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Abstract: A sustainable low cost activated carbon substitute was produced based on pretreated lignocellulosic
biomass, especially spruce sawdust. A harmful liquid waste, desalination brine was used for the treatment of
a solid wood industry waste, spruce sawdust. This approach is in the circular economy theory and aims to the
decarbonization of the economy. The pretreated sawdust was tested as an adsorbent appropriate for the
removal of a commonly used pollutant, methylene blue, from industrial wastewater. The adsorption capacity
of the pretreated material was found to increased four times comparing to the untreated one in the case that
the Freundlich equation was fitted to the isotherms’ data. The treatment experimental conditions with
desalination brine that gave maximum adsorption capacity correspond to 1.97 combined severity factor in
logarithmic form value. The same adsorption capacity was found to increase five to six times comparing to the
untreated spruce sawdust in the case that the Langmuir isotherm model was applied at the same data.
Moreover, kinetic experiment was cried out as regards the methylene blue adsorption process. The desalination
brine pretreated sawdust adsorption capacity increased 1.4 times comparing to the untreated one, in the case
of the Lagergren kinetic equation fitting. Furthermore, the adsorption capacity of the same material was
increased 1.6 times when the second order kinetic model was applied to the same data. Industrial scale
applications can be based on the kinetic data findings as they have to do with a very shorter adsorption period
comparing to the isotherm data.

Keywords: methylene blue; adsorption; spruce; pretreatment; brine

1. Introduction

New ecofriendly technologies and renewable sustainable materials for wastewater treatment are
necessary, among them, adsorption is low-cost procedure. New adsorbents can be developed, based
on highly available lignocellulosic biomass, composed of lignin, cellulose, and hemicelluloses,
appropriate to adsorb dyes from wastewater [1,2]. Lignocellulosic biomass can be pretreated to
produce low-cost, environmentally friendly, efficient and reusable adsorption materials [3].
Moreover, lignin makes up to 10-25% of lignocellulosic biomass and is appropriate to remove dyes
from wastewater effluents utilizing green techniques [4]. Numerous methods have been investigated
for the removal of dyes from wastewater, including biological, chemical, and physical treatments [5].
Biological approaches use algae, bacteria, fungi, and isolated enzymes, operate under aerobic or
anaerobic conditions, and they are cost-effective and non-toxic. On the other hand, they require
specific environmental conditions for microbial growth [6].

Chemical procedures encompass processes such as oxidation, electrochemical destruction and
chemisorption. They are generally more effective comparing to the biological methods, but they
necessitate specific equipment and chemical reagents while they usually produce other harmful
pollutants [7]. Physical methods, like physisorption, coagulation, screening, irradiation, membrane
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technologies and ion exchange, are often employed prior to biological and chemical treatments due to
their simplicity and efficiency. They use minimal additional chemicals, are easy to regenerate, and
demonstrate high dye removal efficiency [8]. Physisorption is generally reversible and non-selective
because is depending on weak interactions such as dipole-dipole interactions, polar inter-actions,
hydrogen bonding and van der Waals forces. In contrast, chemisorption is usually irreversible and
selective, depending on the formation of strong ionic bonds [9]. Among these techniques, adsorption,
particularly physisorption, has easier operation, lower energy requirements, higher efficiency and higher
resistance to toxic substances. It can adsorb most of the dyes and generates no polluting substances [10].

Numerous adsorbents have been extensively studied for dye removal, including metal-organic
frameworks [11], polymeric materials [12], clay-organic composites [13] and various carbon materials
[14]. Methylene blue (MB), a dye used in the paper, textile, and leather industries, is an organic dye
with a complex molecular structure. Its release into the environment poses both aesthetic and
toxicological issues due to its synthetic nature, complex aromatic structure, and resistance to
biodegradation [15-17]. Among advanced antipollution methods, adsorption is the most common,
low cost, simple design, and environmentally friendly. Adsorption involves the attachment of the
adsorbate-adsorbent. The effectiveness of method depends on the precursor materials and the
adsorbent development. The adsorbents quality depends on their specific surface area, surface
morphology, porosity, composition, multifunctional groups, and structural stability [18,19].
However, developing an ideal adsorbent capable of removal of multiple polluting substances for
wastewater continues to be a substantial challenge [20].

Saline wastewater also known as desalination brine from salt lakes and industrial activities has
negative environmental impact. Brine from seawater desalination plants is a major environmental
threat and the efforts are focused to discharge zero liquid from such installations and furthermore to
reuse brine and brine components [21]. Concentrated seawater desalination, like common seawater
desalination is expected to be more favorable in recent decades [22]. Brine treatment and valorization
could decrease brine wastewater and increase the regain of pure water, salts, and energy.
Minimal/zero liquid discharge desalination systems are developed rot this purpose. Novel
techniques like membrane distillation and forward osmosis are favorable for brine of high salinity
treatment with high recovery rates [23]. Thermal and membrane treatment technologies for
desalination brine, can lead to the discharge of nearly zero liquid [24]. To begin a sustainable,
decarbonized (CO:-free) circular economy, brine valorization is necessary [25]. The development of
the desalination industry and the increasing need for brine management strategies can make the
adsorption a new brine management strategy [26].

In the present work we focused on the production of an efficient ecological adsorbent based on
spruce sawdust modification (lignocellulosic biomass) to be used as an inexpensive activated carbon
alternative. The process under investigation was the pretreatment of spruce sawdust, in a batch
reactor with a harmful liquid waste, i.e., desalination brine. This approach was in accordance with
the zero-waste circular economy theory, i.e. use a waste (desalination brine) to pretreat another waste
(spruce sawdust) and then use the pretreated waste to clean a third waste (dye, e.g. methylene blue).
Specifically, the solid residue of the sawdust treated with brine, was utilized as an adsorbent to
eliminate MB, a widely used basic dye, from wastewater. Brine pretreatment of spruce sawdust was
performed in a 4-L batch reactor. Brine was prepared as simulated seawater according to
international standards. The sawdust pretreatment time was 0, 25 and 50 min (these values refer to
isothermal period, the preheating and the cooling periods which are non-isothermal should be
considered). The temperature values of reaction’s isothermal period were 160, 200 and 240°C. The
produced low-cost solid residue, i.e., modified sawdust, was used as adsorbent. The removal of MB,
as a pollutant representative for basic dyes, via adsorption process from simulated wastewater was
investigated. Freundlich, Langmuir and Sips isotherm equations were fitted to the adsorption
isotherm’s experiments. Lagergren (1%t order), 2" order and intraparticle diffusion kinetic models
were fitted to the adsorption kinetics’ experimental data. The novelty of this research is the
application of a harmful liquid waste (desalination brine) for the sawdust (a solid residue)
pretreatment.
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2. Materials and Methods

2.1. Material Development

A local wood manufacturing company provided as with the spruce sawdust with humidity 9%
w/w. Material with particle sizes 0.2 - 1 mm was separated by screening. Spruce sawdust was 44.2%
cellulose, 24.8% hemicelluloses (14.6% manan, 6.2% xylan, 2.6% galactan and 1.4% arabinan), 28.2%
acid-insoluble lignin (Klason), 0.2% ash, and 2.6% extractives etc. (% w/w on a dry basis). These
experimental values are like those presented at all scientific and technical sources as regards spruce
wood/sawdust.

Desalination brine was initially prepared as simulated seawater according to the ASTM D 1141
—98(2021) [27] Simulated seawater consists of the followings: 24.53 g L NaCl, 5.2 g L' MgClz, 4.09 g
L-1 NaxSO4, 1.16 g L' CaCl2, 0.695 g L' KCl, 0.201 g L1 NaHCOs, 0.101 g L' KBr, 0.027 g L
HsBOs, 0.025 g Lt SrClz, and 0.003 g L' NaF. The concentrated brine solutions were prepared by
increasing x1, x4 and x7 times the above concentrations. The simulated desalination brine wastewater
is referred below by giving only the concentration of NaCl, due to simplicity.

2.2. Sawdust-Brine Treatment Process

A 4-L PARR batch reactor (autoclave) was used for the spruce sawdust with brine treatment
process (see Figure 1). The isothermal sawdust-brine treatment time was 0, 25 and 50 min (to these
values must be added preheating and the cooling periods which are non-isothermal). Brine and
organic acids produced from the spruce sawdust through the treatment acted as catalysts. The brine
solution volume in the autoclave was 1000 mL, and the sawdust quantity was 100 g, resulting to a
liquid-to-solid ratio equal to 10:1. The stirring speed was 100 rpm. The temperature was 160°, 200°C
and 240°C and corresponds to the isothermal period’s temperature. The liquid phase was separated
from the solid phase at the end of the reaction by filtering with Munktell paper sheet (grade 34/N) in
a Buchner filter. Then the solid phase was water washed to achieve neutral pH and dried at 110 °C
for 24 h to achieve the humidity of the untreated sawdust. Then this solid was used as the adsorbent
in the isotherm and the kinetic experiments with methylene blue.

OANTS

(@) (b)

Figure 1. Brine pretreatment process was done in a 4-L PARR batch reactor (autoclave), (a) open and
(b) closed in operation.
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2.3. Adsorbate

MB provided by Merck (CI 52015: CisHisCIN3S.xH20 x=2-3, molecular weight=319.86 10- kg
mol?! anhydrous) was used as adsorbate in the adsorption isotherm and kinetic experiments. MB
solutions concentration was measured by a HACH DR4000U UV-VIS spectrophotometer at A=664
nm. The solutions pH was near to 8.0 during the adsorption experiments.

2.4. Adsorption Isotherms Studies

Discrete batch experiments were carried for the estimation of the adsorption isotherms. The
adsorbate solution was V = 0.5 L, the adsorbent was 0.5 g and each experiment was carried in 1 L
bottles at 23 °C and pH=8. The initial MB concentration was Co = 1.6 - 156 mg L. The experimental
system was mechanically stirred at 600 rpm for seven days, time necessary to ensure that almost
equilibrium conditions are done. After this, a 0.1 mm nylon filter was used to separate solid from the
liquid phase, i.e., the spruce sawdust adsorbent from the MB solution. Solution concentration of each
bottle was measured to represent one point of each adsorption isotherm.

2.5. Kinetics of Adsorption

Adsorption kinetic experiments performed in a 2-L glass reactor with stirring at 600 rpm. The
aqueous phase volume was V=1 L and the adsorbent mass was m =1 g. The experiments took place
at 23 ° C. The initial MB concentration was Co = 12 mg L. Samples of 10 mL were taken from the
aqueous phase every 5 min, using a pipette. A 0.1 mm nylon filter was used to separate solid phase
(sawdust) from the liquid phase (MB).

2.6. Experimental Design

Box- Behnken design, was utilized, to determine the combinations of the pretreatment variables
(temperature, time and brine concentration) [28]. This method requires a relatively small number of
experiments comparing to other common experimental or optimization methods [29,30]. Quantum
XL (SigmaZone) software was used for the planning of the experiments. This planning is presented
in Table 1.

Table 1. Box Behnken Design of Experiments.

Experiment Temperature T (°C) Time t (min) Brine concentration (NaClin g L)

1 160 0 98.12
2 240 0 98.12
3 160 50 98.12
4 240 50 98.12
5 200 0 24.53
6 200 0 178.71
7 200 50 24.53
8 200 50 178.71
9 160 25 24.53
10 160 25 178.71
11 240 25 24.53
12 240 25 178.71
13 200 25 98.12
14 200 25 98.12

200 25 98.12

—_
Q1
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2.7. Combined Severity Factor

The pretreatment time, temperature, and brine concentration effects into a single variable were
incorporated into a combined severity factor (CSF), based on the introduced by Brasch and Free [31]
1965, P-factor, for the case of the lignocellulosic biomass isothermal prehydrolysis and Kraft pulping.
Later, this factor was applied by Overend and Chornet [32] in the case of fractionation of
lignocellulosics and called ‘reaction ordinate’. The P-factor was:

P-factor = texp[(T-100)/14.75] 1)

where t is the time (in min) and T is the temperature in °C.
Chum et al. [33] and Abatzoglou et al. [34] incorporated pH of the acidic or alkaline liquid phase
effect as follows:

R'o=10-"1.t.exp[(T-100)/14.75] @)

Various isothermal pretreatments can be simulated using the CSF. Lloyd and Wyman [35], used
CSF to simulate dilute-acid pretreatment, in the case of softwood and corn stover feedstock. Kabel et
al. [36] used CSF to simulate wheat straw pretreatment.

In the case of desalination brine pretreatment of spruce sawdust, we will use the CSF similarly
as in other non-isothermal pretreatment cases [37-39], as follows:

Ry = 10-PH f exp (7 =100)7 ©)
0

where pH refers to the liquor after the desalination brine pretreatment. Equation (3) is different than
equation (2), because is expressing the variation of the pretreatment temperature over time,
considering not only the isothermal period (as usual), but also the non-isothermal preheating and
cooling periods.

2.8. Other Analytical Techniques

The quantitative saccharification method [40] was applied to all pretreated and untreated spruce
sawdust samples to analyze the formed liquid phase for glucose, mannose, xylose and arabinose. For
this analysis, HPLC, Agilent 1200 equipped with Aminex HPX-87H Column, refractive index detector
and 5 mM H:S50s in water as the mobile phase, was used according to the high-performance liquid
chromatography method. According to the quantitative saccharification method, glucan was
produced from cellulose, and mannan, xylan and arabinan was produced from the hemicelluloses.
Tappi T222 (2002) method “Acid insoluble lignin in wood and pulp” was applied for the
determination of the acid-insoluble lignin (Klason lignin) of all pretreated and untreated spruce
sawdust samples. A MultiLab model 540 digital pH meter was utilized for the pH measurements.

Brunauer, Emmett and Teller (BET) method [41], assumes that gas adsorption assesses the
surface area of all materials with accessible porosity, depending on the chosen adsorptive. The ISO
9277:2022 “Determination of the specific surface area of solids by gas adsorption - BET method” was
applied herein using liquid nitrogen (N2) at 77 K using a Micrometrics, Model Tristar II 3030 Plus K.
BET multi-point equation for the N2 adsorption-desorption isotherm was fitted to the experimental
points to predict the specific surface area of the spruce sawdust untreated and pretreated samples,
dried by freeze-drying for 1 h before testing.

The scanning electron microscopy (SEM) examination of the untreated and pretreated spruce
sawdust samples was performed using an FEI INSPECT SEM equipped with an EDAX super ultra-
thin window analyzer for energy dispersive X-ray spectroscopy (EDS) at the Institute of Materials
Science of the National Center for Scientific Research ‘Demokritos’.

Fourier transform infrared (FTIR) spectra of the untreated and pretreated spruce sawdust
samples was performed using a spectroscope (MAGNA-IR 750 Spectrometer, Series II, Nicolet) at the
Institute of Materials Science of the National Center for Scientific Research ‘Demokritos’. Diffuse
reflectance sampling technique was used herein scanning for wavenumber 650-3500 cm™' the powder
sawdust samples.
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Powder X-ray diffraction (XRD) patterns of the untreated and the pretreated spruce sawdust
samples were determined using a Bruker Model D2 Phaser diffractometer with Ni-filtered Cu Ka
radiation (A = 1.54056 A), working in 620 geometry, 30 kV / 10 mA, continuous scan mode, using a
Plexiglas-based sample holder at room temperature. The scan range was 20=5-70. Cellulose
crystallinity index (Crl) of the was estimated by the equation Crl=(I200-I2)/I200, where I00 was the
cellulose total intensity peak at 20=22.4%, and I, was the amorphous cellulose intensity peak at
20=18.5° [42,43].

3. Results and Discussion

3.1. Severity Factor and Combined Severity Factor Calculations

The profile of the temperature of some of the spruce sawdust desalination brine pretreatment
experiments in the autoclave is given in Figure 2, while the corresponding pressure profile is given
in Figure 3, as a function of the time of the spruce sawdust desalination brine treatment batch
experiments. In Figure 2 is obvious the separation of the reaction time to (i) preheating period, (ii)
isothermal period and (iii) cooling period.

In Table 2 are given the estimated values for spruce sawdust desalination brine pretreatment
experiments as regards the Severity Factor Ro, calculated according to equation (3) without the factor
1071, the Combined Severity Factor Ro* calculated according to equation (3) and the logarithm of the
Combined Severity Factor logRo*.

The resulting spruce sawdust desalination brine pretreatment liquid phase pH values are
presented in Figure 4 vs. the logarithm of the combined severity factor which was presented in Table
2.

300

250

200

T(°C)
=
wu
o

100

50

0 20 40 60 80 100 120
t (min)

Figure 2. Temperature vs. time of the spruce sawdust desalination brine pretreatment experiments
using a 4-L autoclave for 180, 200 and 240 °C ending temperatures.
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Figure 3. Autoclave pressure profile vs. time of the spruce sawdust desalination brine pretreatment
experiments at 180, 200 and 240 °C ending temperatures.

Table 2. Severity Factor Ro, Combined Severity Factor Ro* and logarithm of the Combined Severity
Factor logRe* estimated values for spruce sawdust desalination brine pretreatment experiments.

Experiment Ro Ro* logRo*
1 198 6.12.10 -5.213
5.51.10* 5.39.102 -1.269
3 3.28.10° 2.12.10° -4.674
4 7.21.10° 64.3 1.808
5 2.97.10° 1.27.10+ -3.897
6 2.46.10° 7.60.10 -5.119
7 4.62.104 0.376 -0.425
8 4.92.104 1.39 0.142
9 1.81.10° 2.03.10°5 -4.693
10 1.75.10° 2.83.10°5 -4.548
11 3.97.105 10.7 1.029
12 4.02.10° 92.0 1.964
13 2.84.10 8.15.102 -1.089
14 2.92.104 8.94.10° -1.049
15 2.73.104 7.10.10°2 -1.149
9
8 <
7 . \‘\\\\\\\
6 \\\\\\\\1‘
5 \\'\\
5 ol
4 ~.°
3
2
1
0
6 5 4 3 2 4 0 1 2 3
logRo*

Figure 4. Spruce brine pretreatment’s liquid phase pH vs. the combined severity factor logarithm.
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Spruce brine pretreatment’s solid residue yield (SRY) values are given in Figure 5 vs. the
logarithm of the combined severity factor. Moreover, the corresponding BET values of these solid
samples are shown in Figure 6 also vs. the combined severity factor logarithm. BET increases 10.2
times, i.e., from 0.703 m?/g for the untreated spruce sawdust to 7.19 m?/g for the pretreated material
with CSF logRo*=1,808. At the same severity pretreatment conditions SRY reduces from 100% w/w
(untreated spruce sawdust) to 39.8% w/w (pretreated material).

90

logRo*

Figure 5. Spruce sawdust desalination brine pretreatment experiments solid residue yield (SRY) vs.
the combined severity factor logarithm.

logRo*

Figure 6. Spruce sawdust desalination brine pretreatment experiments solid residue BET values vs.
the combined severity factor logarithm.

3.2. Adsorption Isotherms

The isotherm models that analyzed are three: Freundlich [44], Langmuir [45] Sips [46]. The are
widely applied to fit the experimental data of the dye’s adsorption on activated carbons and
untreated and pretreated lignocellulosic materials.

The Freundlich isotherm [44] can be expressed as follows:

q=Ke (COn @

where q is the adsorbed amount per adsorbent mass unit (mg g'), Ce. is the adsorbate equilibrium
concentration (mg L) and Kr [(mg g1)(L mg™)""], n are constants related to adsorption capacity and
adsorption intensity, respectively. Equation (4) in logarithmic form is formed as follows:
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1
log q =logKF+;logCe ®)

Linear and non-linear regression analysis (NLRA) was applied to calculate the Kr and n
parameter values by simulating the MB adsorption experimental data.
The standard error of estimates (SEE) was determined as follows:

SEE= \/ ?:Il(yi - yi,theor)z/(n, - P’) (6)

where: yi is the depended variable experimental value, yieor is the theoretical value of the depended
variable, n’ is the experimental points number, p’ is the parameters number, and (1" — p’) are the
degrees of freedom.

The Freundlich isotherm model fitting on MB adsorption on untreated and pretreated (240 °C,
25 min, 178,71 mg/L NaCl) spruce sawdust is presented in Figure 7 as (a) logg vs. logCe and (b) g vs.
Ce. The pretreatment was with brine concentrated seven times comparing to the simulated seawater.

Langmuir isotherm model [45] refers to the ‘pseudo-monolayer’ adsorption theory and is
formed as follows:

_ KiamC, @)
1=17K.C,
or
1 1 1 1
=) ) @
q dm K, - dm Ce

where K is the related to the adsorption energy constant (L mg) and qm is the saturation adsorbed
dye amount (mg g'). These parameters can be assessed by plotting 1/q versus 1/Ce or by NLRA. In
this case a dimensionless constant called ‘equilibrium parameter’ or ‘separation factor’ R, can be
formed by the following equation:

1 )

R =——
L7114k, - ¢

where Cois the initial dye concentration (mg L") and Kt is the Langmuir constant in L mg'. Moreover,
Rr > 1 means unfavorable adsorption, Rt = 1 means linear adsorption, 0 < R. < 1 means favorable
adsorption, and Ri = 0 means irreversible adsorption.

In Figure 8 is presented the Langmuir isotherm equation fitting for MB adsorption on untreated
and pretreated (240 °C, 25 min, 178,71 mg/L NaCl) spruce sawdust, as (a) 1/g vs. 1/Ce and (b) q vs. Ce.
The pretreatment was achieved with brine concentrated seven times comparing to the simulated
seawater, i.e., with 178.71 mg/L NaCl and other salts.

2.5 1 80 -
70 A —=

60 - R =

40 - ° -

logq

+ untreated

o pretreated

logC,

(a)

15 2

q (mg/g)
¥

304 o
20 A

+ untreated

o pretreated

20

40

60 80 100

C.(mg/L)

(b)

Figure 7. Freundlich isotherm model for Methylene Blue adsorption on pretreated (240 oC, 25 min,

178.71 mg/L NaCl) and untreated spruce sawdust (a) logq vs. logCe and (b) q vs. Ce. Brine

concentrated seven times compared to the simulated seawater.
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Figure 8. Langmuir isotherm equation for Methylene Blue adsorption on pretreated (240 °C, 25 min,
178.71 mg/L NaCl) and untreated spruce sawdust (a) 1/q vs. 1/Ce and (b) q vs. Ce. Brine concentrated

seven times compared to the simulated seawater.

Sips isotherm model, also called Langmuir — Freundlich isotherm equation [46], can be stated as

follows:
Q- (K - YT (10)

T 1+ (K GV

where Ki, gu are the Langmuir constants and 7 is the Freundlich constant. NLRA was applied to

determine these parameters.

In Figure 9 is presented the Sips isotherm model for MB adsorption on pretreated (240 °C, 25
min, 178.71 mg/L. NaCl) and untreated spruce sawdust. The desalination brine solution was
concentrated seven times compared to the simulated seawater.

The Freundlich isotherm model’s capacity Kr parameter is presented in Figure 10 vs. the
logarithm of the combined severity factor. According to the capacity parameter Kr value for brine
pretreated material (240 °C, 25 min, 178.71 mg/L NaCl) an increase was noticed up to 14.8 (mg g)(L

mg1)n, comparing to that of the untreated spruce sawdust, which was 3.8 (mg g)(L mg™).

70
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60 1 o e -
/"—- r
50 A o .
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40 i
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0 . : l | |
0 20 40 60 80 100 120
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Figure 9. Sips isotherm model for Methylene Blue adsorption on pretreated (240 °C, 25 min, 178.71
mg/L NaCl) and untreated spruce sawdust, q vs. Ce. Brine concentrated seven times compared to the

simulated seawater.
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logRo*

Figure 10. Capacity Kr parameter of the Freundlich isotherm model vs. combined severity factor
logarithm.

Capacity Kr parameter increased approximately four times and the corresponding combined
severity factor (in logarithmic form) logRo* was equal to 1.964 provided the theoretically maximum
capacity parameter Kr value. Moreover, the intensity n parameter of the Freundlich isotherm model
is shown in Figure 11 vs. the logarithm of the combined severity factor. Parameter n deceasing means
increasing of the power of this equation 1/n, and consequently improvement of the adsorptivity of
the desalination brine modified spruce sawdust.
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Figure 11. Intensity n parameter of the Freundlich isotherm model vs. combined severity factor
logarithm.

3.3. Kinetics of Adsorption

The most widely used kinetic models for dyes adsorption on lignocellulosics are: Lagergren’ s
model or 1t order kinetic model [47], 274 order kinetic model [48] and Intraparticle diffusion kinetic
model [49].

The Lagergren equation [47] is as follows:

q—q.=q-e** (11)

where q is the amount of MB adsorbed per unit mass of the adsorbent (in mg g') at equilibrium time
(t—e0) and q: is the amounts of MB adsorbed per unit mass of the adsorbent at random adsorption
time t. Parameter k is the adsorption pseudo-first order rate constant. Additionally

q=(Co—C)V/m (12)

and
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q: = (Co — O)V/mq (13)

where C is the concentration of MB in the bulk solution at time t, Co is the concentration of MB in the
solution at zero time, and Ce is the concentrations of MB in the solution at e time. The mass of the
adsorbent (in g) is m is and the solution volume (in mL) is V. The logarithmic form of equation (13)

is:

In(q—q)=lng—k-t (14)

Second-order kinetic model [48] can be expressed by the equations:
a=q— g7+ kt]™ (15)
1 16
qc=q — 1 ( )

6 + kzt
The intra-particle diffusion model [49] can be formed as follows:

q=c+k, Vt (17)

where ¢: the amount of MB adsorbed at time £, ¢ an empirical parameter (mg g') and ky the intra-
particle diffusion rate constant in mg g min0>

Pretreated and untreated sawdust first order adsorption kinetics for the is presented in Figure
12. The adsorption kinetic rate parameter k of the Lagergren (first order) kinetic model for MB
adsorption on treated and untreated spruce sawdust vs. the logarithm of the combined severity factor
presented in Figure 13.

I o o
% 10 pnonopg®0°7 of
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g
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3 3 © <&
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<&
2 1 O pretreated
0 @ T : :
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Figure 12. The Lagergren (first order) kinetics of Methylene Blue adsorption on pretreated (200 °C, 25
min, 98.12 mg/L NaCl) and untreated spruce sawdust. Adsorption temperature 23 °C, initial
Methylene Blue concentration Co=12 mg L', m/V=1 g L
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Figure 13. Lagergren adsorption kinetic rate parameter k for Methylene Blue adsorption on pretreated
and untreated spruce vs. the logarithm of the combined severity factor.

Lagergren (first order) kinetic model capacity parameter g. for MB adsorption on pretreated and
untreated spruce sawdust vs. the logarithm of the combined severity factor is shown in Figure 14.
Second order kinetics are given in Figure 15 for MB adsorption on pretreated and untreated spruce

sawdust.
12

10

-6 -5 -4 -3 -2 it 0 1 2 3

logRo*

Figure 14. Lagergren adsorption capacity parameter qe for Methylene Blue adsorption on pretreated
and untreated spruce vs. the logarithm of the combined severity factor.
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Figure 15. Second order kinetics of Methylene Blue adsorption on pretreated (240 °C, 25 min, 178.71
mg/L NaCl) untreated and spruce sawdust. Adsorption temperature 23 «C, Methylene Blue initial
concentration Co=12 mg L-1, m/V=1 gL-1.

Intra-particle diffusion model shown in Figure 16 confirms the existence of intra-particle
diffusion. This means a multistage adsorption including mass transfer of adsorbate molecules to the
adsorbent external surface, then, mass transfer to the internal adsorbent surface, and finally adsorbate
molecules sorption on the adsorbent active sites [46].
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Figure 16. Intraparticle kinetics of Methylene Blue adsorption on untreated and brine treated (200 °C,
25 min, x4) spruce sawdust (a) g+ vs 15 and (b) g+ vs t. Adsorption temperature 23 °C, MB initial
concentration Co=12 mg L', m/V=1 gL-*

SEE-values for the 24 order model were decreased compared to those of the first-order kinetic
model and the intra-particle diffusion model. This fact indicates the better fitting of the second-order
kinetic equation to the adsorption of MB on untreated and pretreated spruce sawdust.

Intraparticle diffusion model can find the rate that determines the diffusion mechanism.
Equation (17) expresses the Webber’s pore diffusion model. Intraparticle diffusion was the rate
limiting step because g versus "> was linear, but the intercept c was not equal to zero. This means that
film diffusion along with intraparticle diffusion probably is present. According to Figure 16, two
steps define the adsorption. Probably the first part of the line relates to film diffusion while the second
part relates to inside adsorbent diffusion. External mass transfer relates to the first part of the line
while intraparticle diffusion or pore diffusion relates to the second part [50,51].

Adsorption is an appropriate technique for elimination of dyes from wastewater, and cleaning
of polluted wastewater groundwater and surface water [52]. Forest or agricultural waste-based
sorbents, like desalination brine pretreated spruce sawdust have increased adsorption capacities,
especially in the case of dyes. These sorbents have analogous adsorption capacities to the
conventional commercial adsorbents like activated carbon. The pretreatment improves the dyes
adsorption capacity. Nevertheless, there are still research to be done for novel, cost-effective multi-
function adsorbents before to replace the traditional adsorbents [53]. Adsorbents like desalination
brine pretreated spruce sawdust can be proved low cost with high efficiency, regeneration capability,
and low environmental impact.

3.4. SEM, FTIR and XRD of Untreated and Modified Spruce Sawdust

Untreated spruce sawdust SEM micrographs are shown in Figure 17 while Figure 18 shows those
of the pretreated one using desalination brine containing 178,71 g L-* NaCl etc. at 200 °C for 50min,
with magnification (a) 750 x, (b) 7500 x and (c) 30,000 x. The greater roughness of the surface of the
pretreated sawdust compared to the untreated spruce is more obvious at 30,000 x magnification. The
roughness of the brine treated material surface facilitates the adsorption of MB resulting in enhanced
up to four times capacity values Kr. According to the literature, numerous other physical and
chemical pretreatments affect significantly the lignocellulosic materials walls. The spruce sawdust
surface is smooth and compacted before pretreatment but afterwards is loosed, separated and
broken. The present results support previous reports that pretreatment techniques have a
considerable impact on the structural configuration of the lignocellulosic materials [54]. The
morphological changes in the cell wall structure of untreated and pretreated sawdust are clearly
demonstrated in the SEM images. Lignin coating over cellulose and hemicellulose fibers makes the
surface formation of untreated sawdust smooth, compact, rigid, and highly ordered. Lignin and
hemicelluloses degradation disrupts the cell surface [55]. Untreated spruce sawdust exhibits a
complex structure with highly fibrillar morphology of strongly clustered wood fragments. Rougher,
irregular and more porous particles were produced due to the pretreatment [56].
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Figure 17. SEM of untreated spruce sawdust with magnification (a) 750 x, (b) 7500 x and (c) 30,000 x.
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Figure 18. SEM of pretreated spruce sawdust. The pretreatment was using desalination brine
(containing 178,71 g L' NaCl etc.) at 200 oC for 50min. The magnification was (a) 750 x, (b) 7500 x and
(c) 30,000 x.

In Figure 19 is presented the FTIR spectra of untreated and pretreated spruce sawdust while in
Table 3 are given the corresponding peaks of these FTIR spectra and their assignment as regards
untreated and pretreated spruce sawdust. It can be mentioned that the peak at wavenumber 3465
cm™ of the untreated spruce, allocated to O-H stretching of bonded hydroxyl groups, decreased by
115 units due to cellulose/hemicellulose/lignin changes during the desalination brine pretreatment
process. On the other hand, the peat at 2910 cm™ of the untreated spruce, allocated to symmetric
aromatic methoxyl groups and in methyl and methylene groups of side chains C-H stretching,
increased by 30 units due to the lignocellulosic complex changes during pretreatment. Hemicellulose
decomposition during pretreatment is responsible is responsible for the decrease of the peak at 1735
cm, assigned to C=0 stretching in unconjugated xylans, to 1710 cm'. Moreover, structural changes
in lignin explain the increase of the peak at 1435 cm, appointed to C-H deformation in methyl and
methylene, by 22 units. The peak at 1335 cm! decreases by 21 units and is assigned to spruce cellulose,
hemicellulose and lignin C5 substituted aromatic units C-O stretching and CHz wagging. In addition,
the peak at 1042 cm™ increased by 17 units and is assigned to the lignocellulosic matrix C-OH
stretching vibration and C-O deformation. Finaly, the 902 cm™ peak allocated to C-O-C stretching
decreased 35 units due to cellulose/hemicelluloses degradation, while the 805 cm! peak assigned to
C-H aromatic out of plane bending, increased by 47 units due to the lignin structure modification
during the pretreatment with brine. These findings are comparable to FTIR analysis findings by
numerus researchers regarding chemical changes in wood induced by various pretreatments [57-59].
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Figure 19. FTIR spectra of (a) untreated and (b) desalination brine pretreated spruce sawdust.

Table 3. Assignment of spruce sawdust peaks in the FTIR spectra before and after the pretreatment.

d0i:10.20944/preprints202408.0244.v1

16

3150

Wavenumber [cm™] Assignment Components
untre  pretr  incr
ated eated ease
3465 3350 -115 O-H stretching of bonded hydroxyl Hemicelluloses,
- -H stretching of bonde roxyl groups
& y yigroup Cellulose, Lignin
2910 2940 30 Aromatic methoxyl groups and in methyl and methylene Hemicelluloses,
groups of side chains symmetric C-H stretching in Cellulose, Lignin
Hemicellul
2362 2362 0 N-H stretching CIICETUIOSEs,
Cellulose, Lignin
1734 1710 -24 Unconjugated xylans C=O stretching Hemicelluloses
1699 1700 1 R-OH aliphatic carboxyl groups Lignin
Aromatic skeletal vibration, C=O stretching in lignin, H-O-H Hemicelluloses,
1654 1651 -3 . . . S
deformation vibration of adsorbed water Lignin
Hemicelluloses
1617 1616 -1 C=C stretchi f phenol !
stretching of phenol group Cellulose, Lignin
1576 1576 0 Aromatic skeletal vibration, C=O stretching, Lignin
C=C stretching of the aromatic ring and aromatical skeletal L
1507 1506 -1 . LT Lignin
vibration in Lignin
1435 1457 22 C-H deformation in methyl and methylene Lignin
Hemicellul
1374 1375 1 C-H bending, C-H stretching in methylene ermeeiit (.)se?,
Cellulose, Lignin
Hemicellul ,
1335 1314  -21 CH: wagging, C5 substituted aromatic units C-O stretching ermeett (.)se§
Cellulose, Lignin
1268 1278 10 C-O stretching of guaiacyl unit Lignin
1180 1173 -7 C-H aromatic in plane deformation Lignin
Hemicellul
1134 1132 2 C-O-C stretching CICETIOSes,
Cellulose
. . . . Hemicelluloses,
1042 1060 16 C-OH stretching vibration, C-O deformation o
Cellulose, Lignin
1031 1038 7 C-O stretching, C-H aromatic in plane deformation Cellulose, Lignin
Hemicellul ,
902 87  -35 C-O-C stretching ericeluioses
Cellulose
805 852 47 C-H aromatic out of plane bending Lignin
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In Figure 20 are shown the XRD patterns of untreated and pretreated spruce sawdust. The
pretreatment was using desalination brine (containing 178,71 g L' NaCl etc.) at 200 °C for 50min. The
XRD pattern peaks were noticed at 20 of approximately 22.4° for crystalline cellulose and 18.5°for
amorphous cellulose. The effect on the crystallinity of desalination brine pretreated spruce sawdust
was expressed by the crystallinity index CrI who increased from 44% from the untreated sawdust to
58% for the above-mentioned pretreated material. I general, the pretreated materials had Crl
increasing from 44% to 58% due to the resistance of the crystalline fraction to the brine pretreatment
as is presented in Figure 21. XRD examines the microstructure of cellulose in the material, by
diffracting and forming graphic patterns in crystalline cellulose. Lignocellulosic materials are
composed crystalline (cellulose) and non-crystalline or amorphous (hemicellulose and lignin)
structures. The principal peak was detected at approximately 22.40° for 20. The cellulose crystallinity
of the lignocellulosic materials can be affected by the various pretreatment methods used
[54,55,60,61].
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Figure 20. XRD patterns of desalination brine pretreated and untreated spruce sawdust. The
pretreatment was using desalination brine (containing 178,71 g L-1 NaCl etc.) at 200 °C for 50min.
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Figure 21. Crystallinity Index (CrI) of desalination brine pretreated spruce sawdust vs the logarithm
of the combined severity factor (logRo*).
4. Conclusions

The novelty of this research is to use a harmful waste, i.e., desalination brine, for spruce sawdust
pretreatment to produce an ecofriendly adsorbate. BET, SEM, FTIR and XRD techniques were applied
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to investigate the structure of the novel material. According to the Freundlich isotherm model the
capacity parameter Kr for desalination brine pretreated material (240 °C, 25 min, containing 178,71 g
L NaCl etc.) increased up to 14.8 (mg g*)(L mg1)'», comparing to that of untreated spruce sawdust,
which was 3.8 (mg g-1)(L mg-1)', ie., increased approximately four times. The experimental
conditions corresponding to combined severity factor in logarithmic form logRo* equal to 1.964,
provided the theoretically maximum capacity parameter Kr value. Langmuir isotherm capacity g for
pretreated material (240 °C, 25 min, containing 178,71 g L' NaCl etc.) increased up to 142.4 mg g~
comparing to that of the untreated spruce sawdust, which was 26.0 mg g7, i.e., increased
approximately 5.5 times. Lagergren kinetic capacity parameter g. for pretreated material (200 °C, 25
min, containing 98.12 g L' NaCl etc.) increased up to 8.8 mg g' comparing to that of the untreated
spruce sawdust, which was 6.3 mg g7, i.e., increased approximately 140%. Adsorption capacity of
pretreated spruce sawdust increased 1,6 times according to the second order kinetic model
simulation. The conditions corresponding combined severity factor in logarithmic form logRo* equal
to -1.049 provided the theoretically maximum capacity parameter g. value. Industrial scale
applications can preferably be based on the kinetic data findings because they refer to less than 200
min adsorption period comparing to the isotherms which are concerning to seven days adsorption
period. According to these findings autoclave desalination brine pretreated spruce sawdust is an
environmentally friendly low cost activated carbon substitute produced within the circular economy
approach.
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