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Continuous adsorption of nitrate in a fixed-bed column can be an effective method for its removal from
water. In this study, an amine-rich polymer composite adsorbent was prepared by crosslinking chitosan
(CS) and polyethyleneimine (PEI) with glutaraldehyde (GLA). The CS-PEI-GLA was packed into columns
and the effect of flow rate, influent concentration, bed height, and other ionic species on the column
performance was investigated. The highest adsorption capacity was achieved at the lowest flow rate and
highest influent concentration and bed height. Maximum adsorption capacity of 137.62 mg NO3;™-N/g was

gei{r"::erdS: determined from the Thomas model. The column had acceptable nitrate removal in the presence of 1000
Chitosan ppm chloride but poor performance in the presence of 1000 ppm sulfate due to the competitive effect

of sulfate for binding sites. The best recovery agent was 0.5 M NaCl as it could regenerate the column to
<90 % of its capacity after 10 adsorption-desorption cycles. The adsorbent effectively removed nitrate as
well as phosphate and total organic carbon from a real water sample. This study suggests that amine rich

Polyethyleneimine
Continuous adsorption
Breakthrough models

polymers can be good candidates for the removal of nitrate in contaminated water.
© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Nitrate (NO3;~) contamination in surface and groundwater can
be originated from different sources like agricultural runoff, domes-
tic wastewater, and effluent of industries producing fertilizers,
pharmaceuticals, food, and explosives (Salman Tabrizi and Yavari,
2020; Jozwiak et al., 2014; Xing et al., 2011). This contamination
can cause different problems, for instance, disruption of conven-
tional wastewater treatment plant, eutrophication, harmful effect
on aquatic life, and adverse effects on human health like respiratory
tract infection, hypertension, cyanosis syndrome, and blue-baby
syndrome in infants (Salman Tabrizi and Yavari, 2020; J6zwiak
etal.,2014; Xing et al.,2011; Najmi et al., 2020; Xu et al., 2013; Nur
etal.,, 2015). Moreover, nitrate can cause gastrointestinal tract can-
cer and transform into other carcinogenic compounds, like nitrite
and nitrosamines (J6zwiak et al., 2014; Najmi et al., 2020; Wu et al.,
2016; Olgun et al., 2013). Because of these risks associated with
nitrate, according to World Health Organization (WHO), its concen-
tration in drinking water should not be higher than 45 mg/L NO3~
or 10 mg/LNO3~-N (Xu et al.,2013). The high solubility and stability
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of nitrate in water have made its removal challenging using con-
ventional methods (Salman Tabrizi and Yavari, 2020). As of today,
different methods are suggested for nitrate removal, such as reverse
osmosis, electrodialysis, biological and chemical denitrification, ion
exchange, and adsorption. The latter has attracted a lot of attention
because it is fast, simple, cheap, and flexible (Salman Tabrizi and
Yavari, 2020; Najmi et al., 2020; Wu et al., 2016). Furthermore,
adsorbents can be reused, as a result, the amount of sludge for
disposal are not high (Xu et al., 2013; Olgun et al., 2013).

The heart of an adsorption process is the type of adsorbent
that is chosen to adsorb the pollutant. Since nitrate is an anion,
it is expected that an adsorbent with positively charged functional
groups would show a promising performance for nitrate removal
(Salman Tabrizi and Yavari, 2020). Therefore, amine functional
groups, which are protonated at pH below 9 were hypothesized
to be good candidates for nitrate adsorption (Salman Tabrizi and
Yavari, 2020; Rao et al.,2019). Chitosan (CS) and polyethyleneimine
(PEI) are both amine-rich polymers, thus they could potentially be
used as effective adsorbents for nitrate removal (Salman Tabrizi and
Yavari, 2020; Golie and Upadhyayula, 2016; Sun and Zheng, 2020;
Berbar et al., 2012; Nadres et al., 2017a). Chitosan is a renewable
source, since it is a waste product from the crab and shrimp can-
ning industries, and can be obtained on an industrial scale (Dutta
etal,, 2004).Inits chemical structure, abundant amine and hydroxyl
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Nomenclature

a Logistic function parameter

B Logistic function parameter (1/min)

BDST Bed depth service time

Co Nitrate-N concentration in influent (mg/L)

G Nitrate-N concentration at breakthrough point
(mg/L)

Ce Nitrate-N concentration in effluent (mg/L)

(&) Chitosan

CWS Community water service

GLA Glutaraldehyde

H Bed height (cm)

ISE Ion-selective electrode

Kg.a Bohart-Adams rate constant (L/mg.min)

Kgpst  BDST model rate constant (L/mg.min)

KHP Potassium hydrogen phthalate

Krp Thomas rate constant (L/mg.min)

Ky.n Yoon-Nelson rate constant (1/min)

M Adsorbent mass (g)

MTZ Mass-transfer zone

Ngpst  BDST model volumetric adsorption capacity (mg/L)

Nm Bohart-Adams adsorption capacity per unit volume
(mg/L)

PEI Polyethyleneimine

Q Flow rate (L/min)

Qexp Experimental adsorption capacity (mg/g)

dm Thomas adsorption capacity (mg/g)

R Percent removal

R2 Regression coefficient

t Time (min)

tp Time at the breakthrough point (min)

u Linear velocity (cm/min)

Vp Total effluent volume up to the breakthrough point
(mlL)

WHO  World Health Organization

T Time when adsorbate reaches to half of break-
through (min)

functional groups exist. These functional groups can effectively
remove different aquatic pollutants (Golie and Upadhyayula, 2016;
Crini and Badot, 2008; Medina et al., 2016; Perez et al., 2017). How-
ever, both CS and PEl are unstable, therefore chemical enhancement
is necessary to make them suitable for adsorption (Salman Tabrizi
and Yavari, 2020; Jézwiak et al., 2014; Golie and Upadhyayula,
2016; Nadres et al., 2017b). In our previous study (Nadres et al.,
2017a), a novel polymer composite was prepared by cross-linking
CS and PEI using glutaraldehyde (GLA). The CS-PEI-GLA adsorbent
showed good stability and nitrate removal performance over a wide
range of pHs in batch mode (Nadres et al.,, 2017a). However, in
terms of practicality, an adsorbent should be evaluated in contin-
uous mode. Although the batch experiments provided information
about some characteristics of the adsorbent, since the continuous
adsorption does not necessarily reach equilibrium like the batch
adsorption, testing the adsorbent performance in continuous mode
is essential (Salman Tabrizi and Yavari, 2020; Najmi et al., 2020).
Furthermore, the effect of hydrodynamic parameters, like flow rate
cannot be assessed in the batch mode, as aresult, designing an effec-
tive industrial-scale continuous adsorption system must be based
on the data obtained from a lab-scale continuous column (Salman
Tabrizi and Yavari, 2020; Najmi et al., 2020; Golie and Upadhyayula,
2016).

In this study, a fixed-bed column packed with the CS-PEI-GLA
was used to remove nitrate from the aqueous phase continuously.
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Breakthrough curves were obtained for the column under different
flow rates, influent concentrations, and bed heights. Logistic func-
tion parameters were obtained by fitting the experimental data
and these parameters were used to calculate the Bohart-Adams,
Thomas, and Yoon-Nelson models’ parameters. The breakthrough
curves and models’ parameters are essential for industrial-scale
column design. Effect of coexisting anions namely sulfate and
chloride, on nitrate adsorption was also investigated. Finally, regen-
eration and reusability of the column, as well as nitrate removal
from a real water sample were determined.

2. Material and methods
2.1. Synthesis and characterization of the adsorbent (CS-PEI-GLA)

The description of materials used in this study is provided in
the supporting information. Adsorbent synthesis, optimization, and
characterization procedures have been reported in our previous
publication (Nadres et al., 2017a). Briefly, a solution containing
2% wfw CS and 10 % w/w PEI was prepared and stirred for 16 h.
Followed by addition of GLA at a final concentration of 2% w/w.
After GLA addition, the solution turned into a gel. The gel was
further washed and freeze-dried to obtain a brownish powder
(CS-PEI-GLA). The prepared adsorbent was characterized by Atten-
uated Total Reflectance Fourier Transform Infrared spectroscopy
(ATR-FTIR), X-ray photoelectron spectroscopy (XPS), Brunauer-
Emmett-Teller (BET), and Scanning Electron Microscopy (SEM) as
described by (Nadres et al., 2017a).

2.2. Nitrate adsorption optimization: column experiments

A weighed amount of dried CS-PEI-GLA adsorbent was swelled
overnight in deionized water. The column was prepared by pack-
ing the adsorbent into a glass column (15 mm, inner diameter and
30 cm height) and washed with five volumes of deionized water.
The influent at pH = 7 was introduced to the column from a three
liters Erlenmeyer flask using a peristaltic pump. The effluent was
collected using a fraction collector (Fig. 1).

It was investigated how breakthrough curves as well as the
parameters described below are affected by changes in rate of flow,
nitrate concentration in the influent, and the height of the bed.

(a) experimental adsorption capacity qexp (Mg/g),

QG [/ (1 — & e
Gexp = M (1)

where Cy and Ce (mg/L) are the nitrate-N concentration in influent
and effluent, respectively, t (min) is the time, Q (L/min) is the flow
rate, and M (g) is the adsorbent mass,

(b) nitrate removal R (%),

_ Gexp
= QGot. @)

where te (min) is exhaustion time, when the Ce equals 0.95 of Cy,
(c) total effluent volume up to the breakthrough point, C. equals
10 mg/L NO3~-N, V}, (mL),

Vp = Qty (3)

where t}, is the time at the breakthrough point.

The flow rate of the pump was varied (5, 7.5, 10 mL/min), while
using a constant amount of adsorbent (0.5 g) and nitrate concen-
tration (100 mg/L NO3~-N), to investigate the correlation between
flow rate and nitrate adsorption. Different concentrations of the
influent (50, 100, 200 mg/mL NO3~-N), while using constant flow
rate (5 mL/min) and amount of adsorbent (0.5 g), were used to
determine their effect on the efficiency of nitrate removal. Finally,
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Contaminated water
Influent concentrations:
* 50 mg/L NO;-N

* 100 mg/L NOs;-N Flowrates:

* 200 mg/L NO;-N *  5SmL/min
* 7.5 mL/min
* 10 mL/min

Peristaltic pump
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Packed-bed column
Bed heights:
* 35cm
« 7cm
* 10.5cm

Nitrate
probe

[ Y

Fig. 1. Schematic representation of experimental setup composed of contaminated water container, peristaltic pump, packed-bed column, and fraction collector to collect

column effluent and measure nitrate concentration.

Table 1
Parameters of the breakthrough models.

Model Parameters Logistic function Logistic function
parameter (a) parameter (b)
Thomas Kty Gm LpgmM KmCo
Bohart-Adams Kg-a, N Kp-aliml Kz_aCo
Yoon-Nelson Ky-n, T Ky_nT Ky_n

K (L/mg.min) is the Thomas rate constant, q, (mg/g) is the model adsorption
capacity per unit mass of CS-PEI-GLA, Kg_.o (L/mg.min) is the Bohart-Adams rate
constant, N, (mg/L) is the model adsorption capacity per unit volume of the bed, H
is the height of the bed (cm), u (cm/min) is the linear velocity, Ky.y (1/min) is the
Yoon-Nelson rate constant, and 7 (min) is the time when the adsorbate reaches half
of the breakthrough.

different amounts of adsorbent (0.25, 0.5 and 0.75 g correspond-
ing to 3.5, 7.0 and 10.5 cm, respectively) while using constant flow
rate (5 mL/min) and nitrate concentration (100 mg/mL NO3~-N)
were used to investigate the effect of bed height. The nitrate con-
centration was analyzed using a nitrate ion-selective electrode (ISE,
Thermo Fisher).

2.3. Modeling of the column data

As clearly demonstrated recently in the literature (Hu et al.,
2019; Chu, 2020), the three common breakthrough models for
modeling adsorption in fix-bed columns in environmental stud-
ies namely Thomas, Bohart-Adams, and Yoon-Nelson have similar
mathematical forms. Therefore, in this study, the standard logistic
function (Eq. 4) was used for fitting of the experimental data and
then the three models’ parameters were calculated based on Table 1
to elaborate the behavior of the CS-PEI-GLA as packing material for
the removal of nitrate,

Ce 1

Co _ 1+exp(a— bt) )

where a (dimensionless) and b (1/min) are the logistic function
parameters that are determined by fitting the experimental data.

Based on assumptions including no resistance to external mass
transfer and intraparticle diffusion, the bed depth service time
(BDST) model correlates the height of a fix-bed column to the dura-
tion that the adsorption system can provide clean water before
the concentration in the effluent reaches the maximum safe level
(breakthrough point) (Salman Tabrizi and Yavari, 2020; Golie and
Upadhyayula, 2016). Eq. 5 shows the BDST model.

NppstH 1 Go
ty — - (2
b= "Cou ~ KaostGo "G,

-1) (5)

where Ngpst is the model volumetric adsorption capacity (mg/L),
Kgpsr is the model rate constant (L/mg.min), and C;, (mg/L) is the
nitrate concentration at outlet of the column at the breakthrough
point, which for nitrate was 10 mg/L NO3; ~-N. By plotting the break-
through time at different bed heights, the model’s constants can be
calculated.

2.4. Effect of coexisting ions on nitrate removal

A mass of 0.5 g of CS-PEI-GLA was swollen in deionized water
and packed in the column in a similar manner as described in
section 2.2. The effect of chloride and sulfate on nitrate adsorp-
tion in the column was investigated with three different solutions,
namely: influent containing nitrate (100 mg/L NO3 ~-N) spiked with
10 times chloride concentration (1000 mg/L Cl~) by adding NaCl
(1648 mg/L), influent containing nitrate (100 mg/L NO3~-N) spiked
with 10 times sulfate concentration (1000 mg/L SO42°) by adding
Na, S04 (1480 mg/L), and influent containing 100 mg/L of nitrate-
N and 1000 mg/L of chloride and sulfate, respectively. Solution
with only 100 mg/L of nitrate-N was used as control. A flow rate
of 5 mL/min was selected for these sets of experiments. Effluents
were collected in 20 min intervals and analyzed using ISE. These
concentrations of sulfate and chloride were chosen since their con-
centrations in surface water can be as high as 1000 mg/L (Samadder
et al.,, 2017; Khan et al., 2020).

2.5. Recovery of nitrate and regeneration of the column

The column was loaded with nitrate by introducing 100 mg/L
NO3~-N solution until the saturation point of the breakthrough
curve was achieved (plateau in the curve). Then regenerant solu-
tions, 0.1 M NaOH, 0.1 M HCl, 0.1 M NaHCOs3, 0.8 M CH3COOH, and
0.5 M NaCl were introduced to the saturated column at 5 mL/min.
Samples were collected every minute and the nitrate concentra-
tions were analyzed until the nitrate concentration in the effluent
reached zero. After regeneration of the column, deionized water
was used to remove the residual regenerant in the column and pre-
pare it for the next adsorption cycle. The best regenerant was used
ten times for the adsorption/desorption process.

2.6. Nitrate removal from a real water sample

The performance of the column in a real water chemistry to
remove nitrate was investigated. The column was prepared as
described in section 2.2. The drinking water sample was obtained
from the community water services (CWS), Oklahoma City, OK,
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with a nitrate concentration of 1.5 times higher than the WHO
standard. The water was analyzed for nitrate, phosphate, and total
organic carbon (TOC) concentrations and then introduced to the
column at 5 mL/min flow rate. Effluent samples were collected
every 100 s and analyzed for the same substances. Nitrate con-
centration was measured by ISE as described before. Phosphate
and TOC concentrations were measured using the ascorbic acid
method (Maher and Woo, 1998) and potassium hydrogen phtha-
late (KHP), respectively. For the Total Organic Carbon, we used the
TOC Analyzer (Shimadzu).

3. Results and discussion
3.1. Synthesis and characterization of CS-PEI-GLA

To avoid precipitation of CS in the presence of the concentrated
PEI solution caused by the high pH value of the mixture, the PEl was
dissolved in HCI (25 %) before mixing with the chitosan solution.
The resulting mixture had a pH of around 5.5-6.0 and allowed CS
to get mixed efficiently with PEL The use of glutaraldehyde as a
crosslinking agent provided an easy method to render the mixture
into an insoluble gel form. The optimization and characterization
of the adsorbent can be found in our previous publication (Nadres
etal.,, 2017a).

In summary, the adsorbent with 2%, 10 %, and 2% of CS, PEI, and
GLA, respectively, had the highest adsorption capacity, therefore,
this composition was used in the current study. ATR-FTIR spectra
(Fig. S1) showed the characteristic peaks belong to both CS and PEI
in CS-PEI-GLA, including -N-H and -O-H stretching vibration, -N-H
bending, and -C-N and C—0—C stretching, as well as the stretching
of -C-H in PEI (Nadres et al., 2017b; Nie et al., 2005). In the XPS
analysis (Table S1), higher nitrogen content was detected in CS-
PEI-GLA compared to CS due to the presence of nitrogen-rich PEI.
Amine and imine functional groups were detected in CS-PEI-GLA by
peak deconvolution (Fig. S2). SEM image (Fig. S3) showed a porous
material with creases and grooves. This structure provided a high
specific surface area, which was determined to be 462 m?/g with
32.1 A pore width by BET (Nadres et al., 2017b; Ouyang and Liang,
2014).

3.2. Nitrate adsorption optimization: column experiments

The breakthrough curve was obtained by plotting C./Cy of the
nitrate removed by the column against time. This plot allowed
the evaluation of the removal of nitrate using the column packed
with CS-PEI-GLA. The region of the curve that shows the sudden
increase in the concentration of nitrate is called the mass-transfer
zone (MTZ) or the adsorption region. This zone shows that the col-
umn reaches equilibrium quickly and data from this region can be
used in the model fitting (Chu, 2020). In some of the breakthrough
curves, the later part of the curves (C,/Cy>0.6) exhibits intraparticle
diffusion, which is the region when the shape of the curve changes
direction. This behavior is unaccounted for the model used. There-
fore, only the earlier points in the adsorption region were computed
to determine more relevant constants for the column characteris-
tics (Li et al., 2020). The important factors that affect an adsorption
column performance are flow rate, pollutant concentration, and
bed (column) height. The correlation between these parameters
and nitrate adsorption was investigated as described below:

3.2.1. Effect of flow rate

Flow rate is one of the most important factors that determines
a packed column performance to remove contaminants from the
aqueous phase, as it affects the flow residence time in the column
(Xu et al.,, 2013; Nur et al., 2015). Fig. S4 (a) and Table 2 show how
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flow rate can change the breakthrough curve and column parame-
ters, respectively. Fig. S4 (a) shows that the breakthrough curve has
shifted to the left and resulted in a shorter t, at higher flow rates
(Table 2). By increasing the flow rate, the column reached its break-
through point faster and the adsorption capacity (qexp), percent
removal (R), and the total volume of water up to the breakthrough
point (V},) (Table 2) decreased, which means a lower volume of
clean water can be achieved by increasing the flow rate.

By fitting the experimental data to a logistic function, the model
parameters for Bohart-Adams, Thomas, and Yoon-Nelson models
were calculated and presented in Table 3. The data showed good
agreement with the logistic function as the regression coefficient
(R%) was bigger than 0.96 in all the three conditions. The models’
kinetic constants (Kg_a, K1, and Ky.y) increased with increasing
in flow rate, while adsorption capacity (qm and Np,), as well as T,
decreased when flow rate increased. Furthermore, the experimen-
tal adsorption capacity (qexp) and the Thomas model adsorption
capacity (qm) were close, with less than 5% difference, which further
proves the model describes well the lab-scale fix-bed column.

Changing the flow rate can have various effects on the continu-
ous adsorption process. On one hand, the increase in flow rate could
be detrimental to adsorption since adsorbate and the adsorbent
will be in contact for a shorter period of time, which may pre-
vent the adsorption process to reach equilibrium (Salman Tabrizi
and Yavari, 2020; Xu et al., 2013; Wu et al., 2016; Olgun et al.,
2013; Golie and Upadhyayula, 2016). This effect can be observed
at 7.5 and 10 mL/min flow rates, where the column reached the
breakthrough points earlier and the adsorption capacity and per-
cent removal were lower compared to the 5 mL/min. On the other
hand, if external mass transfer resistance controls the adsorption
rate, an increase in the turbulence of the flow by increasing the
flow rate must provide lower external resistance and increase in
rate constants (Salman Tabrizi and Yavari, 2020; Najmi et al., 2020;
Xu et al., 2013; Wu et al., 2016; Jana et al., 2020; Xu et al., 2018).
Therefore, the fact that, rate constants increased when flow rate
increased, indicates that external mass transfer resistance is dom-
inant (Xu et al., 2013; Li et al., 2020; Zhang et al., 2016). It should
be noted that, although an increase in flow rate decreased the vol-
ume of the clean water that could be obtained, this amount of clean
water was produced in a shorter time.

3.2.2. Effect of concentration

Pollutant concentration can affect different aspects of the
adsorption process. Investigating the effect of three concentrations
of nitrate-N (50, 100, and 200 mg/L) at a fixed flow rate (5 mL/min)
on the breakthrough behavior of the column showed that the curve
moved to left and breakthrough time shortened when the influ-
ent concentration increased (Fig. S4 (b) & Table 2). V}, and R were
higher at low concentrations, while gexp increased when the influ-
ent concentration increased (Table 2). Like the effect of flow rate
experiments, the logistic function fitted well with the experimen-
tal data with R? higher than 0.96 at all conditions (Table 3). While
Ky_n showed a direct relationship with nitrate concentration, Kg_a,
Kth, 9m, Nm, and T were negatively related to nitrate concentration.

A change in concentration had an impact on the mass trans-
fer of the solutes into the adsorbent (Goel et al., 2005). By
increasing the solute concentration, the mass transfer driving
force increased, therefore, adsorption capacity increased, and more
solutes attached to the adsorbents’ binding sites leading to shorter
breakthrough time and 7 (Salman Tabrizi and Yavari, 2020; Olgun
et al,, 2013; Golie and Upadhyayula, 2016). However, the adsorp-
tion process became less kinetically favorable as Kg.o and Kyy
decreased (Li et al., 2020; Zhang et al., 2016). On the other hand,
at higher concentrations, the amount of ions not adsorbed to the
adsorbent increased, which led to lower percent removal (Salman
Tabrizi and Yavari, 2020; Najmi et al., 2020; Zhong et al., 1997). The
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Table 2
Parameters of column experiments.
Run # Q (mL/min) Co (mg/L) H (cm) M (g) t, (min) Qexp (Mg/g) R (%) Vp, (mL)

1 5 100 7 0.5 85 121.56 79.06 425
2 7.5 100 7 0.5 52 121.16 77.27 390
3 10 100 7 0.5 38 116.50 70.35 380
4 5 50 7 0.5 180 100.32 86.73 900
5 5 200 7 0.5 52 159.06 66.55 260
6 5 100 35 0.25 30 76.12 54.26 150
7 5 100 7 0.5 70 88.66 59.54 350
8 5 100 10.5 0.75 115 92.61 61.91 575

Q (mL/min) is the flow rate, Co (mg/L) is the nitrate-N concentration in influent, H (cm) is the bed height, M (g) is the adsorbent mass, t, (min) is the breakthrough time, gexp
(mg/g) is the experimental adsorption capacity, R (%) is nitrate removal, and V}, (mL) is the effluent volume up to the breakthrough point.

Table 3
Parameters for the Bohart-Adams, Thomas, and Yoon-Nelson models.
Run # R? Kga, Kt * 10~4(L/mg.min) N (mg/L) Qm (mMg/g) Kyn * 1072(1/min) T (min)

1 0.9639 10.51 5106.56 126.27 12.93 102.66
2 0.9592 12.25 4767.00 117.88 13.70 70.28
3 0.9614 15.56 4483.14 110.86 16.10 53.55
4 0.977 11.98 4128.26 102.08 5.50 2224
5 0.9817 6.57 5565.27 137.62 12.56 71.97
6 0.9102 7.19 2971.59 73.48 7.20 36.67
7 0.9626 7.71 3782.99 93.54 7.97 90.47
8 0.9558 9.06 3893.58 96.28 9.37 139.67

R? is the regression coefficient, Ky, (L/mg.min) is the Thomas rate constant, q,, (mg/g) is the model adsorption capacity per unit mass of CS-PEI-GLA, Kg  (L/mg.min) is the
Bohart-Adams rate constant, N, (mg/L) is the model adsorption capacity per unit volume of the bed, Ky_y (1/min) is the Yoon-Nelson rate constant, and 7 (min) is the time

when adsorbate reaches half of the breakthrough.

adsorption capacity, gexp and qm, values were close (Table 2 & 3),
which further highlights the models describe well the adsorption
system.

3.2.3. Effect of bed height

Different amounts of packing materials can be used in a column,
which can affect the column behavior. In this set of experiments,
it was observed that a bigger amount of the adsorbent (higher bed
height) resulted in longer breakthrough time and a larger volume
of clean water (Fig. S4 (c) & Table 2). Moreover, the adsorption
capacity, percent removal increased, models’ kinetic constants, and
T from the Yoon-Nelson model increased with higher bed heights
(Table 2 & 3). The calculated adsorption capacity from the Thomas
model was in the 5% range of qexp for all the bed heights investigated
(Table 3).

Bed height can alter two important factors in a continuous
adsorption system, namely the number of adsorption sites and
the time that solution spends in the column (flow residence time).
Higher bed height provides more adsorption sites for nitrate ions,
as a result, the breakthrough time and volume of the clean water
increased by increasing the bed height from 3.5 cm to 10.5 cm
(Salman Tabrizi and Yavari, 2020; Olgun et al., 2013; Golie and
Upadhyayula, 2016). Moreover, when the bed height increased,
the pollutants spent more time in the column in contact with the
adsorbents, therefore, the adsorption process got closer to equilib-
rium (Salman Tabrizi and Yavari, 2020; Wu et al., 2016; Olgun et al.,
2013; Golie and Upadhyayula, 2016). This effect could be observed
by the increasing percent removal and adsorption capacity of the
CS-PEI-GLA when the column height increased (Zhong et al., 1997).
Higher kinetic constants at higher bed heights, demonstrated that
axial dispersion did not increase due to increase in the bed height.
Therefore, the flow type was close to the plug flow, which agreed
with the Thomas model assumption. (Li et al., 2020).

BDST model was fitted to the experimental t;, vs. H data (Fig.
S4 (d)). The R2 was 0.9977 and the model’s parameters determined
to be Nppst = 3554.38 (mg/L) and Kgpst = 0.0014 (L/mg.min). This
model can be used for scale-up purposes. By having the model’s
parameters and desired operational conditions, the service time of

the column can be calculated, which is essential for proper main-
tenance of the adsorption system (Golie and Upadhyayula, 2016).

3.3. Effect of coexisting ions on nitrate removal

Chloride and sulfate are among the most common anions that
can be found in surface water and groundwater. Therefore, for
a real application, it is important to study how these coexisting
anions affect nitrate adsorption on CS-PEI-GLA. The presence of
chloride, sulfate, and chloride/sulfate affected differently the break-
through curves and CS-PEI-GLA adsorption capacities for nitrate
(Fig. 2). When the column packed with CS-PEI-GLA was injected
with only nitrate, the breakthrough time was around 50 min. The
presence of 1000 mg/L of chloride significantly lowered the break-
through time to around 20 min. Clearly, the chloride ions influence
the interaction between the nitrate and the CS-PEI-GLA adsor-
bent. The existence of 1000 mg/L sulfate shifted the breakthrough
time of nitrate similarly to chloride. When both chloride and sul-
fate were added to the influent, the t, decreased to around 5
min. Normalized nitrate concentration increased gradually in the
solution spiked only with chloride and resulted in the typical S-
shaped breakthrough curve. However, for samples with sulfate, the
breakthrough curves had a significantly different shape. For these
samples, after the breakthrough time, the concentration of nitrate
had become greater than the influent concentration for a while,
then the normalized concentration reached a plateau at a value of
1 (Fig. 2 (a)). Calculating the adsorption capacity in different condi-
tions showed that, chloride decreased the adsorption capacity for
nitrate to around half, while almost no nitrate remained attached
to the adsorbent in the column in the presence of sulfate at 1000
mg/L (Fig. 2 (b)).

Chloride negatively affected nitrate removal by occupying some
adsorption sites, however, the adsorption system was still able to
adsorb a portion of nitrate ions in the presence of chloride, while
for sulfate this effect was more adverse as almost all the adsorp-
tion sites were filled with sulfate ions instead of nitrate. The same
trend was observed by Wu et al. (Wu et al., 2016) when they used
an amine modified polymeric adsorbent to remove nitrate in the
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Fig. 2. Effect of excess chloride and sulfate on the nitrate removal by 0.5 g of CS-PEI-GLA from solutions containing: (i) 100 mg/L of Nitrate-N, (ii) 100 mg/L of Nitrate-N + 1000
mg/L of chloride, (iii) 100 mg/L of Nitrate-N + 1000 mg/L of sulfate, and (iv) 100 mg/L of Nitrate-N + 1000 mg/L of chloride + 1000 mg/L of sulfate: (a) nitrate breakthrough

curve and (b) qexp.

presence of chloride and sulfate. An unusual spike in nitrate con-
centration between 20-60 min of the adsorption process (Ce/Co
> 1) could be justified by the fact that some nitrate ions initially
adsorbed to the CS-PEI-GLA in the first 20 min and later were
replaced by sulfate ions, which resulted in higher effluent concen-
tration for nitrate than in the influent. The effect of chloride and
sulfate on the column performance can be explained by three rea-
sons: 1) The main adsorption sites on the adsorbent are amine and
hydroxyl groups (Nadres et al., 2017a). While chloride can only
attach to amine groups by coulombic interaction, oxyanions like
sulfate can form strong hydrogen bonds with amine and hydroxyl
functional groups on CS-PEI-GLA on top of coulombic interaction
(Salman Tabrizi and Yavari, 2020; Wu et al., 2016). Therefore, in
the presence of excess chloride not all the adsorption sites were
occupied, and nitrate removal was observed to a certain amount.
However, sulfate competes with nitrate for both adsorption sites
and is more likely to attach to the amine and hydroxyl groups as
explained below. 2) The origin of selectivity arises from the config-
uration of the adsorption sites, specifically to the distance between
two positively charged cationic sites. More isolated cationic sites
tend to favor nitrate adsorption. As the proximity of the cationic
sites becomes smaller, enough to be bridged by divalent sulfate
ions, adsorption favors the latter (Jackson and Bolto, 1990). 3)
Basic functional groups like amine groups have selectivity toward
divalent ions (Dominguez et al., 2003). The adsorption system did
not show a good performance in the presence of high concentra-
tions of chloride and sulfate. However, it should be noted that we
investigated the worst-case scenario and the performance of the
adsorbent might be better when lower concentrations of chloride
or sulfate are present.

3.4. Recovery of nitrate and regeneration of the column

The life cycle of the column would be extremely attractive if it
could be recycled. In addition, the recovery of the nitrates that were
bound in the column could provide an opportunity for recycling
the nutrient to be used as fertilizers (Hube et al., 2020). Experi-
ments were done to determine the best agent for the recovery of
the nitrate and to result in a column ready for another round of
nitrate removal.

3.4.1. Recovery of nitrate using different reagents

Investigating the performance of different reagents to desorb
nitrate from CS-PEI-GLA gives insights on the mechanism operating
in the nitrate recovery process. The percentage of nitrate recovered
from the column with hydrochloricacid 0.1 M, a strong acid, sodium
hydroxide 0.1 M, a strong base, sodium bicarbonate 0.1 M, a weak
base, acetic acid 0.8 M, a weak acid, and sodium chloride 0.5 M is
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Fig. 3. Recovery of nitrate from saturated columns (0.5 g of CS-PEI-GLA) by different
reagents. Columns were saturated by 100 mg/L NO3-N at 5 mL/min. The reagents
introduced to the column at 5 mL/min until no nitrate was detected in the effluent.

demonstrated in Fig. 3. Acetic acid had the worst recovery, followed
by sodium hydroxide, while the percentage of nitrate recovered
with sodium bicarbonate, hydrochloric acid, and sodium chloride
was above 90 %.

Based on Fig. 3 one of the best reagents to recover the nitrate
was NaHCOs, recovering 90.8 + 4 % nitrate from the column. In
addition to good recovery, presence of sodium bicarbonate in the
nitrate-rich water collected from the column after recovery, can
provide an excellent fertilizer with fungicidal property (Zamani
et al., 2007). The most plausible mechanism that explains why
NaHCOs is efficient in recovery is that the basic nature of NaHCO3
solution deprotonates the ammonium groups of CS-PEI-GLA. The
deprotonation could result in uncharged amine groups, weaken-
ing the electrostatic bond with the nitrate ions, releasing these
ions (J6zwiak et al., 2014; Nadres et al., 2017b). Moderately effi-
cient regeneration (70.9 + 3.5 % recovery) was also observed when
NaOH solution was used as a recovery agent. A solution of NaOH is
highly basic, which can also favor the deprotonation of ammonium
groups and successive release of the held nitrate ions, however,
compression of the polymer composite adsorbent in the column
was observed when NaOH was used as a regenerant. This change
in the CS-PEI-GLA material might have affected its porosity, which
can explain the lower nitrate recovery when NaOH was used com-
pared to NaHCO3 (J6zwiak et al., 2014). While NaHCO3 was very
good in recovering nitrate, the amine groups resulted from the
recovery became unprotonated, hence could no longer form elec-
trostatic interactions with the nitrate in the column. As a result,
when another batch of nitrate solution was added to the column
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Fig. 4. The adsorption capacity of the columns packed with 0.5 g of CS-PEI-GLA
adsorbent for nitrate removal after regeneration with NaCl 0.5 M for ten cycles.
Columns were saturated by 100 mg/L NO3-N at 5 mL/min. The reagent introduced
to the column at 5 mL/min until no nitrate was detected in the effluent.

after recovery, the nitrate removal efficiency became very low. This
loss of nitrate removal activity was also observed when NaOH was
used as a recovery agent. For recovery agent such as sodium bicar-
bonate, although the nitrate recovery was high, the column was left
unusable for another round of nitrate adsorption.

Meanwhile, the use of HCI solution was proved to be effective
in recovering the column (93.9 + 4.6 % recovered). The recovery
of nitrate using acidic substances such as HCl undergoes differ-
ent mechanisms compared to the basic regenerants. Under acidic
conditions, the amine group is constantly protonated. However,
chloride ions (from HCl) can replace the nitrate on the adsorption
sites, hence nitrates can be recovered. For acetic acid, the weak
acetate ions were not preferred compared to nitrate, as a result,
low recovery was obtained (41.9 + 3 %) (Xu et al., 2013).

On the other hand, the sodium chloride was also efficient in
removing nitrate bound to the CS-PEI-GLA, recovering 92.4 + 3.1 %
of nitrate from the column. The presence of excess chloride ions
displaced the nitrate ions held by electrostatic attraction in the
adsorption sites. In this mechanism, the ammonium adsorption
sites were positively charged (J6zwiak et al., 2014; Xingetal.,2011;
Nadres et al., 2017b). Sodium chloride solution effectively regen-
erated the column and allowed it to be ready for another round
of nitrate adsorption. Therefore, sodium chloride was preferred to
hydrochloric acid since it caused less environmental hazards and
was easier to work with. Besides, the recovered water could also be
potentially used as a fertilizer for marine algae growth.

3.4.2. Regeneration cycles

Fig. 4 shows the adsorption capacity of the column after each
adsorption/desorption. For ten adsorption/desorption cycle the
Jexp Was in the 125-160 mg/g range. In some cycles, adsorption
and regeneration resulted in higher adsorption capacity compared
to the fresh column, probably due to opening of sites that were
not previously available. As explained in section 3.4, chloride ions
can compete with nitrate ions for adsorption sites. However, in
that section, it was observed that some nitrate ions still remained
attached to the adsorbent in the presence of chloride. In the recov-
ery experiments, since the chloride concentration was about 18
times higher than chloride concentration in section 3.4, it is reason-
able to assume that all the adsorbed nitrate ions were replaced by
chloride ions due to high mass transfer driving force for chloride.
But when a fresh nitrate solution was introduced to the column
after desorption, nitrate ions were able to occupy the adsorption
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Table 4
Characteristics of the CWS water sample (adapted from Nadres et al. (2017a)).
Parameters Initial value
pH 7.0
TOC 35.0 + 0.4 mg/L
Nitrate-N 15.4 + 0.9 mg/L
Phosphate 2.37 £ 1.5 mg/L
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Fig. 5. Breakthrough curve for nitrate removal from the real water system at 5
mL/min by column packed with 0.5 g of CS-PEI-GLA. In addition to nitrate, con-
taminants such as phosphate and total organic carbon were removed.

sites and detach chloride. After ten cycles, the adsorption capac-
ity did not change much from the initial value. This result has a
large implication on the utility of the CS-PEI-GLA in repeated use.
Nitrate-rich saltwater collected from the column regeneration can
have potential use as a fertilizer in saltwater algae cultures, that is
used for biofuel production (Hannon et al., 2010; Khan et al., 2018).

3.5. Nitrate removal from a real water sample

The polymer composite absorbent was further tested for use in
drinking water. As shown in Table 4, the nitrate concentration of
the selected groundwater was about 1.5 times higher than that of
the WHO safety level.

According to Fig. 5, in addition to nitrate, other contaminants
such as the negatively charged phosphate and TOC were removed
from the water by the polymer composite adsorbent. The mech-
anism of removal was presumably the active ammonium sites,
which formed a strong electrostatic bond with phosphate and
organic carbons. The organic carbons mainly contained negatively
charged humic and fulvic acids, due to opposing charges. It can
be observed that after around 16 min, some previously adsorbed
nitrate ions were replaced by either phosphate or TOC, which
resulted in increasing nitrate concentration in the effluent than the
influent. This shows that the adsorption sites are not specific to
nitrate, as observed in section 3.4. After around 30 min, the column
reached equilibrium as the nitrate concentration in the influent and
the effluent were the same. The fact that TOC concentration did
not exceed the influent value signifies that the adsorbent is stable,
and it is not leaching its components to the water. This experiment
showed that CS-PEI-GLA can effectively remove different contam-
inants in the complex chemistry of a real water sample.

4. Conclusion

A stable amine-rich polymer composite containing CS and PEI
crosslinked with GLA was prepared and used in continuous mode
in a packed bed column to adsorb nitrate from water. The effect
of different operational parameters on the breakthrough curve and
column performance was investigated. The breakthrough models’
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constants were calculated, and it was determined that the models’
rate constant increased with flow rate, indicating external mass
transfer determines the adsorption kinetics. The higher adsorption
capacity of the column was achieved at alow flow rate, high influent
concentration, and high bed height. The adsorbent was determined
to be not selective towards nitrate only, as a high concentration of
chloride decreased nitrate removal, and a high concentration of
sulfate almost completely prevented nitrate adsorption to CS-PEI-
GLA. However, facile regeneration of the column with NaCl for 10
adsorption/desorption cycles without loss of adsorption capacity
was achieved. It should be highlighted that the recovered nitrate
in the salt solution can be used as an algae fertilizer. Therefore,
in this study, nitrate was transformed from a pollutant to a valu-
able component. Lastly, by investigating real water samples, we
demonstrated that the adsorption system was effective in remov-
ing nitrate, phosphate, and TOC, which makes CS-PEI-GLA a good
candidate for practical applications in water treatment.
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