorption kinetics

The pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were employed at the conditions
selected to elucidate the mechanisms of the adsorption pro-
cess. The fitting results of the experimental data of adsorp-
tion of blue, black, and red dyes onto AC,, 1, g5, adsorbent
using pseudo-first-order, pseudo-second-order, and intrapar-
ticle diffusion models are shown in Fig. 10. The obtained
results for kinetic parameters and correlation coefficient (R?
are shown in Table 4.

The R? values for the pseudo-second-order kinetics
model were higher than 0.999 and the calculated adsorp-
tion capacities (g, ., ) were close to the experimental ones
(¢ exp) Which revealed that kinetic data were best fitted to
this model, an indication of a chemisorption mechanism.

Regarding the intraparticle diffusion model, in which
the adsorption of soluble species from a solution involves
their transfer to the surface of an adsorbent, as evident from
Fig. 10c, the linear plots presented multilinearity, indicat-
ing that the adsorption occurs in two steps and that the

intraparticle diffusion was not the only process that con-
trolled the adsorption [33]. Usually, the first corresponds
to the molecular diffusion of adsorbate through the bulk
solution to the external surface of the adsorbent originat-
ing a film layer. The second one implies the migration by
intraparticle diffusion into the adsorbent pores until the final
equilibrium stage [4, 6, 26, 44]. Based on the R? values >
0.9) presented in Table 4, for the first stage dye adsorption,
the experimental data are well fitted to the intraparticle
diffusion model. Moreover, C value is proportional to the
extent of the boundary layer thickness and in this case, as it
is higher than 0 means that intraparticle diffusion is not the
only rate-controlling step and implies a certain controlling
degree of film diffusion and rapid adsorption [46].

The adsorption capacity of distinct adsorbents varies
according to the primary source of the adsorbent, the pro-
cess conditions of adsorption, adsorption modification,
and the type of contaminant [48]. Nowadays is very impor-
tant to find adsorbents with good adsorption capacity and
low cost. Extensive research has been done and the adsorp-
tion capacity of activated carbons derived from wood for
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Fig. 10 (a) Pseudo-first-order, (b) pseudo-second-order, and (c) intra-
particle diffusion (1: first stage and 2: second stage) kinetic plots (nat-
ural pH: 6.0 and 5.1 for blue and red dyes, respectively; pH = 2 for
black dye; dye concentration: 5 mg L~!; adsorbent dose: 0.4 g L™}
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for blue, 0.5 g L~! for red, and 1 g L~! for black dyes; contact time:
48 h for blue and red dyes and 12 h for black dye; temperature: 25°C;
agitation speed: 210 rpm)
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Table 4 Pseudo-first-order,
pseudo-second-order, and

Model

Parameter

Adsorption conditions

intraparticle diffusion kinetic Blue Red Black
model parameters 04gL™! 05gL™! 1.0gL™!
natural pH natural pH pH=2
Pseudo-first-order e exp (ME g h 12.98 9.73 4.76
Gocarc (Mg g7 6.57 4.14 1.36
k; (min~") 2.30-1073 2.30-1073 5.30-1073
R? 0.825 0.704 0.754
Pseudo-second-order Gocarc (Mg g7 13.12 9.33 4.77
k, (g mg™! min™!) 1.92-1073 1.17-1072 2.44.1072
R? 0.999 0.999 1.000
Intraparticle diffusion kigq (mg g ' min™"?) 1.02 0.83 0.69
C, (mgg™ 0.65 1.05 0.17
R? 0.934 0.876 0.937
kg (mg g~ min™"?) 8.78-1072 2.43-1072 2.70-1072
C, (mgg™h 8.99 8.29 4.18
R? 0.812 0.381 0.584

Table 5 Comparison of the adsorption capacities of activated carbons
prepared from various wood-based biomass for dye removal

Precursor Adsorbate Adsorption Reference
capacity
(mg g™")

Pine sawdust Blue for wood  12.98 Present work

Red for wood 9.73
Black for wood 4.76

Pine sawdust Present work

Pine sawdust Present work

Ailanthus altissima  Acid blue 1 0.453 [49]
wood

Outer rind of wood  Crystal violet 19.8 [50]
apple

Outer rind of wood Methylene blue 40.1 [50]
apple

Poplar wood Acidred 18 391 [51]

Wood apple outer ~ Methylene blue 35.1 [52]
shell

Acacia mangium Methyl orange ~ 7.54 [53]
wood

Oak wood Malachite green 4.34 [54]

Peanut sticks wood Methylene blue 2.57 [55]

Poplar wood Acid red 18 3.91 [26]

Citrus limon wood  Crystal violet 23.6 [48]

dye adsorption is compared in Table 5 with those of the
present work. Otherwise, Table 6 compares the kinetic
modeling of dye adsorption onto ZnCl,-activated carbons
from biomass.

3.3.5 Activated carbon characterization after adsorption

SEM-EDX technique was employed after adsorption to
compare the surface physical morphology and elemental

analysis of the materials with the original one. Figure 3
also shows the SEM photographs of the AC,, ¢,.s50 after
adsorption with blue, red, and black dyes, respectively,
at pH = 2 and the highest dye initial concentration
essayed.

The SEM images showed that the surface of the car-
bon was changed due to the binding of dye molecules.
It is observed that the pores were occupied by dyes that
formed a slight cover over the entire surface, which was
confirmed by comparing EDX analysis before and after
adsorption. The EDX results shown in Table 3 reflect
that after adsorption, in all cases, the amounts of C and
O increased with respect to the original activated carbon.
In addition, Cu and Cr atoms present in dye composition
appear in ACy,cp gs50, €videncing the adsorption of dye
molecules to the activated carbon surface.

The FTIR spectrum of the activated carbon before and
after dye adsorption is pretty similar but modifications
in the intensity of several peaks appeared (for instance
between 2919 and 2852 and at around 2300, 1650, 1540,
and 1047 cm™!), demonstrating that the activated carbon
functional groups such as carboxyl, phenols, alcohols, or
alkynes participated in the adsorption mechanism. Previ-
ous studies demonstrated that functional groups contain-
ing oxygen of carboxylic and carbonyl species enhance
the adsorption of methylene blue dye molecules due to
electrostatic interaction [8].

3.3.6 Adsorption equilibrium
To analyze the adsorption equilibrium, the Langmuir and

Freundlich models were applied (Fig. 11) and the calculated
parameters are listed in Table 7.
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Table 6 Various kinetic and isotherm studies for dye adsorption onto ZnCl,-activated carbon from biomass

Raw material Dye

Kinetic model Isotherm model Reference

Pine sawdust Blue for wood; Black for wood

Pine sawdust Red for wood

Paulownia tomentosa wood Acid red 4; methylene blue

Mixture of orange peel and water-
melon rind

Crystal violet; methylene blue

Mixture of carrot juice pulp and
pomegranate peel

Crystal violet

Coconut shell Malachite green

Tomato processing Methylene blue; metanil yellow

Pine sawdust Malachite green

Enteromorpha prolifera Reactive red 23; reactive blue
171; reactive blue 4

Cashew nut shells Methylene blue

Shaddock peel Methylene blue

Glycerine pitch distillate Methylene blue

Pseudo-second-order and intraparticle Freundlich Present work
diffusion
Pseudo-second-order and intraparticle Langmuir Present work
diffusion
Pseudo-second-order Langmuir [24]
Pseudo-second-order Freundlich [16]
Pseudo-second-order Freundlich [17]
Intraparticle diffusion Freundlich [5]
- Langmuir [35]
Pseudo-second-order and intraparticle Langmuir [44]
diffusion
Pseudo-second-order Freundlich [57]
- Langmuir [37]
Pseudo-second-order Langmuir [59]
Pseudo-second-order Langmuir and  [46]
Redlich-
Peterson

For the blue and black dyes, the Freundlich isotherm
offered the better adjustment with values of the coefficient
of determination (R?) of 0.981 and 0.839, respectively
(Table 7). The Freundlich model suggests the heteroge-
neity of the carbon surface with multilayer adsorption of
dyes. Moreover, the values of n between 1 and 10 suggest a
favorable adsorption. The removal of malachite green using
ZnCl,-activated carbon from coconut shell was also well
described by the Freundlich model [5]. Regarding the Lang-
muir model, R; values lower than 1 also indicated that dye
adsorption was favorable.

Regarding the red dye, the equilibrium adsorption capac-
ity was 12.89 mg g~! at 100 mg L~! and decreased with
increasing dye initial concentration. Thus, the experimental
equilibrium data in the range essayed were not suitable for
isotherm modeling. This behavior can be related to observed
pH changes with dye concentration, as pH affects the car-
bon’s surface and, therefore, the adsorption capacity [56].
Even though, for dye concentrations below 100 mg L™!, the
isotherm models were tested (Fig. 11) and the calculated
parameters are presented in Table 7. From these results, it
can be clearly concluded that Langmuir model offers the best
adjustment to the experimental data. Thus, red dye adsorp-
tion equilibrium differs from the other dyes, and, probably,
monolayer adsorption occurs which can explain the maxi-
mum capacity reached at 100 mg L™! due to nearly complete
coverage of the active sites [57]. Besides, the value of the
dimensionless separation factor (R;) between 0 and 1 indi-
cates that the red dye adsorption onto this carbon is favora-
ble. The Langmuir isotherm also explained the adsorption
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equilibrium of Congo red dye onto Bombax Buonopozense
bark-activated carbon [58]. Table 6 compares equilibrium
modeling of dye adsorption onto ZnCl,-activated carbon
from biomass.

3.3.7 Adsorption mechanism of wood dyes onto activated
carbon

The adsorption mechanism not only depends on the con-
taminant’s properties but also on the surface chemistry of the
adsorbent [3]. The key interactions found in literature for dye
removal include electrostatic interaction, pore-filling, n-nt
interaction, and hydrogen bonding [16]. Some of these inter-
actions may be involved in the adsorption process of blue,
red, and black wood dyes by AC,, 5550 as shown in Fig. 12.

The positively charged surface of AC,, ;450 when pH
is below the pHp,- may promote the electrostatic interac-
tion between activated carbon and dye anions. In addition,
the interaction of nitrogen atoms of the adsorbate with free
hydrogen atoms of the adsorbent creates H-bonding interac-
tions which contribute to dye adsorption. In the case of the
red dye, the different behaviors at 25 mg L' as previously
mentioned in section 3.3.3 suggest that Lewis acid-base, n-w
bond, or hydrophobic effects could also occur. Moreover, the
kinetic analysis showed an adsorption process by chemisorp-
tion and intraparticle diffusion into the adsorbent pores. This
is corroborated by BET and SEM analysis which confirmed
the porous structure of the activated carbon that according
to the size of the dye molecules may potentially be occupied
by them.
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Fig. 11 Experimental and calculated adsorption isotherms of (a)
blue, (b) black, and (c) red dyes onto ACy,cp.gs0 (25-500 mg L~! for
blue and black dyes, 25-100 mg L™ for red dye; pH = 2; adsorbent

Table 7 Parameters of the isotherm models for the adsorption of the
blue, black, and red dyes on AC,,c.g50

Isotherms  Parameters Blue dye Black dye Red dye
Langmuir ¢, (mg g™ 29.4 68.5 13.0
K, (Lmg™h) 0.051 0.0134 3.271
R, 0.441-0.038  0.749-0.130 0.012-0.0006
R? 0.970 0.799 1.000
Freundlich n 5.71 3.83 7.68
Kp(mgg™ (L 9.25 9.85 8.20
mg—l)—lln)
R? 0.981 0.839 0.839

4 Conclusions

This study has demonstrated that a newly activated car-
bon with a reasonably good surface area can be prepared

dose: 4 g L™! for blue and red and 2 g L™! for black; contact time: 48
h for blue and red and 12 h for black dye; temperature: 25°C; agita-
tion speed: 210 rpm)

by carbonization and chemical activation of pine (Pinus
radiata) sawdust with ZnCl, as activating agent.
Adsorption of blue, red, and black wood dyes onto
activated carbon has been carried out and the adsorption
efficiency was remarkably influenced by the variables stud-
ied such as adsorbent dose, pH, and initial dye concentra-
tion. The results showed that activated carbon had a great
adsorption capacity at low dye initial concentration; how-
ever, limitations appeared as the concentration increased.
Hence, according to the results obtained, AC,, 1350
showed the greatest efficiency of 100% and 96.0% for the
blue and red dyes, respectively, at an initial dye concen-
tration of 5 mg L™!, an adsorbent dose of 0.5 g L™! and
natural pH, and only of 55.6% for the black dye at pH = 2
in this case. The complete dye removal was attained at 25
mg L™" and pH = 2 by increasing the adsorbent dose to 4
g L~! for blue and red dyes and 2 g L™ for the black one.
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Chemisorption

. . . Pore filling or intraparticle diffusion
"""""""" Electrostatic interaction

----------------- H bonding

n-T interaction

Fig. 12 Proposed adsorption mechanism of blue, red, and black wood dyes on ACy,2.g50

The pseudo-second-order kinetic model was the most
appropriate model to describe the removal of wood dyes
by the activated carbon prepared and it was demonstrated
that intraparticle diffusion was also involved in the adsorp-
tion mechanism. Equilibrium data was explained by the
Freundlich model for the blue and black dyes and by the
Langmuir model for the red dye. Furthermore, dye adsorp-
tion by the activated carbon is controlled by several mech-
anisms including electrostatic forces, H-bonding, pore fill-
ing, and 7-7 interactions.

The present work revealed that the activated carbon
prepared from pine sawdust (AC,,c5.550), an abundant
and low-cost organic waste, is a promising adsorbent for
the removal of dyes from aqueous solutions. The use of
biomass based activated carbons instead of the high-cost
commercial ones can contribute to the valorization of low-
cost renewable wastes and to environmental sustainability
goals, offering a green approach for the removal of wood
dyes. Further studies must be performed to explore the
effect of coexisting contaminants on dye removal.
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