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Abstract—Pine sawdust, to which sulfuric acid was applied (APSD), was utilized as an inexpensive adsorbent to per-
form the batch adsorptive removal from a synthetic dye solution of Maxilon Red GRL (MR GRL). The activated adsor-
bent was characterized by the points of zero charge, FTIR, N, adsorption-desorption, SEM, and SEM-EDX analyses.
According to the removal results, the highest efficiency of the dye adsorption was reached at 180 min. MR GRL removal
of 99.35% was achieved using APSD under the optimum conditions (pH=5.7-6.0, temperature=298 K, dye concentration=
250 mg/L, and adsorbent dosage=8 g/L). The Langmuir isotherm represents the best explanation model for the experi-
mental data, which has the highest adsorption capacity of 312.5 mg/g at 318 K. The compatibility of adsorption with
the Langmuir isotherm showed that adsorption was reversible and physical. The other results obtained confirmed this
situation. The kinetic research demonstrated that the sorption process was realized in accordance with the pseudo-sec-
ond-order kinetic model. The thermodynamic parameters revealed that the MR GRL adsorption occurred sponta-
neously and was exothermic. The findings of the present research confirm that acid-activated pine sawdust may be
utilized to remove MR GRL dye from aqueous solutions as a low-cost and efficient adsorbent.

Keywords: Maxilon Red GRL Adsorption, Chemical Activation, Pine Sawdust, Kinetic and Thermodynamic

INTRODUCTION

According to the latest data, there are more than 100,000 com-
mercial dyes [1]. It has been estimated that over 700,000 tons of dyes
are being produced annually and about 350,000 tons are wasted
every year during the different stages of manufacturing and in tex-
tile dyeing [2]. Basically, the exact data on the amount of dyes dis-
charged from various processes in the environment are unfortu-
nately unknown [1]. During the production of textile products, large
amounts of water are consumed, especially by dyeing and print-
ing processes. A textile avian with a daily production capacity of
8,000 kg has a daily water consumption of nearly 1.6 million liters.
Nearly 25% of whole of water consumption is required for dyeing
and printing processes. According to the US EPA, 40 liters of water
is required averagely for dyeing 1kg of cloth, changing according
to the textile material and dyeing process. Water is also required
for other processes, such as washing of dyed textile material [3].
Most dyes are difficult to decolorize due to their complex struc-
ture and synthetic origin as they are designed to resist fading upon
exposure to different factors as light, water, and oxidizing agents
and as such are very stable and difficult to degrade [4].

The textile industry is the largest user of synthetic dyes. There-
fore, textile wastewater has a high pollutant content due to chemi-
cal dyes, acid or corrosive substances, dissolved solids, toxic com-
pounds, natural impurities extracted from the product processed
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as a raw material (natural and synthetic fibers), and intense color.
Approximately 8-20% unutilized dyes and auxiliary chemicals are
discharged into the environment as textile effluent from textile in-
dustries. Thus, tons of dyes are discharged daily into the environ-
ment as aquatic waste. Even the presence of a small quantity of these
compounds (less than 1 ppm) in water has adverse effects [5]. The
discharge of these wastewaters to the environment leads to aesthetic
issues because of the color they contain and impairs the quality of
the receiving water because most of the dyes released to the envi-
ronment and their decomposition products have carcinogenic and
mutagenic effects on aquatic life due to their high toxicity [6-8].

Azo dyes (60-70%), a dye group commonly utilized in the textile
industry, are used in dyeing cotton, royan, wool, silk, leather, and
nylon. Azo dyes contain one or more azo groups (R1-N=N-R2) with
polyaromatic rings, which are often replaced by sulfonate groups.
Due to their complex aromatic conjugated structure, azo dyes give
an intense color, have high solubility in water, and are resistant to
degradation under normal conditions [9,10]. Furthermore, the wide
use of this group of dyes shows that most of their reaction prod-
ucts, including aromatic amines, exhibit a highly carcinogenic effect.
Thus, the removal and determination of these dyes prior to dis-
charge into wastewater is of primary importance for the environ-
ment [11]. One of the most frequently utilized synthetic azo dyes
for textile dyeing is Maxilon Red GRL. MR GRL is utilized as a
model compound of azo dyes, representing more than half of the
manufacturing of dyes on a global scale. The mentioned dyes are
among the most problematic dyes in industrial wastewaters, which
are frequently used for textile dyeing [11].

Currently, different technologies are accessible to decrease the
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absorption of these dyes into the environment such as ion exchange,
coagulation-flocculation, chemical sedimentation, electrochemical
reduction, chemical oxidation, advanced oxidation processes, mem-
brane separation, aerobic/anaerobic microbial degradation and ad-
sorption [1,5,13]. Most conventional wastewater treatment meth-
ods are insufficient in the treatment of such dyes and their by-
products since dyes are highly resistant to heat, light, and micro-
bial attacks because of their synthetic origin and complex aromatic
molecular structure [14,15]. The advantages and disadvantages of
different dye removal methods are shown by Yagub et al. [1,16]. In
developing countries, these methods are still too expensive to be
widely used. Therefore, researchers are investigating more environ-
mental and effective alternative treatment methods.

Among these methods, adsorption technology and applications
in wastewater treatment are receiving more and more attention
[13]. Adsorption onto raw and modified materials is one of the
most effective processes of advanced wastewater treatment due to
the lack of hazardous by-product formation, simple design, ease of
use, eco-friendliness, economical for the decontamination of dye-
loaded effluents, insensitivity to toxic substances, the capability to
treat dyes in more concentrated forms, more efficient in compari-
son with other methods, and its flexibility under operating condi-
tions [17].

Many researchers have been working on the usage of inexpen-
sive or no-cost industrial and agricultural wastes as adsorbents for
purification of wastewater containing dyes [7]. Agricultural wastes,
especially leaves and wooden debris, have been pointed out as prom-
ising materials for industrial wastewater treatment thanks to their
insignificant cost, abundance, and renewability and especially their
important outer and inner surface as well as the presence of various
functional groups leading to the fixation of dye molecules. Saw-
dust, preferred as the adsorbent in this study; is a highly promis-
ing agricultural waste material used to remove undesired dyes and
other pollutants from water. Activating this waste material by chemi-
cal addition increases the efficiency even more.

As a natural waste biomass, sawdust is produced in an abundant
amount, especially by industrial, agriculture and forestry activities.
Sawdust has various significant advantages, such as quantity, cost,
ready availability, effective sorbent, biodegradability, and renewabil-
ity. Sawdust is mostly composed of cellulose, hemicellulose, and lig-
nin. Also it includes some functional groups (e.g, carboxyl, phenolic,
hydroxyl, etc.) in its structure that make sorption achievable. All
the mentioned characteristics turn sawdust into an efficient adsor-
bent that can adsorb many types of pollutants and is suitable for
adsorption [18,19]. The studies demonstrate that sawdust is one of
the most promising adsorbents among low-cost adsorbents to re-
move various types of dyes and some other unwanted materials from
aquatic solutions. Hence, interest in the usage of sawdust as an ad-
sorbent has recently increased [18,20-24]. The sawdust is good alter-
native for removing dyes from the aqueous solution due to their
natural abundance and their low costs, when compared with other
adsorbents such as activated carbon [25]. Ferrero [26] and Hamd-
aoui [27] showed that wood sawdust is a promising low-cost mate-
rial for the treatment of polluted water containing cationic dyes since
it has a high adsorption capacity compared with other agro indus-
trial wastes [28].
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On the other hand, recent studies have demonstrated that acti-
vating this waste material by chemical addition increases their dye
removal efficiency even more. This chemical treatment includes the
use of various acids, bases, and salts. It not only positively impacts
the physical aspect of the used material, making it more porous
and kinky, but also boosts the appearance of new functional groups
on its surface by shifting the atomic arrangement of the lignin and
cellulose matrix into a more stable structure [29-31]. In this con-
text, our previous study proved also that acid-modified pistachio
shell could be considered as an attractive low-cost agricultural by-
product for the removal of dyes from synthetic aqueous solutions
in batch mode, with adsorption capacity of AV 17 about 26.455
mg/g [32].

However, as we have seen in our literature review, no studies have
been performed to date using chemical-pretreated pine sawdust
for the adsorption removal of MR GRL dye. In this study, in which
MR GRL was selected as the target pollutant due to its toxic prop-
erties and sawdust was selected as an adsorbent because of its high
adsorption ability. Afterward, the removal of MR GRL dye from
the aquatic environment by adsorption on acid-treated pine saw-
dust was examined. Then, the impacts of different operating parame-
ters, such as contact time, adsorbent dosage, initial solution pH,
initial dye concentration, solution temperature, and ionic strength,
on adsorption were examined. Detailed kinetic and isotherm stud-
ies were performed to characterize adsorption. Ritchies-second-
order, pseudo-second-order, Weber-Morris, and Elovich kinetic
models were utilized for the purpose of testing the adsorption
kinetic data, whereas the Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich (D-R), and Redlich-Peterson (R-P) isotherm mod-
els were employed for the analysis of the equilibrium data.

EXPERIMENTAL

1. Adsorbent

Natural pine sawdust was acquired from a local source in Sivas,
Turkey. It was first washed thoroughly with deionized water for
the removal of dust and other impurities, then was dried in an
oven at 80 °C until achieving a constant weight. The sawdust was
ground and sieved to a particle size ranging between —0.38 and
+2mm (USA standard mesh opening). The acquired material was
called raw pine sawdust (PSD) and stored in a brown glass bottle.
Besides the raw pine sawdust, the impact of pretreatment on the
adsorption capacity of the adsorbent was assessed by studying the
raw pine sawdust sample pretreated with acid (H,SO,) and base
(NaOH). Lower environmental load in its life cydle, less corrosive
ability and economic feasibility are the major merits of selecting
NaOH and H,SO, as a modifying agent.

1-1. Pretreatment with H,SO,

200 ml of the prepared 1 N H,SO, solution and 20 g of raw pine
sawdust were transferred to a flask of 500 ml and mixed. After-
ward, the mixture was heated in a muffle oven at 150 °C for a period
of 24 h. The heated material was washed using distilled water and
immersed in a 1% sodium bicarbonate solution for a night for the
removal of residual acid [23]. Following the above-mentioned reac-
tion, the solid phase was separated as a result of filtration, then washed
using distilled water a number of times to remove all excessive modi-
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Fig. 1. Structure of MR GRL dye.

fication agents and dried, as stated earlier. The final product acquired
was kept in a brown glass bottle for further use. The resulting mate-
rial was named pine sawdust treated with sulfuric acid (APSD).
1-2. Pretreatment with NaOH

50 ml of the prepared 0.25 N NaOH solution and 1 g of raw pine
sawdust were mixed in a 250 ml flask. Afterward, the mixture was
stirred at 300 rpm/min at room temperature for a period of 1h.
Deionized water was used to wash the mixture a few times for the
removal of excessive NaOH, following which it was dried for a night
in an oven at a temperature of 60 °C [33]. The final product acquired
was kept in a brown glass bottle for further use. The resulting mate-
rial was named pine sawdust treated with sodium hydroxide (BPSD).
2. Adsorbate

The cationic azo dye Maxilon Red GRL, which was supplied
from a textile factory in Kayseri, Turkey; and had a commercial qual-
ity, was utilized without further purification. The MR GRL stock
solution was prepared as a result of dissolving 1 g of MR GRL in
1 liter of distilled water. The stock solution was diluted in accurate
proportions for the purpose of producing solutions of different ini-
tial concentrations. The remaining chemicals utilized were of ana-
lytical grade. The chemical structure of the dye is shown in Fig. 1.
3. Instruments and Analysis Method

A scanning electron microscope (SEM, Tescan Mira3 XMU)
was utilized to determine the morphological properties and sur-
face features of the adsorbent. Fourier transform infrared spectros-
copy (FTIR, Bruker Tensor II) was utilized to identify functional
groups on the adsorbent. The specific surface area and micropore
volume of the samples were measured using N, adsorption-desorp-
tion (AUTOSORB 1C, Quantachrome Corp., USA) at —196 °C. Prior
to adsorption, the samples were evacuated until a pressure of 66.6
Pa at room temperature was reached, then heated to 50 °C and
evacuated until a pressure of 1.3 Pa was reached. This condition was
maintained overnight. The surface area, total pore volume and
micropore volume were determined by multipoint BET, DFT (Den-
sity Functional Theory) and DR (Dubinin-Radushkevich), respec-
tively [34]. The pH at the point zero charge (pH,,) of pine sawdust

Table 1. Experimental conditions of adsorption study

treated with sulfuric acid was fixed, as described by Ferro-Garcia
et al. [18]. To specify the pH,,, 50 ml NaCl solution (0.01 M) and
1.0g of APSD were put in the Erlenmeyer flask. The pH within
every Erlenmeyer flask was set between 1-12 as a result of adding
HCI or NaOH. Afterward, the Erlenmeyer flasks were agitated at
125 rpm for 24 h, and the final pH was measured. The difference
between the initial and final pH was plotted versus the initial pH.
The intersection point of this curve provided the pH,,,..
4. Adsorption Experiments

Adsorption experiments with raw and pretreated pine sawdust
were performed with a working volume of 100 ml of the desired
dye concentration by a thermoshake incubator shaker (Gerhardt,
Germany) at a constant speed (125 rpm) and constant temperature
(25°C). After equilibration, to take the adsorbent particles from the
medium, the solution was centrifuged for 10 min at 3,000 rpm, and
the final concentration of MR GRL was determined by utilizing a
UV-Visible spectrophotometer (Spectroquant Pharo 300, Merck)
at the wavelength of 4,,,,=531 nm. The MR GRL concentration was
calculated by the comparison of absorbance with the dye calibra-
tion curve that had been acquired before. Blank runs were carried
out with only the adsorbent in 100 ml of double-distilled water in
a simultaneous manner under identical conditions to explain any
color leached by the adsorbents and adsorbed by glass containers.

The experiments were performed in duplicate, and the mean val-
ues were utilized for calculations. The maximum deviation was
found as +2%. The experimental conditions of the adsorption study
carried out under different experimental conditions are shown in
Table 1.

During the analysis, the values of percentage removal and the
amount of the dye adsorbed were calculated using the following
equations:

Ci_ Ce
Dye removal (%) = 100 1)
C,-C,)V
.- sl ®
m

where q, denotes the adsorption capacity (mg/g), C; and C, denote
the initial and equilibrium dye concentration, respectively (mg/L),
and m denotes the adsorbent dose (g), and V denotes the volume
of the dye solution (L).
5. Adsorption Kinetics and Isotherms

Adsorption kinetic studies were carried out in 250 ml flasks which
contained 100 ml of MR GRL dye (500 mg/L) solution with 4-8-

Process parameter varied Initial dye conc. (mg/L)  Dose (g/L)  Contact time  InitialpH  Temperature (K)
Pretreatment (H,SO,, NaOH) 100-150-200-250-500 8 24 hours Solution pH 298
Contact time (kinetic study) 500 4-8-10 0-300 min Solution pH 298
Initial pH 500 8 180 min 1-8 298
Initial dye concentration (isotherm study) 250-500-750-1000 8 180 min Solution pH 298
Temperature (thermodynamic study) 250-500-750-1000 8 180 min Solution pH 298, 308, 318
Ionic strength 250 8 180 min Solution pH 298

*Solution pH: 5.7-6.0

Korean J. Chem. Eng.(Vol. 37, No. 6)
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10 g/L of APSD. A shaker was used to stir the volumetric flasks at
125rpm at 298 K. The specimens were obtained at varied time
intervals and centrifuged, and the supernatant dye concentration
was analyzed. The data obtained were studied using the pseudo-
second-order, Ritchies-second-order, Elovich, and Weber-Morris
kinetic models.

For the equilibrium adsorption experiments, APSD adsorbent
(8 g/L) was mixed with solutions of various initial MR GRL con-
centrations (250-1,000 mg/L) at a natural solution pH, at 298 K for
180 min to ensure the adsorption equilibrium. Afterward, samples
were collected, centrifuged, and then the obtained supernatant was
analyzed in terms of MR GRL concentration. The equilibrium data
of MR GRL dye adsorption on APSD was analyzed by employing
the Langmuir, Freundlich, Temkin, R-B, and D-R isotherm models.

Non-linear regression was used to define kinetic and isotherm
model data. The suitability of the studied models was evaluated
using R’, SSE, and RMSD. The correlation coefficient (R’), the
adjusted determination coefficient (Ridj, Eq. (3)), the sum of the
squares of the errors (SSE, Eq. (4)), and root-mean-square devia-
tion (RMSD, Eg. (5)) were examined using Microsoft Excel for all
sets of experimental data. R’,; represents a modified R, adjusted
for several terms in the model. Differently from R’, when terms
are added to the model, R?,; may take a smaller value [12].

R n—1

ud]:l—(l—Rz)(n—p) )

where p refers to the number of the fitted models parameters.
R® shows how much of the variability observed in the data was
explained by the model, whereas R’,; modifies R* by considering
the number of the model covariates or predictors. R}, close to the
values of R ensures that quadratic models are adjusted to the experi-
mental data in a satisfactory way. Thus, the removal efficiency was
explained by the regression models well [37].

cai exj 2
SSE=X/_,(q/"~q.") @

A 2:lzl(qexg _ qcal)2

RMSD=
n-1

®)
where n denotes the number of experimental data, while g,
(mg/g) and q,; (mg/g) denote the experimental and computed
adsorption capacity; respectively [38].
Furthermore, the suitability of the kinetic model for the purpose
of describing adsorption was further confirmed by the normal-
ized standard deviation, Aq (%), presented in the equation [38]:

2
Aq=100 2[(Gexp ~ 9ea) Qe ©
n-1

6. Impact of Ionic Strength

Adsorption is sensitive to changes in jonic strength. The waste-
water has commonly higher salt concentration, which makes it
necessary to study the effects of ionic strength on the adsorption
of dye. Two probable impacts of salts during the wastewater treat-
ment are as follows: (i) The equilibrium dye removal generally
decreases, (ii) Contrary to expectations, dye removal increases as
the dye dissolution may be increased by the existence of foreign
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salts [39]. Hence, the current research investigated the impact of
ionic strength on the adsorption efficiency of the adsorbent. The
impact of ionic strength on the MR GRL dye adsorption was tested
by adding NaCl, SDS, and CTAB at 0.05-0.25 mol/L concentrations
to the solution.

RESULTS

1. Characterization
I-1. pHch

In physical chemistry, the pH at the point zero charge (pH,..)
represents a concept used for an understanding of the adsorption
mechanism in a better way. The pH,,. is a significant characteris-
tic since it indicates the adsorbents acidity or basicity and the net
surface charge of the adsorbent in the solution. Therefore, the pH
of the point zero charge (pH,,,) was measured. The surface is neg-
atively charged in case of pH higher than pH,,, and the adsorp-
tion of cations is preferred. It is positively charged in case of pH
lower than pH,,, and anions are adsorbed [40]. The pH,,, was found
to be 4.50 (Fig. 2). According to the results, the adsorption of cat-
ions will be more favorable since pH>pH,,..

1-2. SEM Images and EDX Spectra

Fig. 3 demonstrates the SEM analysis results for raw and acid-
pretreated pine sawdust at 500x magnification. The SEM images
show that the surface of PSD (Fig. 3(a)) was abundant in regular
pores of uniform size. The generation of a new surface area by acidi-
fication was observed. The results effectually displayed that bigger
pores were formed through the pretreatment procedure. The poros-
ity developed through the pretreatment process mainly depends
on two factors: the activation condition and the nature of the mate-
rial [41]. APSD has micro and macroporous spaces and large cavi-
ties with a high possibility for dye adsorption (Fig. 3(b)). The size
and shapes of the pores are irregular. The above-mentioned char-
acteristics demonstrate that APSD has strong adsorption features
to remove MR GRL from the aqueous solution. It is possible to show
Fig. 3(c) as evidence for these explanations because MR GRL dye
molecules cover the APSD surface.

Energy-dispersive X-ray analysis (EDX), represents a common
tool for accompanying SEM, as well as TEM. The composition of
the acid-pretreated pine sawdust was studied using EDX. The EDX
spectra (Fig. 4(a)) show that APSD is primarily composed of C and
O, and S and Br trace amounts. Following adsorption, Zn and Cl
peaks in the spectrum can be observed due to ZnCl; in the chemi-

4_
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pH;
Fig. 2. pH,, of APSD.
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Fig. 5. FTIR spectra of PSD, APSD and APSD+MR GRL.

cal formula of MR GRL (Fig. 4(b)), while S peaks are decreased.
Fig. 4(b) indicates the successful MR GRL adsorption onto APSD.
1-3. Fourier Transform Infrared Spectrum

The FTIR analysis was conducted to determine the potential
interactions between the functional groups of adsorbents (PSD and

APSD) and MR GRL dye cations. Fig. 5 demonstrates the FTIR
spectra of PSD and APSD prior to the dye treatment and the FTIR
spectra of APSD following the dye treatment. The spectra show sev-
eral absorption peaks, representing the adsorbent’s complex char-
acter. The alterations determined in the spectrum indicate the

Korean J. Chem. Eng.(Vol. 37, No. 6)
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potential engagement of functional groups on the adsorbents sur-
face in adsorption.

The strong and broad peaks at 3,000-3,500 cm ™ are characterized
as the O-H stretching bond structure because of the O-H groups
that are mainly found in cellulose. The peak at a wavelength of
2913 cm™ is characterized as the C-H bending bond from the func-
tional group of alkanes (lignin, cellulose, and hemicellulose). Finally,
the band at 1,730 cm™' was assigned to carbonyl groups (C=0).
This band exists in different hemicellulose types [28]. The low sig-
nal intensity possibly resulted from the low concentration of the
substance in question in PSD (Fig. 5(a)).

The peak at 2100-2260 cm™ corresponded to the -C=C- stretch-
ing vibrations, indicating the existence of the alkyne group. The
presence of aromatic (=C-H) compounds was demonstrated by
the peak at 1,600-2,000cm™. C=C and C=0 stretching absorptions
were found at 1,400-1,750 cm™" for the aromatic ring. The attenu-
ated band at a wavelength of 1,265 cm™" corresponded to the C-O
group, which represents a feature of esters, alcohols, and carbox-
ylic acids, all of which are found in the molecular structures of the
main components of APSD. Furthermore, when other absorption
peaks are evaluated, it is evident that the existence of carbonyl
groups, hydroxyl groups, aromatic compounds, and ethers rep-
resents a confirmation of the lignocellulosic structure of pine saw-
dust [42].

The peak at 1,080-1,360 cm ™" corresponds to the C-N stretch-
ing vibration, which demonstrates the existence of amines. The peak
at 675-1,000 cm™' corresponds to the =C-H stretching vibrations,
which shows the presence of alkenes. The adsorption band at 730-
550 cm ™ corresponds to the C-Cl bending stretch. In this band,
-Cl is attached to the adsorbent from the chemical structure of
MR GRL. According to Fig. 5(b), (c), FTIR spectra did not display
very significant changes, but only a few peaks were shifted or ap-
peared due to MR GRL adsorption onto APSD. The spectrum of
APSD+MR GRL exhibits one strong band at a wavelength of 1,422
cm', which is a characteristic of MR GRL. It can be deduced that
MR GRL molecules were successfully adsorbed onto APSD. Fur-
thermore, small changes in peaks are evidence that MR GRL dye
attaches onto APSD by the physical adsorption process.

1-4. Surface Area and Pore Characteristics

Nitrogen adsorption-desorption isotherm experiments were per-
formed to determine Brunauer-Emmett-Teller (BET) specific sur-
face areas (Sggy), pore volumes and pore sizes of adsorbent before

Table 2. The surface area and pore characteristics of natural (PSD)
and acid activated pine sawdust (APSD)

PSD APSD
Sper’ (m’/g) 397 19.11
Vi (cm’lg) 0.007 0.02
Voiero. (cm’/g) 0.0016 0.0065
D,’ (A) 33.17 2421
“Multipoint BET method.

*Volume adsorbed at P/P°=0.99.
‘Micropore volume calculated by DR method.
“Average pore diameter determined by DFT.
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Fig. 6. The nitrogen adsorption-desorption isotherm of PSD and
APSD.

and after H,SO, treatment (Table 2 and Fig. 6). The adsorption-
desorption isotherms of samples are of type III (BET classification)
according to the TUPAC classification [43], suggesting that sam-
ples contain micro- and mesoporous that allow the formation of
multiple adsorbent layers with increasing P/P°. With the acid acti-
vation of PSD, some of the existing bonds might be broken and
new bonds may be formed. It might be due to the formation of
micropores. The surface area, pore size and micropore volume of
samples treated with H,SO, significantly increased due to the de-
composition of lignin, hemicellulose, and cellulose with the chem-
ical activation. As seen in Table 2, with the chemical activation of the
PSD increased the total surface area from 3.97 m*/g to 19.11 m’/g.
2. Impact of Adsorbent Pretreatment

Chemical activating agents, such as NaOH, CaCl,, HCl, KOH,
H,PO,, and H,SO,, are used to modify an adsorbent to increase
its efficiency for adsorption [44]. In this study, H,SO, and NaOH
were selected as chemical activation agents. Experiments were car-
ried out using PSD, BPSD, and APSD at 8 g/L a constant adsorbent
dose, pH (5.7-6.0), and temperature (298 K) for 24 h at varying
Maxilon Red GRL concentrations (100-500 mg/L). The impact of
the adsorbent pretreatment with NaOH and H,SO, on the uptake
and yield of adsorption was studied (Fig. 7). It is clearly shown in
Fig. 7 that increasing the concentration from 250 mg/L resulted in
a significant decrease for PSD and BPSD in the adsorption uptake.
However, even at a higher concentration, the adsorption efficiency
for APSD increased. APSD had higher adsorption efficiency than
that of PSD and BPSD for all the dye concentrations studied.

Since pretreatment with inorganic acids, such as HCI, H,SO,, and

—&—PSD —+—BPSD ---@---APSD

100 -
80 -
60 -
40 -

% removal

0 100 200 300 400 500 600
concentration (mg/L)

Fig. 7. Effect of adsorbent pretreatment on MR GRL adsorption.
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HNO,, increases the porosity and surface area of the adsorbent
material, the yield of the adsorbent increases further [45]. Accord-
ing to Fig. 7, the treatment of pine sawdust with acids significantly
improves the adsorption characteristics of the materials with regard
to dye dleaning from the aquatic medium. The removal of MR GRL
dye was 99.35%, 99%, and 69.44% by APSD, BPSD, and PSD, respec-
tively, at a dye concentration of 250 mg/L. The adsorption efficiency
of BPSD and APSD was almost identical when the initial dye con-
centration in wastewater reached 250 mg/L. However, the adsorp-
tion efficiency at higher dye concentrations was APSD>BPSD>
PSD. At a concentration of 500 mg/L, the efficiency of APSD was
2.5 times higher compared to PSD. It was decided that it would be
appropriate to continue conducting research with pine sawdust
pretreated with H,SO, (APSD) in future studies.

3. The Impact of the Contact Time and Initial Adsorbent Con-
centration (Kinetic Study)

Adsorption kinetic studies are essential to treat aqueous efflu-
ents since they give useful data on the adsorption mechanism. The
rate of adsorption can be fitted, the adsorption mechanism can be
“meaned’;, and a reasonable adsorption kinetic model can be installed
[46]. For kinetic studies, 0.4, 0.8, and 1.0 g/100 ml of APSD were
contacted with 100 ml of 500 mg/L MR GRL dye solution. The MR
GRL adsorption on APSD was analyzed depending on contact
time for the purpose of determining the required adsorption equi-
librium time. An increase from 83.1% to 95.4% occurred in the
adsorption efficiency with an increase in the APSD dose from 0.4
to 1.0 g/100 ml at equilibrium time (Fig. 8). The increased adsorp-
tion with an increase in the adsorbent dosage may be explained by
the increasing adsorbent surface area and availability of more ad-
sorption sites. Sorption was very quick at the beginning for all three
adsorbent doses. Approximately 94% of the dye was removed after
60 min of contact with the sorbent and equilibrium was slowly
achieved within 180 min. Prolonging the contact time more did not
increase the adsorption capacity of the adsorbent for MR GRL.
The equilibrium time was set to 180 min for subsequent studies.
The high rate at the beginning may be related to an excess of avail-
able areas on the adsorbent surface. However, the adsorption rate
decreased afterward, possibly due to the gradual filling of these
free binding sites [18]. The highest removal of MR GRL dye was
determined at the amount of the adsorbent equal to 8 g/L. An addi-
tional increase higher than the adsorbent dose of 8 g/L did not

—e—4gL --4-8gL ---m--10gL

100 -

% MR GRL removal

0 T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330

contact time (min)

Fig. 8. Effect of adsorbent dosage.

increase MR GRL removal, and the removal efficiency remained
constant. The above-mentioned situation demonstrates that the opti-
mum adsorbent amount needed for MR GRL dye removal is 8 g/L.
3-1. Kinetics of Adsorption

For the purpose of studying the controlling mechanism of sorp-
tion, including diffusion control, chemical reaction, and mass trans-
fer, a few kinetic models were utilized for the purpose of testing
experimental data. The kinetic parameters that can help in predict-
ing the adsorption rate provide significant data for designing and
modeling adsorption [47]. Therefore, Ritchi€s second-order, pseudo-
second-order, Weber-Morris, and Elovich kinetic models were uti-
lized for the analysis of the experimental data in order to reveal the
adsorption mechanism, e.g, diffusion and adsorption. Kinetic con-
stants were found for the equations in Table 3 utilized for the de-
scription of the adsorption kinetics of MR GRL on APSD. The
kinetic constants, correlation coefficients, SSE, and RMSD values
were determined by plotting q, versus t, and the values are shown
in Table 3.

As the correlation coefficients of the pseudo-first-order reaction
for all three samples were found to be much lower than 0.68, the
results were not given in Table 3. The above-mentioned situation
demonstrates that MR GRL adsorption onto APSD is not ideal for
the pseudo-first-order reaction. It is possible to describe adsorp-
tion by the pseudo-second-order and Ritchies-second-order kinetic
models. Furthermore, the calculated values of adsorption capaci-
ties (q,, cal) obtained from plots are close to the experimental val-
ues (q, exp) (Table 3), indicating that the reaction of adsorption is
compatible with these two kinetic models. However, the best lin-
earity in comparison with other kinetic models was obtained for
the pseudo-second-order kinetic model as seen in Table 3, with
the correlation coefficients greater than R*>0.9999 and lower val-
ues of the SSE function for all APSD doses, which proves a great
fit of the model in question to experimental points.

However, the pseudo-second-order kinetic model is not capa-
ble of describing the diffusion mechanism alone. The transfer of
the dissolved matter in an adsorption system can be characterized
by intra-particle diffusion or by both models [48]. Therefore, to
explain the mechanism of diftusion, the intra-particle diffusion
model (Weber-Morris) was implemented in the present work data.
Accordingly, if a straight line that passes through the origin is ob-
tained by the Weber-Morris plot of q, versus t'?, intra-particle dif-
fusion alone controls adsorption. However, in the case of the data
showing multi-linear plots, two or more steps affect adsorption [49].
The plots obtained from Weber-Morris did not yield a straight line
that passed through the origin for all the adsorbent dosages. It was
possible to separate them into two or three linear regions. This sit-
uation shows the presence of multiple stages to the process of ad-
sorption. The R” values lower than 0.9 (Table 3) demonstrate that
intra-particle diffusion cannot describe the adsorption of MR GRL
on APSD, and due to the mentioned lines not passing through the
origin, it is possible to reach a conclusion that Weber-Morris model
alone does not represent the rate-controlling step.

4. Impact of Initial pH

The pH of a solution is among the most significant parameters
that control adsorption, and thus, it should be found. The charac-
teristic and degree of ionization of the adsorbate and the surface
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Table 3. Parameters of kinetic models for the adsorption of MR GRL on APSD at different initial adsorbent doses

Adsorbent dose

Kinetics

4g/L 8g/L 10g/L

o 1 1 1
Ritchi€’s-second-order —= +—= [50]
q kqt gq

Fitted model I/q,:1.7283%+0.099 l/qt:1.2095%+0.1852 1/qt:O.799%+0.2327
R? 0.999 0.996 0.992
Constant, k min™ 0.057 0.153 0.291
Qo (Qecar) 10.100 5.400 4297
Qo> (Qe,exp) 9.150 5.236 4202
Ag* 0.672 0.116 0.067
SSE 0.159 0.297 0.176
RMSD 4986 5.548 5.238
R, 0.998 0.996 0.991
Pseudo-second-order t/q=1/k,q) +t/q, [51]
Fitted model t/q,=1.7117+0.0992t t/q,=1.0291+0.1871t t/q,=0.7912+0.2328t
R’ 0.999 0.999 1.000
Constant, k, g/(mg min) 5.75x107° 0.034 0.069
Qo (Qe,ca)» Mg/g 10.080 5.345 4295
Qo (Qoep) 9.150 5.236 4202
Aq* 0.657 0.077 0.066
SSE 0.109 0.257 0.067
RMSD 0.041 0.063 0.032
R, 0.999 0.999 1.000
Weber-Morris q=k,; t"*+C [52]
Fitted model q=0.33t""+4.631 q:=0.0939t""+3.3095 q:=0.0464t""+3.5764
R’ 0.821 0.709 0.709
Constant, k,, mg/g min™*° 0.330 0.094 0.046
SSE 3.804 0.581 0.142
RMSD 0.244 0.095 0.047
R, 0.796 0.668 0.668
Elovich q=FIn(x)+L1nt [53]
Fitted model q,=0.8365 In(a)+1.6105 Int q,=2.7549 In(2)+0.4734 Int q,=3.0129 In()+0.233 Int
R’ 0.949 0.875 0.869
Constant o, mg/g min a=1.681 a =336.767 o =412875.46
B £=1611 £=0473 $=0233
SSE 1.071 0.249 0.064
RMSD 0.129 0.062 0.032
R 0.943 0.858 0.850

adj

*Aq=The standard deviation between the experimental and calculated adsorption capacities.

load of the adsorbent are affected by the pH of the solution [54].
Fig. 9 demonstrates the impact of pH on the MR GRL percentage
adsorbed by APSD. When an increase from 1 to 5 occurred in the
initial pH, the capacity of sorption increased from 39.28 to 55.05
mg/g, and the performance of the dye removal increased signifi-
cantly from 70.05% to 98.19%, respectively. At higher pH values of
5-8, the dye adsorption remained almost constant, and the maxi-
mum dye removal within this pH range was 98.31% (Fig. 9). This
result is due to the effect of ionic interaction on adsorption. Because
the adsorbent surface charge is positive at a lower pH value, the
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competitive impacts of the surrounding H' ions and electrostatic
repulsion between the dye cation and the positively charged active
adsorption sites on the adsorbent surface cause the decreased dye
removal. Otherwise, as pH increases, further adsorption of the cat-
ionic dye is provided as the adsorbent surface will have a negative
charge due to the electrostatic attraction forces [18].

It is possible to describe the impact of pH on adsorption by
APSD based on the pH,. with the neutral adsorbent. The pH,,.. of
APSD was 4.50. The adsorbents surface charge is positive in case
of the pH of the medium lower than the pH,,, value, whereas it is
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Fig. 9. Effect of pH on adsorption of MR GRL dye by APSD.

negative at a pH value above the pH,,,. [20,22,23]. Therefore, for a
pH higher than 4.50, an increase occurred in the negative charge
density of APSD, which facilitated the adsorption of the cationic dye.
Therefore, the natural pH (5.7-6.0) was chosen to carry out further
investigations.

5. Impact of the Initial Dye Concentration

The removal of pollutants at high concentrations takes place
among the success parameters utilized for the assessment of the
effectiveness of the treatment. Thus, at the phase in question, MR
GRL concentrations that changed between 250 and 1,000 mg/L
were investigated at three various temperatures, 298, 308, and 318 K,
for the constant APSD dose of 8.0 g/L and the natural pH of 5.7-
6.0. The efficiency values acquired as a function of equilibrium time
are demonstrated in Fig. 10.

As observed in Fig. 10(a), the removal percentage of the dye
decreased from 98.94% to 92.86% with the increasing initial dye
concentration from 250 to 1,000 mg/L at 298 K, respectively. The
decreasing initial dye concentration causes an increased total num-
ber of active binding sites. Hence, a higher removal percentage of
MR GRL was reached at the initial concentration of 250 mg/L. How-
ever, when the temperature was 308 and 318 K, the removal effi-
ciency was constant at values above 99.7% at all the studied dye
concentrations, which demonstrated that the increase in the tem-
perature did not cause a significant increase in the removal effi-
ciency. As seen in Fig. 10(a), for the equilibrium time of 180 min,
the efficiency values of 92.85, 99.36, and 99.59% were acquired at
the temperatures of 298, 308, and 318 K, respectively, at the dye con-

100 + e e e ke o — A
98 -
96 A

94

% removal

92 4 (a)

90 T T T T 1
0 250 500 750 1000 1250
concentration (mg/L)

centration of 1,000 mg/L. The adsorption capacity of APSD did
not change significantly with the increasing temperature.

Although a decrease in the removal efficiency (%) occurred with
the increased initial dye concentration at 298 K, the equilibrium
adsorption capacity (q,) increased from 30.59 to 116.35 mg/g with
the increased initial dye concentration (Fig. 10(b)). The increased
dye concentration leads to the speeding of the diffusion of dyes
from the solution onto adsorbents because of the increased driv-
ing force of the concentration gradient [21]. Thus, an increase
took place in the actual amount of the dye adsorbed (q,) with an
increase in the concentration of the initial dye solution but did not
change with an increase in the temperature. This reveals that a
higher temperature is not required for the MR GRL removal by
adsorption on APSD, and the adsorption of MR GRL on APSD
was exothermic in nature.

5-1. Adsorption Isotherms

The adsorption isotherm represents the equilibrium relation be-
tween the quantity of the adsorbate per unit of the adsorbent (q,)
and its equilibrium solution concentration (C,) at a constant tem-
perature [55]. It is crucial to develop a suitable isotherm model for
adsorption for designing and optimizing adsorption. Isotherms
are frequently utilized for the purpose of describing the equilib-
rium behavior of the adsorption process. Equilibrium sorption is
generally defined by the isotherm equation characterized by some
parameters expressing the interest of the adsorbent in the substance
to be adsorbed and the surface properties of the sorbent [56,57].

Experiments to estimate the adsorption isotherms of MR GRL
onto APSD were conducted at three temperatures with different
concentrations of MR GRL. The experimental data points and the
theoretical isotherm plots are compared in Fig. 11. As seen, the D-
R isotherm deviates from the experimental data at all three tem-
perature values. Since the R-P isotherm data significantly deviates
from the experimental data, they are not shown in the graph.

For the purpose of providing more data on the MR GRL ad-
sorption onto APSD, the results of the equilibrium experiments were
assessed by the Langmuir, Freundlich, Dubinin-Radushkevich,
Redlich-Peterson, and Temkin models. Table 4 presents all the iso-
therm parameters and the results of nonlinear regression for dif-
ferent dye concentrations and temperatures. The best isotherm
model is based on higher correlation coefficient values (R?) with
low error values. Based on the R* comparison, we reached a con-

—— 208 K —#— 308K —#+ —-318K
150 +
125 ~
100 ~
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50 A
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Fig. 10. Effect of dye concentration and temperature on the adsorption of MR GRL onto APSD (a) removal (%) (b) q, (mg/g).
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Fig. 11. Adsorption isotherms for the adsorption of MR GRL onto
APSD at different temperatures.

clusion that the D-R, R-P, and Temkin isotherms had a smaller R*
value in comparison with the remaining models. The adsorption
isotherm fits the Langmuir and Freundlich models well. Neverthe-
less, it is more suitable to compare the goodness of fit to isotherms
using the error values. Therefore, the SSE and RMSD values were
contrasted for all the isotherms. The best-fit model is required to
have a minimum SSE value. The Langmuir isotherm model was
revealed to provide satisfactory results in the description of the ad-
sorption equilibrium since the minimum SSE and RMSD values
and R’ were above 0.99.

Monolayer adsorption on the homogeneous surface that con-
tains a limited number of adsorption sites without transmigration
of the adsorbate on the surface is assumed by the Langmuir model
[58]. Furthermore, equal energies of adsorption onto the surface
without transmigration of the adsorbate on the plane of the sur-
face or in the inner surface of the adsorbent are assumed in the Lang-
muir model. If the adsorbent surface contains a limited number of
similar sites, the Langmuir isotherm is appropriate for monolayer
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adsorption onto it [59].

The favorability of MR GRL dye adsorption onto APSD was
turther evaluated by the dimensionless constant separation factor,
R;, derived from the Langmuir model. In case of 0<R; <1, there is
favorable adsorption; in case of R;>1, there is unfavorable adsorp-
tion; if R;=1, there is linear adsorption; and adsorption is irrevers-
ible if R;=0 [50,60]. In Table 4, the R; value (the separation factor
for C=250 mg/L) is 0<R; <1 (Note: 0<R; <1 also for other concen-
trations), indicating that the process of adsorption was favorable
and adsorption was good.

According to the results of the present study, the maximum sorp-
tion capacity (Q,,,,) was 312.5 mg/g, and Langmuir isotherm con-
stant (k;) was 0.158 L/mg at 318 K. The R’ value of 0.9922 proved
that there was a good fit of the sorption data to the Langmuir iso-
therm model (Table 4).

It is possible to apply the Freundlich model to multilayer ad-
sorption, with adsorption heat and affinities distributed nonuni-
formly over the heterogeneous surface [61]. The above-mentioned
model indicates that there will be an increase in the adsorbate con-
centration on the adsorbent along with the increasing adsorbate
concentration in the solution, with the graph not reaching satura-
tion [62]. Table 4 also presents the value of n found from the Fre-
undlich equation. The n value demonstrates the nonlinearity degree
between the adsorbate concentration and adsorption. The adsorp-
tion process is linear for n=1; if n<1, it specifies the chemisorp-
tion process; and n>1 implies a physical process. The case of n>1
is the most frequently encountered and may be caused by a distri-
bution of surface sites or any factor that leads to decreased interac-
tion between the adsorbent and adsorbate with an increase in
surface density [63]. In the current research, the value of n was
determined as n>1 at all the investigated temperatures, suggesting
the favorable adsorption and the physical adsorption of MR GRL
onto APSD.

The D-R isotherm model represents an empirical model gener-
ally used for describing the sorption of vapors onto microporous
solids with the aim of expressing the adsorption mechanism with
a Gaussian energy distribution on a heterogeneous surface. This
model assumes that a pore-filling mechanism is followed by adsorp-
tion, and it has been employed for the purpose of distinguishing
the chemical and physical adsorption using isotherm parameters
concerning sorption energy [64]. The linear regression values from
Table 4 demonstrate that the adsorption process was not fitted to
the D-R isotherm model due to unsatisfactory R’ values. The E
value for the D-R isotherm is very beneficial for predicting the type
of adsorption. If E is lower than 8 kJ/mol, adsorption is a physical
process (physisorption) with van der Waals interactions. If 8<E<
16 kJ/mol, adsorption is a chemical process with higher sorption
enthalpy, more likely caused by the ion-exchange mechanism. In
this research, E was found to be 0.5, 1.581, and 1.581, respectively,
so the sorption mechanism was physical.

The Temkin isotherm model estimates a decrease in the adsorp-
tion heat in a linear way with the increasing surface coverage. The
mentioned isotherm includes a factor, definitely considering inter-
actions between the adsorbate and adsorbent. The model is valid
only for a specific adsorbate concentration range [65]. The Temkin
model represents an appropriate model for the chemical adsorp-
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Table 4. Equilibrium modeling for the adsorption of MR GRL by the APSD
Temperature, K
Isotherm models
298 308 318
Langmuir 1/q,=1/C, k, Q,+1/Q, [59]
Fitted model C./q,=0.0836+0.0075C, C./q,=0.0157+0.0057C, C./q,=0.0202+0.0032C,
Q,ux [mg/g] 133.33 175.44 312.5
k; [L/mg] 0.089 0.363 0.158
R,=1/(1+k,C,) 0.043 0.011 0.025
R’ 0.996 0.996 0.992
SSE 0.001 0.000 0.000
RMSD 0.008 0.001 0.001
Rl 0.994 0.994 0.989
Freundlich log (q,)=log (K;)+1/n log (C,) [67]
Fitted model In q,=3.0661+0.4135 InC, In q,=3.8077+0.5726 InC, In q,=3.7501+0.7703 InC,
K; [mg/g] 21.458 42.525 45.047
n 242 1.30 1.75
R’ 0.983 0.999 0.985
SSE 0.018 0.001 0.017
RMSD 0.045 0.011 0.043
R 0.974 0.999 0.978
Dubinin-Radushkevich In q,=Inq,,— Kpr&’ [62]
Fitted model In q,=4.4714—2E-06&" In q,=4.6823—2E-07¢’ In q,=4.7085-2E-07¢’
Kprx 10" [mol’/kJ’] 20 2 2
E=1/2K [KJ/mol] 0.500 1.581 1.581
Q. [mg/g] 87.48 108.02 110.89
R’ 0.782 0.939 0.904
SSE 0.268 0.071 0.139
RMSD 0.173 0.089 0.124
R 0.673 0.908 0.856
Temkin q.=BlnA+BInC, [68]
Fitted model q,=26.712In C,+1.7184 q.=38.682 In C,+49.535 q.=51.125 In C,+46.09
A [L/mg] 1.066 3.599 2463
B [J/mol] 26.712 38.682 51.125
R’ 0.987 0.995 0.966
SSE 55.985 27.237 173.090
RMSD 2.494 1.740 4.385
R, 0.981 0.992 0.949
. KgpC,
Redlich-Peterson lo g[(T) -1 } =flogC,+log(agp) [62]

55)

o)1)

1)

Fitted model
1.6575logC,—2.0425 1.0262logC,—0.4568 1.3411logC,—0.9473

Kp=qpuax Ky, [L/g] 11.960 63.690 49.380

B 1.658 1.026 1.341

gy [Limg] 110.280 2.860 8.860

R? 0.889 0.996 0917

SSE 0.391 0.003 0.059

RMSD 0.208 0.018 0.081

R: 0.668 0.988 0.750

adj

sistent with the experimental data (R*>0.9). However, higher val-
ues of SSE and RMSD prove that the Temkin model cannot be

tion on the basis of powerful electrostatic interaction occurring
between negative and positive charges [66]. The model was con-
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Table 5. Comparison of maximum adsorption capacity of various adsorbent for MR GRL

Maximum adsorption capacity,

Adsorbent Qo (Mgg) Reference
Nigde (Bor) grape molasses soil 7.68 [69]
Waste activated sludge (WS) 58.82 [70]
Oak acorn starch, sorghum starch, potato starch 12.67, 16.75, 28.57 [71]
Walnut shell 36.41 [12]
Silica 3.03 [72]
Bentonite 3378 [73]
Coconut shell activated carbon 51.56 [74]
Acid activated pine sawdust (APSD) 312.50 Present study

utilized in modeling the adsorption data.

The R-P isotherm represents an empirical isotherm that contains
three parameters and is a mix of the Langmuir and Freundlich iso-
therms. Thus, the adsorption mechanism represents a mixture,
and ideal monolayer adsorption is not followed. It has two restrict-
ing behaviors: when f=1, the Langmuir form, and when £=0,
Henry’s law. Furthermore, if £is in the range of 0-1, it shows favor-
able adsorption [65]. Table 4 demonstrates the R-P isotherm con-
stants for the dye adsorption onto APSD. As the exponent, ad-
sorption is in the Langmuir form as Stends to 1.

According to the evaluation of the coefficients obtained for the
isotherms (Table 4), the adsorption process conformed to the Lang-
muir isotherm, so that the physical adsorption mechanism was
applied. The adsorption process was favorable, and the adsorption
was good. Furthermore, the comparison of the values of the maxi-
mum adsorption capacity acquired from the present research with
values obtained from other specified adsorbents is significant because
this will indicate the efficiency of APSD as a possible adsorbent to
treat water that contains MR GRL dye. A list that demonstrates
the adsorption capacity of various materials for the sorption of
MR GRL from their aqueous solutions is presented in Table 5. As
observed there, the adsorption capacity of APSD for MR GRL ad-
sorption was quite good in proportion to other inexpensive adsor-
bents.

6. Thermodynamic Parameters

Thermodynamic parameters, such as alteration in the standard
Gibbs free energy (AG’), enthalpy (AH’), and entropy (AS’) of ad-
sorption, were found by means of the equations presented below:

AG’=—RTIn K. @)
Ke=q,/C, ®
AG’=AH-T AS° ©)

Table 6. Thermodynamic parameters

+250mg/L =500mg/L a750mg/L x1000 mg/L

In K,
=N

0 T T T T T 1
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

/T (K1)
Fig. 12. van't Hoff Plot for adsorption of MR GRL dye onto APSD.

AS’ AH’
InK ==-—
MR TRT

(10)

where K. denotes the distribution coefficient of the adsorbate, q,
and C, denote the equilibrium dye concentration on APSD (mg/g)
and in the solution (mg/L), respectively. T refers to the tempera-
ture (K), and R refers to the universal gas constant (8.314 J/mol
K). It is possible to compute AH’ and AS’ parameters from the
slope and intercept of the plot InK; vs. 1/T, respectively (Fig. 12).
The results are shown in Table 6.

Negative values of free energy change (AG’) (Table 6) suggest
that adsorption occurs spontaneously, whereas there is no need for
an energy input from outside of the system, and adsorption is favor-
able in the range of the studied temperatures. The increasing nega-
tive value of AG” along with the increasing temperature shows that
adsorption takes place more spontaneously at higher temperatures.

The positive value of AS’ proves the increase in randomness at
the interface between the solid and liquid in the course of adsorp-

AG’ (kJ/mol) AH’ (kJ/mol) AS’ (kJ/mol-K)
C, (mg/L) 298 K 308 K 318K
250 —84.489 —86.122 —87.756 —35.797 0.163
500 —184.736 —188.006 —-191.276 —87.280 0.327
750 —190.125 —193.472 —196.818 -90.398 0.335
1000 —239.755 —243.898 —248.040 —-116.313 0414
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Fig. 13. Influence of ionic strength on efficiency.

tion, and it can also point to ion exchange reactions forming ste-
ric hindrance. Moreover, it can demonstrate that great hydrated
dye anions release water molecules in the course of adsorption [75].
The enthalpy change (AH’) because of chemisorption is positive in
the range of 40-120 kJ/mol [76]. Therefore, negative values of AH’
for the MR GRL adsorption acquired in the current research showed
that adsorption occurred probably because of physisorption. The
negative value of AH’, as demonstrated in Table 6, reflected the
exothermic character of adsorption.

7. Impact of Ionic Strength

Colored wastewater includes many inorganic salts that can affect
the dye sorption. Surfactants are frequently found in dye-contain-
ing industrial wastewaters. Therefore, the effect of surfactants and
salts on the removal of cationic dye (MR GRL) used in the study
must be investigated. Therefore, the impact of inorganic salt and
surfactants such as NaCl, SDS, CTAB at a concentration of 0.05-
0.25 mol/L on the adsorption process of MR GRL by APSD, was
investigated (Fig. 13).

Fig. 13 shows that the effect of NaCl salt on the dye removal
efficiency is hardly ever possible. However, studies were also con-
ducted with two different surfactants, anionic and cationic, such as
sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bro-
mide (CTAB), respectively. As shown in Fig. 13, when SDS and
CTAB were added, the increased jonic charge of the solution caused
the decreased adsorption percentage of the dye. Nevertheless, the
increase in the concentrations of NaCl, SDS, and CTAB did not
cause any additional negativity on the dye removal efficiency. These
findings demonstrate that electrostatic attraction is crucial to remov-
ing MR GRL. The reason for the above-mentioned situation may
be the decreased affinity of dye molecules and sorption zones. If
electrostatic attraction represents the major mechanism of adsorp-
tion, ionic strength has a considerable adverse impact on the ad-
sorption process [47]. The effect of NaCl concentration on adsorp-
tion of MB/MG on PSP/PLP was studied by Gupta [77]. As the
ionic strength increased, the effective concentration of MB and MG
decreased; therefore, the adsorptive capacity of dyes onto adsorbents
decreased. Other studies [39,78-80] with modified ionic strength
were found to be strongly dependent on ionic strength, indicating
an ion exchange mechanism.

CONCLUSIONS

Acid-activated pine sawdust was used as an adsorbent for dis-

posal of MR GRL from the aqueous solution. SEM, EDX, and FTIR
analyses were conducted to characterize the activated pine saw-
dust, and the following conclusions were reached:

a. The maximum percentage removal of 99.35%, 99%, and 69.44%
was achieved at a dye concentration of 250 mg/L using APSD,
BPSD, and PSD, respectively, as the adsorbents, confirming the
high efficiency of applying APSD in MR GRL removal. Chemical
reagents could increase BET surface area, pore volume and espe-
cially surface functional groups that enhance the adsorption of mate-
rial. The results showed that the MR GRL adsorption capacity was
positively correlated to the BET surface area. The H,SO, treated PSD
(APSD) adsorbent had greater BET surface area (19.11 m*/g) and
more active sites for MR GRL adsorption from aqueous solution.

b. Five adsorption isotherm models were analyzed in the cur-
rent study, and the removal of MR GRL on APSD fitted well to
the Langmuir, isotherm model for the equilibrium data.

c. A pseudo-second-order reaction rate was followed by the kinet-
ics of MR GRL sorption using APSD.

d. The adsorption experiments for different temperatures in this
study detected the exothermic nature and spontaneous character
of the adsorption process. It also implies that the diffusion process
does not dominate adsorption.

The obtained findings show the great potential of the studied
adsorbent as an effective sorbent to remove MR GRL from waste-
water, which would otherwise be discarded in landfills or used as
a fuel in boilers for energy production.

As real textile wastewater contains more than one pollutant, the
presence of other pollutants may interfere with the removal effi-
ciency of an individual one. As a result, the effect of coexisting pollut-
ants should be addressed when conducting an adsorption study:.
For this reason, this study for color removal from synthetic textile
wastewater should be tested in real textile wastewater and the re-
moval efficiency of other parameters should be investigated besides
color removal.
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