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ABSTRACT

To evaluate the potential of different woody sawdust nanoparticles (nSD) for phosphate biosorp-
tion capacity, a batch biosorption experiment was conducted on three types of sawdust nanopar-
ticles. To achieve the objective, nanoparticles of the three types of woody-sawdust were produced
by up-down method (ball mill mortar grinder) and phosphate solutions with various concentra-
tions (5-320 mg/L), pHs, and temperatures were performed. The results revealed that the PO} sorp-
tion capacity of sawdust nanoparticle of Kafour tree (nSD-KF) was much higher than that of guava
(nSD-GU) and Gohanamia (nSD-GH). The Langmuir model was the best fit to the experimental sorp-
tion data. The maximum adsorption capacity (g, ) value of nSD-KF (50,000 ug/g) for phosphate
was higher than those of nSD-GU (33,300 pg/g) and nSD-GH (18,200 ug/g) sorbents, respectively.
The first-order equation has been proved to be one of the best studied kinetic equations that capable
of describing the sorption kinetics and sorption rate of phosphate onto the studied biosorbents. The
solution pH greatly affected the charges of the active sites of nSD-KF and influenced the phosphate
behavior in the solution. The phosphate sorption increased on the studied biosorbent with the
increase of reaction temperature from 298 to 318 K, with constant of all other reaction conditions.
The highest efficiency of phosphate removal by nSD-KF was at temperature of 318K at pHs normal
and 7. The results of this study revealed that the ion exchange process, high specific surface area
of nSD-KF, and ion complexation between phosphate and sawdust nanoparticles may be occurred
in phosphate biosorption. The Fourier transform infrared analysis confirmed ion complexation
between phosphate and sawdust nanoparticles depending on the chemical constituents of sawdust
that containing many functional groups such as carboxylic, phenolic, hydroxyl, and carbonyl groups.
In conclusion, the application of nanoscale sawdust particles in wastewater or wastewater-irrigated
soils would substantially decrease P runoff and eutrophication. Moreover, the P-enriched nSD-KF
may be used as a supplemental P-fertilizer required for plant growth to overcome high cost of
mineral fertilizers applied to the agricultural soils.

Keywords: Nano-scale particles; Sawdust; Sorption; Water; Pollution; Eutrophication; Supplemental
fertilizer

1. Introduction of aqueous streams can be resulted from phosphorus run-
off from agricultural soils and consequently hypoxia or
anoxia conditions in waters [2]. Hence, removal of phosphate
from polluted water by biodegradable sorbents and its use
as a supplemental P-fertilizer are critical issues. Thus, new

The high phosphate contents in all types of wastewater
especially agricultural wastewater resulted in deterioration
of water quality through eutrophication [1]. Eutrophication
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methods for removal of phosphate from wastewater before
discharge into water bodies are required.

Biosorption is one of the most promising methods used
for water quality treatment. Low-cost, availability, and
biodegradability of materials used in the removal of phos-
phate from waters are limiting factors [3]. Use of biomate-
rials in phosphate removal from agricultural wastewater is
known biosorption. Biosorption of phosphate from water
will prevent its discharge into water bodies and subse-
quently eutrophication of water. The P-enriched biosorbents
can be reused as compost or supplemental P-fertilizer for
plant growth.

Biomaterials rich in ligno-cellulosic components, such as
woody sawdust, are available, low-cost, and biodegradable
and could be reused as a source of phosphate in the form of
P-enriched compost after P saturation [4]. The broad poten-
tial of woody sawdust as biosorbent is due to its chemical
constituents including easily available functional groups
such as OH, COOH, NH,, and phenols present in cellulose,
lignin, hemicelluloses, alcohols, and aldehydes. Moreover,
use of woody sawdust as phosphate biosorbent will allow
simple separation between phosphate ions and biosorbent
and its biodegradability would release more phosphate
to agricultural soils when it is utilized as compost and
supplemental P-fertilizer.

Recently, nanotechnology-based soil amendments that
enable better control over the conditions for or timing of
plant nutrients release were created. Nanoparticles have a
huge reactive specific surface area [5] where tremendous
quantities of phosphate can be sorbed [6]. The application
of nanoscale sawdust particles in wastewater or wastewa-
ter-irrigated soils would substantially increase P sorption
on amorphous nanoparticles and further decrease P runoff
and eutrophication. It is necessary to define the soil and/or
water conditions under which sawdust nanoparticles can
be used beneficially and sustainably in an arid or semi-arid
environment. In particular, the research on the interaction
of sawdust particles with P is much necessary. The objec-
tives of this study was to: investigate and characterize some
chemical properties of sawdust nanoparticles (nSD) that
produced from mechanically milling and the bulk sawdust
collected; evaluate the potential of different woody sawdust
nanoparticles for phosphate biosorption capacity; study the
effect of pH and temperature on phosphate biosorption by
sawdust nanoparticles; test fitness of kinetic and equilibrium
models for experimental data; and investigate the possible
mechanisms responsible for phosphate removal from water.

2. Materials and methods
2.1. Sampling of biomass and phosphate solution preparation

Bougainvillea spectabilis (stem wood), Eucalyptus camaldu-
lensis L. (wood-branch), and Psidium guaja L. (wood-branch)
were collected from Alexandria, Egypt during pruning
processes. Bark of the woody species was removed, and
the wood was transferred to flakes or sawdust in a sawmill
in Alexandria.

Stock solution of 1,000 mg/L PO} was prepared
using KH, PO, salt. Different concentrations of phosphate
solutions were prepared freshly prior to its use.

2.2. Producing and characterization of sawdust nanoparticles

The woody-sawdust was oven-dried at approximately
50°C-60°C, and then mechanically ground by a RETSCH
RMIOO electrical mortar grinder (Ball mill) to produce
nanoscale sawdust particles (diminish the particle size to
<100 nm) according to the method of Elkhatib et al. [7].

The characteristics and element contents of all sawdust
nanoparticles were investigated using scanning electron
microscopy (SEM), and quipped with energy-dispersive
X-ray spectroscopy (EDX). The surface structure of sawdust
nanoparticles (nSD) was explored with Fourier transform
infrared spectroscopy (FTIR) to illustrate the functional
groups of the nanoparticle surfaces. The specific surface
area of nanoparticles was determined using the method
of Brunauer et al. [8]. All these measurements were car-
ried out by standardized methods that have been routinely
used for nanomaterial studies.

2.3. Batch biosorption experiments

Conducting biosorption experiments was performed by
shaking 0.1 g of sawdust nanoparticles with 10 mL (1:100
ratio) of phosphate solutions with various concentrations
(5, 10, 20, 40, 80, 160, and 320 mg/L) and pHs. The agita-
tion was conducted at 400 rpm for 2 h to reach sorbate-
sorbent equilibrium. At 0.5, 1, 2, 5, 10, 15, 20, 30, 40, 60,
90, and 120 min, aliquot was taken for phosphate kinetics
determination. Then, centrifugation and filtration of super-
natant were done. The filtrate was kept at 4°C for future
analysis. Experiments were triplicated at a temperature of
25°C + 3°C. At each time intervals (), the amount of sorbed
PO} ions by sawdust nanoparticles can be calculated from:

,_Em)-ev) o

m

where C;and C y (mg/L) are the initial and final PO}~ concen-
trations, respectively, V is the volume of PO} solution (L),
and m is the weight of the sawdust nanoparticles (g).

The PO} concentrations were determined calorimetri-
cally according to ammonium-molybdate blue method [9].

The effect of hot water extraction method and solution
pH on phosphate biosorption by sawdust nanoparticles
was studied by various pH values ranged from 7 to 11.
The 0.1 M HCI and NaOH solutions were used for reach
to desired pH.

To assess quantitatively and qualitatively the adsorp-
tion efficiency of the sawdust nanoparticles, the most
famous isotherm models (Langmuir, Freundlich, Temkin,
Elovich, Fowler-Guggenheim, Kiselev, and Hill-de Boer)
were investigated. Moreover, the most well-known kinetic
models (power function, parabolic diffusion, first order, and
Elovich) were used to test the fitness of experimental data.
Both determination coefficient (R?) and standard error of
estimate (SE) were the basis to select the best-fit model.

FTIR analysis was used before and after hot water
extraction of un-saturated and phosphate-saturated nSD-KF
[10] to identify possible modifications of active sites in
sawdust during element adsorption. The wavenumbers of
FTIR were in the range of 400—4,000 cm™.
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The effect of different temperatures (298, 308, 318 K) on
phosphate biosorption by nSD-KF was studied.

2.4. Data and statistical analyses

Data and statistical analyses were done using the
Statistical Analysis System (SAS Inc.).

3. Results and discussion

3.1. Sorption isotherm and kinetics of phosphate on
sawdust nanoparticles

To evaluate and select the most appropriate sorbent
or biosorbent and the optimum experimental conditions,
sorption isotherms were used [11]. The sorption isotherm
gives the equilibrium relationship between the concentra-
tion of phosphate at equilibrium and amount of sorbed
phosphate by sawdust nanoparticles [12]. In this work,
sorption isotherms were carried out to determine the sorp-
tion capacity for the three different types of nSD [nSD-KF
(Kafour), nSD-GU (Guava), and nSD-GH (Gohanammia)]
at initial concentrations range 5-320 mg/L (Fig. 1). Fig. 1
shows phosphate sorption by nSD-KF, nSD-GU, and
nSD-GH as a function of phosphate concentration. A con-
tinuous increase of sorbed PO} by nSD-KF, nSD-GU,
and nSD-GH with increasing PO} concentration from 5
to 320 mg/L is noticed and the PO sorption capacity of
nSD-KF was much higher than that of nSD-GU and nSD-GH
(nSD-KF > nSD-GU > nSD-GH). It is interesting to note
that the shape of nSD-KF sorption isotherm is an “H” type
isotherm at low concentrations of phosphate [13] which
reflects strong interaction between PO} and the nSD-KF
adsorbent while, the shape of PO} sorption isotherm by
nSD-GU and nSD-GH were L-type isotherms indicating
intermediate affinity for PO?- in comparison to nSD-KF.

For reliable prediction of PO~ sorption parameters on
the studied sorbents (nSD-KF, nSD-GU, and nSD-GH), the
preceding seven sorption isotherm models were employed
(Table 1). Higher R? and smaller SE values indicate best-
fitting of the model predictions with the experimental
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Fig. 1. Phosphate sorption isotherm of nSD-KF, nSD-GU, and
nSD-GH biosorbents.

data [14]. The data of Table 1 demonstrated that Langmuir
and Freundlich were successful in describing PO} sorp-
tion data by the three biosorbents studied as evidenced by
high R? and Low SE values.

3.1.1. Langmuir isotherm model

Table 1 and Fig. 2 show the description of the PO:-
sorption on nSD-KF, nSD-GU, and nSD-GH by the linear
form of Langmuir isotherm model. The R* and SE values
for Langmuir model ranged from 0.99 to 0.98 and 0.0005
to 0.0001, respectively for PO by nSD-KF, nSD-GU, and
nSD-GH (Fig. 2; Table 1). The SE values calculated by
Langmuir model for PO sorption on the sorbents studied
were much lower compared to the other six sorption iso-
therm models used (Table 1). Therefore, the Langmuir model
was the best fit to the experimental sorption data suggesting
that the PO} removal from the surface of nSD-KF, nSD-GU,
and nSD-GH sorbents was monolayer mode of adsorption.
The maximum adsorption capacity (g, ) value of nSD-KF
(50,000 pg/g) was higher than those of nSD-GU (33,300 ug/g)
and nSD-GH (18,200 pg/g) sorbents, respectively (Table 1).
In comparison with bulk sawdust, the g of nanoparti-
cles was 10-15 times of bulk particles (SD-KF = 3,000 pg/g;
SD-GU = 2,200 ug/g; SD-GH = 1,600 ug/g). This is surpris-
ing since the specific surface area of nSD-GU (14.58 m%/g) is
higher than the specific surface area of nSD-KF (11.33 m%/g),
and nSD-GH (9.72 m?/g). This is indicating that there was
another sorption mechanism in addition to SSA involved
in sorption of PO} on nSD-KF. The Langmuir K, values of
PO? for nSD-KF sorbent was much higher than K, values of
nSD-GU and nSD-GH sorbents (Table 1).

3.1.2. Freundlich isotherm model

Phosphate sorption was fitted to the Freundlich equa-
tion for all the sorbents with R? ranging from 0.85 to 0.97.
Freundlich isotherm parameters were calculated from the
slope and intercept of the linear equation form and are
shown in Table 1. The higher values of K, reflect a large
sorption capacity of the biosorbents for PO? [15]. Data in
Table 1 shows that the highest Freundlich K, value of the
sorbents was for nSD-KF (3,498.19 mL/g) and the lowest
was for nSD-GH (1,187.97 mL/g). It is clear that modifying
bSD-KF to nanoparticles greatly increased its capability for
PO} removal. The 1/n values of Freundlich isotherm were
within a narrow range (0.26-0.38) for the three studied
sorbents and reflect the observed similarities of the overall
shape of PO} isotherms as shown in Fig. 2. The Freundlich
model successfully described PO}~ sorption at concentration
range of 5-320 mg/L. However, the SE values calculated by
Freundlich model for PO} sorption on the sorbents stud-
ied were much higher than those of Langmuir model which
indicate the superiority of Langmuir model over Freundlich
model in describing PO} sorption by the biosorbents studied.

3.1.3. Biosorption kinetics

The kinetic experiments were performed to evaluate the
sorption potential of the studied biosorbents and to deter-
mine the time required for PO} to reach maximum sorption
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Table 1

Sorption isotherm model parameters for PO,? on three sorbents and initial concentrations of 5-320 mg/L at 25°C

Models Parameter nSD-GU nSD-KF nSD-GH
Freundlich: K, (mL/g) 1,998.20 3,498.19 1,187.97
q,=K.Cl 1/n 0.33 0.26 0.38
R? 0.85 0.97 0.88
SE 0.45 0.36 0.78
Langmuir: 9o (ME/8) 33,300 50,000 18,200
9,=9,. (K C/1+KC) K, (L/mg) 0.18 0.30 0.07
R? 0.99 0.98 0.98
SE 0.0005 0.0001 0.0001
Elovich: 9.0 (HE/) 2,000 2,500 1,670
q/4, = K.C, (g /4,) K, (L/mg) 3.70 55.23 0.62
R? 0.91 0.88 0.86
SE 0.93 1.70 0.65
70
Temkin: AQ (kJ/mol) 70.50 124 38.10
0 = RT/AQ InK C, K, (L/g) 13.75 251.55 3.99
R? 0.89 0.93 0.88
SE 0.03 0.035 0.046
Fowler-Guggenheim (FG) W (kJ/mol) 27.27 2.16 4.57
K;C,=6/1 -0 exp(26 w/RT) K, (L/mg) 0.05 18.17 0.06
R? 0.91 0.85 0.78
SE 0.92 2.03 0.87
Kiselev: K, (L/mg) 0.07 16.20 0.14
K.C.=0/(1-6)(1+K, 0) K, -9.92 -6.22 -3.84
R? 0.99 0.98 0.99
SE 0.49 100.48 0.37
Hill-deBoer: K, (L/mg) 0.06 1.99 0.05
K,C,=0/(1-0)exp(6/(1-0) - K,0/RT) K, (kJ/mol) —62.40 -26.90 -2.40
R? 0.92 0.79 0.26
SE 0.92 2.07 0.95

q, (mg/g) is phosphate adsorbed per gram of adsorbent, C, (mg/L) is equilibrium phosphate concentration in solution, K, is a constant related
to adsorption capacity of the adsorbent (L/mg),  is a constant, g, (mg/g) is the maximum adsorption capacity of the adsorbent, K, (L/mg)
is Langmuir constant related to the free energy of adsorption, © is fractional coverage, R is the universal gas constant (kJ/mol/K), T is the
temperature (K), AQ is (-AH) the variation of adsorption energy (kJ/mol), K, is Temkin constant (L/mg), K, is Fowler-Guggenheim con-
stant (L/mg), W is the interaction energy between adsorbed molecules (kJ/mol), K, is Kiselev constant (L/mg), K, is a constant of complex
formation between adsorbed molecules, K, is Hill-de Boer constant (L/mg), and K, (kJ/mol) is a constant related to the interaction between
adsorbed molecules. A positive K, means attraction between adsorbed species and a negative value means repulsion.

on nSD-KF, nSD-GU, and nSD-GH. For 80 mg/L PO? solu-
tion, it was noted that the maximum PO}~ removed by
nSD-KF, nSD-GU, and nSD-GH were 69%, 59%, and 49%,
respectively as the equilibrium reached after 2 h. However,
for 160 mg/L PO¥ solution, it was noted that the maximum
PO} removed by nSD-KF, nSD-GU, and nSD-GH were
63%, 50%, and 41%, respectively. For economical wastewa-
ter treatment application, equilibrium time is an important
parameter. So, these data are important [16]. In the sorbents
studied, the sorption kinetics of PO} exhibited an immediate
rapid sorption by which about 96%-99% of PO?- was sorbed
in the first 10 min and followed by slow sorption at 298 K
(Fig. 3). The rapid initial adsorption of PO}” was due to
rapid filling up of sorption sites on sawdust nanoparticles
with PO} ions in the initial stages and followed by a slow
migration and diffusion because limited numbers of active

sites. The amount of PO} sorbed per unit mass of biosorbent
increases with the increase of PO}~ initial concentrations. For
example, the amount of PO removed at 120 min jumped
from 5,545 to 9,977 pg/g, at 80 and 160 mg/L, respectively
for nSD-KF (Fig. 3). Similarly, for nSD-GU the amount of
PO? removed at 120 min jumped from 4,742 to 7,986 ug/g,
at 80 and 160 mg/L, respectively (Fig. 3). Also, the amount of
PO? removed at 120 min jumped from 3,877 to 6,442 ug/g,
at 80 and 160 mg/L, respectively for nSD-GH (Fig. 3). The
increase of initial concentration may enhance the interaction
between the ions and the sorbent surface [17].

3.1.4. Sorption kinetic modeling

The PO? sorption kinetics by the biosorbents stud-
ied (nSD-KF, nSD-GU, and nSD-GH) was performed and
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Fig. 2. Langmuir and Freundlich isotherm models of phosphate
biosorption onto nSD-KF, nSD-GU, and nSD-GH biosorbents.

analyzed using first-order [18], Elovich [19], intraparticle
diffusion model [20], and modified Fruendlich [21] kinetic
models. To test the conformity between experimental and
predicted data, the R? and SE values were used (Table 2).
High R? and low SE values indicate the success of model in
describing the kinetics of PO sorption on biosorbents. It
is important to select the best-fit model for data and agrees
with the sorption mechanism of sorbate on biosorbent. Each
model used in this study has a specific function. In gen-
eral, the Elovich model was used to describe the kinetics of
exchange reactions. Thus a plot of g vs. Int should give a
linear relationship with the slope of (1/p) and intercept of
(1/at) In(ap) (Table 2). In the intra-particle diffusion model,
a plot of “q” vs. t'2 should provide a linear relationship in
case of the reaction conformity to parabolic diffusion law.
In the power function model, the parameter K, C, and
1/m were obtained from the intercept and slope, respec-
tively of the linear plots. Also, in the first order model, the
“Ing” vs. “t” relationship is linear in case of conformity of
sorption—desorption to first-order equation.

The kinetics model constants, R> and SE values for
PO? sorption by nSD-KF, nSD-GU, and nSD-GH are given
in Table 2. The highest values of R? for first order model
for PO}~ were found to be 0.89, 0.87, and 0.86 for nSD-KF,
nSD-GU, and nSD-GH, respectively, which were greater
than the R? values of power function that were 0.86, 0.81,
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Fig. 3. Effect of contact time on PO}’ sorption by nSD-KF,
nSD-GU, and nSD-GH at initial PO;* concentration of 80 and
160 mg/L at temperature of 298 K.

and 0.82 for nSD-KF, nSD-GU, and nSD-GH, respectively
(Table 2). The R? values of Elovich and intraparticle diffu-
sion models were much lower than R? of first-order model
and SE values of Elovich and intraparticle diffusion mod-
els were quite high. Therefore, sorption kinetics data for
nSD-GU, nSD-KF, and nSD-GH followed first order and
power function models as confirmed by higher R? and
lower SE values (Table 2) suggesting that the type of sorption
mechanism could be chemical sorption [22].

3.2. Effect of initial PO}~ concentration on PO}~ biosorption

The first-order equation has been proved to be one of
the best studied kinetic equations that capable of describ-
ing the sorption kinetics and sorption rate of PO onto the
nSD-KF, nSD-GU, and nSD-GH biosorbents as affected
by initial PO} concentrations and this was confirmed by
relatively high R? and low SE values (Table 2). On chang-
ing the PO} concentrations from 80 to 160 mg/L at 298 K,
the K values increased for nSD-KF, nSD-GU, and nSD-GH
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Table 2

Kinetics, model parameters, determination coefficients, and standard error of estimate for phosphate sorption by nSD-GU, nSD-KE,

and nSD-GH biosorbents for 160 mg/L PO}’

Models Parameter nSD-GU nSD-KF nSD-GH
a, mg/g/min 8.9E+111 1E+253 4E+159
. . .057
Elovich B, mg/g 0.033 0.058 0.05
R? 0.96 0.83 0.89
SE 10.20 15.59 11.37
K, 1/min 0.045 0.032 0.034
) a, ug/g 4.35 3.54 3.52
First-ord
trstrorder R? 0.87 0.89 0.86
SE 0.0006 0.0007 0.0008
K, pg/g/min'? 13.67 7.26 7.35
Intraparticle a, uglg 7,867.8 9,915 6,379.5
diffusion R? 0.73 0.58 0.62
SE 30.36 24.07 22.58
K, 1/min 7,855.97 9,906.04 6,309.57
1/m 0.004 0.002 0.003
Power function R? 0.86 0.81 0.82
0.46 0.56
SE 0.70
0.07

q = the amount of sorbate adsorbed per gram of adsorbent in time .
a = the initial adsorption or desorption rate (mg/g/min).

[3 = a constant, related to the extent of surface coverage (mg/g) and activation energy for chemisorptions.

K, = apparent sorption diffusion rate coefficient (ug/g/min'?).
C, =initial sorbate concentration (mg/L).

t =reaction time (min).

K, = adsorption rate coefficient (1/min).

1/m = a constant.

g, = amount of sorbate adsorption at equilibrium.

biosorbents (Table 3 and Fig. 4). For example, at 80 and
160 mg PO3/L concentrations, PO~ sorption on nSD-KF,
nSD-GU, and nSD-GH biosorbents at 298 K resulted in
increases of K from 0.028 to 0.032, 0.033 to 0.045, and 0.026
to 0.034, respectively. It is obvious that the POi‘ concentra-
tion had a considerable effect on POE‘ sorption rate.

3.3. Characterization of high sorptive capacity-biosorbent
(nSD-KF)

The X-ray diffraction (XRD) patterns of hot water
extracted and not-extracted nSD-KF indicated that nSD-KF
sample is mainly containing high percentage of nitrogen
and phosphorus. Moreover, presence of amorphous materi-
als was observed and this was due to the significant amount
of lignin and cellulose (lingo-cellulosic biosorbent) found in
nSD-KF. While, after hot water extraction, the nitrogen was
disappeared but, phosphorus still found (Data not shown).
Also, presence of amorphous materials was observed due
to the sample still contain significant amount of lignin and
cellulose. These results coincided with the results of Abdel-
Rahman et al. [23], they reported that the presence of lignin
in sawdust sample resulted in amount of amorphous mate-
rial shown in XRD patterns.

SEM and EDX analyses of nSD-KF before and after
phosphate saturation are shown in Figs. 5a and b. The

SEM images of nSD-KF samples clearly showed that the
representative single particle size dimension lies in the range
1-100 nm (nanostructure). After saturation with phosphate,
a layer of sorbed phosphate on the nSD-KF surface was
observed which ascertained adsorption of phosphate by
nSD-KF (Fig. 5b). The elemental analysis of nSD-KF illus-
trated in Fig. 5 confirmed these results by appearance of
phosphate (3.54%) peak in phosphate-saturated nSD-KF.
Moreover, the size distribution of Zetasizer analysis refers to
size average 98 nm (<100 nm).

The specific surface area (SSA) of nSD-KF (11.33 m?/g)
is much higher than that of the bulk bSD-KF sample
(1.53 m?/g). Indeed, the high SSA could supply nSD-KF with
highly reactive sites for PO}~ sorption. These results coin-
cided with the results of Wahab et al. [24] and Gogoi et al.
[25], they reported that the untreated and unsieved saw-
dust have a lower surface area (1.43 m?/g) than fine dusts.
In addition, other observations were recorded on different
materials such as moringa seed waste. Ajav and Fakayode
[26], they reported that the value of specific surface area of
bulk moringa seed waste was 177 mm?/g. Also, Mnisi and
Ndibewu [27] reported that SSA values of bulk moringa seed
waste were 1.79 and 2.97 m?/g, respetively.

The electric potential across the layer in the electric
double-layer in soil called “zeta potential”. The zeta poten-
tial value reflects the quantity of charges absorbed by the
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Fig. 4. First-order kinetic model for PO;* sorption on nSD-KF,
nSD-GU, and nSD-GH biosorbents as affected by initial PO}
concentration.

Table 3
First-order-kinetics parameters of nSD-GU, nSD-KF, and
nSD-GH biosorbents as affected by initial PO;* concentration

Initial PO;3 Parameter nSD-GU nSD-KF nSD-GH
Concentration
K, (1/min)  0.033 0.028 0.026
3.76 3.12 5.09
80 mg/L. a (ug/g)
R? 0.75 0.80 0.96
SE 0.68 0.42 0.49
K, (1/min)  0.045 0.032 0.034
a (ug/g) 4.35 3.54 3.52
160 mg/L R 0.89 0.87 0.86
SE 0.0006 0.0007 0.0008

solid [28-30]. Based on the above concept, the zeta poten-
tial characteristics of a nSD-KF was studied. The results
of current study showed that zeta potential of sawdust
nanoparticles of Kafour wood was -26.36 mV that indicat-
ing more surface charge on particles and increase the sorp-
tive capacity of nSD-KF. Abidi et al. [31] conducted a study

on the removal of dye from industrial wastewater using
clay particles as a sorbent at different values of zeta poten-
tial and reported that the measurements of zeta potential
can be used in the determination of electrical charge and
behavior of dyes at the clay-water interface.

3.4. Effect of hot water-extraction, temperature, and solution pH

The solution pH plays a crucial rule in the adsorption
process, since. It greatly affects the charges of the active
sites of nSD-KF and influence the phosphate behavior in
the solution [32-34]. In this study, effect of initial pH on
the biosorption process was monitored in the pH range
of 7-11 for hot water-extracted and not-extracted nSD-KF
(Fig. 6a) at the biosorbent dose of 0.1 g, initial concentra-
tion of 160 mg/L, and temperature of 298 K. The phosphate
adsorption was highly influenced by solution pH (Fig. 6a).
For the hot water-not extracted nSD-KF, the amount of
sorbed phosphate at equilibrium was maximum (9,977 mg/
kg) at normal pH and decreases to 9,474; 9,186; and
6,985 mg/kg at pH 7, 9, and 11, respectively.

On the other hand, for the hot water-extracted nSD-KF,
the adsorbed phosphate amount at equilibrium was less
than that of not-extracted nSD-KF at all pHs. The adsorbed
phosphate amounts at equilibrium were 2,820; 2,160; 1,940;
and 1,880 mg/kg at pH normal, 7, 9, and 11, respectively
(Fig. 6a). The reduction in amount of sorbed phosphate
at high pH values was due to the competition between
phosphate ions and the other anions present at high pH.

In comparison of phosphate amount removed by hot
water-extracted nSD-KF and not-extracted one, it is found
that the amount of phosphate removed by not-extracted
nSD-KF was significantly higher than that of extracted
nSD-KF at all pHs (Fig. 6a). This large difference between
extracted and not extracted at all pH values may be due to
ion complexation between phosphate ion and functional
groups present in nSD-KF composition. The dramatic
changes in P sorption with increasing pH indicates that the
chemisorption is the dominant mechanism in P-nSD-KF sys-
tem. In general, variation in the removal of phosphate ions
with respect to pH can be explained by considering sur-
face properties of biosorbent material and ionization state
of phosphate [35]. It is plausible that at low and neutral
pHs, the nSD-KF surface is covered with hydronium ions
(H") that sorb phosphate ions and causing a high removal
percentage. Increasing the pH may increase the repulsive
forces between the negatively charged ions, causing a lower
removal %. In addition, with the pH increase, the carboxylic
groups present in sawdust are de-protonated due to the pres-
ence of high amount of negative charges, and the sorption
process is reduced by the repulsion of the negative charges
(ions). A similar trend has been observed for the adsorption
of phosphate by biochar of sawdust [36] and nWTRs [7].

The effect of temperature on PO sorption on nSD-KF
biosorbent was studied at three different temperatures
(298, 308, and 318 K) and 160 mg/L initial PO concen-
tration. As the temperature of the reaction increased from
298 to 318 K, with all other reaction conditions remain-
ing constant, the PO sorption increased on the stud-
ied biosorbent. The highest efficiency of PO}~ removal by
nSD-KF was at temperature of 318 K at normal pH (Fig.
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Fig. 5. Scanning electron microscopy (SEM) image and energy dispersive X-ray (EDX) elemental distribution of nSD-KF

((a): un-saturated and (b): phosphate-saturated).

6b). The increase of phosphate sorption at higher tem-
perature may be due to cellulose structure become open,
mobility and penetration of phosphate through saw-
dust may be enhanced, and the activation energy barrier
will be overcame and the rate of intra-particle diffusion
will be enhanced [37]. There is, however, a limit for max-
imum temperature at which sorption of phosphate ions
would be occurred and it is suggested to be 30°C-60°C.
Bryant et al. [38] pointed out that sorption of heavy met-
als on sawdust was significant and the solubilization of
wood extractives, like tannins, was high at 60°C. Tannins
are serving as the primary site for ion binding to wood [39].

The results of this study were in agreement with the
results of Raji et al. [40]; Anirudhan and Sreedhar [41] they
studied the temperature effect on heavy metal sorption
by sawdust materials and reported the increase of heavy
metals biosorption with the increase in temperature. Jellali
et al. [34] conducts an experiment to study the ammonium
biosorption on Posidonia oceanica (L.) fibers and found that
the amount of removed ammonium was affected by sorp-
tion operating parameters. Ismail et al. [42] studied the
effect of temperature effect on cadmium ion removal by
powdered corn cobs in batch experiments. They reported
that there was an increase in Cd biosorption by the increase
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by nSD-KF at the equilibrium time of 2 h and temperature of
298, 308, and 318 K.

of temperature from 25°C to 55°C. The gq__ of the studied
biosorbent was observed as 18.15 mg Cd/g at 25°C and
25.51 mg Cd/g at 55°C. The efficient removal of ions at
high temperatures may be attributed to either increase of
numbers and activity of sorption sites present on biosor-
bents or due to the decrease in the mass transfer resistance
of ions as a result of decrease in boundary thickness of the
layer surrounding the biosorbent. Fomina and Gadd [43]
reported that the increase of surface activity and kinetic
energy of sorbate occurred at high temperatures may
cause the increase of biosorption rate of ion.

3.5. Probable mechanism of phosphate biosorption

The FTIR spectrum of nSD-KF before and after hot
water-extraction for unsaturated and phosphate-saturated
nSD-KF are shown in Fig. 7) that display peaks of absorp-
tion referring to a reaction occurred between phosphate
ions and nSD-KF. The different characteristic peaks shown
in Fig. 7 indicate to heterogeneity of nSD-KF biosorbent
and presence of many functional groups as proton donors
and their possible involvement with phosphate ions. To
investigate the possible complexation between phosphate
ions and nSD-KF, the FTIR spectra of hot-water extracted
and not extracted nSD-KF before and after PO;" saturation
was compared (Fig. 7). After phosphate saturation either
before or after extraction with hot water, shifting of some
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Fig. 7. Fourier transmission infrared (FTIR) spectra of (a)
before and (b) after hot water-extraction of phosphate saturat-
ed-nSD-KF.

functional groups bands of nSD-KF was observed (Fig. 7).
This was due to the possible changes of the ions present
in some functional groups like carboxyl and hydroxyl,
suggesting that they are involved in the complexation
between PO}~ ions and sawdust biosorbent, and possibility
of ion exchange between phosphates and counter ions.

Before hot water extraction, most band shifting or
changes occurring on the nSD-KF after PO}~ saturation are
shown between 1,700 and 500 cm™ wavenumbers which
may be attributed to complexation of PO}~ and COOH group
and bonded O-H bands of carboxylic acids present in alco-
hols, phenols pectin, cellulose, and lignin [44]. In addition
to ion exchange and high specific surface area of nSD-KF,
the ion complexation between phosphate and sawdust
nanoparticles may be occurred in phosphate biosorption.
The FTIR analysis confirmed this issue depending on that
the chemical constituents of any plant residues contain many
functional groups such as carboxylic, phenolic, hydroxyl,
and carbonyl groups [45].

After hot water extraction, the FTIR spectrum before
and after phosphate saturation was completely differ-
ent and most observed changes were between 3,450 and
3,200 cm™ wavenumber which referred to ion complexation
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of PO} with OH of alcohols and phenols in addition to
carboxylate present in lingo-cellulosic materials [44].
The appearance of some minor changes in spectral bands,
before and after phosphate biosorption on the sorbents,
may be evident to ion exchange process [46]. Volesky [47]
and Mahdy et al. [48] revealed that hydroxyl, carbonyl, and
amine functional groups have been proposed to be respon-
sible for metal binding and uptake by plant biomass via
adsorption, coordination, chelation, complexation, and/or
ion exchange. Thus, in the current study hydroxyl, carbonyl,
and amine functional groups may be responsible for the
biosorption properties of ammonium on nSD-KF (Fig. 7).

4. Conclusions

The results of this study revealed that the maximum
adsorption capacity (g, ) value of nSD-KF for phosphate
was higher (50,000 pg/g) than other sorbents (33,300 pg/g
for nSD-GU and 18,800 pg/g for nSD-GH). Consequently,
the maximum removal efficiency of PO} by nSD-KF was
higher and reached to 94%. The solution pH and tempera-
ture played a crucial rule in the adsorption process, since
they greatly affect the charges of the active sites of nSD-KF
and influence the phosphate behavior in the solution. For
the hot water-not extracted nSD-KF, the amount of sorbed
phosphate at equilibrium was maximum (9,977 mg/kg) at
normal pH and decreases to 9,474; 9,186; and 6,985 mg/kg at
pH 7, 9, and 11, respectively. On the other hand, for the hot
water-extracted nSD-KF, the adsorbed phosphate amount at
equilibrium was less than that of not-extracted nSD-KF at all
pHs. The adsorbed phosphate amounts at equilibrium were
2,820; 2,160; 1,940; and 1,880 mg/kg at pH normal, 7, 9, and
11, respectively.

According to FTIR and other analyses, the ion exchange
process, high specific surface area of nSD-KF, and ion com-
plexation between phosphate and sawdust nanoparticles
may be occurred in phosphate biosorption. In conclusion,
woody sawdust is a promising ligno-cellulosic biomaterial
used for the removal of phosphate from water as biosorption
process. So, the application of nanoscale sawdust particles
in wastewater or wastewater-irrigated soils would sub-
stantially decrease P runoff and eutrophication. Moreover,
the P-enriched nSD-KF can be used as a supplemental
P-fertilizer required for plant growth to overcome high cost
of mineral fertilizers applied to the agricultural soils.
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