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Abstract
This study was conducted to assess the feasibility of usingMoringa oleiferaLam. (MO) seeds in the biosorption of nitrate present
in aqueous solutions by means of batch and fixed-bed column biosorption processes. The batch assays showed that nitrate
biosorption is enhanced under experimental conditions of pH 3 and a biosorbent mass of 0.05 g. For the experiments in dynamic
mode, the results obtained from the statistical parameters showed that lesser pH, lesser feed flow rate, and higher initial
concentration will result in an increase of the maximum capacity of the bed. These conditions were confirmed by experimental
analysis. The best experimental conditions, according to the values for percentage removal (91.09%) and maximum capacity
(7.69 mg g−1) of the bed, were those used in assay 1, which utilized pH 3, feed flow rate of 1 mL min−1, and initial nitrate
concentration of 100 mg L−1.
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Introduction

Nitrate is a water contaminant widespread in the world,
due to its stability, high water solubility, and lack of aware-
ness of the population (Jain et al. 2015). Nitrogen in the
biochemical process of conversion of ammonia to nitrite,
and this to nitrate, may lead to the consumption of dis-
solved oxygen in the environment, affecting aquatic life.
Also, nitrogen in the form of nitrate present in drinking
water can cause diseases such as cancer and methemoglo-
binemia; also, studies indicate that it can cause diabetes
and hypertension and increase blood pressure (Weyer et
al. 2001; Galloway et al. 2003; Aghaii et al. 2013; Eneji

et al. 2013; Jain et al. 2015; Golie and Upadhyayula 2016).
Thus, the World Health Organization set a limit of
50 mg L−1 as the maximum allowable concentration of
nitrate in drinking water (WHO 2011).

In this context, various techniques for nitrate removal
have been studied, such as ion exchange, reverse osmosis,
and chemical and biological reduction (Ota et al. 2013),
but among these, adsorption seems to be the most attractive
technique in terms of cost, simplicity of design and opera-
tion, regenerative capacity, and reduction/minimization of
different types of organic and inorganic pollutants in water
and wastewater (Bhatnagar and Sillanpää 2011; Jain et al.
2015). The adsorption process can be carried out by batch
or in a fixed-bed column; and processes for large-scale
adsorption in a fixed-bed column are the most used, be-
cause they are more efficient for treating large volumes of
effluents and in adsorption/desorption cycles, since they
make more efficient use of the adsorbent capacity,
resulting in better effluent quality. Besides, they have other
advantages, such as high-yield operations and easy trans-
portation at laboratory scale (do Nascimento et al. 2014;
Golie and Upadhyayula 2016).

Biosorption is the ability of biological materials to re-
move pollutants from water, and biosorbents are used
worldwide due to their natural environment availability,
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low cost, and biodegradability (Farrokhzadeh et al. 2013;
Matouq et al. 2015). Moringa oleifera Lam. (MO) is a
plant of north-eastern India, easily cultivable in tropical
and subtropical regions, which has nutritional, medicinal,
and water-cleaning attributes (Reddy et al. 2011), being
used mainly in coagulation processes, clarification, and ad-
sorption of pollutants in aqueous solutions (Meneghel et al.
2013; Baptista et al. 2015). Its seeds, in particular, are
regarded as a natural coagulant, having cationic proteins re-
sponsible for clarifying turbid water (Gopalakrishnan et al.
2016; Baptista et al. 2017). Aqueous and saline extracts of
MO seeds have been used in the coagulation of water for
public supply, in order to remove color, turbidity, organic mat-
ter, and dissolved organic carbon, with good results obtained
(Baptista et al. 2015, 2017; Rezende et al. 2016). Despite the
studies that prove the efficiency of MO seeds for the removal
of several surface water and groundwater contaminants, few
studies have shown its application in dynamic processes.
Confirmation of MO application capability could broaden
the field of research and use of this biosorbent. Thus, the
purpose of this study was to remove nitrate from aqueous
solutions, using the seeds of Moringa oleifera Lam. as a
biosorbent in batch and fixed-bed column biosorption
processes.

Materials and methods

Biosorbent preparation

The fresh fruits of Moringa oleifera Lam. were obtained in
Aracaju, Sergipe, Brazil. To prepare the biosorbent, first, the
parts of the MO, bark and seeds, were separated manually.
The seeds were ground and homogenized in a processor,
washedwith deionized water to remove color, dried in an oven
with air circulation at 40 °C until constant weight was
achieved (Amagloh and Benang 2009), and finally sieved
through an 0.8-mm Bertel screen pack.

Biosorbent characterization

The point of zero charge (pHPZC) is defined as the pH at which
the surface of a biosorbent has neutral overall charge. Its de-
termination was performed according to Btrial of 11 points^
methodology (Regalbuto and Robles 2004).

To evaluate the morphological characteristics of the
biosorbent, scanning electron microscopy (SEM) using an
SEM SS 550 Superscan (Shimadzu) was carried out. The
analysis of functional groups was carried out by Fourier trans-
form infrared spectroscopy (FTIR) before and after the
biosorption of nitrate using a Bomen FTIR Spectrometer with
21 scans 100 min−1 and a resolution of 4 cm−1.

Preparation and determination of nitrate solution

A synthetic solution of nitrate (NO3
−) was prepared from a

stock solution of 100 mg L−1 NaNO3 diluted in deionized
water, and its determination was performed on a spectropho-
tometer at 205 nm as proposed by IAL (2008).

Batch biosorption assays

The batch biosorption study was performed in a cooled incu-
bator, setting the experimental conditions at room temperature
(25 °C ± 1), biosorbent mass of 0.2 g, 100 rpm rotation, un-
adjusted pH (5.0 ± 0.2), and initial nitrate concentration of
100 mg L−1. The following parameters were evaluated: con-
tact time (10–600min), pH (2–10), and adsorbent mass (0.05–
1.5 g), as well as desorption, in order to evaluate the regener-
ation and reuse of the biosorbent. After the equilibrium time,
samples were filtered through 0.45-μm Millipore membranes
and the nitrate concentration determined by spectrophotome-
ter. All assays were conducted in doubles and the results
expressed as the average result.

The amount of nitrate adsorbed (qe) was calculated accord-
ing to Eq. 1, while the nitrate desorption percentage (qds) was
calculated according to Eq. 2:

qe ¼
C i−Ceð Þ
m

:V ð1Þ

qds ¼
Cds :Vð Þ
m

ð2Þ

where qe is the amount of nitrate adsorbed at equilibrium
(mg g−1), V is the nitrate solution volume (L), Ci is the initial
nitrate concentration in solution (mg L−1), Ce is the nitrate
concentration at equilibrium (mg L−1), m is the mass of
biosorbent (g), qds is the amount of desorbed nitrate at equi-
librium (mg g−1), and Cds is the desorbed nitrate concentration
(mg L−1).

Fixed-bed column biosorption assays

One of the most important factors in measuring the feasibility
of a biosorbent in real and practical application is the perfor-
mance of biosorption process in a continuous fixed-bed col-
umn. In fact, the results from batch studies only present the
biosorption equilibrium and kinetics (Shanmugaprakash and
Sivakumar 2015). Therefore, in order to predict the perfor-
mance of MO to remove nitrate, experiments were carried
out in a dynamic mode.

In the fixed-bed column biosorption study, the following
parameters were evaluated: initial concentration (50, 75, and
100 mg L−1), solution pH (3.0, 5.5, 7.0) and feed flow rate (1,
3, and 5 mL min−1). Therefore, breakthrough curves were
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constructed using an experimental factorial design with three
levels (23) and four central points.

The pH values were chosen as a function of the higher
adsorption capacity, determined in the batch tests. The initial
concentration and flow rate were chosen based on the
literature.

The assays were conducted in a glass column of 28 cm
height and 0.9 cm internal diameter, positioned vertically so
that the biosorbent was packaged according to the Bslurry
method^ (Zach-Maor et al. 2011) using 1.0 g of MO seeds
moistened with deionized water (equivalent to a height of
2.5 cm) at room temperature (25 °C ± 1). The water contam-
inated with nitrate (NO3

−) was fed to the bed in upflow by a
Masterflex peristaltic pump, and the effluent samples were
collected at established time intervals until saturation of the
bed, when Ct/C0 = 0.9.

The total solute capacity in the fixed-bed for a given con-
centration and flow rate may be obtained by calculating the
area below the breakthrough curve (Paudyal et al. 2013) given
by Eq. 3:

qt ¼
Q:A
1000

¼ Q

100
∫t¼ttotal
t¼0 Cad:dt ð3Þ

where qt is the amount of solute adsorbed on the bed (mg), Q
is the volumetric feed flow (mLmin−1),A is the area below the
breakthrough curve, Cad is the adsorbed concentration on the
bed (mg L−1), and t is the total feed time (min), which could be
ttotal, ts or tr that represent the total flow time, the saturation or
exhaustion time (Ct/C0 = 0.90), or the breakthrough time (Ct/
C0 = 0.10), respectively.

The adsorbed concentration in the bed, Cad, can be obtain-
ed by calculating the difference between the feed concentra-
tion (C0) and the outlet concentration (Ct) of the bed as given
by Eq. 4:

Cad ¼ C0−Ct ð4Þ

The maximum capacity of the bed (qe) is calculated by the
total amount of solute adsorbed (qt) per mass of adsorbent (m)
(Nguyen et al. 2015), according to Eq. 5:

qe ¼ qt=m ð5Þ

The total amount of adsorbate sent to the bed at the end of
feeding time (Wt) is calculated by Eq. 6:

W t ¼ C0:Q:ts
1000

ð6Þ

Where C0 is the feed concentration (mg L−1), Q is the
feed flow rate (mL min−1) and ts is the bed saturation time
(min).

The calculation of the total percentage removal (Y),
presented in Eq. 7, can be done by relating the total
amount of adsorbate sent to the bed at the end of feeding

time (Wt) with the amount of solute adsorbed on the bed
(qt):

Y ¼ qt
W t

:100 ð7Þ

For experimental design, the maximum capacity of the bed
(qe) was assessed as a response parameter using STATISTIC
8.0 software, where the statistical significance between the
different treatments was set at p < 0.05 using ANOVA.

Various simple mathematical models have been developed
to predict the dynamic behavior of the column, such as
Adams-Bohart, Thomas, and Dose–response. Thus, the exper-
imental data of the breakthrough curves were fitted to the
described models.

Results and discussion

Biosorbent characterization

The determination of pHPZC assumes that protons (H+) and
hydroxyl groups (OH−) are the determinant ions. Thus, the
adsorbent present in aqueous solution can adsorb H+ or OH−

ions, that is, it can dissociate or associate solution protons,
depending on the properties of the adsorbent and the pH of
the aqueous solution. Thus, the surface of the active sites
becomes positively charged when associating protons under
acidic conditions or negatively charged when dissociating
protons under alkaline conditions (Cerovic et al. 2007).

Figure 1 determines the pHPZC for MO seeds, which cor-
responds to the range where the final pH remains constant. For
MO seeds, pHPZC lies at approximately 6.5, favoring the ad-
sorption of nitrate ions at a pH below this value.

The biosorbent morphology was investigated by SEM
analysis and the micrographs obtained are shown in Fig. 2 at
a magnitude of 1000 times. For MO seeds, we see a relatively
porousmatrix with heterogeneous pore distribution also found
by Meneghel et al. (2013) which can be attributed to the pres-
ence of a wide variety of components. Also, deformations are
observed that can provide a highly specific internal surface
area, favoring the adsorption of pollutants (Reddy et al. 2011).

Knowledge of the functional groups present in the adsor-
bent is important for understanding the mechanisms of ad-
sorption, as these can act as adsorption sites (do Nascimento
et al. 2014). The FTIR spectra obtained from the MO seeds
before and after the biosorption process for nitrate ions are
shown in Fig. 3.

The FTIR spectra is very similar to the one found by
Araújo et al. (2010) and show the presence of various func-
tional groups, indicating the complex nature ofMO seeds. The
extended band located at 3420 cm−1 before biosorption indi-
cates the presence of hydroxyl groups present in proteins, fatty
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acids, carbohydrates, phenolics, silanols, and lignin units
(Reddy et al. 2011) with a slight decrease after nitrate ion
biosorption. The peaks at 2923 and 2852 cm−1 before and
after biosorption indicate the symmetric and asymmetric
stretching of C–H of CH2 groups present in fatty acids. In
the region 1800–1500 cm−1, a number of bands that overlap
are observed which can be attributed to C=O stretching. The
peak observed at 1653 cm−1 is related to amide groups present
in proteins. The peak observed at 1587 cm−1 can be assigned
to stretching connecting C–N and also deformation of the N–
H bond present in the seed proteins (Araújo et al. 2010, 2013).
By comparison between before and after the nitrate ion
biosorption process, the changes observed for spectra may
be due to electrostatic interactions between the functional
groups present in the MO seeds, especially the amide groups
present in proteins with nitrate ions.

Batch biosorption assays

Kinetic study

Figure 4 presents the adjustment of experimental data to ki-
netic models of (a) pseudo-first-order and pseudo-second-
order models and (b) intraparticle diffusion model to equilib-
rium of nitrate in MO.

From Fig. 4a, it is also possible to determine the equi-
librium time for this adsorption. The results for the resi-
dence time required for adsorbate equilibrium within the
biosorbent pores suggest that the removal of nitrate is rapid
for the first few minutes, followed by a decrease in removal
until reaching equilibrium from the time of 240 min, pre-
senting no difference for the later evaluated times. Pseudo-
first- order (Lagergren 1898), pseudo-second-order (Ho
and Mckay 1998), and intraparticle diffusion (Weber and
Morris 1963) kinetic models (Eqs. 8, 9, and 10 respectively)
were adjusted to the experimental data (Fig. 4) and the param-
eters of the models, as well as their correlation, are shown in
Table 1.

qt ¼ qe 1−e−k1:t
� � ð8Þ

qt ¼ qe
qe:k2:tð Þ

qe:k2:t þ 1ð Þ ð9Þ

qt ¼ kdif :t§ þ C ð10Þ
where qt is the nitrate amount adsorbed at t time (mg g−1),
qe is the nitrate amount adsorbed at equilibrium (mg g−1),
t is the stirring time (min), k1 is the constant rate of adsorption
of the pseudo-first-order model (min−1), k2 is the constant
rate of adsorption of the pseudo-second-order model
(gmg−1min−1), andC (mg g−1) is a constant related to diffusion

Fig. 3 FTIR spectra of Moringa oleifera Lam seeds before and after
nitrate biosorption (biosorbent mass 0.2 g, pH 5, rotation 100 rpm,
temperature 25 °C, and time 24 h)

Fig. 1 Determination of pHPZC for Moringa oleifera Lam seeds
(biosorbent mass 0.05 g, pH 1–12, rotation 100 rpm, temperature
25 °C, and time 24 h)

Fig. 2 Micrograph obtained by SEM of the Moringa oleifera Lam seeds
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resistance. The value of kdif (mg g−1 min-0.5) may be obtained
from the slope and the value of C from the intersection of the
graph curve qt versus t

0.5.
Bymeans of Table 1, for the intraparticle diffusionmodel, a

C value other than zero indicates that the lines of the graph
(Fig. 4b) do not pass through the origin, and therefore it is not
a determinative kinetics step. However, both pseudo-first-
order and pseudo-second-order kinetic models presented cor-
relations greater than 90%, and qe values very close to the
experimental values, but the pseudo-second-order model best
represented the experimental data. Processes that follow this
model have the characteristic of chemisorption as a limiting
step (Debrassi et al. 2011), involving valence forces or ex-
change of electrons between adsorbate and adsorbent (Ncibi
et al. 2008). Thus, the adsorbate adheres to the functional
groups present on the surface of the adsorbent through chem-
ical bonding.

Influence of pH

The influence of pH on adsorption is important, since the
loads of adsorbent and adsorbate must be opposed so
that there is electrostatic interaction between them
(Toledo et al. 2005). The results show that nitrate ad-
sorption is dependent on solution pH, where ion removal
is favored by acidic pH and the best pH is 3 (Fig. 5). At
this pH, the maximum adsorption capacity was 15.62 ±
0.50 mg g−1. In this pH range, the concentration of H3O

+

ions increases and these interact with nitrate ions by
electrostatic attraction (Demiral and Gündüzog 2010;
Aghaii et al. 2013).

For the natural pH of water contaminated with nitrate
(pH 5.0), the maximum adsorption capacity was 14.09 ±
0.3 mg g−1.

Fig. 4 Adjustment of experimental data to kinetic models of a pseudo-first-order and pseudo-second-order models and b intraparticle diffusion model
(biossorbent mass 0.2 g, pH 5, rotation 100 rpm, temperature 25 °C, and contact time 10–600 min)

Fig. 5 Effect of nitrate biosorption onto MO seeds (biosorbent mass
0.2 g, pH 2–10, rotation 100 rpm, temperature 25 °C, and time 240 min)

Table 1 Constants of the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models

qe experimental (mg g−1) 14.68 ± 2.30

Kinetic model Parameters

First-order k1 (L min−1) 0.0695

qe calculated (mg g−1) 14.19

R2 0.9302

Second-order k2 (g mg−1 min−1) 0.0087

qe calculated (mg g−1) 14.91

R2 0.9691

Intraparticle diffusion kdif (mg g−1 min-0,5) 2.8471

C (mg g−1) 2.1618

R2 0.8869
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As demonstrated by the FTIR assay, MO seeds have a wide
variety of functional groups, which according to Akhtar et al.
(2007) can be dissociated at different pH values and, therefore,
participate in the biosorption process, where different pH
values can result in different nitrate removal percentages.
Still, according to the pHPZC, the best pH must be below
6.5, because from this value, the interactions get weaker.
This was confirmed in the pH evaluation assay, since at pH
values below 6, the highest nitrate removal capacity was ob-
tained, except for pH 2 (qe = 11.46 ± 0.25mg g−1). Very acidic
pHs, such as pH 2, may have damaged the surface of the
biosorbent, a natural material.

Influence of biosorbent mass

The effect of the biosorbent mass is presented in Fig. 6. From
the results, it was observed that the amount adsorbed (qe)
increases proportionately with decreasing adsorbent dosage;
for MO seeds the qe fell from 64.38 ± 2.31 mg g−1 with 0.05 g
of bisorbent mass to 0 mg g−1 with 1.5 g. Thus, high qe oc-
curred in the use of 0.05 g of adsorbent mass, suggesting that
small amounts of adsorbent are required to accommodate all
of the adsorbate molecules. Moreover, MO biosorbent has a
limit, from which the balance between the amount of released
nitrate and that adsorbed by the seed is moved. Increasing the
adsorbent mass (0.5 g or >) can harm the process, since with a
greater mass of biosorbent used, the amount of nitrate released
by the MO seeds increases, without removal of the ions.

Adsorption energy

The nature and thermodynamic feasibility of the nitrate ad-
sorption process were calculated from the Gibbs free energy,
enthalpy, and entropy bymeans of Eqs. 11, 12, and 13wherein

the linear adjustment of the graph of ln kd versus 1/T is pro-
vided to calculateΔH° andΔS° by its slope and intercept (Liu
2009); the results are shown in Table 2.

ΔG° ¼ −R:T :lnkd ð11Þ
ΔG° ¼ ΔH°−T :ΔS° ð12Þ

lnkd ¼ ΔS
∘

R
−
ΔH

∘

R:T
ð13Þ

It is known that for ΔH values lower than 40 kJ mol−1,
adsorption is described as a physical process (Bhatnagar et
al. 2010; Aghaii et al. 2013). Thus, for MO, it can be conclud-
ed that physisorption takes place exothermically as evidenced
by the negative values of ΔH.

These results are consistent with findings in the litera-
ture, where physical adsorption occurs by weak intermo-
lecular forces of attraction between the surface molecules
of the adsorbent and the adsorbed molecules characterized
as an exothermic process, favored at low temperatures
(Ruthven 1984).

In addition, the results complement what was found in the
adsorption kinetics, indicating that both chemisorption and
physisorption probably occur for MO seeds, despite getting
a better fit of the data to the pseudo-second-order kinetic
model.

The negative value of ΔS suggests reduced randomness at
the solid–solution interface during the biosorption of nitrate,
while negative values of ΔG suggest the spontaneous nature
of the adsorption process, during the setting of nitrate ions at
the active sites of the biosorbent and a favorable adsorption
process for temperatures below 25 °C. According to Liu
(2009): BThe Gibbs energy change (ΔG°) indicates the degree
of spontaneity of an adsorption process, and a higher negative
value reflects a more energetically favorable adsorption.^
Thus, the results obtained suggest that the batch adsorption
process would be unspontaneous in the temperatures up to
35 °C. Other works mention that positive values of ΔG°
would indicate that the adsorption process is unspontaneous
under the conditions applied (Kafshgari and Tahermansouri
2017; Khakpour and Tahermansouri 2018; Yahya et al. 2018).

Fig. 6 Effect of biosorbent mass on nitrate biosorption onto MO seeds
(biosorbent mass 0.05–1.5 g, pH 5, rotation 100 rpm, temperature 25 °C,
and time 240 min)

Table 2 Thermodynamic parameters for the biosorption of nitrate on
MO seeds at different temperatures

Thermodynamics parameters Temperature (°C)

15 25 35 45

ΔGo (kJ mol−1) − 0.78 − 0.22 1.14 2.45

ΔHo(kJ mol−1) − 32.70
ΔSo (kJ mol−1 K−1) − 0.11

R2 = 0.9688
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Batch desorption

Desorption assays were conducted in batches in order to check
the possibility of biosorbent reuse. Regenerating agents were
evaluated such as water, sodium hydroxide (pH 13), and eth-
anol 50% (v/v), and under the same experimental conditions, it
was found that sodium hydroxide removed 95.74% of the
nitrate present in the active sites of the biosorbent, while water
achieved only 26.60% of removal.

Thus, this regenerative agent was used in five cycles of
adsorption/desorption, where after each cycle, the biosorbent
was dried and weighed.

From the results obtained, it can be concluded that the
biosorption process occurs either by physisorption or chemi-
sorption, but to a greater tendency by physisorption. That
behavior was also confirmed by the adsorption/desorption
test, since the regenerating agent (sodium hydroxide) was able
to desorb the nitrate present at the biosorbent surface. It was
observed that there was a loss of adsorptive capacity in the
first two adsorption/desorption cycles, which tended to certain
stability in the following biosorption cycles. This behavior can
be explained by the characteristic of the natural material used
in the experiment, that is, the MO seeds not undergoing chem-
ical modifications and capable of providing structural stability.
Their being a natural material, without pre-treatment, and the
possibility of them working in several operating cycles, dem-
onstrated an advantage for the use of MO seeds as a
biosorbent.

Biosorption in fixed-bed column assays

Figure 7 shows the breakthrough curves obtained in the eval-
uation of the effect of feed concentration, pH of the
initial solution, and flow rate parameters, respectively to

assays 1–12. Table 3 shows the results obtained for the total
capacity of the bed (qt), maximum capacity of the bed (qe),
total amount of adsorbate sent to the bed (Wt), and total per-
centage removal of the bed (Y) in addition to the breakthrough
(tr) and saturation times (ts) calculated from the breakthrough
curves.

From the results, we found that the percentage of nitrate
removal by biosorption ranged from 69.69 to 91.09% while
the adsorptive capacity values by MO seeds (qe) ranged from
1.59 to 7.69 mg g−1.

The best experimental conditions, according to the values
for percentage removal (91.09%) and maximum capacity
(7.69 mg g−1) of the bed were those used in assay 1, which
utilized pH 3, flow rate of 1 mL min−1, and initial nitrate
concentration of 100 mg L−1. These experimental conditions
were confirmed by statistical analysis, where it was observed
that the variation of pH, initial concentration, and flow rate
significantly influenced the nitrate biosorption process, with a
p value < 0.05.

A negative effect was obtained with pH (− 1.7546) and
flow rate (− 2.0975) parameters, while a positive effect
(1.6808) was obtained for initial concentration. This result
indicates that lesser pH, lesser feed flow rate, and higher initial
concentration will result in an increase of the maximum ca-
pacity of the bed.

The assay 6, which used experimental conditions of pH 7,
flow rate of 5 mL min−1, and initial concentration of
50 mg L−1 showed the lowest recorded values (1.59 mg g−1

and 69.69%). As for the pH values studied, nitrate biosorption
was favored at pH values below pHPZC, in this case 6.55,
evidenced by batch biosorption assays. Thus, pH 3 explains
the best experimental conditions.

The larger the difference between tr and ts, the larger is the
unused portion of the column, which is undesirable although
unavoidable. This is confirmed in assays 1, 2, 8, and 9, which
were performedwith the lowest flow rate. For feed flow rate, it
is possible to see that the increase in flow rate from 1 to
5 mL min−1 caused a decrease in the saturation time. In assay
4, in only 7.22 min, and smaller difference between tr and ts
(3.89 min), the biosorption process had reached 90% of its
capacity (Ct/C0 = 0.9). Christoforidis et al. (2015) reported
that at high flow rates, bed saturation will occur in less time,
leading to poor performance of the overall system, while at a
low flow rate, the residence time in the bed will be higher, and
consequently, its capacity will be higher. Gong et al. (2015)
also mentions that when using high flow rate, the adsorbate
may leave the packed-bed column before reaching adsorption
equilibrium, because of insufficient residence time.

Under the same experimental conditions and varying the
initial concentration, in assays 1 and 7, with double the initial
concentration (100 mg L−1) the saturation time decreased, but
the amount adsorbed increased and the percentage removal
was practically the same. As for saturation time, Golie and

Fig. 7 Breakthrough curves for the biosorption of nitrate onto MO seeds:
assays 1–12
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Upadhyayula (2016) explained that at higher nitrate concen-
trations, the active sites of the biosorbent will be quickly filled,
resulting in faster saturation. Kavianinia et al. (2012) also
explained that high values for adsorption capacity are found
at a higher adsorbate concentration, providing a greater driv-
ing force due to the concentration difference between the sol-
ute in the adsorbent and the solute in the solution for the
transfer process overcoming the mass transfer resistance.

Mathematical modeling of the experimental data

The experimental data of the breakthrough curves were fitted
to Thomas (1944), Bohart and Adams (1920), and Dose–re-
sponse (Senthilkumar et al. 2006; Calero et al. 2009) models
described in the literature. The Thomas model is the most
general and widely used to describe the biosorption process
in a fixed-bed column. This considers that the experimental
data follow reversible second-order kinetics and that the reac-
tion is controlled by mass transfer. The model also assumes a
constant separation factor applicable to favorable and unfavor-
able isotherms (Aksu and Gönen 2004; Calero et al. 2009).
The model is expressed by Eq. 14:

Ct

C0
¼ 1

1þ exp
kTH
Q

� �
q0:m−C0:V efð Þ

� � ð14Þ

Where C0 is the feed concentration (mg L−1), Ct is the
outlet concentration (mg L−1), kTH is the mass transfer coeffi-
cient (mLmg−1 min−1), q0 is the adsorption capacity (mg g−1),
Q is the feed flow rate (mL min−1),m is the mass of adsorbent
(g), and Vef is the volume of effluent sent to the column (L).

Bohart and Adams originally suggested a mathematical
correlation that relates C0/Ct and column service time (t) for

a continuous flow system. At first, the model was developed
for a gas–charcoal adsorption system, but it can be applied to
the quantitative description of other systems, where the ad-
sorption rate is proportional to the residual solid capacity
and the concentration of sorbed species (Kavianinia et al.
2012). However, this model is only used in the description
of the initial part of the breakdown curve, that is, when Ct/
C0 ≤ 0.15. The model is expressed by Eq. 15:

Ct

C0
¼ ekAB :C0:t− kAB:N0:

H
F

� �
ð15Þ

where C0 is the feed concentration (mg L−1), Ct is the outlet
concentration (mg L−1), kAB is the kinetic constant
(L mg−1 min−1), t is the time (min), N0 is the volumetric ad-
sorption capacity of the bed (mg L−1),H is the bed height (cm),
and F is the linear velocity (cm min−1). F may be obtained by
the ratio between the volumetric flow (mL min−1) and, A, the
area of the column section (cm2) (Gong et al. 2015).

The Dose–response model, commonly used in pharmacol-
ogy to describe different processes, can also be used to de-
scribe the kinetics of biosorption in a fixed-bed column. The
model is expressed by Eq. 16:

Ct

C0
¼ 1−

1

1þ Ci:Vef

q0:m

� 	a ð16Þ

where C0 is the feed concentration (mg L−1), Ct is the outlet
concentration (mg L−1), Vef is the volume of effluent sent to
the column (L), q0 is the adsorption capacity (mg g−1),m is the
mass of adsorbent (g), and a the constant of the Dose–re-
sponse model.

Adjustments according to Thomas, Dose–response, and
Bohart and Adams models are shown in Table 4. From this,
we realized that by the Bohart–Adams model, the value of the

Table 3 Results obtained in the analysis of the effect of feed concentration, initial solution pH and rate flow for the nitrate biosorption: assays 1–12

Assay pH Rate flow
(mL min−1)

Initial concentration
(mg L−1)

qt
(mg)

qe
(mg g−1)

W
(mg)

Y
(%)

tr
(min)

ts
(min)

1 3.0 1.0 100.0 7.69 7.69 8.44 91.09 63.31 84.46

2 7.0 1.0 100.0 3.64 3.64 4.38 83.00 19.55 43.86

3 3.0 5.0 100.0 3.01 3.01 4.22 71.40 3.51 8.44

4 7.0 5.0 100.0 2.53 2.53 3.61 70.14 3.33 7.22

5 3.0 5.0 50.0 2.18 2.18 3.11 70.20 6.36 12.45

6 7.0 5.0 50.0 1.59 1.59 2.28 69.69 3.74 9.14

7 3.0 1.0 50.0 4.13 4.13 4.62 89.37 71.69 92.54

8 7.0 1.0 50.0 2.24 2.24 2.66 84.26 34.79 53.24

9 5.5 3.0 75.0 5.34 5.34 6.57 81.26 19.01 29.22

10 5.5 3.0 75.0 4.85 4.85 6.69 72.56 15.41 29.74

11 5.5 3.0 75.0 5.01 5.01 6.23 80.28 16.58 27.73

12 5.5 3.0 75.0 5.23 5.23 6.81 76.78 16.38 28.91
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kinetics constant kAB increases with increasing flow rate and pH;
however, it decreases with an increase of the initial concentra-
tion. The influence of the flow rate on the constant kAB demon-
strates that the kinetics of the system is dominated by external
mass transfer, as also observed by (Aksu and Gönen 2004).

As for N0 concern, the volumetric adsorption capacity of
the bed, the Bohart and Adams model presented better fit to
the data referent to assay 2. For these conditions (pH 7.0, flow
rate of 1 mL min−1, and concentration of 100 mg L−1), the N0

value obtained was 2820.59 mg L−1.
The Dose–response model represented the experimental da-

ta well, with correlations greater than 90% and adsorptive ca-
pacity values very close to those obtained experimentally for all
assays. q0 and a increased with increasing concentration and
decreasing pH and flow rate. For this model, the best settings
occurred for assay 4, with correlations of R2 = 0.9964 while the
q0 value (2.72 mg g−1) was closest to the experimental value
(2.53 mg g−1). The conditions of this assay were pH 7.0, flow
rate of 5 mL min−1, and concentration of 100 mg L−1.

Finally, the Thomas model was the one that best represent-
ed the experimental data, especially for assay 9 with adsorp-
tive capacity value (5.42 mg g−1) very close to those obtained
experimentally (5.34 mg g−1). q0 and kTH increased with in-
creasing concentration, whereas for the flow rate, kTH in-
creased with increasing flow rate and q0 had the opposite
effect. Aksu and Gönen (2004) explained that the Thomas
model best fits the experimental data when the process in a
fixed-bed adsorption column has no limiting step such as in-
ternal or external diffusion.

Conclusions

The removal of nitrate from aqueous solutions was conducted
in a batch and continuous fixed-bed column system using

Moringa oleifera biosorbent. To the batch system, the effects
like adsorbent mass, pH, and time were studied, and results
showed that nitrate biosorption is enhanced under experimen-
tal conditions of pH 3 and a biosorbent mass of 0.05 g. The
effects of process parameters such as flow rate, pH, and initial
nitrate concentration of packed-bed on the performance of
adsorption column were also investigated, and an adsorptive
capacity of 7.69 mg g−1 was obtained at the conditions of
pH 3, 1 mL min−1, and 100 mg L−1. Thus, MO seeds present
a promising potential for nitrate removal, obtaining high ad-
sorption capacities under optimum conditions, and it can be
applied in both biosorption batch and fixed-bed column pro-
cesses. It can be emphasized that one additional advantage of
working with MO seeds is their desorption capacity, being
able to operate in multiple cycles of operation.
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