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ab s t r ac t
Nitrates are present in drinking water sources and pose serious health issues in many countries 
throughout the world. In this research, nitrate removal by palm kernel shell-based lignocellulose 
anion resins was studied under various nitrate concentrations, pH, and adsorbent dosages. The nitrate 
adsorption capacity demonstrated by the biomaterial-based resins was 53.18 mg/L. A pseudo-second 
order model and the Weber–Morris diffusion model were used to assess the adsorption process. The 
thermodynamic study predicted the exothermic nature of the process and the dominance of physical 
adsorption. Resins were characterized using elemental, proximate, and chemical analyses as well as 
by the pH at the point of zero charge. The lignocellulose-based adsorbent is a satisfactory material for 
nitrate removal from water and can be regenerated and reused.
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1. Introduction

Nitrate contamination in natural water resources has 
emerged as a global issue in the last few decades [1,2]. 
Elevated concentrations of nitrate in drinking water (i.e., 
>10 ppm as nitrogen or >45 mg/L as the ion), may cause 
methemoglobinemia in infants [3,4]. Miscarriages in preg-
nant women have also been reported due to nitrate toxicity. 
The long-term effects of nitrate in drinking water include 
esophageal and gastric cancer (due to the bonding of the 
amines and amides with nitrite), hypertension, breast short-
ening, and hemorrhaging of the spleen. [3,5]. High concen-
trations of nitrate in drinking water and animal feed can 
result in reduced vitality and an increase in still births, low 
birth weight or even death in animals [6]. Despite these 
health risks, the nitrate concentration in drinking water is 
as high as 200 ppm in a large number of countries, including 
Pakistan, India, Nepal, Sri Lanka, Nigeria China, Mexico, 
and Canada [1,7].

Many technologies for nitrate removal from water exist 
and are based on ion exchange [8], membrane filtration [9], 
and chemical and biological methods [10,11]. Unsurprisingly, 
many of these technologies are expensive or complex and are 
not suitable for application in low-income and developing 
countries. Adsorption-based techniques are deemed to be the 
most suitable technology for such countries. Furthermore, 
adsorbents prepared from agricultural wastes using chemical 
processes are considered to be eco-friendly and economical.

Many anion exchangers are produced by grafting ligno-
cellulosic agricultural wastes with amine groups. Orlando 
et al. [12] transformed agro-waste into an anion exchanger by 
grafting a variety of agricultural wastes including sawdust, 
rice husk, pine bark, sugarcane bagasse, Moringa oleifera hull, 
coconut husk and persimmon tea leaf. To create the exchanger, 
Orlando et al. [12] employed a chain reaction of epichlorohy-
drin and dimethylamine using pyridine as a catalyst (EDM 
method). Keränen et al. [13] also prepared adsorbent using 
the EDM method for nitrate removal using pine sawdust and 
bark. Diriba et al. [14] and Xu et al. [15] also developed wheat 
straw-based anion exchangers for effective removal of nitrate 
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from aqueous solutions. Palm kernel shell can also be modi-
fied to enhance its affinity for the removal of anions [16,17].

In this research, lignocellulose-based anion resins were 
prepared using palm kernel shells (PKS) as a precursor; PKS 
is an agricultural waste generated in the processing of palm 
oil. The study particularly provided an insight into the lig-
nocellulosic contents derived from PKS and its suitability for 
nitrate removal, as well as the kinetic behavior and thermo-
dynamics of adsorption.

2. Materials and methods

2.1. Materials and sample solution

The chemicals used were potassium nitrate (KNO3), N-(3 
Chloro-2 Hydroxypropyl) Trimethylammonium Chloride 
(CHMAC), and potassium hydroxide (KOH pellets). All 
were of analytical grade (Sigma–Aldrich, Germany) and were 
used without further purification. The nitrate stock solution 
was prepared by mixing 1.63 g of KNO3 in 1 L of deionized 
water (Milli-Q Water). Solutions of the required nitrate con-
centrations in a range 25–225 mg/L (25, 50, 75, 100, 125, 150, 
175, 200 and 225 mg/L) were obtained by diluting the nitrate 
stock solution.

2.2. Chemical modification of the palm kernel shell

The PKS-based lignocellulosic content was used to prepare 
anion resins (PKS-AR). The ground PKS was mercerized by 
treating it with potassium hydroxide as reported in our pre-
vious research for fluoride adsorption [16]. The mercerized 
particles were reacted in a mixture of 5 M KOH and CHMAC 
(1:1.5 v/v) for quaternization. The dried resins were sieved to 
obtain a particle size of 0.25–0.5 mm for subsequent use.

2.3. Characterization of PKS and PKS-AR

An elemental analyzer (Perkin Elmer- Series II 2400, Japan) 
was used to determine the elemental constituents (hydro-
gen, nitrogen, carbon, and sulfur) of the PKS, PKS-AR and 
nitrate-loaded PKS-AR. Thermogravimetric analysis (TGA) 
equipment (Model Perkin Elmer TGA7, USA) was used in the 
proximate and chemical analysis of PKS and PKS-AR sam-
ples. The pH at the point of zero charge (pHpzc) of PKS-AR 
was determined using the pH drift method. The drift method 
involved placing a 0.3-g sample of adsorbent in each of eight 
Erlenmeyer flasks containing 100 ml of 0.01 M NaCl solution. 
The acidity was calibrated in the range of pH 2–10 (± 0.2) using 
0.1 M NaOH and 0.1 M HCl. The sealed flasks were agitated in 
an incubator shaker at 120 rpm for 48 h.

2.4. Static study

Batch experiments were conducted at 28°C to investigate 
the influence of absorbent dose (at pH 6), initial nitrate con-
centration (25–225 mg/L) at pH 6 and pH 7 and contact times 
at pH 6 and pH 7. The static study was also conducted at 
20°C, 30°C and 40°C to determine the thermodynamics of 
adsorption (at initial nitrate concentration: 25–225 mg/L). A 
nitrate solution with a concentration of 25 mg/L was selected 
to define all other requisite parameters.

2.5. Isotherm modelling

Langmuir and Freundlich isotherm models were 
employed to assess adsorption data at pH 6 and pH 7. The 
linearized form of the Langmuir model (Eq. (1)) was used 
[18].
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The linearized form of the Freundlich isotherm model 
(Eq. 2) was also employed to investigate the adsorption data.

log log logq K
n
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In Eqs. (1) and (2), Ce is the equilibrium concentra-
tion (mg/L); qe and QL are adsorptions at equilibrium and 
Langmuir monolayer capacity (mg/g), respectively; ‘b’ is the 
Langmuir isotherm model constant (L/mg); Kf and ‘n’ are 
the Freundlich isotherm constant and adsorbent intensity, 
respectively in the Freundlich model.

2.6. Kinetic modelling of nitrate adsorption

The kinetic behavior of nitrate removal by PKS-AR was 
described using pseudo-second order and the Weber-Morris 
diffusion model. Eqs. (3)–(5) were used for calculating the 
requisite parameters. Moreover, Eq. (3) can be modified to 
Eq. (4) for prediction of the initial kinetic rate in the pseu-
do-second order model [19].
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In these equations, ‘t’ is time (min), K1 is the pseudo- 
second order constant (g/mg-min) and h = (K2 × qe

2), which 
describes the initial uptake rate (g/mg-min). In Eq. (5), Kid is 
the intra-particle diffusion constant (mg/g-min) and Cid is the 
thickness of boundary layers. The parameter Kid can be calcu-
lated by the slope of the plot of qt vs. t0.5.

2.7. Thermodynamic study of nitrate adsorption

To evaluate the thermodynamics of adsorption, it is 
imperative to calculate thermodynamic parameters such 
as the change in free Gibbs energy ‘ΔG°’ (kJ/mol), enthalpy 
change ‘ΔH°’ (kJ/mol), and entropy change ‘ΔS°’ (kJ/mol K). 
These parameters can be determined using Eq. (6) and the 
van’t Hoff equation (Eq. (7)).

∆G° = −RT Kln  (6)
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R RT
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−
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In Eqs. (6) and (7), R is the gas constant (8.314 × 10–3 kJ/
mol-K) and T is absolute temperature (°K). The equilibrium 
constant ‘K’ relates to the Langmuir constant ‘b’ measured 
in (L/mg) and can be obtained by multiplying ‘b’ by a factor 
of 106 [20]. By plotting “ln K” against “1/T” in the van’t Hoff 
equation, the intercept and slope can be obtained to deter-
mine ΔS° and ΔH°, respectively.

3. Results and discussion

3.1. CHN analysis

The Carbon-Hydrogen-Nitrogen (CHN) analysis quanti-
fied the proportions of these three elements in raw PKS as 
50.59, 5.73 and 3.31 wt%, respectively (Table 1). Moreover, 
the CHN analysis revealed 80.59% increase of nitrogen by 
weight in PKS-AR and an additional 14.19% increase in the 
exhausted PKS-AR after adsorption. These results proved a 
successful reaction of the functional group and removal of 
nitrate from the aqueous solution. The percentage of nitrogen 
that is of prime interest was observed to be sufficiently high 
in raw PKS and PKS-AR, as predicted by the CHN analysis.

3.2. Thermogravimetric and differential thermal analysis

Thermographs revealed the presence of volatile matter, 
fixed carbon and ash content in PKS (55.21, 32.49, and 6.93 
wt%, respectively) and in PKS-AR (53.58, 29.60 and 7.97 wt%, 
respectively). In addition, differential thermal analysis (DTA) 
and TGA thermographs of PKS and chemically modified 
PKS (PKS-AR) exposed radical changes at different stages, 
indicating loss of weight due to moisture loss and organic 
matter loss, followed by decomposition of hemicellulose and 
cellulose at peak temperatures of 283°C and 360°C, respec-
tively (Table 2). The lignin decomposition in PKS-AR and 
PKS occurred between 281°C and 521°C, with a peak value 

at 434°C as well as between 263°C and 480°C, respectively. 
These changes are associated with numerous oxygen and 
functional groups present on PKS and PKS-AR that resulted 
in varying thermal solidities [17,21]. The amount of cellulose, 
hemicellulose, and lignin in PKS was calculated as 29.85, 
24.33, and 49.58 wt%, respectively, whereas in PKS-AR the 
amount of each compound was 26.26, 19.78, and 37.13 wt%, 
respectively (Table 2). In fact, the composition of PKS is dif-
ficult to predict because the precise composition of cellulose 
(C6H10O5)n, hemicellulose (C5H8O4)n and lignin in an organic 
material is hard to predict [21,22].

3.3. pH at point of zero charge (pHpzc) of PKS-AR

Using the drift method, the difference in pH (ΔH) was 
calculated, and a relationship was developed between initial 
pH and change in pH (Fig. 1). The pH at the point of zero 
charge (pHpzc) was found to be 7.7, which revealed a pos-
itive surface charge density on PKS-AR in the range of pH 
2–8 (± 0.2).

3.4. Effect of the initial nitrate concentration and adsorbent dosage

The effect of initial nitrate concentration on nitrate 
removal efficiency was investigated using 0.4 g of PKS-AR 
(adsorbent) at a range of initial nitrate concentrations 
(25–225 mg/L) at pH 6 and pH 7. Fig. 2(A) shows that the 
nitrate removal efficiency decreased from 79.6% to 62.5% 
and from 79.24% to 62.15% at pH 6 and pH 7, respectively, 
when the initial nitrate concentration increased from 25 to 
225 mg/L. The amount of adsorbed nitrate increased from 
4.98 to 35.16 mg/g and from 4.95 to 34.96 mg/g at pH 6 and 
pH 7, respectively, at corresponding equilibrium concen-
trations (Fig. 2(B)) because of the nitrate mass transfer that 
occurred between the liquid and solid phases [23,24]. A slight 
difference in efficiency and adsorption was observed at pH 6 
and pH 7 due to the high value of pHpzc (7.7), indicating that 
remarkable adsorption can occur at a wide range of pH.

The effect of adsorbent dosage on nitrate adsorption was 
further investigated at pH 6. As expected, an increase in the 
dose of adsorbent resulted in a corresponding increase in 
nitrate removal of up to 82.3% (at a dosage of 4 g /L) (Fig. 3). 
Further increases of the dose (beyond 0.4 g) resulted in only 
a slight increase in nitrate removal (to 84.04%). This trend 

Table 1
CHN analysis of PKS, PKS-AR and nitrate-loaded PKS-AR

Description Carbon 
(wt%)

Hydrogen 
(wt%)

Nitrogen 
(wt%)

Sulfur 
(wt%)

Oxygen 
(wt%)

Raw PKS 50.59 5.73 3.31 0.0019 4,037
PKS-AR 48.97 6.37 17.06 0.0233 27.58
Nitrate-loaded 
PKS-AR

49.07 6.45 19.88 0.0169 24.58

Table 2
Chemical composition and proximate analysis of PKS and PKS-AR

Material PKS PKS-AR
Cellulose (wt%) 29.85 26.26
Hemicellulose (wt%) 24.33 19.78
Lignin (wt%) 49.58 37.13
Extractives (wt%) 13.25 9.63
Volatile matter (wt%) 55.21 53.58
Fixed carbon (wt%) 32.49 29.60
Ash (wt%) 6.93 7.97
Moisture (wt%) 5.35 8.85 Fig. 1. Plot of pH vs. ΔpH for point of zero charge on PKS-AR 

(the adsorbent).
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occurred due to the coincidence of dynamic sites and is anal-
ogous to results reported for other chemically modified bio-
materials, such as wheat straw, sawdust, and rice husk [15,24].

3.5. Langmuir and Freundlich isotherm analysis

Langmuir and Freundlich isotherms were used to assess 
data obtained in static studies for nitrate removal. The value 

for the separation factor ‘RL’ resulting from the application 
of the Langmuir isotherm model (RL < 1) suggested that 
nitrate removal by PKS-AR occurred by monolayer adsorp-
tion. On the other hand, the acquired values of ‘1/n’ in the 
Freundlich isotherm were observed to be between 0 and 1, 
which indicated the limited applicability of a multilayer 
adsorption model. Moreover, the correlation coefficients 
between measured nitrate adsorption and adsorption pre-
dicted by the Langmuir isotherm were close to unity at both 
values of pH (R2 = 0.994 at pH 6 and R2 = 0.996 at pH 7) 
(Table 3). In addition, in the plots of qe vs. Ce the Langmuir 
isotherm described the removal of nitrate slight better than 
the Freundlich isotherm, which is an indication of the dom-
inance of the monolayers (Figs. 4(A) and (B)). The maxi-
mum nitrate adsorption capacity of PKS-AR predicted by 
the Langmuir isotherm was 53.12 and 51.81 mg/g at pH 6 
and pH 7, respectively. In previous research, the adsorption 
of nitrate on cellulose-based adsorbent was also reported 
to follow the Langmuir isotherm; these materials included 
almond shell [25], wheat straw [15], coconut coir pith [26], 
and birch bark [13].

3.6. Kinetic behavior of nitrate adsorption

The kinetics of nitrate removal were investigated at 
initial nitrate concentrations (25, 50 and 100 mg/L) at con-
stant adsorbent dose (4 g/L) and pH 6. The kinetic was 
also accessed at constant nitrate concentration (25 mg/L) at 
pH 7. Maximum adsorption was observed to occur within 
5 min at both values of pH (initial nitrate concentration: 
25 mg/L). Equilibrium was attained after 30 min with a 
nitrate removal efficiency of 79.1% and 78.6% at pH 6 and 
pH 7, respectively (Fig. 5). To define the kinetic behavior 
of nitrate removal, the experimental data were fitted to 
pseudo-second order model and the Weber-Morris model. 
The pseudo-second order model provided a good agree-
ment in the description of the nitrate adsorption kinetics 
(Fig. 6 and Table 4). The rate constant of the pseudo-second 

 

                                  

            

A 

B 

Fig. 2. Effect of initial nitrate concentration (Ci) at pH 6 and 
pH 7 on nitrate adsorption by palm kernel shell anion resins 
(PKS-AR) adsorbent (A), and equilibrium concentration on 
nitrate adsorption capacity (mg/g) of PKS-AR (B). (Dosage of 
adsorbent was 4 g/L).

Fig. 3. Nitrate removal at different doses of PKS-AR adsorbent 
(nitrate concentration: 25 mg/L and pH: 6).

Table 3
Langmuir and Freundlich parameters for describing nitrate 
 adsorption on PKS-AR

Isotherm pH Parameters Nitrate Adsorption

Langmuir 6 Q0 (mg/g) 53.12
b (L/mg) 0.0204
R2 0.994

Langmuir 7 Q0 (mg/g) 51.81
b (L/mg) 0.0203
R2 0.996

Freundlich 6 Kf (mg/g) 1.833
1/n 0.68
n 1.471
R2 0.982

Freundlich 7 Kf (mg/g) 1.708
1/n 0.697
n 1.435
R2 0.985
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order model decreased from 0.0967 to 0.0674 g/mg-min as 
the pH increased from 6 to 7. This result occurred because 
of the higher availability of OH– on PKS-AR at pH 7 than 
at pH 6. On the other hand, rate constant decreased from 
0.0967 to 0.0192 g/mg-min when concentration increased 
from 25 to 100 mg/L. Moreover, the value of the initial rate 
constant (h) was found to be 2.603, 3.074 and 6.452 mg/g-
min at corresponding nitrate concentrations (25, 50 and 
100 mg/L), respectively (Table 4).

One of the main characteristics of the solute-transfer pro-
cess in solid-liquid adsorption is that of external mass trans-
fer, which can also be understood as boundary diffusion [27]. 
The rate-limiting step in the adsorption of nitrate by resins 
was investigated by plotting the amount of nitrate adsorbed 
against the square root of time, based on the Weber-Morris 
model (Figs. 7(A) and (B)). The values of Kid were found to 
be 3.61 × 10–2 mg/g-min, 4.41 × 10–2 mg/g-min and 8.63 × 10–2 

mg/g-min when nitrate was exposed to PKS-AR at nitrate 
concentration (25, 50 and 100 mg/L, respectively and at pH 6) 
as well as 4.88 × 10–2 mg/g-min at pH 7 (at nitrate concen-
tration: 25 mg/L). The variable rate of nitrate adsorption on 
PKS-AR is visible in Figs. 7(A) and (B), which highlights an 
initial phase influenced by boundary layer diffusion, a sec-
ond phase controlled by intra-particle diffusion, and a final 
phase that reflected an equilibrium stage. The fact is that 
neither curve passes through the origin indicates that the 
process of nitrate removal on PKS-AR is rather complex and 
affected by both the intra-particle diffusion and by surface 
adsorption [24,28].

3.7. Thermodynamics of adsorption

The van’t Hoff equation (Eq. 8) was used to plot ‘ln 
K’ vs. ‘1/T’ resulting in a correlation coefficient (R2) of 
0.99 (Fig. 8). The values of ∆G° for nitrate were calculated 
as –24.59 kJ/mol (at 20°C), –25.36 kJ/mol (at 30°C) and 
–26.13 kJ/mol (at 40°C) (Table 5). The standard Gibbs free 
energy (which describes the spontaneity of the nitrate 
sorption process) has a negative value at all the tempera-
tures examined in this study. Moreover, the nature of 
the interaction of nitrate with PKS-AR was found to be 
exothermic, as indicated by the negative value of ‘ΔH°’ 
(–2.05 kJ/mol). Because the change in enthalpy was less 
than 40 KJ/mol, the adsorption process was predom-
inantly physical in nature and possibly occurred by 
surface adsorption [29] despite the slight degree of ion 
exchange or chemisorption [30]. Also, the change in stan-
dard entropy for the adsorption process was positive 
(Table 5) illustrating that the nitrate anion (NO3

–1) has an 
increasing degree of freedom [20,31].

 

        

    

A 

Fig. 4. Langmuir and Freundlich adsorption isotherms for nitrate 
removal (qe) by PKS-AR at pH 6 (A) and pH 7 (B) as a function 
of equilibrium nitrate concentration (Ce). (The adsorbent dosage 
was 4 g/L).

Fig. 5. Nitrate removal (%) vs. time (min) at pH 6 and pH 7 (Initial 
nitrate concentration was 25 mg/L and the PKS-AR dose was 4 g/L).

Table 4
Summary of parameters for a pseudo-second order kinetic model and the Weber-Morris model to describe nitrate adsorption

pH Ci

mg/L
qe (Exp.)
mg/g

Pseudo-Second Order Model h  
(mg/g-min)

Weber-Morris Model
K2 (g/mg-min) qe (mg/g) R2 Kid (mg/g-min) Cid R2

6 25 4.993 0.0967 5.189 0.999 2.603 3.61 × 10–2 3.17 0.826
6 50 9.62 0.0287 10.352 0.995 3.074 10.93 × 10–2 4.41 0.619
6 100 17.2 0.0192 18.315 0.995 6.452 18.18 ×10–2 8.63 0.565
7 25 4.94 0.0674 5.206 0.998 1.827 4.88 × 10–2 3.59 0.791
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3.8. Regeneration and reuse of the PKS-AR

With regard to the economical application of anion 
adsorption, an adsorbent should be suitable for regener-
ation and reuse. Regeneration and reuse of the adsorbent 
also facilitates waste minimization. This study employed 
0.1 M NaCl as an eluent to regenerate the PKS-AR, based 

on the economy and eco-friendly options for disposal 
of generated waste. In the second and third operation 
cycles, the PKS-AR adsorbent removed 84% of the influent 
nitrate, which was better performance than was achieved 
using fresh adsorbent. The resins also showed remarkable 
results in subsequent cycles, removing 97% of first cycle 
for influent nitrate in the fifth consecutive cycle (Fig. 9). 
This efficacy demonstrated a strong ion exchange reac-
tion during the regeneration process, which could be 
ascribed to partial displacement of NO3

–1 with Cl–1 as well 
as the reaction of sodium with nitrate (which displaced the 
adsorbed nitrate completely). In addition, the regeneration 
process may have removed possible impurities present in 
the resins as well as reduced the concentration of OH–1 
ions. Consequently, regeneration increased the number 
of active sites that were positively charged, improving 
the removal of nitrate through approximately three initial 
operation-regeneration cycles.

3.9. Column study

Two nitrate concentrations (50 and 100 mg/L) were 
studied using column analysis (at a flow rate of 7 ml/min 
and a column diameter of 11 mm). The breakthrough point 
was ascertained by plotting the ratio of influent nitrate 
concentration to effluent concentration (Ct/Ci) vs. time, as 
described in the literature [13]. In this study, the break-
through time of the 100 mg/L solution was observed to be 
much shorter than that for the 50 mg/L solution, a trend 
that also has been reported in previous column stud-
ies using chemically modified biomaterials [13,32]. This 
column study further confirmed the effectiveness of the 
adsorbent in removing nitrate from aqueous solutions, 
showing adsorption capacities to be 28.69 and 47.97 mg/g 
when treating solutions containing 50 and 100 mg/L 
nitrate, respectively (Fig. 10).

3.10. Comparison with other biadsorbents

Nitrate removal using other adsorbents reported in 
previous studies has been compared with this research 
(Table 6) and PKS-AR was found better than many other 
adsorbents.

Fig. 6. Representation by a pseudo-second-order model of nitrate 
adsorption (t/qt) by PKS-AR at different initial concentrations 
(pH: 6, dosage: 4 g/L).

 

       

      

A 

Fig. 7. Amount of nitrate adsorbed (qt) on PKS-AR vs. square root 
of time, highlighting the effect of intra-particle diffusion (nitrate 
concentration: 25 mg/L at pH 6 and pH 7 and PKS-AR dosage: 
4 g/L) (A) and at different nitrate concentrations (pH: 6, PKS-AR 
dosage: 4 g/L) (B).

Fig. 8. van’t Hoff plot of 1/T vs. ln(K) for nitrate adsorption on 
PKS-AR.
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4. Conclusions

Biomaterial-based anion exchange resins (PKS-AR) were 
successfully prepared by the mercerization of the palm 
 kernel shell, with subsequent quaternization using CHMAC. 
The Langmuir and Freundlich isotherm models success-
fully described nitrate adsorption on PKS-AR, although the 
Langmuir model (R2 = 0.994) did so slightly better than the 
Freundlich model (R2 = 0.982). The adsorption capacity of 
PKS-AR was determined to be 53.12 mg/g. A pseudo-second 
order model was found to well explain the kinetic phenomena 
of the nitrate adsorption process. Thermodynamic  analysis of 
the adsorption process revealed the exothermic behavior and 
physical nature of the process. The PKS-AR adsorbent can 
be repeatedly used over a number of operation- regeneration 
cycles, with only a nominal decrease in nitrate removal effi-
ciency. Column analysis showed the adsorbent has a nitrate 

removal capacity of 47.97 mg/g, making the material an eco-
friendly and feasible adsorbent.
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