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ABSTRACT

The capacity of natural sorbents to remove direct dye from synthetic wastewater has been investi-
gated. Two wood samples (Beech and Silver fir) were chosen to be tested for the removal of a direct red
dye (DR). The effects of the support nature, dose, the specific surface of natural fibres, as well as the
dye concentration, temperature and the pH influence on the adsorption process were investigated.
The results indicate that the percentage of the removed dye rises with reducing the temperature and
increasing the dose of the natural fibre, by reducing the apparent area of the sorbent. The kinetics of
adsorption obeys a pseudo-second-order rate equation, and Sips isotherm models were found to fit
the experimental results the best. The thermodynamic analysis shows that adsorption of DR on the
investigated wood fibres was favourable and spontaneous.
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1. Introduction

The tinctorial process represents an important step in
the textile finishing technologies. It has been estimated
that more than 10-15 % of the total dyestuff used in dye
manufacturing and textile industry is released into the
environment during their synthesis and dying process [1].
Pollution in the tinctorial process is determined, by the
presence of dyes as chemicals (i.e. eco-toxicological char-
acteristics), and the presence of colour, which itself has
features that affect the environment. Insignificant quan-
tities of colouring (the order of 1 mg L) may cause an
abnormally coloration of water courses, which alert the
public opinion [2,3]. Direct dyes, widely used for dyeing
textiles and leather, have a complex aromatic structure,
which makes them more stable and hardly biodegradable.
The potential toxicity of direct dyes arises from the reduc-
tion of the azo group, under the action of the enzymes and

*Corresponding author.

intestine microflora, which can produce carcinogenic, and
mutagenic aromatic amines [4-6]. For these reasons one
of the biggest environmental problems is the removal of
synthetic dyes from wastewater. The problem of purifica-
tion of wastewater has both an economic aspect (product
recovery, and reuse of recycled water), as well as a health
issue, in order to avoid a potentially hazardous water
impurity [7,8].

Several physical or chemical methods were reported
up to now for treatment of colour wastewater: electro-
chemical reduction [9], biodegradation [10], chemical
oxidation [11], coagulation [12], ultra-filtration [13], and
adsorption [14-17]. Among them, adsorption process
provides an attractive alternative for the treatment of
dye-contaminated waters due to its simplicity, selectiv-
ity and efficiency [18]. In the recent years, dye adsorption
studies have been focused on natural polymers and their
derivatives (peat, chaff [19], sawdust [20], chitosan [14],
cyclodextrin [21], bark, wood [22], algae), and biomass
(bacteria, fungi) [5], uses as supports for removal of the
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dyes from wastewaters. On the contrary to the chemical
oxidation processes, adsorption technique does not lead
to the formation of harmful by-products [23]. The most
used adsorbent to remove pollutants from waters is acti-
vated carbon [24-28]. Due to the higher cost of activated
carbon, the use of this adsorbent is limited. Instead of
activated carbon, natural clays such as sepiolite, vermic-
ulite, bentonite, etc. have been used as adsorbents with
low cost and high adsorption efficiency [23,29]. Attention
has focused on various natural solid supports, which are
able to remove pollutants from contaminated water with
minimal cost.

Great quantities of sawdust and shavings (by prod-
ucts) are produced annually by the wood industries.
Although many outlets are available for the utilization of
wood fines, economical disposal of sawdust, and shavings
remains a problem of growing concern to the wood indus-
try [30]. At the same time, the vegetal origin textile fibres
consist one of the most important group of materials with
similar behaviour in tinctorial process and great practical
applications.

Silver fir and Beech are abundant by-products of saw-
mills, so they are easily available at negligible price. It
contains various organic compounds (lignin, cellulose and
hemicellulose) with polyphenolic groups, and due to their
physico-chemical characteristics, they could by valorise as
low cost sorbents [31,32].

The purpose of this study was the experimental and the-
oretical investigation of the adsorption of a direct dye (DR)
from aqueous solutions using natural sorbents. Two types
of natural cellulose fibers—Silver fir and Beech, were tested
as sorbents. The effect of process variables such as dye con-
centration, pH, and temperature has been investigated. The
kinetic rate constants and the thermodynamics characteris-
tic parameters of adsorption have been calculated.

2. Experimental
2.1. Materials

The adsorption of a disazo dye derived from 4,4’-diam-
inobenzanilide, previously synthesized [33] onto cellulose
fibre was investigated.

Silver fir (Abies alba) is a wood fibre moderately soft and
white which contain only wooden vessels (parenchyma). It is
used for general construction and paper manufacture [34].
Beech wood (Fagus sylvatica) is primarily reddish-brown in
color with medium stiffness and resistance to shock, and
excellent bending characteristics [35]. Wood samples in
form of shavings were purchased from the local wood pro-
cessing industry, the Gref Forest S.R.L. Company, Romania.
These samples resulted from wood processing, and could
be reused without additional costs.

2.2. Methods

Wood samples were washed in distilled water under
constant stirring for 2 h to release impurities, filtered, and
then dried in an oven at 60°C for 24 hours, prior to the
adsorption studies.

100 mL dye aqueous solutions were treated with two
types of natural sorbents. The mixture was kept under
magnetic stirring (250 rpm), at different working condi-
tions (temperature, pH), a sufficient and necessary time for
reaching the equilibrium.

The obtained specifically sorbent was separated by fil-
tration, washed twice with 50 mL distilled water, and dried
at 313 K.

Scanning electron microscopy (SEM) was used for the
structural characterization of the studied fibres, before and
after dye adsorption, using PHILIPS XL 30 CP scanning
microscope, in low vacuum module. Apparatus details:
accelerating voltage 300 kV, cathode LaB(), point-to-point
resolution 0.17 nm, line resolution 0.14 nm objective lens,
Cs 0.6 mm objective lens, Cc 1.3 mm tilt + 20.

The dye concentration in solution at initial time (f)) and
at time t was spectrophotometrically determined, using a
CECIL CE 7200 Spectrophotometer.

The obtained data were used to calculate the adsorption
capacity (q,) based on relation (Eq. (1)), and the dye removal
percentage (1) with relation (Eq. (2)).

= (CO Vgt) V (1)
where: g, is the quantity of dye absorbed per unit mass of
dry sorbent (mg g™'), C, is initial concentration of the dye
solution (mg L), C, is the dye concentration at different
periods of time (mg L), V is the volume of solution (L),
and W is the amount of sorbent (g).

n: (CO _Cg)

0

-100 @)

where C is the dye concentration at equilibrium (mg L™).

3. Results and discussion

The chemical structures and the main characteristics
of the non-benzidin DR (Direct Red) dye are presented in
Table 1. The dye was previously synthesized by our group,
by the direct bisdiazotisation of 4,4’-diamino-benzanilide,
and two coupling reactions of the resultant bis-diazonium
salt with different coupling components: salicylic acid and
benzoyl I acid. The dye was then characterized by UV-Vis
spectroscopy, thin layer chromatography, and mass spec-
troscopy [29]. The toxicity of the synthetized dyes was eval-
uated by biological tests, and the results indicate that these
dyes exhibit toxicity values lying in a low scale of toxicity
[36,37].

Based on the characterization methods, the structural
characteristics of the direct dye: linearity, oblong shape of
molecule, coplanarity of molecule, the presence in mole-
cule of soluble groups were demonstrated. Regarding the
chemical structure of the selected dye mainly the functional
groups capable to establish hydrogen bonds with cellulose
fibre the sorbent capacity was investigated.

The chemical compositions of the wood sample include
mainly biopolymers such as cellulose, lignin and hemi-
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Table 1
The direct DR dye characteristics
DR dye structure Molecular weight A Els/!
(g mol™) (nm) Lem
(CH,COONa 1%)
HOOC 730.72 507 434

OH
HO N:N@COMON:N i] I
NHCOC H,

HO,S

celluloses. The amount of these polymers varies function
of wood nature: resinous or broadleaf respectively, that
can influence the reactivity, due the presence of hydroxyl
groups in the polymer chain. The cellulose amount in the
tested samples used in this study could range up to 55%
in Silver fir and up to 50% in Beech, hemicelluloses 24-40%
Silver fir, 25-35 % Beech and lignin up to 25% in Silver fir
samples and up to 35% in Beech samples [38].

The morphology of the wood samples was investi-
gated by SEM. In Fig. 1 are presented the SEM images of
the wood samples before (a, b), and after dyeing with DR
dye (c, d). In the case of Silver fir sections (Fig. 1a), are vis-
ible almost exclusively type timber vessels predominantly
dotted traheides, strongly lignified. In case of Beech (Fig. 1b)
elongated cells of timber vessels, with thickening of various

Re(‘—{ 200 g
05mBar BRAD™ o

Accl Spot Magn,
250KV 4021

ekl :
Bt Magn,  Det W< 2007
B0, SE - RDGBRAD 65+

(o)

types (spiral, reticulated, dotted), and tissue elements of
wood-wood fibre and wood parenchyma can be observed.
Thus, all of the items in the trunk wood tissue of trees are
lignified.

After extracting the final solution, the colored Silver
fir and Beech fibers (Fig. 1—Supplementary material) were
washed with distilled water and then dried at room tem-
perature.

The SEM photographs of the colored fibers (Fig. 1c,d)
showed a uniform and persistent coloration of the samples,
and no texture or shape modifications of the original wood
fibers were observed after dye adsorption process.

Considering that the samples are composed of plant tis-
sues with cell walls impregnated with lignin, it could not
be set a possible selective affinity of dyes to cellulose and

AckV  SpotMagn
200KV 4.0 200x

Det f—n—f 100 m
SE  RDC_FAG 65

(d)

Fig. 1. SEM images for: (a) Silver fir fiber; (b) Beech fiber; (c) Silver fir with DR dye; (d) Beech -DR dye.
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lignin. A possibility to establish the dyes affinity onto dif-
ferent functional groups of the studied wood samples could
be represented by performing the adsorption process onto
different vegetal tissues from sections of the stems of herba-
ceous plants. In order to this, DR dye was dissolved in dis-
tilled water and applied onto stem sections of the pumpkin
(Cucurbita Pepo). No important differences were observed
that indicate probably a lack of selectivity of the investi-
gated dye for present plant tissues.

3.1. Effect of pH on adsorption

The adsorption of the selected dye on the wood materi-
als was previously tested by our group [39], and due to the
promising results, the study was completed for this report.

The pH plays an important role for the adsorption pro-
cess and particularly on the adsorption capacity. The degree
of dye adsorption to the sorbent surface is primarily influ-
enced by the surface charge on the sorbent, which is influ-
enced by the pH of the solution.

The experiments were performed by using dye solution
(15.48 mg L) at different pH values in the range of 3 and
12 (adjusted with CH,COOH or Na,CO,), in seven levels, at
318 K. After the pH adjustments, the samples were placed
into the oven (303 K) over night; and the adsorption analy-
ses were performed afterwards.

The maximum adsorption capacity was recorded at low
pH (3.5), while at higher pH value (11.3) the sorption of DR
dye was not effective (Fig. 2). The direct DR dye is nega-
tively charged in solution (-5O;, -COQ"), having an affinity
to materials with positive charges. On the other hand, at
low pH values, the concentration of H* ions increases, and
the surface of the wood samples become positively charged,
while at high pH value, the number of hydroxyl groups
increases, so the electrostatic repulsion occurs due to num-
ber of negatively charged sites on the sorbent [40] Similar
trends were observed by Dulman and Cucu [22], and Khan
et al. [41].

Although the higher absorption capacities were
obtained in acidic medium, the possible structural mod-
ifications of the wood samples (partial hydrolysis and
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Fig. 2. The effect of pH onto DR dye removal.

hemicelulose solubilization, redistribution of lignin on fiber
surface) at lower pH values should be taken in account [42].
In order to avoid this effect, the following adsorption stud-
ies were performed at pH 6.8, the native pH value of the DR
aqueous solution.

3.2. Influence of the support nature

The adsorption capacity of the sorbent materials is influ-
enced by the nature of the support, the chemical structure
of the support, and the number of functional groups able to
interact with the dye.

In this study the adsorption capacities of the two natu-
ral materials (Silver fir, Beech) in the DR dye removal process
were investigated. The experiments were conducted using
0.1 g sorbent in 100 mL of dye aqueous solutions (77.4 mg
L) under magnetic stirring, at 318 K, and pH 6.8.

The results indicate a retention capacity of Silver fir two
times higher than the adsorption capacity of Beech sawdust
(Fig. 3 and Table 3)

The efficiency and capacity of the natural fibres in dyes
removal are highly dependent of the differences in chemical
composition and the structure and granularity of the wood
fibres between the two tree species [43].

3.3 Effect of natural fibre dosage

The influence of the quantity of wood samples towards
the dye adsorption was studied at different quantities of nat-
ural supports (0.1 and 0.2 g), in 100 ml dye solution using an
apparent area of fibre 1.0 cm? pH 6.8, 318 K. The results (Table
3, Fig. 2—Supplementary material) indicate that the quantity
of dye absorbed per unit of dry sorbent decreased, and the
efficiency of the dye adsorption increased when the weight
of fibre was doubled. This is due to the higher amount of dye
per unit weight of fibre, attributed to increase of the number
of adsorption sites [44]. The obtained results indicate that the
efficiency of the tested wood samples is time dependent and
increased in the following order: (Beech > Silver fir).

As we expected the necessary time for reaching the equi-
librium decreased with increasing the quantity of used fibre.
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Fig. 3. Influence of the support’s nature on to amount of adsorbed
DR dye (dye concentration 774 mg L™, 1g L™, 318 K, pH 6.8).
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Table 2
Adsorption of DR dye on different natural supports type
Dye Support m_ = Apparent f, gmg n*
(gL' support (min) g7 (%)
area (cm?)
DR Beech 1 1 260  16.08 20.78
2 0.5 265  16.63 4298
1 240 10.70 27.65
Silver fir 1 1 235  30.66 39.61
2 0.5 250 2492 64.40
1 220 17.06 44.09

3.4. Effect of sorbent specific surface

The effect of specific surface on the dye removal was
investigated for 0.5 and 1 cm? respectively, under constant
experimental conditions, and the results are presented in
Table 3 and Fig. 3—Supplementary material. The quantity of
dye absorbed per unit of dry sorbent and the removal per-
centage decrease (from 16.08 to 10.7 mg g™ in case of Beech,
and from 30.66 to 17.06 mg g™ in case of Silver Fir) when the
weight of fibre was doubled indicating that adsorption pro-
cess works better for small geometric dimensions. The same
effect was observed by Ho [45]. The observed effect could
be appear due to the increase of accessibility of sorbent sur-
face area with the decrease in specific surface, which allows
more dye molecules to be adsorbed per unit of substrate.

By reducing the sorbent area, the specific area between
the phases involved in the transfer, and also the number of
available adsorption sites was increased, so physicochemi-
cal operations were facilitated and hurried. The adsorption
capacity as well as removal percentage were about 1.5 times
higher when sorbent samples with smaller support area
were used.

3.5. Influence of initial dye concentration

For ecological reasons, recovery of dyes from diluted
colored wastewater is very important. The effect of initial
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dye concentration on the adsorption capacity of Silver fir
and Beech was investigated using four different concentra-
tions in the range 7.74-77.4 mg L, at 318 K, and pH 6.8.

The results presented in Fig. 4 and Table 4 indicates
that the DR dye removal was rapid at the beginning of the
adsorption process, and gradually decreased as equilibrium
time was approached, due to the saturation of the active
centre, available for dye on the sorbents surface. The neces-
sary time to reach the equilibrium increased with increasing
the dye concentration, due to the fact that adsorption could
occur both at the surface, and in the pores of the sorbent,
and the diffusion into the internal adsorption sites is stimu-
lated by the increasing of the initial dye concentration.

By increasing the initial dye concentration, the amount
of dye adsorbed increased in both cases, while the percent-
age removal decreased, indicated that the dye removal is
concentration dependent, which is in agreement with data
obtained by Dulman [22], and Sener [46].

3.6. Influence of temperature on the adsorption process

In order to explain the effect of temperature on the dye
adsorption, the experiments were conducted at pH 6.8,
using 77.4 mg L™ dye concentration, and three tempera-
ture values (303, 318, and 333 K). The calculated g, values
(at the chosen values of temperature) depicted in Fig. 5,
indicate that the adsorption of DR decreases as the solution
temperature increases probably due to the increase of the
entropic factors.

Also the exothermic characteristic of the adsorption
process and the weakening of bonds between dye mole-
cules and active sites of sorbents at high temperatures is a
possible explanation of these results. Similar results were
obtained by various authors for the adsorption of dyes on
various sorbents [47-49].

3.7. Adsorption kinetics

The adsorption kinetics of DR dye on two types of sor-
bents has been investigated under different conditions. The
concentration values of dye solutions were determined at
certain time intervals during the adsorption process. The
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Fig. 4. The effect of initial concentration on RD dye removal; (a) Beech, (b) Silver Fir.
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Table 4
Influence of the process variables on the adsorption capacity of
investigated sorbents

Dye . q, (mg g™) n (%)
concentration
(mg LY

Beech Silver fir Beech Silver fir
774 2.57 3.37 66.44 8714
15.48 4.75 6.47 61.34 83.63
38.7 9.77 14.63 50.49 75.62
774 16.63 2493 4298 64.40
Temperature
®)
303 18.61 2794 48.08 7219
318 16.63 2492 4298 64.40
333 14.11 21.50 36.45 55.57

experimental results obtained for the influence of tempera-
ture were analyzed using pseudo first-order Lagergren
model (Eq. (3)), pseudo second-order model (Eq. (4)) and
intraparticle diffusion model (Eq. (5)) [50].

_ k,
log(q. ~4,)=log g, ==~ 3)
LI A
g k4 a, @
g, =kt +1 ®)

where: k, is Lagergren rate constant (min™), k, is rate con-
stant for the pseudo-second order adsorption model (g mg™
min™), k, is the intraparticle diffusion rate constant (mg g
min?%) and [ is a constant (mg g™) that gives idea about the
thickness of the boundary layer.

The correlation coefficients were used to determine the
best fitting kinetic model. The comparison of experimental
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adsorption capacities values (obtained at different tempera-
ture) and the theoretical values, and the computed results
estimated from Eqns. (3) and (4), are presented in Fig. 6-8.

The adsorption kinetics data for the influence of concen-
tration on the adsorption process are presented in Table S1
and Figs. 4-6 in Supplementary materials.

The best fits were obtained with the pseudo-second
order kinetic model and the calculated g values (g, ) from
the pseudo-second-order model show the best agreement
with the experimental g values (q, . ). As the temperature
increases, the k, constant decreases Tgl], indicating that the
necessary time for reaching the equilibrium decreases with
increasing temperature, and that the adsorption of DR on
Silver fir and Beech is an exothermic process.

Fig. 8 presents the amount of DR adsorbed versus #°°
at different temperature. The plots present multilinearity
indicating that more steps occur in adsorption processes.
The first linear portion is the fastest step attributed to the
external surface adsorption of dye. The second linear por-
tion corresponds to intraparticle diffusion, and the third
step is the equilibrium stage when diffusion through small
pores occurs. The straight line of the intraparticle region
at different temperatures does not through the origin indi-
cating that the intraparticle diffusion is not the only rate
controlling step [52]. The deviation from the origin may be
due to the variation of mass transfer in the initial and final
stages of adsorption process [53].

The values of k, and [ obtained from the slope of the
straight lines are presented in Table 5. The obtained results
demonstrate that the surface diffusion and the intra-particle
diffusion occur in parallel during the adsorption process of
DR dye at different temperatures.

3.8. Equilibrium isotherms

Dyeing is a complex process, although it was exten-
sively studied, it was not satisfactory explained yet. The
adsorption of the dye on the internal surface of the fibre is
the most important step of the process [54], dyeing being
influenced by the nature and the magnitude of dye-fibre
intermolecular forces, which affect the dye-fibre affinity.
Some authors sustain that adsorption is a monomolecular
process; while other authors demonstrated that it is a dif-
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Fig. 5. Effect of temperature on uptake of DR on: (a) Beech fibre (b) Silver Fir fibre (dye concentration 774 mg L™, 1 g L™, pH 6.8).
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Comparison of experimental and calculated g, values, and adsorption rate constants for adsorption of DR dye on different sorbents.

Sorbent Temp. (K) Do (MG g')  Pseudo-first order kinetic Pseudo-second order kinetic ~ Intraparticle
model model diffusion
Do cate k1 -10° e cate kz -10* ki (mgg' I
(mgg?) (min™) (mgg?) (g mg?min?) min7?%) (mg g™
Beech 303 18.61 17.29 17.55 19.69 11.00 175 -1.10
318 16.63 18.39 1713 17.78 9.66 1.55 -2.16
333 14.11 22.79 21.49 15.61 794 119 -2.78
Silver fir 303 2794 22.65 14.53 30.59 6.75 1.86 7.28
318 2492 31.57 17.55 28.10 5.36 1.77 0.36
333 21.50 24.61 15.41 2393 3.74 1.64 -1.68
15

log(q,-q)
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Fig. 6. Lagergren plot for the adsorption of DR dye on: (a) Beech; (b) Silver fir fibre.
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Fig. 7. Pseudo-second-order kinetic model fitting for the adsorption of DR dye on: (a) Beech; (b) Silver Fir.

a, ]
(a) .o P (b) ** * *
° - o B E 25 %*%*
w® 000 * *
o 204 e Yo%
"o 15
g
= *
A o 104 ¥ * 303 K; —— R’=0.9922
® 303K; R’=0.9953 * ¥ 318 K; —— R’=0.9895
g ® 318 K; —— R’=0.9804 5 X 4 % 333K; R°=0.9927
o o 333K; R’=0.9934 *
8 #
T T T T T T T T T 0 T T T T T T T T T J
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 20
t10.5 (min®®) 40.5 (min®®)

Fig. 8. Intraparticle diffusion model fitting for the adsorption of DR dye on: (a) Beech; (b) Silver Fir.



242

fuse process, in multiple layers. The adsorption isotherms
describe the way in which dyes interact with sorbents. The
experimental data were fitted to the theoretical adsorption
isotherms Freundlich, Langmuir, Sips, Redlich Peterson,
and Dubinin-Raduskevich [55,56].

The analysis of the experimental data and parameters
determination that describes the theoretical models were
performed by the ORIGIN version 6.1 program, and princi-
pal statistical criteria were the standard deviation (SE) and
the squared multiple regression coefficient (R?).

Based on the lower error obtained, the best isotherm
model that fits the experimental data was the Sips isotherm
model (Table 7). These results suggest that the adsorption
process of investigated dye is following a combined model
Frendlich and Langmuir: diffused adsorption at low dye
concentration, and a monomolecular adsorption with a sat-
uration value—at high dye concentrations.

From the obtained curves the maximum adsorption
capacity and the characteristic parameters of Sips equa-
tion on investigated sorbents were determined (Table 8);
the obtained results are higher or comparable with other
published data (Table 9). Based on the higher adsorption
capacity obtained in this study by using untreated sawdust
(especially Silver fir), it could represent an alternative and
attractive method for removal of direct dyes from wastewa-
ter at low operational cost.

As expected (adsorption is generally exothermic) the
equilibrium constant (Ks) decreases with temperature
increasing, which can be explained because at higher tem-

Table 6
The adsorption isotherms models
Isotherm Equation
Freundlich g, =K,C\"
Langmuir — wKiC
e TTKC,
SlpS _ anKsCM"
g4 = 1+K,C,/"
Redlich-Peterson KgpC,

9. = 1+agpC»

Dubinin-Raduskevich Cf _ Sf P e = RT ln(l + é )
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perature, increases the stored energy in different types of
motion allowed, and weaken the physical binding forces of
adsorbed molecules.

The results for the parameter n are lower than 1, indi-
cating that the heterogeneity degree of the studied systems
is very small. n practically does not vary with temperature,
and does not depend on the sorbent material.

For a better description of adsorption equilibrium at dif-
ferent temperatures, it is important to have the dependence
form of the Sips equation. The temperature dependence of
the Sips equation is given by equations:

con o 3]

RT, \'T (11)
. 1
1 T,
?O+ﬁ'(1_?) (12)
T
Sf = SfO ‘exp[l' [1 _TJ:| (13)

where: K, is the Sips constant related with affinity constant,
x and B are coefficients that take into account: y the tempera-
ture dependence of the maximum concentration of adsorbed
sorbent (S, ), p the temperature dependence of the Sips
parameter in the equation. Constant 7 is a parameter which
characterizes the heterogeneous nature of the system [67].

The optimal parameters of the Sips equation (Table 9)
were obtained by simultaneously fitting the experimental
values obtained for three temperatures, using multipara-
metric nonlinear regression module. Experimental results
and simultaneous fitting with Sips equation are presented
in Fig. 9.

The shape of the isotherms leads to the idea that after
Brunauer’s classification, they are of type V (sigmoid
shape). The explication for this shape is that at the studied
temperatures, the monolayer adsorption of the dye (there
is a saturation concentration of each) must be preceded by
dissociation of the formed aggregates in solution. Indeed,
the tendency to form sigmoid shape is pronounced in case
of DR dye isotherms which form dimmers [68]. Therefore,
the results of thermodynamic equilibrium are influenced by
aggregation, which overlaps with the dyeing equilibrium.

iize;;uared multiple regression coefficient values obtained by fitting of different isotherms to the adsorption experimental data
Dye Sorbent  Temperature R?
(K) Freundlich Langmuir Sips Redlich- Dubinin-
Peterson Radushkevich
DR Beech 303 0.9245 0.9462 0.9964 0.9462 0.9407
318 0.9247 0.9476 0.9959 0.9476 0.9409
333 09227 0.9576 0.9922 0.9576 0.9402
Silver fir 303 0.8715 09143 0.9980 0.9143 0.8931
318 0.8966 0.9358 0.9983 0.9358 09162
333 09014 0.9301 0.9971 0.9288 09184
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Table 8
Sips equation parameters
Dye Sorbent Temp. S, n K, R?
(K) (mg g™) (L mg™)
Beech 303 22.84 0.339 0.030 0.9969
DR 318 18.26 0.379 0.029 0.9968
333 13.98 0.345 0.026 0.9942
Silver Fir 303 34.20 0.340 0.031 0.9985
318 27.35 0.363 0.030 0.9979
333 20.87 0.338 0.028 0.9978
Table 9
Adsorption capacities of different natural/low cost sorbent for the uptake/adsorption of direct dyes from its aqueous solutions
Adsorbate Sorbent Adsorption capacity g, (mg g”)  Reference
Direct Orange 26 Beech 2.78 [57]
Congo Red Leucaena leucocephala seed pods  4.41 [58]
Methylene blue Fir 6.45 [59]
Reactive Red 195 Pynus sylvestris L. 7.35 [60]
Basic Red 46 Fir 2047 [61]
Beech 19.24
Direct Red 23 Mangrove barks 21.55 [62]
Egacid Orange Spruce wood 24.22 [63]
Red Reactive 141 Wood-shaving ash 24.30 [64]
Acid Blue 25 Shorea dasyphylla sawdust 24.39 [65]
Direct Red 28 Syzygium cumini 29.79 [66]
Direct Red Silver Fir 34.20 This study
Beech 22.84
Direct Blue 53 Cupuassu shell 37.50 [44]
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Fig. 9. Sips plots for the adsorption of DR dye on (a) Beech, (b) Silver fir fibre.

The y parameter values for the investigated fibres are
significantly different by zero. This is not surprising, given
that wood is immersed in solution (water) and at different
temperatures probably changes its hydration degree. It is
well known that wood is an anisotropic material, the ther-
mal expansion coefficient depending on the investigated
direction [69]; this type of anisotropy can affect the ratio
of “micropores, mesopores and macropores” from sorbent.
This property leads to changes in the number of active

adsorption centers with temperature variation, probably by
modifying the internal porous structure.

Constant p values for the studied systems are practically
negligible. This means that, for the investigated tempera-
ture range, the heterogeneity degree does not vary with
temperature.

The adsorption energy values (Q) representing the
energy barriers of desorption, are in the range of 2200, and
respectively 3400 ] mol™. These values do not allow decid-
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Table 10
Parameters of Sips equation
Parameter DR
Beech Silver fir
S,, (mg g™) 30.87 3341
% 3.83 2.22
K, (L mol™) 11450.90 23857.21
Q/RT, 1.474 0.972
Q 3345.57 2206.17
n, 0.37 0.339
B 0.079 0.017
R 0.9962 0.9982

ing what type of intermolecular interactions occurs in the
studied systems.

Hartono et al. showed that liquid phase adsorption of
organic compounds on porous solid sorbents is affected by
several factors such as: molecular weight, polarities of the
sorbent-adsorbate, and orientation of the adsorbed mole-
cules on the sorbent surface [49]. In Table 11 are presented
some structural parameters (descriptors) proportional to
molecule size and shape, and with capacity to interact with
the sorbent.

The obtained values (Table 10) allow us to draw the fol-
lowing conclusions: the adsorption capacity of Silver Fir is
higher than that of Beech, so we can affirm that the number

Table 11

The structural parameters for investigated dye
Parameter/dye DR
Molar mass (g mol™) 7372
Molecule volume (A2)? 1782.95
Molecular surface (A%)® 582.49
Solvent accessible molecular surface (A2)b 1009.43
Volume excluded from contact with solvent (A%>¢  502.28
Polar molecular surface (A%)¢ 248.15
Principal moments of inertia, Iz (g mole A2) 64896.8
Principal moments of inertia, Ix + Iy (g mol-'e A%)> 65005.29
Index oval® 1.906
Globular factor (1/index oval) 0.525
Hydration energy (k] mol™)? -128.74
ClogP (calculated octanol/water partition 7.202

coefficient)®
Number of hydrogen-bond donor (pH = 4 + 9)¢ 4
Number of hydrogen-bond acceptor (pH=4+9)c 13

°Calculated with the software package HyperChem
"Calculated with the software package Chem3D Ultra,
http:/ /cambridgesoft.com

“Calculated with the software package (online) Marvin,
http:/ /www.chemaxon.com./marvin/sketch/index.jsp

of adsorption active centres decreases in the same order.
Table 11 appears several descriptors vary in the same order:
the globular factor (1 for spherical molecules) shows that
DR is a compact molecule, which can access the smaller
pores of the sorbent. Amount of the main moments of iner-
tia, I + Iy, is appreciatively equal with I which means that
molecules are approximately planar, the molecules steric
requirements in 3D space means that are proportional to
I, and I. These results suggest that the pore size plays an
important role in the adsorption of DR, a dye with rela-
tively large molecule.

ClogP parameter (proportional to molecules hydropho-
bicity) indicates that the dominant intermolecular interac-
tion for DR dye is nonpolar (van der Waals).

The obtained results for Sips model were used to calcu-
late the thermodynamic parameters for the adsorption pro-
cess. The Gibb’s free energy change (AG’), was calculated
using equation (Eq. (14)):
AG’ =-RTInK; (14)
and enthalpy change (AH"), and entropy change (AS°) was
determined from van’t Hoff equation:
AG’ =AH’ -TAS’ (15)
where: R is the universal gas constant (8.314 ] K mol™), T
the absolute temperature, and Ks represents the Sips equi-
librium constant, obtained from the isotherm plots. AH® and
AS" values can be calculated from the slope and intercept of
the linear plot of InK_ versus 1/T.

The obtained negative values of AG indicate the spon-
taneous nature of the adsorption process. The increase of
temperature determined a decrease of AG® indicating that
adsorption is facilitated by lower temperatures. The neg-
ative values of AH’ reveal an exothermic nature of adsorp-
tion. The positive value of entropy reflects the increased
randomness at the solid-solution interface. According to
Boltzmann’s theory, entropy is proportional to the sys-
tem probability. In terms of dyeing, the change in entropy
has practical importance when we compare the perfor-
mance of two (or more) sorbents. The AS? values show
that for the DR-Silver fir system the binding is more rigid
(lower entropy), and the DR- Beech system is less (higher
entropy).

Table 12
Thermodynamic parameters for the adsorption of DR on Beech
and Silver Fir

Dye Sorbent Temp. AG® AH" AS°
(K)  (Jmol™)  (Jmol)  (Jmol"-K)

DR Beech 303 —23574.86 —19175.08 1448.72
318 —24862.67
333 —26472.29

Silver fir 303 —25383.28 2223822 106291

318 —26577.15
333 —27509.08
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4. Conclusions

In order to remove a direct dye from wastewater we
investigate two wood fibers as potential sorbents. The nat-
ural sorbents—Silver fir and Beech were used without any
changes, in order to achieve the minimum costs. Better yields
were obtained using Silver fir shavings (87.14%), compared
with using Beech shavings (72.19%). Increases of the amount
of investigated fibres produced an increased in efficiency, and
a decreased of the necessary time for reaching the equilib-
rium. Also, the adsorption capacity increased with decreas-
ing of the specific surface, solution pH, and the temperature.

The pseudo second-order model was found to be best
fitting kinetic models, and the calculated quantity of dye
absorbed ¢, were in consistent with the experimental
values, g, , indicated that chemisorptions plays a role in
rate determining step. The results obtained for intra particle
diffusion model application demonstrate that the surface
diffusion and the intra-particle diffusion occur in parallel
during the adsorption process

The experimental data were well correlated by the Sips
adsorption model, and the maximum theoretical adsorp-
tion capacities determined by simultaneously fitting for
three temperatures, were 30.87 mg g™ for Beech and 33.41
mg g™ for Silver fir respectively.

Thermodynamic analysis demonstrated that adsorption
of DR dye on Beech and Silver fir sawdust was favorable and
spontaneous (negative values of AG’) exothermic (negative
values of AH?) increased disorder and randomness at the
solid-solution interface (positive values of AS").

The lower prices of investigated supports (wastes from
wood industries), and the ratio price/performance allow
us to propose the shavings Silver fir and Beech as attrac-
tive alternative sorbents for costly activated carbon, for the
removal of small amounts of direct dyes (low concentra-
tions) from wastewaters.

Symbols
DR —  Directred dye
g, — Amount of dye adsorbed onto the sorbent unit

attime t (mg g™')

C, — Dyeconcentration in solution at initial time (mg
L

C, — Dye concentration in solution at time ¢ (mg L)

C, — Dye concentration at equilibrium (mg L™)

V. — Solution volume (L)

W  — Amount of sorbent (g)

k,  — Rate constant of pseudo-first order adsorption
model (min™)

k, — Rate constant of pseudo-second-order adsorp-
tion model (g mg™ min™)

k, — Intraparticle diffusion rate constant (mg g
min-9)

l —  Effect of boundary layer thickness

t —  Time (min)

K, — Constant of Freundlich isotherm (mg g™ (mg
L—l)—l/r\))

n  —  The Freundlich exponent (dimensionless)

K, — Constant of Langmuir isotherm (L mg™)

K, —  Sips constant related with affinity constant ((mg

L—l)—l/n)

K, — Constant of Redlich-Peterson isotherm (L g™)

oy, — The Redlich-Peterson constant (mg L)

B —  The Redlich-Peterson exponent (dimensionless)
O<p<1)

q, —  Equilibrium solid phase concentration (mg g™)

d..i —  Calculated value of solid phase concentration of
adsorbate at equilibrium (mg g™)

oy —  Experimental value of solid phase concentra-
tion of adsorbate at equilibrium (mg g™)

g, — Maximum adsorption capacity of sorbent (mg
8"
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@

Fig. S1. Cellulose fiber samples - Silver Fir (a), and Beech (b) dyed with DR dye.
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Fig. S2. Effect of fiber dosage. Amount of DR dye adsorbed on: (a) Beech, (b) Silver fir (dye concentration 73 mg L7, 318 K, pH 6.8).
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Fig. S3. Effect of fiber specific surface. Amount of DR dye adsorbed on: (a) Beech, (b) Silver fir (pH 6.8 and 318 K, 73 mg L7, and 0.2 g

biosorbent).
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Fig. S4. Lagergren plot for the adsorption of DR dye on: (a) Beech; (b) Silver fir fibre.
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Fig. S5. Pseudo second-order kinetic model fitting for the adsorption of DR dye on: (a) Beech; (b) Silver fir.
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Fig. S6. Intraparticle diffision model fitting for the adsorption of DR dye on: (a) Beech; (b) Silver fir.
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g?)kr):lepiiison of experimental and calculated g, values and adsorption rate constants for adsorption of DR dye on different
adsorbents
Sorbent C,(mgLh)  q,., First order kinetic model =~ Second order kinetic Intraparticle diffusion
(mg g™ model
e cale k; - 10° e cate k, 10" k; !
(mgg™) (min™) (mg g?) (gmg'min®) (mgg'min?®) (mgg?)
Beech 7.74 2.57 3.51 16.20 2.73 25.80 0.26 -0.98
15.48 4.75 6.21 17.30 5.78 18.25 0.44 -1.19
38.70 9.77 11.42 15.50 9.58 1740 0.70 0.71
7740 16.63 21.49 17.10 18.39 6.28 1.67 293
Silver Fir 7.74 3.37 4.69 15.50 417 13.18 0.27 —0.64
15.48 6.47 8.89 18.03 8.43 13.99 041 0.35
38.70 14.63 16.99 16.30 16.38 9.79 0.86 1.89
7740 24.93 31.57 17.50 28.62 421 1.86 -0.61
Table S2 Table S3
The structural parameters for investigated dye Parameters of Sips equation
Parameter/dye DR Parameter DR
Molar mass (g mol™) 737.20 Beech Silver fir
Molecule volume (A%:? 1782.95 SfO (mg g™ 30.87 3341
Molecular surface (A%)® 582.49 x 3.83 222
Solvent accessible molecular surface (A%)>4 o 1009.43 K, (L mg™) 0.026 0.033
Volume excluded from contact with solvent (A%)>¢  502.28
Polar molecular surface (A2)¢ 248.15 Q/RTO Lz 0o7
. 3345.57 2206.17
Principal moments of inertia, I (g mol™ - A% o 64896.8 n, 0.37 0.339
Principal moments of inertia, I_+ Iy (g mol™ - A%)®  65005.29
Ovality® 191 B 0.079 0.017
Globular factor (1/ovality) 0.53 R 09962 09982
Hydration energy (k] mol™)® -128.74
ClogP (calculated octanol/water partition 7.20
coefficient)®
Number of hydrogen-bond donor (pH = 4 + 9)¢ 4.00
Number of hydrogen-bond acceptor (pH =4 +9)  13.00

°Calculated with the software package HyperChem
http:/ /www.hyper.com

"Calculated with the software package Chem3D Ultra,
http:/ /cambridgesoft.com

“Calculated with the software package (online) Marvin,

http:/ /www.chemaxon.com./marvin/sketch/indexjsp



