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Abstract
Since adsorption is one of the best ammonium removal methods, great efforts have been made to identify new low-cost and 
efficient adsorbents from agricultural waste and by-products due to their abundant availability, low-cost and eco-friendly 
advantages, in addition to the possibility of recycling ammonium back into agricultural processes. In this study, a series of 
batch experiments were performed to detect new bio-adsorbents for ammonium ions removal. Among the materials tested, 
pomegranate peel powder showed a high affinity to adsorb ammonium ions and, furthermore, available information on ammo-
nium adsorption by this biomaterial is still missing from the literature. First, pomegranate peel powder was characterized 
by the determination of different parameters such as zeta potential, iodine number, Fourier-transform infrared spectroscopy 
analysis, scanning electron microscopy, particle size distribution and porosity. Then, the impact of various parameters, such 
as pH, contact time, stirring speed, adsorbent dose and adsorbate concentration in the adsorption process, was investigated. 
The highest ammonium removal capacity was obtained at pH = 4 using 400 mg of pomegranate peel powder and a stirring 
speed of 150 rpm for an initial concentration of ammonium of 30 mg/L. The system (adsorbent, adsorbate and solution) 
reached equilibrium after 2 h and the data fit well with the Langmuir model with a maximum monolayer adsorption capacity 
of 6.18 mg/g, while kinetics were well described by the pseudo-second-order model. These results introduce pomegranate 
peel powder as a promising bio-adsorbent to remove and recover ammonium from aqueous solutions.
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Introduction

Nitrogen compounds discharged into water systems have dif-
ferent sources such as municipal and industrial wastewater, 
leaching waste disposal systems and agricultural runoff. The 
presence of these nitrogen forms causes serious environ-
mental problems such as eutrophication which leads to a 
depletion of dissolved oxygen and therefore toxicity to fish 
and other aquatic organisms (Liu et al. 2010), in addition 
to a potential risk to human health (Britto and Kronzucker 
2002). Moreover, as nitrogen is an indispensable compo-
nent of fertilizers, its sources are threatened by exhaustion 
because of the high demand and indiscriminate use (Bhat-
tacharjee et al. 2008); thus, it is important to manage this 
resource to meet the increased population food demands. 
Management should include the recovery and reuse of this 
element as it would reduce water pollution and also provide 
a new source of nitrogen for agricultural purposes via recy-
cling. Many methods have been developed to remove and 
recover nitrogen from wastewater, especially ammonium 
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which is the predominant nitrogen source and the most 
common pollutant encountered in water streams and among 
these methods adsorption is well known as the most simple 
and cost-effective process (Karri et al. 2018).

Connected with these environmental challenges, and as 
a result of the expanding agricultural activities and food 
production, million tons of agricultural and food waste 
are disposed worldwide every year. (1.3 billion tonnes of 
food waste is produced annually according to the Food and 
Agriculture Organization of the United Nations FAO.) This 
waste constitutes a serious environmental problem since 
it is disposed by burning or dumping and this releases a 
lot of toxic material and pollutants into the environment. 
Therefore, recycling appears the best option to add eco-
nomical value to this waste and consequently reduce its 
burden. However, knowledge of the chemical composition 
of agricultural waste/by-products (AWBs) is essential for 
their valorization and the design of novel products. As a 
lignocellulosic material, AWBs contain large amounts of 
functional groups (e.g., –OH, –COH) which give them an 
ion exchange capacity and general adsorptive characteristics. 
Therefore, these biomaterials could be used as adsorbents 
in their natural and modified forms or even in the produc-
tion of so-called activated carbons (Karri and Sahu 2017). 
Recently, various studies have been conducted to check the 
efficiency of AWBs to remove a variety of pollutants from 
aqueous solutions, including heavy metals and dyes (Suly-
man et al. 2017). However, in spite of the growing interest 
given to the application of these bio-adsorbents, there are 
many obstacles concerning deep investigation on adsorption 
mechanisms and comparative studies under defined condi-
tions to prove their efficiency as alternative adsorbents for 
wastewater treatment (Worch 2012).

Several AWBs have been studied for ammonium removal 
from water (Huang et al. 2018, Azreen et al. 2017). The 
purpose of this study is to investigate the capacity for ammo-
nium ion adsorption by AWBs, as raw materials without 
any modifications. Bark, wheat husk, compost, wheat bran, 
banana peel, pomegranate peel and sugar beet pulp were 
investigated. Among the materials tested, pomegranate peel 
powder (PPP) exhibited high efficiency in the removal of 
ammonium ions, and from the relevant literature, this bio-
material holds a large extent of functional groups such as 
hydroxylic and carboxylic groups. Furthermore, the global 
world production of pomegranate is estimated to be more 
than one million tons (Sheikh 2006) and a large propor-
tion of this production is processed for juice, jams and other 
industries generating a huge amount of valueless pomegran-
ate peel causing a problem of waste disposal and manage-
ment (Talekar et al. 2018; Demiray et al. 2018). In addition, 

because of its biodegradability the ammonium-loaded PPP 
can be applied directly onto agricultural fields as a slow-
release fertilizer or as bio-compost to improve soil fertility. 
Therefore, analytical study will focus on this biomaterial to 
determine the parameters influencing the adsorption pro-
cess and to identify isotherms and kinetics in order to obtain 
insight into the process mechanisms and characteristics.

Finally, adsorption of nutrients—including nitrogen com-
pounds—using food residues or AWBs appears to be a crea-
tive technology based in the “3 R” principle: Reduce, Reuse 
and Recycle. This process will solve the problems discussed 
above since it will not only reduce the burden of reactive 
nitrogen production and waste disposal, but also add value 
to this waste and, more importantly, purify water and recy-
cle nutrients to mitigate their exhaustion for a sustainable 
environment (Fig. 1).

The research has been carried out at the department of 
process engineering, Faculty of engineering, University of 
Szeged, Hungary, in 2019.

Materials and methods

Adsorbents preparation

Seven AWBs were collected, including pomegranate peel, 
banana peel, wheat husk, compost, bark, wheat bran and 
sugar beet pulp. Samples were cut into small pieces and 
washed with distilled water several times to remove dust 
and impurities; then they were oven dried at 110 °C for two 
hours. Finally, dried materials were crushed and grounded 
to desired particle size (< 250 µm) and the final material 
was a powder used in raw form for adsorption experiments.

Preparation of stock solution

Calculated weights of ammonium chloride salt, NH4Cl, were 
dissolved in distilled water to obtain desired ammonium con-
centrations [NH4

+]. The initial pH value of the solution was 
adjusted using dilute solutions of 0.1 M of sodium hydroxide 
NaOH or hydrochloric acid HCl.

Screening experiments

The screening experiments were performed according to the 
batch method where 100 milligrams of each sample was 
shaken at 100 rpm and at room temperature with 60 ml of 
NH4Cl solution containing [30 mg/L] of NH4

+. To compare 
the efficiency of the materials tested, the variation of NH4

+ 
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concentration was measured continuously until it becomes 
stable. For measurements, solutions were filtered using 
0.45 µm microporous membrane filters and NH4

+ concen-
tration in each filtrate was analyzed using Merck Spectro-
photometer Spectroquant Nova 60. The ammonium removal 
rate can be calculated as shown in Eq. (1):

where ci and cf are the initial and final nitrogen concentra-
tions, respectively.

Characterization of adsorbents

a.	 Zeta potential test

Zeta potential is the only measurable parameter of an 
electric double layer, and it is widely used for the quanti-
fication of the sign and magnitude of the particle charge 
state. Zeta potential of the tested adsorbents was inves-
tigated by a zetasizer device (Nano ZS, Malvern) where 
10 mg of each sample was added to 20 mL of NH4Cl solu-
tion at different pH and ammonium concentrations.

(1)%Removal =
cf − ci

ci
∗ 100

b.	 Iodine number

Pore structure of materials tested was quantified by 
standard determination of the iodine adsorption number 
(Bunnag and Yamani 2006) where 25 mL of iodine solu-
tion was put in a flask with the sample (around 0.1 g) and 
mixed for 1 min. After that, it was centrifuged for 3 min. 
Finally, 10 mL of the centrifuged solution was used in a 
titration with a sodium thiosulfate solution. The iodine 
number is calculated as illustrated in Eq. (2):

where v: volume of iodine; Ti (ml): (Na2S2O3·5H2O) solu-
tion used for titration of 10 ml iodine solution; Tf (ml): 
(Na2S2O3·5H2O) solution used for titration of 10 ml filtrate 
solution; g: weight of the sample in grams; Mi: molar mass 
of iodine; and ci: iodine concentration.

c.	 Particle size distribution and porosity

The particle size distribution and the calculated geometric 
specific surface area of PPP were determined using Horiba 
LA-950V2 type laser particle size analyzer in dry mode. 

(2)Iodine number = v
(

Ti − Tf
)

ci
Mi

(

Ti ⋅ g
)

Fig. 1   The aim of the adsorp-
tion study using AWBs to 
recycle nutrients
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From the measured data, the computer calculated the par-
ticle size distribution according to the Fraunhofer theory. 
The measurement range of the analyzer is between 10 nm 
and 3 mm.

The porosity of PPP was determined using Micromeritics’ 
AutoPore IV 9500 Series, which characterizes a material’s 
porosity by applying various levels of pressure to a sample 
immersed in mercury. This method is called mercury poro-
simetry or often “mercury intrusion.”

d.	 FTIR- ATR analysis and scanning electron microscope.

The instrument for recording the spectra was a Bio-Rad 
Digilab Division FTS-65A/896 FTIR spectrophotometer 
with 4 cm−1 resolution. The 4000–400 cm−1 wavenumber 
range was recorded. A total of 256 scans were collected for 
each spectrum. In addition to the spectra of each sample, 
single reflection diamond ATR accessory measurements 
were taken.

Scanning electron microscope (SEM) was also used for 
imaging the microstructure of PPP before and after NH4

+ 
adsorption to check the variation in its surface morphology.

Batch adsorption experiments using PPP

Based on the results of screening experiments, PPP was 
selected to study the equilibrium characteristics of NH4

+ 
adsorption. The first series of experiments were carried out 
to assess the effects of influencing parameters, such as initial 

NH4
+ concentration, pH, adsorbent dose, stirring speed and 

contact time.
The adsorbed amount of ammonium ion (mg/g) was cal-

culated as shown in Eq. (3):

where ci (mg/L) and ce (mg/L) are the initial and equilibrium 
concentrations of NH4

+ in the solution, respectively. V (L) 
is the solution volume and M (g) is the mass of adsorbent.

For isotherm and kinetics modeling, data were fitted to 
the existing models, and the best-fit models for both iso-
therm and kinetic studies were selected based on the highest 
coefficient correlation (R2) and correspondence with calcu-
lated parameters.

Results and discussion

Screening tests

Most of the materials tested show low efficiency in adsorp-
tion of NH4

+, as the removal rates with wheat bran, wheat 
husk, sugar beet pulp and bark were only 6.7%. Moreover, 
removal rates using compost and banana peel were negative 
because these biomaterials release nitrogen which combines 
with protons present in solution to form ammonium. How-
ever, the removal using PPP was 36.7% effective, leading us 
to focus on this potential bio-adsorbent (Table 1).

Characterization results

a.	 Zeta potential

The surface properties of PPP were investigated by zeta 
potential measurements, as illustrated in Fig. 2a, b; PPP sur-
face groups are negatively charged in the studied range of 
pH and solution concentrations.

The value of zeta potential decreases with the increase 
in pH resulting in a higher negative charge on the PPP sur-
face (Fig. 2a). The negatively charged surface contributes to 

(3)qe =
(

ci − ce
) V

M

Table 1   Removal rates of NH4
+ removal by the materials tested

Adsorbents Removal rate %

Compost − 20%
Wheat bran 6.7
Wheat Husk 6.7
PPP 36.7
Sugar beet pulp 6.7
Bark 4.2
Banana peel − 6

Fig. 2   a Zeta potential of 
PPP as a function of pH in 
[10 mmol/L] of NH4Cl solution, 
b zeta potential of PPP as a 
function of NH4Cl concentra-
tion (mmol/L)
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the ability of functional groups to adsorb positively charged 
ions since it represents the driving force for electrostatic 
interaction with NH4

+ (Cui et al. 2016). In addition, Fig. 2b 
shows that zeta potential increases with increasing NH4Cl 
concentration due to the charge screening of electrolytes and 
the saturation of available negatively charged surface sites 
(López-Ramón et al. 2003).

Furthermore, Table 2 shows that other materials have 
higher negatively charged surfaces than PPP but lower 
adsorption capacities for NH4

+, suggesting that the elec-
trostatic interaction is not the only adsorption mechanism 
involved and there is another mechanism which could be 
an ion exchange property derived from functional groups 
present on PPP surface (Ben-ali et al. 2017).

b.	 Iodine number

Iodine number measurement gives an indication of the 
pore volume available in the material of interest. Among 
the materials tested, PPP has the highest value (595 mg/g) 
and it is in the range of zeolite (the specific adsorbent for 
ammonium) (Table 3).

c.	 Particle size distribution and porosity

The particle size of the adsorbent is an important param-
eter indicating its capacity and its surface accessibility 
(Worch 2012). PPP used in this study had a specific sur-
face area of 101,600 m2/m3, and a particle size ranged from 
approximately 10 µm to 750 µm (Fig. 3a). When particle 
size decreased, the specific surface area increased, leading 
to an improvement in bioavailability and absorptivity due 
to fast dissolution of active functional ingredients (Zhong 
et al. 2016). However, using adsorbents with very fine pores 
to remove large adsorbate molecules restricts the extent of 
adsorption by size exclusion (Worch 2012). Likewise, the 
porosity of a material affects its physical properties and 
subsequently its behavior in its surrounding environment, 
especially adsorption ability. Porosity of PPP was 22.89%, 

Table 2   Zeta potential of 
materials tested in 10 mmol/L 
NH4Cl at pH 5

Adsorbents Zeta potential

Compost − 20.8
Bark − 19.3
Sugar bagasse − 17.1
Banana − 16.1
PPP − 15.6
Wheat Bran − 14.3
Husk − 11.5

Table 3   Iodine number of materials tested and zeolite

Adsorbent Iodine number

Banana peel 233
Compost 115
Bark 98
Wheat husk 70
Wheat bran 70
Sugar beet pulp 70
PPP 595
Zeolites 400–900
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Fig. 3   a Graph of particle size distribution of PPP used, b pore size distribution chart of PPP used
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whereas its pore size distributions and total pore volume are 
shown in Fig. 3b.

d.	 Properties of PPP

It is known from the relevant literature that pomegran-
ate peel represents 28 to 32% of the total weight of the 
fruit. Chemical composition may affect the adsorbate/
adsorbent interaction and represents an interesting fea-
ture of AWBs, especially the nature of functional groups 
available on their surface since they have the ability to 
bind pollutants to some extent through ionic interactions 
(Pagnanelli et al. 2003). The main PPP surface functional 
groups are hydroxylic and carboxylic groups derived 
from carboxylic acid, phenol or alcohols, ketone, alde-
hyde, ethers and esters (Ben-ali et al. 2017). Recently, a 
lot of studies have been done using PPP to remove Cr(VI), 
Ni(II), Pb(II), Cu(II) and Congo red from water samples 
(El Nemr 2009; Bhatnagar and Minocha 2010; Alam et al. 
2012; El-Ashtoukhy et al. 2008; Ghaedi et al. 2012).

e.	 FTIR- ATR analysis and SEM results

The FTIR spectra of PPP before and after adsorption 
of NH4

+ were used to assess the changes in the functional 
groups present on its surface. As illustrated in Fig. 4a, the 
FTIR spectra of PPP display a number of absorption peaks 
ranging from 400 to 4000 cm−1, indicating the complex 
nature of the studied adsorbent. Two significant differences 
can be seen on spectrum of used material compared to 
the fresh material; two new well-separated peaks appeared 
at 1370 and 1656 cm−1 belonging to the ν4- and ν2-type 
vibrations of NH4

+ (De Waal et al. 1990). In general, the 
observed variation of major peaks indicates the involve-
ment of corresponding groups in the binding of NH4

+ to 
PPP surface.

SEM micrographs showed the surface morphology of 
PPP before and after NH4

+ uptake at the same magnifica-
tion power (50,000×). The surface texture of PPP before 
NH4

+ uptake was flat and smooth (Fig. 4b); however, this 
surface becomes more rough and uneven after NH4

+ uptake 
(Fig. 4c).

Fig. 4   a FTIR- ATR analysis of PPP before (A) and after adsorption of NH4
+ (B), b SEM of PPP before NH4

+ uptake, c SEM of PPP NH4
+ 

uptake
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Batch adsorption results

a.	 Effect of initial ammonium concentration

The effect of initial concentration on the removal of NH4
+ 

by PPP was studied employing different initial NH4
+ con-

centrations (5, 30, 60, and 90 mg/L) at room temperature. 
It is clear from Fig. 5a that the removal rate decreased with 
increasing initial NH4

+ concentration. Maximum removal 
was 88% at an initial concentration of 5 mg/L, indicating 
a high affinity of the PPP surface for NH4

+. Moreover, 
low concentration allows more time for NH4

+ to bind to 
the adsorption sites with a slower mass transfer coefficient, 

while increasing NH4
+ concentration leads to an increase 

in the driving force and therefore these adsorption sites are 
occupied and the PPP surface is saturated which in turn 
leads to a fast breakpoint. However, the amount of NH4

+ 
adsorbed per unit mass of adsorbent (mg/g) decreased due to 
its low concentration in solution. Similar results were found 
for ammonium recovery by zeolite (Kotoulas et al. 2019).

b.	 Effect of pH

To study the effect of pH, experiments were performed 
in solutions with pH 3, 4, 5, 6 and 7. The initial solution 
pH plays a critical role in adsorption processes as it affects 

Fig. 5   a Effect of initial NH4
+ 

concentration, b effect of pH, c 
effect of adsorbent dose, d effect 
of stirring speed, e effect of 
contact time ([NH4

+]: 30 mg/L, 
adsorbent dose: 100 mg, pH: 4, 
stirring speed: 100 rpm, contact 
time: 120 min)
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both adsorbate and adsorbent characteristics and behav-
iors, especially in adsorption involving charge–charge 
interactions (Myers 1999). In acidic solutions, more pro-
tons, H+, are present, which compete effectively with 
NH4

+ cations; however, this study shows a negligible effect 
of pH, with maximum removal at pH 4 (51%) (Fig. 5b). 
The pH effect could be explained by the existence of a 
large range of different functional groups (carboxylic and 
hydroxylic groups) in PPP surface leading to a large num-
ber of possible interactions with NH4

+ and other solutes 
present in the solution; therefore, the influence of the pH 
value on the adsorbate properties and adsorbent surface 
charge is negligible. These results coincide with results of 
zeta potential measurements that showed negative surface 
charge of PPP for all pH ranges studied; therefore, this pH 
independence presents another advantage of using PPP 
as an adsorbent of ammonium. The results obtained in 
this study are in a good agreement with those reported in 
previous study using PPP for heavy metals removal (Rao 
and Rehman 2010).

c.	 Effect of adsorbent dose

The effect of adsorbent dose was studied by varying the 
used mass of PPP from 100 mg to 400 mg and keeping other 
parameters constants. Increasing PPP dose shows a remark-
able increase in the removal rate of NH4

+ (from 47.67% 
for 100 mg to 97.33% for 400 mg) because increasing the 
amount of adsorbent introduced into the solution provides 
larger adsorption surface and therefore more available active 
binding sites for NH4

+ (Ismail and Hameed 2014) (Fig. 5c).

d.	 Effect of stirring rate

Certainly, stirring rate is an influencing parameter in the 
adsorption mechanism since it is the physical driving force 
of the process. Figure 5d shows the removal rate of NH4

+ 
by PPP at different stirring speeds (from 100 to 400 rpm). 

The maximum removal rate was 47.67% at 100 rpm. The 
adsorption capacity of PPP decreased slightly as the stir-
ring rate increased. This reduction is due to the turbulence 
produced by high rotation speeds which led the adsorbent-
bound ammonium ions to be released again, and the ions 
did not have enough time to meet the adsorbent surface at 
higher speeds and, as a result, the adsorption mechanism was 
perturbed (Fauzia et al. 2015).

e.	 Effect of contact time

The adsorption of contaminants from liquid solution into 
solid surface is usually divided on three phases (Sulyman 
et al. 2017). The time progress for NH4

+ adsorption by PPP 
is shown in Fig. 5e, and it can be divided on three phases 
starting with the initial phase which is rapid and characterized 
by high removal rates (44% within 5 min) due to the initially 
larger surface area and availability of free active sites, mainly 
carboxylic COO− and hydroxylic OH− groups. Then, as the 
contact time increases, the rate gradually becomes slower 
(from 44.67 to 47.33%) because of the slow passage of NH4

+ 
into the internal structure of PPP. This phase is known as the 
intermediate phase. After 120 min, the removal rate reached 
a constant value (47.67%) where no more NH4

+ was removed 
from the solution because of the saturation of free active sites 
and the system reached equilibrium.

Adsorption isotherm

The adsorption isotherm is a curve describing the interaction 
adsorbent/adsorbate at a constant temperature by relating the 
equilibrium concentration of the solute on the surface of an 
adsorbent (qe) to the concentration of the solute in the liquid 
(Ce) with which it is in contact (Ramasamy and Krishnamoor-
thy 2015). This isotherm may be affected by the properties of 
the adsorption system components and should take into con-
sideration several parameters (Myers 1999). The capacity of 
PPP to adsorb NH4

+ was evaluated through a series of batch 

Fig. 6   a Adsorption isotherm of 
NH4

+ by PPP, b Langmuir iso-
therm model of NH4

+ adsorp-
tion by PPP 4.38
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adsorption experiments using different doses of PPP and a 
constant initial NH4

+ concentration and temperature (Fig. 6a).
To select the isotherm model that adequately describes the 

adsorption mechanism, experimental adsorption data have to 
be combined with mathematical modeling (Xu et al. 2013). 
Among the models tested to describe the adsorption of NH4

+ 
by PPP, the Langmuir isotherm fits best with the obtained 
experimental adsorption data (Fig. 6b). This model assumes 
that the adsorption process is localized and controlled by mon-
olayer coverage of the adsorbent surface where all adsorption 
sites possess equal affinity for the adsorbate (Myers 1999). 
Furthermore, intermolecular attractive forces diminish rapidly 
with distance, in addition to the absence of interaction between 
adsorbed molecules on neighboring sites (Gimbert et al. 2008).

Equations (4) and (5) present the Langmuir equation and 
its linearized form, respectively:

(4)Q =
QmbCe

1 + bCe

where Qm (mg/g) is the maximum ammonium uptake, b (L/
mg) is the Langmuir adsorption constant, Qe (mg/g) is the 
equilibrium ammonium uptake and Ce (mg/L) is the equi-
librium concentration.

The constant b for the Langmuir model can be obtained 
from the slope and intercept of a graph Ce/Qe against Ce. 
In this case, b = 3.01 and it presents an index of affinity 
between the adsorbent and adsorbate since it is related to 
the adsorption energy (Dawodu and Akpomie 2014).

The parameter RL that is recognized as the separation 
factor can be calculated as shown in Eq. (6):

The value of RL obtained is 0.01 which is very low and 
indicates that the adsorption of NH4

+ into PPP is favorable 
and could even be irreversible (Foo and Hameed 2010).

(5)
Ce

Qe
=
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Qm
+

1

Qmb
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Fig. 7   a Kinetics curve of NH4
+ adsorption by PPP, b pseudo-second-order kinetic model, c intra-particle diffusion model (400  mg PPP, 

30 mg/L (NH4
+), pH 4, stirring speed 150)
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Adsorption kinetics

Adsorption kinetics present the time progress of the adsorp-
tion process and describes the mass transfer from solution 
to the adsorption sites, and thus, it determines the time 
required to reach the state of equilibrium. An understand-
ing of adsorption kinetics arises from identifying governing 
mass transfer mechanisms and its characteristic parameters 
(Worch 2012). In order to study the kinetics of NH4

+ adsorp-
tion by PPP, a change in NH4

+ concentration over time was 
followed and measured by taking samples at defined time 
intervals. The resulting kinetic curve is shown in Fig. 7a. 
This curve provides the data for a fitting procedure with 
existing kinetic models. The adsorption mechanisms of 
NH4

+ by PPP were evaluated using two kinetic models 
(pseudo-second-order and intra-particle diffusion model). 
As in isotherm modeling, selecting the best-fit kinetic model 
is based on the value of the linear regression correlation 
coefficient (R2) and the calculated equilibrium adsorption 
capacity (Qecal).

a.	 Pseudo-second order

This model is represented by a plot of (t/Qt) against (t) 
(Ho and Mckay 1999). Its equation and linearized form are 
shown in Eqs. (7) and (8), respectively.

This model fits well with kinetics data of NH4
+ adsorp-

tion by PPP according to values of coefficient of correlation 
R2 and Qecal (Fig. 7b). This model assumes that the adsorp-
tion process is governed by chemical sorption and involves 
sharing and exchange of electrons between the adsorbent and 
adsorbate (Jellali et al. 2011).

b.	 Intra-particle diffusion

This model is a linear plot of (Qt) versus (√t), and it is 
employed to identify the governing step in the adsorption 
process. The equation of the intra-particle diffusion model 
and its linearized form are shown in Eq. (9).

As illustrated in Fig. 7c, the linear plot is not passing 
through the origin with a low value of correlation factor R2, 

(7)
dQt

dt
= k (Qe − Qt)

(8)
t

Qt
=

(

1

kQe

)

+

(

1

Qe

)

t

(9)Qt = k
√

t

indicating that intra-particle diffusion is not the only rate 
limiting step involved in the adsorption of NH4

+ by PPP. 
Therefore, the process mechanism occurs in several steps, 
starting with an instantaneous adsorption stage, then intra-
particle diffusion into pores and ends with the final equilib-
rium step (Gu et al. 2011).

Conclusion

The ability of seven AWBs including bark, wheat husk, 
compost, wheat bran, banana peel, pomegranate peel and 
sugar beet pulp as a potential low-cost adsorbent for ammo-
nium removal was investigated in this study. Among materi-
als tested, the results of adsorption of ammonium by PPP 
showed that a dose of 400 mg of this biomaterial could 
achieve 97% ammonium removal at pH = 4 with a stirring 
speed of 100 rpm, making this valueless waste a promising 
alternative to the usual expensive commercial adsorbents, 
while other tested materials showed low or even negative 
efficiency. This study also demonstrates that contact time, 
initial concentration of NH4

+ and PPP dose used are factors 
with the greatest effects on adsorption of ammonium by PPP. 
However, a study of the effect of interfering ions is required 
to better understand the adsorption mechanism through an 
investigation in multi-solute solutions or even real wastewa-
ter because single-solute adsorption systems helps only to 
understand general aspects of adsorption without consider-
ing other influencing parameters. Moreover, investigating 
the reusability of ammonium-loaded PPP as a possible bio-
fertilizer or even bio-compost presents a pivotal issue since 
it will open new options in sustainability.
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