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Abstract In this work, the possibility of using un-
treated pine (Pinus radiata) sawdust as biosorbent for 
the removal of three wood dyes (blue, red and black) 
from aqueous solutions was investigated. The BET 
surface area of the material was 1.55 ± 0.81   m2   g−1 
using  N2 at − 196 °C and 17.83 ± 0.032  m2  g−1 using 
 CO2 at 0 °C. The point of zero charge was 4.8. In addi-
tion, the material was characterized before and after 
adsorption by surface analytical techniques. Assays 
were performed to analize the stability of wood dyes 
with time and pH and also to estimate the pKa val-
ues. Batch adsorption experiments were performed 
and the influence of experimental parameters such 
as contact time (up to equilibrium), stirring rate (100 
and 210 rpm), adsorbent dose (2–10 g  L−1), pH (2–9) 
and initial dye concentration (5 and 300  mg   L−1) 
were studied. The optimum conditions were pH 2 
and adsorbent dose of 6 g  L−1 and the highest adsorp-
tion percentages achieved at 5 mg  L−1 were: 100.0% 
for the blue, 99.7% for the black and 92.4% for the 
red. For 300 mg  L−1 adsorption efficiency decreased 

to 85.6, 57.0 and 63.8% for the blue, black and red 
ones, respectively. Kinetic data were best fitted to the 
pseudo-second order model, suggesting a chemisorp-
tion process. Freundlich and Dubidin-Radushkevich 
were the best isotherm models. Regeneration study 
showed that un-treated pine sawdust could be reused 
efficiently for red dye removal at least in up to four 
repeated adsorption–desorption cycles using NaOH 
as desorption agent.

Keywords Biomass · Pine sawdust · Wood dyes · 
Biosorption · Wastewaters · Chemisorption

Introduction

Synthetic dyes are essential resources used in indus-
tries like wood, paper, cosmetic, textile, etc. to color 
their products. It is estimated that there are more than 
100,000 commercial dyes and about 350,000 tons are 
wasted every year (Şentürk and Yildiz 2020). The dis-
charge of these dyes in wastewaters without treatment 
is of great concern for the environment and human 
health since it prevents photosynthesis by reducing 
light transmission and compromises the food chain 
transfer. In addition, the complex and stable chemical 
structure of the dyes tends to resist degradation when 
in contact with water, oxidizing agents, light, among 
others. On the other hand, dyes can cause functional 
disorders in the human body and their accumulation 
in some aquatic organisms carries the risk of toxic 
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and carcinogenic products (Gemici et al. 2021; Chikri 
et al. 2020). Furthermore, water is an essential com-
ponent for life and the earth’s ecosystem and its pro-
tection and prevention of contamination are crucial.

There are a variety of techniques that have been 
studied for the removal of dyes from wastewaters, 
such as chemical oxidation, ion exchange, photo-
catalysis, biodegradation, chemical coagulation, 
electrolysis, precipitation, membrane separation, and 
flotation. However, most of these techniques involve 
disadvantages such as the high cost, the generation of 
huge amounts of concentration sludge, a reduced effi-
ciency, and sensitive operating conditions (Can 2015; 
Al-Kadhi 2020; Chandarana et al. 2021). An efficient 
technique to remove dyes from wastewaters should 
be able to eliminate large amounts of dye in a short 
period of time without causing secondary pollution 
(Mashabi et al. 2022).

The adsorption technique being cost-efficient and 
with a simple design and operation has been revealed 
as one of the most effective processes for dye removal 
(Kumar et  al. 2018; Elwakeel et  al. 2017). A wide 
range of adsorbents have been used for dye removal 
from aqueous solutions. Activated carbons have been 
the most applied ones mainly due to their high surface 
area and porosity, however, their high cost and their 
regeneration difficulty have promoted the research 
on low-cost adsorbents (Ighalo et al 2022; Philippou 
et  al. 2021). Numerous biowastes such as grapefruit 
peel, canola hull, pine cone, pine sawdust, peanut 
husk and rice hull have been pointed out as promising 
biosorbents due to the lack of hazardous by-product 
formation, eco-friendliness, cost-effectiveness, flex-
ibility regarding operating conditions and good sur-
face characteristics (Aragaw and Bogale 2021).

Pine trees of various species are present in huge 
amounts around the world. They are among the most 
commercially important trees highly valued by indus-
try (Özdemir 2019). In northwest Spain, monterrey 
pine (Pinus radiata) and maritime pine (Pinus pinaster) 
are important natural resources and together with euca-
lyptus the most used in productive stands (Ogana et al. 
2020). Pine sawdust is available as a residue from the 
wood industry and inherent activities and by using it 
as an adsorbent, wood waste which are improperly dis-
posed on the environment could be reduced (Bortoluz 
et  al. 2020). Previous studies revealed that the func-
tional groups present in this material like carboxyl, 
phenolic or hydroxyl enhance the adsorption process 

through mechanisms such as complexation, hydrogen 
bonding, ion exchange, etc. (Aragaw and Bogale 2021; 
Şentürk and Yildiz 2020). Further, pine sawdust from 
species like Pinus duragensis, Pinus resinosa, and 
Pinus tabulaeformis have been previously investigated 
for dyes removal such as acid yellow and methylene 
blue and revealed promising results (Can 2015; Sala-
zar-Rabago et al. 2017; Sahmoune and Yeddou 2016). 
However, it has been found that the wood species 
affects significantly the adsorption capacity (Salazar-
Rabago et  al. 2017). Additionally, some studies have 
reported the need for an acid or base pretreatment or an 
extensive washing to improve the adsorption efficiency 
(Şentürk and Yildiz 2020; Bortoluz et al. 2020; Islam 
et  al. 2018) while others obtained a positive outcome 
without any previous treatment which is a simpler and 
more profitable alternative (Al-Kadhi 2020; Akhouairi 
et  al. 2019). The conversion of biomass into products 
of high added value is a significant contribution to the 
circular economy and to the concept of green chemis-
try. Therefore, at present, the search for biosorbents for 
dyes removal is attracting attention which highlights the 
importance of the present study (Philippou et al. 2021; 
Aragaw and Bogale 2021).

To the best of authors’ knowledge, no studies have 
been conducted on the removal of wood dyes from 
aqueous solutions by pine (Pinus radiata) sawdust. 
Therefore, in the present study, pine (Pinus radiata) 
sawdust, received from a sawmill without any pre-
treatment, was directly used as an alternative, cost-
effective and environmentally friendly adsorbent for 
the removal of three industrial acid wood dyes (blue, 
red and black) from aqueous solutions. Batch experi-
ments were performed to evaluate the influence of 
various operational conditions such as stirring rate, 
adsorbent dose, pH, contact time and initial dye con-
centration. The kinetics of the adsorption process 
using pseudo-first, -second and intraparticle diffusion 
models was studied and the Langmuir, Freundlich, 
Temkin and Dubidin-Radushkevich isotherms were 
used to fit the equilibrium data.

Materials and methods

Adsorbent preparation

Pine (Pinus radiata) sawdust (PS) was provided by 
a regional sawmill (Lugo, Spain). It was air-dried 
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till equilibrium and the corresponding moisture 
content (11.61 wt%, on wet basis) was determined 
using an Infrared moisture determination balance 
(Sartorius MA30). Then, PS was sieved using a Ro-
Tap type electrical sieve shaker (FTL-0200). The 
fraction between 0.5 and 1 mm was selected, stored 
in a plastic container, and used directly for adsorp-
tion experiments. Before adsorption experiments 
and to assure that PS does not release colored com-
ponents that could interfere adsorption measure-
ments, PS was kept in water (5 g   L−1) for 24 h in 
an Unitronic orbital C shaker (Selecta) at 100 rpm, 
25 °C and pH 2, natural (5.1) and 12. Color release 
was observed at pH 12 whereby this pH was 
excluded for adsorption experiments.

Adsorbent characterization

The surface area, pore volume and structural prop-
erties of PS were determined by adsorption/desorp-
tion of  N2 at − 196 °C using an ASAP 2020 surface 
area analyzer (Micromeritics). This characteriza-
tion was completed by adsorption experiments with 
 CO2 at 0  °C with the same equipment in order to 
analyze the ultramicroporosity of the material. 
Previously, the samples were dried under vacuum 
at 50 °C for 72 h and then degassed under vacuum 
at 300  °C for 1  h. Brunauer-Emmet-Teller (BET) 
equation was used to determine surface areas and 
Barrett-Joyner-Halenda (BJH) desorption isotherm 
to determine the pore volume and pore size dis-
tribution. A relative pressure of 0.99 was used to 
determine the total pore volume and to estimate 
micropore volume based on mesopores volume 
(from the BJH equation). PS was analyzed by 
scanning electron microscope coupled with EDX 
(ZEISS EVO LS 15 microscope) to study its mor-
phological features and to determine its elemental 
composition before adsorption. For SEM analysis, 
PS samples were covered with a thin layer of irid-
ium. The pH of the point of zero charge  (pHPZC) 
for PS was evaluated according to the method 
described in Şentürk and Yildiz (2020), although 
slightly modified. Thus, 0.2  g of PS were put in 
contact with 50  mL of a 0.01  M NaCl solution at 
200  rpm for 48  h to assure equilibrium (Nordine 
et al. 2016).

Dye characterizations

Acid wood dyes were used: Blue for wood AGN-
270%, Red for wood GRA-200%, and Black Hispa-
lan M-RN-140%. Dye solutions were prepared by 
dilution of a stock aqueous solution of 500  mg  L−1 
with distilled water. The elemental composition of the 
dyes was determined by EDX. To study dye stability, 
50 mL of dye solution (25 mg  L−1) at natural pH (5.1, 
6.0 and 6.2 for blue, black and red dyes, respectively) 
and at pH 2 were placed in a hydro shaking water 
bath (H20 SOW-LAUDA) at 210 rpm and 25 °C. For 
predefined times (from 30  min to 96  h), the visible 
absorption spectra of the samples were recorded by 
UV/VIS spectroscopy (V-630, Jasco).

The determination of the dissociation constant 
(pKa) was performed using two different techniques. 
Regarding the red dye that presents a color shift with 
pH changes, pKa was determined using the UV/VIS 
spectroscopy method by measuring the absorption 
wavelength (V-630, Jasco) of a 10  mg   L−1 solution 
at pH values from 1.5 to 12.5 following the method 
proposed by De Meyer et al. (2014). For the blue and 
black dyes, pKa values were determined by poten-
tiometric titration. An aqueous solution of each dye 
(10 mg  L−1) was titrated potentiometrically at 25 °C 
under continuous stirring by adding small aliquots 
(0.05 mL) of 0.05 M NaOH up to pH 11. For weak 
acids, the pH could be calculated as follows:

where  [A−] is the conjugate base and [HA] the weak 
acid. The half-neutralization point occurs when  [A−] 
is equal to [HA] that corresponds to pH = pKa (Zafar 
et al. 2014; Kantar et al. 2015).

Adsorption experiments

In a first stage, experiments were performed at 
100 rpm in an Unitronic orbital C shaker (Selecta). 
For this, PS was mixed with a 5 mg  L−1 dye aqueous 
solution at adsorbent doses of 5 or 10 g  L−1, natural 
pH (5.1, 6.0 and 6.2 for blue, black and red dyes, 
respectively) and 25 °C. In a second stage, to evalu-
ate the effect of the agitation speed on adsorption 
efficiency experiments were performed at 210  rpm 
and adsorbent dose of 10 g  L−1 at the same previous 

(1)pH = pKa + log[A−]∕[HA]
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conditions. Finally, the influence of other variables 
was also studied at 210 rpm: initial pH (2–9), adsor-
bent dose (2, 6 and 10  g   L−1) and initial dye con-
centration (5 and 300 mg  L−1). At predefined times, 
samples were removed and centrifuged for 15  min 
at 4000 rpm. Dye concentration was determined by 
measuring the absorbance of the supernatant at the 
maximum dye wavelength, λmax, using an UV/VIS 
spectrophotometer (V-630, Jasco). Dye removal 
efficiency was calculated as the percentage of dye 
adsorbed (Eq. 2). The adsorption capacity was cal-
culated as the amount of dye adsorbed per mass unit 
of PS (Eq. 3).

where  C0 and C are the initial and residual dye con-
centrations (mg  L−1), q is the adsorption capacity (mg 
 g−1), V is the volume of the dye solution (L) and m is 
the dry mass of adsorbent used (g).

SEM-EDX was conducted to characterize the PS 
samples after the adsorption process as explained 
above.

Kinetic models were applied to explain the dye 
adsorption process and examine the mechanism of 
the interactions:

• Pseudo-First Order

where  qt and  qe are the amounts of dye adsorbed 
(mg  g−1) at time t (min) and at equilibrium, 
respectively, and  k1 represents the first-order rate 
constant  (min−1).

• Pseudo-Second Order

where  k2 (g  mg−1   min−1) is the pseudo-second-
order rate constant (Ho and McKay 1999).

• Intra-particle Diffusion

where I is the intercept and  kid is the rate constant 
of intra-particle diffusion (mg  g−1  min−1/2) (Weber 
et al. 1963).

(2)Adsorption (%) = (C0 − C)∕C0 × 100

(3)q
(

mg g−1
)

= (C0 − C)V∕m

(4)log
(

qe − qt
)

= log qe − k1t∕2.303

(5)t∕qt = (1∕k2q
2
e
) + t∕qe

(6)qt = kidt
1∕2 + I

The adsorption equilibrium was studied using the 
operational conditions selected in the previous studies. 
PS (6 g   L−1) was mixed with a dye aqueous solution 
(initial concentrations varied between 5 and 300  mg 
 L−1) at pH 2 and 25 °C for 4 days for blue and red to 
assure the equilibrium and 12 h for black also to guar-
antee the stability. The equilibrium data were analyzed 
by the Freundlich (Eq.  7), Langmuir (Eq.  8), Temkin 
(Eq. 9) and Dubidin-Radushkevich (D-R) (Eq. 10) iso-
therm models:

where  qe and  qmax are the amount of dye adsorbed at 
equilibrium and the maximum adsorption capacity 
(mg  g−1);  kF [mg  g−1 (L  mg−1)−1/n] and  kL (L  mg−1) 
are the Freundlich and Langmuir constants;  Ce is the 
equilibrium dye concentration (mg  L−1); n represents 
the intensity of the adsorption (Langmuir 1918; Fre-
undlich 1907);  KT is the equilibrium binding constant 
(L  mg−1); B is related to the adsorption heat (J  mol−1) 
(Chandarana et al. 2020); ɛ is equal to RTln(1 + 1/Ce); 
 qm,D is the theoretical monolayer saturation capac-
ity (mol  g−1); and  KDR is the constant of the adsorp-
tion energy  (mol2   kJ−2) which is related to the mean 
adsorption energy, E, equal to 1/√2KDR (kJ mol.−1) 
(Collins et al. 2019; Özdemir 2019) Langmuir model 
can also be characterized by another parameter, the 
adsorption rate  (RL), that can be determined using 
Eq. (11).  RL indicates if the adsorption process is irre-
versible, linear or favorable according to the  RL value, 
 RL = 0,  RL = 1 and 0 <  RL < 1, respectively (Al-Kadhi 
2020, Şentürk and Yildiz 2020)

(7)qe = kFC
1∕n
e

(8)qe =
qmaxkLCe

1 + kLCe

(9)qe = B
(

lnKTCe

)

(10)qe = qm,D exp
(

−KDR�
2
)

(11)RL =
1

1 + kLC0



4591Cellulose (2023) 30:4587–4608 

1 3
Vol.: (0123456789)

Desorption and regeneration of the adsorbent

Batch desorption experiments were conducted to 
evaluate the possibility of reusing Pinus radiata saw-
dust after performing an adsorption experiment using 
an adsorbent dose of 10 g   L−1, pH 2, a dye concen-
tration of 300  mg   L−1 and a contact time of 4  days 
for the blue and red dyes and 12 h for the black dye. 
Then, the loaded adsorbent was filtered and dried at 
105 °C for 24 h. Two desorption agents were selected, 
namely, hydrochloric acid 0.1 M and sodium hydrox-
ide 0.1  M (Bortoluz et  al. 2020; Mashkoor et  al. 
2018). In this way, 0.5  g of loaded PS were put in 
contact with 10 mL of the selected desorption agent 
and agitated at 350  rpm on the orbital shaker VWR 
(Cienythec) at 25 °C for 4 h. Then the suspension was 
filtered and the solid washed with distilled water until 
neutral pH. Before filtration, the residual dye con-
centration in the solution was measured as indicated 
before, and the desorption percentage (%Desorption) 
was calculated by Eq. 12:

where,  mdes is the amount of dye desorbed (mg), 
 mrem is the mass of dye that remained adsorbed on 
the PS after each adsorption/desorption cycle (mg), 
 mretained is the mass retained after the previous des-
orption cycle (mg) and  mads cycle is the amount of dye 
adsorbed in each adsorption cycle (mg). The reusabil-
ity of PS was studied by carrying out four repeated 
adsorption–desorption cycles and each cycle was 
evaluated by the percentages of dye adsorption and 
desorption.

Results and discussion

Adsorbent characterization

In this study gas sorption isotherms were performed 
for  N2 at − 196  °C and  CO2 at 0  °C to examine the 
surface area and pore structure of PS. The nitrogen 
adsorption–desorption plot is shown in Fig. 1.

The  N2 isotherm is mainly type II which is typical 
of macroporous materials with heterogeneous surface 

(12)%Desorption = mdes∕mrem × 100

(13)mrem = mretained + madscycle

according to the IUPAC classification (Rouquerol 
et  al. 2014). Physical adsorption on macroporous 
adsorbents leads to unrestricted monolayer-multi-
layer adsorption. However, the initial behavior of  N2 
adsorption capacity at low pressure corresponds to 
a type III isotherm, suggesting that the material also 
contains micro and mesopores that will lead to the 
formation of multiple layers with increasing relative 
pressure. The hysteresis between the adsorption and 
desorption curves at high relative pressures could be 
associated with the filling and emptying of mesopores 
by capillary condensation. The asymptotic behavior 
which occurs at relative pressures approaching one, 
suggests a significant amount of macropores (Lorenz 
et al. 2019). A similar behavior has been reported by 
Jaouadi (2021) for pinewood sawdust. The PS BET 
surface area, total pore volume and mean pore diam-
eter for  N2 were, respectively, 1.55 ± 0.81  m2   g−1, 
1.94 ×  10–3  cm3   g−1 and 5.15  nm. According to the 
pore size distribution (Fig.  1) that indicates that 
the major pore size is in the range between 2 and 
50 nm, PS can be categorized as a mesoporous mate-
rial since the average pore diameter was between 
2 and 50  nm according to the pore’s IUPAC classi-
fication (Rouquerol et al. 2014). Similar values have 
been reported for pine and durian (Durio zibethi-
nus) wood sawdust (Chowdhury et al. 2016; Jaouadi 
2021). Previous studies demonstrated that  N2 adsorp-
tion–desorption isotherm could have some limitations 
for ultra-microporous materials as  N2 cannot access 
into the micropores (Kim et  al. 2016). To obtain a 
greater insight into the porosity of PS, and due to the 

Fig. 1  Nitrogen adsorption–desorption cycle at − 196  °C on 
PS and BJH pore size distribution
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hysteresis cycle, which suggests microporosity,  CO2 
adsorption isotherm was studied. Figure 2 shows the 
 CO2 adsorption isotherm recorded up to a relative 
pressure of 0.03 at 0 °C.

By the results obtained, PS revealed a higher BET 
surface area with  CO2 adsorption of 17.83 ± 0.032 
 m2   g−1 suggesting that microporosity could play an 
important role in adsorbate accessibility.

The morphology of the PS surface was analyzed 
by SEM. The images of the biosorbent before the 
adsorption process are shown in Fig. 3.

As can be seen in Fig.  3a with 500 magnifica-
tions, PS presented a multi-layer surface with a 
tubular structure (Semerjian 2018). Figure  3b and 
c with 1000 and 5000 magnifications respectively, 

revealed a heterogeneous and fibrillar structure with 
pores which can favor the adsorption process. Simi-
lar characteristics were found in previous studies for 
Pinus elliottii, Tectona grandis and Pinus halepen-
sis sawdust (Akhouairi et al. 2019; Semerjian 2018; 
Mashkoor et al. 2018).

The elemental composition of PS is shown in 
Table 1. The results indicated that carbon and oxy-
gen are the main components due to the organic 
nature of the material and presented traces of Al 
that could result from the material used to cut in the 
sawmill. In addition, pine sawdust contained only 
a small amount of Cu, K, Ca and Mg which indi-
cates that the content of metals on the surface were 
negligible.

The relationship between pH and  pHPZC plays 
a key role in understanding the adsorption process 
since pH affects the surface charge of the adsor-
bent, the degree of ionization, and in turn, the bind-
ing specificity of the adsorbate. The point of zero 
charge of PS is 4.8 (Fig. S1), indicating that when 
the pH is lower than  pHPZC the PS surface is posi-
tively charged and negatively charged when it is 
higher than  pHPZC. When pH is less than  pHPZC the 
sawdust will adsorb anionic dyes and when pH is 
higher than  pHPZC the adsorbent will adsorb cati-
onic dyes (Ratnamala et al. 2016). Acid wood dyes 
are negatively charged, so it is probable that a posi-
tively charged PS surface leads to increased adsorp-
tion of acid dye anions.

Fig. 2  CO2 adsorption isotherm at 0 °C on PS

Fig. 3  SEM images of pine sawdust before adsorption a 500, b 1000 and c 5000 magnifications

Table 1  Elemental 
composition of pine 
sawdust

wt%

PS C O Al Cu K Ca Mg
58.6 ± 0.1 38.8 ± 0.1 2.0 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
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Dyes characterization

The elemental composition of the dyes was ana-
lyzed by EDX and is shown in Table  2. The 
results indicated that the main component is car-
bon together with a considerable oxygen percent-
age, especially for the red dye. For the black dye, 
the presence of chromium and the high sulfur con-
tent stand out. Thus, considerable differences were 
found among dyes both in terms of the components 
present and their percentage contribution.

Dye stability as a function of pH at 25  mg  L−1 
was studied (Figs. S2a-f). From the spectral scans, 
the maximum wavelength in the visible region 
to consider for the stability study were 602  nm, 
506  nm and 572  nm for the blue, red and black 
dyes, respectively. For the blue and red dyes, either 
for natural (Figs. S2a, S2c) or acid pH (Figs. S2b, 
S2d), there were no significant changes in the 
absorbance values for 4  days, which demonstrates 
their stability. For the black dye, the stability was 
also verified at natural pH (Fig. S2e). Otherwise, 
at acid pH a decrease on dye absorbance of about 
10% occurred up to 12 h being more evident (30%) 
at 4  days. Simultaneously, there was a shift of the 
maximum wavelength with the consequent loss of 
stability after 12  h (Fig. S2f). Thus, for the black 
dye, further experiments were only performed up to 
12 h assuring the stability region.

Acid dissociation constant (pKa) is an important 
parameter to better understand the behavior of chemi-
cal substances. Changing the availability of protons 
or the acidity of the medium the equilibrium changes 
which provides the possibility of measuring the 
capacity of protons release or dissociation of a site. 
The pKa could be described as the pH at which the 
protonated and deprotonated forms are equal. Thus, 
the site will be more deprotonated or protonated 
as the pH is higher or lower than pKa, respectively 
(Zafar et al. 2014).

Firstly, the visible spectrum of the red dye at dif-
ferent pH values was obtained from UV/VIS spec-
troscopy (Fig. S3). It can be observed that the color 
changes from red to orange at pH higher than 10 
which corresponds with a shift of λmax from 506 to 
483  nm (Fig. S3a). A change in acidity that leads 
to color changes is usually due to the presence of a 
chromophore close to the ionization site of the mol-
ecule (Reijenga et al. 2013). The pKa was estimated 
from the crossing point in Fig. S3b as 10.6, through 
the measure of the absorbance at the two maximum 
wavelengths previously determined at each pH value.

To estimate the pKa values of the blue and black 
dyes in aqueous solution, direct micro-potentiometry 
titration was performed with NaOH as a strong base 
as commented before. The pH variation for these dyes 
with the addition of NaOH is shown in Fig. S4. It can 
be observed that from 0 to 60 µL the pH significantly 
increases from 6 to 10 and then it stabilizes forming a 
buffer zone used to calculate the pKa as the pH of the 
half neutralization point. It was found to be 10.4 for 
the blue dye and 10.3 for the black one.

It can be seen that there are no significant dif-
ferences among the pKa values of the red, blue and 
black dyes which would be related with their molecu-
lar structures and functional groups, and since the 
lower the pKa the stronger the acidity, the dyes used 
in this study could be classified as weak acids (Zafar 
et  al. 2014; Kantar et  al. 2015; Schaffer and Licha 
2014).

Adsorption experiments

Effect of adsorbent dose and agitation speed 
at natural pH

Adsorption experiments were started at the natural 
pH of the dyes solutions and Fig. 4a shows the results 
obtained for the adsorption efficiency versus time for 
the blue, red, and black dyes at two adsorbent doses (5 

Table 2  Elemental composition of wood dyes

Dye wt%

C O N S Na Cl Br Cu P Cr Mg

Blue 62.1 ± 0.1 18.4 ± 0.1 7.2 ± 0.1 6.7 ± 0.0 4.8 ± 0.0 0.4 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 – – –
Red 49.7 ± 0.1 28.3 ± 0.1 3.4 ± 0.1 7.1 ± 0.0 10.1 ± 0.0 0.9 ± 0.0 – 0.1 ± 0.0 0.4 ± 0.0 – –
Black 27.5 ± 0.2 18.4 ± 0.1 – 21.3 ± 0.1 11.1 ± 0.1 – – 1.6 ± 0.1 – 20.0 ± 0.1 0.1 ± 0.0
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and 10 g  L−1), initial dye concentration of 5 mg  L−1, 
100  rpm and 25  °C. As can be seen, the adsorption 
proceeds in two stages. A fast first stage is followed 
by a slower one until equilibrium is reached. At the 
initial phase, the sawdust presents a more available 
and porous surface, with the presence of mesopores, 
which favors the rapid adsorption of the dye. As the 
adsorption progresses the surface becomes progres-
sively saturated with the consequent decrease in the 
number of sorption sites on the PS and the adsorption 
becomes slower (Al-Kadhi 2020).

The time necessary to reach equilibrium was 72 h 
at 5 g  L−1 and 48 h at 10 g  L−1 for the blue dye, 96 h 
at 5 g  L−1 and 48 h at 10 g  L−1 for the red one, and 
48 h for the black one at both adsorbent doses. The 
maximum adsorption efficiency was attained for the 
blue dye at both adsorbent doses (Table  3) which 

can be related to the lower natural pH of this dye 
(5.1) in comparison with those of the black (6.0) 
and the red (6.2) ones. At pH far above the  pHPZC 
the surface might be more negatively charged, and 
this could lead to electrostatic repulsion and, con-
sequently, to a lower amount of dye adsorbed. Pre-
vious studies with pine sawdust also demonstrated 
that for acid dyes, adsorption improved at lower 
pH (Can 2015; Akhouairi et  al. 2019; Özacar and 
Şengil 2005).

Table  3 shows the influence of the adsorbent 
dose on the equilibrium adsorption efficiency and 
capacity. The adsorption efficiency increased when 
increasing the adsorbent dose from 5 to 10  g  L−1, 
but more remarkably for the blue and black dyes. 
This can be explained by the increase in the number 
of available adsorption sites and enhanced surface 
area due to larger adsorbent dose. Regarding the 
equilibrium adsorption capacity  (qmax), it decreased 
with increasing the adsorbent dose, except for the 
black dye which does not change.

To investigate the effect of the agitation speed, 
kinetic experiments were conducted at 210  rpm. 
Figure 4b shows that the first stage gets faster when 
agitation speed is increased even though equilib-
rium conditions do not change significantly. Con-
sequently, all other experiments were carried out at 
210 rpm.

Fig. 4  Adsorption efficiency versus time for blue, red and 
black dyes at the natural pH a adsorbent dose 5 or 10 g   L−1, 
initial dye concentration 5 mg   L−1, temperature 25  °C, agita-

tion speed 100 rpm, b agitation speed 100 or 210 rpm, adsor-
bent dose 10 g   L−1, initial dye concentration 5 mg   L−1, tem-
perature 25 °C

Table 3  Equilibrium removal efficiency and adsorption capac-
ity for blue, red and black wood dyes onto pine sawdust

Adsorbent dose Blue Red Black

(g  L−1) Equilibrium dye adsorption efficiency (%)
5 51.30 ± 1.83 25.47 ± 1.54 17.25 ± 0.37
10 67.67 ± 2.46 29.93 ± 0.27 34.46 ± 0.34

Equilibrium adsorption capacity (mg g−1)
5 0.51 ± 0.02 0.28 ± 0.02 0.18 ± 0.00
10 0.37 ± 0.03 0.16 ± 0.00 0.18 ± 0.00



4595Cellulose (2023) 30:4587–4608 

1 3
Vol.: (0123456789)

Effect of pH on dye adsorption

The pH is a significant parameter that influences the 
interaction between adsorbate and adsorbent depend-
ing on the ionization degree and surface characteris-
tics (Şentürk and Yildiz 2020). Adsorption experi-
ments were performed at different contact times 
assuring the stability of the dyes (Fig. S2), for an 
adsorbent dose of 10 g  L−1 and initial dye concentra-
tion of 5 mg  L−1, at different pH values ranging from 
2 to 9 and the results obtained are shown in Fig.  5. 
From these results it can be concluded, as mentioned 
previously, that pH has a significant effect on dye 
removal efficiency.

The maximum dye removal efficiency was 
obtained at pH 2 and it was 100.0% for the blue dye, 
95.1% for the red dye and 85.5% for the black one. 
When pH increased from 2 to 9, adsorption efficiency 
rapidly decreased to 50.5%, 34.2% and 27.7% for 
the blue, red and black dyes, respectively. It is pos-
sible to explain the nature of possible charge-driven 
interactions based on the  pHPZC of the adsorbent and 
the pKa of the adsorbate (Kah et al. 2017). Depend-
ing on the dye molecular structure and according to 
the estimated values of the pKa (10.6, 10.4 and 10.3 
for the red, blue and black dyes, respectively), at acid 
pH below the pKa, the adsorbate could be protonated 
to the neutral form which can lead to interactions 
between the functional groups (Lewis acid–base, π–π 

bond, hydrophobic effect and H-bond). Moreover, 
since the PS surface is positively charged when the 
pH is below the  pHPZC (4.8) with a high concentra-
tion of  H+ in solution, acid dye anions are expected 
to interact electrostatically and to increase the adsorp-
tion capacity (Can 2015; Kah et  al. 2017; Konicki 
et al. 2013). Other studies also reported that the opti-
mum pH is usually around 2–4 since as pH decreases, 
the protonation of amine groups increases (Elwakeel 
2010). These results demonstrated that for all dyes a 
better removal efficiency is attained at pH 2 instead 
of natural pH and subsequent experiments were con-
ducted at acid pH.

Adsorption experiments at acid pH

Dye adsorption on PS at the pH selected (pH = 2) was 
analyzed depending on contact time and adsorbent 
dose to determine the equilibrium time and the opti-
mal adsorbent dose. The results are shown in Fig. 6.

The behavior of the adsorption process did not dif-
fer from the aforementioned for natural pH. The total 
removal of the blue dye was achieved at all adsorbent 
doses, however the equilibrium time increased from 
30  min to 6 and 48  h when the PS dose decreased 
from 10 to 6 and 2  g   L−1, respectively. Regarding 
the red dye from 10 to 6 g   L−1 there was no change 
in the equilibrium time (18  h) but a slight differ-
ence on removal efficiency from 98.3% to 92.4% 
occurred. Conversely, for 2  g   L−1 there was a sig-
nificant increase in the equilibrium time to 48 h and 
also a decrease in the removal efficiency (86.2%). In 
the case of black dye, to guarantee the stability, the 
study was performed for 12 h, and from 10 to 6 g  L−1 
both equilibrium time (2  h) and removal efficiency 
(99%) were maintained but the adsorption efficiency 
decreased to approximately 80% and the equilibrium 
time increased to 12 h when the adsorbent dose was 
reduced to 2 g  L−1. Consequently, it can be concluded 
that for all dyes at pH 2 and low concentration the 
optimum adsorbent dose is 6  g   L−1. This improve-
ment on the adsorption process compared to the pre-
vious results could be described by the effect of ionic 
interaction due to the low pH value (Chikri et  al. 
2020; Özacar and Şengil 2005).

To overcome the diffusive mass transfer resistance 
in the adsorption process between the aqueous and 
solid phases, initial dye concentration is an important 
variable to be assessed which provides an important 

Fig. 5  Effect of pH on adsorption of blue, red and black wood 
dyes by PS (natural pH 5.1, 6.2 and 5.8 for blue, red and black, 
respectively; initial dye concentration 5  mg   L−1; adsorbent 
dose 10 g  L−1; contact time 24 h for blue, 48 h for red and 12 h 
for black; temperature 25 °C; agitation speed 210 rpm)
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driving force (Esmaeili and Foroutan 2019; Khataee 
et  al. 2013). Then, to investigate the efficiency of 
PS at the optimal pH to remove high dye concentra-
tions, initial dye concentration was increased from 5 
to 300 mg  L−1. Due to this increase, firstly the highest 
adsorbent dose (10  g   L−1) was used to determine if 
total dyes removal was achieved. The results obtained 
are shown in Fig. 7.

It is observed that at 300 mg  L−1 the dye removal 
percentage decreased with respect to that obtained 
for 5  mg   L−1 which demonstrates the influence of 
initial concentration. The adsorption efficiency of PS 
decreased from 100.0, 98.3 and 98.6% to 85.6, 63.8 
and 57.0% for the blue, red and black dyes, respec-
tively, at equilibrium (48 h), for blue and red and for 
a contact time of 12  h for the black dye due to the 

aforementioned stability problems. This reduction 
could be explained since the increase of initial dye 
concentration causes a saturation in the total num-
ber of active binding sites which increases the repul-
sion by the electrostatic force between the adsorbed 
and non-adsorbed dye molecules (Bortoluz et  al. 
2020; Esmaeili and Foroutan 2019). Moreover, per-
haps the surface area generated by ultra-micropores 
could not be available for the dyes due to size-exclu-
sion. Although increasing the initial dye concen-
tration from 5 to 300  mg   L−1 reduced the removal 
efficiency, an increase of the maximum adsorption 
capacity occurred from 0.50 to 27.47 mg  g−1 for the 
blue dye, from 0.48 to 18.55 mg  g−1 for the red dye 
and from 0.40 to 16.62  mg   g−1 for the black one. 
The increase in the initial dye concentration caused 

Fig. 6  Effect of adsorbent dosage on the adsorption efficiency of blue a, red b and black c dyes using PS (initial dye concentration 
5 mg  L−1; pH 2; adsorbent dose 2, 6 and 10 g  L−1; temperature 25 °C and agitation speed 210 rpm)
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a strong interaction between the adsorbent and the 
dye molecules that resulted from the increase in the 
driving force of the concentration gradient (Şentürk 
and Yildiz 2020). Thus, for 300 mg  L−1 the maximum 

adsorption capacity increased and for the blue dye, 
the adsorption capacity was very close to the theoreti-
cal maximum value (30 mg   g−1). This could be due 
to differences in the dyes functional groups that lead 
to different interactions between the sorbent and the 
sorbate.

Finally, Fig. 8 shows the SEM analysis results for 
PS after dye adsorption at a 5000 × magnification. It 
can be observed that after the adsorption process the 
PS surface is covered by the dyes. Moreover, the pres-
ence of new elements that belong to the dyes could be 
confirmed by EDX analysis (Table 4).

Adsorption kinetics

Kinetic behavior and the controlling mechanisms 
involved in the adsorption process as diffusion con-
trol, mass transfer or chemical reaction could be 
predicted using some kinetic models (Şentürk and 
Yildiz 2020). Therefore, to explain the kinetics of 
dye removal using un-treated pine sawdust, the 
experimental data was fitted to the pseudo-first order 
(Eq. 4), pseudo-second order (Eq. 5), and intraparticle 

Fig. 7  Effect of initial dye concentration on dyes removal 
(initial dye concentration 5 and 300  mg   L−1; adsorbent dose 
10 g  L−1; pH 2; temperature 25 °C; agitation speed 210 rpm)

Fig. 8  SEM images of pine sawdust after adsorption of 
blue a, red b and black c wood dyes (initial dye concentra-
tion 300 mg  L−1; pH 2; adsorbent dose 10 g  L−1; temperature 

25  °C; equilibrium time for blue and red dyes and maximum 
adsorption time for the black one; agitation speed 210 rpm)

Table 4  EDX of PS before and after dye adsorption (pH 2; initial dye concentration 300 mg  L−1 for blue and red and 5 mg  L−1 for 
black; equilibrium time)

Material wt%

C O Al Cu K Ca Mg S N Cl Cr

PS 58.6 ± 0.1 38.8 ± 0.1 2.0 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 – – – –
PS + Blue 57.6 ± 0.1 42.3 ± 0.1 – – – – – 0.1 ± 0.0 – – –
PS + Red 58.0 ± 0.3 34.9 ± 0.3 0.1 ± 0.1 1.3 ± 0.1 – – – 0.2 ± 0.0 5.0 ± 0.4 0.5 ± 0.0 –
PS + Black 66.6 ± 1.0 28.0 ± 1.0 – – – – – 1.5 ± 0.2 – 1.4 ± 0.2 2.5 ± 0.4
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diffusion (Eq. 6) kinetic models. The kinetic param-
eters obtained are listed in Table 5. Kinetic constants 
and correlation coefficients were obtained by plotting 
log  (qe-qt) versus t for the pseudo-first order model, t/
qt against t for the pseudo-second order model and  qt 
versus  t1/2 for the intraparticle diffusion model.

In view of the results, the predicted adsorption 
capacities  (qe, calc) for the pseudo-first order model 
were found to be much lower than the experimental 
ones  (qe, exp) as consequence of the low correlation 
coefficients obtained in most cases. This demon-
strates that this model is not suitable to describe the 
adsorption process. However, the second order model 
is the one that best fits the experimental data with 
correlation coefficients higher than 0.975 and lower 
sum of square error (SSR) values for all dyes and 
conditions essayed and a good agreement between 
the experimental  qe, and that predicted by the model 
 (qe, calc) was obtained. Regarding the intraparticle dif-
fusion kinetic model, the kinetics of the adsorption 
process was divided into two linear regions (1) lower 
contact times and rapid uptake and (2) higher contact 
times and slow uptake until reaching equilibrium. In 
most of the experiments, high correlation coefficients 
(> 0.9) were obtained for the first region corroborated 
by a low SSR, which suggests the possibility of intra-
particle diffusion of the dye from the outer surface 
into the pores of the sawdust at the initial phase of 
the adsorption process. However, the low correlation 
coefficients for the second region indicate a change in 
the adsorption mechanism.

In summary, the pseudo-second order kinetic 
model can describe the whole adsorption process 
through a chemical sorption mechanism involving 
valence forces due to the interchange of electrons. 
Simultaneously, the intraparticle diffusion kinetic 
model also explains the adsorption process at the ini-
tial stage with the transfer of the dye from the outer 
surface into the pores of the material (Şentürk and 
Yildiz 2020; Semerjian 2018).

Adsorption equilibrium

To better understand the mechanism of adsorption, 
the equilibrium data for the blue, red and black dyes 
on PS were obtained and fitted to the Langmuir, 
Freundlich, Temkin and Dubidin-Radushkevich 
models (Fig.  9). The study was performed consid-
ering the optimal adsorbent dose selected for low 

concentrations (6 g  L−1) and from the results obtained 
it was possible to establish the limit initial dye con-
centration to achieve dyes removal equal to or greater 
than 90% (50  mg   L−1, 25  mg   L−1 and 12.5  mg   L−1 
for blue, red and black dyes, respectively). Langmuir 
model assumes the presence of a homogeneous sur-
face with a limited number of adsorption sites with-
out transmigration of the adsorbate molecules onto 
the surface, with equal energies of adsorption, leading 
to monolayer adsorption. Freundlich model describes 
adsorption as a multilayer process with different ener-
gies levels due to the heterogeneous surface (Şentürk 
and Yildiz 2020; Esmaeili and Foroutan 2019). Tem-
kin model considers that the adsorption heat of the 
molecules reduces in a linear way with the increase 
in coverage of the adsorbent surface. That adsorption 
is distinguished by a uniform distribution of binding 
energies up to a maximum. Dubidin-Radushkevich 
(D-R) isotherm represents a mechanism of adsorption 
with a Gaussian energy spreading on a heterogene-
ous surface. Thus, this model suggests at first a pore-
filling mechanism followed by adsorption and allows 
to distinguish if it is going to occur a chemical or a 
physical adsorption through the isotherm parameters 
regarding sorption energy (Chandarana et  al. 2020; 
Şentürk and Yildiz 2020).

From Fig.  9, the isotherm models that best fit-
ted the experimental data for all cases were the Fre-
undlich and the D-R models which do not tend to a 
saturation condition when adsorbate concentration 
in solution increases and consider that the adsorbent 
surface is heterogeneous (Deniz and Dogan 2022; 
Şentürk and Yildiz 2020). The parameters for each 
model are presented in Table 6.

As can be seen, both Freundlich and D-R isotherms 
presented the best fits with high correlation coef-
ficients (> 0.98) and generally with the lower SSR. 
Freundlich isotherm with n values higher than 1 sug-
gests a favorable adsorption and implies the presence 
of a heterogeneous surface with reversible adsorption 
and multilayer formation). The adsorbate concentra-
tion in the adsorbent increases with increasing the 
adsorbate concentration in solution which leads to a 
non-saturation behavior as shown in Fig. 9 (Bortoluz 
et  al. 2020; Şentürk and Yildiz 2020). The adsorp-
tion equilibrium data were also satisfactorily fitted to 
the D-R isotherm model which considers that a pore-
filling mechanism is also involved in a heterogeneous 
surface and is very useful for predicting the type of 



4599Cellulose (2023) 30:4587–4608 

1 3
Vol.: (0123456789)

Ta
bl

e 
5 

 P
se

ud
o-

fir
st,

 p
se

ud
o-

se
co

nd
 o

rd
er

 a
nd

 in
tra

pa
rti

cl
e 

di
ffu

si
on

 k
in

et
ic

 m
od

el
 p

ar
am

et
er

s

Ps
eu

do
-fi

rs
t o

rd
er

Ps
eu

do
-s

ec
on

d 
or

de
r

In
tra

pa
rti

cl
e 

di
ffu

si
on

D
ye

 (g
 

 L−
1 )

q e
, e

xp
 (m

g 
 g−

1 )
k 1

  (m
in

−
1 )

q e
, c

al
c 

(m
g 

 g−
1 )

R
2

SS
R

k 2
 (g

 
 m

g−
1   m

in
−

1 )
q e

 c
al

c 
(m

g 
 g−

1 )

R
2

SS
R

k i
,1

 (m
g 

 g−
1   m

in
1/

2 )
k i

,2
 (m

g 
 g−

1   m
in

1/
2 )

C
1 (

m
g 

 g−
1 )

C
2 (

m
g 

 g−
1 )

R
12

R
22

SS
R

1
SS

R
2

N
at

ur
al

 p
H

, 5
 m

g 
L−

1

B
lu

e 5 
g 

 L−
1

0.
51

 ±
 0.

02
9.

21
 ×

  10
–4

0.
34

0.
64

4
0.

40
4.

15
 ×

  10
–2

0.
46

0.
99

5
0.

03
7

1.
69

 ×
  10

–2
2.

00
 ×

  10
–4

0.
02

4
0.

45
0

0.
96

3
0.

03
0

4.
02

 ×
  10

–3
4.

14
 ×

  10
.3

B
lu

e 10
 g

 
 L−

1

0.
37

 ±
 0.

03
2.

07
 ×

  10
–3

0.
22

0.
78

3
0.

34
1.

41
 ×

  10
–1

0.
35

0.
99

8
0.

01
4

2.
14

 ×
  10

–2
7.

00
 ×

  10
–4

0.
03

1
0.

31
7

0.
95

1
0.

44
8

2.
09

 ×
  10

–3
1.

21
 ×

  10
–3

Re
d 5 
g 

 L−
1

0.
28

 ±
 0.

02
4.

61
 ×

  10
–4

0.
22

0.
92

0
0.

47
1.

53
 ×

  10
–2

0.
26

0.
97

5
0.

00
91

7.
20

 ×
  10

–3
2.

60
 ×

  10
–3

0.
00

2
0.

07
4

0.
96

5
0.

98
9

1.
32

 ×
  10

–2
2.

42
 ×

  10
–1

Re
d 10

 g
 

 L−
1

0.
16

 ±
 0.

00
2.

99
 ×

  10
–3

0.
11

0.
95

5
0.

03
5

3.
24

 ×
  10

–1
0.

15
0.

99
5

0.
00

43
7.

80
 ×

  10
–3

3.
00

 ×
  10

–4
0.

01
3

0.
13

7
0.

93
1

0.
14

9
1.

93
 ×

  10
–3

4.
10

 ×
  10

–4

B
la

ck
 

5 
g 

 L−
1

0.
18

 ±
 0.

00
3.

22
 ×

  10
–3

0.
15

0.
96

9
0.

00
72

6.
64

 ×
  10

–2
0.

17
0.

99
4

0.
00

31
6.

00
 ×

  10
–3

4.
00

 ×
  10

–4
0.

00
6

0.
14

4
0.

97
0

0.
28

9
4.

03
 ×

  10
–4

4.
48

 ×
  10

–4

B
la

ck
 

10
 g

 
 L−

1

0.
18

 ±
 0.

00
1.

15
 ×

  10
–3

0.
11

0.
57

8
0.

08
3

1.
67

 ×
  10

–1
0.

17
0.

99
5

0.
00

22
9.

10
 ×

  10
–3

6.
00

 ×
  10

–4
0.

01
8

0.
13

2
0.

95
7

0.
51

0
7.

39
 ×

  10
–4

5.
71

 ×
  10

–4

pH
 2

, 5
 m

g 
L−

1

B
lu

e 10
 g

 
 L−

1

0.
50

 ±
 0.

00
3.

12
 ×

  10
–1

0.
24

0.
94

3
0.

65
8.

59
0.

50
1.

00
0

0.
00

29
2.

02
 ×

  10
–1

7.
00

 ×
  10

–5
0.

06
5

0.
49

8
0.

84
8

0.
28

6
2.

07
 ×

  10
–2

9.
89

 ×
  10

–6

B
lu

e 6 
g 

 L−
1

0.
70

 ±
 0.

00
4.

31
 ×

  10
–2

0.
23

0.
86

9
1.

81
1.

23
0.

70
1.

00
0

0.
00

27
1.

58
 ×

  10
–1

7.
00

 ×
  10

–4
0.

09
7

0.
67

8
0.

85
4

0.
35

5
3.

35
 ×

  10
–2

6.
56

 ×
  10

–4

B
lu

e 2 
g 

 L−
1

1.
99

 ±
 0.

00
3.

68
 ×

  10
–3

1.
04

0.
90

6
8.

59
2.

90
 ×

  10
–2

2.
00

1.
00

0
0.

16
1.

79
 ×

  10
–1

8.
30

 ×
  10

–3
0.

16
5

1.
61

0
0.

94
3

0.
71

0
7.

81
 ×

  10
–2

2.
94

 ×
  10

–2

Re
d 10

 g
 

 L−
1

0.
48

 ±
 0.

00
5.

99
 ×

  10
–3

0.
13

0.
48

8
1.

17
4.

82
 ×

  10
–1

0.
48

1.
00

0
0.

05
0

1.
54

 ×
  10

–1
2.

00
 ×

  10
–3

0.
03

8
0.

42
1

0.
90

6
0.

92
9

6.
99

 ×
  10

–3
1.

92
 ×

  10
–4

Re
d 6 
g 

 L−
1

0.
75

 ±
 0.

01
6.

91
 ×

  10
–3

0.
25

0.
65

5
2.

11
2.

34
 ×

  10
–1

0.
75

1.
00

0
0.

05
7

1.
35

 ×
  10

–1
4.

00
 ×

  10
–3

0.
09

9
0.

63
2

0.
81

5
0.

82
4

3.
26

 ×
  10

–2
1.

65
 ×

  10
–3

Re
d 2 
g 

 L−
1

2.
06

 ±
 0.

01
1.

61
 ×

  10
–3

1.
24

0.
86

4
7.

53
1.

11
 ×

  10
–2

2.
07

1.
00

0
0.

54
1.

42
 ×

  10
–1

1.
13

 ×
  10

–2
0.

19
1

1.
34

1
0.

91
6

0.
83

3
7.

42
 ×

  10
–2

7.
06

 ×
  10

–2



4600 Cellulose (2023) 30:4587–4608

1 3
Vol:. (1234567890)

Ta
bl

e 
5 

 (c
on

tin
ue

d)

Ps
eu

do
-fi

rs
t o

rd
er

Ps
eu

do
-s

ec
on

d 
or

de
r

In
tra

pa
rti

cl
e 

di
ffu

si
on

D
ye

 (g
 

 L−
1 )

q e
, e

xp
 (m

g 
 g−

1 )
k 1

  (m
in

−
1 )

q e
, c

al
c 

(m
g 

 g−
1 )

R
2

SS
R

k 2
 (g

 
 m

g−
1   m

in
−

1 )
q e

 c
al

c 
(m

g 
 g−

1 )

R
2

SS
R

k i
,1

 (m
g 

 g−
1   m

in
1/

2 )
k i

,2
 (m

g 
 g−

1   m
in

1/
2 )

C
1 (

m
g 

 g−
1 )

C
2 (

m
g 

 g−
1 )

R
12

R
22

SS
R

1
SS

R
2

B
la

ck
 

10
 g

 
 L−

1

0.
40

 ±
 0.

00
6.

22
 ×

  10
–2

0.
12

0.
75

2
0.

63
6.

95
0.

40
1.

00
0

0.
00

61
1.

46
 ×

  10
–1

7.
00

 ×
  10

–4
0.

03
9

0.
38

8
0.

88
9

0.
32

2
7.

52
 ×

  10
–3

1.
29

 ×
  10

–4

B
la

ck
 

6 
g 

 L−
1

0.
72

 ±
 0.

00
6.

08
 ×

  10
–2

0.
35

0.
92

2
1.

03
4.

05
0.

70
1.

00
0

0.
04

6
1.

52
 ×

  10
–1

3.
00

 ×
  10

–4
0.

10
8

0.
69

8
0.

82
3

0.
01

1
3.

89
 ×

  10
–2

9.
25

 ×
  10

–4

B
la

ck
 

2 
g 

 L−
1

1.
45

 ±
 0.

01
1.

01
 ×

  10
–2

0.
96

0.
79

9
2.

11
4.

72
 ×

  10
–2

1.
47

0.
98

9
0.

24
1.

91
 ×

  10
–1

4.
27

 ×
  10

–2
0.

10
9

0.
65

1
0.

87
1

0.
98

7
4.

21
 ×

  10
–2

2.
60

 ×
  10

–3

pH
 2

, 3
00

 m
g 

L−
1

B
lu

e 10
 g

 
 L−

1

27
.4

7 ±
 0.

20
2.

53
 ×

  10
–3

11
.0

2
0.

86
6

23
33

.1
7

1.
11

 ×
  10

–3
27

.9
3

1.
00

0
7.

14
1.

97
7.

79
 ×

  10
–2

1.
86

7
23

.1
81

0.
92

4
0.

89
0

20
.2

9
1.

42

Re
d 10

 g
 

 L−
1

18
.5

5 ±
 0.

30
2.

32
 ×

  10
–3

10
.8

3
0.

95
0

54
4.

71
7.

52
 ×

  10
–4

19
.1

9
0.

99
9

13
.3

8
1.

09
1.

13
 ×

  10
–1

0.
90

6
12

.3
36

0.
94

3
0.

88
7

4.
63

3.
06

B
la

ck
 

10
 g

 
 L−

1

16
.6

2 ±
 0.

04
4.

84
 ×

  10
–3

11
.9

3
0.

86
3

17
3.

35
1.

15
 ×

  10
–3

17
.0

9
0.

97
6

14
.6

8
1.

25
4.

04
 ×

  10
–1

0.
35

5
6.

04
0

0.
95

5
0.

90
4

2.
33

2.
33

*  1:
 fi

rs
t s

ta
ge

 o
f I

D
; 2

: s
ec

on
d 

st
ag

e 
of

 ID
; S

SR
: S

um
 o

f s
qu

ar
e 

er
ro

r; 
R

: c
or

re
la

tio
n 

co
effi

ci
en

t



4601Cellulose (2023) 30:4587–4608 

1 3
Vol.: (0123456789)

adsorption through the mean adsorption energy (E) 
parameter. If E is lower than 8 kJ  mol−1 a physisorp-
tion process occurs with van der Waals interactions. 
However, if 8 < E < 16 kJ  mol−1 adsorption is a chem-
ical process with high adsorption enthalpy because 
of the ion-exchange mechanism (Deniz and Dogan 
2022; Şentürk and Yildiz 2020). Moreover, the val-
ues of the monolayer saturation capacity,  qm,D, in D-R 
equation are significantly higher than those for the 
maximum adsorption capacity,qm, in the Langmuir 
one since  qm,D represents the total specific meso and 
macropore volume of the biosorbent. Considering 
this, PS could be considered a porous biosorbent in 
agreement with the above-mentioned characterization 
(Horciu et  al. 2020). The adsorption mechanism is 

very important to understand the basis of the adsorp-
tion process. Based on the most common functional 
groups present on pine sawdust (Orozco et al. 2023) 
and similar to those described in literature, such as 
carboxyl, phenolic or hydroxyl (Bortoluz et al. 2020; 
Salazar-Rabago et al. 2017; Şentürk and Yildiz 2020) 
and also on the results from the adsorption kinetic 
and equilibrium studies an adsorption mechanism 
was proposed (Fig. 10).

The maximum adsorption capacities  (qm) calcu-
lated by the Langmuir model (33.78 mg  g−1 for blue 
and 28.41  mg   g−1 for red) are close to the experi-
mental  qmax obtained (37.30  mg   g−1 for blue and 
26.78 mg  g−1 for red), except for black dye  (qm calcu-
lated: 32.47 mg  g−1 and  qmax obtained: 19.47 mg  g−1) 

Fig. 9  Adsorption isotherms of blue a, red b and black c dyes by pine sawdust (initial dye concentration 5–300 mg  L−1; adsorbent 
dose 6 g  L−1; pH 2; time 4 days for blue and red and 12 h for black; temperature 25 °C; agitation speed 210 rpm)
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which could be due to and insufficient contact time for 
high concentrations.  RL values obtained for the three 
dyes between 0 and 1 indicate favorable adsorption, 

although it is more favorable at low concentrations 
since  RL is closer to 1 (Al-Khadi 2020; Şentürk and 
Yildiz 2020). Regarding the Temkin isotherm, which 

Table 6  Parameters of 
isotherm models for the 
adsorption of the blue, red 
and black dyes on pine 
sawdust

Isotherms Parameters Blue dye Red dye Black dye

Langmuir qm (mg  g−1) 33.78 28.41 32.47
KL (L  mg−1) 0.062 0.052 0.0047
RL (5–300 mg  L−1) 0.764–0.051 0.796–0.060 0.977–0.415
R2 0.912 0.963 0.980
SSR 142.93 30.79 32.04

Freundlich n 2.47 1.95 1.28
KF (mg  g−1 (L  mg−1)−1/n) 4.22 2.34 0.26
R2 0.994 0.991 0.993
SSR 37.36 12.43 53.02

Temkin B (J  mol−1) 4.52 3.77 4.48
KT (L  mg−1) 2.67 2.51 0.13
R2 0.829 0.868 0.904
SSR 287.63 104.39 35.65

Dubidin-Radushkevich qm,D (mg  g−1) 91.47 137.61 217.41
KDR  (mol2  kJ−2) 2.82 ×  10–9 3.97 ×  10–9 6.05 ×  10–9

E (kJ  mol−1) 13.32 11.22 9.09
R2 0.984 0.996 0.997
SSR 139.70 8.14 0.51

Fig. 10  Proposed mechanism for blue, red and black dye adsorption by un-treated PS
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Table 7  Application of various bioadsorbents for dyes removal

* Dose: adsorbent dose; C: Initial dye concentration; T: Temperature

Material Treatment Dye Conditions* qm (mg  g−1) References

Pinus radiata sawdust – Blue for wood Dose: 2-10 g  L−1; C: 
5–300 mg  L−1; pH: 2–9; 
T: 25 °C

27.5 In this study

Pinus radiata sawdust – Red for wood Dose: 2-10 g  L−1; C: 
5–300 mg  L−1; pH 2–9; 
T: 25 °C

18.6 In this study

Pinus radiata sawdust – Black for wood Dose: 2-10 g  L−1; C: 
5–300 mg  L−1; pH 2–9; 
T: 25 °C

16.6 In this study

Pinus pinaster bark Washed Congo red pH: 2–9; dose: 1–10 g 
 L−1; T: 25–60 °C; C: 
5 mg  L−1

0.3–1.6 Litefti et al. (2019)

Pinecone Washed Methylene blue Dose: 2 g  L−1; C: 
50–250 mg  L−1; T: 
25–50 °C

125 Özdemir (2019)

Pine sawdust Pre-treated Maxilon Red GRL pH: 6; T: 25 °C; C: 
250 mg  L−1; dose: 8 g 
 L−1

312.5 Şentürk and Yildiz (2020)

Casuarina equisetifolia 
pines

Washed Methylene blue Dose: 0.5 g  L−1; C: 
100 mg  L−1; pH: 7

41.4 Chandarana et al. (2021)

Aleppo Pine cones Washed Methylene blue C: 100 mg  L−1; dose: 0.5 g 
 L−1; pH 10

93.6 Elmoubarki et al. (2016)

White Pine (Pinus duran-
gensis) sawdust

Washed Methylene blue T: 15–35 °C; pH: 3–10; 
C: 300 mg  L−1; dose: 
2 g  L−1

70.0 Salazar-Rabago et al. 
(2017)

Cedar sawdust – Methylene blue pH: 2–12; C: 50–2000 mg 
 L−1; T: 25–60 °C; dose: 
5 g  L−1

100 Fayoud et al. (2015)

Pine sawdust – Methylene blue pH: 2–12; C: 50–2000 mg 
 L−1; T: 25–60 °C; dose: 
10 g  L−1

71.4 Fayoud et al. (2015)

Wheat straw – Methylene blue pH: 2–12; C: 50–2000 mg 
 L−1; T: 25–60 °C; dose: 
5 g  L−1

143 Fayoud et al. (2015)

Provence cane Arundo 
donax

– Methylene blue pH: 2–12; C: 50–2000 mg 
 L−1; T: 25–60 °C; dose: 
5 g  L−1

91 Fayoud et al. (2015)

Turkish red pine sawdust Pre-treated Acid blue 256 pH: 2; C: 200 mg  L−1; 
dose 1 g  L−1; T: 25 °C

54.2 Can (2015)

Pine Cone Washed Acid black 26 C: 50 mg  L−1; pH: 2; 
dose: 1 g  L−1; T:25–
65 °C;

57.5 Mahmoodi et al. (2011)

Pine Cone Washed Acid blue 7 C: 50 mg  L−1; pH: 2; 
dose: 2 g  L−1; T:25–
65 °C;

31.6 Mahmoodi et al. (2011)

Oak leaves Washed Methylene blue C: 50 mg  L−1; dose: 0.1 g 
 L−1; pH: 7; T: 25 °C

33.5 Sulyman and Gierak (2020)

Pine tree cones (P. radiata) Washed Congo Red pH: 3.55; C: 20 mg  L−1; 
T: 30 °C; dose: 0.4 g  L−1

32.7 Dawood and Sen (2012)

Pine tree cones (P. radiata) Pre-treated Congo Red pH: 3.55; C: 20 mg  L−1; 
T: 30 °C; dose: 0.4 g  L−1

40.2 Dawood and Sen (2012)
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implies adsorbent interactions between the adsorbent 
and the adsorbate, model fitting was worse than with 
the other models. The positive values of  BT suggest 
that the adsorption reaction is endothermic (Collins 
et  al. 2019).Fig.  9 shows that the experimental data 
do not tend to saturation as the Langmuir or Tem-
kin models predict and correlation coefficients were 
lower than for Freundlich and D-R models.

Bortoluz et  al. (2020) and Esmaeili and Foroutan 
(2019) showed that the Freundlich model was also 
the one that better described the adsorption of meth-
ylene blue by Pinus elliotti sawdust and by sawdust of 
palm trees, eucalyptus and sour lemon, respectively. 
Moreover, Blaga et al. (2022) and Deniz and Dogan 
(2022) also reported a great fit to the D-R isotherm 

model for dye adsorption by biosorbents based on 
waste biomass.

Table 7 summarizes the adsorption capacity of dif-
ferent bioadsorbents, mostly from pine species, for 
the adsorption of blue, red and black dyes under dif-
ferent experimental conditions.

Desorption and regeneration of the adsorbent

The adsorption process can be considered more 
operative and economical if the material used can 
be regenerated and reused in several adsorption/des-
orption cycles (El Messaoudi et  al. 2021; Kamran 
et  al. 2022). Furthermore, dye loaded material can 
cause a waste disposal problem, so the study of the 
desorption process acquires a significant role (Mirza 
and Ahmad 2020). Ion exchange mechanisms can be 
involved on dye desorption using relatively economi-
cal acids, salts, organic acids and bases (Mashkoor 
et al. 2018). In this work the maximum dye adsorp-
tion capacity was achieved at acid pH, so to validate 
if desorption efficiency is improved in basic medium 
desorption experiments were carried out comparing 
HCl 0.1 M and NaOH 0.1 M as desorption agents and 
the results are shown in Table 8.

Sodium hydroxide led to significantly higher 
desorption efficiencies than hydrochloric acid for 
all dyes, mainly for the red one with a high des-
orption percentage above 90%, although the solid 

Table 8  Desorption percentage of dyes from dye loaded PS 
using NaOH 0.1 M and HCl 0.1 M

Dye %Desorption (HCl) %Desorption (NaOH)

Blue 0.38 ± 0.03 16.26 ± 0.56
Red 0.70 ± 0.01 90.86 ± 0.52
Black 0.91 ± 0.02 24.75 ± 0.02

Fig. 11  Dye color intensity in replicated samples after the last 
desorption stage from dye loaded PS using NaOH 0.1 M and 
PS material after desorption (Adsorption stage: pH = 2, dye 
concentration 300  mg   L−1; adsorbent dose 10  g   L−1; contact 
time 4 days for blue and red and 12 h for black; temperature 
25  °C; agitation speed 210  rpm; desorption stage: adsorbent 
dose 50 g L.−1; contact time 4 h; temperature 25 °C; agitation 
speed 350 rpm)

Fig. 12  Adsorption and desorption cycles of blue, red and 
black dyes onto PS (Adsorption stage: pH = 2, dye concentra-
tion 300 mg  L−1; adsorbent dose 10 g  L−1; contact time 4 days 
for blue and red and 12 h for black; temperature 25 °C; agita-
tion speed 210 rpm; desorption stage: adsorbent dose 50 g  L−1; 
contact time 4 h; temperature 25 °C; agitation speed 350 rpm)
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material preserves some color. As well, as illustrated 
by Fig.  11, although the adsorption percentages for 
the blue and black dyes are not greater than 25%, it 
is possible to observe the high color intensity in these 
experiments proving the effectiveness of NaOH as 
desorption agent. This behavior can be explained 
considering that at basic pH the number of nega-
tive charges on the adsorbent surface significantly 
increases and leads to electrostatic repulsion between 
the dye components and the adsorbent and, therefore, 
the dye desorbs from the adsorbent surface. Addition-
ally, alkali components break the connection between 
the adsorbate and the adsorbent through a chemical 
reaction (Hu et al. 2020). By the contrary, the lower 
dye desorption from PS for blue and black dyes indi-
cates a stronger interaction between the adsorbent and 
the adsorbate, usually by chemisorption which is irre-
versible contrary to electrostatic interactions (Salazar-
Rabago et  al. 2017). High desorption efficiencies in 
alkaline medium as for red dye were also obtained by 
Kamran et al. (2022) and El Messaoudi et al. (2021) 
for the desorption of acid red 1 from chemically 
modified sugarcane bagasse and congo red from date 
stones and jujube shells, respectively.

The reusability of PS for dye adsorption was inves-
tigated by repeating the adsorption–desorption pro-
cess up to four times using a 0.1 M NaOH solution 
for desorption. The results are presented in Fig. 12.

High desorption percentages between 91 and 100% 
were achieved for the red dye and the adsorption 
percentage increased from 67 to 84% in subsequent 
cycles. An improvement occurs from the first to the 
fourth adsorption stage with a decrease on the red 
color intensity. This could be explained considering 
that NaOH is one of the most common chemical acti-
vating agents used to enhance the adsorbent surface 
and increase its adsorption efficiency (Şentürk and 
Yildiz 2020; Azzaz et al. 2016). Desorption efficiency 
of red dye can be increased by electrostatic repul-
sion between negatively charged sites on the PS and 
anionic dye molecules. In addition, the abundance of 
 OH− ions in the basic solution and its exchange with 
dye ions on PS could increase the desorption effi-
ciency depending on the dye structure (Daneshvar 
et  al. 2017). These results confirm that, in the case 
of the red dye, PS offers the potential to be used at 
least four times with an increase of about 17% in the 
removal efficiency.

The regeneration input revealed that a slight 
decrease, about 7–11% in the adsorption percentage, 
occurs as the PS is reused for blue and black dyes 
which can be explained by the progressive accumula-
tion of dye molecules on the PS surface owed to the 
lower desorption percentages that promotes adsorbent 
exhaustion. Nevertheless, PS can be reused at least 
four times without significant loss on the adsorption 
percentage. Similar results, with the slight decrease 
in the adsorption percentage at each cycle for congo 
red and crystal violet dyes were observed by El 
Messaoudi et  al. (2021) and Mashkoor et  al. (2018) 
respectively.

Conclusions

Pine sawdust was used as an adsorbent for the 
removal of wood dyes for wastewater treatment. The 
effect of some parameters on the adsorption effi-
ciency was studied and the results obtained showed 
that the highest removal efficiency occurred at pH 2 
and increased with increasing contact time till equi-
librium was reached and adsorbent dose, except for 
blue wood dye that reached 100% in all cases. Based 
on contact time and removal percentage the opti-
mum adsorbent dose for dyes removal was 6 g   L−1. 
On the other hand, removal efficiency decreased with 
increasing initial dye concentration.

The kinetics of dye adsorption was better 
explained by the pseudo-second order kinetic model 
characteristic of a chemical adsorption mechanism. 
Also, the first stage of the adsorption process could 
be described by the intraparticle diffusion model with 
dye transfer into the pores of the material.

The adsorption equilibrium study revealed that the 
models that better represented the adsorption process 
for the blue, red and black dyes was the Freundlich 
and D-R isotherms that describes a heterogeneous 
surface and a multilayer process.

Sodium hydroxide, showing desorption efficien-
cies of 16.3%, 90.9% and 24.8% for the blue, red 
and black dyes, respectively, in the first adsorption/
desorption cycle, was selected as desorption agent. 
It was demonstrated that the sorbent can be reused at 
least in four consecutive adsorption/desorption cycles 
for the red dye desorption with improved removal 
efficiencies.
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Regarding the blue and black dyes, the desorption 
efficiency achieved lower values but did not lead to a 
significant decrease in the adsorption percentage and 
could be applied if considering combining adsorp-
tion–desorption with an additional post-treatment 
stage to improve the regeneration of adsorbent or 
including, so as not to add another stage, testing the 
desorbing agents under different conditions.

The obtained results showed that pine sawdust 
is an efficient adsorbent to remove wood dyes from 
aqueous solutions and factors such as pH, contact 
time and initial dye concentration influence dye sorp-
tion and removal efficiency. Due to the great poten-
tial of the studied adsorbent, further studies should 
be performed with real textile wastewater to better 
understand the effect of coexisting contaminants.
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