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Abstract The study investigated the sorption capacity
of biosorbent-raphia sp. against ammonia. Raphia fi-
bers were used without and with the modification of its
surface with NaCl, NaNO3, and K2SO4. The data was
analyzed in the state of equilibrium using four isotherm
models such as Langmuir, Freudlich, Temkin, and
Dubinin-Radushkevich. The equilibrium of ammonia
sorption for all studied systems was best described by
the Freudlich isotherm model. On its basis, it can be
assumed that the studied process is of chemical nature,
which results from the value of the coefficient 1/n < 1. In
order to confirm the sorption mechanism, analysis of the
kinetics of the ammonia sorption process on raphia
fibers was performed. Four kinetic models of sorption
were calculated: pseudo-first-order model, pseudo-
second-order model, Elovich model, and Webber-
Morris intermolecular diffusion model. The sorption
kinetics of the modeled ammonia waste were carried
out using unmodified palm fibers and all kinds of sur-
face modification. This process was best described by
the pseudo-second-order sorption model, which can be
considered as a confirmation of the chemical nature of
ammonia sorption on raphia sp. fibers.
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1 Introduction

Ammonia is part of the natural cycle of nitrogen circu-
lation in nature; however, an artificial source of ammo-
nia in the case of water pollution causes excessive
eutrophication and algal bloom, which leads to distur-
bance of the balance of the aquatic ecosystem. Increased
ammonia concentration in water has a particularly neg-
ative effect on fish development causing gill damage,
hyperplasia, and significant reduction of growth rate
(Cui et al. 2016; Conley et al. 2009; Długosz and
Banach 2018b).

Ammonia occurs naturally in the environment
mainly in the form of ammonium salts. It is released
in the volatile NH3 form mainly due to decomposi-
tion of nitrogen-containing organic substances and
as a result of volcanic activity. Another natural
source of ammonia is electrical discharges that arise
in the atmosphere that allow the reaction of oxygen
with molecular nitrogen. As a result of the reaction,
ammonia and its oxidation products are formed,
which subsequently react with each other to form
ammonium nitrate (V) and ammonium nitrate (III).
Part of the nitrates produced according to this mech-
anism reaches the earth’s surface, from which they
are absorbed by plants, because they contain nitro-
gen in a form that is available to them (Appl 1999).
Ammonia is widely used in the production of fertil-
izers and animal feed as well as in the production of
fibers, plastics, explosives, paper, and rubber (Šiljeg
et al. 2010). The largest uncontrolled emission of
ammonia to the environment comes from livestock
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breeding, manure management, and fertilizer appli-
cation. In case of insufficient ventilation of the
breeding rooms, respiratory diseases appear in the
animals, which results in a decrease in the produc-
tion of milk, meat, and eggs (Alberdi et al. 2016;
Henry and Aherne 2014). Currently used techniques
of removing ammonia from water and wastewater
are biological method using activated sludge to re-
move nitrogen compounds in sewage treatment
plants, division in the air stream, and ion exchange
carried out in columns with zeolite filling, chemical
precipitation, ion exchange, membrane separation
(Zhang et al. 2009; Jorgensen and Weatherley
2003; Shalini and Joseph 2012; Huang et al. 2015).

An alternative to commonly used techniques is
sorption of ammonia on a properly selected sorbent.
The sorbent should meet a number of requirements:
be easily accessible and durable both mechanically
and chemically, have high sorption capacity and
high affinity for analyte, and enable recycling by
lowering process costs (Veliscek-Carolan et al.
2019; Azimi et al. 2019; Bhardwaj and Bhaskarwar
2018; Hu et al. 2019).

The aim of the research was to check the possi-
bility of using raphia fibers to remove ammonia
from aqueous solutions. Raphia fibers belong to
organic materials containing lignin and cellulose in
their composition (Xu et al. 2018). The ammonia
removal process was carried out in the batch system,
allowing to obtain information about the maximum
sorption capacity of the material in relation to the
analyzed analyte. Raphia fibers have also been sub-
jected to chemical modification to improve its sorp-
tion capacity. Obtained results of the research
allowed for adaptation of the sorption isotherm and
determination of sorption kinetics allowing to obtain
basic information on the mechanisms of ammonia
sorption on raphia fibers. The solute removal rate

controlling residence time in the liquid-solid inter-
face is expressed by the sorption kinetics. One of the
most important factors in the designing of the sorp-
tion system is the sorption rate, because the kinetics
determine the reactor dimensions what is connected
with the solute residence time. In order to under-
stand the sorption kinetics, various models have
been studied.

Pseudo-first-order and pseudo-second-order kinetic
models are the most used to study metal sorption kinet-
ics to solids (Veneu et al. 2018; Guo and Wang 2019).

2 Materials and Methods

2.1 Materials

The research involved the use of raphia fiber (Raphia
farinifera) purchased in the commercial store. Raphia
test was prepared by cutting fibers into pieces with the
length of approx. 3–4 mm and a five-fold rinsing in
demineralized water. One rinse cycle lasted 10–
15 min. The aim of the washing was to purify and unify
the research material. The most favorable purification
conditions were obtained by mixing approx. 20 g of
raphia in approx. 1.5 dm3 of demineralized water. All
used solutions were prepared in distilled water. Reagents
used in the tests were purchased from Sigma-Aldrich
and were characterized by analytical purity.

2.2 Surface Modification

The process of surface modification of the raphia
fibers was carried out using aqueous salt solutions
according to Table 1. Substitution of silicon by
aluminum atoms in the crystal backbone leads to
an additional negative charge balanced by sur-
rounding counterions (such as Na+, K+, Ca2+,
and Mg2+), and these counterions are easily ex-
changed by other surrounding cations in contact
solution. To 10 g of raphia, 100 cm3 of the
modifying solution was added and mixed for a
limited time.

According to the fundamental of ion exchange be-
tween solid and liquid phases, the ion exchange process
between zeolite frame and aqueous ammonium solution
can be expressed by the following equation.

Rf–Menþ þ nNH4
þ ¼ Rf–nNH4

þ þMenþ

Table 1 Modification of the surface of raphia fibers

L.p. Modification
agent

Concentration
[mol/dm3]

Modification
time [h]

1 NaCl 1 3

2 54

3 NaNO3 1 16

4 K2SO4 0.5 16
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where Ze and M represent the zeolite and the loosely
held cations in zeolite, respectively, and n is the number
of electric charge (Lin et al. 2013).

2.3 Sorption Process

The ammonia sorption process was carried out in a
batch dynamic mixing system. The variable param-
eters of the sorption process were the concentration
of ammonia and the time of running the process.
The sorption process was carried out in a 60-cm3 PP
beaker; 0.5 g of previously prepared raphia fibers
and 40 cm3 of ammonia solution were used each
time. Five concentrations of model solutions were
determined for which further tests were conducted:
1, 3, 5, 7, and 9 mmol/dm3. The sorption time was
0.5, 1, 2, 4, 6, 10, and 15 min. After the sorption
process, the solutions were filtered, and then, the
ammonia content was determined by titration.

2.4 Physicochemical Characteristics

The analysis of the elemental composition of ra-
phia fibers before and after the sorption process
was carried out using the compact energy-
dispersive spectrometer X-ray PW4025/00 MiniPal
by PANalytical B.V. A specific surface area test
was carried out using a ASAP 2010 deaerator
station. Before measurement, samples were dried
in a helium atmosphere at 110 °C for 8 h, then
under vacuum at 100 °C and 0.001 Tor for 8 h.
Surface analysis was performed with an LEO 1430
VP scanning electron microscope. SEM photomi-
crographs were taken on Hitachi TM-3000
equipped with an X-ray micro analyzer EDS.
CHN analysis was performed using the Perkin
Elmer Type 2400 CHN analyzer. Fourier transform
infrared spectroscopy was performed on a Scimitar
Series FTS 2000 from Digilab.

Table 3 Kinetic model equations

No. Equation Reference

1 Pseudo-first order
log qe−qtð Þ ¼ logqe−

kl
2:303 t

(Długosz and Banach 2018a)

2 Pseudo-second order
t
qt
¼ 1

k2q2e
þ t

qe

(Simonin 2016)

3 Weber-Morris qt = kidt
0.5 + I (Zhu et al. 2016)

4 Elovich
qt ¼ 1

β ln αβð Þ þ 1
β ln tð Þ (Inyang et al. 2016)

Table 2 Isotherm model equations

No. Equation Reference

Isotherm models

1 Langmuir
Ce
qe
¼ Ce

qmax
þ 1

b∙qmax

(Azizian et al. 2018)

2 Freundlich
logqe ¼ logK f þ 1

n logCe
(Coles and Yong 2002)

3 Temkin qe = BlnKt + BlnCe

B ¼ RT
bt

(Araújo et al. 2018)

4 Dubinin-Radushkevich lnqe = ln qd − (Bdε
2)

ε ¼ RTln 1þ 1
Ce

� �
(Abdelnaeim et al. 2016)
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2.5 Equilibrium Studies

The equilibrium parameters of ammonia sorption on
raphia fibers were modeled on the basis of the iso-
therms: Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherms (Table 2).

2.6 Kinetic Models

Investigating the influence of the sorption time allows to
determine the mechanisms of the sorption process. In
order to determine the effect of contact time of raphia
fibers (before and after modification), sorption capacity
of raphia fiber in relation to ammonia at different times
at various initial concentrationswas investigated. Table 3
presents the kinetic models used.

3 Result and Discussion

3.1 Materials Characterization

The raphia fibers prior to the sorption process have
a heterogeneous structure with a fibrous structure
(Fig. 1a), whereas the structure of raphia fibers after
the sorption process (unmodified—UM) was charac-
terized by a structure with greater homogeneity (Fig.
1b). BET analysis showed that the specific surface
area of raphia fibers had a specific surface area of
1.079 m2/g; moreover, the fiber surface is character-
ized by a mesoporous structure (Fig. 2).

Analysis of the XRF spectrum of raphia without
surface modification and after its modification showed
the presence of nine elements. The material was marked

Fig. 2 Porosity graph of coconut fiber

Table 4 Elemental composition of raphia without modification
and modification

Element Content [%]

Without modification NaNO3 K2SO4 NaCl 54 h

Si 17 26 15 5

P 15 27 10 18

S 6 15 5 6

K 10 – 52 –

Ca 44 24 15 60

Ti 1 – – –

Mn 2 1 1 6

Fe 4 6 3 5

Ni 1 1 – 1

Al 3 1 – 1

Fig. 1 SEM micrograph of raphia fiber: a before sorption, b after sorption
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with the highest content of calcium, silicon, phosphorus,
and potassium. In addition, based on elemental analysis
of CHN, it was found that the content was equal to C:
46.04%, H: 6.18%, and N: 0.77%. These values are
similar to those obtained by other researchers during
analyses of organic materials (Bispo et al. 2018;
Chwastowski et al. 2017).

The results of the semi-quantitative (non-
patterned) analysis are shown in Table 4. The XRF
technique allows the determination of elements
heavier than sodium (MNa = 22.99 g/mol). Raphia
as an organic substance consists mainly of carbon
(MC = 12.01 g/mol), which is why the presented
percentage composition of elements present in the
structure of raphia is inflated and is illustrative
(Hunt and Speakman 2015).

Raphia without surface modification from the el-
ements detected by the XRF technique contains the
most calcium (44%). Silicon, phosphorus, and po-
tassium are present in a smaller amount with a
percentage of 17, 15, and 10%, respectively. The
analysis showed the presence of sulfur, titanium,
manganese, iron, and nickel.

NaNO3 modification caused a decrease in the content
of calcium by 45% and potassium by 100%, which
resulted in an increase in the percentage of silicon,
phosphorus, and sulfur.

Percentages of calcium, silicon, phosphorus, and po-
tassium are similar and amount to 24, 26, 27, and 15%,
respectively.

Modification of K2SO4 caused an increase in the
potassium content by 420%, resulting in a 66% decrease

in calcium content. The element with the highest per-
centage share in this sample is potassium—52%.

The NaCl modification reduced the silicon content
by 71% and potassium by 100%, resulting in an increase
in the percentage of calcium by 36%. The element with
the largest percentage share in this sample is calcium—
60%.

Figure 3 shows the IR interferogram of the raphia
without surface modification and with the modified
surface made before and after the sorption process.
In the range of 3600–3200 cm−1, there is an area
characteristic for the vibration of the hydroxyl group
(–OH). The peak at 1050 cm−1 corresponds to the
amino group (–NH), peak 1650 cm−1 carbonyl
group (–COOH), peak 2900 cm−1 group –CH2–
(Staroń et al. 2017). The peak at 2360 cm−1 is the
result of the presence of CO2. With each measure-
ment, the intensity of this peak increases as opening
the measuring chamber of the spectrometer to place
the sample caused the diffusion of CO2 from the air
in the laboratory inside the device. On the presented
interferogram, there are no changes in the peaks for
the modified raphia compared to the unmodified
material, what results from the modifying substances
used. Salts change the acidic and basic surface
groups, which changes only the FTIR intensity not
spectrum. In addition, slight shifts in the spectrum
after the sorption process can be observed, which is
possible with overlapping of the peaks associated
with NH4

+ groups (Petit et al. 2006).
One of the most important factors affecting the de-

gree of removal of ammonia from the solution is the

Fig. 3 Raphia IR interferogram
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contact time of the solution with the sorption bed. In
Fig. 4, it is observed that with sorption time prolonga-
tion, the sorption capacity qt of raphia increases, up to
the limit of 0.11 mmol/g for unmodified material,
0.13 mmol/g for modified with NaCl, 0.10 mmol/g for
NaNO3, and 0.1 mmol/g for K2SO4. The highest sorp-
tion rate occurs at the beginning of the process until
about the second minute. Then, it decreases, until
reaching the sixth minute of sorption equilibrium be-
tween the content of ammonia in the solution and
sorbated by raphia.

Figure 5 shows the degree of removal (Re) of
ammonia at the equilibrium for individual concen-
trations of initial ammonia in the model wastewater.

The lower the initial concentration of ammonia, the
higher the ammonia removal in equilibrium state Re.
The highest removal rate was obtained using raphia
modified with NaCl for 3 h. Increase of sorption
with unmodified raphia surface by NaCl modifica-
tion for 3 h occurs only at initial ammonia concen-
trations below 3 mmol/dm3. The lower the initial
concentration of ammonia, the higher the ammonia
removal in equilibrium state Re. The highest removal
rate was obtained using raphia modified with NaCl
for 3 h. Increase in sorption with modified raphia by
NaCl for 3 h occurs only at initial ammonia concen-
trations below 3 mmol/dm3. The modification of
raphia surface with NaCl for 54 h, NaNO3, and

Fig. 4 Sorption of ammonium on raphia fiber over time at different initial concentrations, modification: awithout modification, bNaCl 3 h,
c NaCl 54 h, d NaNO3 17 h, e K2SO4 16 h
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K2SO4 increases the sorption of ammonia only for a
solution 1 mmol/dm3. In other cases, modification of
the sorbent surface did not improve the sorption
capacity of raphia in relation to ammonia. The
modification of raphia surface with NaCl for 54 h,

NaNO3, and K2SO4 increases the sorption of ammo-
nia only for a solution of 1 mmol/dm3. In other
cases, modification of the sorbent surface did not
improve the sorption capacity of raphia in relation
to ammonia.

Fig. 5 The degree of removal
(Re) of ammonia on the surface of
raphia

Table 5 Equations and parameters of the sorption equilibrium for individual sorbents

Isotherm Modification Isotherm equation R2 Qmax [mmol/g] KL [L/mmol]

Langmuir UM y = 7.15x + 18.48 0.9653 0.14 0.39

NaCl 3 h y = 6.67x + 12.57 0.9510 0.15 0.53

NaCl 54 h y = 7.06x + 20.16 0.8754 0.14 0.35

NaNO3 17 h y = 8.76x + 13.76 0.9870 0.11 0.64

K2SO4 16 h y = 8.16x + 16.34 0.9785 0.12 0.50

Modification Isotherm equation R2 KF (mg
−1(1/n)(dm3)1/ng−1) 1/n

Freudlich UM y = 0.52x − 1.42 0.9248 0.038 0.52

NaCl 3 h y = 0.43x − 1.28 0.9355 0.053 0.43

NaCl 54 h y = 0.44x − 1.38 0.9634 0.042 0.44

NaNO3 17 h y = 0.41x − 1.36 0.9788 0.044 0.41

K2SO4 16 h y = 0.42x − 1.37 0.9972 0.043 0.42

Modification Isotherm equation R2 Kt [dm
3/g] B

Temkin UM y = 0.072x + 0.042 0.9605 1.79 0.072

NaCl 3 h y = 0.073x + 0.056 0.9207 2.15 0.073

NaCl 54 h y = 0.066x + 0.042 0.8706 1.90 0.066

NaNO3 17 h y = 0.057x + 0.046 0.9737 2.25 0.057

K2SO4 16 h y = 0.059x + 0.044 0.9731 2.13 0.059

Modification Isotherm equation R2 E (J/mol) qd (mmol/g)

Dubinin-Radushkevich UM y = − 0.044x − 1.46 0.9575 3.38 0.23

NaCl 3 h y = − 0.035x − 1.50 0.9499 3.79 0.22

NaCl 54 h y = − 0.035x − 1.70 0.9383 3.77 0.18

NaNO3 17 h y = − 0.033 − 1.77 0.9892 3.91 0.17

K2SO4 16 h y = − 0.33x − 1.76 0.9897 3.87 0.17
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3.2 Equilibrium Studies

In order to select a model of ammonia sorption
equilibrium on raphia, the obtained data were
analyzed in equilibrium. Isotherm equations and
determined isothermal parameters for individual
sorbents are presented in Table 5. In the case of
raphia without surface modification and modified
NaCl for 3 h, the best fit to the measurement data
was obtained for the Langmuir model (determina-
tion coefficient, respectively: R2 = 0.9653, R2 =
0.9510). The sorption equilibrium of raphia-modi-
fied surface for 54 h with NaCl and K2SO4 is best
described by the Freundlich model (R2 = 0.9634
and R2 = 0.9972, respectively) and raphia modified
with the NaNO3-D-R isotherm (R2 = 0.9892).

Based on the Langmuir equation, one can determine
the RL constant (RL ¼ 1

1þK FC0
), from which it can be

concluded whether the conditions of the sorption pro-
cess are favorable (RL = 0: sorption is reversible, 0 < RL
< 1: sorption conditions are preferred, RL = 1: the nature
of the sorption is linear, RL > 1: the sorption conditions
are unfavorable) (Milonji et al. 2002).

For all initial ammonia concentrations, theKL param-
eter ranges from 0 to 1. On this basis, it can be assumed
that sorption conditions of ammonia on raphia are
favorable.

Figure 6 presents graphical representations of
sorption equilibrium models for all types of sorbent.
For individual cases, the measurement data deviate
from the linearity: NaCl-modified raphia for 3 h and
NaCl for 54 h in the Temkin model, raphia modified
with NaCl for 54 h in the Langmuir model. In other
cases, the R2 determination coefficients are above
0.9249. On this basis, it can be concluded that all
four models of sorption equilibrium predict the equi-
librium of sorption of ammonia on raphia in a
reliable manner. This may be due to the concentra-
tion of ammonia in the modeled waste at the milli-
mole level.

3.3 Sorption Kinetics

In order to confirm the sorption mechanism, an
analysis of kinetics of ammonia sorption on raphia
was performed. Four kinetic models of sorption
were calculated: the pseudo-first-order model, the
pseudo-second-order model, the Elovich model,
and the intramolecular diffusion model. Table 6 pre-
sents sorption parameters of individual kinetic
models for a given sorbent: unmodified raphia and
four surface modification.

Compared with natural raphia fibers, the modified
material showed higher ammonium adsorption

Fig. 6 Isotherms of ammonia sorption on raphia
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Table 6 Kinetic parameters of different sorption models of
ammonium

Kinetic
model

Ammonium concentration Co (mmol/dm3)

1 3 5 7 9

UM

Pseudo-first-order rate model

qe 0.0139 0.0414 0.0262 0.0211 0.0541

k1 0.420 0.327 0.353 0.243 0.541

R2 0.7971 0.9077 0.8661 0.7840 0.9381

Pseudo-second-order rate model

qe 0.030 0.079 0.087 0.096 0.116

k2 35.43 12.17 32.63 35.31 25.91

R2 0.9955 0.9964 0.9999 0.9997 0.9998

Elovich model

α 0.07 0.20 4.42 33.88 34.57

β 162.07 65.99 97.06 112.38 92.14

R2 0.8718 0.8716 0.8958 0.8720 0.9484

Intra-particle diffusion model

I 0.0100 0.0267 0.0539 0.0659 0.0779

Kid 0.0059 0.0145 0.0099 0.0086 0.0107

R2 0.6890 0.6996 0.7192 0.7111 0.8104

NaCl 3 h

Pseudo-first-order rate model

qe 0.0271 0.0428 0.0428 0.0374 0.0256

k1 0.3756 0.2822 0.5358 0.6087 0.2355

R2 0.9795 0.9394 0.9649 0.8942 0.6791

Pseudo-second-order rate model

qe 0.0430 0.0911 0.0912 0.1307 0.1222

k2 21.15 14.16 22.96 36.67 27.51

R2 0.9992 0.9996 0.9991 0.9999 0.9996

Elovich model

α 0.09 0.48 0.81 291.30 16.20

β 118.90 67.43 70.23 96.87 77.92

R2 0.9543 0.9349 0.8245 0.9049 0.7850

Intra-particle diffusion model

I 0.0127 0.0385 0.0465 0.0970 0.0817

Kid 0.0083 0.0146 0.0133 0.00999 0.01197

R2 0.8155 0.7945 0.6296 0.7438 0.5990

NaCl 54 h

Pseudo-first-order rate model

qe 0.0197 0.0429 0.0203 0.0277 0.0507

k1 0.3304 0.5210 0.3377 0.3430 0.2278

R2 0.9429 0.9851 0.7934 0.8074 0.9512

Pseudo-second-order rate model

qe 0.0365 0.0650 0.0719 0.0930 0.1218

k2 30.57 19.77 36.02 24.83 11.40

Table 6 (continued)

Kinetic
model

Ammonium concentration Co (mmol/dm3)

1 3 5 7 9

R2 0.9993 0.9989 0.9995 0.9990 0.9972

Elovich model

α 0.1315 0.2430 1.4628 1.4096 2.4320

β 157.33 86.59 102.13 75.55 65.61

R2 0.9581 0.9357 0.7895 0.7502 0.9367

Intra-particle diffusion model

I 0.0135 0.0251 0.0415 0.0518 0.0626

Kid 0.0063 0.0113 0.0091 0.0122 0.0156

R2 0.8332 0.7896 0.5947 0.5601 0.8594

NaNO3 17 h

Pseudo-first-order rate model

qe 0.0239 0.0204 0.0235 0.0270 0.0332

k1 0.3393 0.3438 0.3082 0.1553 0.2784

R2 0.9686 0.6188 0.7970 0.5042 0.9857

Pseudo-second-order rate model

qe 0.0383 0.0658 0.0786 0.0967 0.0955

k2 20.21 26.92 29.13 18.74 22.28

R2 0.9986 0.9986 0.9995 0.9967 0.9993

Elovich model

α 0.0665 0.3894 1.1498 1.4930 10.5558

β 127.97 90.64 89.15 74.96 102.16

R2 0.9528 0.8479 0.8156 0.7766 0.9722

Intra-particle diffusion model

I 0.0098 0.0305 0.0432 0.0523 0.0591

Kid 0.0077 0.0104 0.0105 0.0126 0.0099

R2 0.8092 0.6611 0.6237 0.6035 0.8799

K2SO4 16 h

Pseudo-first-order rate model

qe 0.0234 0.0443 0.0352 0.0347 0.0337

k1 0.266 0.661 0.365 0.231 0.217

R2 0.9693 0.9497 0.9213 0.8238 0.7016

Pseudo-second-order rate model

qe 0.0381 0.0672 0.0777 0.0975 0.1011

k2 17.64 18.56 17.73 16.93 17.66

R2 0.9984 0.9970 0.9983 0.9991 0.9985

Elovich model

α 0.0628 0.1882 0.3228 0.9709 2.1231

β 131.96 76.64 72.66 69.53 76.79

R2 0.9679 0.8887 0.8591 0.8554 0.9334

Intra-particle diffusion model

I 0.0091 0.0241 0.0324 0.0487 0.0546

Kid 0.0076 0.0124 0.0130 0.0138 0.0129

R2 0.8462 0.7091 0.6743 0.6873 0.8076
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capacity. For the lowest ammonium concentration,
an increase in sorption capacity was observed for all
modifications. The highest increase in sorption ca-
pacity was observed for 3-h modification with NaCl,
which was equal to 28%. For other modifications, it
was average 18–19%. At concentrations of 3 and
5 mmol/dm3, an increase in sorption capacity was
observed only on material modified with NaCl for
3 h (~ 15% and ~ 2.5%). For the remaining modifi-
cations, the sorption capacity was reduced by 17–
19% for 3 mmol/dm3 and 12–22% for 5 mmol/dm3,
respectively. At a concentration of 7 mmol/dm3, an

increase in sorption capacity was observed for three
modifications by ~ 27% (NaCl 3 h), ~ 1.5%
(NaNO3), and ~ 0.5% (K2SO4). However, for a con-
centration of 9 mmol/dm3, an increase in sorption
capacity was observed for NaCl modification, ~
6.5% for 3 h and ~ 4.5% for 24 h. Material modified
with NaNO3 and K2SO4 decreased in its sorption
capacity by ~ 21% and 14.5%. During the study, it
was observed that the rate of reaching equilibrium
between the bed and ammonium ions changed. For
unmodified material, equilibrium was reached after
4 min for concentration equal to 1 and 3 mmol/dm3,

Fig. 7 Line graphs of pseudo-second order model of sorption kinetics for ammonium: a UM, b NaCl 3 h, c NaCl 54 h, d NaNO3 17 h, e
K2SO4 16 h
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and for 5–9 mmol/dm3 after 6 min. In the case of
NaCl modification for 3 h, equilibrium time was
reached after 4 min for all tested concentrations.
Other modifications resulted in equilibrium being
reached after 6 min at all concentrations tested.

The most faithful mathematical description of the
sorption kinetics of ammonia on raphia provides a
pseudo-second-order model. The R2 determination
coefficient for all sorbent types and the entire range
of concentrations tested is at least 0.9955 for this
model. On this basis, it can be assumed that sorp-
tion of ammonia on raphia is of chemical nature
(Ho 2006).

Figure 7 presents graphical interpretations of the
sorption kinetics model for particular types of sorbent.
One can notice a high adjustment of the measurement
data to the pseudo-second-order model.

4 Conclusion

The research confirms that raphia sp. fibers can be used
as a biosorbent to remove ammonia from water. The
sorption capacity of raphia in relation to ammonia ranges
from 0.093 mmol/g for NaNO3-modified raphia to
0.121 mmol/g for NaCl-modified raphia for 3 h. The
ammonia removal rate for unmodified raphia for concen-
trations of 5, 7, and 9 mmol/dm3 is equal to 24, 17, and
17%, while for concentrations of 1 and 3 mmol/dm3

equal to 42% and 51%, respectively. The highest increase
in the removal of ammonia from the model solution
relative to raphia with unmodified surface was observed
for modification of the raphia surface using NaCl for 3 h.
At the lowest initial concentration, 1 mmol/dm3, the
degree of ammonia removal increased by 60%, while
for the highest initial concentration, 9 mmol/dm3, in-
creased by 8%. The Freundlich sorption equilibrium
model best describes the sorption of ammonia on all types
of sorbent used (R2 equal to at least 0.9248), but the other
models (Langmuir, Temkin, D-R) also correspond to the
experimental data to a satisfactory degree (R2 equal to at
least 0.8706). The kinetics of ammonia sorption from the
model sewage on unmodified raphia and all types of
surface modification is best described by the pseudo-
second-order sorption kinetics model (R2 coefficient is
at least equal to 0.9964). On this basis, it can be conclud-
ed that the adsorption is of chemical nature.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.
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